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RiNEm 2012 - Introduction
The XIX Italian Meeting on Electromagnetics takes place in Rome on 10-14
September 2012. This edition has been organized by the Applied Electromagnetics
group of "Roma Tre" University.
The event represents an unique occasion for researchers working in the field and
coming from different universities, research centers, and company/industries to meet
and exchange their latest experiences and results. The contributions submitted for
presentation to this edition of the meeting have been grouped in 18 oral and 3 poster
sessions. The scientific program foresees also an URSI special session, a session
devoted to the latest industrial developments, and 4 plenary sessions, where eminent
invited experts coming from international universities will present their research
achievements in different fields in electromagnetics from microwaves to optics.
This meeting represents also a great opportunity for students to be exposed to the
country-wide state of the art in electromagnetics. To stimulate an active participation
of young researchers and PhD students three different prizes (Barzilai Prize, Latmiral
Prize, and Sannino Prize) will be also awarded and announced at the closing session.
Students attending the meeting can also attend the doctoral school, which is going to
be held on 14-15 September 2012.

RiNEm: previous editions
I. L’Aquila 24-25 Giugno 1976 (Coordinator: Prof. Fernando Bardati)
II. Pavia, 2-4 Ottobre 1978 (Coordinator: Prof. Giuseppe Conciauro)
III. Bari, 25-27 Giugno, 1980 (Coordinator: Prof. Roberto De Leo)
IV. Firenze, 4-6 Ottobre, 1982 (Coordinator: Prof.ssa Annamaria Scheggi)
V. Saint Vincent, 9-12 Ottobre 1984 (Coordinator: Prof.Mario Orefice)
VI. Trieste, 22-24 Ottobre 1986 (Coordinator: Prof. Edoardo Carli)
VII. Frascati, 5-8 Settembre 1988 (Coordinator: Prof. Fernando Bardati)
VIII. Capri, 9-12 Ottobre 1990 (Coordinator: Prof. Giorgio Franceschetti)
IX. La Cittadella, 5-8 Ottobre 1992 (Coordinator: Prof. Roberto Sorrentino)
X. Cesena, 21-23 Settembre 1994 (Coordinator: Prof. Gabriele Falciasecca)
XI. Firenze, 1-4 Ottobre 1996 (Coordinator: Prof.ssa Laura Ronchi Abbozzo)
XII. Cetraro, 28 Settembre-1 Ottobre 1998 (Coordinator: Prof. Giuseppe Di Massa)
XIII. Como, 25-28 Settembre 2000 (Coordinator: Prof. Carlo Capsoni)
XIV. Ancona, 16-19 Settembre 2002 (Coordinator: Prof. Tullio Rozzi)
XV. Cagliari, 13-16 Settembre 2004 (Coordinator: Prof. Giuseppe Mazzarella)
XVI. Genova, 18-21 settembre 2006 (Coordinator: Prof. Matteo Pastorino)
XVII. Lecce, 15-19 Settembre 2008 (Coordinator: Prof. Luciano Tarricone)
XVIII. Benevento, 6-10 Settembre 2010 (Coordinator: Prof. Innocenzo Pinto)
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Foreword
Ladies and Gentlemen,
Welcome to the XIX Riunione Nazionale di Elettromagnetismo (RiNEm), held in Rome, promoted
by the Società Italiana di Elettromagnetismo (SIEm), hosted and organized by “Roma Tre”
University of Rome. This event is realized in the year in which SIEm reaches its ten years of life,
and “Roma Tre” University enters the third decade of its existence. We are particularly honored to
host the RiNEm in coincidence with these two recurrences.
We are very glad of welcoming all of you to this venue and to host these four days of presentations
in the exciting field of Electromagnetics. This prestigious event is a significant occasion for
scientists coming from different universities to meet themselves and exchange their experiences and
results. It is also an opportunity of formation for students, since it offer a complete background
about the Italian state of the art in Electromagnetics and a Doctoral School on Friday and Saturday
morning. To stimulate an active participation of young researchers and PhD students, several
awards are assigned, and a limited number of undergraduate students are invited to freely
participate.
We are very proud to have here five among the most internationally recognized scientists leading
the research on the very wide field of Electromagnetics and areas of knowledge linked to it: Prof.
Andrea Alù, from the University of Texas at Austin, USA; Prof. Sébastien Lambot, from the
Université Catholique de Louvain, Louvain-la-Neuve, Belgium; Prof. Leo Kempel, from Michigan
State University, USA; Prof. Marian Marciniak, from the National Institute of Telecommunications
of Warsaw, Poland; Prof. Evert Slob, from the Delft University of Technology, Delft, The
Netherlands.
We are deeply satisfied to have received also the contribution from experts of Scientific and
Industry worlds of different but affine sections of the human knowledge. In fact we are very
confident that a common cross-fertilization of ideas coming from different areas is very useful both
for the advancement of scientific knowledge and for addressing the economic world to find new and
successful ways of development and, in some cases, of real renaissance.
We would like to thank the Rector, the Administrative Manager, the Dean of the Faculty of
Engineering, and the Director of the Department of Applied Electronics of “Roma Tre” University
for having allowed us to use the academic structures in the best possible way, the President and the
staff of the SIEm for a deep cooperation in the general and administrative organization of the
Meeting, the Promoting Committee for the activity on the general structure, the Organizing and
Local Committees for their enthusiastic and rich of energy contribution to the practical realization
of the XIX RiNEm. Thanks to the efforts of all of them, it has been possible to render the XIX
RiNEm an event rich in culture and at the same time pleasant and fruitful for all of us.
Finally we would like to thank all the financial and technical Sponsors, without their help several
activities would not have been possible.
Welcome to Rome, and have a pleasant XIX RiNEm week!
Welcome to Rome!
Giuseppe Schettini and Lucio Vegni
Chairmen of the XIX Italian Meeting in Electromagnetics

ISBN: 978-88-907599-0-1
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Prizes
Barzilai Prize
Barzilai Prize is provided by SIEm (Italian Society of Electromagnetics) and will be
awarded to authors under 35 years old who will present the best work. Giorgio
Barzilai (1911 - 1987) was the initiator of the Electromagnetics School of “La
Sapienza” University, in Rome. He created the specialization in Applied
Electromagnetics and the PhD School in Applied Electromagnetics and
Electrophysics Science. His 50 years of scientific activity (from 1935 to 1985) was
founded on methodological rigor and constant research of practical applications of his
work, combining both theoretical and practical aspects. From 1976 to 1985 Giorgio
Barzilai was President of the Italian Committee of URSI. In 1978 he was appointed
as Fellow of the Institute of Electrical and Electronic Engineers (IEEE) and in 1985
he received the Centenary Medal of IEEE.

Sannino Prize
Sannino Prize is provided by GAAS-MECSA in memory of Professor Mario
Sannino, teacher of Electronics in the University of Palermo. The prize is awarded to
the best work about millimetric waves and microwave circuits and devices by young
researchers (under 35 years old) presented to the National Meetings of
Electromagnetics.

Latmiral Prize
Latmiral Prize is provided by SIEm and will be awarded to authors under 35 years
old who will present the best poster. Gaetano Latmiral (1909 -1995), together with
Giorgio Barzilai and Mario Boella, was the initiator of Italian scientific research in
Electromagnetics. He was born in Rome and graduated in Industrial Engineering at
the Politecnico of Milan. During the Second World War contributed decisively to the
development of radar and radar countermeasures. He was detained at the military
prison at Tegel, where he established a special fellowship with the theologian
Dietrich Bonhoeffer, subsequently a victim of Nazism. He escaped racial persecution
after the war, and carried out his studies and research activity at CERN in Geneva,
the Military Institute of Superior Transmissions, the National Research Council, the
University of Rome "La Sapienza" (as Professor of Physics). In 1955 he became
professor of "Theory and Techniques of Electromagnetic Waves," at the Institute of
Naval University of Naples.
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Sponsors

Technical Sponsors
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RiNEm 2012 - Committees

Chairmen
L. Vegni, “Roma Tre” University
G. Schettini, “Roma Tre” University

Promoting Committee
P. Bassi, Bologna University
P. Lampariello, “Sapienza” University
G. Leone, II University of Napoli
G. Pelosi, Firenze University
I. Pinto, Sannio University
L. Vegni, “Roma Tre” University

Organizing Committee
F. Bilotti, “Roma Tre” University
L. Pajewski, “Roma Tre” University
C. Ponti, “Roma Tre” University
G. Schettini, “Roma Tre” University
A. Toscano, “Roma Tre” University
L. Vegni, “Roma Tre” University

Local Committee
M. Barbuto, “Roma Tre” University
S. Ceccuzzi, “Roma Tre” University
R. Iovine, “Roma Tre” University
L. La Spada, “Roma Tre” University
S. Meschino, “Roma Tre” University
A. Monti, “Roma Tre” University
F. Napoli, “Roma Tre” University
D. Ramaccia, “Roma Tre” University
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XIX RiNEm – Timetable
Day

Morning

Monday
10

Tuesday
11

Wednesday
12

Thursday
13

Friday
14

Saturday
15

Afternoon

09:30 - 11:00 Session 1 - N11
09:30 - 11:00 Session 2 - N13
11:00 - 11:30 Coffee Break
11:30 - 13:00 Session 3 - N11
11:30 - 13:00 Session 4 - N13
09:30 - 10:00 Industry Lecture - N11
10:00 - 11:00 SIEm Meeting - N11
11:00 - 11:30 Coffee Break
11:30 - 13:00 SIEm Meeting - N11
11:30 - 12:15 CST Workshop - N13
11:30 - 13:00 Poster Session II
09:30 - 11:00 Session 11 - N11
09:30 - 11:00 Session 12 - N13
11:00 - 11:30 Coffee Break
11:30 - 12:30 Plenary Lecture – Slob and Lambot
- N11

12:00 - 14:00 Registration
14:00 - 14:30 Opening Ceremony - N11
14:30 - 15:30 Plenary Lecture – Marciniak - N11
15:30 - 16:00 Coffee Break
16:00 - 18:00 URSI Session - N11
14:00 - 15:30 Session 5 - N11
14:00 - 15:30 Session 6 - N13
15:30 - 16:00 Coffee Break
16:00 - 17:30 Poster Session I
14:00 - 15:30 Session 7 - N11
14:00 - 15:30 Session 8 - N13
15:30 - 16:00 Coffee Break
16:00 - 17:30 Session 9 - N11
16:00 - 17:30 Session 10 - N13
20:30 - Social Dinner
14:00 - 15:30 Session 13 - N11
14:00 - 15:30 Session 14 - N13
15:30 - 16:00 Coffee Break
16:00 - 17:00 Poster Session III
17:00 - 8:30 Session 15 - N11
17:00 - 18:30 Session 16 - N13

09:00 -10:30 Session 17 - N11
09:00 -10:30 Session 18 - N13
10:30 -11:00 Coffee break
11:00 - 12:00 Plenary Lecture – Alù – N11
12:00 - 13:00 Plenary Lecture – Kempel – N11
13:00 - 13:30 Young Authors Award Ceremony
and Closing Address

Doctoral School

Doctoral School

Chairpersons: G. Marrocco, M. Mongiardo
Session 1
Microwave Components I
Chairpersons: G. d’Inzeo, S. Caorsi
Session 2
Bioengineering I
Chairpersons: G. D’Elia, G. Migliaccio
Session 3
Electromagnetic Theory
Chairpersons: T. Isernia, M. Pastorino
Session 4
Electromagnetic Imaging Techniques
Chairpersons: G. Biffi Gentili, V. Galdi
Session 5
Numerical Methods in Electromagnetics
Chairpersons: C. Capsoni, P. Basili
Session 6
Synthetic Aperture Radar
Chairpersons: R. Tascone, P. Tognolatti
Session 7
Microwave Components II
Chairpersons: E. Pettinelli, F. Soldovieri
Session 8
Ground Penetrating Radar
Chairpersons: G. Di Massa, R. Vescovo
Session 9
Antenna Arrays
Chairpersons: R. Pierri, V. Fiumara
Session 10 Propagation and Scattering
Chairpersons: G. Sorbello, R. Olmi
Session 11 Bioengineering II
Chairpersons: A. Massa, C. Gennarelli
Session 12 Antenna Design and Measurements
Chairpersons: A. Galtarossa, S. Wabnitz
Session 13 Optical Fibers
Chairpersons: L. Tarricone, G. Mazzarella
Session 14 Radio Frequency Identification
Chairpersons: S. Selleri, R. Orta
Session 15 Photonic Crystals
Chairpersons: P. Nepa, D. Migliore
Session 16 Wireless Communications, Networks, and Systems
Session 17 Photonic and Plasmonic Technologies and Components Chairpersons: A. D’Orazio, S. Trillo
Session 18 Energy and Environment
Chairpersons: G. Cerri, L. Roselli
Poster Session I
Chairperson: L. Vincetti
Poster Session II
Chairperson: M. Midrio
Poster Session III
Chairperson: V. Degli Esposti

ISBN: 978-88-907599-0-1
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XIX RiNEm – Scientific Program
Monday 10 September 2012
12:00 – 14:00

Registration

14:00 – 14:30

Opening Ceremony of XIX RiNEm – Aula N11
Welcome address
Dean of the Faculty of Engineering, “Roma Tre” University, Italy
Introduction of the Conference Chairs
G. Schettini and L. Vegni, “Roma Tre” University, Italy

14:30 – 15:30

Plenary Lecture I – Aula N11
Chairperson: G. Schettini, “Roma Tre” University, Italy
Marian Marciniak
National Institute of Telecommunications, Warsaw, Poland
Converged optical and wireless communications for the future

15:30 – 16:00

Coffee Break

16:00 – 18:00

URSI Session – Aula N11
Chairperson: R. Sorrentino, University of Perugia, Italy

ISBN: 978-88-907599-0-1
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Tuesday 11 September 2012
09:30 – 11:00

Session 1 – Microwave Components I – Aula N11
Chairpersons:

G. Marrocco, “Tor Vergata” University, Italy
M. Mongiardo, University of Perugia, Italy

09:30-09:45
L. Ntibarikure, G. Pelosi, and S. Selleri
Harmonic balance Finite Element analysis of third order intermodulation products in ferrite
devices
09:45-10:00
M. Oldoni, F. Seyfert, and G. Macchiarella
Tuning diplexers with rational filters
10:00-10:15
G. Virone, R. Tascone, O.A. Peverini, G. Addamo, Z. Farooqui, A. Tibaldi, and R. Orta
Synthesis strategy for broadband multiplexers
10:15-10:30
C. Tomassoni, S. Bastioli, and R. Sorrentino
TM dual-mode cavity filters with symmetric and asymmetric filtering functions
10:30-10:45
L. Zappelli
An equivalent circuit for microwave discontinuities

09:30 – 11:00

Session 2 – Bioengineering I – Aula N13
Chairpersons:

G. d’Inzeo, “Sapienza” University of Rome, Italy
S. Caorsi, University of Pavia, Italy

9:30-9:45
A. Candiani, M. Sozzi, A. Cucinotta, R. Veneziano, R. Corradini, R. Marchelli, P. Childs, S.
Pissadakis, and S. Selleri
DNA biosensor based on a double tilted fiber Bragg grating
9:45-10:00
E. Pievanelli, A. Plesca, R. Stefanelli, and D. Trinchero
Wearable self-powered wireless units for ultraviolet radiation dosimetry
10:00-10:15
M. Cavagnaro, F. Frezza, R. Laurita, M. Tannino, L. Manganaro, M. Marini, P. Sollazzo, A.
Stagnitti, V. Lopresto, and R. Pinto
From magnetic resonance imaging to water content evaluation of a human tissue
10:15-10:30
B. Bisceglia, and V. Ivone
Health effects from cell phone radiations: the verdict of the court of appeal of Brescia

ISBN: 978-88-907599-0-1
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10:30-10:45
D. A. M. Iero
Optimal focusing of vectorial fields subject to arbitrary upper bounds
10:45-11:00
R. Iovine, L. La Spada, F. Bilotti, and L. Vegni
Gold nano-particles as a platform for biosensing
11:00 – 11:30

Coffee Break

11:30 – 13:00

Session 3 – Electromagnetic Theory – Aula N11
Chairpersons:

G. D’Elia, “Federico II” University of Naples, Italy
G. Migliaccio, “Parthenope” University of Naples, Italy

11:30-11:45
K. Watanabe, Y. Nakatake, and G. Schettini
Plane-wave scattering from cylindrical objects
11:45-12:00
L. Infante, and S. Mosca
A closed-form estimation of the mutual coupling matrix applied to uniform circular arrays
12:00-12:15
P. Burghignoli
A phase-center study of Fabry-Pérot cavity antennas
12:15-12:30
M. Cametti, M. Bozzi, M. Pasian, and L. Perregrini
An analytical model to quantify the efficiency of arrays composed by high-gain reflector
antennas
12:30-12:45
G. Castaldi, V. Galdi, A. Alù, and N. Engheta
Nonlocal transformation optics
12:45-13:00
F. Mangini
Electromagnetic scattering of an elliptically polarized plane wave by a buried sphere

11:30 – 13:00

Session 4 – Electromagnetic Imaging Techniques – Aula N13
Chairpersons:

T. Isernia, Università Mediterranea, Italy
M. Pastorino, University of Genoa, Italy

11:30-11:45
M. Ferrara, P. Lucantoni, S. Mori, P. Nocito, G.M. Tosi Beleffi, E. Restuccia, F. Frezza, and
F. S. Marzano
Atmospheric visibility through optical images

ISBN: 978-88-907599-0-1
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11:45-12:00
A. Guagliumi, M. Gnan, A. Liberato, L. De Marco, D. Bruni, F. Canini, and P. Bassi
System-level analysis and optimization of task-oriented imaging systems
12:00-12:15
D. Pinchera, M.D. Migliore, and F. Schettino
Through-wall communication by means of an ultra wide permittivity antenna (UWPA)
12:15-12:30
R. Solimene, A. D'Alterio, and R. Pierri
TWI for a lossless unknown wall
12:30-12:45
R. Scapaticci, L. Di Donato, I. Capatano, and L. Crocco
Differential microwave imaging from brain stoke monitoring
12:45-13:00
G. Bellizzi, O.M. Bucci, I. Capatano, L. Crocco, and R. Scapaticci
Advancements in microwave breast cancer imaging enhanced by magnetic nanoparticles as
contrast agent
13:00 – 14:00

Lunch

14:00 – 15:30

Session 5 – Numerical Methods in Electromagnetics – Aula N11
Chairpersons:

G. Biffi Gentili, University of Florence, Italy
V. Galdi, University of Sannio, Italy

14:00-14:15
A. Fanti
A vector finite difference approach to the computation of modes in circular waveguide
14:15-14:30
G. Angiulli, D. De Carlo, and A. Sgrò
Nested BiCGStab for non-Hermitian linear systems arising from discretization of the EFIE
14:30-14:45
G. Valerio, S. Paulotto, P. Baccarelli, A. Galli, D. R. Jackson, and D. R. Wilton
Efficient computation of periodic Green's functions for printed structures with vertical
elements
14:45-15:00
O. A. Peverini, A. Tibaldi, Z. Farooqui, G. Addamo, G. Virone, R. Orta, and R. Tascone
Analysis and design of passive waveguide devices by spectral element methods
15:00-15:15
D. Pinchera
An effective hybrid synthesis method for sparse plane wave generators
15:15-15:30
L. Ntibarikure
Model order reduction in Finite Element analysis of phased array antennas

ISBN: 978-88-907599-0-1
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14:00 – 15:30

Session 6 – Synthetic Aperture Radar – Aula N13
Chairpersons:

C. Capsoni, Polytechnic of Milan, Italy
P. Basili, University of Perugia, Italy

14:00-14:15
G. Di Martino, A. Iodice, D. Riccio, G. Ruello, and I. Zinno
A novel high level SAR product: fractal dimension map
14:15-14:30
M. Picchiani, F. Del Frate, G. Schiavon, S. Stramondo, and M. Chini
DInSAR and neural networks for seismic source analysis
14:30-14:45
R.G. Avezzano, D. Latini, F. Del Frate, D. Velotto, and S. Lehner
Oil spill detection using X-band SAR data
14:45-15:00
A. Capozzoli, C. Curcio, and A. Liseno
SAR tomography with optimized track distribution and controlled resolution
15:00-15:15
N. Pierdicca, and L.Pulvirenti
Future use of the data from the ESA Sentinel-1 mission for operational soil moisture
mapping: a multitemporal algorithm
15:30 – 16:00

Coffee Break

16:00 – 17:30

Poster Session I
Chairperson: L. Vincetti, University of Modena and Reggio Emilia, Italy

S. Ceccuzzi, S. Meschino
The role of evanescent modes excited inside the longitudinal corrugations of mode filters
F. Di Murro, M. Lucido, and F. Schettino
Electromagnetic scattering by a finite metallic cylinder
P. Imperatore, A. Iodice, and D. Riccio
Volume and roughness scattering effects: a unified perturbative approach
N. Tedeschi
Deep penetration of inhomogeneous plane waves in lossy media
F. Corsetti, M. Lucido, and G. Panariello
Analysis of propagation in coupled polygonal cross-section dielectric waveguides
P. Imperatore, A. Iodice, and D. Riccio
Perturbative approach for scattering in random media via distribution theory for
discontinuous test functions

ISBN: 978-88-907599-0-1
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F. Chiadini, V. Fiumara, and A. Scaglione
A synthesis method for multi-section devices
A. Iodice, A. Natale, and D. Riccio
A novel interpretation for the Kirchhoff scattering from classical and fractal surfaces
G. Gradoni, T.M. Antonsen, and E. Ott
Random coupling model for wave chaotic cavities
L. Di Donato, D.A.M. Iero, I. Catapano, L. Crocco, G. Sorbello, and T. Isernia
Two approaches to field focusing in unknown environments
L. La Spada, R. Iovine, F. Bilotti, and L. Vegni
Infrared absorption measurements using metamaterials
F. Frezza, P. Nocito, and E. Stoja
A study on the foundamental mode characteristics sustained by the plasmonic slot
waveguide
R. Ana Perez-Herrera, E. Coscelli, M. Sozzi, A. Cucinotta, S. Selleri, and M. Lopez-Amo
YB - doped photonic crystal fiber laser
C. Molardi, Masruri, E. Coscelli, F. Poli, A. Cucinotta and S. Selleri
FEM solver optimization for PCF design
A. C. Lesina, A. Vaccari, and A. Bozzoli
A modified RC - FDTD algorithm for plasmonics in Drude dispersive media
F. Baronio, M. Conforti, M. Levenius, K. Gallo, V. Pasiskevicius, F. Laurell, and C. De
Anglelis
Broadband optical parametric generation in LiTaO3
R.Tumolo, G. Russo, S. Immediata, L. Timmoneri, M. D'Urso
Modeling and Simulating Wind Farm effects on Radar systems
P. Vinetti, M. D'Urso, M. Dispenza
Embedded Photonic Sensor Networks for Large Arrays Diagnostic

ISBN: 978-88-907599-0-1
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Wednesday 12 September 2012
09:30 – 10:00

Industry Lecture – Aula N11
Chairperson: F. Bilotti, “Roma Tre” University, Italy
Giancarlo Prisco
Selex S.I.
Receiving sparse signals in radar systems: blind recovery at minimum rate

10:00 – 11:00

SIEm Meeting – Aula N11

11:00 – 11:30

Coffee Break

11:30 – 13:00

SIEm Meeting – Aula N11

11:30 – 12:15

CST Workshop – Aula N13

11:30 – 13:00

Poster Session II
Chairperson: M. Midrio, University of Udine, Italy

S. Ceccuzzi, D. Milanesio, and G.L. Ravera
Analysis of a flat, dielectric - loaded, ion cyclotron, test antenna by using three
electromagnetic codes
R. Stefanelli and D. Trinchero
Full-analytical procedure for the design of micro-magnetic radiators
E. Di Salvo, F. Frezza, and S. Mosca
Analysis of cylindrical frequency selective surfaces for antenna radomes
P. Baccarelli, S. Paulotto, and D. R. Jackson
Matching techniques for efficient broadside radiation in 1D periodic printed leaky-wave
antennas
A.F. Morabito and L. Di Donato
A canonical problem in multibeam antenna synthesis
S. Costanzo and A. Costanzo
Modified U-slot patch antenna with low cross-polarization for broadband applications
F. D’Agostino , F. Ferrara, C. Gennarelli, R. Guerriero, and M. Migliozzi
Direct far-field reconstruction from near-field data acquired through a helicoidal scanning
O. Leonardi, M. Pavone, G. Sorbello, and T. Isernia
A new compact monolithic patch antenna for dedicated short range communications systems
A. Galli, S. Mazzocchi, G. Valerio, M. Ciattaglia, and M. Zucca
UWB multifunctional arrays based on versatile printed rhombic antenna configurations

ISBN: 978-88-907599-0-1
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C. Occhiuzzi and G. Marrocco
Sensing-oriented design methodology for passive RFID antennas
A. D'Alessandro, A. Buffi, and P. Nepa
A new localization method for UHF-RFID smart shelves
S. Costanzo, G. Di Massa, and O.H. Moreno
Equivalent impedance retrieval of planar surfaces by open resonator technique
G. Monti, L. Tarricone, F. Congedo, and P. Arcuti
Wireless power transmission links: experimental results at the electromagnetic laboratory
of Lecce
P. Rocca
Time-modulated arrays for next generation cognitive radio systems – potentialities and
envisaged solutions
F. Viani
Array design in the correlation domain: a new paradigm
A. Buonanno, P. Vinetti, M.G. Labate, M.D'Urso, M. Albertini, L. Russo
Digital Multiple Beams Radars for Airport Monitoring and Surveillance
D.Pavone, G. Sorrentino, A.Buonanno, M. D'Urso
Surveillance of wide zones with Unattended Ground Sensors: from detection to alert

12:30 – 14:00

Lunch

14:00 – 15:30

Session 7 – Microwave Components II – Aula N11
Chairpersons:

R. Tascone, CNR-IEIIT, Italy
P. Tognolatti, University of L’Aquila, Italy

14:00-14:15
G. Castaldi, V. Galdi, and I.M. Pinto
Short-pulsed wavepacket propagation in ray-chaotic enclosures: a random-plane-wave
model
14:15-14:30
A. Sorrentino, and M. Migliaccio
The phase kurtosis index for reverberating chamber near LOS conditions
14:30-14:45
G. Grandoni, V. Mariani Primiani, and F. Moglie
Analysis of the entropy in fast time domain simulations of reverberation chambers
14:45-15:00
G. A. Casula, P. Maxia, G. Montisci, G. Mazzarella, and F. Desogus
Design of cavity resonators for chemical reactions
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14:00 – 15:30

Session 8 – Ground Penetrating Radar – Aula N13
Chairpersons:

E. Pettinelli, “Roma Tre” University, Italy
F. Soldovieri, CNR-IREA, Italy

14:00-14:30
A. Benedetto
Civil engineering applications of ground penetrating radar (invited)
14:30-14:45
D. Comite, A. Galli, F. Soldovieri, G. Valerio, P.M. Barone, S.E. Lauro, E. Mattei, and E.
Pettinelli
Estimation of the geometrical features of buried objects from GPR analysis
14:45-15:00
F. Frezza, L. Pajewski, C. Ponti, G. Schettini, and N. Tedeschi
Plane wave scattering by a perfectly-conducting circular cylinder buried in a lossy medium
15:00-15:15
R. Persico, G. Leucci, and F. Soldovieri
Effect of the height of the measurement line on the diffraction curves in GPR prospecting
15:15-15:30
R. Monleone, M. Maffongeli, M. Pastorino, S. Poretti, A. Randazzo, and A. Salvadè
Detection of metallic bodies in dielectric structure by microwave imaging - Experimental
results
15:30 – 16:00

Coffee Break

16:00 – 17:30

Session 9 – Antenna Arrays – Aula N11
Chairpersons:

G. Di Massa, University of Calabria, Italy
R. Vescovo, University of Trieste, Italy

16:00-16:15
G. A. Casula, P. Maxia, G. Montisci, and G. Mazzarella
Design of printed UWB log-periodic dipole arrays
16:15-16:30
S. Mosca, and L. Infante
Tangram shaped subarrays for multiple beam array
16:30-16:45
A. F. Morabito, and A. R. Laganà
A size-tapered architecture for high performances isophoric direct radiating arrays
16:45-17:00
F. Venneri, S. Costanzo, G. Di Massa, E. Marozzo, A. Borgia, and M. Salzano
Implementation of a full-range varactor tuned element for the design of a reconfigurable
reflectarray
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17:00-17:15
G. Buttazzoni, and R. Vescovo
Co-polar and cross-polar pattern synthesis for reconfigurable antenna arrays
17:15-17:30
E.D. Di Claudio, G. Jacovitti, A. Laurenti
Hermite and Laguerre beamspaces for Ultra Wide Band antenna array processing

16:00 – 17:30

Session 10 –Propagation and Scattering – Aula N13
Chairpersons:

R. Pierri, Second University of Naples, Italy
V. Fiumara, University of Basilicata, Italy

16:00-16:15
C. Capsoni, L. Luini, and R. Nebuloni
Preliminary assessment of site diversity schemes for earth-space optical links
16:15-16:30
A. Di Carlofelice, E. Di Giampaolo, M. Elaiopoulo, and P. Tognolatti
A study of radiowave propagation into collapsed buildings for rescue of trapped people
16:30-16:45
P. Imperatore, A. Iodice, and D. Riccio
The role of internal field approximation for scattering from layered rough interfaces
16:45-17:00
M. Carlin, L. Manica, G. Oliveri, L. Poli, P. Rocca, and A. Massa
Advances on inverse scattering methodologies and applications @ ELEDIA research center
17:00-17:15
L. Di Donato, I. Catapano, L. Crocco, and T. Isernia
A new framework for quantitative inverse scattering

20:30

Social Dinner
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Thursday 13 September 2012
09:30 – 11:00

Session 11 – Bioengineering II – Aula N11
Chairpersons:

R. Olmi, CNR-IFAC, Italy
G. Sorbello, University of Catania, Italy

09:30-09:45
R. Cicchetti, S. Pisa, E. Pittella, E. Piuzzi, and O. Testa
Analysis and design of a UWB radar for non-invasive breath activity monitoring
09:45-10:00
P. Russo, V. Mariani Primiani, A. De Leo, and G. Cerri
Radiated emission and susceptibility of breath monitoring system based on UWB pulses in
spacecraft modules
10:00-10:15
G. Biffi Gentili, and M. Linari
A novel thermo-ablative microwave multi-applicator system
10:15-10:30
A. Denzi, F. Camera, A. Paffi, C. Merla, F. Apollonio, P. Marracino, G. d’Inzeo, and M.
Liberti
Effects of nanosecond pulsed electric field on the activity of a Hodgkin and Huxley neuron
model
10:30-10:45
A. Doria, G.P. Gallerano, E.Giovenale, G.Messina, A. Ramundo Orlando, and I. Spassovsky
Electromagnetic pulser for the investigation of cell membranes

09:30 – 11:00

Session 12 – Antenna Design and Measurements – Aula N13
Chairpersons:

A. Massa, University of Trento, Italy
C. Gennarelli, University of Salerno, Italy

09:30-09:45
L. Lucci, R. Nesti, G. Pelosi, and S. Selleri
Design of circular corrugated horn with constant width corrugations
09:45-10:00
E. Bekele, R. Chirikov, M. Carlin, L. Manica, G. Oliveri, L. Poli, P. Rocca, and A. Massa
What’s new on antenna synthesis @ ELEDIA research center
10:00-10:15
A.D. Capobianco, E. Autizi, A. Locatelli, D. Modotto, C. De Angelis, S. Boscolo, and M.
Midrio
Printed CRLH omnidirectional loop antenna for mobile WLAN applications
10:15-10:30
M. Aldrigo, A. Costanzo, D. Masotti, and V. Rizzoli
A wearable UHF small patch antenna on a new magneto-dielectric material
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10:30-10:45
O. Losito, M. Bozzetti, G. Cannone, F. Prudenzano, L. Mescia, A. Di Tommaso, P. Bia, V.
Castrovilla, M. De Sario
Measurements of antenna factor with antenna impedance method
10:45-11:00
F. D’Agostino , F. Ferrara, C. Gennarelli, R. Guerriero, and M. Migliozzi
Spherical near-field to far-field transformation for quasi-planar antennas: an experimental
validation

11:00 – 11:30

Coffee Break

11:30 – 12:30

Plenary Lecture II – Aula N11
Chairperson: L. Pajewski, “Roma Tre” University, Italy
Evert Slob
Delft University of Technology, Delft, The Netherlands
Full waveform inversion as a two-step linear process
Sébastien Lambot
Université Catholique de Louvain, Louvain-la-Neuve, Belgium
A closed form full-wave radar model for near-field layered media reconstruction

12:30 – 14:00

Lunch

14:00 – 15:30

Session 13 – Optical Fibers – Aula N11
Chairpersons:

A. Galtarossa, University of Padua, Italy
S. Wabnitz, University of Brescia, Italy

14:00-14:15
L. Ursini, and M. Santagiustina
Applications of fiber optics dynamic Brillouin gratings in ultra wideband communications
14:15-14:30
M. Surico, A. Di Tommaso, P. Bia, L. Mescia, M. Bozzetti, O. Losito, M. De Sario, and F.
Prudenzano
Large mode area fibers for high power and high beam quality lasers
14:30-14:45
L. Schenato, L. Palmieri, L. Vianello, G. Marcato, G. Gruca, T. van de Watering, D.
Iannuzzi, A. Pasuto, and A. Galtarossa
Fiber optic sensor for precursory acoustic signals detection in rockfall events: feasibility
analysis
14:45-15:00
L. Palmieri, A. Galtarossa, and L. Schenato
Distributed fiber optic sensor for intense magnetic field mapping
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15:00-15:15
E. Balliu, A. Braglia, A. Califano, M. Olivero, A. Penna, and G. Perrone
A new pumping scheme for high power Tm-doped fiber laser

14:00 – 15:30

Session 14 – Radio Frequency Identification – Aula N13
Chairpersons:

G. Mazzarella, University of Cagliari, Italy
L. Tarricone, University of Lecce, Italy

14:00-14:15
G. Marrocco, and S. Caizzone
Electromagnetic properties of passive RFID networks
14:15-14:30
S. Manzari, C. Occhiuzzi, A. Catini, C. Di Natale, and G. Marrocco
Chemical loaded RFID antenna for humidity detection
14:30-14:45
D. De Donno, L. Catarinucci, R. Colella, and L. Tarricone
Performance evaluation of passive UHF RFID tags with software - defined radio
14:45-15:00
L. Catarinucci, R. Colella, and L. Tarricone
Innovative prototyping techniques for UHF RFID tags
15:00-15:15
A. Buffi, P. Nepa, and F. Lombardini
Localization of RFID tagged items on a conveyor belt
15:15-15:30
A. Michel, R. Caso, A. Buffi, and P. Nepa
Near-field UHF RFID antenna for desktop reader

15:30 – 16:00

Coffee Break

16:00 – 17:00

Poster Session III
Chairperson: V. degli Esposti, University of Bologna, Italy

D. Riccio and G. Ruello
A novel approach for the sampling of fractal surfaces in remote sensing
S. Meschino, L. Pajewski, M. Pastorino, A. Randazzo, and G. Schettini
Sub-array processing techniques applied to the detection of buried targets
Y. Pei, S. Yi, J. Zhou, R. Notarpietro, P. Savi, and M. Pini
GNSS reflectometry for Earth’s surface monitoring exploiting an open-loop approach
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S. Pompili, A. Di Carlofelice, P. Romano, and C. Sciannella
Spaceborne microwave interfeormetric radiometers: lunar sub-surface remote sensing,
inverse problems and electromagnetic diagnostics
L. Pulvirenti, M. Chini, F.S. Marzano, N. Pierdicca, S. Mori, and L. Guerriero
Detection of floods and heavy rain using COSMO-Skymed data
F. Nunziata and M. Montuori
Reflection symmetry to observe metallic targets at sea by a dual-polarimetric SAR
G. Di Martino, A. Iodice, D. Riccio, and G. Ruello
Electromagnetic characterization of speckle in SAR images
G. Olivieri
Contrast source Bayesian compressive imaging by a minimum norm formulation
M. Muzi
Resolution of MEG inverse problem via reweighted ℓ1 minimization algorithm
A. Di Carlofelice, E. Di Giampaolo, and P. Tognolatti
Electromagnetic propagation inside a module of international space station: a numerical
analysis
G. Bellizzi and O.M. Bucci
Criterion for the optimal choice of the operative conditions in magnetic nanoparticle
hyperthermia: uncertainty analysis
B. Bisceglia, E. Avallone , A. Buonerba, E. Caliendo, F. Chiadini , A. Grassi, L. Incarnato,
A. Scaglione, and L. Guerriero
Microwave treatment of tuff-stones. Structural analysis
P. Marracino, M. Migliorati, A. Paffi, M. Liberti, G. d’Inzeo, and F. Apollonio
Signal transduction on enzymes: the effect of electromagnetic field stimuli on superoxide
dismutase (SOD)
M. Cavagnaro, S. Franco, V. Lopresto, and R. Pinto
Characterization of a microwave thermal ablation process
G. Monti, L. Tarricone, M. Dionigi, and M. Mongiardo
Artificial transmission line for wireless power transmission
M. Dal Forno, P. Craievich, R. Vescovo, and C. Serpico
Microwave design studies of linear accelerators for free electron laser photoinjectors
G.L. Ravera and S. Ceccuzzi
Analysis of the FAST ICRH antenna straps array with water load using HFSS code
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17:00 – 18:30

Session 15 – Photonic Crystals – Aula N13
Chairpersons:

R. Orta, Polytechnic of Turin, Italy
S. Selleri, University of Parma, Italy

17:00-17:15
S. Roy, M. Santagiustina, S. Combrié, A. De Rossi, A. Wilinger, and G. Eisenstein
Slow light engineered photonic crystal waveguide: propagation and parametric gain
properties
17:15-17:30
D. Modotto, G. Manili, U. Minoni, S. Wabnitz, M. Andreana, V. Couderc, and A. Tonello
Giant dispersive wave generation in double core photonic crystal fiber
17:30-17:45
E. Coscelli, F. Poli, A. Cucinotta, and S. Selleri
Air-hole ring influence on the cut-off proprieties of 19-cell double-cladding photonic crystal
fibers
17:45-18:00
S. Malaguti, G. Bellanca, S. Trillo, S. Combrié, and A. De Rossi
Filter design for OTDM and WDM receivers in PHC technology
18:00-18:15
A. Brancaccio, G. Leone, R. Solimene, and R. Pierri
Fault detection in a dielectric grid
18:15-18:30
A. Vaccari, A.C. Lesina, L. Cristoforetti, A. Chiappini, and M. Ferrari
A computational approach to the optical characterization of photonic crystals and photonic
glasses

17:00 – 18:30

Session 16 – Wireless Communications, Networks and Systems – Aula N11
Chairpersons:

M.D. Migliore, University of Cassino, Italy
P. Nepa, University of Pisa, Italy

17:00-17:15
A.A. Serra, R. Caso, A. Buffi, A. Guraliuc, A. D'Alessandro, A. Michel, and P. Nepa
Research activities on antenna design for wireless communication networks at the
University of Pisa
17:15-17:30
F. Viani, M. Salucci, F. Robol, E. Giarola, and A. Massa
WSNs as enabling tool for next generation smart systems
17:30-17:45
S. Mori, P. Lucantoni, M. Ferrara, P. Nocito, G. M. Tosi Beleffi, E. Restuccia, F. Frezza,
and F.S. Marzano
Hydrometeor scattering effects over near-infrared free-space urban links: model and
experimental measurements
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17:45-18:00
P. Imperatore, A. Iodice, and D. Riccio
Electromagnetic source localization in 3-D outdoor urban scenario using received signal
strength
18:00-18:15
R. Stefanelli, N. Carvallo, D. Brunazzi, and D. Trinchero
Design of the wireless front-end for remote administration of domotic equipment
18:15-18:30
M. Dionigi, and M. Mongiardo
Wireless power transfer and near field magnetic communications by multi band resonators
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Friday 14 September 2012
09:00 – 10:30

Session 17 – Photonic and Plasmonic Technologies and Components – Aula
N13
Chairpersons:

A. D’Orazio, Polytechnic of Bari, Bari, Italy
S. Trillo, University of Ferrara, Italy

09:00-09:15
F. Morichetti, A. Canciamilla, S. Grillanda, P. Orlandi, S. Malaguti, M.J. Strain, M. Sorel,
G. Bellanca, P. Bassi, and A. Melloni
SAPPHIRE: a generic foundry platform for silicon photonics
09:15-09:30
A. Parini, G. Calò, S. Malaguti, G. Bellanca, V. Petruzzelli, and S. Trillo
Photonics interconnect technology for chip multiprocessing architectures: the Photonica
project
09:30-09:45
M.P. Bolzoni, G.G. Gentili, and S.M. Pietralunga
Grating-assisted coupling to strip plasmonic modes: 3D numerical analysis
09:45-10:00
M. Grande, G. Magno, R. Marani, G. Calò, V. Petruzzelli, and A. D'Orazio
Design of plasmonic directional couplers
10:00-10:15
F.M. Pigozzo, D. Modotto, and S. Wabnitz
Second harmonic generation in plasmonic waveguides
10:15-10:30
F. A. Bovino
Representation of a Spiral Phase Plate as a two mode Quantum Phase Operator

09:00 – 10:30

Session 18 – Energy and Environment – Aula N13
Chairpersons:

G. Cerri, Polytechnic University of Marche, Italy
L. Roselli, University of Perugia, Italy

09:00-09:15
A. Carta, R. Stefanelli, and D. Trinchero
Microwave electromagnetic sensors to estimate water density within snow
09:15-09:30
M. Montopoli, G. Vulpiani, and F. S. Marzano
The potential use of microwave weather radar for volcanic ash monitoring
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09:30-09:45
M. Sozzi, C. Catellani, A. Cucinotta, S. Selleri, D. Menossi, R. Dharmadasa, A. Bosio, and
N. Romeo
Laser scribing integration of polycrystalline thin film solar cells
09:45-10:00
S. Ceccuzzi, F. Napoli, L. Pajewski, G. Schettini, and A.A. Tuccillo
Antenna-plasma coupling calculations at lower hybrid frequencies by using a FEM code
10:00-10:15
R. Moro, S. Kim, M. Bozzi, and M. Tentzeris
Novel inkjet-printed substrate integrated waveguide (SIW) structures for eco-friendly lowcost application
10:15-10:30
A. Facchini, A. Zeffiro, P. Arcioni, and A. Buttafava
Preliminary studies on the microwave pre-treating of lignocellulosic biomasses

10:30 – 11:00

Coffee Break

11:00 – 12:00

Plenary Lecture III – Aula N11
Chairperson: L. Vegni, “Roma Tre” University, Italy
Andrea Alù
University of Texas at Austin, USA
Metamaterials and plasmonics: from RF to optical applications

12:00 – 13:00

Plenary Lecture IV – Aula N11
Chairperson: A. Toscano, “Roma Tre” University, Italy
Leo Kempel
Michigan State University, USA
Half-width Leaky-wave Antennas: A Progress Report

13:00 – 13:30

Young Authors Award Ceremony and Closing Address – Aula N11
Award announcement – P. Lampariello, “Sapienza” University of Rome, Italy
Chair closing – G. Schettini and L. Vegni, “Roma Tre” University, Italy
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Plenary lectures
Marian Marciniak
National Institute of Telecommunications, Warsaw, Poland
Converged optical and wireless communications for the future
Evert Slob
Delft University of Technology, Delft, The Netherlands
Full waveform inversion as a two-step linear process
Sébastien Lambot
Université Catholique de Louvain, Louvain-la-Neuve, Belgium
A closed form full-wave radar model for near-field layered media reconstruction
Andrea Alù
University of Texas at Austin, USA
Metamaterials and plasmonics: From RF to optical applications
Leo Kempel
Michigan State University, USA
Half-width Leaky-wave Antennas: A Progress Report
Giancarlo Prisco
Selex S.I.
Receiving sparse signals in radar systems: Blind recovery at minimum rate
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CONVERGED OPTICAL AND WIRELESS COMMUNICATIONS FOR THE
FUTURE

Marian Marciniak(1,2)
National Institute of Telecommunications
Department of Transmission and Optical Technologies
1 Szachowa Street, 04-894 Warsaw, Poland
(2) Kielce University of Technology
Faculty of Electrical Engineering, Automatics and Computer Science
Aleja Tysiaclecia Panstwa Polskiego 7, 25-314 Kielce, Poland
marian.marciniak@ieee.org
(1)

Abstract
The proposed converged network concept supports both circuit switched
and packet switched traffic, real-time and non-real time services, and
fixed and wireless communications. This is achieved by allocating
necessary number of light wavelength channels for real time services
according to the instantaneous demand, all remaining wavelengths are
used for packet traffic. Transparency of the optical network allows to
transmit Radio-over-Fibre signals on the dedicated optical wavelength
channels as well.
Index Terms − Converged communications, Radio-over-Fibre, Transparent
network

Nowadays communications target to transmit a variety of services as classical
telephony, facsimile transmission, but also the Internet traffic, data transmission, radio
and television broadcasting etc. Consequently, various transmission media are used as
metal and fiber cables, and free space links for microwave, millimeter wave, and optical
links. Owing to top performance of contemporary optical fibers there is a tendency to
exploit optics as far as possible [1]. Thus a question arises: do we really need separate
networks for different services? Or separate fibers in a single network? Why do not use
separate optical wavelengths in a single fiber for that?
Here we propose a novel non-conventional approach to the future optical and
wireless hybrid transport network that is capable to support current kinds of traffic as
real time voice, wireless, and packet traffic in a single converged network. This hybrid
network concept distinguish between real time and non-real time (packet or data)
services. Those are physically transmitted on different optical wavelengths. Real time
voice and wireless is carried on dynamically allocated wavelengths, according to
instantaneous demand for real-time services. All remaining wavelengths are for the IP
traffic. The two kinds of traffic are separated and interleaved in frequency (wavelength)
domain, not in time domain. The microwave/millimeter wave signal transmission can be
included in the transparent real-time part of the network by the means of modulating the
optical carrier wavelength with the mobile signal in the ‘Radio over Fiber’ fashion. This
is especially suited for transmitting 60 GHz signal which suffers of a high attenuation of
10 dB/km in the air [ 2]. On the other hand, the attenuation in silica glass fibres is below
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0,2 dB/km at λ = 1,55μm (so called 3rd transmission window). This approach allows to
profit fully from both sophisticated SDH technology developed for real time - voice
circuit switched service, and from IP protocol developed uniquely for packet-switched
traffic but exposed to Quality of Service constraints [3].
Table 1 classifies characteristics for real-time and non-real time traffic within a
hybrid converged network.
TABLE I
CHARACTERISTICS OF REAL-TIME AND NON-REAL TIME TRAFFIC.
Basic principle
Service
Cell/packet length
Latency
lost data
Quality of Service
Traffic
Other
Transparency
Bandwidth
Security

Circuit-switched
Packet-switched
Real-time - Voice, Video, Radio-over-Fiber Non-real time: Internet (incl.
VoIP), data
Constant length cells
Variable
Unnoticeable
Allowed
No retransmission
Retransmitted
Guaranteed by over-provisioning
Best-effort
Deterministic
Statistic
Instantaneous bandwidth (# of λs) controlled Intelligence
logically in IP routers
Transparent
Incl. All-optical opacity
Dedicated on demand
As wide as available
Inherent
To be improved permanently

The converged network model resigns from the common approach to put the realtime traffic on top of packet network, and it claims to position them in parallel in the
network rather. Consequently, it provides a space for inclusion of microwave signals via
the Radio-over-Fibre technology. The model respects optimal conditions for Quality of
Service and security requirements specific to different kinds of traffic, and it conserves
the Quality of Service as well as security constraints for real-time traffic.
The presented hybrid optical & wireless network assures efficient use of the
available bandwidth, and optimises the network availability for different traffic and
services. This approach overcomes important drawbacks of an all-IP network, and it
gently accommodates the real-time circuit-switched transmission of a high reliability
and security with more flexible but highly vulnerable IP packet traffic.
REFERENCES
[1] M. Marciniak, “Optical Fibres – Almost Ideal Transparent Propagation
Medium?,” 11th International Conference on Mathematical Methods in
Electromagnetic Theory MMET*06 - Kharkiv Electromagnetics & Photonics
Week 2006, pp. 358-362, Kharkov, Ukraine, June 2006.
[2]M. Marciniak, “Converged Optical and Wireless as enabling technology
towards Future Networks”, The XXX General Assembly and Scientific
Symposium of the International Union of Radio Science URSI GA 2011,
Workshop on Advances in Optical-Wireless Communications, Paper 04,
Istanbul, Turkey, August 13-20, 2011.
[3]M. Klinkowski, D. Careglio, J. Solé-Pareta, M. Marciniak, “A Performance
Overview of Quality of Service Mechanisms in Optical Burst Switching
Networks”, in: Current Research Progress of Optical Networks, M. Ma (Ed.),
Chapter 1, pp. 1-20, Springer, 2009.
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LAYERED MEDIUM FULL WAVEFORM INVERSION
AS A TWO-STEP LINEAR PROCESS
Evert Slob and Kees Wapenaar
Department of Geoscience & Engineering, Delft University of
Technology, Stevinweg 1, 2628 CN Delft, The Netherlands
e.c.slob@tudelft.nl
Abstract
Recently, Broggini et al. discussed several connections between wave
field focusing, interferometry, and inverse scattering [1]. In different ways
it is demonstrated how to construct the 1D seismic wave field measured in
the homogeneous upper half space and generated by a source in the
interior of an unknown medium. The input data is a reflection
measurement from a source and a receiver in the homogeneous upper half
space. In seismic interferometry [2] a physical receiver is necessary inside
the unknown heterogeneous medium and physical sources must be
present in both homogeneous half-spaces in which the heterogeneous
medium is embedded. As an alternative approach focusing theory [3] is
applied to reflection data to construct the wave field recorded at the
receiver from a virtual source inside the heterogeneous medium [1]. Both
methods do not require knowledge about medium properties other than
assuming the waves propagate without dissipation. The important
advantage of the second method over the first is that the location of the
virtual source is obtained without having a physical receiver at that
location. This creates data that is the starting point of the virtual source
method of [4], but now without the need for borehole data. The data that is
obtained from reflection data is a virtual Vertical Seismic Profile (VSP) data
set. In a companion paper Wapenaar et al. showed how this could be
extended to three-dimensional media [5]. Once the 3D wave fields are
reconstructed with a virtual source in the subsurface, a dual VSP can be
created that allows directional decomposition at the subsurface virtual
source depth level followed by multi-dimensional deconvolution to create a
3D internal multiple-free image [6].
It is interesting that a number of successive data driven filter steps lead to
creating wave fields as if they were generated, or measured, at locations
where no physical source, or receiver, was placed and in addition lead to
the construction of images free of internal multiples. The focusing theory of
Rose, being a specific implementation of solving the Marchenko equation
[7], is a linear data driven filter method of iteratively focusing a wave field
at a specified one-way travel-time, or virtual depth level. This implies that
the filter itself is a Green’s function. In this talk it is shown that this filter
contains the local reflection response for a source and receiver at the
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virtual depth level. For 3D wave fields in a horizontally layered medium
the obtained image contains the local reflection coefficients as a function of
one-way intercept time and horizontal slowness. This is a non-recursive
method, because the depth levels can be chosen independently. The
solution to the Marchenko equation is analyzed for plane waves incident
at arbitrary angles of incidence on a horizontally layered model. The
image containing only local primary reflection coefficients at correct oneway travel times is extracted from the filter solution. Creating an image is
the first step in an inversion approach. Once the image is obtained with
local reflection coefficient amplitudes, the electric permittivity and magnetic
permeability can be obtained from inverting the reflection coefficients for a
number of slowness values. This is a direct matrix inversion solution that
can be obtained in the least squares sense. The inversion step is
recursive, because knowledge of the upper half space medium parameters
is needed to start the scheme.
Index Terms − Focusing, Imaging, Inversion, Migration.
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A CLOSED FORM FULL-WAVE RADAR MODEL FOR NEAR-FIELD
LAYERED MEDIA RECONSTRUCTION

S. Lambot, A.P. Tran, F. André
Earth and Life Institute, Environmental Sciences,
Université catholique de Louvain
Croix du Sud 2 box L7.05.02, 1348 Louvain-la-Neuve, Belgium
sebastien.lambot@uclouvain.be
Abstract
A closed form near-field radar modeling approach for wave propagation
in planar layered media is presented. The radar antennas are modeled
using an equivalent set of infinitesimal electric dipoles and characteristic,
frequency-dependent, global reflection and transmission coefficients.
These coefficients determine through a plane wave decomposition wave
propagation between the radar reference plane, point sources, and field
points. Coupling between the antenna and layered medium is thereby
inherently accounted for. The fields are calculated using threedimensional Green's functions. We validated the model using frequencyand time-domain radars with antennas operating in different frequency
ranges. The antenna characteristic coefficients were obtained from nearand far-field measurements over a copper plane. The proposed model
provided unprecedented accuracy for describing near-field radar
measurements collected over water and sand layers with frequencydependent electrical properties. Medium properties could be retrieved
through full-wave inversion. The proposed approach shows great promise
for non-destructive testing of planar materials and soils, e.g., using
ground-penetrating radar.
Index Terms − Full-wave inversion, ground-penetrating radar, Green’s
functions, layered media, near-field modeling.
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METAMATERIALS AND PLASMONICS TO CONTROL AND TAILOR
ELECTROMAGNETIC WAVES
A. Alù
Department of Electrical and Computer Engineering, The
University of Texas at Austin
1 University Station C0803, Austin, TX 78712, USA
alu@mail.utexas.edu
Abstract
In this talk, I will discuss our recent progress and research activity in the
fields of metamaterials and plasmonics, covering a wide range of topics,
from theoretical approaches to model the anomalous wave propagation in
metamaterials and plasmonic materials, to various applications at
microwave and optical frequencies, including enhanced nonlinearities,
sensing, imaging and energy harvesting. I will discuss our most recent
theoretical and experimental results in these areas, including the concept
of broadband ‘plasmonic Brewster’ light funneling [1] and ‘epsilon-nearzero’ metamaterials [2]. I will also show our recent near-field and far-field
experimental measurements of 3-D radio-frequency cloaking, which
represents the first experimental realization of a metamaterial cloak in 3D for a free-standing object [3]. Finally, I will discuss the concept of
twisted metamaterials and our experimental realization of ultrathin,
broadband, planarized circular polarizers based on this idea, realized
using stacked, lithographically printed optical metasurfaces [4]. Physical
insights into these exotic phenomena will be discussed during the talk.
Index Terms − Metamaterials, plasmonics, scattering.
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HALF-WIDTH LEAKY-WAVE ANTENNAS: A PROGRESS REPORT
L. Kempel1), E. Rothwell1), B. Shanker1), P. Chahal(1)
Dept. of Electrical & Computer Engineering, Michigan State Univ.
3410 Engineering Building, East Lansing, Michigan, USA, 48824
kempel@msu.edu

(1)

Abstract
Microstrip leaky-wave antennas have been a scholarly topic of interest for
nearly three decades. Seminal work includes that of Oliner [1] and
Menzel [2]. The former work presented an effective method for predicting
the radiation properties of such antennas using the Transverse
Resonance Method (TRM). The latter presented an effective method to
physically realize such an antenna that utilized resonant and periodic
slots near the feed. The slots provided a means to suppress the EH 00
fundamental mode and hence provide power preferentially into the first
higher-order (leaky) EH 01 mode.
Although an useful antenna, the microstrip leaky-wave antenna was
difficult to match due to the need to either carefully design the slots so as
to not excessively impact the radiating current distribution (and hence the
polarization purity of the antenna) or feed using a balanced structure that
requires two feed points with 180o phase difference across the
operational bandwidth of the antenna [3]. Hence, in either case, the
realized bandwidth is always significantly lower than the theoretical
bandwidth.
Schneider and Thiele introduced the concept of a half-width leaky-wave
(HWLW) antenna to simplify the feed requirements [4]. The inclusion of a
metallic septum results in the potential for using only one feed point since
the septum suppresses the fundamental mode but not the first higherorder mode. Significant improvements have been made on this aperture
over the past five years that enhanced understanding of the properties of
such an antenna and facilitated greater functionality. Specifically, the
most significant contributions are: arrays [5], inhomogeneous substrates
([6]-[7]), and both passive and active reactive loading to control the
radiation properties ([8]-[9]), and inductive wall modeling [10].
During the evolution of this antenna design, better control over both
bandwidth and radiation patterns has been obtained, and approaches to
electronically controlling the beam has been investigated. The talk will
present the results of these past five years and offer future perspective.
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Index Terms − Microstrip leaky-wave antenna; end-fire radiation; wide
bandwidth; electronic tuning.
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RECEIVING SPARSE SIGNALS IN RADAR SYSTEMS:
BLIND RECOVERY AT THE MINIMUM RATE

G. Prisco, R. Lalli, M. D’Urso, L. Timmoneri, F. De Stefani
SELEX Sistemi Integrati S.p.A., Via Circumvallazione Esterna di Napoli,
Loc. Pontericci zona ASI, I-80014 Giugliano, Napoli, Italy
(e-mail: gprisco@selex-si.com).
Abstract
In scenarios in which the carrier frequencies are unknown to the receiver, or
vary in time, a challenging task is to design a spectrum-blind receiver at the
minimum rate. In this context, a compressive sampling based technique is
proposed as a down conversion solution that does not need Stable Local
Oscillator (STALO) signal, and so it makes possible to eliminate a substantial
analog section, obtaining a significant reduction of both dimensions and costs.
In addition, such a scheme allows the transmission-receiving system to manage
multiple signals, placed at different carrier frequencies, at the same time, in
order to make the radar system more robust against external jammers.
Index Terms − Analog to digital conversion (ADC), compressive sampling (CS),
radar receivers, spectrum blind reconstruction.

I.

INTRODUCTION

In modern radar applications, an increasing number of functions is
being pushed forward to sophisticated software algorithms, leaving only
delicate finely tuned tasks for the circuit level. Sampling theory, the
gate to the digital world, is the key enabling this evolution.
Multifunctional wideband systems open a considerable gap with ADC
devices. Furthermore one design goal is to put the ADC as close as
possible to the antenna. Conversion speeds have become more and
more difficult to obtain. Consequently, alternatives to high rate
sampling are drawing considerable attention in both academia and
industry. The most common way, especially in radar system, to avoid
the sampling at the Nyquist rate, is the demodulation process wherein
the signal is shifted from the high frequencies to the origin and then the
lowpass version is sampled uniformly in time. This procedure must be
repeated for each band individually and in sequential mode. In radar
systems it is useful to highlight the difference between operative and
instantaneous band. The first one represents the frequency range
allocated for a specific system, in sense that no other deployments can
use that frequencies. In general the operative band covers some
hundreds of MHz. The second one instead is the effective bandwidth
occupied by the radar signal at a given time, it is typically of the order
of some MHz (e.g. 10 MHz), and so it can perform frequency hopping to
defend itself against interference, jamming and other external signals.
In this context, the radar system employs a small band inside a large
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allocated frequency range. This means that the frequency domain
representation of such a signals is intrinsically sparse.
Recently a number of “sampling” strategy have been proposed,
exploiting the compressive sampling (CS) theory, an emerging research
field for sampling and recovery sparse signals at the minimum rate. The
mainstream line of CS papers studies sparsity for discrete and finite
vectors [1]. In order to locate and reconstruct the instantaneous bands
used by the radar signal a more effective signal model is needed. Based
on the analog multiband model, within this analog framework, which
studies signals from a truly continuous domain [2], we propose a
sampling-reconstruction procedure that can locate the carrier
frequencies and reconstruct the spectrum content, in the operative
band, through a modified version of the Modulated Wideband Converter
(MWC) [2] avoiding the use of the mixer devices.
The paper is divided in Sections. The first Section is the introduction. In
the Section II the proposed technique is presented. In the section III
numerical results are shown. Conclusions follows.
II.

SPECTRUM RECOVERY SCHEME

For multiband signals, with N non overlapped bands of widths B, the
minimal sampling rate is the sum of the bandwidths NB, given a fixed
subspace description of known band locations [3]. If the Nyquist
bandwidth actually occupied is assumed known, but not the band
locations, the minimal sampling rate must be doubled to 2NB [4].
The traditional radar systems excites only one band at a time (N=2) and
employ super-heterodyne demodulation scheme. The RF signal selection
is performed by an agile Local Oscillator signal (STALO) that shifts the
received signal around a lower frequency (see fig. 1). This analogical
process is very expensive mainly because the STALO must be a very
stable high frequency source. Typically STALO source and distributor
represents one of the most expensive sections of the whole radar
architecture. By using the MWC scheme [MWC], based on the fullyblind sampling framework, it is possible to extends the conventional
demodulation to multiband inputs with unknown carriers.

FIG. 1 − Typical demodulator scheme with agile SLALO.

The conversion stage from analog to digital consists of a front-end of
m channels, as depicted in Fig. 2 (a).
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FIG. 2 − Front-end schemes: (a) MWC, (b) scheme with phase inverter.

With reference to the scheme in Fig. 2 (a), in the ith channel, the
received RF signal x(t) is multiplied by a periodic waveform pi(t) with
period Tp = 1/fp that in each period is a piecewise constant function
(different for each channel) that alternates between the levels ±1,
lowpass filtered by h(t), and then sampled at rate fs = 1/Ts. In the basic
version the sampling period Ts equals the aliasing period Tp, each
channel samples at rate fs≥B and the number of hardware branches
m≥2N, so that the total sampling rate can be as low as 2NB. These
choices stem from necessary and sufficient conditions on the required
sampling rate mfs to allow perfect reconstruction. Since pi(t) is periodic,
it has a Fourier series expansion
pi (t ) =

+∞

∑c e

j 2πltf p

il

(1)

l = −∞

where cil are a set of known coefficients. The result of the periodic
mixing is the aliasing of the spectrum of x(t), so that the product ~
xi (t )
contains shifted copies of the input spectrum X(f)
~
 f f 
X i ( f ) = ∑ cil X ( f − lf p )
f ∈ − s , s  (2)
 2 2
l
The eq. (2) is the key to recovery of x(t). By defining the unknown vector
z(f)=[z1(f) z2(f)…zL(f)] where zi(f)=X(f-lfp), eq. (2) in matrix form become
y(f)=A·z(f). The sparsest solution z(f) to such linear system provides the
frequency carriers and the spectral behaviour of x(t). The MWC requires
to mix the input x(t) simultaneously with the multiple sinusoids
comprising the periodic waveforms, which poses an interesting circuit
challenge. Since the mixing function pi(t) are a sign pattern it is
possible, for non prohibitively high frequency, to replace the mixers with
phase inverters (Fig. 2. (b)).
III.

NUMERICAL RESULTS

In order to show the performance of the proposed architecture it is
reported the results obtained simulating the sampling and
reconstruction of a test signal composed of two linear frequency
modulated carriers placed at f1=5.2GHz and f2=5.7GHz, contaminated
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by white Gaussian noise with SNR=10 dB. The signal consists of two
pairs of bands (N=4), each of width B=10 MHz.
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FIG. 3 − Original and reconstructed signals: (a) whole spectrum, (b) zoom
around the frequency f1.

Coherently fp has been chosen about 15Mz (slightly greater than B) and
fs=fp. The carrier locations are correctly carried out as it can be seen in
fig. 3. (a) and the spectral content of each band are well reconstructed
as showed in fig. 3. (b) for the band centered around the frequency f1.
IV.

CONCLUSION

A new receiver architecture, for radar systems, based the fully-blind
recovery of multi-band signals, avoiding the use of the STALO and
mixer have been presented. The preliminary tests show that potentiality
it is possible to manage multiple carrier frequencies in the operative
band, enabling the radar systems to operate with multiple antenna
patterns at same time and make it more robust against external
jammers.
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Session 1 – Microwave components I
L. Ntibarikure, G. Pelosi, and S. Selleri
Harmonic balance Finite Element analysis of third order intermodulation products in ferrite
devices
M. Oldoni, F. Seyfert, and G. Macchiarella
Tuning diplexers with rational filters
G. Virone, R. Tascone, O.A. Peverini, G. Addamo, Z. Farooqui, A. Tibaldi, and R. Orta
Synthesis strategy for broadband multiplexers
C. Tomassoni, S. Bastioli, and R. Sorrentino
TM dual-mode cavity filters with symmetric and asymmetric filtering functions
L. Zappelli
An equivalent circuit for microwave discontinuities

ISBN: 978-88-907599-0-1

41

Proceedings of the XIX RiNEm

HARMONIC BALANCE FINITE ELEMENT ANALYSIS OF THIRD ORDER
INTERMODULATION PRODUCTS IN FERRITE DEVICES
L. Ntibarikure, G. Pelosi, S. Selleri
Department of Electronics and Telecommunications, University of Florence
Via di Santa Marta 3, 50139, Florence, Italy
stefano.selleri@unifi.it
Abstract

Results of a study of nonlinearities and intermodulation products for 3-port Hplane waveguide circulators are presented, based on a harmonic balance finite
element analysis of the third-order nonlinearity in ferrites. Numerical results are
derived for the field strength and the power level of the intermodulation signal.
Index Terms − Finite elements, harmonic analysis, ferrite, intermodulation,
junction circulator, nonlinear interaction.

I. INTRODUCTION
Waveguide devices are widely used in high-power applications thanks to
their low-losses. In high-power applications for waveguide devices with
ferrite inserts, the motion of the magnetization vector can no longer be
described by a linear set of equations. Considering higher-order terms
of the permeability, echo signals in the time domain and
intermodulation coupling in the frequency domain must be included in
the nonlinear theory. In particular t5hird-order nonlinearity in ferrites
generate intermodulation noise in the signal bandwidth.
In a frequency domain analysis, conventional single-harmonic (SH)
finite elements, does not allow for the computation of signal coupling
between an in-band signal and a strong out-of-band interferer. A
multiple-harmonics (MH) analysis would be an attractive alternative to
time domain analysis.
The theory of harmonic balance finite element (HBFE) method, also
known as multiharmonic finite element, is presented for the analysis of
a generic H-plane microwave ferrite device. This technique has been
successfully employed in magnetostatics problems [2]-[3] but not to
high frequency ones. The final goal is to analyze a ferrite device affected
by nonlinear behavior.
II. FORMULATION
Consider a waveguide circulator (Fig. 1). Due to the H-plane symmetry
of the actual 3D device, a complete solution is attained by solving the
associated 2D problem just for the out-of-plane component of the
electric field (E z )
ˆ + k 2ε r (E z zˆ ) =0
∇ × [ µr ] ∇ × (E z z)
−1
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within the domain Ω, subdomain Ω 1 is fully linear while subdomain Ω 2
contains the nonlinear ferrite. Perfect electric conductor boundary
conditions holds on Γ 0 while modal expansions are enforced at ports Γ i ,
i=1…3. k is the free space wavenumber, ε r is the isotropic permittivity and

[ µr ] has the form
 µr
=
[ µr ]  j κr
 0

− j κr

µr
0

0
0  ,
1 

ω0ωm

 µr = 1 + ω 2 − ω 2

0
H 0 , ωm γ M s ,
, ω0 γ=
=

 κ = − ωωm
 r
ω02 − ω 2

(2)

where ω is the angular frequency, γ the gyromagnetic ratio, H 0 the
internal DC magnetic field and M s the saturation magnetization. The
conventional finite element formulation for anisotropic media can be
retrieved in [4].
The diagonal permeability tensor coefficients can be expressed as

r∈ Ω1
[1,0]
 µr ( E z ( r ) , r ), κr ( E z ( r ) , r )  = 
[ µr , κr ] + ξ ( E z ( r ) ) r∈ Ω2

(3)

where E z (r) is the electric field in the generic point r and ξ ( E z ( r ) ) is a
quadratic scalar operator describing the nonlinear behavior.
Considering a two-tones problem, the MH behavior is introduced by
approximating the electric field as
=
Ê z e1 cos (ω1t )+ e 2 cos (ω2t )+ e 3 cos ( ( 2ω1− ω2 ) t )+ e 4 cos ( ( 2ω2 − ω1 ) t )+
+e5 cos ( ( 2ω1+ ω2 ) t )+ e 6 cos ( ( 2ω2 + ω1 ) t )+ e 7 cos ( 3ω1t )+ e 8 cos ( 3ω2t )+ ...

(4)

where ω 1 is the in-band signal angular frequency and ω 2 is the angular
frequency of the edge-band interferer, and the hat, here and in the
following, denotes approximation deriving from the truncation of the
series.
The complex harmonic amplitudes constitute the unknowns of a
conventional finite element system, with k in (1) computed with the
corresponding harmonic frequency
=
k1

ω1

ω

2
=
=
, k2
, k3
c0
c0

2ω2 − ω1
2ω1 − ω2
=
,...
, k4
c0
c0

(5)

being c 0 the speed of light in free space.
The harmonics retained in (4) are selected according to the
quadratic operator ξ (.) , which generates third order intermodulation
products, the most critical being (2ω 1 - ω 2 ) and (2ω 2 - ω 1 ). Eight
harmonic amplitudes in (4) will be considered.
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The nonlinear behavior of the relative permeability tensor
coefficients generates coupling between the previous harmonic signals
at the frequencies that expand the electric field. The dependence can be
explicitated on the magnetic field as:

(

2
2
µˆr =+
µr ξ ( E z ) =+
µr α Hˆ x ( E z ) + Hˆ y ( E z )

)

(6)

which constitutes a wider sum of harmonics than that of the field, α
being a constant. Quadratic permeability tensor coefficients leads to the
following expression

µˆr =
µr +
0

∑

m +n >0 even

µr

+
m ,n

cos(mω1t + n ω2t ) + µr − cos(mω1t − n ω2t )
m ,n

(7)

The harmonic amplitude μ r of the permittivity is computed by testing its
time evolving value (7) at the sought frequency
2π

µr =
0

µr ±
=
m ,n

GCD (mω1,n ω2 )

π

ω
2π

ω

∫µ

r

0

2π
GCD (mω1 ,nω2 )

∫
0

(

+ α Hˆ x

2

( µ + α ( Hˆ
r

+ Ĥ y
2

x

2

) dt,

+ Ĥ y

2

(8)

)) cos (mω t ± nω t ) dt,
1

2

being GCD the greater common divisor function.
Harmonic testing is then performed, leading to a large scale linear
HBFE system which has formally the same structure as a conventional
FE system, the nonlinearity being tackled via a Picard iteration.
III. NUMERICAL RESULTS
The device analyzed is sketched in fig. 1, the ferrite parameters are
those presented in [5]. For a linear ferrite the devices operates correctly
as shown in Fig. 2: Devices is matched at 10GHz and isolation (S31) is
better than -15dB. In the case of a nonlinear ferrite, with
α= 2 ×10−7 m2 A −2 , analysis is performed with an impinging signal at
ω1 ∈ [2π 8 × 109 ,2π12 × 109 ] with an impinging power of (a) 0.5W; (b)
0.75W; (c) 1W; and an interferent signal at
=
ω2 2π 7.8 ×109 with a
corresponding power level of (a) 50W; (b) 75W; (c) 100W. Graph clearly
shows the effect of the nonlinearity both in a frequency shift and in the
presence of an output power level at the third intermodulation product.
IV. CONCLUSION
A HBFE approach for waveguide devices containing nonlinear
ferrites has been presented. The proposed method allows for the
prediction, in frequency domain, of the amplitude of the
intermodulation products and relative signal degradation.
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FIG. 1 − Sketch of the analyzed FIG. 2 − Amplitude of the three main
circulator H-plane cross-section. A scattering parameters for the linear
cylindrical ferrite post of radius r is case, for an impinging TE 10 .
placed in the middle of the device.

FIG. 3 − Amplitude of the output FIG. 4 − Amplitude of the output
power at ω1 nonlinear case. (a) power at port 2 for the third
harmonic 2ω1 − ω2 for the nonlinear
bullets (b) empty circles (c) asterisks.
case. (a) bullets (b) empty circles (c)
asterisks.
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Abstract

We describe an original technique to extract a polynomial model of the filters
composing a diplexer based on the external measurements. This paper reports
the theoretical basis and describes additional assumptions under which it can
be applied successfully. Numerical examples are also shown to prove its
practical behavior.
Index Terms − Deembedding, Rational model, Cauchy, Diplexer tuning

I. INTRODUCTION
Tuning microwave multiplexers is currently one of the bottlenecks in
mass production of these devices. Several efforts have been devoted to
generalizing techniques available for standard 2-port filters to
multiplexers, but the complicated nature of the relationships among
port measurements and internal components’ currently allows only a
few specific situations to be treated analytically. Most of them are based
on a rational model of the overall diplexer which therefore must only
include rational components ([1]-[4]). Another group of technique is
based on extraction by optimization of a circuit model but convergence
may not be guaranteed ([5], [6]).
In order to tune a filter there are usually some tuning elements (screws
or similar) which may be acted upon to alter resonant frequencies and
coupling coefficients. The exact tuning position can be obtained for
standard 2-port filters in several ways, most of them based on the
extraction of the characteristic polynomials or the coupling matrix. By
comparing these with the reference filter, the tuning screws can be
adjusted until the perfect alignment is obtained.
In a multiplexer whose measurement are known, de-embedding the
filters is much more difficult and to this purpose we introduce an
analytical technique designed for diplexers and capable of computing
the filters’ characteristic polynomials starting from the measurements of
the diplexer and of the junction. The reference scheme is shown in Fig.
1 where the junction is modeled as a 3-port component with a generic
frequency response, which may also be non-rational and/or lossy.
Knowledge of the junction is a realistic assumption in several practical
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situations, for example from previous measurements or from a precise
circuit model or electromagnetic simulations of the fabricated structure.
By converse filters must be tuned on a one-by-one basis due to their
strict specifications and higher sensitivity to fabrication tolerances.

FIG. 1 − Reference model of the diplexer and its internal components.

II. ESTIMATION OF FILTERS POLYNOMIALS
One can easily compute the scattering parameters of the overall diplexer
as a function of the junction ones and of the filters’. This leads in the
reciprocal case to 6 equalities at each frequency. By assuming the
diplexer measurements (S ij ) and the junction’s parameters (SN ij ) as
known at these frequencies we are left with 6 unknowns (the values of
the 3 scattering parameters of each filter SA ij , SB ij ). By substitution it is
possible to observe that there are actually only 5 independent equations
which thus make the system underdetermined. It is in fact possible to
manipulate the 5 equations to obtain the following form:

(1)
,
where expressions of the various coefficients aX, bX, mX, nX are reported
in [7] and only depend on the known measurements.
To resolve the underdetermination we introduce rationality of the
two filters, whose scattering parameters are consequently expressed as
ratios of polynomials with a common denominator, SX ij =NX ij /DX.
By using the four equations of (1) involving only one filter at a time,
two homogeneous linear systems can be derived in the unknown
polynomials of each and are extended to include measurements at
several frequencies ω k (system for filter A shown):
(2)
The two systems can be rewritten in matrix form and the characteristic
polynomials of each filter are stacked as a vector of coefficients which
can be found by computing the SVD of the matrix and by taking the
right vector(s) corresponding to null singular value(s).
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When such a null singular value is unique then the solution vector
is also unique and all the polynomials for that filter are known up to a
common irrelevant constant scaling. Moreover, when at least one of the
two filters can be determined uniquely in this way, the other can be also
retrieved from it by using the common equation in (1).
It can be proven that, unless the junction is a very simple one, the
number of different solutions to each of the two systems is one and
thus the identification problem can be uniquely solved.
III. APPLICABILITY
Concerning practical applicability of the technique described in Sect. II,
the rational assumption of the two filters plays a key role in the
identification and therefore requires that distributed effects must be
neglectable, implying a narrow frequency span. Note however that, as
long as included in the measurements, the junction does not need to
fulfill the rational assumption and thus can be practically arbitrary.
However, in a practical situation, it is often the case of measurements
where reference planes are not exactly coincident with those depicted in
Fig. 1, for example when measuring equipment is not exactly calibrated
or when such reference planes are not accessible. In these cases the
lengths of these transmission lines, if not taken into account, violate the
rational assumption and lead to unsatisfactory fitting results. As a
consequence the additional unknown delays must be detected and
estimated so that they can be included into or removed from the
existing measurements. The detection and estimation can be achieved
by setting up an optimization scheme which minimizes the misfit with
respect to the diplexer measurements.
Another aspect important to outline the practical applicability is
what can be done when the solution is not unique. Considering a
simple parallel connection of the two filters to the common port, the
junction is an ideal node. In this situation the number of different
solutions for each filter can be found to be 2 and this describes the fact
that one can actually “move” a constant shunt admittance from one
filter to the other still fulfilling all the measurements. In this and similar
cases the knowledge of the value at infinity of SX 11 of at least one of the
filters can sufficiently constrain the solution to resolve the uncertainty.
IV. EXAMPLE
We applied the technique outlined in Sect. II to a set of data obtained by
simulating a diplexer with a simple junction (an ideal node) and two 5th order filters with 2 transmission zeros each. We also introduced a
1ns delay on each of the junction measurements and on the overall
diplexer measurements to simulate misplaced reference planes and a
noise floor of -90dB to model a real measurement setup. Without
correcting the additional delays a bad fitting was obtained (Fig. 2, left: 21 dB of rms fitting error) whereas by estimating (within ±10%) and
correcting them a much better result was achieved (Fig. 2, right) with -
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69dB of rms fitting error, where only attenuation levels below -80dB are
not exactly fitted due to the effect of noise.

FIG. 2 − Comparison of the measured diplexer (crosses) with the
measurements with same junction and fitted filters (solid lines)

V. CONCLUSION
This paper describes a technique suitable for extraction of filters’
characteristic polynomials working from the measurements on the
diplexer. This allows in-place tuning of these devices and was shown to
be effective when additional delays are estimated and removed.
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Abstract
This paper presents a design method for wideband multiplexers. It is based on
an aggregate discontinuity concept to keep the mutual loading effect of the
various filters into account at the synthesis level. This method can provide the
geometric parameters of the multiplexer starting from the desired polynomial
frequency response.
The performance obtained in the case of a waveguide diplexer with a 1.4% band
separation bandwidth is discussed.
Index Terms − Design Method, Filters, Multiplexers, Synthesis Technique

I. INTRODUCTION
Complex microwave multiplexers are required in the future
communication systems in order to deal with the increased amount of
services. Such filtering structures can be implemented with different
technologies e.g. microstrip, stripline and metallic waveguide. As well
known, the waveguide implementation is still the most suitable solution
when both high power handling capabilities and low losses are required.
The circuit scheme of a multiplexer is reported in Fig. 1.

FIG. 1 − Circuit scheme for a multiplexer with passband filters.

The multiplexer is composed of N passband filters. Each one has a
different passband with center frequency , with
. The N
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filters are connected to a multiport junction in order to provide a single
common port.
The main electrical requirements are a high transmission coefficient
from Common Port to Port k in the passband centered at
and a high
attenuation to all the other ports. According to this, the Port k should
exhibit a low reflection coefficient in the passband centered at . The
common port should instead be matched for all the considered
passbands.
As reported in the literature, the multiplexer design strategy starts with
the synthesis of the N passband filters. Subsequently, a multi-port
junction is selected according to the required layout of the multiplexer
(e.g. H-plane or E-plane for waveguide implementation). Such a junction
with the corresponding connecting sections to the filters is then
optimized to meet the above mentioned specifications [1].
Unfortunately, the mutual loading effect of the filters and the multi-port
junction produces a degradation of the overall electrical performance. It
should be noted that this phenomenon is particularly significant when
broadband filters are combined. This performance degradation can be
reduced if the geometry of the various filter is adjusted to compensate
for the loading effect. Even if optimization algorithms are generally
adopted to accomplish this task [2], their application is quite time
consuming and can lead to suboptimum solutions owing to both the
large number of parameters and the complexity of the goal function.
An alternative technique to compensate for the dispersive mutual
loading effect of the various components is presented in section 2. The
key point of this technique is the proper combination of the first filter
discontinuities with the loaded multi-port junction to obtain a single
aggregate discontinuity. Such an aggregate discontinuity is then used in
the framework of the synthesis procedure reported in [3]. In other
words, the synthesis technique is directly applied to a loaded
configuration i.e. filter with the aggregate discontinuity to obtain the
final geometrical parameters.
A design example in metallic waveguide is presented in section 3.

II. THE DESIGN STRATEGY
The equivalent circuit of the multiplexer is reported in Fig. 2. All the
components are represented by their corresponding scattering matrices:
represents the multi-port junction,
represents the
filter. It
should be noted that the filter
has been described by the scattering
matrices of all its M discontinuities
.
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FIG. 2 − Scattering-matrix equivalent circuit for a multiplexer.

As far as the synthesis of the filter
is concerned, it is possible to
combine all the scattering matrices inside the dash-dotted contour (i.e.
,
and
with
) into a single two-port scattering matrix.
In this way, the loading effect of the multi-port junction and the other
filters has been embedded in such an aggregate discontinuity. It should
be noted that an analogous strategy can be adopted for the design of
the other filters as well.
The aggregate discontinuity is more dispersive with respect to the basic
building blocks (e.g. iris or septum for waveguide implementation) of the
filter configuration. Nevertheless, it can still be managed in the
framework of the linear-system identification technique reported in [3].
At this point, the design of the loaded filter is treated as an in-line filter
with M discontinuities. In particular, the extraction technique in [3] is
used to compute the scattering parameters of the various
discontinuities and the cavity lengths from the desired frequency
response in polynomial form. Finally, the geometrical parameters of the
discontinuities are determined using a look-up-table.
loaded filter
According to the presented strategy, the design of the
also depends on the other filters. However, the other filters exhibit a
stop-band behavior in the
frequency band (the magnitude of their
reflection coefficient approaches one). Therefore, their scattering matrix
does not significantly depend on the subsequent design refinements. In
conclusion, even if the synthesis technique has to be applied to all the
N loaded filters in turn, only few iteration are required to reach the final
results.
III. DESIGN RESULTS
A waveguide diplexer has been designed according to the proposed
strategy. The adopted discontinuities are septa in rectangular
waveguide [4]. A mitered T-junction has been introduced between the
two filters to provide the common port. The full-wave analysis of the
multiplexer has been performed using a proprietary simulation code
[4].
The results obtained are reported in Fig. 3, where the vertical grey
lines define the two operative bands. The reflection levels at the
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common port
are below -21 dB in both frequency bands. The
transmission levels
and
are about -0.4 dB in the corresponding
passbands (a silver-plated finish has been assumed). The transmission
levels decrease to -50 dB is the adjacent frequency bands. It should be
noted that the transition bandwidth is relatively narrow (1.4 %).
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FIG. 3 − Scattering parameters of the designed multiplexer. The two operative
frequency bands are highlighted with the vertical grey lines.

IV. CONCLUSION
The aggregate discontinuity concept has been presented for the
synthesis of multiplexers. The design approach has been validated by
applying it to a real configuration in metallic waveguide, showing good
performance.
It should be pointed out that since the mutual loading effect is kept into
account at the design stage, a reasonable mismatching of the multi-port
junction can be tolerated. Thanks to this, simpler geometries (with less
matching elements) can be adopted to reduce the manufacturing
complexity of the overall multiplexer.
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Abstract

In this paper we present TM dual-mode cavity filters exploiting nonresonating
modes. The proper use of nonresonating modes allows filtering functions having
a number of transmission zeros up to the number of poles. The design of such
filters is very flexible in terms of number and position of transmission zeros, and
both symmetric and asymmetric filtering functions can be obtained.
Furthermore, with a moderate reduction of the Q-factor we can design TM filters
extremely compact with respect to classical TE dual-mode filters.

I. INTRODUCTION
The tremendous growth of communication market requires filters with
improved performances. Waveguide filters have excellent performances
from the point of view of the loss, but they have the drawback to be
heavy and bulky, and this represents a problem especially for satellite
applications. In order to mitigate this problem, dual-mode filters have
been introduced [1]-[2]. Several dual-mode waveguide filters have then
been proposed in the literature.
Recently, in [3]-[4] the use of TM dual-mode cavities exploiting
nonresonating modes have been introduced. Non resonating modes [5]
are modes that resonate far away from the filter passband and are
exploited to create an additional path for the EM energy bypassing the
resonant modes. This allows the insertion of transmission zeros in the
filtering function. As shown in [3]-[4], the use of the TM dual-mode
cavity (instead of the classical TE dual-mode cavity) allows a dramatic
reduction of the filter dimension with a moderate reduction of the Qfactor, while the proper use of non resonating modes allows a number
of transmission zeros equal to the number of poles.
In this paper we explain the basic theory of the TM dual-mode filters
and we show some results.
II. THEORY
In the TM dual-mode cavity of Fig.1, we exploit the TM 120 and TM 210
as resonant modes and the TE 10 , TE 01 and TM 11 as nonresonating modes.
The cavity realizes the transversal topology of Fig.1c. This topology
allows both symmetric and asymmetric filtering functions with or
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without transmission zeros (up to two zeros). Furthermore each
transmission zero can be independently positioned.
Such a topology requires that the two resonators resonate at
different frequencies (f 120 and f 210 ). This can be obtained by properly
selecting the transverse dimensions w and h of the cavity. In fact, the
resonant frequencies are independent of the cavity length (the third
index of the resonant modes is zero) and this allows the cavity to be
very short and compact. The cavity length can be chosen so as to obtain
a tradeoff between cavity dimension and Q-factor (the shorter the length
the lower the Q). At the passband, the nonresonating mode propagates
through the cavity carrying some energy from input to output that
bypasses the resonant modes. This allows one to realize the source-toload coupling M SL of the topology. In any case, the topology parameters
M S1 , M S2 and M SL can be realized by properly selecting the cavity
parameters [4] illustrated in Fig.1b: the major size of the iris (a s ), the iris
rotation θ and the position of the iris centre along the cavity diagonals
(p s ).

as
h

a)

θθ

ps

b)

as
±ps

w

c)

FIG. 1 − TM dual-mode cavity: (a) perspective view, (b) front view, (c) relevant
topology.

In Fig.2 some examples showing the flexibility in the transmission
zero positioning for the dual-mode cavity filtering functions are
illustrated. The cases of one zero in the upper and the other in the lower
stop-band are shown in Fig.2a and Fig.2b for symmetric and
asymmetric filtering functions, respectively. The possibility to change
the position of one zero leaving the other in the same position is shown
in Fig.2c and Fig.2d in the case of both zeros in upper or lower stopband, respectively.
Higher order filters can be obtained by cascading two or more cavities.
In order to realize Nth order filters with N transmission zeros, the
different cavities must be properly cascaded so as to guarantee that all
the transmission zeros generated by each cavity will still appear in the
overall filter response. This can be obtained under certain conditions, as
detailed in [3]-[4]
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a)

c)

b)

d)

FIG. 2 − Filtering functions of dual-mode TM cavities.

III. RESULTS
In order to demonstrate the high flexibility of the presented approach,
some four and six poles filters have been designed. Taking advantage of
the simple geometry of such filters, the design is made by using the
mode-matching that allows fast and accurate simulations.

.

a)

b)

c)

d)

FIG. 3 − Fourth order filters having two (a-b) or four (c-d) transmission zeros.
The filter in (a) has been manufactured and measured.

In Fig 3 the response of some fourth order filters are shown. In order to
demonstrate the accuracy of the method, the filter of Fig.3a has been
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manufactured and measured and the comparison with the simulation
has been plotted, showing an excellent agreement.

FIG. 4 − TM dual-mode cavity filter of sixth order having six transmission
zeros. Comparison between simulations and measurements.

Finally, in Fig.4 the comparison between simulations and
measurements for a six poles copper filter having four zeros in the lower
stop-band and two zeros in the upper stop-band is shown. The filter is
very compact (length: 19mm) and its unloaded Q-factor is about 5500.
IV. CONCLUSIONS
In this paper, filters obtained by cascading TM dual-mode cavities have
been presented. The high flexibility in the transmission zero positioning
has been demonstrated through several examples. A four pole filter and
a six pole filter having zeros asymmetrically placed in lower and/or
upper stop-band have been manufactured and measured showing the
feasibility of the approach.
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Abstract

An equivalent circuit for discontinuities exciting evanescent accessible modes is
proposed. The key feature of this equivalent circuit is its capability for
simplification if a port relative to an accessible evanescent mode is matched, or
connected to a very long line. Circuit drawing is simple and fast and is based on
a regular polygon with as many susceptances as the sides and the diagonals.
Each side is connected with a line of electrical length
to the terminal ports
and, if the port refers to an evanescent accessible mode, a series reactance is
added. This reactance is the key to the evanescent part of the circuit because it
is able to cancel the effect of the evanescent mode if the port is matched or
connected to a very long evanescent line, reducing the complexity of the circuit
by one degree.
Index Terms − S-matrix theory, equivalent circuits, evanescent modes,
generalized scattering matrix.

I. INTRODUCTION
The actual devices very often require a compact design, with the
smallest overall dimensions, which is a cogent requirement for satellite
equipment. Hence, the discontinuities in the devices are arranged so
closely that the interactions between higher order evanescent, but
accessible, modes must be taken into account. Moreover, the
introduction of the accessible modes in electromagnetic representation
increases the number of the modal ports required to describe the
interactions. Hence, the “classic” approach based on equivalent circuits
seems to be no longer effective because (a) the equivalent circuits do not
contain the effects of the accessible evanescent modes and (b), even if
any circuit describing these effects is defined, the number of ports
needed to describe all the effects would produce a very complex topology
of the equivalent circuits, which does not help the optimization process.
For example, the presence of one evanescent accessible mode at the
output section of a generic discontinuity would produce a three-port
equivalent circuit (one input port and one output port for the
input/output propagating modes plus the output port relative to the
accessible evanescent mode), like the one reported in Fig. 1 [1], with a
topology which is difficult to manage in an optimization process. To
overcome this problem, in this paper we propose a general equivalent
circuit made up of susceptances and electrical lines, which takes into
account propagating and evanescent modes in a topologically simple
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network. Moreover, under the hypothesis that the scattering matrix of
the discontinuity has been evaluated with a commercial or selfdeveloped software, some approximating functions for the electrical
parameters of the circuit can be proposed which can be used to
integrate the equations in [1,2] and to implement simple and fast
software to perform optimization with very little runtime effort [3].

Fig. 1: The equivalent circuit of a generic three-port device as in [1].
II. THEORY
Our goal is to model an equivalent circuit that contains a “natural”
representation of the evanescent modes. By “natural” representation of
the evanescent mode, we mean an equivalent circuit where the effect of
the evanescent mode disappears when its port is connected to its modal
impedance. To that end, we propose the equivalent network shown in
Fig. 2a, which replaces the circuit shown in Fig. 1, where the six
independent parameters are the three susceptances
and the
three electrical lengths of the lines
.
is the susceptance
between nodes i and j and the apex represents the number of the ports
(modes) in the circuit.

(a)
(b)
Fig. 2: (a) The equivalent circuit of a generic three-port device proposed
in this paper. Ports 1 and 2 refer to propagating modes, while port 3 to
the evanescent accessible mode. (b) The equivalent circuit of Fig. (a) if
port 3 is matched to
with
.
The electrical lengths
refer to propagating lines while
refers to
an evanescent line. The transformers are introduced to normalize the
susceptances contained in the kernel of the circuit (hereafter, quantities
written in lowercase are dimensionless while those in uppercase are
expressed in the proper dimension). The presence of the series
reactance
, the conjugate of the modal impedance of the
evanescent accessible mode, in front of the evanescent line of length ,
should be noted since this is the key feature of the equivalent circuit. In
fact, let us suppose that a very long transmission line relative to the
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evanescent mode is connected to port 3 (or suppose the port is matched
to its modal impedance): the equivalent load at the port is only the
modal impedance
and the input impedance seen at terminal C. Due to the presence of the series reactance
, the
C' is again
equivalent load seen at terminal 1-3 is a short circuit that cancels the
presence of the evanescent mode 3, reducing the whole equivalent
network to the one shown in Fig. 2b, which contains electrical
quantities relative only to the propagating modes 1 and 2, with
. Apart from the transformers, the equivalent network shown
in Fig. 2b is very similar to those used in microwave theory to represent
a two-port network, for example an inverter. It should be noted that the
do not change by reducing the circuit in Fig. 2a
electrical lengths
to that in Fig. 2b and that the value of
is perfectly known
from
. The equivalent circuit can be similarly defined to also take
into account the presence of another evanescent accessible mode. The
proposed equivalent circuit is represented in Fig. 3a and it has been
drawn starting from the equivalent circuit proposed in [2].

(a)
(b)
Fig. 3: The equivalent circuit of a generic four-port (a) and five-port (b)
device. Ports 1 and 2 refer to propagating modes, while ports 3, 4 and 5
to evanescent accessible modes
It has been obtained by adding port 4, with modal impedance
and
electrical length
, with a series reactance
and a shunt
susceptance, relative to the evanescent mode, to the circuit relative to
the three modes model. Moreover, two other susceptances across the
diagonals of the square have been added. The susceptances contained
in the circuit shown in Fig. 3a (four-mode model) can differ from those
relative to the three-mode model shown in Fig. 2a, and this is
emphasized by the apex of the susceptances, which refers to the
number of the ports (modes) of the circuit.
The equivalent circuit relative to a four-port discontinuity can be
extended to any number of ports relative to propagating or evanescent
modes. The circuit is based on a regular polygon with the number of
sides, n, equal to the number of the ports (modes). Each side has a
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susceptance. Moreover, there are as many other susceptances as there
are diagonals of the polygon. The
series reactances are added to
the ports relative to the evanescent modes. Finally, n lines with proper
electrical length
are connected to the n sides. The case of the
equivalent circuit with 5 ports (one input propagating mode, one output
propagating mode and three output evanescent accessible modes) is
shown in Fig. 3b. The ease in drawing this type of circuit should be
noted. The electrical lengths
do not change.
Once the equivalent circuit has been defined and its scattering matrix
has been derived, we can use them to speed up the optimization process
of a complex structure, like a passband filter or a diplexer. In fact, the
optimization process starts from the knowledge of a prototype. Then,
with the help of a commercial or self-developed electromagnetic analysis
software, the dimensions of the irises, or posts, or screws, or any other
discontinuity in the waveguide, are optimized in order to satisfy the
requested performance. This process usually requires a considerable
runtime because the interactions between the discontinuities must be
analyzed, and they become stronger as the discontinuities grow closer.
Hence, it is fundamental to take into account the presence of
evanescent interacting modes to correctly optimize the device. The
proposed equivalent circuit can help in this process. In fact, having
fixed the dimension of the waveguide and the kind of discontinuities
(posts, irises,...), we can evaluate the susceptances
and the electrical
lengths
from our knowledge of the numerical value of the scattering
matrix, obtained with a commercial or self-developed software for
various values of the post or iris dimensions. Finally, we can extract
some approximating functions for
and
, depending on the
frequency and the dimensions, which integrate the formulae reported in
[1,2], and we can use them to speed up the optimization process, as
discussed in [3].
III. CONCLUSION
In this paper, an equivalent circuit for discontinuities exciting
evanescent accessible modes has been proposed. The electrical
susceptances and electrical lengths involved in the circuit can be
approximated with simple series functions which make the analysis and
the optimization of waveguide filters made with irises or posts cascades
very easy and fast.
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Abstract

A label-free DNA biosensor based on a double tilted fiber Bragg grating is
presented. The outcladding of the fiber has been functionalized using peptide
nucleic acid (PNA) probes able to recognize specific DNA strands. When the DNA
binds to the PNA a refractive index change occurs at the cladding interface and
the fringe visibility of the Fabry-Perot core-cladding closed loop cavity formed by
the double tilted grating changes accordingly. The biosensor detects up to 10nM
DNA solution, inducing a 10% modulation of the corresponding fringes visibility.
The re-use of the fiber for multiple measurements and the selectivity of the
sensor have been also demonstrated.
Index Terms − Biosensors, DNA detection, optical fiber sensors, tilted fiber
Bragg gratings.

I. INTRODUCTION
A biosensor is an analytical device that couples an immobilized biospecific recognition element to the surface of a transducer, which
converts a molecular recognition event into a measurable signal.
Different principles for detecting a biological molecule have been
reported [1], including electrochemical, mechanical, optical and
calorimetric measurements. Among the optical-based systems fiber
optic biosensors offer the main advantage to have a small, flexible shape
able to be placed in small vessels and in tissues, connecting a remote
light source to a small in situ sensing element. There are two main
detection protocols implemented in biosensor technology: fluorescencebased detection, where the analytes are labeled with fluorescent tags
such as dyes [2], and label-free detection, where the target molecules
are detected by attachment on a suitably functionalized substrate,
inducing surface localized refractive index changes, optical absorption
loss or scattering [3].
In the present work an optical fiber DNA label-free biosensor, utilizing a
Double Tilted Fiber Bragg Grating (DTFBG) as a detector element, is
reported. A specific functionalization of the external surface of the fiber
has been performed. Significant spectral modulations in the visibility of
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the fringes have been measured after harmonic
repeatability has been proved by making several tests.

analysis

and

II. EXPERIMENTAL SET-UP AND RESULTS
The DTFBG structure is reported in Fig. 1. It consists of two identical
blazed fiber gratings separated by a distance d, creating two
interferences. At the Bragg wavelength the signal is reflected into the
core, creating Fabry-Perrot interference. At lower wavelengths the light
is reflected from the core mode to the cladding modes then back into
the original core mode, generating a ring cavity resonance.

FIG. 1. DTFBG structure, showing the Fabry-Perot resonance at the Bragg
wavelength (blue line), and the ring cavity resonance (black line).

Refractive index change measurements of the medium surrounding the
fiber can be performed by using the resonant cavity structure [4], where
the level of interference between the two tilted gratings will change
according to how much light is lost from the counter-propagating
cladding modes. Following a protocol already successfully used in our
previous works [3], the sensitive region between the two tilted gratings
has been functionalized using PNA molecules, which are well known to
bind in a very effective way and have a highﬁcity
speci
to
complementary DNA strands [5]. After the functionalization, the fiber
was fixed into a sealed Teflon tubing system, together with another
DTFBG fiber not functionalized to be used as a reference.
TABLE 1. PNA AND DNA SEQUENCES USED IN THE EXPERIMENT.
Oligo
Sequence
Role
PNA
DNA
DNA

5’-CTTATCCGGTGCC-3’
5’-CTGAAAAAGAAGCTAAAGCAGAGGCACCGGATAAG-3’
5’-CTGAAAAAGAAGCTAAAGCAGAGGCACCAGATAAG-3’

Probe
Target
Mismatch

The DNA used for the experiments were commercially available
oligonucleotides provided by Thermo Fisher Scientiﬁc. The sequences of
PNA and DNA used are reported in Table 1. Measurement using mismatched DNA strands, containing a single nucleotide polymorphism
(SNP), have been also made to prove that this device is able to recognize
a DNA sequence with just one SNP. The visibility changes were analyzed
using the Visibility parameter, which is the ratio between the average
alternating component, caused by the ring cavity interference, and the
average slowly-varying component, that describes essentially the DC
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component of the spectrum. The Fourier transform of the transmission
spectrum and the calculation of the visibility have been performed by a
specifically designed software.

FIG. 2 (a) Transmission spectrum of the DTFBG, showing the visibility of one
interference fringe of the ghost mode. (b) Details of the transmission spectra
in the inverse wavelength domain for the initial (black line) and final (red line)
spectra of the experiment done with a 10nM DNA solution.

In Fig. 2(b) the Fourier transform for two spectra recorded before and
after the hybridization process is shown. At first a hybridization with a
10 nM DNA in Phosphate Buffer Saline (PBS) solution has been carried
on. Measurements show a clear decrease of the visibility for the
functionalized fiber in the first 50 min, while the non functionalized
fiber shows no significant variation of the fringes visibility (Fig. 3(a)).

(a)

(b)

FIG. 3 (a) Visibility change obtained after a 10 nM DNA solution hybridization.
(b) The fiber has been re-hybridized twice after being washed.

The change observed for the functionalized fiber must be attributed to
the refractive index change due to the DNA-PNA binding. After washing
the fiber for 24 h, other measurements with 10 nM DNA solution were
carried on, to verify the reproducibility of a single measurement. The
experimental data suggests that the specific effect of the DNA on the
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fiber can still be visible for several hybridization steps, as reported in
Fig. 3(b). Hybridizations with mis-matched DNA, which had just one
base difference, were performed as well.
0.007

Change in visibility

0.006
0.005

Functionalized fiber with
full-match DNA

0.004

Functionalized fiber with
mis-match DNA

0.003

Reference fiber
0.002
0.001
0

FIG. 4 The graph shows the average change in visibility for the functionalized
fiber with full-match DNA, with mis-match DNA, and the reference fiber.

Two different tests done on the same fiber showed that the change in
visibility for this additional test was of the same extent of the reference
fiber, as shown in Fig. 4, proving the high sensor selectivity.
III. CONCLUSION
The present work shows for the first time the application of DTFBG
fibers for the direct label-free DNA detection. The system was shown to
give a specific response only when the fiber was functionalized, with
good sensitivity and selectivity for a solution with a very low
concentration of 10 nM. This approach can be extended to other
recognition elements and can eventually be used in extremely narrow
contexts where large and less flexible platforms cannot easily operate.
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ULTRAVIOLET RADIATION DOSIMETRY
E. Pievanelli, A. Plesca, R. Stefanelli, D. Trinchero
iXem Labs – Politecnico di Torino
Department of Electronics and Telecommunications
Corso Duca degli Abruzzi, 24, 10129 Turin, Italy
info@ixem.polito.it
Abstract

The protection of workers and individuals exposed to physical phenomena
impacting on health, represents a challenge for the next future. An ideal solution
is represented by the use of non-invasive, low cost, wearable and washable
devices, able to detect continuously personal exposure and activate alarms in
case of hazardous events. The devices are miniaturized in dimensions and
weight and provided with a radio interface, forming a set of wearable mobile
nodes in a wireless network. Furthermore, the node embeds energy harvesting
techniques for self-powering. The wireless device can connect to a standard
wireless networks (Bluetooth, ZigBee), as well as to Ad-Hoc ones, by means a
dedicated skin antennas. As an example, the methodology is applied to assess
UltraViolet (UV) exposure to prevent diseases due to under- or over- exposition to
UV rays. The preliminary studies confirm the feasibility of the project.
Index Terms − Micro antennas, dosimetry, electromagnetic exposure.

I. INTRODUCTION
In the last years, the monitoring of physical phenomena has been
growing thanks to the use of small devices. It is possible to identify two
main categories in such a field, depending on the type of devices used:
fixed or mobile ones. Usually, the first ones are used to monitor the
quality of the environment in fixed positions, they are installed in
strategic places in order to cover a large area. They find application in
monitoring the quality of air, moisture of the terrain, earth movements,
rivers or volcanoes activity. On the other hand, the mobile devices are
installed on moveable machines, objects or humans. In the last case,
they can be used to monitor their vital signs or the quality of the
environment that surrounds them: the so-called personal dosimeters.
In this paper a preliminary design of a small, low cost, wearable,
washable and auto-rechargeable sensing unit is presented. Since it is
wearable and very small, it is also not invasive so the subject can wear
it even in critical conditions when also the esthetical aspect is
important.
The system is composed by the sensor node and the wireless
network that interconnects all devices. A centralized gateway collects all
the data that can be analyzed automatically or by technicians.
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II. SENSOR ARCHITECTURE
The main components of the sensor are: the sensing unit, the power
supply and the radio interface.
The sensing unit is the responsible of the detection of the external
phenomenon translating it into a voltage or current signal. As an
applicative example, the UV sensor has been chosen. In this case the
node is used to evaluate UV exposition for subjects potentially at risk of
developing a pathology UV-related (like skin cancer or low level of
vitamin D). Among all possible fabrication processes the devices based
on Silicon Carbide (SiC) have been selected, Fig. 1. The main
advantages of such a devices are the small size, high speed and good
spectral response. Even if they are the best in their category, the output
current of the photodetector is still very small (in the range of nA), so
even a small external parasitic current could disturb its detection. In
this context a deeper analysis of the electromagnetic compatibility of all
the system has to be performed, as well as a protection to interferers. A
metallic shield is necessary, but, again, interferes generated internally
has to be avoided. The possibility to use a pre-amplified sensor has to
be investigated, compatibly with the power available.

FIG. 1 − An UV sensor based on SiC (courtesy of Scitec Tocon Standard).

Another aspect to take into account, in order to reduce the
maintenance of the node, is the power supply. All the system
components are optimized in order to have low power consumption,
nevertheless an energy harvester should be integrated to significantly
extend the operating life of the sensor [1]. Several harvesters have been
analyzed [2], the one based on the difference of temperature between
the human body and the environment could be the best solution for the
design of a small and wearable wireless sensors system. A well-know
commercial device, the thermoelectric power generator MPG-D602 (Fig.
2) manufactured by Micropelt is one of the possible choices. This
product, from datasheet, is able to provide an output voltage of 1.75 V
per 1 Watt of thermal input. It works starting from only 10°C of
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difference between hot and cold side, indeed it is very small, 3.375 mm
x 2.5 mm x 1.07 mm [3].

FIG. 2 −Two thermal energy harvesters, produced by Micropelt.

The radio component is expected to be the larger one, in terms of
dimensions. The design of a new and innovative micro board could be
unrealistic and time wasting, so a deep search in off-the-shelf market
has to be done in order to identify the smallest one. Another critical
aspect is the power consumption: it is reasonable to assume that the
most consuming component is the radio, especially at the beginning of
the communication.
In order to minimize the power consumption it may be possible that
an intelligent firmware has to be built, as well as the minimization of
data samples to be transmitted during the monitoring period.
III. WIRELESS NETWORK ARCHITECTURE
The wireless network architecture can be built according to two
standard implementations, a Wireless Body Area Network (WBAN),
exploiting either the Bluetooth and/or the ZigBee standards, or defining
an Ad-Hoc transmission system, working at 400 MHz. The choice of the
implementation method depends strongly on the application.
The WBAN radio is required when the subject can wear a mobile
phone. Through a Bluetooth connection the node transmits to a mobile
phone that forwards to the Internet. Alternatively, a ZigBee radio can be
useful in a small confined environment. An Ad-Hoc network can
represent the most efficient way to acquire data in large environments.
IV. THE ANTENNA
The node component that requires a dedicated rigorous analysis is the
antenna. It has to be compact, light, and it needs to minimize any
coupling effect with the human body. Two types of antennas are being
investigated, one at 2.4 GHz either for the Bluetooth and ZigBee
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standards, and another one at 400 MHz only for Ad-Hoc wireless
networks. Several issues are in common with the two types, among
them the maximizations of the efficiency and the minimization of the
dimensions play a crucial role. Usually, radiators for WBAN radios are
realized by means of patch antennas, they are efficient but too big for
the specific applications. For this reason, we are applying a similar
methodology to the one described in [4], based on the implementation of
a resonant back-shielded loop. The dimensions are consequently
reduced by applying some tricks that optimize the current path length,
decreasing the space occupied by the antenna (a marguerite shape with
more than 20 petals, Fig. 3).

FIG. 3 − The back-shielded loop with 20 petals, a trick used to reduce the
space occupation

V. CONCLUSION
The paper presents a preliminary design of an innovative wireless node
for the monitoring of environmental physical phenomenon. All the
components are presented, in particular the sensing unit embeds a UV.
The node is self-powered, low cost, scalable, wearable and washable.
The radiator is designed according to a dedicated synthesis procedure
aimed to minimize its dimensions.
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Abstract

The scope of this article is to compare two methods to extrapolate the water
content of human tissues from magnetic resonance imaging. Two different
approaches to gain the same goal will be outlined and discussed in order to
draw a roadmap for subsequent studies and refinements which will lead to
dielectric properties finding. A quantitative benchmarking approach will be
shown.
Index Terms − Quantitative imaging; water fraction; T1 mapping; proton
density.

I.

INTRODUCTION

Non-invasive measurements of the electromagnetic properties of
biological tissues are necessary in several kinds of studies and
biomedical applications. The electromagnetic properties of human
tissues can be obtained from the water content of the tissue [1].
Correspondingly, the water content of a tissue can be obtained from
Magnetic Resonance Imaging (MRI) data (e.g. [2]).
In this study, two different automatic procedures to evaluate water
content of a tissue, using MRI, will be compared. The first procedure
aims at the longitudinal relaxation time T1 of the tissue filling the
corresponding body area. Then, from the evaluation of T1, the tissue
water content is derived.
The second approach is based on a recently developed research [3]
[4]. It is based on gradient echo like MRI sequences properly executed to
extrapolate the signal intensity at zero echo time (TE=0) for the generic
tissue. Considering that this signal is directly proportional to the proton
density of the tissue and, therefore, to its water content, the water
fraction (wf) of a generic tissue can be directly determined using pure
water as a reference.
The results obtained applying both methods will be described from a
quantitative point of view in the following paragraphs.
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II.

METHODS

A phantom composed by nine tubes (type falcon - 45 ml) filled with
different percentages of water has been prepared by some of the authors
(VL and RP). The analysis of the obtained data has been performed by
others (RL and MT) who did not know the composition of the different
samples under test. The MRI acquisitions have been done with a
“Siemens Magneton Avanto 1.5T” scanner at “Umberto I” Radiology
Department. Two types of sequences have been used: Turbo Spin Echo
(TSE) and Spoiled Gradient Recalled Echo (SGRE) modeled, respectively,
by:
𝑇𝐸

𝑆 = 𝐾 ρ 𝑒 𝑇2 �1 − 2𝑒
𝑆 =

𝐾 ρ �1 − 𝑒
1−

−𝑇𝑅+𝑇𝐸�2
𝑇1

+𝑒

−𝑇𝑅
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−𝑇𝑅
−TE
𝑇1 � e T2∗ sin(𝛼)

−𝑇𝑅
𝑒 𝑇1

(1)

(2)

cos(𝛼)

where ρ means the proton density, T1 and T2 (T2*) are the longitudinal
and transversal relaxation times, TE and TR are the Echo and
Repetition Time, K is an instrumental constant. A description of these
parameters is provided in [2] and [5].
An MRI scanner produces a set of files stored in “Digital Imaging
and Communication in Medicine (DICOM)” format [6].
To retrieve information from DICOM files, in this study, MatLab has
been used.
When the first approach to evaluate water content is used, two
acquisitions for the same slice with different TR are performed and the
ratio of corresponding signals is evaluated according to the following
equation:
−𝑇𝑅1+𝑇𝐸�2
𝑇1
2𝑒

−𝑇𝑅1

𝑆1
1−
+ 𝑒 𝑇1
(3)
=𝐾
𝑇𝐸
−𝑇𝑅2+ �2
𝑆2
−𝑇𝑅2
𝑇1
1 − 2𝑒
+ 𝑒 𝑇1
where TR1 must be shorter than TR2. Except K, all the other
parameters are known, so that from Eq. (3) the corresponding T1 value
can be obtained. In [7] a relation between water fraction and T1 has
been derived, according to:
1
𝐵
=𝐴+
(4)
𝑤𝑓
𝑇1

A and B parameters depend on the used static magnetic field and have
been determined for brain tissues, i.e. for tissues with a high water
content.
The second approach is based on a comparison of quantities
proportional to the proton density between tissue and pure water and is
based on a SGRE sequence. Applying different TE values and making
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an extrapolation to the value TE=0, the signal obtained (labeled S0) is
proportional to the proton density. Assuming to have a sample of pure
water for reference, and repeating the extrapolation, the water content
of tissue (voxel by voxel) is obtained dividing the tissue’s extrapolated
value for the corresponding water data:
𝑊𝑓 =

𝑆0(𝑡𝑖𝑠𝑠𝑢𝑒)
𝑆0(𝑟𝑒𝑓)

(5)

According to [3] several errors affect this measure, due to temperature,
field inhomogeneities, imperfections of the receiver coil and T1
saturation. In this work, to remove the dependence of T1 from Eq. (5), a
sequence with the same TE, but a different flip angle, has been done.
III.

RESULTS

Totally, 27 DICOM files have been generated: 6 for Spin Echo (2
acquisitions for 3 slices) and 21 for FLASH (6 acquisitions with different
TE for 3 slices and 1 acquisition with a different flip angle for 3 slices).
The overall scan lasted about 21 minutes (7 min for Spin Echo and 14
min for SGRE). MRI setup is reported in Table I. Looking at Fig. 1, it is
clear that tube 0, in the center, is empty.
TABLE I – SEQUENCES SETUP
TSE
Value
22 ms
450, 2100 ms
n.a.
2 mm
12 /16
256 / 180
1.25 mm

Parameter
Echo Time
Repetition Time
Flip Angle
Slice Thickness
Bits Stored/Allocated
Rows/Columns
Pixel Spacing

SGRE
Value
10.7, 20, 30,40, 50, 60 ms
1000 ms
90°, 45° (only for TE = 40 ms)
2 mm
12 / 16
512 / 384
0.625 mm

From Table II it can be noted that T1 Method is well fitted (as
expected) for water percentages higher than 60%, instead, the PD
Method seems to provide good results only where the extrapolation
algorithm worked properly without considering the error correction lack.
TABLE II - PHANTOM COMPOSITION AND BENCHMARKING
Tube Id
0
1
2
3
4
5
6
7
8
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H2O (%g)
0
50
30
100
80
30
80
50
100

% err.
T1 Method
0.0
9.5
5.6
0.2
1.6
14.2
1.5
10.0
0.1

Session 2

% err.
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0.0
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FIG. 1 − TSE acquisitions (DICOM Images) with different TR (450, 2100 ms).

IV.

CONCLUSION

Results show that tubes with high percentage of water are better
identified using a procedure based on spin echo sequences. The next
step will be to optimize the same procedure in order to have good
results (less than 3% of error) for all possible percentages of water
content.
The sequence based on SGRE proved to be more difficult to apply. A
first interpretation of the obtained results brings to a revision of
smoothing and extrapolation algorithms and to a repetition of the test
with more acquisitions and maybe an optimized sequence.
This quantitative overview is the prerequisite for a further study on
dielectric properties evaluation (using MRI) of tissues. To reach this
enhanced target, a faster way is to refine the first approach (water
content from T1) which has also the important advantage to avoid the
presence of a reference tube.
V.
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Abstract

The effect of mobile phone radiation on human health is the subject of recent
interest and study. Many scientific studies have investigated possible health
symptoms of mobile phone radiation. These studies are occasionally reviewed
by some scientific committees to assess overall risks. The Court of Appeal of
Brescia has recently recognized the occupational origin of a trigeminal
schwannoma in a user of mobile telephones, and ordered the Italian Workers'
Compensation Authority (INAIL) to award the applicant a compensation for a
high degree (80%) permanent disability.W e d escribe a n d d iscu ss th e sa lien t
aspects of this unprecedented ruling as a case-study in the framework of the
use (and misuse) of scientific evidences in toxic-tort litigation. A com preh en sive
strategy to improve the quality of expert witness testimony in legal proceedings
and promote just and equitable verdicts is urgently needed in Italy.
Index Terms − benign tumor, compensation, mobile telephone, occupational
health.

I.

INTRODUCTION

The exposure of a user to cell phone radiations depends on the
technology of the phone, the distance between the phone’s antenna and
the user, the extent and type of use, and the user’s distance from cell
phone towers.
Studies thus far have not shown a consistent link between cell phone
use and cancers of the brain, nerves, or other tissues of the head or
neck. More research is needed because cell phone technology and how
people use cell phones have been changing rapidly.
The effect of mobile phone radiation on human health is the subject of
recent interest and study, as a result of the enormous increase in
mobile phone usage throughout the world (as of June 2009, there were
more than 4.3 billion subscriptions worldwide).
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The WHO (World Health Organization) has classified mobile phone
radiation on the IARC (International Agency for Research on Cancer)
scale into Group 2B - possibly carcinogenic to humans on May 31,
2011. «Could be some risk» of carcinogenicity, so additional research
into the long-term, heavy use of mobile phones needs to be conducted.
The IARC seeks to identify environmental factors that can increase the
risk of cancer in humans. IARC uses the following categories to classify
environmental agents:
TABLE I - IARC CLASSIFICATION
Group
1
2A
2B
3
4

Description
Carcinogenic to humans
Probably carcinogenic to humans
Possibly carcinogenic to humans
Not classifiable as to its carcinogenicity to humans
Probably not carcinogenic to humans

IARC has classified radiofrequency fields in Group 2B, possibly
carcinogenic to humans.
IARC interprets the 2B classification as meaning there is limited
evidence showing radiofrequency carcinogenicity in humans and less
than sufficient evidence of carcinogenicity in experimental animals.
IARC has classified the following other agents as possibly carcinogenic to
humans:
•
•
•

Coffee
Extremely low frequency electromagnetic fields (power line frequency)
Talc-based body powder
II.

THE VERDICT. COURT OF APPEAL OF BRESCIA, 2009

Towards the end of 2009, the Court of Appeal of Brescia (as the
authority invested to judge Occupational Health cases) awarded
compensation to Mr. Innocent Marcolini, a company manager, in a
decision against the INAIL (The National Insurance Institute for
Accidents at Work) judging that Mr. Marcolini’s disability of 80% was
caused by his workplace and that the resulting onset of a neuroma of
the ganglion of Gasser could be attributed to his professional
environment, in particular, the constant exposure to electromagnetic
waves when using the office cordless and mobile telephones. From
1981 until 1993 Mr.Marcolini had worked as a business manager, and
in that capacity he claimed to have used the company’s land-line,
cordless and mobile telephones for an average of 5-6 hours a day for
the period of 12 years. Being right handed, he regularly held the mobile
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to his left ear while using his right hand either to answer the desk
phone or to take notes.
According to the documents produced in court, in June 2002 Mr.
Marcolini began to be affected by a benign tumor which had affected his
cranial nerves, in particular the acoustic nerve, and on November 8th
2002 Mr. Marcolini underwent brain surgery for the removal of
ganglion of Gasser. A postoperative MRI [1] showed that there was still a
residual tumor.
The following symptoms were noted after the operation:
• Ulcer of the left cornea,
• Syndrome of algo-dystrophic to the left hemiface with severe
chronic pain,
• persistent paraesthesia of the hemiface,
• disturbance to the masticatory mechanism,
• double vision,
• partial epilepsy,
• memory loss,
• reduced attention span,
• reduced adaptability,
• temporal lobe syndrome with disturbance to smelling, hearing,
taste, balance, vision, and psychiatric.
Mr. Marcolini believed that his constant use of the telephone had
caused him to have a serious health condition. As such, on the 17th of
November 2003, he asked INAIL for compensation due to his health
condition but was denied stating that there was no causal link between
Mr. Marcolini’s occupation and his health problems as reported. INAIL
opposed the application, always in terms of the lack of causation and
the lack of oral evidence supporting his claim. INAIL produced various
documentation to support their refusal. Having fulfilled the preliminary
testimony, the sitting judge, after confirming the claimant’s intense
use of cellular and cordless phones and involving technical experts for
the Court, rejected the application for lack of causation, in accordance
to the comments submitted by the Technical Consultant (CTU). During
Mr. Marcolini’s appeal, the INAIL reminded the court that there was no
reliable scientific studies regarding the harmfulness of electromagnetic
waves.
In 2004, after the diagnosis of an adrenal lesion, he underwent further
surgery at the European Institute of Oncology. The histological
diagnosis confirmed that he had a Pheochromocytoma, a rare tumor
with possible secretion of catecholamines.
Mr. Marcolini applied to the Court of Brescia on the 7th of June 2007
citing his serious and complex brain disorder, which he believed to be of
an occupational origin. In 2009 the Court of Appeal of Brescia, as an
Occupational tribunal, issued a ruling recognizing the occupational

ISBN: 978-88-907599-0-1

Session 2

77

Proceedings of the XIX RiNEm

nature of his disease and approved the awarding of 80% disability to
Mr. Marcolini. [1]
III.

DOSIMETRIC REMARKS

The court appointed expert witness takes in account the use of mobile
and cordless from Mr Marcolini. He has used such devices (800-1900
MHz) 5-6 hours in a day (Table II). [2]
«Nel periodo in cui ha lavorato c/o San Giacomo SPA per i primi 3
anni utilizzava telefono mobile – cordless (deposte 5-6 h al dì), dal
1993-4 al cordless fu associato l’uso di telefono cellulare fino al
settembre 2003. I telefoni mobili (cordless) e i telefoni cellulari
funzionano attraverso le onde elettromagnetiche» [2]
Table II - Court appointed expert witness
Cordless (varie generazioni)
Tel. cellulari (varie generazioni)

Banda di Frequenza
800- 1900 MHz
800- 1900 MHz

«Il quesito proposto può essere così svolto: l’esposizione a
Radiofrequenze, anamnesticamente per un tempo efficace (>10
anni), ha molto verosimilmente avuto un ruolo concausale
nell’evoluzione della neplasia patita dal sig. Marcolini.
La menomazione dell’integrità fisica legata alla malattia ed ai suoi
esiti si stima in misura dell’80%.»
IV.

CONCLUSION

Is there some evidence from studies of cells, animals, or humans
that radiofrequency energy can cause cancer? A limited number of
studies have shown some evidence of statistical association of cell
phone use and brain tumor risks, but most studies have found no
association.
The verdict of the Court of Appeal of Brescia is paradigmatic in the
controversial debate about health effects of exposure of humans to
cell phone radiations.
REFERENCES
[1] Sentenza di Merito, Corte di Appello di Brescia, 22.12.2009, n. 614.
[2] Court appointed expert witness, CTU 2° grado.
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Abstract

The paper introduces an effective method for the globally optimal focusing of
vectorial fields by means of an array of antennas, which is of interest in a
number of applications including microwave hyperthermia.
Index Terms − Energetic Applications of Microwaves, Optimal Focusing,
Biomedical Applications of Microwaves, Hyperthermia, Antenna synthesis.

I. INTRODUCTION
As well known, power pattern synthesis is a classical problem in
electromagnetics, that, in its widest sense, relies in the optimization of a
cost function of the parameters' set specifying the antenna structure
and excitations. In the general case, because its inherent non convexity,
optimization algorithms can be trapped in one of its many local minima,
leading the designer to a suboptimal solution that may not fulfill all the
requirements and, even if the synthesis is successful, there is usually
no way to judge if the design could be improved, (for instance, by using
a smaller number of feeds, or a smaller antenna).
In some cases, some interesting and successful alternative
formulation of the problem is possible, such as, for example, the
optimal focusing of scalar fields by means of fixed-geometry arrays. In
fact, one can recast the synthesis into a convex programming problem
[1]. This approach allows the determination of the excitations of a given
set of sources that will produce a maximum scalar field in a given
direction subject to arbitrary sidelobe bounds elsewhere. It guarantees
the achievement of the globally optimal solution for a large class of
pencil beam synthesis problems in an effective and efficient way without
recurring to global optimization techniques, which are extremely heavy
from the computational point of view. Interestingly, the approach is very
general, as it can be applied to any fixed geometry array as well as to
the case of spatial [2] rather than angular [1] focusing, which is of
interest when trying to optimize the power deposition in a given region
of space [2]. Moreover, it can be argued, and it has been confirmed by a
large set of experiments, that such an approach outperforms the well
known Time Reversal technique [3]. As an example Fig.1 compares the
field distributions achieved by the two approaches in a 2D anatomically
realistic breast numerical phantom.
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FIG. 1 − (a) Relative permittivity distribution (2 GHz) of a fatty breast (slice
s1=155, phantom ID: 071904), (b) EM field focused through the optimal scalar
approach, (c) EM field focused through Time Reversal Method.

On the other side, such an approach cannot be applied to generic
vectorial fields, which is obviously the most general case. Hence, the
present communication is devoted to the optimal focusing of vectorial
fields subject to arbitrary upper bounds. Due to its vectorial nature, the
problem at hand has been tackled by formulating it as a multi-objective
one, which can be solved by reducing it to a number of different convex
programming problems [4]. As already stated, the problem is of interest
any time one wants to optimize the power deposition in a given region of
space, such as in hyperthermic treatments of cancer (which was our
original motivation).
II. THE PROPOSED APPROACH
Considering a set of N sources, i.e. N-elements arbitrary (fixedgeometry) array, each radiating (under unitary excitation) a known
vectorial field φ n , the focusing problem can be formulated as:
find the complex excitations I n (n = 1, ... N) of the given sources such to

Max

E (r 0 ) =
2

∑ I n ϕ n (r0 )
N

2

(1)

n=1

subject to

E (r ) =
2

N

∑ I n ϕ n (r )

2

≤ UB(r )

r ∈Ω

(2)

n=1

where E(r) is the radiated field, UB(r) is a non-negative arbitrary function
of the coordinate r spanning the observation space Ω, and r 0 is the
target direction (i.e. maximum power deposition point).
Assuming, without any lack of generality, a 2D observation space Ω
and a TE polarization, i.e. E(r)= E x (r) ix + E y (r) i y and φ n( r)= φx n (r) ix + φy n (r)
i y , the problem becomes:
find the complex excitations I n (n = 1, ... N) of the given sources such to

Max

(ℜ{E x (r 0 )}2 + ℑ{E x (r 0 )}2 + ℜ{E y (r 0 )}2 + ℑ{E y (r 0 )}2 )

(3)

subject to
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E (r ) =
2

N

∑ I n ϕ n (r )

2

≤ UB(r )

(4)

r ∈Ω

n=1

In order to solve (3)-(4), it proves useful to consider the auxiliary
multi-objective problem:
find the complex excitations I n (n = 1, ... N) of the given sources such to

{

} {

}

Max ℜ{E x (r 0 )}2 ,ℑ{E x (r 0 )}2 ,ℜ E y (r 0 ) 2 ,ℑ E y (r 0 ) 2

(5)

subject to
E (r ) =
2

N

∑ I n ϕ n (r )

2

≤ UB(r )

r ∈Ω

(6)

n=1

Knowing that the phase reference in the target direction r 0 is a
degree of freedom, a convenient choice is to assume that one
component of the field, e.g. E x (r 0 ), in this direction is purely real. Then,
the optimization task (5) can be decomposed in several single-objective
sub-problems
find the complex excitations I n (n = 1, ... N) of the given sources such to
(7)
Max ℜ{E x (r 0 )}
subject to

ℑ{E x (r 0 )} = 0
ℜ E y (r 0 ) = ψ i

(8)

{
}
ℑ{E y (r 0 )}= β i

E (r ) =
2

N

∑ I n ϕ n (r )

2

ψi ∈Ψ

(9)

βi ∈ Β

(10)

≤ UB(r )

r ∈Ω

(11)

n=1

where Ψ={ψ i |-ψ max ≤ψ i ≤ψ max }, Β={β i |-β max ≤β i ≤β max }, ψ max and β max are,
respectively, obtained maximizing the real and imaginary part of E y (r 0 )
subject to constraints (11).
It is worth to note that |E(r)|2 is a positive semidefinite quadratic
form (as a function of the real and imaginary part of In ). Hence, the
corresponding constraints (11) defines a convex set (an hyperellipsoid)
in the space of the unknowns, as well as constraints (8)-(10), (which
define an hyperplane). As the intersection of convex sets is still convex,
constraints (8)-(11) defines a convex set. Finally, we have also to stress
that the objective function (7) is linear too, so that each single-objective
problem is a convex one that admits a unique maximum, i.e. an optimal
solution is guaranteed.
The convexity of each single-objective problem and a proper choice
of Ψ and Β make the Theorem1 hypothesis, in [4], be satisfied, allowing
us to find Pareto-optimal solutions of the multi-objective problem (5)-(6).
After having found all the Pareto-optimal solutions of the multi-objective
problem, we have just to define a criteria for an a posteriori articulation
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of preference to identify the optimal solution of the original problem (1)(2) among all the Pareto-optimal solutions provided by the multiobjective problem (5)-(6). Knowing that the focusing problem at hand
relies in the maximization of the power deposition onto the target point,
its best solution is the Pareto-optimal one whose corresponding |E(r 0 )|
is the maximum one.
III. A NUMERICAL EXAMPLE AND ON GOING ACTIVITIES
To validate the overall approach from a numerical point of view, the
described vectorial focusing approach has been implemented exploiting
Fmincon Matlab function and Matlab parallel toolbox. In fact, the above
formulation of the problem in many independent single object
optimizations allows the use of parallel programming in order to
improve performances further.
Fig.2 shows the amplitude of a focused vectorial field radiated by a
circular array of 18 magnetic line sources in a 2D scenario (0.2mx0.2m)
without any obstacle. The black grid represents the arbitrary upper
bound constraints.
1
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FIG. 2 − Amplitude of the focused vectorial field and upper bound mask.

The application of the above concepts and tools
homogeneous scenarios will be presented at the conference.

to

non
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Abstract

In this contribution, a bio-electromagnetic sensor, based on Localized Surface
Plasmon Resonance (LSPR) effects operating in the near-infrared frequency
regime, is proposed. It consists in a planar array of gold nano-particles
deposited on a silica substrate. The adopted geometry of the nano-particles
leads to an enhancement of the localized electric field and can be used, thus, for
sensing applications. The proposed structure is optimized to achieve the highest
possible performance in terms of sensitivity and is designed to detect organic
compounds by refractive index (RI) measurements. Sensitivity performances are
evaluated also by varying the polarization of an incident plane-wave. Full–wave
simulations confirm the effectiveness of the proposed sensor design.
Index Terms− Array of gold nano-particles, biosensing, LSPR sensors.

I. INTRODUCTION
Electromagnetic properties of gold nano-particles have been recently
investigated by several research groups [1]. In particular, when nanoparticles are much smaller than the wavelength of the incident field (e.g.
at optical frequencies), free electrons of metal structures start
oscillating collectively. These charge density oscillations, confined to
metallic nano-structures and called Localized Surface Plasmon
Resonances (LSPRs), are responsible for a strong enhancement of the
field near the metallic surfaces. The resonance wavelength position and
relative intensity are releated to the type of metal, size and shape of the
particles, as well as to the dielectric environment. This property makes
such structures suitable for biomedical applications, such as light
scattering microscopy-based imaging, sensing applications [2], and
photothermal therapy for tumor treatments [3].
Current developments of nano-imprinting of gold nano-particles on a
dielectric substrate allow the fabrication of planar sensors with high
resolution and excellent sensitivity performances [4]. In fact, for an
inter-particle distance much smaller than the incident field wavelength,
electric near-field interactions between nano-particles may lead to a
more uniform distribution of the electric field, increasing, thus, the
active area of the sensor.
In this study, we exploit this phenomenon to propose the design of a
new LSPR sensor, consisting of a 2D planar array of different nanoparticles. Electromagnetic properties of the sensor are evaluated
through proper full-wave simulations by using CST Studio Suite [5]. An
optimization on the structure is also carried out to obtain high
sensitivity performances. Finally, the sensor is numerically tested to
show its ability to detect organic compound by RI measurements.
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II. LSPR SENSOR DESIGN
The proposed sensor is shown in Fig.1. Its structure consists in a
planar array of gold nano-particles deposed on a silica substrate.
Different nano-particles have been considered: nano-cylinders and
nano-crescents.

FIG. 1 − Top view of the unit-cell of 2D planar array: a=b=400 nm, c=120 nm,
d=20 nm, e=100 nm, nano-cylinder radius=10 nm, nano-cylinder length=100
nm, nano-crescent thickness=50 nm, silica substrate thickness=60 nm.

The choice of these two particles allows maximizing sensor sensitivity.
In fact, in order to enhance LSPR, three mechanisms are here combined
[6]:
• coupling gold nano-particles with inter-particle distance much
smaller than the incident field wavelength;
• use of gold nano-crescent to increase the polarizability by
employing the multi-polar resonance;
• use of coupled nano-cylinders in cross (X) configuration to
increase the sensitivity of the LSPR sensor, based on the plasmon
hybridization.
The array is excited by a plane-wave, having the electric field parallel
and the propagation vector k perpendicular to the plane containing the
structure. The degrees of freedom related to geometrical parameters
were optimized (see caption of Fig. 1) to tune the resonance peak in the
near infrared (NIR) region and to ensure a suitable electric field
distribution on the sensor surface to achieve a good active area for
sensing. The electromagnetic interaction between the proposed
structure and the incident plane-wave results in a strong local electric
field enhancement, localized nearby the surface (Fig.2). In the proposed
configuration the strong localization of the electric field is due to the
interactions among nano-particles of different shapes: nano-cylinders
and nano-crescents. Therefore, the structure exhibits a few resonant
frequencies (see Fig.3), whose position depends also on the electric field
polarization.
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The sensor behavior is related to the effective RI variation of the system
"LSPR sensor-sample under test". When the sample is placed on the
sensing platform, its presence changes the electromagnetic
characteristics of the sensor. As a result, the structure exhibits a shift
in the resonant frequency, with different values in terms of position,
magnitude, and bandwidth. By observing a change in the resonant
frequency, it is possible to detect a variation in the effective permittivity,
which is useful to recognize different biological compounds (Fig.3).

FIG. 2 − Electric field distribution on the sensor surface at the resonant
wavelength without sample for two different polarizations (a-b). The incident
electric field magnitude is 1V/m.

III. NUMERICAL RESULTS
The electromagnetic sensor response is evaluated in terms of extinction
cross-section (magnitude, amplitude width, and position of its resonant
wavelengths). For gold nano-particles, experimental values [7] of the
complex permittivity function have been inserted in the full-wave
simulator.
As shown in Fig. 2, the use of different shapes of nano-particles,
arranged in array configuration, allows obtaining an electric field
distribution that optimizes the active area of the sensing platform and
an enhancement of the local electric field, caused by the inter-coupling
of such structures.
To test the sensor sensitivity, the RI values of rat mammary adipose and
tumor tissue have been used [8]. In Fig.3, the extinction cross-section
spectra obtained from full-wave simulations are shown. As depicted in
Fig.3a, the resonance peak shifts from 1030 nm for a tumor tissue to
1052 nm for a regular adipose tissue. The sensitivity value in terms of
wavelength shift vs. refractive index unit (RIU) is 285 nm/RIU. For the
polarization shown in Fig. 2b, the resonance peak shifts from 1075 nm
(tumor tissue) to 1124 nm (adipose tissue) (see Fig. 3b). The sensitivity
value is now 636 nm/RIU.
From the presented results, it is clear that the sensitivity of the
proposed sensor is a function of the electric field polarization. In
particular, higher sensitivity is obtained with the polarization shown in
Fig. 2b, associated to a high field intensity between nano-crescent tips.
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FIG. 3 − Extinction spectra of the sensor without sample (RI=1), rat mammary
cancer (RI=1.39), and adipose tissue (RI=1.467). (a-b) Spectra are obtained by
using the incident plane-waves as in Figs. 2a and 2b, respectively.

IV. CONCLUSION
In this contribution, we have proposed an LSPR sensor based on a new
unit-cell, consisting of different coupled nano-particles (nano-cylinders
and nano-crescents). By means of full-wave simulations, we have shown
the ability of the proposed structure to be used as a high-sensitive
sensor for biological samples working in the near-infrared frequency
range.
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Abstract

This paper formulates the plane electromagnetic wave scattering problem of
cylindrical objects buried under periodically corrugated surface. The structure
under consideration is an imperfectly periodic structure, in which the structural
periodicity is locally broken, and the fields generally have continuous spectra in
the wavenumber space. The present formulation is a spectral-domain method
based on the pseudo-periodic Fourier transform, and combines the coordinate
transformation method and the recursive transition-matrix algorithm.
Index Terms − imperfectly periodic structures, plane-wave scattering, pseudoperiodic Fourier transform, spectral-domain analysis.

I. INTRODUCTION
This paper considers the plane-wave scattering problem of cylinders
buried under periodically corrugated surface, and presents a
formulation based on the coordinate transformation method (C-method)
[1] and the recursive transition-matrix algorithm (RTMA) [2]. The Cmethod is for the scattering problem of the perfectly periodic surfacerelief gratings, and the RTMA is for the problem of a finite number of
cylindrical objects. These two methods can be combined with the use of
the sampling in the wavenumber space. Here, we introduce the pseudoperiodic Fourier transform (PPFT) [3], which makes it possible to
consider the sampling scheme inside the Brillouin zone. The PPFT also
makes it easy to apply the conventional grating formulations, such as
the C-method, to the problems of imperfectly periodic structures,
because the transformed fields have a pseudo-periodic property.
II. SETTINGS OF THE PROBLEM
The present paper considers the scattering problem of electromagnetic
fields with a time-dependence
from a structure schematically
shown in Fig. 1. The structure is uniform in the -direction and the -
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axis is parallel to the
FIG. 1 − Geometry under consideration.
periodicity direction of the
surface. The equation of the
corrugated surface is given
by
, where
is a
known periodic function with
a period . For simplicity,
is
supposed
to
be
a
continuous function with
piecewise differentiable. The
surrounding region
is
filled with a homogeneous
and isotropic medium with
and a
the permittivity
permeability
. The substrate region
is also filled with a
homogeneous and isotropic medium described by a permittivity and a
permeability , and
circular cylinders are located in this region. The
th-cylinder (
) is described by the permittivity
, the
permeability
, the radius
, and the center position
. The parameters are chosen not to overlap the
cylinders. The fields are uniform in the -direction and two-dimensional
scattering problem is here considered. Two fundamental polarizations
are expressed by TE and TM, in which the electric and the magnetic
fields are respectively parallel to the -axis. We sometimes denote the component of electric field for the TE-polarization and the -component
of magnetic field for the TM-polarization by
to express both
polarizations simultaneously. The fields are excited by the plane-wave of
unit amplitude and the angle of incidence
is measured counterclockwise from the -axis.
III. OUTLINE OF FORMULATION
We introduce a curvilinear coordinate system
, which is related to
the original coordinate system
by continuous transformation
equations:
and
. Also, we introduce the PPFT. The
definition of the PPFT and its inverse transform are formally given by
(1)
where is the transform parameter, and
denotes the inverse
lattice constant. Since the transformed fields are pseudo-periodic in
terms of , they can be expressed in the generalized Fourier series
expansions as
(2)
where
are column matrix generated by the Fourier coefficients.
From Maxwell’s curl equations and the constitutive relations, we may
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derive a coupled differential-equation set for
and the general solution in each region (
) is obtained in the following form:

for

and

and

,
for

(3)
(4)
where the matrix consisting of
and
is the diagonalization
matrix for the coefficient matrix of the coupled differential-equation set,
the column matrices
give the coefficients of the eigenmode
expansion, and
denote the propagation constants of the
eigenmodes that are given by the eigenvalues of the coefficient matrix.
We arrange the eigenvalues so as to relate the
and
to
the eigenmodes propagating in the positive and the negative -directions,
respectively. Considering the boundary conditions at
(namely
), the relation between the coefficients of the incoming and the
outgoing eigenmodes can be obtained in the following form:
(5)
where the expressions of the scattering-matrix is omitted in this paper.
When the plane-wave illuminates a perfectly periodic structure, the
field has an equidistant discrete spectrum in the wavenumber space.
The structure under consideration is an imperfectly periodic structure
but, for the plane-wave incident problem, it may be necessary to
decompose the field into that for the related structure with perfect
periodicity and the residual. Here, the field in
is expressed as
(6)
where the superscripts
and
in parentheses indicate that the
coefficient matrices are respectively related to the scattered field from
the periodic surface without cylinders and the residual field. On the
other hand, the field in
but outside the cylinders is expressed as

(7)

where the first term in the right-hand side is the scattered field from the
cylinders in the cylindrical-wave expansions. The bases functions are
given by column matrices
whose th-components are given as
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(8)
with
and
, where
specifies the
cylindrical functions associating to the cylindrical-wave bases in such a
way that
denotes the Bessel function and
denotes the
Hankel function of the first kind, and
is a column matrix generated
by the expansion coefficients for the th-cylinder.
The first term in the right-hand side of Eq. (6) expresses the incident
field and yields
. From Eq. (5), the coefficient matrices
and
are given by
and
, respectively.
Since the first term of Eq. (7) yields
, Eq. (5) relates
to
. Simultaneously, since the second term in the right-hand
side of Eq. (7) gives the incident field for the cylinders, manipulation of
the RTMA yields an expression of
by
. From
these relations, we may derive a coupled system of integral-equations
for
. To solve the coupled integral-equations, we introduce a
discretization in the transform parameter . Considering the periodicity,
we take sample points in the Brillouin zone and assume that the
coupled integral-equations are satisfied at these points. Also, the
integrals are approximated by an appropriate numerical integration
scheme with the use of same sample points. Then we may solve
equations numerically.
IV. CONCLUSIONS
This paper has presented a spectral-domain formulation of the twodimensional electromagnetic scattering from a finite number of
cylindrical objects buried under periodically corrugated surface. The
present formulation was based on the C-method and the RTMA, and
they were combined with the help of the PPFT. The formulation will be
verified by numerical experiments on the presentation though this
paper does not include the results because of the page limitation.
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Abstract

It is known that the beamforming pattern is distorted in the presence of mutual coupling
unless a mutual coupling compensation technique is used. In this paper we describe a
fast procedure that provides an estimation of the dominant terms of the mutual coupling
matrix for uniform circular array. The proposed method is obtained by perturbating the
array elements with a single generic signal impinging on it from a known direction. By
properly processing the array element signals an estimation of the mutual coupling
matrix is provided.
Index Terms − Mutual coupling matrix, uniform circular array, indirect approach,
closed form.

I. INTRODUCTION

In uniform circular array (UCA) the knowledge of mutual coupling matrix (MCM) is a
crucial point to obtain high performance digital beamforming (DBF) antenna pattern.
A typical architecture of an eight elements (N=8) receiving only system devoted to
estimation of the direction of arrival is depicted in Fig.1; each antenna element is
connected to a receiver and an AD converter that provide the digitalization of the
signals.
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Fig. 1 Circular array architecture for DOA estimation with mutual coupling
compensation and DBF section
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Considering that the circular array has a radius R, the array factor related to this
geometry at a generic but known angle φ along the azimuthal plane can be written in
the form

[

]

AF = f1 (φ ) exp( − jkR cos(φ − φ1 ) ) ... f N (φ ) exp( − jkR cos(φ − φn ) )

T

(1)

where φ n = 2π n / N according to the array geometry and f n (φ ) is the element pattern
of one single element in the array. Supposing an incoming signal S 1 impinging on the
array at a fixed direction φS1 , the eight received signals by each elements after the AD
converter can be written as

X s1 = S1 C T ⋅ AF 1

where the mutual coupling matrix

(2)

C T including the receiver and digital section is

estimated here by using an indirect approach. Once the mutual coupling matrix is
known, the decoupling of the received signals is performed by applying

−1

C T at the

digital beam forming section and then the digital weights w n can be applied as if the
array is supposed ideal without the presence of mutual coupling. In this case,
undistorted digital beams can be formed and elaborated by the signal processor.

II. MUTUAL COUPLING ESTIMATION

As described in [1] the mutual coupling matrix, can be measured via direct approach,
where a network analyzer can be used to measure the self-impedance term and the
mutual impedance term for each element of the array. Another way is to simulate the
whole array by using a full-wave electromagnetic solver and then numerically obtain
the coupling matrix [2]. These methods are called direct approaches that provide a
good estimation of the effective mutual coupling phenomena via measurements or
numerically. Some limitations are typical of direct approach: antenna elements must
be driven in both transmitting and receiving mode, derivation of mutual coupling
coefficients via network parameters requires that the feed line connecting the antenna
elements are well matched, the measurement of the coupling matrix is usually done
when the system is under test and not during the operative mode. This facts are big
restrictions for mobile systems that require frequent calibration every time the system
is deployed. To overcome the limitations of the direct approach new techniques have
been developed in recent times in order to estimate the mutual coupling [3]-[4]. We call
these techniques indirect approach since they use external signals impinging on the
array while it is driven in its operative mode. These solutions have the advantage that
can be performed on site while the systems is operative and are applicable to non
reciprocal systems.
As suggested in [3]-[4], the mutual coupling matrix can be estimated by considering a
set of M signals received by the array elements and minimize the following cost
functional defined as
M

O(C T , S1 , S 2 ...S M ) = min ∑ X s m − S m C T ⋅ AFE m
m=1

2
2

(3)

The estimation of a full rank mutual coupling matrix can be provided by iterative
Quasi-Newton optimization method that requires large cpu time to find an accurate
solution. This method provides a more and more accurate estimation of the MCM
supposed that the incoming signals are a sufficient set, usually greater than the
number of elements in the array, and impinging the array from very different angles.
Both these capabilities can be achieved by using a rotating array and a transmitting
probe located in the far-zone of the array. In the case of a not-rotating array the
number of external transmitting probes should be increased up to the number of array
elements. In those cases where it is not possible to use a large number of probes or a
rotating array another strategy must be adopted. A quick estimation of the dominant
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terms of the mutual coupling matrix can be provided in closed form by using some
typical proprieties of the mutual coupling matrix in UCA.
It is possible to solve the previous non-linear system in closed form by considering the
symmetry ( Cij = C ji ) and circular propriety of the mutual coupling matrix and
considering that the dominant coupling coefficients extend over four adjacent element
surrounding the active element while the remaining coupling coefficients are set to
zero. Another assumption made is that the elements performs the same coupling
coefficients taken diagonal-wise (Toeplitz propriety). Under these assumptions the
unknowns reduce to the terms C11 , C21 and C31 of the MCM, that can be rewritten as

C11
C
 21
C31

0
CT = 
 0

 0
C
 31
C21

C21 C31 0
C11 C21 C31

0
0

C31 C21 
0 C31 
0
0 

0
0 
C31 0 

C21 C31 
C11 C21 

C21 C11 

0
0
0

C21 C11 C21 C31

C31 C21 C11 C21 C31
0
0
0

C31 C21 C11 C21
0 C31 C21 C11
0
0 C31 C21

C31

0

0

0

C31

By expressing the dominant tri-diagonal terms as

(4)

C11 = x , C21 = y and C31 = z we

can reformulate (3) as
2
M

min ∑ X s m − S m C T ⋅ AF m

m =1
where C = xI + yC + z C
T
1
2


Where

(5)

I is the identity matrix and C and C 2 can be written as

0
1

0

0
C1 = 
0

0
0

1
by defining

1

0 0 1
1
0 0 0
0

1 0 0
0


0  C = 0 1 0
2
0 0 1
0


0 0 0 1 0 1 0
0 0 0
1 0 0
0 0 0 0 1 0 1


0 0 0 0 0 1 0
0 1 0

1
0
1
0
0

0
1
0
1
0

0
0
1
0
1

0
0
0
1
0

0
0
0
0
1

0
0
0
0
0

0
1
0

0
0

1
0

0 0 1 0 0

0
1
0
0
0
1
0

0
0
1
0
0
0
1

0
0
0
1
0
0
0

K m = [S m AF m I , S m AF m C 1 , S m AF m C 2 ]

1
0
0
0
1
0
0

(6)

(7)

V = [x, y, z ]T
(5) can be written in the form
M

∑

m =1

2

X sm − K mV

(8)

Showed that the function is quadratic and convex with respect to V we can solve the
Least-Square (LS) problem by using the pseudo-inverse formulation
−1

V LS

M T
 M T

=  ∑ K m K m   ∑ K m X Sm 
 m=1
  m=1


(9)

Thus the LS estimation of the MCM can written as
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C LS = VLS (1)I + VLS (2)C 1 + VLS (3) C 2

(10)

The closed form expression of the LS problem has been checked for the eight elements
array in two particular cases reported in Fig. 2a-b, showing the effectiveness of the
proposed method in the case where nine signals are incident on the array (Fig.2a) with
respect to one single signal (Fig.2b).
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Fig. 2 Amplitude and Phase of the elements of the mutual coupling upper-matrix
grouped diagonal-wise evaluated by using iterative (blu-line) and closed-form (blackline) methods for the case of a) nine signals located at φ =[11.25°,47°, 175°,145.7°,
153.2°,211.25°,254.4°,275.8°,361.23°] and b) one signal at

φ =[11.25°]

III. CONCLUSION
In the present paper we have proposed a fast method to estimate the dominant
coupling coefficients of UCA by means of indirect approach. The strength of the
proposed method lies under some typical proprieties of the mutual coupling matrix of
circular array. In all those cases where it is not possible to get a large number of
calibration signals the proposed method becomes more and more applicable.
The proposed method is theoretically as well experimentally under investigation at the
Antenna Dept. of Selex-SI Rome plant.
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Abstract

The phase center is studied for Fabry-Pérot cavity antennas viewed as twodimensional leaky-wave radiators, adopting both local and global definitions.
Closed-form expressions are obtained for the phase-center location of broadside
pencil beams, as a function of the attenuation constant of the leaky mode
responsible for radiation and of the extension of the angular sector of interest.
Numerical results that validate the proposed formulas are given for specific
antenna structures.
Index Terms − Phase center, Fabry-Pérot cavity antennas, leaky-wave
antennas, reflector antennas.

I. INTRODUCTION
Fabry-Pérot Cavity Antennas (FPCAs), comprised of a planar cavity
delimited by a metal ground plane and a Partially Reflecting Surface
(PRS), have a number of attractive features (e.g., feed simplicity, high
directivity, low profile and cost) and have received considerable
attention in the last decade (see, e.g., [1]-[3]).
In this contribution the main results of a phase-center (PC) study of
FPCAs are reported, obtained adopting a leaky-wave model for their
radiation mechanism [4]. In particular, analytical expressions are
derived for the PC location in FPCAs radiating pencil beams at
broadside, as a function of the relevant leaky-mode attenuation
constant and of the extension of the angular region of interest. These
may find application, e.g., in reflector antenna systems where the FPCA
constitutes the feed, as recently proposed in [5].
II. ANALYSIS
As first shown in [6], directivity enhancement through the use of PRSs
can be explained in terms of radiation from cylindrical leaky waves
excited by the antenna feed placed inside the FP cavity. When the FPCA
is designed to radiate a broadside pencil beam, the feed excites a pair of
TE and TM leaky modes with the same phase and attenuation
constants; the resulting co-polar far-field pattern is then, assuming the
z axis as the broadside direction and standard spherical coordinates [7],
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E co  cos2  cos   sin2 

 sin

ˆ2
2j
2

ˆ2
  2j

(1)

where ̂ is the leaky-mode attenuation constant normalized with
respect to the free-space wavenumber k 0 . From (1) we have, for the
antenna phase pattern,
 sin2  

      arctan 
 2̂ 2 

(2)

which is strictly omnidirectional.
The PC of an antenna can be calculated adopting different
approaches. A local approach defines the PC as the center of curvature
of equiphase surfaces in the far field in the observation direction. For an
omnidirectional broadside beam the PC is located on the z axis and it
results k 0z PC    0 , hence from (2) we find
z PC



0

1

(3)

2̂ 2

An alternative, global approach defines the PC as the phase
reference point that minimizes the phase-pattern variance inside an
angular region of interest Ω. For an omnidirectional broadside phase
pattern and a conical region   0    0  it results (the derivation is
omitted for brevity)
k 0z PC 

0

12

1  cos  

3

0


0



       sincos d

(4)

where the overbar stands for mean value. Once (2) is inserted into (4),
the integral can be evaluated analytically, thus resulting in a closedform formula for the PC location as a function of both ̂ and 0 :
z PC
0

3
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III. RESULTS
In Fig. 1, amplitude and phase co-polar radiation patterns in the
principal planes are reported for an FPCA designed to radiate a
broadside beam at f  10 GHz , comprised of an air cavity and a dielectric
PRS with r  15 , excited by a horizontal electric dipole placed in the
middle of the cavity. The exact patterns are in good agreement with the
approximate ones calculated with (1), where the normalized attenuation
constant of the leaky mode responsible for radiation has been estimated
through the approximate formula ̂  1 / r [6].
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FIG. 1 − Normalized radiation patterns in the principal planes, both in
amplitude and phase, for the co-polar component of the electric field radiated
by a substrate-superstrate FPCA: comparison between the exact pattern and
the leaky-wave (LW) approximate pattern (1).
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FIG. 2 − PC location for a substrate-superstrate FPCA as a function of the halfangle 0 : comparison between results obtained with different PC definitions
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pattern (2).
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In Fig. 2, results are reported for the PC location calculated with i)
the curvature-based formula (3); ii) the well-known Kildal’s definition
(using the refined approach proposed by Rao and Shafai in [8]); and iii)
via minimization of the phase-pattern variance. For the latter two
approaches, both the exact antenna pattern and the approximate leakywave pattern (1) have been employed. A very good agreement can be
observed between the global definition based on minimization of the
phase-pattern variance (both calculated numerically with the exact
pattern and through the proposed analytical formula (5)) and Kildal-Rao
reference results. The local definition for the PC is instead valid only in
the limit 0  0 , i.e., for very small angular regions, as expected.
I.

CONCLUSION

The global formula for the phase-center location based on the
minimization of the phase-pattern variance is in good agreement with
the standard Kildal’s formula and produces accurate results also for
wide angular regions, thus providing a useful design tool for reflector
antenna systems. Further extensions of this work may concern, e.g.,
Fabry-Pérot cavity antennas radiating scanned conical beams.
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Abstract

Arrays composed by high-gain reflector antennas used for deep space communications
require a precise knowledge of the degradation that phase, amplitude and pointing
fluctuations impose on the capability of the array to combine coherently the signal
received from each antenna.
In this paper an analytical model for the fluctuation of each parameter (phase, amplitude
and pointing) is derived and it is used to predict the efficiency of an array composed by
an arbitrary number of high-gain reflector antennas. The analytical models are verified
by numerical simulations of an array designed for future upgrades of the European
Space Agency ground segment.
Index Terms − antenna array, array efficiency, reflector antenna, excitation coefficient

I. INTRODUCTION
A key parameter of antennas used as ground station for deep space
application is the antenna gain. To this aim, reflector antennas are widely
adopted due to their large gain. However, practical limits to the maximum
antenna diameter exist because for large dishes it is extremely difficult to
provide a proper surface shape (e.g. parabolic reflectors) because of the
gravity-induced loads. For this reason, arrays composed by reflector antennas
are adopted when very high gains are required. Examples of arrays of reflector
antennas already operating or under constructions are available in the
literature [1-4]. All previous arrays have been primarily built for radioastronomical purposes, although the potential benefit that an array of reflector
antennas can provide to deep space communications was promptly recognized
since the first deep space missions in the Seventies [5]. However, arrays are
not yet fully exploited as ground station mainly due to the difficulties to
achieve a good coherence between the antennas for all operating scenarios
(e.g. strong atmospheric turbulence, rains, low elevation angles). In fact,
ground stations must usually guarantee a time availability significantly higher
than for radio telescopes. Nevertheless, all major space agencies, including
NASA and ESA are funding projects aimed to analyze the feasibility of arrays
of reflector antennas specifically devoted to deep space communications [6, 7].
For these reasons, it is important to develop analytical tools able to predict the
level of coherence achievable for a given array.
This paper derives three analytical models for all possible sources of
coherence degradation (i.e. phase, amplitude and pointing fluctuations),
directly applicable to arrays composed by high-gain elements separated by
multi-wavelength distances. In order to verify the analytical approach, the
expected array degradation is also calculated by means of numerical
simulation tools for a practical test case, currently proposed as possible future
ground station for ESA.

ISBN: 978-88-907599-0-1

Session 3

100

Proceedings of the XIX RiNEm

II. ANALYTICAL FORMULATION
The gain of a generic antenna can be expresses by [8]:
4π rE0
G≈
2η 0 P

2

(1)

where E 0 is the electric field calculated at a distance r from the source, P is the
input power and η 0 is the vacuum impedance. If high-gain reflector antennas
are assumed, neglecting any mutual coupling between them, the array gain of
N antennas can be written as:
Garray

4π r (E1 + E 2 +  + E N )
≈
P1 + P2 +  + PN
2η 0

2

(2)

where E i is the electric field generated by the i-th antenna and P i is the input
power at the i-th antenna. In order to introduce phase, amplitude and pointing
errors, it is useful to express the electric field and the power associated with
each antenna as function of a generic excitation coefficient. According to this
formulation, the following equations hold:

Ei = Ci E0

Ci = Ai e jϕ i f (θ i )

Pi =

1
2
Re{Z 0 } I 0 Ai2
2

(3)

where Ai is the amplitude error (ranging from one to zero), ϕ i is the phase
error, f (θ i ) is a function accounting for the pointing error, I 0 and Z 0 are the
input current and the input impedance of the antenna, respectively. Now,
substituting (3) into (2) the generic array gain of N antennas affected by any
kind of phase, amplitude or pointing errors, is obtained:

Garray

(

)

jϕ N
jϕ1
f (θ N )
4π 2 rE0 A1e f (θ1 ) +  + AN e
≈
2
2
2
2η 0
Re{Z 0 } I 0 A1 +  + AN

(

)

2

(4)

Eq. (4) is now re-arranged for three different cases, considering phase errors
only ( Ai =1; f (θ i ) =1), amplitude errors only ( ϕ i =1; f (θ i ) =1) and pointing
errors only ( Ai =1; ϕ i =1). Three equations describing the array gain
degradation versus phase, amplitude or pointing errors in terms of statistical
formulation are obtained (mathematical steps are omitted for brevity):

χ f ≈ 1 − σ ϕ2

χ a ≈ 1−

σ A2
P

χ p ≈ 1 − 2α (σ θRMS )

2

(5)

where σ ϕ is the standard deviation for phase errors, σ A is the standard
RMS
is the root mean square (RMS) for
deviation for amplitude errors, σ θ
pointing errors; χ f , χ a and χ p are the array degradation (scalar real number
from zero to one) for phase, amplitude and pointing errors, respectively; α is
a scalar coefficient accounting for the beamwidth of the antenna and P is the
mean power reduction suffered by the array:
N

P=
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III. TEST-CASE
An array of twelve 20m antennas is chosen as test case. This is the output of a
detailed feasibility study promoted by ESA aimed to address all aspects related
to a possible enhancement of the performances of the current single dish DS
antennas [7]. The proposed array layout depicted in Fig. 1 (all the antennas
aligned in north-south direction spaced 60 m apart) is a compromise between
minimizing shadowing effects (by placing the antennas as far as possible) and
maximize the signal correlation (amplitude and phase fluctuations due to bad
weather conditions mitigated by placing the antennas as close as possible).
The proposed array is numerically simulated in order to verify the
analytical formulation derived in section II. The radiated field generated by
each 20-m antenna is calculated at 8.4 GHz by means of a commercial tool
based on physical optics [9] and the array radiation pattern is calculated as
the sum of the radiated field generated by each antenna (thus assuming that
no mutual coupling is present between antennas, as per section II). To
simulate phase, amplitude and pointing errors, a Montecarlo analysis is
carried on, assigning a random phase/amplitude/pointing to each antenna
excitation. The results are reported in Fig. 2.
For phase fluctuations, the maximum error can be around 30 degrees [10].
The agreement with numerical simulations can be considered good, with a
maximum discrepancy of 0.2–0.3 dB.
For amplitude fluctuations, the maximum error can be around 50% (i.e. 3
dB less than nominal power) [11]. Three analytical curves are shown, each
with a different mean power reduction P (1, 0.6 and 0.5). In fact, the same
amplitude fluctuation (i.e. the same standard deviation σ A ) returns different
losses according to the mean power reduction P . In particular, a top and a
bottom limiting curve can be retrieved. The top curve is always associated with
a mean power reduction P equal to unity. Of course, this is an ideal
asymptotic case ( P = 1 means no power reduction at all). The bottom curve
depends on the distribution of the numerical simulation. For the case reported
in Fig. 2, where the power collected by each antenna can be reduced to 50% of
the nominal value, a mean power reduction P equal to 0.5 represents the
worst case condition. All other cases (e.g. P = 0.6) indicates intermediate
cases.
For pointing fluctuations, the maximum error can be 5 mdeg [12]. The
agreement with numerical simulations can be considered good, with a slight
discrepancy due to the polynomial approximation ( α = 90 deg-2) adopted to
represent the 20-m antenna radiation pattern. Please note that for pointing
errors the RMS is best suited (instead of standard deviation as for phase and
amplitude errors) to take into account that an identical de-pointing for each
antenna causes an array gain reduction (while an identical phase or amplitude
value for each antenna does not).

Nort
rthh

Sou
outh
th
60 m

FIG. 1 - Proposed array layout composed by twelve 20-m antennas.
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(a)

(b)

(c)
FIG. 2 - Array gain degradation at 8.4 GHz, comparison between analytical formulation
(solid curves) and numerical simulation (dots). (a) phase errors; (b) amplitude errors;
(c) pointing errors.

IV. CONCLUSION
This paper presented the analytical formulation adopted to describe the array
gain degradation of array composed by high-gain reflector antennas. The
mathematical models are verified by numerical simulations for a test case
designed for future upgrades of the ESA ground segment.
V.
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Abstract
We review our recently introduced nonlocal transformation optics framework based on
coordinate transformations in the spectral (wavenumber) domain. Our approach allows a
physically-incisive and powerful geometrical interpretation in terms of deformation of the equifrequency contours, and may pave the way to new intriguing developments in dispersion
engineering of electromagnetic metamaterials.
Index Terms : Metamaterials, spatial dispersion, transformation optics.

I.

INTRODUCTION

Transformation optics (TO), based on the form-invariant properties of coordinatetransformed Helmholtz [1] and Maxwell’s equations [2], has rapidly established itself as
a very powerful and versatile framework for designing metamaterials with prescribed
field manipulation capabilities (see, e.g., [3] for a recent review). In spite of the several
extensions and generalizations (see, e.g., [4]–[6]) insofar proposed, attention and
applications have been essentially focused on local effects.
In a recent study [7], we have extended the potential of this approach by enabling
the manipulation and control of nonlocal light-matter interactions [8,9], which are
becoming increasingly relevant in metamaterial modeling and applications (see, e.g.,
[10-15]). In order to engineer desired nonlocal field manipulation effects, our approach
is based on coordinate transformations in the spectral (wavenumber) domain, rather
than in the conventional spatial domain.

II. SUMMARY OF NONLOCAL TO FRAMEWORK
We start from the algebrized form of Maxwell’s curl equations in the timeharmonic exp ( −iωt )  spectral wavenumber domain
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ik ′ × E ′ ( k ′ ) = iωµ0 H ′ ( k ′ ) − M ( k ′ ) ,

ik ′ × H ′ ( k ′ ) = −iωε 0 E ′ ( k ′ ) + J ( k ′ ) ,

(1)

describing the radiation of assigned electric and magnetic source distributions ( J ′, M ′ )
in an auxiliary vacuum space. Next, we apply a real-valued coordinate transformation to
a new spectral domain k ,
T
(2)
k′ =
Λ (k ) ⋅ k = F (k ),
where Λ denotes (the transpose of) a second-rank tensor operator. Paralleling the
standard (spatial-domain) TO approach [2], as we did in [7] we then exploit the forminvariant properties of Maxwell’s equations in the mapped spectral domain k in order
to relate the corresponding fields, sources, and constitutive relationships to those in the
original vacuum domain, obtaining
T

 E , H }( k ) =Λ −T ⋅ { E ′, H ′}  ΛT ⋅ k  ,


{

T
−1
k ) det ( Λ ) Λ ⋅ {J ′, M ′}  Λ ⋅ k  ,
=
{J , M }(

 ε,µ=
( k ) det −1 ( Λ ) Λ ⋅ ΛT ,


(3)

{ }

where det ( ⋅) denotes the determinant,

−T

the inverse transpose, and ε , µ the relative

permittivity and permeability tensors of the generally anisotropic and spatiallydispersive transformation medium.
We note that the relationships in (3) correctly reproduce the standard (spatialdomain) TO results in the particular case of linear spectral mapping (i.e., k-independent
coordinate mapping), and generally yield nonlocal constitutive properties in the case of
nonlinear spectral mapping. Accordingly, one can exploit the above spectral field/source
transformations in order to systematically design a desired nonlocal field effect in a
fictitious curved-coordinate spectral domain; such effects may be equivalently obtained
in an actual physical space filled up by a spatially-dispersive transformation medium
whose constitutive “blueprints” are explicitly given in (3).
Our spectral-domain TO approach admits a geometrical interpretation in terms of
tailoring the dispersion characteristics via deformation of the equi-frequency contours
(EFCs), which allows direct manipulation of the kinematical (wavevector and velocity)
properties of the wave propagation and reflection/refraction [16]. Assuming an ( x, z)
two-dimensional (2-D) scenario, Fig. 1 exemplifies the deformation of the circular EFC
pertaining to vacuum [Fig. 1(a)] k x′2 +k z′2 =
ω 2 c02 (with c0 denoting the corresponding
speed of light) as an effect of the spectral mapping

ω2

Fx2 (k x , k z ) + Fz2 (k x , k z ) =
.
c02

(4)

For instance, a single-valued mapping may yield a moderately deformed shape
[cf. Fig. 1(b)], whereas a double-valued mapping may lead to the appearance of a new
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branch [cf. Fig. 1(c)]. In [7], we exploited such a straightforward connection between
the multi-valued character of the coordinate mapping in (4) and the presence of
additional extraordinary waves was exploited in order to engineer a transformation
medium with prescribed wave-splitting capabilities.
k z′

kz

k x′

(a)

kz

kx

(b)

kx

(c)

FIG. 1 (From [7]) Schematic illustration of the deformation of the circular EFC pertaining to
vacuum (a) as an effect of a single-valued (b) and double-valued (c) spectral mapping (details in
the text).

Moreover, for the same 2-D scenario as above, we showed in [7] that a desired
modulation transfer function T (k x ) relating the 1-D spatial spectra of the (x-dependent)
aperture transverse field distributions at two z=constant planes separated by a distance
d, may be in principle engineered via the spectral coordinate mapping

ω2 1
Fx (k x ) =
+ log T
kz .
 (k x ) , Fz (k z ) =
c02 d 2

(5)

III. CONCLUSIONS
As highlighted by the above examples, our proposed approach may open up new
intriguing venues in the engineering of the spatial dispersion properties of EM
metamaterials. Crucial to its practical applicability is the availability of nonlocal
homogenized models as well as the synthesis of anisotropic, nonlocal artificial materials
capable of approximating the arising constitutive blueprints within given frequency and
wavenumber ranges. Further details, as well as an illustrative end-to-end example of
application of these concepts, may be found in [7].
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Abstract
A rigorous method to analyze the scattering of an elliptically-polarized plane
wave by a perfectly-conducting sphere buried in a dielectric half-space, is
presented. The electric field components are expanded in spherical harmonic
series. The scattered-reflected field is computed through the plane-wave
spectrum of the scattered field, considering the reflection of each elementary
plane wave. The interaction between the scattered-reflected field and the sphere
is taken into account by expanding the field in spherical harmonic series, to
impose the boundary conditions on the sphere's surface. The procedure leads to
an infinite linear system giving the unknown coefficients of the scattered field.
To achieve a numerical solution, a Matlab code is implemented, where a suitable
truncation of the system has been performed.
Index Terms − Electromagnetic
harmonics, plane-wave spectrum

scattering,

buried

sphere,

spherical

I. INTRODUCTION
The scattering problem related to buried objects has a very wide area of
applications and a huge number of publications can be found in the
literature treating various aspects.
The geometry considered in this paper is shown in Fig. 1. A sphere
of radius a is located at the center of a Cartesian coordinate system.
The sphere is placed at a distance h below the interface between two
media.
The impinging radiation is a plane wave traveling from medium 1 to
medium 2, at an angle ϑi , with respect to the z axis, and lying on a
plane passing through the z axis and forming an angle ϕ i , with respect
to the x axis. Let ε 1 , µ1 , k1 and ε 2 , µ 2 , k 2 be the permittivity, permeability
and propagation wavenumber of the above (z < −h) and below (z > −h)
media, respectively.
II. THEORETICAL ANALYSIS AND RESULTS OBTAINED
Assuming that the incident field is an elliptically-polarized plane wave
with an electric field given by:
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FIG. 1 − Geometry of the scattering problem.

(

)

E i (r) = E 0i ei k i ⋅r = Eθi θ 0i + Eϕi ϕ 0i e i k i ⋅r

,
in the absence of the sphere the reflected E r and transmitted E t waves
are given by
E r = RH12 Eθi θ 0r + RE12 Eϕi ϕ 0r ei k r ⋅r e −2ihk1 cosθi

(

(

)

)

E t = TH12 Eθi θ 0t + TE12 Eϕi ϕ 0t ei k t ⋅r eih(k2 cosθt −k1 cosθi )

with RE12 , TE12 and RH12 , TH12 being the Fresnel reflection and refraction
coefficients for parallel and perpendicular polarizations, respectively,
referring to the interface between medium 1 and medium 2.
The general case of the scattering from a sphere behind an interface,
can be treated [1] by the representation of the incident field as a series
(1)
of regular spherical vector wave functions M mn (k r ) = m mn (θ , ϕ ) j n (k 2 r) and
d[r jn (k 2 r)]
j (k r)
m
+ p mn (θ , ϕ ) n 2 :
N n (k r ) = n mn (θ , ϕ )
k rd r
kr
+∞

E t (r ) = ∑

n

∑a

M mn (k 2 r ) + bmn N mn (k 2 r )
(1)

mn

(1)

(1)

n=1 m=−n

where j n (k 2 r) are the spherical Bessel functions of the first kind.
The orthogonality of the vector spherical harmonics implies that the
coefficients in the expansion may assume the following form:
2n + 1 (n − m)! ih(k2 cosθt −k1 cosθi ) 12
*
e
amn = (−1) m i n
TH Eθi θ 0t + TE12 Eϕi ϕ 0t ⋅ m mn (θ t , ϕ t )
n(n + 1) (n + m)!
2n + 1 (n − m)! ih(k2 cosθt −k1 cosθi ) 12
*
e
bmn = (−1) m i n
TH Eθi θ 0t + TE12 Eϕi ϕ 0t ⋅ n mn (θ t , ϕ t )
n(n + 1) (n + m)!

(

)

(

)

The scattered field can also be expanded as [1]:
+∞

E s (r ) = ∑

n

∑e

M mn (k 2 r ) + f mn N mn (k 2 r )
(3)

mn

(3)

(2)

n=1 m=−n

In this case the radial functions are the spherical Hankel functions of
the first kind, hn(1) (k 2 r) . The rest of our analysis concerns the calculation
of the expansion coefficients emn and f mn .
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In addition to the two fields described by Eq. (1) and Eq. (2), a third
field exists in the ambient medium. This field is the result of the
scattered field reflecting off the surface and striking the particle: it can
be described through an expansion of the scattered field in infinite
plane waves traveling in various directions (α i , β i ) , each multiplied by
the appropriate Fresnel coefficient [1]:
2π π / 2−i∞
2π π / 2−i∞
+∞
n

i −n 
mn i k r ⋅r
mn i k r ⋅r


+
E sr (r ) = ∑ ∑
f
e
E
e
d
α
d
β
E
e
d
α
d
β
Re
Rh
i
i
i
i
mn
mn
∫
∫
∫
∫


π
2
n=1 m=−n
0
0
0
0


with
mn
E Re = eimβi sin α i iRH21π nm (cos α i )α 0r − RE21τ nm (cos α i ) β 0r e 2ik2hcosαi
E Rh = eimβi
mn

[
sin α [iR
i

τ (cos α i )α 0r − RE21π nm (cos α i ) β 0r

21 m
H n

]
]e

2ik2 hcos α i

Pnm (cos α i )
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To determine the coefficients of the development, one must apply
the boundary conditions, i.e. the cancellation of the tangential field
along the surface of the sphere. It is useful to expand each plane wave
in spherical harmonics:
+∞ q
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 (1)  +∞ −n
 +∞ −n
pq
pq 
pq
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q=1 p=−q 
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0
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+
1
(q
−
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pq
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q(q + 1) (q + p)!
0
π / 2−i∞
2q + 1 (q − p)!
pq
H mn
= i q−n (−1) −q
δ pm ∫ (− RH21τ nmτ pq + RE21π nmπ pq )sin α i e 2ihk 2 cos α i dα i dβ i
q(q + 1) (q + p)!
0
Finally, an infinite linear system of equations is obtained for the
unknown scattering coefficients of the field components, in the form:
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For numerical implementation purposes a suitable truncation
criterion has been adopted, and its impact on the accuracy and the
numerical efficiency of the code has been established via comparisons
with analytical and numerical results reported in the literature [2]. The
m
n
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truncation criterion which we propose is a Bohren-Huffman modified
criterion:
N = x + 4x 1/ 3 + 2
with

x = k 2 a(sin θ i + 1)(sin ϕ i + 1) .
Moreover, the results of the method implemented in a Matlab code
were compared with those of simulations done with a commercial
software which implements the Finite Element Method. The comparison
is presented in Fig. 2 for typical scenario of buried sphere detection.

FIG. 2 − Comparison of numerical results obtained with Matlab and with Comsol

simulations. A normal incidence, with electric field linearly polarized along y, on an
air-glass interface, with a perfectly conducting sphere of radius a=25 cm buried at
h=80 cm, is considered at 300 MHz. The scattered field is calculated along a line
parallel to the x axis at a distance 2a from the center of the sphere. In this example,
the series are truncated at n=8.

III. CONCLUSION
In this paper, we presented a rigorous method to determine the
scattering of an elliptically-polarized plane wave by a perfectly
conducting sphere buried in a dielectric ground. Comparisons with
simulations performed with a commercial software showed good
accordance. This method can be generalized to the case of various,
conducting or dielectric buried spheres or shells in a dissipative half
space, which will be object of future works. In this way, the method
could found many applications in: buried objects detection, biomedical
sensing, metamaterial analysis, microscopy.
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Abstract

From telecommunications to transport application, visibility is a fundamental
quantity to be estimated. To this end, there are many different instruments
basing their estimation on measures of optical attenuation or scattering through
the atmosphere. Unfortunately, this kind of instruments provides reliable results
only for certain range of distances and is quite expensive. In this work is
presented an experimental study on the use of a video camera for visibility
estimation. Collected appraisals will be compared with a method of literature
and with the measures of the attenuation of the optical carrier provided by the
Free Space Optics (FSO) wide area set up realized in Rome (Italy) by DIETSapienza University and ISCOM-Ministry of Economic Development.
Index Terms − Free Space Optics, Visibility.

I. INTRODUCTION
Aim of this work is emulate the behavior of the human eye in visibility
estimation. Given target at known different distances are chosen; then,
we take pictures every minute and we ask camera to find (and then
recognize) each target: the higher is the similarity, the better is the
visibility. To validate these measures, we put the camera close to an
optical transceiver, so both instruments “see” the same scene (Fig. 1).

(a)

(b)

Fig. 1 - (a) Optical transceiver and camera. (b) Scenario
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We estimate the specific attenuation from visibility [3] and then we
compare obtained results with the extinction of the optical carrier,
measured from received power.
II. VISIBILITY ESTIMATION
As preliminary step, we choose in Fig. 1 four targets at known distances
in condition of good visibility and we extract edges from them, obtaining
that we will call “mask” (Fig. 2). Between these, relevant importance has
the Eur “Mushroom”, because on his roof is placed a transceiver
identical to the one on the roof of the Ministry of Economic
Development. The distance between the two transceiver is about 800 m.

(a)

(b)

(c)

(d)

Fig. 2 – Masks: (a) 1600m; (b) 800m; (c) 550m; (d) 90m
We determine now the positions of the masks in the scene, so we collect
three information about each target: shape, distance from camera,
coordinates in the scene. Starting from that, we acquire new images and
we proceed according to the diagram in Fig. 3.
Mask, d, (x,y)
Maski, di, (x,y)i
Determination of
mask’s coordinates

Edges extraction

t, (x,y)i,t

(x,y)i=(x,y)i,

YES

Visibility
estimation

Crosscorrelation

NO

cci, t

WARNING

Vi, t

New image, t

Fig. 3 – Flow chart for visibility estimation.
We look for every target in the new images; once it is found, we
determine if his position is the one we expect. If it is so, we compute
how much the target found in the new image is similar to the relative
mask. Eventually, we estimate visibility according to (1):
N

Vˆ = ∑ d i
i =1

crosscorri (t )
max(crosscorri )
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where d i are relative distances between targets defined as follows:
d − d i −1
di =  i
 di

if

i<N

if

i=N

(2)

III. RESULTS
The observation period goes from 16/01/2012 to 08/02/2012. We
compared the visibility estimation obtained using our method, based on
masks, and a solution proposed in [1], based on probabilistic
distribution of mean contrast in a scene with lambertian surfaces [2].
The results are shown in Fig. 4(a).

(a)

(b)

(c)

(d)

Fig. 4 – (a) estimated visibility in both method; (b) specific attenuation
measured from received power of FSO; (c) specific attenuation from method
based on masks; (d) specific attenuation from probabilistic method.
In Fig. 4 (b) is shown the measured specific attenuation, in (c) and (d)
we obtain this quantity using the relation (3) [3]:
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q

17  0.55 
 ≥0

Ae [dB / km] =
V[km]  λ[ µm] 

(3)
IV. CONCLUSION

After comparison between different methods, it points out a good
agreement in trends but different values, in particular regarding specific
attenuation. This is due to the upper bound of visibility in the method
based on mask, with consequent overestimation of attenuation. A
proper calibration could lead to better appraisals.
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Abstract

The design of an electro-optical system such as a vision system is classically
made by optimizing its constituting parts independently. However, because of
the complexity of the overall system, the best performance of a single element
may not correspond to that of the complete processing chain. In this paper a tool
named SLALOM, acronym of “System Level AnaLysis and OptiMization” is
proposed. SLALOM is a C-based extension to optical design software that
includes the modeling of the electronic subsystem not encompassed by the
software itself. It consists in two complementary tools that share a common core
and can be executed independently to perform lens design at system level, and
to simulate the overall system performance.
Index Terms − Analysis, Design, Imaging systems, Wavefront coding.

I. INTRODUCTION
In a digital imaging system, the optical part that collects the image is
tightly linked to the electronic part that enhances it. The intertwining
between the two blocks is especially evident in systems based on
wavefront coding [1], such as task-oriented imaging systems (for
example barcode readers or iris scanners), where a decoding block
extracts the desired information out of the image. Because of the high
complexity of the whole system, separate optimization of single parts
may not lead to the best overall performance. This suggests that the
design should be done at system level, taking into account also the
interactions between the different parts during the optimization [2-3].
In this paper we propose a tool to analyze and design at system
level that, rather than having general purpose as in [2-3], takes into
account metrics appropriate for the requirements of the decoding block.
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II. MODELING OF THE COMPLETE ELECTRO-OPTICAL SYSTEM
The blocks of the full electro-optical imaging system are shown in Fig.1.

FIG 1. Model of the Electro-Optical system

The “Optics” block includes the lens and the external illumination
system. The former creates the image of the object on the sensor plane
and is described by an optical design software (ZEMAX [4] in our case).
The latter is taken into account by considering the incident radiating
power as being due to both room light and ad hoc illumination systems.
The “Electronics” block includes the Sensor converting the overall
incident radiating power into current and the Restoration stage. Noise
introduced by the detector [5] is also considered. Shot noise associated
to the photo-generation of electrons and modeled by Poisson statistics is
the dominant contribution for sufficiently large signals. The behavior of
the sensor is modeled through its photon transfer curves that give the
signal and noise levels as functions of the irradiance on the sensor
plane. Since the detector surface is an array of pixels, the image
provided by the detector is a sampled version of the original one. This
sampling effect is considered too. The restoration stage enhances the
image so that it is compatible with the image decoding routines of the
following block. In the present case it is a Wiener filter: it inverts the
Spatial Frequency Response (SFR) of the optical and electronic blocks
preceding the reconstruction also taking noise into account. Other
kinds of filters are anyway possible.
The “Decoding” block takes care of extracting the desired
information from the restored image. In our case it is a proprietary
software package developed in Datalogic. The sequence of blocks can be
considered linear and therefore can be modeled either in the space or in
the frequency domain.
Modeling in the space domain provides the output image as the
convolution of the input image with the lens Point Spread Function
(PSF), followed by sensor sampling, introduction of noise in each pixel
and final convolution with the kernel of the reconstruction filter.
Modeling in the frequency domain uses of the transfer functions of
all blocks and returns the SFR of the whole system. Also the noise is
considered, estimating the Signal-to-Noise Ratio (SNR) analytically.
The two domains may be used effectively for the two goals of
analysis and design, as it will be explained in the next section.
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III. SYSTEM LEVEL ANALYSIS AND DESIGN
The tool SLALOM, acronym of “System Level AnaLysis and
OptiMization”, implements the model described so far. It is a C-based
extension to ZEMAX consisting into two complementary sets of routines
sharing a common core. They can be run independently to simulate the
overall system behavior (analysis) or optimize lens parameters (design).
The decoding block is indirectly included in SLALOM through
parameters known as relevant for successful decoding, making the tool
also applicable to diverse contexts.
The analysis functionality uses the spatial domain approach that
directly and efficiently provides the creation of images generated by the
system blocks. Such images can then be further decoded to extract the
desired information. The long simulation time is not a concern since
this functionality is used in independent single runs.
Conversely, the design functionality uses the frequency domain
approach. Design is obtained by coupling SLALOM to the optimization
engine of ZEMAX. Since optimization requires running the routines
repeatedly, the execution time is a critical parameter. Moreover, images
are not needed since the overall results are the system SFR and SNR,
which must be compared to the requirements of the decoding library.
Therefore, modeling in the frequency domain is now preferred.
As a validation of the performance of the tool before its application
for system design, SLALOM was used to simulate the behavior of a
commercially available bar code reader. Since the real system has no
restoration stage, this block was omitted also in the simulations.
Images of two different barcodes generated by the SLALOM analysis
routines were decoded and simulations results compared to
experimental ones (Fig. 2). The green area defines the experimental
decoding interval. The blue lines report successful (pass) and failed
decoding of simulated images.
Fig. 2(a) refers to a 20 mils bar code. The overall Depth of Field
(DoF) is correctly evaluated, except for a longitudinal offset. The failed
decoding at 350 mm, in the mid of a successful decoding range, was not
considered dramatic since single failures in reading may also occur in
practice and can be overcome by simply reading the code again.
Fig. 2(b) shows the results for a 5 mils bar code. In this case the DoF
was underestimated by a 10% factor, which can be acceptable.
Similar results were obtained also in other cases. Considering
both the difficulty to model external illumination - a critical factor for
successful decoding - and the possible discrepancies between nominal
and real barcode reader features, results can be considered satisfactory.
This enables to use SLALOM in the design phase, with marked
advantages in terms of time and cost savings: SLALOM not only allows
system level design avoiding expensive prototype realization, but also
permits overall performance optimization since the whole system is kept
into account.
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(a)
(b)
FIG. 2 − Comparison between real and simulated DoF of an existing barcode
reader, working with (a) 20 mils bar codes and (b) 5 mils bar codes.

IV. CONCLUSIONS
A tool named SLALOM, acronym of “System Level AnaLysis and
OptiMization”, allowing optimal design of task-based imaging systems
has been proposed. It works at the system level taking into account the
optical, electronic and decoding blocks that make up the system. The
main characteristics and operation modes of the system have been
described in view of both system analysis and design. An example of
application of the SLALOM tool in the analysis operation mode has been
shown that replicates the behavior of a real system. The good agreement
of measured and simulated results proves the correctness of the
approach and opens the way to the design of new systems considering
the interactions of the different blocks and not optimizing each
component one by one. This system-level design has the potential of
greatly enhancing the performance of task-based imaging systems.
ACKNOWLEDGEMENTS
Work done in the framework of a cooperation between DLS and DEIS,
also funded by the VIALAB Project of Regione Emilia Romagna.
REFERENCES
[1]
W. T. Cathey and E. R. Dowski, “New paradigm for imaging
systems,” Applied optics, vol. 41, no. 29, pp. 6080-92, Oct. 2002.
[2]
D. G. Stork and M. D. Robinson, “Theoretical foundations for joint
digital-optical analysis of electro-optical imaging systems,” Applied
Optics, vol. 47, no. 10, p. B64-B75, Apr. 2008.
[3]
M. D. Robinson and D. G. Stork, “Comparing the extended depthof-field imaging performance of spherical aberration and asymmetric
wavefront coding,” 2009.
[4]
ZEMAX, Optical and illumination design software, available at
http://www.radiantzemax.com/ or http://www.optima-research.com/
[5]
J. R. Janesick, “Photon Transfer”, SPIE press, 2007.

ISBN: 978-88-907599-0-1

Session 4

120

Proceedings of the XIX RiNEm

THROUGH-WALL COMMUNICATION BY MEANS OF AN
ULTRA WIDE PERMITTIVITY ANTENNA (UWPA)
D.Pinchera(1) , M.D.Migliore(1) , F.Schettino(1)
(1)

DIEI, Università degli Studi di Cassino e del Lazio Meridionale,
Via G.Di Biasio 43, 03043 Cassino, Italy
Abstract

In this contribution an antenna specifically designed for wireless Through-theWall communication is presented. By means of the presented system it is
possible to transmit through walls with relative permittivity in the range 1-9
maintaining the reflections lower than -10dB. The antenna is simulated and
experimentally tested in real working conditions, confirming its good
performance.
Index Terms − Antennas, Permittivity, Attenuation Measurement.

I. INTRODUCTION
Communication in complex indoor environments is a very challenging
field for ICT engineers; this is also due to the fact that many buildings
were not built thinking to the need to provide a wireless coverage, so a
wireless network design could be difficult for the limitations provided by
the building itself.
One of the most troublesome conditions arises when we need to
communicate between two areas separated by thick walls; in some
cases we are not allowed to use wires because of security issues, so a
Through-the-Wall communication is necessary [1-8].
Walls can be made of various materials, concrete (reinforced or not),
stucco, marble and so on. For the sole case of concrete, according to
aging and humidity, the relative permittivity can be in the range 2-8, so
the design of an antenna for Through-the-Wall communication could
change according to the particular wall chosen.
The aim of this contribution is the introduction of a novel antenna,
exhibiting an ultra wide permittivity behavior, i.e. its reflection
coefficient is kept below -10dB for a wide range of permittivities of the
wall to which it is connected.
II. ANTENNA DESIGN
To the best knowledge of the authors, no antenna specifically designed
according to ultra-wide-permittivity characteristics is described in the
open literature. There is, however, a wide literature on the realization of
ultra wide band antennas [9], and we are going to exploit some of the
concepts of UWB antennas in our design.
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Let us consider an antenna surrounded by a dielectric medium; the
(working) resonating frequency f r of the antenna depends on the
permittivity of the dielectric medium and changes according to the
formula f r =f 0 /sqrt(ε r ), where ε r is the relative dielectric permittivity of
the medium and f 0 is the resonant frequency when ε r =1. Accordingly,
roughly speaking, an antenna whose frequency response does not
change within a suitable range is also capable of working in different
materials.
This observation has been exploited in the design shown in Fig. 1,
where an UWB patch antenna is stuck in direct contact with the wall
and, to improve the transmission, a λ 0 /2 metallic cavity is also added
(λ 0 being the free space wavelength at 2.45GHz).
The optimization of the antenna has been achieved by means of CST
Microwave Studio [10], starting from the design of an UWB printed
monopole antenna. The substrate on which the monopole and the
ground plane are realized is a 0.5 mm thick Arlon 25N (ε r =3.38).
To verify the quality of the design, in Fig. 2 the reflection coefficient at
the ISM 2.45GHz is plotted as a function of the permittivity of the wall
on which the antenna is placed, showing satisfactory performance.
III. PROTOTYPE REALIZATION AND TESTING
A prototype of the UWPA has been built (Fig. 3). The cavity is realized by
means of a folded 0.5mm thick aluminum foil, with an additional layer
of aluminum adhesive tape in order to improve the robustness of the
whole structure.
The UWPA built has been tested when stuck on different materials
(concrete, marble, plasterboard, free-space). In Fig. 4a the reflection
coefficient measured in different working conditions is plotted.
These results confirm that the reflection coefficient of the antenna in
the ISM band is lower than -10 dB for all the materials tested. The
reflection coefficient of the antenna operating in free-space is in good
agreement with the corresponding simulation.
To test the Through-the-Wall communication capabilities of the antenna
in Fig. 4b we show the transmission coefficient between two UWP
antennas (S21) placed on the sides of a 20 cm concrete wall, measured
using a Vector Network Analyzer. The comparison with numerical
simulations shows again a very good matching.
IV. CONCLUSION
A novel compact, low cost, light antenna, aimed at the optimization of
through-the wall communications has been proposed. The antenna is
designed to keep a suitably low reflection coefficient when operating on
walls with relative dielectric permittivity in the range 1-9. In this sense
the antenna has “ultra wide permittivity” properties.
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The antenna has been tested in real working environments, and the
results obtained in the measurement campaign confirmed the
expectations.

FIG. 1 − Scheme of the UWP Antenna

FIG. 2 − Simulation of the reflection coefficient for variable wall permittivity

FIG. 3 − Photo of two realized prototypes
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a)

b)
FIG. 4 − Measurements on the realized prototypes
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Abstract

A TSVD based procedure to characterize the wall transmission coefficient in the
framework of through-the–wall imaging is introduced. The procedure works for a
symmetric lossless wall and does not rely on optimization schemes but requires
a multistatic configuration.
Index Terms−Linear inverse scattering problem, obstacle estimation, singular
value decomposition, through-wall imaging.

I. INTRODUCTION
Through-the wall imaging (TWI) is an emerging research field whose
application ranges from civilian to military contexts [1].
What makes TWI problems different than free space imaging is the
presence of the wall. Indeed, the wall is the primary source of clutter
and must be accounted for by any imaging algorithm in order to avoid
blurring and delocalization effect [2].
While clutter can be cancelled by gating and/or filtering procedure, to
obtain focalized reconstructions, the wall parameters should be known.
In practical situations, such parameters are unknown or known with
some degree of uncertainty. Therefore, a wall estimation stage should be
run before imaging.
Many methods cast the wall estimation problem as an optimization and
benefit from the single-layer homogeneous assumption which leads to a
limited number of unknowns (two or three) to be looked for [3]-[5].
However, in many other situations, such a hypothesis does not hold,
and the typical problems of nonlinear optimization turn out to be
relevant.
In this paper we present a new non-optimization-based wall
characterization procedure in the case of walls varying only along the
depth. The main idea is to estimate the wall transmission coefficient
rather than its electromagnetic properties. This allows to cast
characterization as a linear inverse problem we solve by a TruncatedSingular Value Decomposition (TSVD).
As measurements are collected in reflection mode configuration, the
method can be applied only to symmetric lossless walls. However, the
wall can be multilayered with the number of layers being unknown.
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This approach has been already presented in [6]. Here, we extend it to
the more realistic case of 3D.
I.

PROBLEM FORMULATION

The scenario consists of a three-layered medium. The first and the third
layers are assumed to be the free-space with ε 0 and µ 0 being its
dielectric permittivity and magnetic permeability, respectively. The
second layer is representative of the wall. It is assumed laterally
homogeneous, lossless with a relative dielectric ε w (z) = ε w (d − z) , d being
its thickness. The transmitting antenna is located in the first layer at a
distance h from the front face of the wall in P = (x s , y s ,−d ) so that the effect
of the wall on the antenna radiation properties is negligible.
We consider a multistatic measurement configuration where
the
reflected field is collected over a set of different positions taken over a
square region, the observation domain, Σ = Σ x × Σ y = [− X O , X O ] × [−YO ,YO ] .
Accordingly, the reflected field, E r (xO , y O , k 0 ) , can be expressed through the
integral equation
1
(1)
E (x , y , k ) =
Γ(k ,k , k ) f (k , k , k )
r

O

O

0

(2π ) ∫∫

x

2

y

0

i

x

y

0

D

× exp[− jk x (x O − x S )]exp[− jk y ( y O − y S )]exp(− j2k z h)dk x dk y

where Γ(k x , k y , k 0 ) is the dyadic reflection coefficient of the wall, which is
function of the Fresnel reflection coefficients ΓTE and ΓTM [7], that is
  k
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is the source plane-wave spectrum, k t2 = k x2 + k y2 and k x , k y , k z
are the wavenumber components corresponding to x, y, z , respectively,
is the free-space wavenumber. Note that the integration
interval in eq. (1) has been restricted to the “visible domain”.
Accordingly, to retrieve the wall transmission coefficient, one has first to
invert eq. (1) for ΓTE and ΓTM .If a sliced approach is used [5], as the 3D
TWI reconstruction is obtained by solving a collection of twodimensional and scalar problems, Fresnel coefficients are all we need to
implement it [6]. Otherwise, once the Fresnel reflection coefficients are
known, the dyadic transmission coefficient of the wall can be obtained
as well.
k0 = ω ε 0 µ0

II. NUMERICAL RESULTS
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In this section, we report some numerical reconstructions of the Fresnel
reflection coefficients obtained by exploiting synthetic data corrupted by
an additive white Gaussian noise with SNR=30dB.

τ

FIG. 1 −Flow chart of the overall wall characterization procedure.

As source, we consider a truncated rectangular wave guide with
aperture 0.1m×0.05m in size and located at (0,0,-0.2). The reflected
field is collected over 36 measurement points which uniformly span the
measurement aperture Σ = [−1,1] × [−1,1] m2 located at the same distance
(from the wall) as the source. A single frequency f = 1.2 GHz is here
employed. A three-layered wall is considered, with thicknesses 0.1m,
0.04m and 0.1m, respectively, and relative dielectric permittivity of 4,1
and 4.
To invert eq. (1) one of the method discussed in [7] can be employed.
Here, we consider the case in which the transversal source spectrum is
linearly polarized along the y-axis, so that f i = (0, f y , f z ) . This way, a
couple of linear integral equations is obtained. Their inversion is
achieved through a TSVD procedure whose outcomes are exploited to
solve a system of two equations for ΓTE and ΓTM . The overall procedure is
sketched in Fig. 1, whereas the reconstruction of the amplitude and
phase of ΓTE along with its actual behaviour are reported in Fig. 2. As can
be seen, reconstruction is satisfactory achieved except for point where
the scattering parameters exhibit numerical singularities [7]. Similar
result are obtained for ΓTM (not shown here).
III. COCLUSIONS
Weproposed a new wall characterization procedure and validated it
against synthetic data.The idea is to estimatethe wall transmission
coefficient instead of the electromagnetic properties (dielectric
permittivity, thickness, etc.) of the wall. This allowed to cast the
characterization as a linear inverse problem, thus avoiding optimization
algorithms which can be time and resource consuming when the wall
structure is not a mere single homogeneous slab.
The procedure works for lossless symmetric walls. However, layered
walls (with the number of layers being unknown) can be dealt with.
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FIG. 2−Top row: actual TE reflection coefficient. Bottom row: retrieved one.
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Abstract

The adoption of microwave imaging as a tool for non-invasive monitoring of
brain stroke has recently gained an increasing attention. With respect to such a
framework, in this communication, we propose a simple and effective imaging
strategy for brain stroke monitoring, based on a modified formulation of the
linear sampling method, which allows a quasi real time monitoring of the
disease's evolution. The performance of the imaging technique is assessed
through numerical examples dealing with an anthropomorphic phantom.
Index Terms − Microwave Imaging, Brain Stroke Imaging, Linear Sampling
Method.

I. INTRODUCTION
A stroke is caused by a failed blood circulation into the brain due to a
blocked or burst blood vessel and can cause serious diseases or even
death if not timely detected. Currently, the main clinical imaging tools
used to detect and diagnose brain strokes are computerized tomography
(CT) and/or magnetic resonance imaging (MRI). These techniques are
largely assessed and provide in a reliable way the stroke's location and
kind. However, they are not cost effective, their operation is time
consuming and the involved instrumentations are not portable. As
such, they are not suitable for a continuous monitoring of the stroke's
evolution. These circumstances motivate the interest for new
technologies that can integrate the currently available ones to improve
the overall efficiency of the diagnosis.
In the recent years, by relying on the evidence that ischemic tissue
shows, in the microwave band, different electric properties with respect
to healthy tissues [1], several research groups are investigating the
possibility to use microwave tomography (MWT) for brain imaging,
developing both MW exposure devices and imaging strategies [2-4].
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With respect to such a framework, in this communication, we propose
an imaging strategy for brain stroke monitoring based on the Linear
Sampling Method (LSM) [5], and in particular on its modified
formulation [6]. Such an imaging approach is meant as a cooperative
tool with well assessed and current available diagnostics tecnique (e.g.
from CT or MRI), as it assumes that the brain structure is (at least
approximately) known. This is a reasonable assumption since,
according to the current clinical protocols, these techniques are the
ones routinely applied to patients showing stroke symptoms. On the
other hand, the real time imaging capability of the proposed method, as
well as the non ionizing (and therefore harmless) nature of microwaves
let exploit the tool to perform a continuous monitoring of the stroke,
which represents a crucial aspect for timely treatment of the disease.
II. IMAGING STRATEGY
The imaging approach we consider is based on the modified version of
the LSM proposed in [6], which takes advantage of the knowledge of the
brain structures provided by other diagnostic techniques. This method
is worth to be considered since it is not demanding in terms of
computational time and memory requirements. The knowledge about
the electromagnetic features of the head tissues allows to formulate the
imaging problem in a “differential” fashion, that is as the search of a
perturbation with respect to a known scenario. Formally, this
corresponds to sample the investigated area into an arbitrary number of
sampling points r p and solve in each of them, the following equation in
the unknown x
 (r , r ) ,
∆E s x ( rp ) =
G
m
p

(1)

where ΔE s is the difference between the measured data (i.e., in presence
of the stroke) and the data computed by simulating the known
“unperturbed” reference scenario (i.e., the healthy brain), while the right
 expresses the Green function of the inhomogeneous
hand side G
scenario, i.e., the field radiated by an elementary source located in r p (in
the brain) and evaluated at the receivers located at rm .
A stable solution of Eq.(1) can be achieved by exploiting the SVD of ∆E s
and the Tikhonov regularization [5]. Hence, we can foresee that the L2
norm of solution x will assume large values when r p is outside of areas
exhibiting anomalous properties with respect to the healthy brain and
low values elsewhere. In order to enhance the readability of the imaging
result, we consider a differential indicator defined as:
x ( rp )
=
2
 (r )
G
p
2

=
∆ϒ ( rp )
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In Eq. (2) the energy of the solution x is weighted by the norm of the
right hand side of Eq. (1) in each sampling point in order to compensate
the attenuation of the field, due to the different location of the sampling
points with respect to the receivers.
III. NUMERICAL ASSESSMENT
While referring the reader to [7] for more details concerning the choice
of the working frequency and the adopted matching medium, in this
Section we show the performance of the proposed imaging method with
respect to a 2D scenario computed starting from a slice of the 3D
anthropomorphic phantom taken from [8] and using the dielectric
properties of biological tissues reported in [9]. The actual permittivity
profile is shown in Fig.1a.
The head is probed at 1GHz, by means of 32 elementary line sources
located on a circle surrounding the region under test, and working in a
matching medium having electric properties ε mm = 40, σ mm = 0.01S/m.
Receiving probes are located in the same positions of the transmitting
ones.

(a)

(b)

(c)

FIG. 1 − Validation of the proposed imaging approach: (a) reference permittivity
profile; (differential indicator in ideal conditions; (c) differential
indicator in realistic conditions.

First, let us observe the result obtained by using the proposed imaging
strategy in ideal conditions, i.e., when the reference profile is exactly a
priori known and noiseless data are processed, see Fig.1b as this gives
an idea of the "best obtainable result". Then, to assess the capability of
the approach in more realistic conditions, we have considered the
unavoidable presence of uncertainties on the reference scenario and
noise on data. In particular, we have processed simulated data
corrupted by an additive gaussian noise (SNR=60dB) and we have
introduced a ±2,5% random variability on the electromagnetic
properties of the tissues in the phantoms, to simulate the natural

ISBN: 978-88-907599-0-1

Session 4

131

Proceedings of the XIX RiNEm

variability of actual tissues. Note that the average values of the
electromagnetic properties of the tissues are instead used to evaluate
 . Corresponding reconstruction is shown in
the Green's function G
Fig.1c.
As can be seen, these figures corroborate the capability of the proposed
approach as an effective strategy for brain stroke imaging.
IV. CONCLUSIONS
This communication concerns with a feasibility study on Microwave
Imaging for brain stroke monitoring. It is worth to note that microwaves
are particularly suitable to perform a continuous monitoring, since they
are not harmful for the patient, being non-ionizing radiations and they
involve technologies which allows to design portable and cost-effective
devices. The positive results obtained by the imaging strategy with a 2D
anthropomorphic head phantom motivate the ongoing studies aimed at
assessing the proposed tool in the more realistic 3D case.
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Abstract

This communication deals with Microwave Imaging of breast cancer and aims at
presenting ongoing advancements on a recently proposed methodology, which
exploits Magnetic Nanoparticles (MNP) as contrast agent able to selectively
target cancerous tissues by modifying their magnetic permeability. In this
framework, we discuss the performance of the imaging approach, in terms of
reliability and sensitivity, against realistic conditions.
Index Terms − breast cancer imaging, contrast agent, magnetic nanoparticles,
microwave imaging

I. INTRODUCTION
The relationship existing in the microwave frequency range between
electric properties of human breast tissues and their physiopathological
status motivates the investigation of microwave imaging (MWI) as a tool
for cancer diagnosis. However, studies on the dielectric properties of
human mammary tissues at microwave frequencies [1] have outlined
that MWI may fail in discriminating malignant tissues from healthy
fibroglandular ones. To overcome this drawback, a contrast enhanced
MWI methodology has been recently proposed [2], which uses MNP as a
selective contrast agent. Since the human tissues are non magnetic, the
capability of inducing a magnetic anomaly localized only into the tumor
allows to cast the cancer imaging as the reconstruction of a magnetic
contrast from the corresponding scattered field. In this respect, since
the induced magnetic contrast is embedded into a complex
heterogeneous electric scenario, as the female breast, a key issue is to
extract, from the measured data, the signal meaningful for the imaging
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task, i.e., the backscattered field due to the MNP. To pursue this goal,
the possibility of modulating the magnetic response of MNP at
microwaves by means of an external polarizing magnetic field (PMF) has
been exploited. In particular, the MNP response can be switched OFF
and ON by applying or not an external PMF of sufficient intensity. In
this way, the differential ON-OFF signal only accounts for the response
of the MNP targeted tumor. This communication reports some recent
results, which, starting from the encouraging ones reported in [2], aim
at assessing the performances of the MNP enhanced MWI approach in
realistic scenarios, i.e, considering the experimental characterization of
MNP response [3] and anthropomorphic breast phantoms [4].
II. IMAGING STRATEGY
The low amount of MNP that can be selectively delivered to cancerous
tissues implies that the induced magnetic anomaly can be actually
modeled as a weak perturbation of the surrounding electric scenario.
Accordingly, the differential scattered field ∆Es , i.e. the difference of the
signals measured when MNP are ON and OFF, is linearly related to the
magnetic contrast χ µ [2] and the imaging task can be cast as the
inversion of the corresponding relationship:

 EM ( r , r ) χ ( r ) H
 ( r, r ) d =
∆ E s ( rm , rv ) =
− jωµo ∫ G
r
v, m =
1,, M
µ
m
i
v

(1)

Ω

 EM and H
 are the electric-magnetic Green's function and the
where, G
i
incident magnetic field related to the reference electric scenario,
respectively, rm and rv denote the locations of the M receiving and
transmitting probes. A stable regularized solution χ̂ µ of Eq. (1) can be
achieved by means of the Truncated Singular Value Decomposition
(TSVD):
=
χ̂ µ (r )

T

1

∑σ
n =1

ˆ , u v (r ) ,
∆E
s
n
n

(2)

n

ˆ is the collected data vector, while σ , u n and v n denotes the
where ∆E
s
n
n-th singular value and singular vectors of the matrix LEM , i.e. the
discretized version of the integral operator in Eq. (1). The threshold T
has to be chosen in such a way to assure a good trade-off between the
accuracy of the approximation and the stability of the solution.
III.

PERFORMANCE ANALYSIS

The presented numerical analysis is referred to an anthropomorphic
phantom (ID 070604PA2 from http: //uwcem.ce.wisc.edu\home.htm),
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and takes into account experimental results on the MNP behavior [3].
The breast is immersed in a homogeneous lossless matching medium,
whose relative permittivity is ε b =25. The domain Ω is probed by means
of 24 z-directed electric dipoles and evenly spaced on three
circumferences surrounding Ω. Transmitting and receiving probes are
located at the same positions. The tumor, modeled as a spherical
inclusion, has approximately the same electric features of the
fibroglandular tissue. First, to study the sensitivity with respect to the
size of the tumor and the adopted working frequency, we have observed
the reconstruction capabilities of the proposed strategy at a fixed
frequency and for a fixed value of SNR (f=2GHz and SNR=70dB) and
considering different sizes of the cancerous inclusion. As expected, the
lower is the radius of the spherical inclusion the larger is the magnetic
contrast that should be induced. In particular, we found that χ µ ∝ c 3 ,
r
where r is the radius of the tumor and c is the concentration of MNP
delivered into the tumor. A similar behavior is observed fixing the
tumor's dimension and SNR (r t =0.5cm and SNR=70dB) and varying the
working frequency. The theory of Rayleigh scattering suggests that the
magnitude of the scattered field varies as the square of the frequency
and, as a consequence, also the induced magnetic contrast should do
the same. However, we observed that at lower frequencies a higher
magnetic contrast, with respect to the one suggested by the theoretical
model, is needed to obtain a reliable reconstruction (see Fig.1). This is
due to the fact that at those frequencies the hypothesis of point
scatterer fails.

Fig.1 - Induced magnetic contrast against working frequency. The blue
line represents the experimental measured response of MNP [3].
According to these results, in the second part of our analysis,
concerning the assessment of the robustness of the method against
uncertainties on the reference electric scenario, we have fixed the
working frequency at 2GHz. Moreover we have supposed a concentration
c=10mg/ml of MNP delivered into a tumor, whose radius is r t =0.5cm.
Hence, based on the experimental result in [3], the magnitude of the
induced magnetic contrast when MNP are switched ON is set to |χ μ | =
0.0094. Since no a priori information on the breast are assumed, but for
its outer shape and the skin extent, two approximated electric scenarios
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have been considered to model the breast inner structure: a
homogeneous adipose medium and a homogeneous fibroglandular one,
shown in Figs.2.b,c, respectively.
Figures 2.e,f state that the reconstruction reliability is influenced by the
adopted reference scenario. In particular, we have observed that, based
on the location of the tumor, one of the two reference scenarios is
preferable. However, whatever is the tumor location, an its reliable
reconstruction is achieved by simply considering the intersection of the
results provided by the two reference scenarios, see Fig.2.d.

(a)

(b)

(c)

(d)
(e)
(f)
Fig.2 - Performances assessment against reference electric scenario: (a)
reference permittivity profile; (b) adipose reference scenario; (c) fibroglandular
reference scenario; (d) intersection of the reconstructions in (e) and (f); (e)
normalized magnitude of χ̂ µ obtained with reference scenario in (b); (f)
normalized magnitude χ̂ µ obtained with reference scenario in (c).
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Abstract

We describe here a Vector Finite Difference approach to the evaluation of
waveguide eigenvalues and modes for circular waveguides. The FD is applied
using a 2D polar grid, in the waveguide section. A suitable Taylor expansion of
the vector mode function, allows to take exactly into account the boundary
condition. The FD approximation results in a constrained eigenvalue problem,
that we solve using a decomposition method. This approach has been
evalutated comparing our results to the analytical modes of the circular
waveguide.
Index Terms − constrained eigenvalue problem, equivalent magnetic current,
finite-difference, waveguide modes

I. INTRODUCTION
An accurate knowledge of the cut-off frequency and mode vector is
important in many waveguide problems. Among them, we quote here
the analysis of waveguide slot and apertures using the methods of
moments (MoM) [1], and the solution of waveguide junction problem
using mode matching [2]. Standard Finite Differences (FD) approaches
compute the eigenfunctions of Hertz potential, and so a numerical
derivative is therefore required, to get the vector mode functions, which
can result in reduced accuracy.
Aim of this work is to present the direct computation of vector
eigenfunctions in a waveguide, using a finite difference (FD)
approximation of the vector Helmholtz equation on a polar grid. Since
we are mainly interested in using those modes in MoM, the entire
development will be expressed in term of equivalent magnetic surface
currents. This approximation leads to a matrix eigenvector problem,
when suitable conditions are added. These come out from the boundary
condition and the solenoidal or irrotational condition on mode vectors.
The latter must be added as a separate constraint, and the resulting
constrained eigenvalue problem can then be solved using linear algebra
tecniques [3].
II. DESCRIPTION OF THE TECHNIQUE
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Let use consider a circular waveguide. The TE modes surface
  

magnetic current M , equivalent to the transverse field e= iz × M , are the
eigenfunction of the Helmholtz equation[3]:


∇t2 M + kt2 M =
0
(1)
with additional conditions.


=
∇t × M 0

 
=
M ⋅ in
0
C

(2)

where C is the contour of the waveguide (see Fig.1a). FD approach to
the solution of this problem is based on the replacement of problem (1)
with a discretized version. In order to correctly include the boundary
condition, a polar grid is selected, with spacing ∆r, ∆α , and the
equations are replaced by difference equations. For each internal grid
point (see Fig.1b), a second order Taylor approximation allows to

evaluate ∇t2 M using surface magnetic current samples in terms of the
neighboring, ampling points.

FIG. 1 − (a) Vectors geometry with respect to the contour of the conductor. (b)
Intenal point of polar framework. (c) Center of polar framework

The expression for an internal point P as in Fig.1b is :


∇t2 M P =  M B ,r K1 + M D,r K 2 + M A,r K3 + M C,r K3 − M P ,r K 4 + M A,α K5 − M C,α K5  ⋅ ur +
(3)

+ M
 B,α K1 + M D,α K 2 + M A,α K3 + M C,α K3 − M P,α K 4 − M A,r K5 + M C,r K5  ⋅ uα
1
1
1
1
1
1
1
where K1 =
.
−
K2 =
+
K3 = 2 2 K 4 = K1 + K 2 + 2 K3 + 2 K5 = 2
2
2
∆r 2rp ∆r
∆r 2rp ∆r
rp ∆α
rp
2rp ∆α

which can be easily extended to a boundary point [4]. To discretize
the first condition (2) we can use a first-order Taylor expression and get:
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 1  ∂ ( rM α ) ∂M   1
M D ,α − M B ,α 1 M C ,r − M A,r 
r
−
− ⋅
∇t × M = ⋅ 
 = 0
 =  ⋅ M P,α +
2∆r
2∆α
∂α   rp
r  ∂r
rp


(4)

It remains to consider the center of the circle, see Fig.1c. In this point it
is not possible to use a Taylor expression since it is a point of
singularity for the polar frame. Then we integrate (1) and apply the
theorem of the gradient to the result to get:

 ∆r 2 
 ∂M r 1
 ∆r ∂M α 
2
cos
sin
α
α
α
i
d
M
M
i
⋅
+
⋅
=
−k
⋅
+
+
(
)
(
)
(x
)

π ,
r 
y
t
∫C 
4 
r
∂α 
 2
 ∂r

(5)
After a numericall evaluation we get:

(

)  = −k M α , ∆r 

(

)

 M α ,q ⋅sin (α q ) + M 0,q y sin (α q ) cos (α q ) − M 0,q x sin 2 (α q )
M r ,q ⋅cos (α q ) ⋅∆α + ∑ 
∑
2
=q 1 =q 1 

q
2
q
N M
N
α , q ⋅cos (ϑq ) + M 0, y cos (α q ) − M 0, x sin (α q ) cos (α q )
M r ,q ⋅sin (α q ) ⋅∆α − ∑ 
∑
2
=q 1 =q 1 

N

N

2
t

x


 2

(6)

 = −kt2 M y  α , ∆r 

 2


The discretized version of the eigenvalue problem can therefore be
expressed as a constrained eigenvalue problems:
=
Ax λ=
x
CT x 0

(7)

where A is a (2n,2n) matrix, ( containing the discretized form of (1), i.e.,
(3) taking into account the B.C and the (6)) and C is (2n,m) with n>m

(expressing the ∇t × M condition), and λ = −kt2 . Following [5], we can
solve (7) by letting x= Q ⋅ y and where Q is an orthogonal (2n,2n) matrix
obtained by the QR factorization of the matrix C. Then A ⋅ Q ⋅ y = λ ⋅ Q ⋅ y
→ QT ⋅ A ⋅ Q ⋅ y = λ ⋅ QT ⋅ Q ⋅ y i.e.
matrix.

The

constrained

By = λ y where B = QT ⋅ A ⋅ Q is a (2n,2n)

becomes

(Q ⋅ R )

T

⋅ x =( Q ⋅ R ) ⋅ Q ⋅ y =
T

= RT ⋅ QT ⋅ Q ⋅ y = RT ⋅ y = 0 . This problem can then be recasted as:

B ⋅ y = λ ⋅ y


 RT ⋅ y 0
=
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where Bij is a (n,n) matrix.

T1 are (invertible) triangular matrix. Now

u=0 [5] and therefore we need to extract the eigenvalues of B22 which is a
(n,n) matrix. This discretized eigenvalues problem must be solved by
numerical routine and, the full matrix routines of Matlab have been
0
used. The waveguide modes can then be obtained as x= Q ⋅ .
v
III. NUMERICAL RESULTS
The resulting technique gives results comparable (see table I) with
analytic eigenvalue and eigenvectors. The last column shows the RMS
difference between analytical mode vectors.
Table I - Comparison between our FD code and analytic results for TE
modes in circular waveguides r=4mm ∆r=0.03960 ∆α=0.5°.
n,p

Kta

Ktpv

ep%

RMS_error
*1.0e-006

11

0,460296

0,460292

0,000793

0.0001

21

0,763559

0,763531

0,003656

0.0007

01

0,957927

0,957697

0,023982

0.0008

31

1,050297

1,050204

0,008831

0.0011

IV. CONCLUSION
A new FD approach to the computation of the modes of circular
waveguide has been described. The typical full matrix obtained by the
FD allows an effective computation of the eigenvalues, with a very good
accuracy, as shown by our tests.
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Abstract

Although in the last years the BiCGStab has been employed with success to
handle large linear systems arising from the the RWG MoM discretization of
electromagnetic scattering problems formulated by EFIE, its nested version, the
N-BiCGstab, has received little attention. In this work, a numerical study on its
performances is presented. Results demonstrate that N-BiCGStab is, at least in
the examined cases, faster and more robust than the standard BiCGStab
coupled with diagonal or ILU preconditioning.
Index Terms− Krylov Subspace Methods, EFIE, Method of Moments,
N-BiCGStab.

I. INTRODUCTION
In Computational Electromagnetics (CEM) a number of alternative
integral formulations are available to model the electromagnetic
scattering and radiation phenomena. Among these, the standard form
of the electric field integral equation (EFIE) still remains extensively
exploited, even in spite of some well-known limitations (see [1] and
references within). When a real life EM problem is tackled, the
discretization of the EFIE provides a very large, dense and nonHermitian linear system of equations that can be solved in an efficient
way by using a Krylov subspace method (KSM) in conjunction with a
suitable preconditioning technique (PT) [2]. During the years, many
efforts have been done by researchers to define the best choice among
the different couples {KSM, PT} available in literature. Nowadays, a good
compromise seems reached by the use of the Generalized Minimal
Residual method (GMRES), in combination with ILU preconditioning
(see [2] and references within). Although the GMRES is optimal, in the
sense that it leads to a minimal residual solution over the associate
Krylov subspace, such a goal is achieved against a demand in memory
space that grows linearly with the number of iterations and that could
become rapidly prohibitive in term of memory requirements (see [2] and
references within). Even if this limitation can be circumvented when
GMRES is employed in its restarted version, the GMRES(m), it is a very
difficult task to assign a priori value to the restart parameter m such
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that both convergence and memory requirements are both optimized.
Hence, especially when large and dense non-Hermitian linear systems
are tackled on small workstation a technique involving a fixed amount
of memory per iteration should be employed, if out-of-memory errors
must to be avoided. This is the case of the Bi-Conjugate Stabilized
(BiCGStab) method. In spite of being less popular than the GMRES,
BiCGStab has been already exploited with success in CEM literature to
treat large EM problems. However, as underlined in [3], the
performances of the BiCGStab can be improved providing that the
preconditioning step is treated by another KSM so realizing the Nested
BiCGStab (N-BiCGStab) method. Although N-BiCGStab has been
extensively employed in many others engineering fields (see for example
[4] and references within), at the best of our knowledge little attention
has been devoted to it in CEM. In this work, preliminary results of a
numerical study on its performances for solving the dense
non-Hermitian linear systems arising from discretization of EFIE, are
presented.
II.

THE

N-BICGSTAB AT A GLANCE

In what follows we provide a brief account about the ideas and
principles characterizing N-BiCGStab (see [3] and references within).
Basically it searches for an approximate solution 𝐢𝑛 of the matrix system
(i.e. the discretized EFIE)
(1)
𝐙𝐢 = 𝐯
of the form
(2)
𝐢𝑛 ∈ 𝐢0 + 𝐾𝑛 (𝐫0 , 𝐙),
𝑛 = 1,2,3, …
where 𝐢0 ∈ ℂ𝑛 is any initial guess for the solution of Eq. (1), 𝐫0 = 𝐯 − 𝐙𝐢0 is
defined
as
the
residual
vector,
and
𝐾𝑛 (𝐫0 , 𝐙),
𝐾𝑛 (𝐫0 , 𝐙) = 𝑠𝑝𝑎𝑛{𝐫0 , 𝐙𝐫0 , … , 𝐙𝑛−1 𝐫0 } is the 𝑛-th Krylov subspace generated
by the couple (𝐫0 , 𝐙). It can be demonstrated that any vector in 𝐾𝑛 (𝐫0 , 𝐙)
can be written as a polynomial in 𝐙 times 𝐫0 , and so Eq. (2) becomes
𝐢𝑛 = 𝐢0 + 𝑞𝑛−1 (𝐙)𝐫0

(3)

where 𝑞𝑛−1 is a suitable polynomial of a degree at most 𝑛 − 1. The above
relation implies that at the residual 𝐫𝑛 = 𝐯 − 𝐙𝐢𝑛 is associated a
polynomial 𝑝𝑛
(4)
𝐫𝑛 = 𝐫0 − 𝐙𝑞𝑚−1 (𝐙)𝐫0 = 𝑝𝑛 (𝐙)𝐫0

of degree at most 𝑛, called residual polynomial. The approximate
solution 𝐢𝑛 , or equivalently, the associate polynomial 𝑝𝑛 , is founded by
N-BiCGStab requiring that 𝐫𝑛 fulfils the following orthogonality
condition
(5)
𝐫𝑛 ⊥ 𝐾𝑛 (𝐫�0 , 𝐙𝐻 )

ISBN: 978-88-907599-0-1

Session 5

143

Proceedings of the XIX RiNEm

(where 𝐫�0 ∈ ℂ𝑛 is an arbitrary vector satisfying the condition 〈𝐫0 , 𝐫�0 〉 = 1).
More precisely N-BiCGStab tries to construct a sequence of vectors {𝐢𝑛 }
such that 𝐢𝑛 → 𝐢 for 𝑛 = 1,2, … in a given tolerance ε making the n-th
iteration consist of two levels: an outer level implementing all the
procedures that are necessary to compute 𝐢𝑛 starting from 𝐢𝑛−1 [3] and
an inner level in which the preconditioning phase [3]
𝐏𝐞𝑛−1 = 𝐫𝑛−1

(6)

is solved in an “inexact way” by a secondary KSM (which is chosen by
the user), so maintaining the asymptotic complexity 𝒪(𝑁 2 ) of the overall
procedure (at step n) unvaried [3].
III. NUMERICAL RESULTS

As a test case we considered the plane wave scattering by a perfect
conducting metallic sphere with radius r=0.5 m at the frequency f=150
MHz. A computer code implementation of the MoM RWG and of the NBiCGStab method has been developed exploiting the MATLAB
framework. Simulations have been carried out using a PC with an Intel
CoreTM 2 Duo processor at 1.66 GHz and 4 GB of main memory. The
conducting sphere has been discretized with n = 11850 edges. All the
results have been obtained fixing an accuracy ε=10-6 and a maximum
number of iterations maxit=500 for the outer level, while fixing ε= 10-1
and maxit = 100 for the inner level. The initial guess vector is set equal
to the null vector for both levels. Different KSMs have been considered
for the inner level but, due to lack of space, in what follows only results
considering the BiCGStab as inner method are shown. Table (1)
compares the performances of the N-BiCGStab, in which the
preconditioning phase (6) is carried out exploiting the antihermitian
component of Z, with those provided by i) the standard BiCGStab
algorithm and ii) some preconditioned implementations of it. Table (1)
and figure (1) make apparent how the N-BiCGStab reduces significantly
both the overall number of iterations and the computational time
required to reach convergence.
IV. CONCLUSIONS
In this work a numerical study on the performances of the N-BiCGStab
for non-Hermitian linear system arising from the discretization of the
EFIE is presented. At least in the examined cases, numerical results
show that this technique can reduce significantly the computational
burden with respect the standard BiCGStab coupled with a diagonal or
ILU preconditioner. Currently, we are working on an implementation of
this technique for general purpose graphic processing units (GPGPU)
following the guideline outlined in [5].
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FIG. 1− Euclidean norm of the residual vector. Note that in the case under
consideration the ILU-preconditioned BiCGStab saturates the available
memory and so cannot be compared with the other techniques.
TABLE I – BICGSTAB VS N-BICGSTAB
Method

Convergence

Iterations

N-BiCGStab

Yes

BiCGStab
BiCGStab
diag.
precond.
BiCGStab
ILU precond

Residual

10

Time
[Sec]
150

No

500

467

2.9.10-5

Yes

486

697

3.8.10-7

No (out of
memory)

---

---

---

2.9.10-8
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Abstract
The vertical components of the mixed-potential Green’s functions due to onedimensional (1-D) or bidimensional (2-D) phased array of dipoles in a layered
medium are computed through suitable homogeneous-medium asymptotic
extractions from the standard spectral series of Floquet’s harmonics. The
extracted terms can be expressed as potentials for a 1-D or 2-D array of half-line
sources. Their computation requires a suitable modification of the Ewald
method, thus resulting in new modified spectral and spatial series, having
Gaussian convergence even in the case of complex modes and improper
harmonics. Numerical comparisons have been performed to validate the
proposed acceleration technique.
Index Terms − Acceleration methods, Ewald method, Green’s functions, Mixed
potentials, Periodic structures.

I. INTRODUCTION
Computational modeling tools for a fast and accurate design of guiding
and radiating structures with 1-D and 2-D periodicity in layered media
have recently found an increasing interest. Most of the available
integral-equation approaches are based on the solution of a MixedPotential Integral Equation (MPIE) by means of the Method of Moments
(MoM) [1], where currents can be expressed in terms of sub-domain
basis functions [2]. This method leads to an efficient analysis that is
based on the reduction of the computational domain to a single unit cell
[3,4]. Nevertheless, since periodic Green’s functions are usually
expressed in terms of slowly-converging series, acceleration techniques
are required for their computation [3,4]. In this work, effective methods
are discussed for the faster computation of the dyadic and scalar
periodic mixed-potential Green’s function, which are suitable for the
analysis of vertical elements and can take into account the presence of
improper leaky waves supported by the periodic layered structures.
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II. MIXED-POTENTIAL ACCELERATION
A mixed-potential formulation [1] is chosen here. Its milder spatial
singularities lead to an easier integration over the testing and basis
functions [2], with respect to field-based formulations. Both dyadic and
scalar Green’s functions are defined. They are usually expressed as
spectral sum of harmonics, where the actual expressions depend on the
kind of periodicity considered. With reference to the geometries shown
in Fig. 1, we mention here two kinds of spectral series:
+∞

1 +∞ − jkxn Δx 
− jk Δy
e
G k t n ; z , z ′ e y dk y
∑
∫
2πp n= −∞
−∞
+∞
+∞
1
− jk ⋅Δr
G ( r, r′ ) = ∑ ∑ G k t nm ; z , z ′ e tnm
A n= −∞ m= −∞

G ( r, r′ ) =

(

(

)

(1)

)

(2)

where for 1-D periodic arrays along x, as in Fig. 1(a), p is the spatial
k x0 + 2π n / p is the wavenumber along x of the nth harmonic,
period, k=
xn

k t n k xn x 0 + k y y 0 . For
k y is a continuous spectral integration variable, and =
2-D arrays, as in Fig. 1(b), A is the unit-cell area and
k t nm =
k t 00 + (2π mz 0 × s1 ) / A + (2π ns 2 × z 0 ) / A is the wavenumber of the (n,m)th
~

harmonic, s 1 and s 2 being the spatial lattice vectors of the array. G is a
spectral Green’s function, known in closed form for any stratification.
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FIG. 1 − Stratified geometries with periodic distributions of sources analyzed
here: (a) 3D problem with 1D periodicity; (b) 3D problem with 2D periodicity.

Depending on the direction of the currents, the computation of
different components of the potentials is required. For instance,
formulating an EFIE for purely planar periodic structures (such as
periodic microstrips, with electric currents orthogonal to the axis of
stratification) requires the computation of only two scalar potentials (the
“transverse potentials”) [1]. For a more complex (non-planar) structure,
the remaining “vertical potentials” should also be calculated (including
the scalar potential P z and the off-diagonal entries of the dyad G A ) [1].
The convergence of the series and integrals in (1)-(2) becomes
dramatically slow as z → z ′ at an interface between media. A common
approach to accelerate the convergence of the transverse potentials is
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the asymptotic extraction of direct and quasi-static images as (we refer
here to the array 2-D point sources, but similar extractions can be
performed for the other geometry):
+1
1 +∞  
 − jk tnm ⋅Δr
′

G ( r, r′Δ
G
k
;
z
,
z
+
=
−
;ΔC
)
∑
∑
tnm
i g k tnm ; zi  e

A n ,m = −∞ 
i= −1


(

)

(

)

+1

∑ C g (k

i= −1

i

t00

ri

)

(3)

If the source and the observation points are in the same layer, three
images are extracted: a spectral-domain homogeneous-medium Green’s
function g due to the “direct” path from the source to observation
point, and due to the two reflections from the nearest interfaces. If the
source and the observation points are in adjacent layers, only the direct
image is extracted. The first series in (3), called “regularized Green’s
functions,” is faster converging due to the asymptotic cancellation
between terms. Extracted terms are summed back to restore the
original function G in the form of a homogeneous-medium periodic
Green’s function g. This is still expressed as a slowly-converging series,
but it can be evaluated with the Ewald method [3] as the sum of two
different series, g Espectral and g Espatial , each one with Gaussian convergence.
A more delicate extraction is required for vertical potentials, due to
their different asymptotic behavior. The scalar vertical potential P z
(again only for the 2-D case for brevity) is computed with extraction [3]:
+1
 − jk t ⋅Δr +1
Di
1 +∞  
nm
′

+ ∑ Di g z k t 00
=
−
;Δ
Pz ( r, r′Δ
P
k
;
,
g
k
;
z
z
z
)
 z t nm
∑
∑
t nm
i e
A n ,m = −∞ 
i= −1 jk znm
i= −1


(

(

)

)

(

)

r (4)

where the extracted terms are spectral homogeneous-medium Green’s
functions divided by the factor k z . Due to this factor, the functions gz
can be related to homogeneous-medium periodic Green’s functions g
through integration along the stratification direction (z):
g z ( Δr ) =

+∞

∫ gdζ

(5)

Δz

The off-diagonal terms zx and zy of the dyad G A can be simply
computed by differentiating the extracted terms in (4) with respect to
the transverse coordinates x and y, respectively. From (5), the Ewald
method can be applied by integrating the two original Ewald series
along the z direction. This defines two modified Ewald series:
+∞

+∞

spectral
g z ( Δr ) =
∫ gdζ =
∫ g E dζ +
Δz

Δz

+∞

∫g

spatial
E

dζ =
g Ez,spectral + g Ez,spatial

(6)

Δz

both again with a Gaussian convergence rate, which are valid also in
the case of improper waves.
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III. NUMERICAL RESULTS
We show here some numerical results to validate the computational
methods described in the previous section. In Figs. 2(a) and 2(b),
comparisons are given between the non-accelerated and the accelerated
scalar vertical potential P z and the off-diagonal term zx of G A for a 1-D
array of sources over a grounded slab. A forward space-leaking n = 0
harmonic is chosen, with the spectral integration paths in (1) chosen
according to [4]. As expected, the results are in perfect agreement, thus
validating the method in the critical case of improper waves.

(a)

(b)

FIG. 2 − Real (black line) and imaginary (gray line) part of the potentials: (a) P z
and (b) G zx . Computation without any acceleration (lines with squares) and
with the asymptotic extraction (4) (lines with circles) in the segment
−p/2<∆x<p/2, p=2 mm, ∆y=p/20, ∆z=0, in a grounded slab with ε r =2.2, height
h=0.508 mm, at frequency f=10 GHz and a wavenumber of k x /k=0.8 − j0.02.

IV. CONCLUSION
Original techniques for the efficient evaluation of all the components of
multilayered 1-D and 2-D periodic Green’s functions have been
proposed and tested. Even if related to the accuracy degree and the
specific structure investigated, the time saving with these acceleration
algorithms is remarkable (typically two or more orders of magnitude).
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Abstract

This work will present a spectral-element method suitable for the efficient design
of two-dimensional passive waveguide components. The method exploits
different domain mappings in order to correctly model the singular behavior of
the field close to sharp edges also in presence of curved sides. Several devices
for satellite communication and scientific instrumentation have successfully
been designed with the present technique. Detailed comparison between
simulated and measured performance will prove the reliability of the method
also when very demanding specifications are set on components design
Index Terms − Model-order reduction, passive waveguide devices, spectralelement methods.

I. INTRODUCTION
State-of-the-art microwave and millimeter-wave passive waveguide
components have to exhibit wide/multi-band behavior along with
demanding electrical performances that partly depend on the specific
application, i.e. communications, scientific surveys and remote-sensing.
As an example, in satellite communication systems, the broad-band and
multi-band features have to be specifically traded-off against powerhandling management and interference-signal suppression [1]. Hence,
very accurate modeling and measurement procedures have to be
applied during the design and testing of each component of the feedchains. Since two-dimensional (2-D) devices are widely used in these
systems, the development of very efficient analysis methods to be used
in the design stage of 2-D waveguide structures is of practical interest.
In this work, the design of 2-D waveguide components is addressed by
applying a spectral element method (SEM) in order to efficiently
evaluate the multi-mode Generalized Scattering Matrices (GSMs) of
E(H)-plane components with sharp edges and irregular shapes. The
analysis of complex devices is efficiently achieved by cascading the
multimode GSMs of their basic components, whose geometry is
synthesized by means of the scattering matrix design approach
described in [2]. In the SEM, the domain is subdivided into a few
elements to gain flexibility in the geometry description, and at the same
time the degree of the polynomials in each sub-domain is relatively high
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to retain the exponential convergence typical of spectral-methods.
However, the singular behavior of the fields close to sharp edges
significantly degrade its convergence properties. In order to overcome
this burden, as in the FEM [3], the set of polynomial functions can be
augmented with singular functions. However, only a small number of
singular functions can be introduced on each element, since they can
become essentially linearly dependent on the polynomial basis set [4].
Moreover, the singular functions must be defined on elements with
irregular boundaries, so that a small number of subdomains are needed
to describe the geometry.
I.

SPECTRAL ELEMENT METHOD

The analysis of a x-invariant structure with section Ω can be cast in the
following weak integral form of the scalar Helmholtz equation [5]

∫∫ ∇ φ ⋅ ∇ v dΩ
Ω

t

t

− k t2

N ports

∫∫ φ v dΩ = ∑ ∫
Ω

k =1

Γ(k )

(k )
∂φ wg
)
∂n (k
wg

(k )
v dΓwg

∀v ∈ X v

(1)

where X v is a suitable space of test functions, and the variables
φ and φwg represent the scalar field component in the Ω domain and in
the input waveguide ports, respectively. This scalar variable represents
either the H x or E x field component, depending on the set of incident
modes, i.e. LSE(x) or LSM(x). Therefore, the same geometry can be
considered for the analysis of both E-plane and H-plane structures. The
unknown φ has to satisfy the Neumann or Dirichlet boundary
conditions on the metal walls (depending on the problem type) and the
continuity condition through the waveguide ports.
The basic steps of the spectral element method to be presented are:
• Definition of a geometrically conforming partition in order to
decompose the object region Ω into M subdomains Ω i .
• Evaluation of an analytical linear blending mapping from each
subdomain Ω i to the unit square S = (-1,1)2 in the reference σdomain.
• Introduction of a companion structure in a χ-domain with rectified
sides in order to correctly model the singular behavior of the field
close to sharp edges also in presence of curved sides.
• Definition of a set of basis functions on each subdomain Ω i as the
tensor product of Chebyshev polynomials defined in the reference σdomain that are weighted by singular functions defined in the χdomain.
• Application of the basis-recombination strategy [6] in order to derive
a set of a set of basis functions that satisfy the boundary conditions
• Ortho-normalization of the basis-functions set.
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•
•
•

Application of the mortar-matching technique [6], in order to glue
together the functions defined on each subdomain Ω i
Introduction of a reduced-order model by evaluating a set of
problem-matched functions [7].
Computation of the generalized scattering matrix of the component
by applying the Galerkin method (with the problem-matched basis
functions) to (1).
II. RESULTS

Several devices have been developed by applying the present analysis
method. As an example, Fig. 1 shows the comparison between the
simulated and measured scattering coefficients of a Ku-band E-plane
diplexer operating broadcast and fixed satellite services with two Rx
channels. Although the transition band of the diplexer is narrower than
1 %, a very remarkable agreement between simulated and measured
performance has been achieved.
I.

CONCLUSION

The present method has successfully been applied to the analysis of
E(H)-plane devices. Its extension to the analysis of cylindrical structures
is currently under development. This is expected to be particularly
effective in the design of dual-band high-efficiency smooth-wall feedhorns for multi-beam satellite systems.
ACKNOWLEDGEMENT
This work has been partly supported by Thales Alenia Space Italy and
by the Italian Ministry of Education, University and Research (MIUR)
under the PRIN grant 20097JM7YR .
REFERENCES
[1] P. Perottino, P. Lepeltier, J. Maurel, K. Tossou, L. Salghetti Drioli, and P.
Sarasa, “Multi-Frequency Feed for Telecommunications Satellite”, Proc.
32nd ESA Antenna Workshop, October 2010, ESTEC, The Netherlands.
[2] R. Tascone, P. Savi, D. Trinchero, and R. Orta, “Scattering matrix
approach for the design of microwave filters”, IEEE Trans. Microwave
Theory Tech., vol. 48(3), pp. 423-430, March 2000.
[3] J.S. Juntunen and T. D. Tsiboukis, “On the FEM treatment of wedge
singularities in waveguide problems”, in IEEE Trans. Microwave Theory
Tech., vol. 48(6), pp. 1030-1037, June 2000.

ISBN: 978-88-907599-0-1

Session 5

152

Proceedings of the XIX RiNEm

[4] J. P. Boyd, Chebyshev and Fourier spectral methods, New York: Dover
Publications, 2000.
[5] G. Pelosi, R. Coccioli, and S. Selleri, Quick finite
electromagnetic waves, Norwood, MA: Artech House,1998.

elements

for

[6] C. Canuto, M. Y. Hussaini, A. Quarteroni, and T.A. Zang, Spectral
methods: evolution to complex geometries and applications to fluid
dynamics, Berlin, Germany: Springer-Verlag, 2007.
[7] O. A. Peverini, R. Tascone, M. Baralis, G. Virone, D. Trinchero, and R.
Orta, “Reduced-order optimized mode-matching CAD of microwave
waveguide components”, IEEE Trans. Microwave Theory Tech., vol. 52(1),
pp. 311-318, Jan. 2004.

(a)
0
simulation
measurement

S11 [dB]

-10
-20
-30
-40

Tx
-50
10

11

12

Rx1

Rx2

13

14

15

f [GHz]
(b)
0

Tx

-20

S

32

[dB]

-40

simulation
measurement

-60
-80
-100
-120
-140
10

Rx1
11

13

12

Rx2
14

15

f [GHz]

FIG. 1 − Simulated and measured scattering parameters of the Ku-band
diplexer described in the text. (a) Reflection coefficient at the common port 1.
(b) Transmission coefficient from the Tx port 2 to the Rx port 3 (Isolation).
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Abstract

In this contribution a novel synthesis approach for Plane Wave Generators is
presented; the advantages of the hybrid method used for the synthesis are its
numerical efficiency and the effectiveness of the solution found. The layouts
found by the algorithms present also the advantage of a reduced complexity and
a simplified construction of the achievable layouts.
Index Terms − Antenna Measurements, Antenna Arrays, Hybrid Numerical
Methods

I. INTRODUCTION
Antenna testing is one of the most important paradigms of hiperformance antenna design [1]. Among the different solutions currently
adopted (far-field ranges, compact ranges, near-field systems) Plane
Wave Generators are attracting more and more interest in the last years
[2-7]. A Plane Wave Generator (PWG) is an antenna array specifically
designed to synthesize a plane wave, or a superposition of plane waves,
in a near field volume. A PWG has several interesting advantages
compared to other antenna testing systems. It shares with compact
ranges the possibility of performing fast measurements in controlled
indoor environments, while its size can be kept smaller, with clear
advantages in the size and cost of the anechoic chamber.
In this paper a novel synthesis approach for Plane Wave Generators is
summarized as well as the numerical analysis of some design examples;
this contribution describes part of an extensive work [2,3], performed
jointly by the Università di Napoli “Federico II” and Università degli
Studi di Cassino e del Lazio Meridionale, within a research activity
supported by Selex Sistemi Integrati [8].
II. FORMULATION OF THE PROBLEM AND THE ALGORITHM DEVELOPED
Let us consider the problem of synthesis of a plane wave on the PWA
coming from broadside direction. Let P the vector collecting the
positions of the PWG elements, whose excitations are collected in the
vector I. The planar Plane Wave Area will be denoted by PWA, while the
surface of the lateral walls of the anechoic chambers will be denoted by
Ω (Fig.1). The optimal vectors I and P describing the PWG, under
constraints on the level of the cross-polar component on the PWA, and
the level of the field amplitude on the later walls of the anechoic
chamber can be obtained solving the following problem:
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arg min Ecop (I, P) − 1
I, P

2

on PWA

with the following constraints:
Ecop (I, P) = 1 on PWA

E (I, P) < a on Ω
Ecross (I, P) < ε

on PWA

(1)
(2)
(3)
(4)

wherein E denotes the radiated field, E cop and E cros denote its copolar
and crosspolar components, and ||·|| p the L p norm. As discussed in
[2], in case of directive AUT p=2 is the most appropriate choice.
The considered formulation of the problem is difficult to handle, since
the functional E is a strongly non linear function of the vector of
positions P; furthermore there is an open question regarding the right
number of radiating elements to use, that should be reduced as much
as possible in order to keep manufacturing costs low.
This latter problem can be faced by choosing a number of radiating
elements (approximately) equal to the number of degrees of freedom on
the AUT of the most tilted plane wave that the PWG is going to radiate
[2]. Once the number of radiating elements has been chosen an effective
procedure of synthesis can be achieved exploiting as much as possible
the linearity of the radiation operator respect to the PWG elements’
excitations: an evolutionary algorithm searches for the optimal vector P
while the optimal excitations are found by means of fast convex
programming techniques.
This approach requires a global search in a space with a number of
dimensions proportional to the overall number of antennas, that could
be cumbersome. According to the optimal continuous solutions found in
[2], it could be reasonable to place the radiating elements according to a
non-equispaced grid (Fig.2). This choice has two main advantages: first,
the number of unknowns is strongly reduced (for a square PWG we
have the square root of the number of feeds) so we can have a
reasonably good synthesis with only 100 iterations; second, the
synthesized layout can be manufactured with reduced costs thanks to
the regular structure of the array.
Since it can be demonstrated that for directive AUTs the optimal metric
for evaluating the quality of a PWG is δ 2 [2], defined as:
(5)
δ 2 = 1 / A || δEcop || 2 / |< Ecop >|
the cost function adopted for the evolutionary algorithm is:
(6)
δ2
if | E |< a on Ω

C=
max( E(I, P)) if | E |≥ a on Ω
In this way the cost will be positive and equal to the maximum field
exceeding the boundaries if the boundary constraints are not verified,
and will be negative when such a constraint is verified. Also, the
algorithm will try at first to find a position able to radiate a field in the
PWA that does satisfies the constraints, then the solution will be further
improved in order to achieve the minimum error on the PWA.
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When fields from directions other than broadside are required the
synthesis is achieved considering a number of incidence directions in a
chosen range, and choosing as cost metric the index Φ, equal to the
maximum cost function among the different incidences considered.
III. NUMERICAL EXAMPLES
As an example a synthesized layout made of 400 radiating elements will
be shown; in this case d=35λ, 2a=28λ and 2b=25λ. In Fig. 3 we have the
elements’ positions and relative excitations in the case of synthesis of a
plane wave coming from broadside direction, while in Fig. 4 the field on
the PWA plane is depicted. In the shown case we have a quality index
δ 2 =-33.8dB. To verify the quality of the solution found, the
reconstruction of the field radiated by a Chebyshev planar array is
depicted in Fig.5, showing a very good agreement. The hybrid algorithm
is numerically efficient, since it took less than 1 hour to synthesize the
shown example on a PC with an Intel i7 2.3GHz processor and 6Gb
RAM.
Finally in Fig.6 the performance index Φ of the optimized structures (in
this case with 32x32 elements to match the correct number of degrees
of freedom of the tilted plane wave on the PWA) when considering plane
waves coming from variable incidence ranges is shown. More synthesis
examples will be shown during the conference.
IV. CONCLUSIONS
The PWG synthesis algorithm presented allows to synthesize array
layouts capable to perform a good antenna testing. The synthesis
algorithm is quick, and allows to design arrays that are relatively simple
and cheap to build, making the Plane Wave Generators an even more
appealing solution for antenna testing

FIG. 1 − PWG scheme; Π is the surface on
which the PWA is placed; PWA is the AUT Area
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FIG. 3 − Layout of a PWG of 400 elements

FIG. 5 − Reconstruction error in the case of the
testing of a Chebyshew planar array

FIG. 4 − Field of the PWG on the PWA [dB]

FIG. 6 − Performance index Φ in case of layouts
optimized for variable angles of incidence
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Abstract

The model order reduction technique is applied to the finite elements analysis of
phased array antennas, leading to fast and accurate computation of the
radiation pattern in front of a beam steering process. Computational timings and
approximation error of the reduced order model are shown for a patch antennas
array, proving the noticeable advantages of the presented approach.
Index Terms − Finite elements, phased array antennas, model order
reduction, beam steering.

I.

INTRODUCTION

In modern communication systems and many other applications such
as radar utilization, large arrays of antennas are employed to form an
electronically steerable antenna beam while completely avoiding
mechanically moving parts. In order to adjust such a beam to the given
dynamically changing needs, a large amount of consecutive full-wave
field analysis runs would be necessary to process every emerging
parameter set.
Due to the enormous computational effort that would be needed for
such analysis, it is highly desirable to extract, in an off-line stage, a
subset of information from those numerically accurate fully three
dimensional results, enabling in an on-line stage, fast tuning of
parameters at a lower accuracy level. In mathematical terms, the
challenge is to reduce a very large linear system of equations, with
typically millions of unknowns, to a comparatively small one with only
thousands of unknowns, while necessarily keeping the relevant
information. This kind of approach belongs to the group of model order
reduction algorithms which are nowadays employed in many areas, in
particular in electronic design processes [1].
Due its capability to handle materials inhomogeneity and
geometrical complexity of modern antennas, to its formulation that
allows antennas coupling analysis, the finite elements method results to
be a suitable analysis tool for phased array antennas. Being usually
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truncated by means of absorbing boundary conditions, the domain of
analysis is restricted to the near fields. Radiation patterns must hence
be computed in a post-processing step from the knowledge of the
tangential near fields on the enclosing surface boundaries.
The finite elements formulation for the near-field computation, the
near-field to far-field transformation method and the model order
reduction technique employed are presented in Section II. Section III
shows results obtained from the analysis of a 3-by-5 patch antennas
array. Section IV draws some conclusions.
II.

FORMULATION

The analyzed boundary value problem (Fig. 1) consists of solving the
vector Helmholtz equation for the electric field:
∇×

1

µr

∇ × E − k02ε r E =0

(1)

with perfect electric boundaries conditions on Γ E , absorbing boundary
conditions on Γ R and wave ports conditions (keeping only fundamental
mode) on Γ pWG , p=1…P. k 0 is the free-space wavenumber, μ r and ε r are,
respectively, the relative permeability and permittivity of the utilized
materials. For the sake of simplicity, all metallic parts that compose the
antennas array are assumed to be perfect electric.

FIG. 1 − Sketch of the phased array antennas
finite element analysis domain Ω.

Upon applying the conventional Galerkin finite elements (FE) method
with edge basis functions [2], a linear system of the form [A]x=b is
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obtained, where [A] is a sparse matrix, due to local character of the
chosen basis functions. For the superposition principle, the right hand
side b can be expanded into a sum of vectors b p as much as the
number of ports, in order to extrapolate from the system the complex
excitations enforced at each port, allowing to set the excitations of the
ports for a beam steering operation.
As the radiation pattern is sought for, Stratton-Chu formulas in
Kottler’s form [3]-[4] are used to compute the far-field from the FE
solution on Γ R , then, with the knowledge of the accepted power at
antennas ports, the antenna gain can be retrieved all over the
observation directions. This near-field to far-field transformation can be
viewed as the application of an operator cH on the FE solution such that
g=cHx, with g the gain value in the selected observation direction and
[·]H is the hermitian transpose operator. For further reduction of the
model [5], c have been approximated in terms of truncated Fourier
series, reducing the number of operations to compute the pattern. c is
thus written in terms of vectors c q associated to a given harmonic
function.
A projection-based model order reduction technique [1], [5]-[7] is
finally performed by properly choosing independent FE solutions
computed for different scan angle excitation. Those solutions, which
constitute global basis functions for the reduced system, are collected in
a matrix V that is used to project the full input (steering excitations)output (gain) system matrices in the following manner:

[ V ] [ A ] [ V ] =  A 
H

[V]

H

b p = b p

(2)

cqH [ V ] = c qH

leading to the reduced order system of full matrices of the form:
  x = i b
 A
∑p p p

 




g =  ∑ oq c qH  x

 q


(3)

where i p are the complex excitations for each antenna element and o q
are the harmonic functions that expand the near-field to far-field
transformation operator. The system matrices of Eq. (3) are now full
matrices with an order as low as the dimension of the space spanned by
V. The reduced system solution vector is related to the full system
solution vector by x = [V]H x.
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III.

RESULTS

The array of 3 by 5 patch antennas shown in Fig. 2 have been analyzed
with the proposed technique. The spacing between the antennas is of
λ 0 /2, λ 0 being the free space wavelength. First order basis functions
have been chosen requiring, for a sufficient near-field accuracy, a mesh
density of λ 0 /10, leading to about 3.6x105 unknowns. 26 Fourier
coefficients have been retained to approximate c, being enough for an
approximation error in the gain of 10-8, relatively to the full operator
pattern results. The main error introduced at this point is only
attributable to the finite elements approximation and the numerical
integration technique employed for the implementation of Stratton-Chu
formulas.
To reduce the model by Eq. (2), 15 FE independent solutions where
needed, that is for 15 different scan angles, leading to a relative error of
the gain as low as 10-11, while 14 and less solutions would have
introduced a non-neglectable error (~10-1). To validate the FE code, the
simulation has been run with the commercial package Ansys HFSS.
Results, shown in Fig. 3, validate the present formulation.

FIG. 2 − Array of 3 by 5 coaxial-fed rectangular patch antennas analyzed for
fast beam steering computations.

To emphasize the advantages of the model order reduction, timings
in the pattern computations have been compared (Table I). Ansys HFSS
requires about 35 s to compute the patterns of Fig. 3 while the present
code requires only 150 ms, 233 times lower than Ansys HFSS times.
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FIG. 3− Patterns computed on the XZ and YZ planes with (left) HFSS and
(right) present FE code.
TABLE I – COMPUTATIONAL REQUIREMENTS
Ansys HFSS

Present code

Full system assembly
and solution timings
(off-line)

38 min

45 min

Total memory
requirements for full
system (off-line)

1.5 GB

625 MB

Memory requirements
for reduced system
(on-line)

-

1.5 MB

Radiation pattern
computation timings
(on-line)

35 s

150 ms

IV.

CONCLUSION

The model order reduction technique have been employed to speed-up
the computation of the radiation patterns from finite elements analysis
of phased array antennas. As the finite elements system has been
parameterized in terms of port excitations, very fast computation of
radiation patterns in front of a beam steering operation can be
achieved.
It has been shown that the reduced order systems of dimensions as
large as the number of array antennas contain all the necessary

ISBN: 978-88-907599-0-1

Session 5

162

Proceedings of the XIX RiNEm

information to retrieve the patterns with an error as low as numerical
one. Fourier expansion of the near-field to far-field transformation
operator reduces computational effort while keeping reasonable
accuracy for pattern evaluation.
It is worth noticing that the presented technique might render
practical pattern shaping optimization algorithms applied to full-wave
simulations.
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Abstract

In this paper the analysis of fractal dimension maps obtained from Synthetic
Aperture Radar (SAR) images is presented. For the first time, it is shown that it
is possible to extract from SAR data information related only to the roughness of
the observed surface, i.e. presenting low dependence on the parameters of the
considered incident field. Both natural and urban scenarios are considered and
the behavior of the maps in case of different sensor look angles is discussed.
Index Terms − Fractals, rough surfaces, Synthetic Aperture Radar.

I. INTRODUCTION
Recently the authors developed an innovative electromagnetic model
which allows the retrieving of information - dependent on the natural
surface roughness component only - from the electromagnetic field
scattered from a natural surface, as acquired by SAR sensors [1]. In
fact, the fractal dimension is a significant geophysical parameter of
natural surfaces, dictating the distribution of the roughness over
different spatial scales [1]-[4]. For this reason, the possibility to estimate
the fractal dimension from a single amplitude-only SAR image is of
fundamental importance for geomorphologic and geophysical analysis.
This novel and unparalleled result has been obtained thanks to the
appropriate electromagnetic model introduced in [1]. In fact, it allows
the extraction of a map of the point-by-point fractal dimension of the
observed scene. The fractal dimension of natural areas, due to the fact
that it is related only to the roughness of the observed surface, shows a
very interesting behavior: it is one of the few parameters which we
expect to be very stable whenever illumination and radar conditions
change. However, when the fractal estimation is performed in presence
of man-made objects, non-fractal characteristics can be observed on the
fractal map: these are mainly related to the bright signature and to the
significant geometrical distortions present on SAR data when built-up
areas are imaged. These non-fractal characteristics can heavily change
for different acquisition parameters of the sensor (e.g. look angle).
These maps can lead toward the development of high level products
to be used by geophysicists for earth surface modeling and monitoring.
II. THEORETICAL FRAMEWORK
The fractional Brownian motion (fBm) is a regular stochastic process
that completely describes natural surfaces by means of only two
independent parameters: the Hurst coefficient, H (which is linked to the
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fractal dimension by the simple relation D=3-H) and the standard
deviation of surface increments at unitary distance, s [m1-H] [2], [3].
In order to retrieve the fractal dimension of a natural scene from its SAR
image the authors developed a direct electromagnetic model which links
the surface to its final amplitude SAR image [1]. The expression of the
power spectral density (PSD) of image range cuts has been analytically
evaluated. In an appropriate range of spatial frequencies, it presents a
power law behavior, thus showing on a log−log plane a linear behavior
with a slope related to the Hurst coefficient H of the observed surface:

where k y is the wavenumber of the range cut of the image and Γ(·) is the
Euler Gamma function.
III. EXPERIMENTAL SETUP
Exploiting the theoretical results presented in the previous section, a
processing, based on a spectral elaboration of amplitude SAR images, is
implemented. The output product of this processing is the fractal map
relevant to the input SAR image, that provides - for each pixel of the
starting SAR image - the fractal dimension, evaluated on a small patch
selected through a sliding window centered in the pixel. To obtain this
result, within each window the power spectral densities of the range
cuts are averaged to get the PSD: finally, according to the expression in
(1), the fractal dimension is evaluated through a linear regression on
the graph of the spectrum in a log−log plane [1].
Note that, due to the fact that natural surfaces are characterized by
a value of the fractal dimension 2<D<3 [2], [3], all the man-made objects
present in the SAR image can be identified through fractal processing,
as they lead to fractal dimension values outside this fractality range.
Moreover, the fractal dimension is a quantitative descriptor of the
roughness and geomorphologic properties of natural surfaces and it
could allow distinguishing between different geomorphic areas or
recognizing geodynamic processes accountable for natural structures
formation [4]. Finally, comparing fractal maps relevant to the same
natural surface area, but obtained from SAR images acquired with
different look angles, it turns out that the shapes of the histograms of
the fractal maps do not significantly change as the viewing sensor
geometry varies. Conversely, comparing the fractal maps obtained from
SAR images with different look angles of the same urban area, the
corresponding fractal dimension distributions show different behaviors.
In Fig. 1, two COSMO-SkyMed stripmap images of the SommaVesuvius volcanic complex (Naples, Italy) acquired with two different
look angles (θ 1 =22° and θ 2 =31°) are shown. In Fig. 2 their fractal
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dimension maps, generated using a sliding windows of 51x51 pixels, are
presented. Note that on the left and on the bottom of the fractal maps
small very dark patches corresponding to man-made objects present on
the scene are clearly visible: all dark features correspond to SAR image
areas that are detected as non-fractal (see the grey level palettes). Note
that also layover zones in the SAR images are detected as non-fractal.

(a)
(b)
FIG. 1 − COSMO-SkyMed stripmap images of the Vesuvius acquired with look
in (a) and
in (b).
angles

1.286

2

2.737

1.364

2

2.717

(a)
(b)
FIG. 2 − Fractal maps of the SAR images Fig. 1-(a) and Fig. 1-(b), respectively.

In Tab. I and in Fig. 3-(a) the statistics and the histograms of the
fractal maps in Fig. 2 are reported: they show that, changing the sensor
viewing geometry, the behavior of the estimated fractal dimension maps
does not significantly change. For the sake of brevity, for the urban
scenario case, we present in Tab. I and in Fig. 3-(b) only the statistics
and the histograms: the SAR images and the relevant fractal maps
acquired with the mentioned look angles over the same urban area (the
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business center of Naples) are not reported. Note that, in this case, the
statistics change significantly as the sensor viewing geometry varies.

(a)
(b)
FIG. 3 − (a) Superposition of the histograms of the fractal maps in Fig. 2.
(b) Superposition of the histograms of the fractal maps relevant to the urban
area. In both cases: θ 1 =22° with continuous line and θ 2 =31° with dashed line.
Table I - STATISTICS OF THE FRACTAL DIMENSION MAPS
Figure

Dmin

Dmax

Dmean

Dstdev

Fig. 3-(a), θ 1 =22°

1.286

2.737

2.240

0.095

Fig. 3-(a), θ 2 =31°

1.364

2.717

2.230

0.098

Fig. 3-(b), θ 1 =22°

1.063

3.738

2.196

0.150

Fig. 3-(b), θ 2 =31°

1.013

4.316

2.166

0.171

IV. CONCLUSIONS
Thanks to the appropriate electromagnetic modeling introduced by the
authors in [1], for the first time it is possible to extract from SAR data
information related only to the roughness of the observed surface. The
studies presented in the present paper strongly support the idea that
fractal dimension maps can lead to the development of high level SAR
products which can be positively used by geologists and geophysicists.
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Abstract

Since the 1990s differential interferometry techniques have been applied to
synthetic aperture radar images to measure the surface displacement field
caused by earthquakes. Indeed the phase difference of the radar signals
acquired after and before the event registers the variation of the electromagnetic
path due to the displacement. Analytical formulation to model these changes in
radar range exists, anyway the inverse problem, i.e. the retrieval of the seismic
source parameters from the interferometric phase measured, is not of
straightforward solution because of its intrinsic ill-posedness. A novel inversion
technique, based on Neural Networks, harmonic analysis and non-linear
principal component analysis, has been developed in previous studies obtaining
encouraging results. Here the theoretical basis of the methodology is reviewed
and applied to a new set of experimental data.
Index Terms − SAR Interferometry, Neural Networks, Nonlinear PCA

I. INTRODUCTION
Repeat pass Differential Interferometry (DInSAR) represents the most
attractive technique available to measure, the surface displacement field
caused by earthquakes [1]. The centimetric accuracy of the measure
allows reconstructing the coseismic surface displacement field
extracting the interferometric phase from the complex crossmultiplication of each pixel in the two Synthetic Aperture Radar (SAR)
images, acquired before and after the event. The phase contains
different contributions like the orbital and the topographic ones, that
can be eliminated to obtain the deformation signal. The fringe pattern,
i.e. the image representing the phase changes, carries information on
the geometry of the source. The solution of inverse problem, i.e. the
retrieval of fault parameters from the interferogram, cannot be written
in closed analytical form, moreover the problem is ill-posed, since the
parameter space can present several local minima. Neural Networks
(NN) are particularly suited to the analysis of complex behaviours, of
which we do not know the exact functional relationship, but of which
we have available a sufficient number of examples. Indeed through
supervised learning the NN implements a non-linear function
approximation between inputs (the data) and outputs (the geophysical
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parameter). In previous study [2] we proposed a new approach where
the estimation of the fault parameters (Length, Width, Strike, Dip,
Depth), starting from the wrapped interferogram, is obtained by
chaining two different NN architectures: in the first one a
dimensionality reduction is performed by a so called Auto-Associative
Neural Networks (AANN) [3], while in the second stage the final
inversion is carried out with a Multi-Layer Perceptron (MLP) NN [4].
II. MATERIALS AND METHODS
We applied the NN procedure to three different data sets. The
interferograms have been obtained applying DInSAR to a coseismic pair
of Envisat ASAR data for the L’Aquila event (April 6th 2009, Mw=6.3,
Italy) and two coseismic pairs of ALOS PALSAR data for the Darfield
(September 3rd, 2010, Mw=7.1, New Zealand) and Christchurch,
(February 21st 2011, Mw=6.3, New Zealand) events (fig. 1).

FIG. 1 - Differential interferogram relative to the L’Aquila earthquake, (left).
Differential interferogram relative to the Darfield earthquake (center).
Differential interferogram relative to the Christchurch earthquake (right).

The displacement field represented by the fringes is the surface
expression of the displacement among the fault blocks. The Okada
formulation [5] expresses the surface displacement u i (x 1 , x 2 , x 3 ) due to
a dislocation ∆u j (ξ 1 , ξ 2 , ξ 3 ) across a surface Σ in an isotropic medium
as:

(1)

In eq. 1 δ jk is the Kronecker delta, λ and μ are Lamé’s coefficients,
specifying the elastic medium, ν k is the direction cosine of the normal to
the surface element dΣ. The term u i j is the ith component of the
displacement at (x 1 , x 2 , x 3 ) due to the jth direction point force of
magnitude F at (ξ 1 , ξ 2 , ξ 3 ). The synthetic interferogram is obtained
converting the displacement components u i , projected onto the satellite
Line Of Sight, into phase and applying a wrapper operator [1]. The fault
geometry parameters are the inputs of the direct Okada model while
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represents the outputs of the NN based inversion procedure. To train
the NNs lacking of a proper set of real data a sets of synthetic
interferograms, developed using the Okada model, have been used.
However, giving to the network the whole interferogram as input can be
very counterproductive and a procedure able to constrain the
information in a lower dimensional space is required. For this reason a
features extraction methodology, based on Discrete Fourier Transform
(DFT) and AANN has been developed. The AANN architecture is
characterized by a symmetrical topology in which the output layer is
equal to the input layer and an internal “bottleneck” layer is included.
The network is trained to approximate the identity mapping between
inputs and output. Since the bottleneck layer is smaller than the
output, its nodes must represent or encode the information in the
inputs for the subsequent layers to reconstruct the input. We have first
considered the phase spectrum of the interferometric image, from which
we have extracted the DFT low frequency components. In this way it
was possible to obtain a first reduction of dimensionality of the data,
more exactly from 2250000 to 5000 input components. A further
reduction was achieved by applying an AANN scheme to the signal
produced by the DFT processing. The output of this phase is a final
reduced vector composed by only 50 elements. These 50 elements were
used as input in the training phase of the neural network algorithms
dedicated to the inversion. Three NNs have been so trained and applied
to retrieve the fault parameters from the considered real interferograms.
III. RESULTS AND CONCLUSIONS
The solution of the neural inversion shows interesting results (table 1),
indeed the estimated geometric parameters are generally in agreement
with the results from other authors [6]-[7]-[8] and the three models
computed (shown in figure 2) are quite comparable with the real
interferograms. The little overestimation for the fault geometrical
parameters is due to the choice of considering a constant slip onto the
fault plane. Moreover the source of Darfield is more complex than the
other sources. Therefore the NNs result, at present, can be only
considered for a sub-optimal representation of the source.
TABLE 1. Geometric parameters of the seismic source as retrieved by the
neural network for the three considered interferograms

Seismic Event Length
(km)
L’Aquila
13.58
Darfield
46.0
Christchurch
18.0

Width
(km)
6.88
5.0
14.0

Dip
(deg)
63
84
55

Strike
(deg)
135
78
60

Top/Bottom
Depth (km)
3.7/9.8
4.9/9.9
4.0/15.46

Mean
Slip (cm)
100
120
100

The NN approach can be very effective when a first characterization
of the seismo-genetic fault is needed in a very short time. The obtained
result can be considered like a basis to develop a more sophisticated
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study on the earthquake evolution [9]. Moreover the inversion is applied
directly on so called wrapped interferograms, not requiring to apply
heavy unwrapping algorithms.

FIG. 2 - The models of the considered earthquakes: L’Aquila event (left).
Darfield event (center). Christchurch event (right).
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Abstract

The increased amount of Synthetic Aperture Radar (SAR) images acquired over
the ocean represents an extraordinary potential for improving oil spill detection
activities. To this purpose, the use of artificial Neural Networks (NN) has
already been demonstrated to be profitable. However, the effective design of a
NN algorithm relies on the availability of a statistically significant set of
examples to be used for the training phase. In this paper the performance of NN
is discussed for two different dataset provided by the last generation satellite
missions: Cosmo-Skymed and TerraSAR-X. In the latter case, the use of an
electromagnetic model has been considered to improve the statistical
representation of the data. The results obtained are satisfactory as in both
cases the overall accuracy of the classification, discriminating between oil spills
and look-alikes, is more than 80%.
Index Terms − COSMO-Skymed, Damping Ratio, Neural Networks, PCNN,
Two-scale Model.

I. INTRODUCTION
The damping of ocean waves by viscoelastic films has been subject of
many studies. At incidence angles between 20 to 75 degrees the radar
backscattered power depends on the power spectral density of Bragg
waves, this process is described by the Bragg scattering theory [1].
Moreover the presence of a monomolecular surface film attenuates not
only short gravity-capillary waves, but also long ocean waves, as
described by Marangoni effect. For these reasons the presence of dark
patches on SAR images can be often related to the presence of surface
films. However, the origin of a dark spot in the SAR image can be also
due to the presence of atmospheric effects or natural surface slicks. To
allow effective oil spills surveillance using active radar techniques it is
therefore important to correctly discriminate between actual oil spills
and what are called “look-alikes”.
The use of neural networks in classification problems has increased
over the years due to several advantages. In particular they do not
require the knowledge of the probability distribution functions
characterizing the variables of interest and they are robust in dealing
with noisy data. The process of detecting oil pollution is generally
composed of three steps [2]: segmentation of the dark object, extraction
of significant features, classification of the oil spill candidate. The
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features extracted from an oil spill candidate are generally divided into
Geometric (Area, Perimeter, Complexity, Spreading) and Radiometric
(Object Standard Deviation, Background Standard Deviation, Contrast
values between Object and Background) ones.
In this study the topic introduced above has been addressed
considering two types of X-band images . They have been provided by
the COSMO-SkyMed and TerraSAR-X missions in the framework of an
ASI Announcement of Opportunity and as a result of a collaboration
with DLR, respectively. While the number of examples that could be
extracted from Cosmo-Skymed imagery was considered statistically
significant for the NN learning phase, this was not the case for the
TerraSAR-X dataset. Therefore, as discussed in the following, a
electromagnetic model based procedure was designed to generate
additional examples.
II. DATA SIMULATION STRATEGY
To build a statistically significant dataset for TerraSAR-X data, the
exploitation of C-band ground truth, already available in the context of
previous ERS-SAR and ENVISAT-ASAR research projects, was
considered. To this purpose, the simulation of new radiometric features
has been investigated employing two different models. Background
Standard Deviation values were obtained using a NRCS Two-Scale
model of the sea, Contrast values were obtained using a Damping Ratio
model of a viscoelastic substance spread on the sea surface.
Two-Scale approach is widely used to characterize sea surface. Its
electromagnetic behavior is regarded as a sum of two principal
components. Long waves' echoes are modeled using Geometric Optics
Approximation and short scale waves are modeled using a SmallPerturbation Model. A drawback in two-scale models lies in
arbitrariness of response depending on the cut-off frequency of the two
approximations. In [4] the first order of the Small-Slope Approximation
is used to characterize short waves, leading to a cut-off invariant model.
Considering the simulated value, obtained choosing wind speed, wind
direction, incidence angle and frequency, the standard deviation value
of the sea surface intensity echo is easily derived from:

S .D
t d =e

4
v− 1 ⋅ N

π

R

(1)

The model is quite complex, but it has been inverted using a look-up
table of all possible NRCS values given wind velocity and incidence
angle. Regarding Contrast Value, a model for biogenic slicks damping
has been extracted from a series of experimental campaigns during
1994 [5]. The original model of damping ratio derived from Marangoni
theory.
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Rheological parameters representing the absolute value and the
phase of complex dilation modulus of surface film are key parameters in
describing the pollutant inside the model and are well known in
literature.
This model has been improved after the SIR-C/X-SAR campaign
including energy transfer effects from wind, wave breaking and viscous
dissipation, obtaining the following form of contrast:
(s)
(s)
σ (0) β − 2∆ c g ∆n−4 
| c φ |ok
m
2u
= (0)
∗
(s)
(0)

g
σ
β − 2∆ c g







∆n

(2)

where the superscript (0) and (s) denote the slick-free and the slickcovered surface. σ is the NRCS of the sea surface, β is a function of
wind conditions (direction, group velocity and friction velocity). c g is the
wave group velocity, g is the acceleration of gravity and u * is the wind
friction velocity. Damping ratio model emphasize a dependance growing
with frequency, and X-band values have been derived with a similar
inversion procedure.
III. RESULTS
A set of 60 COSMO-SkyMed ScanSAR images have been used. These
images were acquired over well-known oil slick disasters, and contain
several certified oil slicks. 188 examples of verified both oil spills and
look-alikes were detected and used for the training and the test phase.
The TerraSAR-X dataset was composed of 47 StripMap and
ScanSAR images acquired from November 2007 to September 2010,
from which 94 examples of oil spills and look-alikes were extracted.
An automatic segmentation step was implemented using a Pulse
Coupled Neural Network, a relatively new technique based on the
computational implementation of the mechanisms underlying the visual
cortex of small mammals [3].
After that a statistically significant set of examples was generated for
both Cosmo-Skymed and TerraSAR-X products, a Feedforward MultiLayer Perceptron (MLP) Neural Network was designed for the
implementation of the classification step. For the Cosmo-Skymed data
an 87% of correct classification over a validation dataset consisting of
46 examples was obtained. Regarding the TerraSAR-X data set, the net
was trained over 55 examples stemming from scaled C-band features
and it was capable to provide an accuracy of about 83% when tested on
X-band features extracted from TerraSAR-X data.
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Abstract

In SAR tomography, the available information in the height direction is limited
by the number of different tracks that can be flown in practice, so that the “few”
possible acquisitions should be accurately selected.
We present an approach for the design of the "optimal" constellation for the
desired degree of resolution.
Index Terms − Measurement configuration design, Multiresolution, Singular
Value Optimization, Tomography.

I. INTRODUCTION
In many applications of inverse scattering, it is crucial to define the
measurement configuration maximizing the collected information, given
the degree of desired resolution and some knowledge on the Region of
Interest (ROI).
A relevant (although not the only one) example is Synthetic Aperture
Radar (SAR) tomography [1,2], allowing accessing 3D information on the
ROI by several passes (tracks) of the sensor over the scene or by sensor
constellations. Although the number of tracks is in principle related to
the desired resolution, in this context it is practically limited by the
difficulties and costs of realizing many passes of the sensor or of
implementing sensor constellations. The issues then regard exploiting
the minimum number of tracks to obtain reconstructions with a fixed
degree of resolution, possibly non-uniform across the scene to allow
enhancing the reconstruction capabilities wherever needed [5].
A method to face some of the above issues has been preliminary
addressed in [3,4]. In this paper, the approach is generalized so to
tackle all the above requirements.
II. THE APPROACH
The geometry of the tomographic problem, considered in a monostatic
configuration, is depicted in Fig. 1(left).
On defining by x' the position of an elementary scatterer inside the
investigation domain (-H,H), by x k the sensor position for the k-th track,
and by λ the wavelength, the vector s=[s 1 ,..., s N ] of the received signals
s k can be expressed, after deramping, as [1,2]
H '/ 2

s k = s(xk ) =

∫

ρ (x')e

j

4π xk x'
λ r0

dx' .

(1)

−H '/ 2
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In eq. (1), -H≤x k ≤H and ρ is the "vertical" reflectivity distribution [1-4] of
the scene which is herein represented for example by Prolate Spheroidal
Wave Functions (PSWFs) [6], properly filtered to a desired resolution
limit [5], namely
M

ρ (x') = ∑ α i Ψi [c, x']∗ f (x';Ω) .

(2)

i=1

In eq. (2), the Ψ i ’s are the PSWF's with space-bandwidth product
c=2πH'/λ, α=[α1 ,α 2 ,…,αM ] is the vector of the expansion coefficients of
the scene with full resolution, M=4H'/λ, ∗ denotes convolution and f(x’)
is the window controlling the desired resolution Ω, for instance, a
Kaiser-Bessel one f (x';Ω) = I 0 ((π / Ω) H 2 − x' 2 ) , where I 0 is the modified
Bessel function of zero-th order.
The relation between s and α can be recast in the matrix form
s = Ψα .

(3)

According to eq. (3), solving the tomographic problem amounts at
finding the solution of a linear system, here determined by a regularized
Singular Value Decomposition (SVD) approach, for instance, a
Truncated SVD (TSVD).
As stressed in the Introduction, a key point in SAR tomography is the
design of the measurement configuration. For a fixed resolution Ω, the
positions of the tracks should be chosen to collect as much information
as possible with the minimum number of acquisitions. This can be
achieved by maximizing the Shannon number (which is a measure of
such an information), namely, the quantity
σj
,
j=1 σ 1
J

Φ=∑

(4)

where σ j are the singular values of the matrix Ψ, and J=min{M,N}. Being
Ψ dependent on x=[x 1 ,x 2 ,…,x N ], Φ depends on the number and positions
of the tracks too. The measurement constellation is then designed in
terms of track number and positions, by a singular value optimization
procedure [6]. More in detail, on denoting by Φ opt (N) the maximum value
of Φ for a given N against the track positions on the nominal aperture (H,H), further tracks must be added for a fixed Ω until a saturation
behavior is observed, corresponding to the maximum amount of
information that can be gathered from (-H,H). The value of N at the
saturation knee represents the minimum number of tracks needed to
achieve all the available information in (-H,H). Once the number of
tracks for a given Ω has been defined, their position is determined as

ISBN: 978-88-907599-0-1

Session 6

179

Proceedings of the XIX RiNEm

the x providing Φ opt (N). Obviously, the procedure returns different
results for different values of Ω.
III. RESULTS
We here present two test cases corresponding to Ω=2λ and Ω=4λ, being
the working frequency f=1GHz, H'=7m, H=150m and r 0 =1km.
Fig. 1(right) depicts the behavior of Φ opt (N) for both the cases. The
saturation knee occurs at N=11 and N=8, respectively, thus showing
that the saturation depends on the desired resolution. and Fig. 2
displays the track locations for both the cases. Notably, the tracks are
allocated within an interval which is much narrower than (-H,H).
Fig. 3 shows the reconstructions of a profile with rectangular window
shape and support of 14m. As a reference, the representation of that
profile on the first M PSWFs (without filtering function f) is also
reported, representing the best achievable reconstruction for the
selected representation. By comparing Figs. 3(left) and 3(right), the
different reached resolutions can be appreciated. Also, both the
reconstructions are comparable to those achieved by acquiring the data
all over the continuous aperture coinciding with (-H,H).
x
x’

2H '

O

r0

xk

2H

FIG. 1 − Left: Geometry of the problem. Right: Behavior of Φ opt (N ) for Ω=2λ
(blue curve) and Ω=4λ (red curve).

FIG. 2 − Measurement point locations for Ω=2λ (up) and Ω=4λ (down).
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FIG. 3 − Profile reconstruction for Ω=2λ (left) and Ω=4λ (right). Blue: reference
profile. Red: profile projected on the first M PSWF's. Black curve:
reconstructed profile. Green dashed: reconstruction with continuous aperture.

IV. CONCLUSION
An approach for selecting the number and location of tracks to
maximize the amount of collected information with the least possible
number of acquisitions for a fixed resolution has been presented.
Future developments regard a performance analysis when different
degrees of resolution are desired within the same scene. The technique
can be extend to the vector case and to multistatic configurations.
Although it has been illustrated with reference to SAR tomography, it
could be generalized to other possible applications of inverse scattering.
REFERENCES

[1]
A. Reigber, A. Moreira, “First demonstration of airborne SAR
tomography using multi-baseline L-band data,” IEEE Trans. Geosci. Remote
Sens., Vol. 38, No. 5, 2142-2152, Sep. 2000.
[2]
G. Fornaro, F. Serafino, F. Soldovieri, “Three-dimensional focusing with
multipass SAR data,” IEEE Trans. Geosci. Remote Sens., Vol. 41, No. 3, 507517, Mar. 2003.
[3]
V. Severino, M. Nannini, A. Reigber, R. Scheiber, A. Capozzoli, G. D'Elia,
A. Liseno, P. Vinetti, “An approach to SAR tomography with limited number of
tracks,” Proc. of the IEEE Int. Symp. on Geosci. Remote Sens., IV-216-IV-219,
Cape Town, South Africa, Jul. 12-17, 2009.
[4]
A. Capozzoli, G. D'Elia, A. Liseno, P. Vinetti, M. Nannini, A. Reigber, R.
Scheiber, V. Severino, “SAR tomography with optimized constellation and its
application to forested scenes,” Atti Della Fondazione G. Ronchi, Vol. LXV, No.
3, 367-375, May-Jun. 2010.
[5]
A. Capozzoli, C. Curcio, A. Liseno, “Controlling the far-field resolution in
near-field antenna characterization,” Proc. of the Antenna Measur. Tech. Ass.,
1-6, Englewood, CO, Oct. 16-21, 2011.
[6]
A. Capozzoli, C. Curcio, A. Liseno, and P. Vinetti, “Field sampling and
field reconstruction: A new perspective,” Radio Sci., Vol. 45, RS6004, 31, 2010,
doi:10.1029/2009RS004298.

ISBN: 978-88-907599-0-1

Session 6

181

Proceedings of the XIX RiNEm

FUTURE USE OF THE DATA FROM THE ESA SENTINEL-1 MISSION
FOR OPERATIONAL SOIL MOISTURE MAPPING: A MULTITEMPORAL
ALGORITHM
Nazzareno Pierdicca, Luca Pulvirenti
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Telecommunications, Sapienza University of Rome, Italy
Abstract

The Sentinel-1 mission will offer the opportunity to obtain C-band radar data
characterized by short revisit time, thus allowing the generation of frequent soil
moisture maps. This paper presents a multitemporal algorithm that exploits such
a short revisit time to perform an operational soil moisture mapping. The
algorithm assumes the availability of a time series of SAR images that is
integrated within a retrieval algorithm based on the Bayesian maximum
posterior probability statistical criterion. Preliminary results show that the
performances of the multitemporal algorithm are better than those provided by a
standard monotemporal one.
Index Terms − Synthetic Aperture radar, Soil moisture, multitemporal, bare
soil scattering

I. INTRODUCTION
Soil moisture content (mv) is a key parameter that influences both
global water and energy budgets be-cause it controls the redistribution
of rainfall among infiltration, runoff, percolation in soil, and
evapotranspiration. Its knowledge is therefore essential for hydrological
applications, such as flood monitoring and weather forecasts, as well as
for climatology and agronomy.
Synthetic Aperture Radar (SAR) measurements are sensitive not only to
soil moisture, but also to surface roughness and, in the presence of
vegetation, to biomass and canopy structure. This implies that mv
retrieval is generally an ill-posed problem, especially if the observations
from a single configuration (i.e. single frequency, polarization and
incidence angle) system are used. Recent works have proved that such
an ill-posedness can be tackled if a time-series of SAR observations is
available. In these works both change detection techniques (e.g., [1]) as
well as Bayesian approaches [2] have been used.
A time-series of SAR images can be presently obtained from the C-band
ENVISAT/ASAR sensor in ScanSAR Global Mode mode, as well as from
the X-band radars on board the COSMO-SkyMed constellation.
However, the use of Global Mode implies a worsening of the spatial
resolution (from 30 cm to 1 km), while X-band is not the best one for
estimating mv because of the large effects of vegetation canopy. The
future European Space Agency (ESA) Sentinel-1 mission, foreseen in the
framework of the European GMES program, will provide C-band radar
data characterized by short revisit time (the two-satellite constellation
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will offer six days exact repeat), thus permitting the application of
multitemporal inversion algorithms, that are expected to strongly
increase the quality and the reliability of the mv retrievals, and to
develop an operational mv product.
In this paper, a multitemporal algorithm conceived to be operationally
used to map mv from Sentinel-1 data is presented. It has been designed
in the framework of the “GMES Sentinel-1 Soil Moisture Algorithm Development” project funded by ESA. The algorithm assumes the
availability of a time series of SAR images and is based on the
hypothesis that a statistical relation exists among the soil conditions at
the different times of the series (i.e., among some of the geophysical
parameters involved in the problem). In particular, it is assumed that,
considering a specific temporal interval in which a number of Sentinel-1
(S-1) images is available, the average characteristics of surface
roughness do not substantially change, as opposed to soil moisture,
whose temporal scale of variation is shorter than that of roughness.
As for the effects of vegetation canopy on the radar signal, they are
taken into account by applying a well-established semi-empirical model
[3]. The temporal series of radar data, possibly corrected for the
vegetation effects, is integrated within the retrieval algorithm that is
based on the Bayesian maximum posterior probability (MAP) statistical
criterion.
To assess the proposed methodology, we have simulated a number of S1 observations of an agricultural site composed by several fields having
constant surface roughness and variable soil moisture. The results
show that the application of the multitemporal algorithm improves the
performances of a standard monotemporal one both at pixel scale and
at field scale.
II. THE MULTITEMPORAL ALGORITHM
The theory on which the proposed multitemporal algorithm is founded
is described in [2]. The MAP estimator maximizes the probability density
function (pdf) p(Θ | Z) of the vector of soil parameters (moisture and
roughness) Θ conditioned to the measurements vector Z. Considering
the availability of a temporal series of measurements acquired at the
current time t and at M previous times t−M,…, t−1 and applying the
Bayes theorem, it turns out:
t

p(Θ | Z

t −M

p (Z t −M ,..., Z t | Θ t ) p (Θ t )
,..., Z ) =
p (Z t − M ,..., Z t )
t

(1)

where superscripts denote time. By assuming that the statistics of the
measured Z conditioned to the soil parameters Θ is represented by the
Wishart distribution [4] and that p(Θ) is uniform, the MAP criterion
reduces to minimize the following distance (or “cost function”) with
respect to Θ t [2]:
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Z i ] − n log | C(Θ i ) |}dm v  (2)
i=t −M

 mv
where |·| indicates the determinant, Tr(·) represents the trace operator,
n is the number of looks and C=C(Θ) is the covariance matrix that
describes the surface scattering for the general case of a polarimetric
radar. The terms of the main diagonal of C differ from the
backscattering coefficients for a 4π factor [4], [5].
The first term between curly brackets in (2) is the cost function for a
t
)
standard monotemporal MAP algorithm (hereafter denoted as d mono
depending on the data at time t only, while the second term (the
summation) is that related to the multitemporal approach and basically
represents the marginal probabilities of the measurements, conditioned
to surface roughness and cumulated over the M previous acquisitions
so that:

{



} ∑ log ∫ exp{−nTr[C(Θ )


d = nTr[C(Θ t ) −1 Z t ] + n log | C(Θ t ) | −

t −1

i −1

t −1

t
d = d mono
−

∑ log[ ∫ exp(−d

i=t −M

i
mono

t
)dmv ] = d mono
− d marg

mv

(3)

The minimum of d has been found using a Monte Carlo approach, that
is by searching this minimum in a randomly generated database. The
forward surface scattering model proposed by Oh et al. [5] has been
used for matching Θ with C.
III. RESULTS
To assess the proposed methodology we have accomplished a simulated
test. We have supposed a simplified scenario in which S-1 observes a
bare terrain consisting of 10×10 square fields (range and azimuth
directions are considered) each one including 10×10 pixels. Every field
has been characterized by average values of roughness and moisture
and the roughness of each field has been assumed constant throughout
the period of the observations, while random changes of the field
volumetric moisture between subsequent images have been supposed.
Ten S-1 observations have been simulated and, for this purpose, the
model described in [5] has been used. The speckle noise has been
accounted for as done in [4] and a multilook processing with n=100 has
been assumed, which is similar to what is foreseen for the standard S1
product.
To the simulated S-1 images, the multitemporal algorithm has been
applied. The results are shown in Figure 2 for the case of single (VV)
polarization. Both the root mean square retrieval error (RMSE) of m v and
the determination coefficient R2 are reported. The improvement achieved
by applying the new multitemporal algorithm can be clearly seen. It
can be noted that after five times (i.e., five SAR observations) the
improvement of both RMSE and R2 tend to be less evident than that
obtained from time 1 to time 5, so that a temporal series of M=4-6
images seems to be the best choice for the use of the multitemporal
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algorithm (also to avoid that the hypothesis of constant roughness loses
validity).
It must be mentioned that, in the framework of the ESA project, the
algorithm has been also applied to real data and compared to ground
observations of soil moisture. Although multitemporal sequences at Cband are difficult to be gathered until now, a few cases have
demonstrated the validity of the approach.
ACKNOWLEDGEMENT
This work has been supported by ESA/ESTEC under contract No.
4000101351/10/NL/MP/ef

FIG. 1 - Root mean square retrieval error of mv (left panel) and R2 coefficient
(right panel) for the simulated test. Black lines: monotemporal algorithm (pixel
scale); blue lines: multitemporal algorithm (pixel scale); red lines:
multitemporal algorithm (field scale).
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Abstract
We review our recently proposed short-pulsed random-plane-wave statistical model of
wavepacket propagation in a ray-chaotic enclosure. We show that this representation leads to
analytical result that are in good agreement with predictions from full-wave numerical
simulations.
Index Terms: Ray chaos, electromagnetic reverberation, short pulses.

I.

INTRODUCTION

During the last decades, ray chaos has emerged as an intriguing paradigm with
important implications in a variety of electromagnetic (EM) application scenarios,
ranging from reverberating enclosures to microlasers (see, e.g., [1]–[7]).
In close analogy with quantum chaos (see, e.g., [8] and references therein), the
presence of distinctive footprints in the time-harmonic high-frequency wave dynamics
of ray-chaotic systems has been evidenced by many theoretical, numerical and
experimental studies. Such footprints are not encountered in ray-regular (e.g.,
coordinate-separable) configurations.
In a recent study [9], we have dealt with ray-chaotic enclosures in the short-pulsed
(SP) regime, for which only a few results (see, e.g., [5,7]) are available in the literature.

II. SP-RPW MODEL
Referring to Fig. 1, we consider a two-dimensional (closed, hollow) enclosure with
perfectly-electric conducting walls and a Sinai-stadium-type geometry (i.e., quarter of
stadium with an off-centered quarter-circle indentation) of characteristic size a. Figure
1(a) also shows a sample ray trajectory, from which the ray-chaotic behavior may be
qualitatively understood (see [9] for more details). We assume that the enclosure is
excited by an initially localized (“bullet”-like) SP wavepacket characterized by a
waveform s (t ) of duration Ts  a c0 (with c0 denoting the speed of light in vacuum),
and z-directed electric field. Figure 1(b) shows a representative late time ( t0 =1000Ts )
field distribution computed via finite difference- time-domain (FDTD) [10] based
numerical simulations, from which it can be seen that the wavepacket energy is
eventually spread across the enclosure in a uniform, random-like fashion.
In [9], we proposed an effective and physically-insightful representation of the
coarse features of the wavefield dynamics in this regime, based on an extension to the
time-domain of the well-established time-harmonic random-plane-wave model [11]. In
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our proposed model, with reference to a spatio-temporal domain of observation
r ≡ x 2 + y 2 ≤ R , t0 ≤ t ≤ t0 +T (with R  c0Ts and T  Ts ), the electric field is expressed
in terms of a superposition of independent SP-RPWs of the form
N

ez (r,t )  ∑ an s t −c0−1 (cosφn x+sinφn y) −tn  ,

(1)

n=1

where r ≡ ( x, y) , the number N of pulse arrivals is Poisson-distributed [12] with mean
value NT ,R , an are uncorrelated, zero-mean, unit-variance random variables, φn and tn
are uniformly and independently distributed random variables within the intervals
[−π ,π ] and [t0 − R c0 ,t0 + R c0 +T ] , respectively; a formally similar expression holds for
the magnetic field too (see [9] for details).
Paralleling the analysis of Poisson impulse noise processes in [12], we showed that
in the limit NT ,RTs  (T + 2R c0 ) (corresponding to strongly overlapping SP-RPWs, and
hence intuitively well suited to model the late-time wavefield dynamics), the SP-RPW
model in (1) yields a (zero-mean) spatio-temporal Gaussian random field, irrespective
of the SP waveform shape and specific parameter distributions. Such field is therefore
completely characterized by its spatio-temporal correlation, which can be expressed as
[9]
2
  ∞
 ωρ 
c( ρ ,τ ) ≡ ez (r,t )ez (r + ρ ,t +τ )   EM  ∫ S (ω ) J 0 
exp(−iωt ) dω ,
−∞
 ε 0e 
 c0 

(2)

where S (ω ) represents the normalized energy spectral density of the SP waveform, J 0
2

is the zeroth-order Bessel function [13], e is the area of the enclosure,  EM is the
(conserved) EM energy (per unit-length in z) initially injected in the enclosure, and
isotropy and spatio-temporal stationarity are evident. For certain classes of SP
waveforms, such as, e.g., analytic delta functions [14], the integral in (2) can be
evaluated in closed form (see [9] for details).
As a representative example, assuming a second-derivative-analytic-delta-function
SP waveform, Fig. 2(a) shows a Gaussian probability plot pertaining to the local
temporal statistics (over an interval of duration 20Ts ) of the normalized wavefield
observed at a fixed point (x c = 0.602a, y c = 0.121a) at a late time t 0 = 1000T s , which is
in very good the agreement with the Gaussian prediction (dashed line). Similar results
were observed for different observation points, as well as for the (local) spatial statistics
(see [9] for details). For the same observation point and time, Fig. 2(b) shows a
snapshot of the spatio-temporal correlation (estimated over a 4c0Ts ×4c0Ts square
domain), which, apart from weak fluctuations, appears essentially isotropic. A generally
good agreement with the SP-RPW model can be observed from representative 1-D cut
shown in Fig. 2(c). Conversely, early-time responses, not shown here for brevity (see
[9] for details), show markedly non-Gaussian behaviors.
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FIG. 1 (a) Schematic of the Sinai-stadium geometry and typical space-filling ray trajectory
(after 250 reflections). (b) Representative FDTD-computed electric field map for SP-excitation
( c0Ts =a / 20 ) at a late time (t 0 = 1000T s ).
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FIG. 2 (a) Gaussian probability plot of late-time temporal statistics (blue-solid curve) compared
with Gaussian reference statistics (red-dashed line). (b) Spatio-temporal correlation snapshot at
τ =0 , and (c) corresponding 1-D cut (blue-solid curve) at ρ y =0 compared with SP-RPW
prediction (red-dashed curve). Details in the text.

III. CONCLUSIONS
We reviewed here our recently proposed SP-RPW statistical model of SP
wavepacket propagation in a ray-chaotic enclosure. Analytical predictions from this
model, in good agreement with FDTD numerical simulations, indicate that the late-time
response of a SP-excited ray-chaotic enclosure may be effectively modeled as a spatiotemporal random Gaussian field, whose parameters are simply related to coarse
geometrical cavity properties, energy invariants, and the SP waveform.
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Abstract

This paper presents a simple and effective parameter able to unambiguously
identify different channel conditions within a reverberating chamber (RC). The
kurtosis index is first applied to characterize the phase of the received signal to
discriminate the line-of-sight (LOS) or not (NLOS) conditions. Experiments
undertaken over a large set of cases accomplished by emulating different
propagation channel conditions at the RC of the Università di Napoli Parthenope,
formerly Istituto Universitario Navale (IUN), confirm the soundness of the
kurtosis index and its effectiveness from an operational point of view.
Index Terms − Kurtosis index, Reverberating Chamber, Propagation Channel.

I. INTRODUCTION
The mode-stirred reverberating chamber (RC) is basically an electrically
large shielded room with metallic walls, in which one or more stirrers
create continuously random changing boundary conditions of the
electromagnetic field.
New interesting application of the RC as emulator of propagation
channels is nowadays of paramount interest.
When only scattered waves arrive at the terminal, the signal envelope
shows fast fading represented by a Rayleigh distribution. Such class of
propagation channels is called Non-Line-of-Sight (NLOS) [1]. When a
coherent component is present, the signal envelope shows a Rice
distribution. Therefore, the class of the Line-of-Sight (LOS) propagation
channel occurs [2].
The departure of the Rice field model from the Rayleigh one can be
described by means of the Rice Factor, K, i.e. the ratio between the
powers of the coherent and incoherent component of the field. The K
factor is one of the most important parameter of Rice channels. It is a
measure of the fading depth on the received signal.
When a small but significant direct link is present, it can be
theoretically shown that the K factor is not granularly enough to
unambiguously distinguish propagation channel conditions. This fact
especially occurs in the near LOS critical conditions. To circumvent this
problem one must employ a better descriptor. This is represented by the
kurtosis index that has been recently applied to model wideband
propagation channels [3]. Hence, this parameter is first applied to
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characterize the RC channels conditions and to further enhance its
granularity it is evaluated on the corresponding Rice phase distribution
[4]. Experiments undertaken over a large set of cases accomplished by
emulating different propagation channel conditions at the RC of the
Università di Napoli Parthenope, formerly Istituto Universitario Navale
(IUN), confirm the soundness of the kurtosis index and its effectiveness
from an operational point of view.
II. THE PHASE OF THE ELECTROMAGNETIC FIELD
Let us consider a RC in which the electromagnetic field is partially
stirred, i.e., a coherent field component is present. Due to the unstirred
field component the resulting electromagnetic field must be seen as the
complex superposition of a real and imaginary Gaussian field with
different means, say
and
, respectively. It is possible to combine
them in order to determine the probability density function (pdf) of the
field amplitude which now results Rice distributed whereas the phase
is distributed as follows [4]
(1)
wherein
(2)
is the amplitude of the unstirred component of the field and erf (f) is
the error function.
Whenever
is increased, i.e. we move from a LOS to NLOS condition,
eq. (2) shows a peaked behavior that is centered on a ϕ value depending
on
and .
It is natural to employ the kurtosis index since it is a measure of the
"peakedness" of the probability distribution of a real-valued random
variable. Mathematically, the kurtosis is a statistical parameter that
indicates the fourth order moment of the received signal. Once applied
to the sample phased of the electromagnetic field in a RC, the kurtosis k
is given by
(3)
where σ is the standard deviation of the phase ϕ and
is the mean
value of ϕ. N is the number of samples of ϕ.
The kurtosis index k is expected to be close to zero in the NLOS cases
while increasing to higher positive values as soon as we move to near
LOS conditions.
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III. EXPERIMENTAL RESULTS
In this section a meaningful set of experimental results are shown. The
data analyzed are collected by making use of the reverberating chamber
located at the IUN. It is a 2m size cubic chamber whose internal walls
and stirrers are made of aluminum. Three stirrers are present at the
IUN RC. The first stirrer (S1), placed on the left of the entrance door,
has a rectangular shape of about 1.84m x 0.45m size; the second stirrer
(S2) and the third stirrers (S3) have a Greek-cross shape. The former
one has bars of about of 1.84m x 0.25m size; it is placed in front of the
entrance door. The S3 stirrer has bars of about of 1.20m x 0.18m size
and it is placed in the ceiling. A photo of the IUN RC is shown in Fig.1.
The S1, S2 and S3 stirrers work in continuous mode with a maximum
speed of 180, 390 and 320 rate per minute (rpm), respectively.
Experiments are accomplished by using a monochromatic signal
centred on 1.8 GHz. Two Ets-Lindgren double-ridged waveguide horn
certified to work in the 1 – 18 GHz frequency range are employed. For
each single measurement, a data set of 16000 samples in 3.66 s is
acquired, that is a sample time equal to 2.29 ms. In all the experiments
the three stirrers are operated together. A full calibration of the entire
system is a priori accomplished. The scattering coefficient S 21 is
measured by making use of the Agilent Technologies Network Analyzer
(VNA).

Fig. 1: The IUN RC

In Table I the results of the experimental data are listed. It can be noted
that values of the kurtosis index smaller than 1 call for a NLOS RC
condition. This is compatible with the underline electromagnetic field
phase model described in section II. It is confirmed by the Rice factor
values that are really close to 0. When a small coherent component is
present, the kurtosis values become greater than 1, see Table 1. If one
in practice consider 1 as the limiting value of the NLOS conditions it
must be noted that small but significant coherent component values are

ISBN: 978-88-907599-0-1

Session 7

193

Proceedings of the XIX RiNEm

now detected by the new index while it was not possible by the classical
procedure that evaluated the Rice factor over the complex amplitude of
the received electromagnetic field. This fact is of operational interest
since, as shown in Table I, one can now detect even near LOS
conditions.
Table I – Kurtosis Parameter Values
RC Configuration

Kurtosis
index
values

Rice Factor

Case A
Case B
Case C
Case D
Case E
Case F

0.972
0.963
1.056
1.154
1.556
2.455

0.003
0.002
0.032
0.095
0.405
0.625

IV. CONCLUSIONS
In this paper the phase kurtosis index is first proposed and
experimented over RC electromagnetic fields. Its enhanced granularity
allows detecting near LOS conditions. This is of operational relevance.
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Abstract

In this contribution, we investigate the entropy growth in a mode-stirred cavity
simulated by the FDTD method. The adopted reverberation chamber is efficiently
stirred by paddles and excited by a Gaussian pulse. It is observed that the
entropy starts growing quadratically in time, then it increases linearly during
the energy buildup, and it saturates after a few nanoseconds, when the onset of
disordered fields occur. This allows for terminating the numerical simulations
well before the Richardson time, as the asymptotic entropy is rapidly achieved.
The analysis is based on the eigenvalues of the correlation matrix, calculated
over a dense grid of spatial points, thus supporting the perspective of the
reverberation chamber as a statistical multivariate process.
Index Terms − Correlation matrix, Entropy, FDTD, Reverberation chambers.

I. INTRODUCTION
Reverberating chambers (RC) are large overmoded cavities wherein a
stochastic electromagnetic field develops as driven by irregular
(dynamic) boundaries [1]. Such boundaries are typically created by
placing one or more mechanical mode-stirrers inside a cavity having
simple (integrable) geometry. Full wave simulations of RC [2] allow for
checking the performance of the stirrer(s) by using the ensemble theory.
The standard IEC-61000-4-21 describes a few ensemble parameters
such as independent positions and field uniformity to evaluate the
goodness of a stirred environment. Finite difference time domain (FDTD)
or transmission line matrix (TLM) can easily give all field components
(full wave) at every spatial point of a chamber for every time instant. It
must be remarked that the simulations in the time domain should run
until the fields inside the RC do not vanish, or at least for the average
time required by the excited cavity modes to fully develop, namely the
Richardson time [3]. These two time scales are very long for cavities
whit a high Q-factor, leading to a high request of computer time.
Therefore, a key point is how simulations can be optimized in terms of
required time to maintain their reliability in terms of RC performance
quantification. Here, we investigate the possibility of quantifying this
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effect obtaining the RC performance after a small fraction, e.g., one
hundredth, of the computation time normally required for these kind of
structures
II. GEOMETRY OF THE ANALYZED CHAMBER AND STIRRER
The analyzed chamber is that present in our EMC laboratory: it is
6x4x2.5 m3. We simulate this chamber assuming the presence of a
horizontal stirrer, made of aluminum sheets. The axial support is made
of a metallic tube used for the connection to the external motor. The
supports were built using plastic pipes and junctions obtaining a “T”
shape and then mounted on the metallic rotating axis. The picture
reported in Fig. 1 shows all supports and the aluminum foils. The same
Fig. 1 shows several front views of the analyzed stirrer dimension and
shape.

(1.1)

(1.2)

FIG. 1 − Photo of the stirrer blades (1.1) and schematization of the simulated
blade configurations (1.2) in front views.

III. NUMERICAL SIMULATIONS AND ENTROPY COMPUTATION
In the standard FDTD technique the time behavior of the incident
field is a pulse modulated sine function. This source allows us to
investigate a broad frequency range with only one FDTD computation
run. All metallic parts are considered ideal, and volumetric losses are
introduced to account for the actual chamber quality factor [4], [5]. If a
full simulation is performed for our chamber, the pulse vanishes after
10 µs. If we apply our Entropy-based strategy, the simulations stop after
250 ns recording the data for the entire N=360 simulations, obtained
varying the angle of the mode-stirrer. The correlation array is computed
for each twin of two stirrer positions on the magnitude of the electric
field evaluated by the numerical code in a specified (dense) grid of
spatial points inside the chamber volume. The Entropy is evaluated
from the correlation matrix to quantify the influence of the stirrer on the
cavity. From the square correlation matrix of dimension NxN=360 the
first step is to evaluate its eigenvalues λ n . After, the eigenvalues of the
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correlation matrix are normalized to yield a unit summation. The
information entropy H (of order α) is evaluated using the Renyi
definition [6]. The case α=1 is the Shannon H (information) Entropy,
which can be evaluated using L'Hopital's Rule

(1)
IV. RESULTS
Figs. (2.1), (2.2), and (2.3) show the total field in a section of the
chamber. The first one refers to a time of 15 ns and for a fixed stirrer
position (0°). The second one refers to the same position of the stirrer
but at a time instant of 150 ns. The field pattern is strongly affected by
the stirrer mixing of the chamber modes. The black zones refer to metal
parts: stirrer and transmitting antenna. The last picture refers to the
same time step but for a different stirrer position (135°): the pattern is
completely different, point-by-point, highlighting the capability of the
stirrer of creating field disorder.

(2.1)

(2.2)

(2.3)

FIG. 2 − Electric field patterns in V/m. (2.1) stirrer at 0° and time = 15 ns,
(2.2) same position and time = 150 ns, (2.3) stirrer at 135° and time 150 ns.

Fig. 3 reports the Entropy computed for different stirrer dimensions,
referred to the notation of Fig. 1. As expected, the larger is the stirrer
the higher is the Entropy.
After a rapid (quadratic) increase at early time, the Entropy shows a
saturation behavior that confirms the possibility to stop the time
domain simulation after about 200 ns obtaining reliable results on the
random field distribution. The same figure reports the effect produced
by the conductivity variation in the volumetric losses.
The loss increasing simulates a possible quality factor reduction.
For σ less than 10-3 S/m, it can be noted that no effect is produced on
the Entropy. The environment gets semi-open. For lower values, after
an overlapping region, the Entropy progressively drops at earlier times.
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(3.1)

(3.2)

FIG. 3 − Entropy values as function of stirrer shape (3.1). Effect of the
conductivity adopted for the volumetric losses (3.2).

V. CONCLUSION
A time domain fast computation for reverberation chamber field can be
achieved analyzing the entropy within the working volume. In that way,
the computation can be stopped at early times without affecting the
result reliability in stirrer efficiency analysis. The introduction of
volumetric losses allows for further accelerating the computation
process. Metallic walls, and paddles, are assumed to be ideal.
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Abstract

We present in this work a microwave resonant cavity, used to evaluate the effect
of the absorption of a low power electromagnetic field at microwave frequencies,
designed using a commercial general purpose software for the electromagnetic
simulation of three-dimensional high-frequency components.
Index Terms − Cavity Resonator, catalysis.

I.

INTRODUCTION

The irradiation with electromagnetic fields at the microwave frequencies
has a significant catalytic effect on the oxidation of organic compounds
[1]. The general principle of catalysis is the change in reaction
mechanisms followed by reagents to obtain the products. The effect of
catalysis is kinetic in nature, and not thermodynamic: the action of the
catalyst only modifies the intermediate states of a reaction, but does not
change the final state. This means that the catalyst does not affect
whether or not a reaction will take place, but only the reaction rate.
The effects of microwaves in chemical reactions have been investigated
using microwave ovens with power over 100 watts [2-3]. Following [4], a
resonant cavity has been designed in order to study the effects of
microwaves on organic reactions using low power (the feeding power is
between 0.5 and 10 W).
The cavity resonator has been designed using a commercial general
purpose software for the electromagnetic simulation of threedimensional high-frequency components, CST Microwave Studio.
II.

DESIGN OF THE RESONATOR

In this work, a rectangular cavity with copper walls working at 2.45
GHz is considered.
The resonant cavity must be designed providing that the reaction
mixture, fed by an experimental multi-tube reactor placed inside a
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cavity, is subjected to the maximum radiation from the cavity
electromagnetic field.
As a first step we designed a cubic cavity filled with air. In this case the
starting dimension is obtained by the equation [5]:

 l   m   n  
f nml = c ⋅   +   +   
 2d   2b   2a  
2

2

2

1
2

(1)

where l, m, n are integers and d=b=a are the dimensions of the cavity
sides.
Since only the fundamental mode TE 110 must be excited, the
corresponding cavity side is equal to 85 mm.
The aim of the cavity is to transfer as much electromagnetic energy as
possible to a reaction mixture. A multi-tube reactor, consisting of two
plexiglass structures where a mixture of water distilled to 90%
circulates, is placed inside the cavity in order to maximize the surface
of the reagent fluid exposed to the electromagnetic field.
The reactor is centered with respect to the cavity, ensuring a uniform
absorption of the electromagnetic radiation by the liquid.
The insertion of the reactor modifies the resonant frequency of the
fundamental mode TE 110 of the cavity, which decreases at 1.31 GHz,
due to the dielectric permittivity of plexiglass and water. As a
consequence, the cavity side must be modified in order to maintain the
operating frequency at 2.45 GHz. Furthermore, the imaginary part of
water dielectric constant can't be neglected, therefore we use the Debye
model [6] for the dielectric tangent of distilled water, which gives δ=0.15
at the frequency of interest.
If we use the cavity in the fundamental mode at 2.45 GHz after the
reactor insertion, and maintaining a cubic configuration, it will result in
a significant reduction in the cavity size, making it unfeasible.
Even considering a higher mode, we did not find any field configuration
able to ensure both a satisfying input matching and an acceptable field
distribution in the region of the multitube reactor. Therefore we had to
modify the three sizes of the cavity separately, aiming at a cavity with
reasonable size.
The optimal configuration of the structure is shown in figure 1, with the
following dimensions: d=108 mm, b=130 mm and a=55 mm. The
resonant mode at the design frequency of 2.45 GHz is a higher order
mode.
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FIG. 1 − Cavity view and Field distribution inside the cavity.

III.

RESULTS

The structure has been fed in the bottom side by a coaxial probe [7], as
shown in Figure 1, with an input power of 0.5 W.
The performed simulation shows a good matching at the desired
frequency with a return loss smaller than -20 dB (Figure 2).
Figure 3 shows the percentage of absorbed power at different
frequencies. At the design frequency the structure absorbed power,
expressed as 1-|Γ|2, is greater than 90% with a Q factor equals to 29.

FIG. 2 − Return Loss
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The field distribution in a section of the cavity is shown in the right of
Figure 1. Although the field appears to have the maximum intensity
nearby the walls, the area of the multi-tube reactor is sufficiently
radiated.
IV.

CONCLUSION

We designed a resonant cavity, operating at 2.45 GHz and fed with low
power, for evaluating the catalytic effect of the absorption of a low power
electromagnetic field at microwave frequencies.
Further developments will include both the investigation if sterilization
or pasteurization could be obtained by microwave irradiation at low
power, and the study of other configurations for improving the
absorption of radiation by the reaction mixture.
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Abstract
Ground Penetrating Radar (GPR) is a sensing equipment that is based on
the principle of scattering of electromagnetic waves. In particular GPR
transmits a signal pulse that travels through the material essentially as a
non dispersive wave. It is reflected or scattered by any change of
impedance. The signal that is received back by GPR looks like the
transmitted signal and its time delay as well as the differences in phase,
frequency and amplitude depend on the depth, shape and
electromagnetic properties of the scattering or reflecting object.
The origin of this inspection technique can be discovered in the first
applications of the radio wave propagation above and along the surface
of the Earth (for a review see [1]). Beyond the most diffused research in
the field of communication, direction finding and radar, probably the first
documented application in the field of civil engineering was oriented to
identify the ground water table depth [2], supported in Egypt by the
National Research Council for the geophysical prospection of underground
water in the Egyptian deserts.
During and after the second world war the research in radio frequency
applications received a large attention especially with reference to the
sounding of geological materials. Notwithstanding these researches were
devoted to military scopes (e.g. [3]), they have had some relevant impacts
for potential civil engineering uses.
A significant activity in the field of civil engineering started up in the
sixties and has become mature in the seventies. The main surveys that
were carried out using GPR investigated mines and underground deposit
[4;5;6;7]. In this period, in the line of the lunar science missions, strong
efforts have been spent to improve the available technologies that seemed
very promising for the subsurface examinations [8;9;10].
At the end of seventies and from the eighties the use of GPR also for
several applications in the field of civil engineering has increased
massively. In 1978 Dolphin et al. documented probably one of the first
archeological survey. Olhoeft [11;12] studied the electrical character of
geological materials as well as the relationships between electrical
conductivity and dielectric polarization. A very important application of
GPR in borehole configuration was the inspection of the nuclear waste
disposal sites [13].
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Another important and essential incentive to the research came from the
military and humanitarian applications for mines detection [14;15]. The
success of GPR performance in this field is remarkably whereas there is a
considerable contrast in dielectric properties between the landmine and
the host soil [16] and attracted the most of the financial resources by
governments all over the world but especially in the USA.
Therefore the equipment was strongly improved and the applications
beyond the military scopes increased. In particular, referring to the civil
engineering applications, a first overview was given by Ulriksen in 1982
[17]. Actually GPR is used in all the fields of civil engineering for
inspection, monitoring and design purposes (e.g [18;19;20;21;22]).
The detection of utilities and buried objects as well as the inspection of
road pavements and bridge decks as well as the measurement of
moisture content in natural soils are the main applications of GPR in the
civil engineering context. In addition very interesting examples of the use
of GPR in structural, geotechnical engineering and railways inspections
have to be mentioned.
Index Terms − Civil engineering, Ground Penetrating Radar, Road pavement
survey, bridge inspection, water content evaluation, geomorphologic stability,
structure monitoring.
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Abstract
The ability of a Ground Penetrating Radar (GPR) to detect and reconstruct the
location, size and shapes of buried objects by means of inverse data processing
is addressed in this work. The choices of the relevant electromagnetic
parameters, geometries, and operational frequencies are related to the
investigations performed in the framework of the planetary ExoMars mission.
The study shows to what extent the use of a frequency-domain microwave
tomographic inversion algorithm allows us to recognize different kinds of
canonical geometries, even in critical conditions where the scatterers have size
comparable to the wavelengths of the probing signal and can be located close to
the antennas. An extensive analysis has been carried out starting from
radargrams derived both by measurements (a “sand-box” experimental setup)
and by simulations (numerical data from ad-hoc implementation of a CAD tool).
Index Terms − CAD simulations, GPR instrument, Inverse problems,
Scattering from objects.

I. INTRODUCTION
The main goal of the planned “ExoMars” mission will be to drill the
shallow Martian subsurface and analyze the extracted samples on site,
looking for evidence of life on the “red planet”. In order to prevent
dangerous and energy-consuming drilling operations of the rover, it will
be extremely significant to recover information about the geological
features of the first few meters of the subsoil and, in particular, on the
position and shapes of rocks buried in sandy regolith.
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To this aim, a ground-penetrating-radar (GPR) instrument [1] will be
the best candidate for providing fast and reliable analyses of the shallow
subsurface, also relying on suitable inversion procedures on the data.
In this frame, our study is developed to test what kind of knowledge can
be derived on the location, size and shape of shallow buried targets by
applying a microwave tomographic algorithm [2] to both measured and
simulated radargrams [3] in critical operative conditions.
II. EXPERIMENTAL AND NUMERICAL GPR ANALYSIS
In order to acquire suitable data to be processed, an experimental setup
has been expressly built, consisting of a 150×100×30 cm dielectric box,
filled with a mixture of a glass beads in which scatterers having
different shapes can be buried [3]. Measurements have been performed
using a commercial bistatic GPR instrument (“PulseEkko Pro” by
Sensors and Software Co.) equipped with a pair of antennas having a 1
GHz bandwidth around the central frequency of 1 GHz. In order to
complete a surface scanning, the instrument is swept along the major
axis of the box at the soil smooth interface, with a fixed mutual distance
between the transmitting/receiving antennas (chosen at 19 cm here).
In this study, preliminary measurements have been executed on
targets made of hard wood wrapped with aluminum foils to firstly test
the approach in the case of non-penetrable objects. Various canonical
geometries of buried targets have been considered (sphere, cube,
parallelepiped, cylinder, cone, pyramid, etc.). Radargrams (the typical
output for this kind of analysis) are generated transmitting a Gaussian
pulse from each position on the surface and collecting the signal
scattered by the buried objects. A relevant example of a measured
radargram is shown in Fig. 1 for a cube (9 cm side) and a square-based
pyramid (9×9×10 cm), buried at a fixed depth from surface (9 cm here).
Time
(ns)

Position (cm)

FIG. 1 − Example of a measured GPR radargram, generated converting on a
gray scale the amplitude of the received signal from each position along the
surface. These data are due to buried cube (left) and pyramid (right) scatterers.

The experimental setup just described has also been modeled by
means of a commercial full-wave electromagnetic CAD, “CST Microwave
Studio”, directly operating in the time domain. A flexible ‘simulated GPR
environment’, including the Tx/Rx antenna system, has suitably been
implemented in order to achieve numerical results comparable with the
experimental setup [3].
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Objects with the same shapes as those used in the measurements
have then been simulated numerically in a host medium analogue to
the sandy glass-bead mixture. As for the experimental data, a Gaussian
pulse is radiated by the Tx antenna and the signal at the output of the
Rx antenna is collected. It is worth noting that such traces consist of a
first ‘direct’ wave, guided by the soil interface, followed later by that
scattered from the buried objects. In order to emphasize the scattering
contributions, when the superficial roughness can be neglected, a single
direct signal has been evaluated in the absence of any buried rock and
then subtracted from each received trace (such operation is named
‘background removal’). In Fig. 2, an example of simulated radargrams is
shown for a cube, before (a) and after (b) this background removal.
Time
(ns)

Time
(ns)

Position
(cm)

Position
(cm)

(a)

(b)

FIG. 2 − Simulated GPR radargrams for a cube with 9 cm side and 9 cm deep
in a sandy soil: (a) before and (b) after the operation of background removal.

III. RESULTS FROM THE INVERSION APPROACH
In order to obtain location and shape estimations of the targets, a
tomographic frequency-domain algorithm has been handled, based on
the Born approximation to linearize the relevant inverse problem [2]. As
is known, this approach can perform accurate reconstruction only when
applied to a full observation for weak scatterers. Nevertheless, the
relevant application to our GPR data is stimulating to test what kind of
information can be recovered in critical cases. In the method, the
targets are represented in terms of anomalies (‘contrast function’) of the
dielectric permittivity and conductivity with respect to the properties of
a background environment. First, a tomographic reconstruction has
been obtained by starting from the raw measured GPR data, as shown
in Fig. 3 for a 2D side view of the box with cube and pyramid of Fig. 1.

FIG. 3 − Tomographic reconstruction based on experimental data for cube and
pyramid (as in Fig. 1): the contrast function is plotted through a color scale.

ISBN: 978-88-907599-0-1

Session 8

209

Proceedings of the XIX RiNEm

This result enables us to detect and well localize the targets and the
bottom of the dielectric box, which is visible only in the central zone
because the box is placed on two wooden lateral tables creating an air
gap below the central lower part.
We finally present some reconstructions derived by processing the
regularized GPR data from the simulated numerical setup. In Fig. 4, the
results achieved for two cubes of different size are shown. Since these
objects are not penetrable, we are able to well locate and reconstruct
only their upper face, particularly clear for the bigger cube, in
agreement with resolution limits imposed by the probing wavelengths.
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FIG. 4 − Tomographic reconstruction based on numerical radargram data
for differently-sized cubes: (a) side of 9 cm; (b) side of 13 cm.

IV. CONCLUSION
GPR measurements and numerical simulations have been performed
and processed to achieve information on buried targets with an inverse
tomographic algorithm, tested in very challenging practical condition.
Further studies are planned on the scattering effects of threedimensional penetrable objects in different hosting environments.
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Abstract

The 2D electromagnetic scattering of a plane wave by a perfectly-conducting
circular cylinder buried in a lossy medium, is presented. The problem of
reflection and transmission of both the plane wave and the cylindrical wave at
the interface with a dissipative medium has been faced taking into account the
general case of inhomogeneous waves. The scattering problem has been solved
with the Cylindrical-Wave Approach. The theoretical solution has been
numerically implemented in a Fortran code and the numerical results have been
compared with both the literature and simulations with a commercial software.
Index Terms − Buried objects detection, electromagnetic scattering,
inhomogeneous plane waves, lossy media, spectral domain analysis.

I. INTRODUCTION
In this paper, the two-dimensional scattering of a plane wave by a
perfectly-conducting circular cylinder buried in a dissipative medium is
analyzed through the Cylindrical Wave Approach (CWA). The results
presented in [1] are extended to media with complex electromagnetic
constants. The problem of reflection and transmission between two
lossy media is solved with the Fresnel coefficients of complex argument.
The angles of the phase vector and the attenuation vector of the
transmitted wave are computed through the methods presented in [2].
Finally, the reflection and transmission of the scattered cylindrical
waves by the plane interface is obtained through the plane-wave
expansion of the cylindrical functions in lossy media [3]. Numerical
evaluation of the fields is obtained through a Fortran code. In Section II,
the theoretical formulation of the problem is presented. The procedure
leads to a linear system of equations that gives the coefficients of the
scattered field. In Section 3, the numerical results of the Fortran code
developed are reported. Comparisons with both results in the literature
and simulations with a commercial software are shown, emphasizing
the advantages of our technique in terms of computing time. Finally, in
Section 4 conclusions are drawn.
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II. THEORETICAL FORMULATION
The geometry of the problem is the following: a perfectly-conducting
cylinder, with radius , is buried in a medium 1, in the half-space x > 0,
at a depth . Let us suppose that the half-space x < 0 is filled with air.
We consider an electromagnetic plane wave from air, impinging on
medium 1. The time factor is taken to be
, which is omitted
below. Let us assume that the medium 1 is a homogeneous medium,
with relative electric permittivity
. Similarly, we call
the complex refractive index of the medium, defined as the square root
of the complex relative permittivity.
Let us suppose that the incident plane wave has a propagation
vector
lying in the plane (x, z). The polar coordinate system on this
plane is taken to be
, where is the angle formed with the x-axis
and the origin coincides with the center of the cylinder. We use
normalized variables and parameters, defined as:
,
,
,
,
. Here
is the vacuum wave number.
Similarly, the parallel and orthogonal components of the wave vector
will be normalized:
and
.
The electromagnetic field is treated through the quantity V, which
represents the y-component of the electric field in E-polarization (TM(y)),
and the y-component of the magnetic field in H-polarization (TE(y)). The
Fresnel coefficients, taking into account the reflection and transmission
at the interface, are indicated as
and T
, respectively, where the
indication of the relevant polarization has been omitted for the sake of
brevity.
To calculate a rigorous solution of the scattering problem, the
field has been decomposed in different contributions, as presented in
[1]. To solve the problem of the reflection and transmission at the
interface, we may consider the propagation vectors divided in their real
and imaginary parts, e.g., the transmitted wave vector
. To
evaluate the transmitted propagation vector, in the general case of two
lossy media, we use a generalization of the Snell’s law, as shown in [2].
These relations give the transmitted wave vector components as phase
and attenuation vectors.
The transmitted wave is an inhomogeneous wave except for a
normally incident wave. To expand the transmitted inhomogeneous
wave into a cylindrical waves superposition, we need to represent the
complex propagation vector in terms of a complex angle
.
The transmitted wave can be expressed as a superposition of Bessel
functions. The scattered field by the cylinder can be written as a
superposition of cylindrical waves, i.e., Hankel functions of order m,
times an exponential factor, with unknown weights
. The Bessel and
Hankel functions involved are of complex argument, and their behavior
with respect to the index ensure the convergence of the series also with
the exponential growth due to the complex angle .
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The scattered-reflected and the scattered-transmitted fields
expressed through the plane wave spectrum in lossy media of
cylindrical functions, multiplying each elementary plane wave by
reflection and the transmission coefficient, respectively. By imposing
boundary conditions, we can find, for both the polarizations,
following linear system for the unknowns:
+∞

∑

m= −∞

Amn cm = Bn

are
the
the
the
the

with: n = 0, ±1, ±2,... (1)

with:

=
Amn i m − n e −imφt GnE , H ( n1α ) RWm + n ( −2n1 χ , 0 ) + δ mn 
Bn = −T01 ( ni|| ) GnE , H ( n1α ) e

in1 ni||χ

e −inφt

where:
is the Kroenecker symbol,
is the cylindrical wave of
order n,
is the cylindrical reflected wave of order n,
is the ratio
between the Bessel function of the first kind and the Hankel function of
is the ratio of their derivatives.
order n, and
III. NUMERICAL RESULTS
We implemented the analytical procedure on a Fortran code. To find a
numerical solution of the system in Eq. (1), it is obviously needed the
introduction of a truncation at a finite number of elements M. As a
criterion for the choice of the maximum order, we find
is a
good compromise between accuracy and computational weight. The
procedure is valid for any value of the losses, but the computational
time increases with the losses, because of the presence of
inside the
kernel of the integrals.
As a first result, a comparison between our code, the lowfrequency scattering amplitudes presented in [4], and the simulations
with the commercial software Comsol, based on the Finite Element
Method, has been considered. In Fig. 1a) a comparison between Figure
5 of [4], the simulations with Comsol and the results of our code is
shown (
,
,
,
at frequency
and incident angle
). In Fig. 1b), the amplitude of the
scattered field when the incident wave impinges at ϕi =0°, 60° is
reported. The parameters considered are:
,
,
,
, at a frequency
, at normal incidence. About the time
of the simulations, Comsol returns the solutions in approximately 150
s, the Fortran code at 2 s. All the simulations have been implemented
on a personal computer with two CPUs Intel i7 at 3.0 GHz and 2.8 GHz,
and with 12 GB of RAM.
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FIG. 1 − Amplitude of the scattered-transmitted field: (a) from Figure 5 of [4] (solid

line), computed with Comsol (dashed line), and with our code (circles), for (from top to
bottom):
. (b) Scattered field by a buried cylinder computed with Comsol
(solid line) and with our code (circles), with (from top to bottom):
and
;
and
.

IV. CONCLUSIONS
In this paper, a spectral-domain solution has been employed to
characterize the 2D scattering of a plane wave by conducting cylindrical
structures buried in a half-space filled by a dissipative medium. We
found a theoretical solution of the problem by a cylindrical harmonics
expansion. The numerical evaluation of the theoretical solution has
been developed through a Fortran code. Comparisons with both results
in the literature and simulations with a commercial software have been
reported.
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Abstract

In this paper, the shape of the diffraction curves vs. the height of the observation
line in the framework of GPR prospecting is analysed. Therefore, it is shown that
the height of the measurement line is a critical factor.
Index Terms − Diffraction curves, GPR prospecting, measure of permittivity.

I. INTRODUCTION
In the framework of ground penetrating radar (GPR) prospecting, the
diffraction curves (DC) are the most exploited method to estimate the
propagation velocity (PV) of the e.m. waves in the soil. The method is
based on GPR data in multi-bistatic configuration: it is user-friendly,
fast and non-invasive, and does not require further tools, which is
instead needed with time domain reflectometry (TDR) or common
midpoint (CMP) [1]. The achievable accuracy is in general of the order of
10% [1]. This measure has an intrinsic value if the prospecting is
specifically aimed to evaluate some characteristics of the soil (e.g. in
hydro-geophysical applications [2] or in hydrocarbon contamination
measurements[1]). In the other cases, this measure is a key-ingredient
for a correct time-depth conversion and a reliable focusing by means of
an inversion or a migration algorithm. In this work, we propose a study
of the DC method in terms of height of the observation line [3]. In the
next section, the equation of the DC for interface data and a fixed height
data are retrieved. In section 3, the effect of the height of the
observation line is discussed. Conclusions follow.
II. THE DC FOR INTERFACE DATA AND FIXED HEIGHT DATA
With reference to fig. 1, let us consider, in a 2D geometry, an electrically
small buried target. First, let us consider interface GPR data.
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FIG. 1 − Measure of the PV from the DC for interface data.

The GPR antennas measure the scattered field in several points in air,
placed along a finite length segment centred around the target.
Considering a Cartesian system with the origin at the interface, and
neglecting the offset between the GPR antennas, we have that the
datum point is ( x,0) and the target point is ( xo , zo ) . The distance
between these two points is

(x − xo )2 + zo2 ,

which also expresses the

apparent depth zapp ( x ) of the target at the observation abscissa x . The

quantity actually measured is the corresponding return time of the
2 z (x )
ct ( x )
signal, given by t ( x ) = app
(see fig. 1), so that we have zapp ( x ) =
,
2
c
where c is the PV of the e.m. waves in the soil and the factor 2 is due to
the “round trip” of the signal. The point of the observation line at
minimum distance from the target is at x = xo , and here one records the
minimum two-travel time to =

2zo
ct
⇔ zo = o . Consequently we have:
c
2

2
2
2
ct
2  ct 
(1)
(x − xo )2 +  cto  ⇒ t 2 − (x − xo2 )2 = 1
= (x − xo ) +  o  ⇔ t =
2
c
to 0.25c to
 2 
 2 
Eq. (1) represents a hyperbola in the plane ( x,t ) , with vertex in ( xo ,to )
(only the branch for t ≥ 0 is relevant). The equation is parametric in c ,
and this allows to work out c from a matching between the data and
the model of eq. (1).
Let us now consider the case h > 0 . With reference to fig. 2, due to the
refraction at the interface, eq. (1) evolves into:
2

t (x ) =

2
co

(x − x1 )2 +  ct 01 
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where x1 is the interface point of the refracted ray (see fig. 2), co e c are
the PV in air and in the soil, t01 = (2h) / co and t 02 = (2z o ) / c are the
minimum two-travel times in air and in the soil, respectively.

FIG. 2 − Ray in the case of measurement line at non-null height.

To express the DC, we can express x1 vs. x by applying the Snell’s
refraction law, which implies (see fig. 2):

sin (θ1 ) =

co
sin (θ 2 ) ⇔
c

x − x1

(x − x1 )2 + h 2

=

co
c

x1 − xo

(x1 − xo )2 +  ct02 
 2 

(3)

2

with the physical constraint that x1 belongs to the interval [x, xo ] if x ≤ xo

or [xo , x] if x ≥ xo . It can be graphically recognised that eq. (3) has one
and only one solution under this physical constraint. So, considering a
numerical resolution of eq. (3), we formally achieve the DC as:

2
t (x ) =
co

(x − x1 (x, xo , c, t01 , t02 ))

2

2
+h +
c
2

(x1 (x, xo , c, t01 , t02 ) − xo )

2

 ct 
+  02 
 2 

2

(4)

III. THE RANGE OF VARIABILITY OF THE DC AT NULL AND NON-NULL HEIGHT
III.A – THE CASE OF NULL HEIGHT
The equation of the asymptotes of the DC are given by

t=±

2
(x − xo )
c

(5)

Eq. (5) means that the asymptotes do not depend on the time-depth of
the target. Some DC is shown in fig. 3: The hyperbolas degenerate into
the asymptotes for t o → 0 and becomes progressively flatter around the
vertex for t o → +∞ .
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FIG. 3 − DC for a deeper and deeper target. Panel A: c=1.34x108 m/s. Panel B:
c=0.95x108 m/s. In all panels: Solid line: the asymptotes. Dashed line: the curve for
t o =1 ns. Dashed-dotted line: the curve for t o =5 ns. Dotted line: the curve for t o =10 ns.

Moreover, since the slope of the asymptotes is ± 2 / c , the DC becomes
progressively “narrower” while decreasing the PV. In fig. 3 we show
some examples. In particular, panels A and B refer to the case of
interface data. Please note that the case c =

co
≈ 0.033m / ns corresponds
9

to a relative dielectric permittivity equal to 81, which is approximately
that of the fresh water and can be regarded as an extreme occurrence in
most practical cases. The other side extreme case is represented by an
ideal transparent air-made-soil ( c = co = 0.3m / ns ).
III.B – THE CASE OF NON-NULL HEIGHT
Let us preliminary consider the limit case of an interface target ( t02 → 0 ).
This case can be discussed multiplying both the members of eq. (3)
times the product of the denominators. So, we have:

x − x1

(x1 − xo )

2

2

c
 ct 
+  02  → x − x1 x1 − xo = o x1 − xo
c
 2 

Since the condition c x − x1 → co

(x − x1 )2 + h 2

lim x1 = xo

(x − x1 )2 + h 2

(6)

is impossible, eq. 6 involves
(7)

t 02 →0

So, substituting eq. (7) in eq. (4), we achieve

2
t (x ) =
co

(x − xo )

2

c t 
+  o 01 
 2 

2

(8)

Eq. (8) is a DC in air, coherently with the fact that the propagation of
the signal occurs exclusively in air. Coherently, eq. (8) does not depend
on c , and so it is impossible to retrieve c from too shallow targets.
Let us now pass to the case t02 > 0 . In this case, for an ideal air-madesoil (c = co ) we have:
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2
t (x ) =
co

2

(x − x1 )

2

2
c t 
+  o 01  +
 2  co

(x1 − xo )

2

c t 
+  o 02 
 2 

2

(9)

Moreover, for c = co eq. (4) is easily solved as x1 =

xt02 + xot01
, which
t01 + t02

substituted in eq. (9), with some manipulation, provides

2
t (x ) =
co

(x − xo )

2

 c (t +t ) 
+  o 01 02 
2



2

(10)

Eq. (10) is the DC in air for a target at the time depth t01 + t02 . Let us
now consider, the opposite ideal case c → 0 . In this case, from eq. (3),
we work out again x1 → xo . Substituting in eq. (4) we achieve

2
t (x ) =
co

(x − xo )

2

2

c t 
+  o 01  + t02
 2 

(11)

Eq. (12) means that this limit curve is the same of eq. (8) rigidly shifted
of the time t02 . Physically, this means that the limit trajectory of the ray

is a broken line with a first segment from the source point (x, h ) to the
projection of the target at the interface

(xo ,0) ,

followed by a vertical




ct02 
 . This means that
2 

segment from this point to the target-point  xo ,

the limit ray maximizes the path of the signal in air and minimizes that
in the soil, coherently the principle of Fermat. This makes poorer the
information achievable from the data because the DCs tend to be less
different from each other compared to the case of data at the air soil
interface. This difficulty increases for shallower targets driving to the
theoretical insolvability of the problem for interface targets, as shown.
Let us now consider also the case t02 → +∞ . In this case, from eq. (4) we
see that x1 → x , and so eq. (4) evolves into

2h 2
t (x ) = +
co c

(x − xo )

2

2

2
 ct 
+  02  = t01 +
c
 2 

(x − xo )

2

 ct 
+  02 
 2 

2

(12)

Eq. (12) is the DC relative to the soil at hand translated of the time t01 .
Physically, this means that the limit trajectory of the ray is composed by
a vertical segment from the source point (x, h ) to its projection at the
interface

(x,0)




and then from this point to the target-point  xo ,

ct02 
.
2 

From eq. (12), we have that, for deep targets the range of variability of
the DCs is essentially the same as if the data were gathered at the
interface. However, this “recover” occurs at quite high time depths,
where even the diffraction curves derived from interface data provide a
progressively poorer information, because of their progressive flattening.
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In fig. 4 (panels C and D) two examples are provided. In particular, in
both panels we have considered the case t01 = 2ns ↔ h = 30cm . In panel C
the diffraction curves for t02 = 0 are shown (homologous to panel A), and
in panel D the DCs for t02 = 20ns are shown (homologous to panel B).

FIG. 4 − DCs compared. Panel A: h = 0cm , t o = 0ns ; Panel B: h = 0cm , t o = 20ns ; Panel C:
h = 30cm , t o2 = 0ns ; Panel D: h = 30cm , t o2 = 20ns ; Solid line: c = co ; dashed line: c = co / 9 ;
dashed-dotted: c = 0 .

On the right hand side of the curves, we have marked vertical segments
that expresses the time-distance between the extreme physical cases of
“air-made-soil” and “water-made-soil” at 1.2 m away from the target.
This distance is 64 ns in panel A, but reduces to 53 ns in the case of
panel B. In the case of observation line at 30 cm, instead, this distance
is equal to 0 ns for an interface target (panel C), and increases “only” to
4.7 ns for a target at the time depth of 20 ns in the soil (panel D).
IV. CONCLUSIONS
We have shown preliminary calculations about the evaluation of the PV
in the framework of GPR prospecting, and we have shown that the
measure is potentially less reliable if the height of the observation line is
larger than zero. A ray model for the propagation has been adopted.
This is quite simple, but it is the model customarily exploited in GPR
applications. At the conference, the theoretical results will be backupped with FDTD simulations.
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Abstract

This paper reports experimental results concerning the inspection of dielectric
structures in which metallic inclusions are present. The investigation is based on
a microwave imaging approach and the measured data have been obtained by
using a prototype of a microwave tomograph. The reconstructed images of the
structures under test have been constructed by using a nonlinear inverse
scattering procedure based on a truncated Landweber method. The reported
results concern in particular the inspection of wood materials with cylindrical
metallic inclusions.
Index Terms − Inverse scattering, microwave imaging, wood industry.

I. INTRODUCTION
In industrial applications, it is often necessary to detect the presence of
foreign bodies inside known structures. A significant example is
represented by the wood industry [1], in which metallic objects (e.g.,
nails or splinters) can make the wood material unsuitable for the
process and can also damage the cutting machinery. When a metallic
object is included inside a dielectric structure, microwave
nondestructive testing techniques can be satisfactory applied.
In [2], the present authors reported an inspection approach based on
electromagnetic imaging for penetrable objects. The approach was
specifically devoted to inspect wood slabs and trunks. Experimental
results were also provided. They were obtained by using a prototype of a
microwave tomograph developed at the Swiss University of Applied
Sciences (SUPSI) and described in details in [3]. The system is able to
illuminate the structure under test (SUT) in a frequency range of 1-6
GHz. The measured samples of the scattered electric field are “inverted”
by using a procedure based on a truncated Landweber method, which
has been developed and tested in [4][5]. The approach belongs to the
class of electromagnetic inverse scattering methods, which has received

ISBN: 978-88-907599-0-1

Session 8

221

Proceedings of the XIX RiNEm

a significant attention from the electromagnetic community in the last
years [6]-[15].
In this paper, for the first time, the proposed imaging system is applied
to inspect dielectric targets including foreign metallic bodies, which, as
previously mentioned, has a significant applicative relevance.
To simulate quite a complex scatterer, a composite target has been
constructed. It is made by wood and some other dielectric materials
with low electric conductivity. A metallic inclusion has been inserted in
the structure. Since the system is working under tomographic
conditions, the shape of the target is elongated in order to simulate a
cylindrical object for which two-dimensional (2D) slides of the cross
section are retrieved and visualized as pixelated images. No postprocessing and filtering are applied to the final images.
The paper is organized as follow. In Section II the imaging system
(hardware and software) is briefly reviewed, whereas the experimental
results are reported and discussed in Section III. Some conclusions are
drawn in Section IV.
II. THE IMAGING PROTOTYPE
The developed prototype [3] allows multiview multi-frequency
acquisitions in the operating band of 1-6 GHz. It is composed by three
major modules: The measurement and acquisition hardware; the
movement control hardware; and the management system. The first one
includes a vector network analyzer (VNA) equipped with a digital IF
input filter configured at 300 Hz. The acquisition module is controlled
by a custom software running on the management system PC, which is
interfaced to the VNA by means of a standard LAN connection. The last
block contains all the electronics needed to move the antennas and to
rotate the platform. The transmitted and receiving antennas have 8.5
dBi gain and 60° beamwidth. The SUT is positioned on a rotating
platform made of weakly scattering material.
The collected samples of the field are related to the dielectric properties
of the SUT by the following nonlinear Fredholm equation for transverse
magnetic (TM z ) incident polarization
(1)
where
is an array of
elements containing the values of the zcomponent of the total electric field;
is an array of the same
dimension containing the values of the known incident field at the same
locations;
is the nonlinear Lippmann-Swinger operator [6] and τ is
the scattering potential, which is related to the distribution of the
complex dielectric permittivity of the target, i.e.,
. Equation
(1) is discretized and solved (in a regularization sense) by using a
truncated Landweber method [5], following the approach described in
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[3]. A pixelated image of the dielectric parameters is then obtained. The
final images (in particular the one related to the electric conductivity
distribution) allow one to detect the possible presence of metallic
inclusions inside the SUT.
III. EXPERIMENTAL RESULTS
The prototype has been use to acquires field samples in
measurement points, which are equally spaced along an arc of
circumference of radius
cm and aperture
. The TX
antenna assumes
equally spaced positions (the antenna moves
along the same circumference).
measured samples are collected
and inverted. The cross section of the SUT (shown in Fig. 1) is located
inside a square investigation area of side
m (discretized into
square subdomains).
The reconstruction results are shown in Fig. 2. In particular, the
distributions of the retrieved relative dielectric permittivity (Fig. 2(a))
and electric conductivity (Fig.2 (b)) are reported. As can be seen, the two
dielectric objects are reconstructed with quite good accuracy, both in
terms of shape and dielectric permittivity. Moreover, the metallic
inclusion is clearly identifiable in the conductivity map.

FIG. 1 − Cross section of the inspected target. Wood beam (11.5 cm × 7.5 cm)
with a rectangular hole (5.5 cm × 3.5 cm); plastic box (11 cm × 9 cm) with a
rectangular hole filled with sand (5.3 cm × 3.0 cm); circular metallic inclusion
(11 mm in diameter).

IV. CONCLUSIONS
Experimental results concerning the detection of metallic bodies inside
dielectric structures have been reported. They show the capability of
microwave imaging to provide positions and shapes of inclusions with a
rather good accuracy. Consequently, microwaves can be usefully
considered in developing inverse-scattering based apparatuses for
nondestructive testing and evaluation in industrial applications.
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(a)

(b)

FIG. 2 − Distributions of the reconstructed (a) relative dielectric permittivity
and (b) electric conductivity [S/m].
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Abstract

A wideband microstrip log periodic array operating between 4 and 18 GHz (thus
working in C,X and Ku bands) has been designed. The proposed solution is
remarkably simple and shows both SWR and gain better than likely structures
present in the literature. The same antenna can also be used as an UWB
antenna. The design has been developed using a general purpose and specialist
tool for the 3D electromagnetic simulation of microwave high frequency
components.
Index Terms − UWB antennas, Printed Log-Periodic dipole arrays.

I.

INTRODUCTION

Log-periodic dipole arrays (LPDA) using cylindrical dipoles are wellknown since the 50’s, and their design rules are based on the works of
Isbel and Carrell [1-3]. LPDA have a reasonable gain with a very large
bandwidth (up to a decade) and therefore the LP concept has been used
with different implementations. Among them, printed LP arrays are very
promising since their low cost and weight, and a number of different
realizations has been reported in the literature [4-10].
This work describes a simple implementation of LP printed arrays with
a 4.5:1 bandwidth, and shows very good performances, not only as a
standard LP antenna, but also as an UWB antenna. Actually, in the
range 6-11 GHz, its gain and phase-center are remarkably constant
with the frequency.
The design has been done using CST MICROWAVE STUDIO 2010, a
general purpose software for the 3D electromagnetic simulation of
microwave components.
II.

LPDA DESIGN

The array structure is based on a two-wire printed transmission line on
the two sides of a dielectric slab, where the array dipoles are connected,
in an alternate way, on the two printed lines in a structure very similar
to a standard (i.e., wire) LPDA. As a consequence, the design rules for
wire LPDAs [1] can be used, with some suitable modifications.
Starting from the required bandwidth, 4-18 GHz, we get N=14 dipole
elements, 2α=30° and τ=0.85 for a directivity of 7.5 dBi.

ISBN: 978-88-907599-0-1

Session 9

226

Proceedings of the XIX RiNEm

The width of the metallization of the feeding lines has been calculated
requiring a characteristic impedance of 50Ω, and considering a
substrate with [10] a dielectric constant ε r =2.54 and a thickness of 0.51
mm. Since the feed line (Fig.1) has an anti-symmetric field
configuration, we can insert a ground plane in the middle (Fig.1b), and
design a 25 Ω standard microstrip (with h/2 slab length) by evaluating
its W assuming a quasi-static propagation.

FIG. 1 − Section of the antenna feeding line.

FIG. 2 − 3D Antenna Layout

The length of the longest dipole is equal to half-wavelength at 4 GHz,
while the length of the other dipoles can be obtained following (1):

ln+1 1
=
ln τ

(1)

where l n is computed starting from the dielectric wavelength λ r =
λ 0 /√ε eff , since the antenna lies on a dielectric substrate. The effective
dielectric constant on the feed line, ε eff , is used to take into account the
typical microstrip side-effects, due to the field overflow beyond the
physical dimensions of the structure.
Since the effective dielectric constant on the feed line, ε eff , is frequency
dependent, the design has been made using ε eff at the center of the
band, i.e., 11 GHz. The resulting value ε eff =2.25 is used to scale the
whole geometry.
Finally, the dipole width W d has been chosen from [10] to give a 50 Ω
equivalent impedance. Starting from the Carrell expression for
cylindrical dipoles [3], we can compute the diameter for each dipole [10],
which is then transformed to W by the requirement of equal perimeter
2π ⋅ a = 2W .
III.

RESULTS

The antenna layout is shown in Fig.2. The direct use of Carrell
equations leads to a design with an unacceptable performance at the
lower end of the band, mainly in the SWR, which cannot be corrected
with a circuital remedy. Therefore we added a further dipole at the
lower end of the band to cover the whole frequency range, getting a
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return loss smaller than –10 dB (Fig.3). This solution results in a small
size increase (around 20%).
The average directivity (Fig.4) is larger than the specified one, dropping
below its value only at the edges of the frequency band.

FIG. 3 − Reflection coefficient

FIG. 4 − Average directivity

In the Table 1 we report also the position of the phase center of the
antenna. In the central part of the frequency band (6-11 GHz) its
variation is less than 20% of the free space wavelength (computed at
the center frequency of 8.5 GHz). Therefore the proposed antenna can
be used as an UWB antenna.
In Fig.5 the radiation patterns are shown at various frequencies. The
main lobe is essentially the same at all frequencies, with a –3dB
beamwidth around 50°.

FIG. 5 − Radiated electric field at 4, 11 and 18 GHz.
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Frequency/Ghz

X[mm]

Y[mm]

Z[mm]

6
7
8
9
10
11

0.80
0.33
0.25
0.45
0.30
0.53

0
0
0
0
0
0

-30.27
-37.39
-29.01
-34.15
-24.64
-37.31

Table 1 − Phase Center Position at 6-11 Ghz. [mm]

IV.

CONCLUSION

A wideband microstrip printed Log-Periodic dipole array operating in a
frequency band from 4 to 18 GHz has been designed using CST
Microwave Studio. The proposed solution is remarkably simple and
shows both SWR and gain better than likely structures present in the
literature. It has a quite reduced size and very good performances if
used as a UWB antenna (in the range 6-11 GHz).
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Abstract

In phased array antennas which provide multiple beams using digital
beamforming (DBF), the choice of the subarray shape is crucial. In this paper the
shape of the subarrays is chosen according to an old Chinese puzzle game
called Tangram. The choice of this shaping provides lower sidelobes with
respect to square subarrays on offset beams obtained by means of DBF.
Index Terms−Digital Beamforming, Subarray shaping, Multiple beam
antenna.

I. INTRODUCTION
Multiple beam phased array radars have higher performance with
respect to single-beam phased array radars, in terms of refresh rate,
etc. Several strategies can be used to design the phased array
architecture to obtain multiple beams in reception using digital beam
forming (DBF). Ideally a digital receiver per antenna element would
allow to obtain a huge number of simultaneous receive beams, but this
solution is not cost effective. In order to obtain a compromise among
cost and performance, the elements are arranged into subarrays, each
connected to a digital receiver. The choice of the size and shape of the
subarray has been investigated by many authors according to different
performance parameters [1]-[3]. The focus of the present paper is that of
investigating a particular subarray shaping with the aim of obtaining
multiple simultaneous beams (within a narrow angular region around
the scanning direction) with low sidelobe level.
Section II describes the motivation and strategy of subarray shaping,
section III describes the performance of such shaping by making some
examples and section IV contains the conclusions.
II. SUBARRAY SHAPING
Throughout the paper it is assumed that the phased array architecture
is that described by the block diagram shown in Fig. 1. If the antenna
elements are phased (by proper phase settings on the phase shifters) in
order to steer the beam to a nominal direction, other simultaneous
beams (called offset beams) that are slightly steered away from the
nominal direction can also be obtained.
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FIG. 1−Phased array block diagram.

Referring to Fig. 1 such beams can be obtained digitally by simply
applying different phases to the DBF coefficients. The question is now
how to divide the array into subarrays in order to get the best
performance from the offset beams in term of sidelobes. The easiest way
is to divide it in equally sized rectangular subarrays, taking into
account that the sidelobe level of the offset beams gets worse as the size
of the subarrays increases because of phase quantization. This happens
because the phase centers are equally spaced on a rectangular lattice.
In order to increase the sidelobe level, phase quantization must be
reduced, and this can be obtained by making the phase centers of the
subarray as random as possible. Many strategies have been developed
by several authors to randomize the subarrays [1]-[3]. In the present
paper the phase randomization is obtained by dividing the array in
squares, each of which is divided according to the tangram puzzle.
Tangram puzzle is an ancient Chinese puzzle where several shapes have
to be arranged in order to obtain a square, or many other fancy shapes.
The one that inspired this paper is the rectangle, which is obtained by
joining two squares (see Fig. 2).

FIG. 2−Tangram subarrays.

In Fig.2, the right square is composed of five shapes, if each shape is
associated to a subarray this can be used as the building block to
construct an array of subarrays. In such an array the subarrays have
their corresponding phase center not on a regular lattice (see for
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example Fig. 3). The array is then composed of the necessary tangram
squares. Each of the tangram squares which composes the array can be
randomly rotated or mirrored in order to increase the randomness of
the position of the phase centers.

16

row

8

0

-8

-16
-16

-8

0

8

16

col

FIG. 3−Tangram subarrays. Dot (.) shows element position, star (*) indicates
phase center of the subarrays.

III. NUMERICAL RESULTS
In order to verify the performance improvement of the tangram shaped
subarrays with respect to the square ones, two examples are reported.
Each configuration is compared according to the peak and RMS
sidelobe level when an offset beam is scanned at an angle equal to one
half-power beam-width (HPBW) from the nominal beam direction. The
array is assumed to have a -30 dB sidelobe Taylor taper. The phase of
each subarray to perform beam-steering by mean of DBF phases is
computed according to the position of its phase center.
Assuming a square tile of 8 by 8 elements spaced by half wavelength,
this is divided in 5 subarrays according to the tangram shaped patterns
inspired by the right square of Fig. 2. An array, labeled TANG4 (see Fig.
3), of 4 by 4 tiles, thus made of 80 subarrays is simulated, and the
performance in terms of sidelobes when scanned at one HPBW are
reported in Table I. To compare the previous configuration with one
with the same number of subarrays, but with square shape, an array of
9 by 9 square subarrays (each made of 4 by 4 elements), labeled
SQUARE9, is simulated. The performances of such configuration are
reported also in Table I. For further comparison an array of 5 by 5
tangram tiles (each tile is made of 8 by 8 elements divided in 5
subarrays according to tangram shapes), labeled TANG5, is compared
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with respect to an array of 11 by 11 square tiles (each made of 4 by 4
elements), the performances of such configurations are also reported in
Table I for comparison.
TABLE I – PERFORMANCE COMPARISON OF SIDELOBE LEVELS (SLL)
Configuration

Number of subarrays

SLL [dB]

SLL RMS [dB]

TANG4

80

-20.2

-29.3

SQUARE9

81

-16.0

-27.2

TANG5

125

-22.1

-31.9

SQUARE11

121

-18.0

-29.7

From Table I it can be noticed that maintaining approximately constant
the number of subarrays (it is not possible to make a square array with
tangram shaped subarrays have exactly the same number of subarrays
as an array of square shaped subarrays), the array made with tangram
shaped subarrays has lower sidelobes (when scanned at one HPBW
from boresight) than the one made with square sidelobes. In detail,
TANG4 configuration has sidelobes 4 dB lower that SQUARE9
configuration, and also TANG5 configuration has sidelobes 4 dB lower
than SQUARE11 configuration.
IV. CONCLUSION
This paper introduced a new subarray shaping strategy inspired by the
tangram puzzle. It has been shown that, in multiple beam arrays with
DBF, the offset beams obtained by only setting the phase of the
subarrays (without changing the phase of the phase shifters), have
lower sidelobes for tangram shaped subarrays than square shaped
subarrays.
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Abstract

We propose a new architecture for high-gain isophoric arrays. The solution is
able, by exploiting the feeds size as unique degree of freedom of the antenna
design problem, to perfectly emulate the behaviour of given continuous aperture
sources. Uniformly-excited arrays fulfilling by a wide margin the requirements
recently established by the European Spatial Agency for the multibeam coverage
of Europe are designed in a fast and deterministic fashion.
Index Terms − Power Synthesis, Isophoric Antennas, Direct Radiating Arrays.

I. INTRODUCTION AND MOTIVATIONS
Usual degrees of freedom in array synthesis are either the
excitations of a fixed-geometry structure [1], or the locations and phase
excitations of the fixed-amplitude radiating elements [2]-[7], or even
both of them [8],[9]. In particular, the second of these problems is of
interest in the design of Direct Radiating Arrays (DRA) for
communications from satellites [2]-[7].
In fact, arrays easily lend themselves to multibeam and
reconfigurability applications, and allows to exploit in an optimal
fashion the available power by requiring that all the (identical)
amplifiers work under the same optimal conditions, thus resulting in
equi-amplitude entry points (leading to the so-called ‘isophoric’ arrays)
[2]-[7].
As a matter of fact, such a circumstance, together with the need to
keep the number of amplifiers (and antennas) as low as possible, has
stimulated research activities aimed at the optimal synthesis of sparse
arrays [3], thinned arrays [5], and clustered [4] arrays.
In all these cases, the quest for very low sidelobes can be fulfilled by
emulating, through the array structure, an appropriate amplitude
tapering on the antenna aperture [1]-[9]. For example, ‘density taper’
procedures can be applied for the synthesis of sparse arrays [3].
On the other side, each of these architectures has its own
drawbacks. By leaving aside (because of the available space) the case of
clustered arrays, it has to be noted that in both cases of thinned and
sparse arrays the quest for low sidelobes leaves empty a large portion of
the aperture plane, thus resulting in a reduction of the antenna gain
with respect to the theoretical limitations [6],[7]. As the gain is of the
outmost importance in satellite applications, such a circumstance led
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researchers of LEMMA, in connection with close co-workers, to develop
first in [7] and then in [6] the chance to exploit two different kinds of
radiating elements (see Fig. 1.b) in an otherwise sparse array
architecture (see Fig. 1.a). In fact, exploitation of two kinds of ‘aperturelike’ elements allows both a better filling of the available aperture, and a
better emulation of (tapered) reference sources. Notably, for the same
‘filling’ reasons, the exploitation of square (rather than circular)
elements was also suggested in [7].
In this communication, we further elaborate the basic concept
introduced in [7] in order to develop and optimize a ‘size-tapered’
architecture for high-gain isophoric DRA.
Interestingly, an apparently similar concept had been introduced in
[9] (see Fig. 1.c). In such a case, however, complex excitations are also
used as degrees of freedom, and the elements dimensions are fixed in
advance rather than being synthesized in some optimal fashion. As a
consequence, contents of [9] are indeed very different from what follows.
In fact, the proposed architecture exploits as degrees of the freedom of
the synthesis problem only the elements dimensions, which are
determined by the procedure described in the following Section.

(a)

(b)

(c)

FIG. 1 − Different DRA architectures: density tapering (a) [2],[3]; density and
element-size tapering (b) [6]; excitations and element-size tapering (c) [9].

II. THE SYNTHESIS PROCEDURE
The proposed approach assumes that the single array elements are
aperture antennas, and hence that feeds carrying the same overall
power but having different dimensions produce, on their aperture,
different field levels. Consequently, a smart positioning of elements
having a different size can allow to optimally fill the space at disposal
and, at the same time, to realize the desired tapering on the overall
array aperture. By taking into account all the concepts above, the
following four-steps strategy has been devised:
1. choose the area A of the smallest DRA element to be employed;
2. synthesize a continuous source fulfilling at best the radiation
requirements and having a quantized amplitude (see Fig. 2.a). The
number of source levels will be equal to the number of feed’s sizes
to be employed;
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3. identify the area of each DRA element in such a way to perfectly
emulate, in each portion of the aperture, the continuous source
coming out from step 2. In particular, feeds of area Q2*A are
placed in those regions where the aperture field’s normalized
amplitude is equal to 1/Q. Note that feeds should emulate
uniform-amplitude apertures, i.e., they should have an aperture
efficiency as large as possible;
4. establish the elements locations and geometrical shapes such to
‘completely’ fill the aperture by just employing feeds having the
areas identified in step 3.
III. APPLICATION TO THE DESIGN OF SATELLITE MULTIBEAM ANTENNAS
In order to test the devised procedure in an application of actual
interest, we used it to solve the synthesis problem defined in [2], i.e.,
the design of an isophoric DRA for the multibeam coverage of the
Europe from geostationary satellites (see [2]-[7] for a detailed
description of the technical requirements). The achieved circular-ring
DRA layout, fulfilling all the imposed constraints and being composed
by 246 isophoric square feeds of areas 16, 25 and 64 λ2, being λ the
wavelength in free space, is depicted in Fig. 2.a. The corresponding
directivity is shown in Fig. 2.b.

(a)

(b)

FIG. 2 − Synthesis approach: (a) reference source distribution and
corresponding DRA layout; (b) achieved directivity (θ and ϕ respectively
denoting the elevation and azimuthal observation angles).
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Notably, the proposed architecture resulted able to achieve a
directivity behavior very close to the ultimate feasible performance of
the reference continuous source. The relevance of the achieved result
can be proved also by comparing it with the performance achieved by a
DRA proposed by [6] (in which not only the elements size but also the
elements location is exploited as a degree of freedom of the synthesis
problem) and composed by a 12-units lower number of elements. In
fact, while the DRA in [6] achieves a slightly better performance in
terms of peak sidelobe level, the present solution provides better results
in terms of minimum directivity guaranteed inside a spot of width 0.65°.
In particular, at the edge of a generic spot, the array shown in Fig. 2.a
achieves a directivity equal to 46.2 dBi, which is 1 dB larger than the
one provided by the DRA in [6]. Also, by evaluating the same directivity
at a scanning angle of 1.12°, the result achieved by the DRA of Fig. 2.a,
i.e., 45.8 dBi, turns out to be 0.8 dB larger than the one provided in [6].
Finally, the proposed solution allows to safely scan the beam, by still
fulfilling all requirements on sidelobes, up to 1.68°. Such a
circumstance allows to get a multibeam antenna realizing 37 different
beams (as opposite to the 19 beams of [6]).

[1]
[2]
[3]

[4]
[5]
[6]

[7]
[8]
[9]
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Abstract

The implementation of a tunable reflectarray element based on the use of an
aperture-coupled patch is presented. A full phase tuning range is achieved with
a single varactor diode and proved by simulations and measurements. A 3x15
X-band reflectarray is fabricated and tested to demonstrate the beam-scanning
capabilities of the proposed configuration.
Index Terms− Reconfigurable antennas, reflectarrays.

I. INTRODUCTION
Microstrip reflectarrays offer a valid solution for those applications
requiring a certain degree of flexibility in the reconfiguration of the
antenna radiation pattern. They consist of a low-profile reflector
composed by an array of microstrip elements, which can be realized at
low cost with a relative simple fabrication process. These features make
reflectarrays very competitive with respect of traditional parabolic
reflectors. Furthermore, by properly integrating the array elements with
well suited tunable components, microstrip reflectarrays acquire also
the ability to scan the radiation main beam or to reconfigure the
radiation pattern shape. In such case, they could offer a good
alternative to traditional phased arrays, as eliminating the need for
complex beam-forming networks. Different reconfigurable reflectarray
elements have been presented in literature, each one based on the use
of tunable components or materials, such as MEMS switches,
PIN/varactor diodes and liquid crystal substrates [1-4]. In this paper, a
tunable reflectarray element based on the use of an aperture-coupled
patch, integrated with a single varactor diode is considered [5]. The
proposed element is successful adopted for the design of an X-band
reflectarray prototype composed by 3x15 radiating elements. The
experimental validations, performed on the fabricated antenna, show
the effectiveness of the proposed tunable reflectarray configuration.
II. DESIGN OF

SINGLE TUNABLE REFLECTARRAY ELEMENT

The adopted reflectarray element consists of a rectangular patch slotcoupled to a varactor-tuned microstrip line (Fig. 1). By electrically
changing the capacitance associated to the diode, a continuous
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variation is introduced in the phase of the field reflected by the element.
Usually, the phase shift introduced by a single diode varies within a
limited 180° range, due to the capacitive nature of the diode reactance.
However, the proposed antenna can be properly optimized in order to
obtain a full variation of the reflection phase. As a matter of fact, the
line length L s +L v (see Fig. 1) can be chosen with the purpose of
introducing a proper inductive effect in the varactor-based tuning
circuit, so improving the element phase agility. Besides the opportunity
to obtain a full phase tuning range, the proposed configuration offers a
uniform reflecting surface, due to the fact that the varactor diodes and
the biasing circuitries are located below the ground plane. As a further
advantage, the aperture-coupled reflectarray configuration provides also
the possibility to improve its operating bandwidth [6].

FIG. 1 − Single element geometry: (a) top view; (b) side view.

The proposed configuration is adopted to design a reflectarray cell
operating at a frequency equal to 11.5 GHz. The antenna substrate is
composed by a first layer of Diclad870 (ε r =2.33) and a second one of air,
having thickness t=d=0.762 mm (Fig. 1). The microstrip line is printed
on a single layer of Diclad870 with h=0.762 mm. The cell size is fixed to
a value equal to ∆x=∆y= 0.7λ 0 at the operating frequency. A varactor is
inserted between the ground plane and the microstrip line. The adopted
diode (Microsemi MV31011-89) is characterized by a tunable reverse
voltage varying from 0 V to 20 V which gives a variable capacitance
ranging from 2 pF to 0.2 pF. The synthesized antenna dimensions are
given as: W= 9.3 mm, L= 8.2 mm, W a = 0.6 mm, L a = 5.8 mm, W s = 3.07
mm, L v =6.5 mm. The length of the stub L s is chosen in order to
maximize the phase agility of the element. As it can be observed in Fig.
2(a), this goal is achieved for a value of L s equal to 7.8 mm. In Fig. 2(b)
it is also evident that reflection losses increase by enhancing the phase
tuning range of the element. This effect must be taken into account in
order to obtain a good compromise between the phase agility and the
efficiency of each reflectarray radiator. Anyway, a diode with a lower
series resistance could reduce the amount of reflection losses. The
proposed element is validated by performing the measurement of the
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phase curves vs varactor reverse voltage for different frequencies (Fig.
3(a)). A good agreement between simulated and measured reflection
phase curves can be observed in Fig. 3(b).

(a)

(b)

FIG. 2 − Simulated reflection coefficient vs varactor capacitance for different
stub length: (a) phase; (b) amplitude.

(a)

(b)

FIG. 3 − (a) Measured reflection coefficients vs frequency for different values of
the bias voltage; (b) Comparison between measured and simulated reflection
phase at the frequency f = 11.25 GHz.

III. DESIGN AND TEST OF RECONFIGURABLE REFLECTARRAY PROTOTYPE
A 3x15 reflectarray prototype is designed in order to prove the
effectiveness of the proposed reconfigurable element. The array is
illuminated by an X-band horn with an offset angle of 15°. The elements
are controlled by a properly designed DACs-board, which imposes the
desired bias voltages across the varactors. The fabricated antenna (Fig.
4(a)) is tested into the anechoic chamber of Microwave Laboratory at
University of Calabria, by performing the radiation pattern
measurements for different configurations of the bias voltages
distributions. In particular, the varactor voltages are computed in order
to scan the main beam θ mb in the x-z plane (Fig. 4), from -20° to 20°
with an angular step equal to 10°. As it can be observed in Fig. 4(b), the
measured patterns confirm the validity of the implemented
reconfigurable reflectarray.
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FIG. 4 − (a) Photograph of the reflectarray prototype into the anechoic
chamber; (b) Measured radiation patterns for different biasing voltage
distributions.

IV. CONCLUSION
A tunable reflectarray element based on the use of a single varactor
diode has been presented. The proposed configuration has been
successful adopted for the implementation of a demonstrative
reflectarray prototype. The experimental tests performed on the
fabricated antenna have demonstrated the beam-scanning capabilities
of the proposed reconfigurable element.
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Abstract

A numerical method is presented for the power synthesis of co-polar and crosspolar patterns of phase controlled reconfigurable arrays. The method is suitable
for arrays of arbitrary geometry, including conformal ones.
Index Terms − Conformal reconfigurable arrays, Co-polar pattern, Cross-polar
pattern, Phase control, Power synthesis.

I.
INTRODUCTION
One of the most attracting features of antenna arrays is the
possibility of realizing the reconfigurability, that is, their capability of
generating different radiation patterns by suitably modifying the
excitations of the array elements. Usually, the reconfigurability is
obtained by modifying only the phase of the excitations, that is, keeping
their amplitudes constant during the reconfiguration process. When
antenna arrays are mounted on vehicles, their geometry is often
dictated by the contour surfaces of such vehicles, and the radiating
structures are referred to as conformal arrays. Many classical synthesis
methods are not suitable for conformal arrays, as the radiating
elements are usually directed in different directions, so that the
radiation pattern cannot be expressed as the product of an array factor
by an element factor. Furthermore, in some cases it is necessary to
reduce the amplitude of the cross-polar patterns. Some synthesis
techniques for reconfigurable conformal arrays are based on
deterministic methods [1], [2], some others are based on stochastic
techniques [3]. In this paper we present an iterative algorithm that
allows the power synthesis of a number S of desired co-polar patterns
and of the corresponding cross-polar patterns, with the capability of
transforming a pattern into any of the others by phase-only control. The
algorithm is based on an alternating projection approach, and is an
evolution of the method presented in [4].
II.
THE PROBLEM
With reference to a Cartesian system O ( x, y , z ) , the co-polar and the
cross-polar patterns of an antenna array of N radiating elements are
given, respectively, by:
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N

Fco (a;ϕ ) = ∑ a n f con (ϕ )

N

Fcr (a;ϕ ) = ∑ a n f crn (ϕ )

(1),

n=1

(2)

n=1

T
where a = [a1 ,..., a N ] is the excitation column vector, ϕ the generic

azimuth direction in the xy − plane, f co (ϕ ) and f cr (ϕ ) the active co-polar
and cross-polar element patterns, respectively, of the n-th array element
[5]. Now, let us consider a number S of co-polar and cross-polar masks
s
(M cos , M crs )
defined
as:
M cos = { f (ϕ ) : f co,1
(ϕ ) ≤ f (ϕ ) ≤ f co,s 2 (ϕ )} ,
n

n

M crs = { f (ϕ ) : f crs ,1 (ϕ ) ≤ f (ϕ ) ≤ f crs , 2 (ϕ )} , where

f

s
cr ,2

f cos ,1 (ϕ ) ,

f crs ,1 (ϕ ) , f cos ,2 (ϕ )

and

(ϕ ) are positive functions defining the lower and the upper bounds

of the masks. We want to find S excitation vectors in such a way as to
obtain S co-polar patterns belonging to the S co-polar masks, S crosspolar patterns belonging to the S cross-polar masks, with the capability
of switching a pattern into the others by phase-only control. Note that
the phase-only requirement does not imply a common amplitude for all
the array elements, but it only means that the excitation amplitude of
each array element keeps constant during the reconfiguration process.
Thus, to radiate the S patterns, S different excitation phases are
applied to each radiator, with a single excitation amplitude. This
problem can be mathematically formulated as follows: determine S
T
excitation vectors a s = [a1s ,..., a Ns ] which simultaneously satisfy the
following constraints:
Fco (a s ; ϕ ) ∈ M cos , s = 1,..., S
(3)

Fcr (a s ; ϕ ) ∈ M crs , s = 1,..., S
a n1 = ... = a ns = ... = a nS = α n , n = 1,..., N

(4)
(5)

The amplitudes α n are not pre-assigned, but are optimized. At first, we
formulate the synthesis problem as an intersection finding problem. To
this aim, we introduce two sets U and V , as in [4]:
~ = ( ( f 1 (ϕ ), f 1 (ϕ )),..., ( f S (ϕ ), f S (ϕ )),u ,...,u )
~ :u
U=u
co
cr
co
cr
1
S

{

}

V = {~v : ~v = ( (Fco (v 1 ; ϕ ), Fcr (v 1 ; ϕ )),..., (Fco (v S ; ϕ ), Fcr (v S ; ϕ )), v 1 ,...,v S ) }

s
s
where f co (ϕ ) ∈ M co ,

f crs (ϕ ) ∈ M crs ,

the

vectors

u s = [u1s ,...,u Ns ]T

satisfy

condition (5), whereas the functions Fco (v s ;ϕ ), Fcr (v s ;ϕ ) are obtained by
replacing a with v s in (1) and (2), respectively. Thus, the elements of U
satisfy all constraints of the problem (although the functions f cos (ϕ ) and
f crs (ϕ ) are not necessarily array patterns), while the elements of V
represent the co-polar and the cross-polar array patterns and the
corresponding excitation vectors. Now, it is evident that any element
belonging to both sets, that is, to their intersection U ∩V , is a solution
to our problem. After choosing a suitable distance between the points of
~ , such solution can be found
U and V , and a suitable starting point u
0
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with the alternating projection algorithm, which follows the iterative
scheme:
~ =PPu
~
u
n=1,2,...
(6)
n
U V n −1 ,
where PU and PV are the projection operators onto the sets U and V ,
respectively. Since PU and PV are projectors, and due to the properties of

~ } (belonging to 𝑈) are closer
the distance, the points of the sequence {u
n
and closer to the set V , and therefore to a solution to our problem [4].
However, we here propose a modified version of this approach, obtained
by modifying the projector PV . Precisely we add, to the squared distance
between the current point of U and the generic point of V , the sum of
the power values radiated in the side lobe regions, of all the co-polar
and cross-polar patterns, and minimize this new functional. So, we
c
obtain a "corrected operator" PV which is not a projector onto V
anymore, but gives radiation patterns with small power in the side lobe
~ = P Pcu
~ , n=1,2,.... Now, as
region. The iteration scheme (6) becomes: u
n
U V
n−1

~ ,V ) is not
PVc is not a projector, the sequence of distances d n = d (u
n

guaranteed to decrease. However, the power requirement is consistent
with the side lobe masks requirements, and this improves the results.
III.

NUMERICAL EXAMPLE AND CONCLUSION

FIG. 1 − Array structure consisting of 𝑁 = 261 Huygens radiators radially
oriented.

With reference to the array of Fig. 1, let us consider the masks of Fig.
2. Firstly, we solve the synthesis problem in absence of constraint (4),
obtaining the patterns in Fig. 2. Then, we solve the problem with the
method proposed in [4] and with the method presented in this paper,
obtaining the patterns in Fig. 3 and in Fig. 4, respectively. Table I
summarizes the results. A comparison between Figs. 3 and 4, and the
third and fourth columns of Table I, shows the considerable
improvement obtained with the proposed algorithm.

FIG. 2 − Co-polar patterns (solid thick lines) belonging to the co-polar masks
(solid thin lines) and cross-polar patterns (dashed lines) obtained solving the
problem without the constraint (4).
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FIG. 3 − Co-polar patterns (solid thick lines) and cross-polar patterns (dashed
lines) belonging to the corresponding masks (solid thin lines) obtained solving
the problem with the algorithm in [4].

FIG. 4 − Co-polar patterns and cross-polar patterns obtained solving the
problem with the proposed algorithm.
TABLE I - COMPARISON BETWEEN THE OBTAINED RESULTS
Iterations
P SLL
P CR
max CR

Absence of (4)
175
3.5 10-3
5.3 10-3
-33.9 dB

Algorithm in [4]
7098
3.9 10-3
4.8 10-3
-40.0 dB

Presented algorithm
23110
2.6 10-6
8.7 10-6
-53.8 dB
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Abstract

In this paper the use of 2-D Hermite-Gauss (HG) and Laguerre-Gauss (LG)
expansions of the space-time signal delivered by an Ultra Wide Band (UWB)
linear antenna array is outlined. Signatures of UWB incoming signals are
confined within a finite rank signal subspace, parametrized by their direction of
arrival (DOA), just as the steering vectors of narrowband array signals. Fast
calculation of UWB DOA is allowed by polynomial rooting. To show the potential
of this approach, the statistical performance of a Conditional Maximum
Likelihood (CML) DOA estimator for a single UWB source in presence of spatially
and temporally colored Gaussian noise is estimated with simulation trials. It
results that, with a proper choice of the expansion parameters, accuracy
approaches the Cramer-Rao bound.
Index Terms − Ultra Wide Band antenna array, Hermite-Gauss and LaguerreGauss expansions, direction finding, subspace fitting.

I. INTRODUCTION
Array based direction finding of UWB signals [1] is traditionally
performed by analyzing differential Time Delays Of Arrivals (TDOA)
between antennas [2][3] or by reducing UWB signals to multiple narrow
band signals [4] through frequency binning of array outputs and
optional focusing of individual bins onto a virtual array [5]. However,
frequency binning produces considerable modeling errors, especially in
the cases of short time signals and bandwidths exceeding half-octave
[5][6].
To circumvent these drawbacks, a radically different approach is
followed in this contribution. Starting from the fact that baseband (or
heterodyned to baseband) UWB signals captured by a linear array form
a linear pattern (or 1-D pattern) in the space-time support [7], it is
shown [8] that the Cartesian separable 2-D Hermite-Gauss (2-D HG)
expansion of a linear pattern truncated to a finite order M defines a
signal subspace in its coefficient space whose maximum dimension is
M + 1 . This subspace rotates in the space-time plane with the DOA of
the impinging wavefront. Now, the truncated 2-D HG expansion is
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linearly related to a truncated Laguerre-Gauss (LG) expansion of the
same order by an unitary, block diagonal transformation matrix [8][9].
In particular, the polar separable LG functions and coefficients rotate
through a simple multiplication by a phase factor with angle
proportional to both the rotation angle and the harmonic order of the
function itself [8][9].
This remarkable property enables a Conditional ML (CML) DOA
estimator for deterministic, but unknown signals, which in the case of a
single source admits fast computation with rooting techniques [7][8].
II. LINEAR PATTERN WAVEFRONT MODEL
A plane wavefront carrying the signal s (t ) is received by the generic
omni-directional, unit gain sensor of a linear antenna array located at
position ( x,0 ) and produces the space-time baseband signal
x

(1)
u(x=
, t ) s t − sin (θ ) 
c

where c is the wave propagation speed and θ is the azimuth angle,
referred to array broadside. If u ( x , t ) is sampled at times

=
=
; n 0,1,,N − 1} and sensors are located at the equi-spaced
{t nT
abscissas
=
=
; q 0,1,,Q −1} , the resulting (Q × N ) space time
{xq qdcT
patch is modeled as


 T
=
u(q , r ) s 
(2)
[r cos(α ) − q sin(α )]

 cos(α )
i.e., the equation of a sampled linear pattern in 2-D [8], rotated by the
angle
(3)
=
α arctan d ⋅ sin (θ ) 
with respect to the abscissa axis.
III. 2-D HG AND LG LINEAR PATTERN EXPANSIONS
It can be shown that the truncated, M th order 2-D HG expansion of
scale σ of the patch (2), defined by [8][9]
u (q,r ;σ ) ≅

where 1 ≤ M < Q and
hl ( ξ ; σ ) =

M −1 m

∑ ∑x

m
= 0=l 0

( σ)

Hl ξ

m −l ,l

hm −l ( q; σ ) hl (r ; σ )

2

e

−

ξ
2σ 2

;

H l (ν ) =

( −1)

l

eν

2

(4)

( )

d l e −ν
dν l

2

(5)

2 l !σ π
is the orthonormal 1-D Hermite-Gauss basis function of scale σ , obeys
a matrix equation in the form
=
x TL →H D ( −α ) E s (σ ) c
(6)
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where the column vector x of length ( M + 1)( M + 2) 2 stacks the 2-D
HG coefficients =
=
M ,l 0,1,,m} , TL −H
{xm −l ,l ;m 0,1,

is the unitary

inter-conversion matrix from the LG expansion of order M [8][9] to the
linearly related (4), D ( −α ) is a diagonal matrix with non-zero entries
e − jpα , where p is the harmonic order of the LG functions involved,

E s (σ ) is a ( M + 1) th dimensional orthogonal matrix and the column
vector c stacks the modified 1-D Hermite signal expansion coefficients
1

cm

 M − m ( −1)h σ π H h2 ( 0 )  2 +∞  t 
=
 ∫ s
hm ( t; σ ) dt; m 0,1,, M .
∑
2h −1 h !
 h =0
 −∞  cos (α ) 

(7)

IV. CML DIRECTION FINDING
Equation (6) is the basis for the straight-forward definition of ML DOA
estimators, by analogy with the narrowband array signal subspace [4].
Taking into account the covariance Rvv = Cv CvH of the 2-D HG noise
coefficients, determined by background noise statistics and the method
employed for estimating x , the single-source, LG Conditional ML (LGCML) estimator αCML of α , used in passive DOA tracking, is given by [7]
=
αCML arg min Cv−1  x − TL →H D ( −α ) E s (σ ) c
α ,c

2
2

(8)

which can be efficiently solved by polynomial rooting [7] or parabolic
local interpolation [3].
V. COMPUTER SIMULATION
In Fig. 1 the performance of (8) is compared with the Cramer-Rao bound
(CRB) for estimation variance, the optimal space-time CML (ST-CML),
based on frequency binning, and a state of the art TDOA algorithm [2].
θ 35° was captured by an uniform linear array
A source located at =
with d = 0.9 , N= Q= 14 , using M = 13 and σ = 1.4 . Batches of 140
samples were collected by a sliding patch. The proposed LG-CML
estimator is the best at low signal to noise ratio (SNR). For medium to
high SNR, ST-CML and TDOA estimators perform slightly better than
LG-CML, because the latter one under-weights corner data in the
space- time patches, due to the inherent circular symmetry of (4). On
the other hand, LG-CML is much more flexible and computationally
cheaper than accurate TDOA implementations [2][3]. Moreover,
compared to frequency binning techniques, it can provide single patch
DOA estimates, especially useful in the presence of pulsed signals.
VI. CONCLUSION
The presented approach is currently investigated for the optimal choice
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of the array and expansion parameters and also for extension to multisource UWB scenarios using subspace algorithms [4].

FIG. 1 − Performance comparison between the proposed LG-CML, some
competing algorithms and the CRB; (a) DOA bias; (b) DOA standard deviation.
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Abstract

Free Space Optical (FSO) links enable high-speed data transfer from Earth
Observation satellites or deep space (DS) probes directly to ground stations. The
presence on-board of remote sensing instruments with ever increasing accuracy
and resolution fuels the need for transmitting large amounts of data. This
contribution investigates the impairments to optical beam propagation due to
clouds by exploiting radiosonde observation (RAOBS) data collected in two
European sites. Long-term yearly statistics of path attenuation are calculated by
first distinguishing between different cloud types and, afterwards, by
integrating their contribution to the total attenuation along each vertical profile of
RAOBS data. Finally, the effectiveness of a site diversity scheme,
simultaneously employing both FSO links, is assessed. Results indicate that a
dual-site diversity FSO system with target availability of 10% would require
approximately a 40-dB fade margin to counteract cloud attenuation.
Index Terms − Free Space Optics, Laser communications, Earth-space
propagation, Cloud attenuation.

I. INTRODUCTION
Spacecrafts for Earth observation (EO) and deep space (DS) missions
embark complex remote sensing instruments, whose resolution and
accuracy are continuously increasing. As a result, frequency bands
traditionally employed for space-to-Earth data transfer (C- to Ka-band)
are expected to reach saturation in the near future because of the large
amount of data collected by such instruments. In this scenario, Earthspace optical links represent an appealing solution for next generation
EO and DS missions because they offer extremely large bandwidths for
data transfer to ground stations [1]. This paper investigates the usage of
Free Space Optical (FSO) download links from a Geosynchronous Earth
Orbit (GEO) satellite carrying high-resolution EO sensors. Specifically,
the effects of the atmosphere on an FSO link are first outlined.
Afterwards, a database of radiosonde observations (RAOBS) is
processed to draw some results useful for the design of an Earth-space
optical communication system. Finally it is shown that the extremely
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high fade levels due to the presence of clouds can be mitigated by site
diversity schemes.
II. EFFECTS OF THE ATMOSPHERE ON OPTICAL BEAM PROPAGATION
The propagation of optical waves through the atmosphere is
undermined by gaseous absorption, interaction with atmospheric
particles (fog, clouds, rain, etc.) and clear-air turbulence. Optical
windows free from molecular absorption include the visible region, the
wavelengths used in fiber optics (0.85 and 1.55 µm), and longer
wavelengths such as the 10.6 µm IR window. As for particulates, fog
and clouds produce the highest levels of laser attenuation, due to the
high extinction efficiency of droplets and to their high number
concentration.
The procedure to estimate cloud attenuation starts from a dataset of
RAOBS collected twice a day (only in nonrainy conditions) in some sites
worldwide [2]. High-resolution vertical profiles of temperature, pressure
and relative humidity are provided as input to a cloud detection
algorithm [3] to identify and characterize clouds in terms of Liquid
Water Content (LWC) and Ice Water Content (IWC) in g/m3. Afterwards,
based on Table I, each cloud is classified according to its vertical extent
∆H as suggested in [4]. Each cloud type is, in fact, associated to
different microphysical properties, described by the Particle Size
Distribution (PSD). By consequence, different cloud types have a
different impact on the FSO link. The PSD for liquid water particles is
usually modeled by a modified gamma function [5]:

n(r) = ar α e −br

γ

(1)

where b, α and γ are parameters regulating the shape of eq. (1) (a is
proportional to the LWC) and n(r) dr is the number of particles per unit
volume of air with radius comprised between r and r+dr.
Single-scattering theory is commonly applied to calculate cloud
attenuation from the PSD. As the droplets within (liquid) water clouds
are basically spherical in shape, their scattering properties are
calculated through the Mie theory. The contributions of individual
particles are added up to find the loss due to the entire population of
cloud droplets along the propagation path.
TABLE I – CLOUD TYPES [4] AND ASSOCIATED PSD [5]
Cloud type
Vertically developed cloud (Cumulonimbus)

b
0.5

α

γ

5-6

0.3-0.5

∆H (km)
3

Vertically developed cloud (Cumulus)

0.5

5-6

0.3-0.5

2

0.425

4

1

0.8

0.6

6

1

0.6

Mid-level (Nimbostratus)
Low-level (Stratus)
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As for ice particles, the calculation of the volume extinction
coefficient is complicated by the several different crystal shapes
observed in ice clouds. In spite of the presence of diverse crystals, Platt
[6] has shown that in the optical limit (i.e. if the extinction efficiency of
individual particles is equal to 2), the specific attenuation γ I due to ice
clouds can be derived from the IWC (in g/m3) through the following
power-law relationship:

γ I = 40.26 IWC0.68

(dB km )

(2)

III. PERFORMANCE OF THE EARTH-SPACE OPTICAL COMMUNICATION SYSTEM
Two RAOBS sites have been considered to evaluate the performance of
the Earth-space optical communication system. The left side of Fig. 1
shows the Complementary Cumulative Distribution Function (CCDF) of
the optical attenuation A slant at 10.6 μm experienced by two FSO links
located in Milan and in Wien, each pointing to a GEO satellite (orbital
position 16°E). CCDFs have been obtained by calculating A vert as the
integration of the specific attenuation due to liquid water and ice along
the vertical LWC and IWC profiles, in turn obtained from RAOBS data
(10 years). Finally, A vert has been scaled according to the link elevation
angle θ as A slant = A vert /sin(θ), which assumes horizontal uniformity of
clouds (θ =37° and 35° for Milan and Wien, respectively).
Also depicted in Fig. 1 is the joint CCDF of the optical attenuation
that would be achieved by implementing site diversity between the
above two stations. In practice this solution implies to dynamically
select the link that is less affected by attenuation. The right side of Fig.
1 shows the diversity gain G as a function of the single-link availability
level, being G the difference between dual- and single-link attenuation
at the same probability level P. Results show that: a) extremely high
attenuation values are obtained for most of the year (e.g. A slant > 200 dB
for 10% of the time in a year in both sites); b) site diversity is very
effective in reducing the fade levels impairing the system; c) a dual-site
diversity FSO system with target availability of 10% would require
approximately a 40-dB fade margin to counteract cloud attenuation.
IV. CONCLUSION
The statistical distribution of cloud attenuation along an Earthspace optical communication link has been evaluated from radiosonde
observations, and a simple two-site diversity scheme has been proposed
to reduce link unavailability due to clouds. Preliminary results evidence
that, by distancing the two ground stations (Milan and Wien) of about
500 km, a significant decorrelation of cloud occurrence is achieved, and
as a consequence, a corresponding reduction in attenuation from the
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single-site case. Future work will be addressed to obtaining
comprehensive results from several different sites and to testing
multiple site diversity schemes.

2

Wavelength = 10.6 micron - distance = 627.2 km

Site diveristy gain - distance = 627.2 km
600
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FIG. 1 − Left side: complementary cumulative distribution functions of cloud
attenuation (single- and joint-link statistics). Right side: site diversity gain as a
function of single-link availability level.
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Abstract

The paper deals with the localization of radio emitters into collapsed buildings
after earthquake. A measurement campaign has been carried out in a typical
European historical city, L’Aquila, which was recently stroke by a severe
earthquake. Continuous wave radio transmitters operating at 434 and 868 MHz
have been introduced under rubble and their signals have been measured at
different points surrounding the debris to evaluate the path loss and the
direction of arrival. An accurate reconstruction of the scenario has been also
carried out using a laser scan. The obtained results demonstrate the possibility
to localize a radio emitter under rubble with considerable accuracy.
Index Terms − Earthquake rubble characterization, direction of arrival,
emergency responders, radio communication.

I. INTRODUCTION
Collapsed building structures constitute a very complex
environment, for which no general model exists. Also, there is a large
variety of possible scenarios because many different materials can be
involved. The electromagnetic propagation strongly depends on the
shape, dimensions, humidity and compression of debris which are
highly variable [1]-[3].
In this work we study the electromagnetic characterization of a
disaster scenario in a typical historical center of Italian towns.
Many measurements have been carried out to characterize
electromagnetically the earthquake rubble in a number of buildings,
collapsed or partially destroyed, in L’Aquila territory that was recently
stroked by a severe earthquake. PL and DOA estimations are gathered
using a portable network analyzer and a home-made direction finder. A
very accurate modeling of the scenario has been carried out by a laser
scan.
II. INSTRUMENTATION AND MEASUREMENTS
A. Transmitter
The Aurel transmitters (see Fig. 1) used in the experiments operate at
the frequencies of 434 and 868 MHz. They can operate continuously for
several hours, and are small sized. The Effective Radiated Power (E.R.P.)
of these transmitters is 10 mW @ 434 MHz and 25mW @ 868 MHz,
respectively. For both frequency bands, the Aurel transmitters were
modified in order to: (a) switch between two different transmission mode
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(CW or modulate carrier), (b) use a large battery pack. The modified
transmitters and battery packs were placed in plastic cases for mobility
and protection as shown in Fig. 2.

FIG. 1 − The Aurel transmitters used in measurement campaign: TX4M10HA/V434 (left) and TX-8L25IA (right).

(a)

(b)

FIG. 2 − The grey plastic case of Aurel transmitter (a) and its interior (b).

B. Direction Finder Antenna and Receiving System
The method here employed is similar to the stereophonic
identification of sound direction by human beings using their ears. Two
axial-mode helical antennas possessing identical electrical properties
with phase aligned polarizations are placed on a ground plane to form a
two-element array. Having identical electrical properties, the antennas
have identical bandwidths, radiation patterns, gains, polarizations and
impedances. If the wave-front of the incoming signal is orthogonal to the
axes of the antennas, no phase difference between received signals is
observed. Otherwise a phase difference is detected.
A circuit, consisting in a SPDT PIN-diode switch, operating at an
audio frequency (e.g. 1 kHz) alternatively connects each of the two
antennas to the RF input of an FM audio communication receiver tuned
to the frequency of interest (i.e. 434 or 868 MHz). This switching
imposes phase modulation on the incoming signal whenever the DoA of
incoming wave-front is not perfectly orthogonal to antenna baseline.
This phase modulation is detected by the communication receiver and
an audio tone is emitted. When the antenna array is rotated so that the
DoA is orthogonal to the antenna baseline the audio-tone sharply
disappears.
III. MEASUREMENT SYSTEM FOR A DOA EVALUATION
April 6, 2009, a devastating earthquake struck the city of L'Aquila and
surrounding territories in the Abruzzo Region Italy. Onna is a small
village in a valley near a river, about 6 km east of L'Aquila. It was close
to the earthquake epicenter and many buildings either collapsed or
were near collapse. The center of this small place was partially covered
by collapses, reported material. The transmitter was placed in a 300
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mm PVC pipe of nine meters, buried in the rubble. The amount of
rubble that covered the tube varied between about 1 and 2 meters.
Topographic methods based on optical instruments as laser scanner
and total station have been used to measure the accuracy of the
estimated DOA.

FIG. 4 The three-dimensional model of the test area created by laser scan.

The measurement results obtained at 432 MHz are shown in Fig. 5.
In red the normal direction of each station made by the antenna is
shown while in navy blue the signal real direction is drawn. The angle
formed by the two directions is reported for each station. We can note
that most of the red lines pass through a circle with 1 meter radius and
center on the emitter. This shows that DOA-based method gives a
highly probable localization of the emitter with uncertainty of 1m.
Possible multipaths are evidenced in navy blue. Results for the other
frequency (i.e. 868 MHz) are similar.

FIG. 5.
Measurement results obtained at 434MHz. Red and blue lines
show estimated DOA and true directions, respectively.

IV. MEASUREMENT SYSTEM FOR PATH LOSS EVALUATION
We also performed path loss measurement in Onna. The site is the
same used for DOA estimation. The measurement setup is shown in
Fig. 6.
Table I shows the path loss results for both vertical and horizontal
polarizations. We can see a similarity between PL of the two
polarizations, this is a consequence of the particular measurement site
where volumetric scattering is the dominant propagation phenomena.
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I. CONCLUSION
Experimental results of measurement campaigns for localizing a radio
emitter into collapsed buildings after earthquake have been presented.
Continuous wave radio transmitters operating at 434 and 868 MHz
have been introduced under rubble and their signals have been
measured at different points surrounding the debris to evaluate the
path loss and the direction of arrival. An accurate reconstruction of the
scenario has been also carried out using a laser scanner.

FIG. 6.

Measurement setup in Onna.
TABLE I

Dist. [m]
12.9
16.1
10.2
14.7
19.1
29.0
28.0
27.0

PATH LOSS RESULTS FOR THE ONNA SITE.

Vertical Polarization
PL [dB]
Std Dev.
81.37
2.93
77.93
2.18
70.73
1.94
87.53
4.43
76.40
1.39
86.03
3.45
90.80
3.76
99.72
2.54

Horizontal Polarization
PL[dB]
Std Dev.
74.86
2.32
84.54
6.87
68.73
1.39
82.69
2.24
83.04
2.54
90.06
2.24
90.81
4.89
105.65
4.46
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Abstract

In this paper, the existing procedure to obtain the VPRT solution for scattering
from rough multilayers is reformulated relying on a more physically sound way,
avoiding the employing of the distribution theory. This also permits to shed light
on the meaning of the involved approximation. Indeed, the "internal field
approximation", arising in the context of electromagnetic cavities, is also implied.
Index Terms − Layered media, rough interfaces, electromagnetic scattering.

I.

INTRODUCTION

Wave field scattered by layered rough media can be analytically treated
by successfully employing appropriate perturbative formulations. In
order to deal with layered structures with an arbitrary number of rough
interfaces, two conceptually different approaches have been recently
developed: The Boundary Perturbation Theory (BPT) [1] and the
Volumetric-Perturbative Reciprocal Theory (VPRT) [2]. They employ
different strategies to provide relevant closed-form solutions to the
scattering problem. In this paper, we present a different formulation of
the VPRT; in particular, we avoid the relevant perturbative expansion
(see eq.(5)). This renders the procedure certainly longer, but also more
physically sound, because it avoids the use of Dirac’s delta function and
distribution theory, allowing us recognizing that the approximation
implied by the gently rough assumption is slightly different from the
usual Born one. Indeed, the "internal field approximation", arising in
the context of electromagnetic cavities, is also implied. Accordingly, we
demonstrate that the analytical development which does not explicitly
invoke the internal field approximation, is also susceptible of an
interesting interpretation in terms of internal field, which is consistent
with the gently rough assumption. The discussion is applied to the
general case of a rough multilayer, which includes the case of rough
surface as a particular case.
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I.

PERTURBATIVE FORMULATION

The VPRT formulation [2] considers a perturbation pertinent to the
dielectric properties of the layered structure:
N −1
(1)
ε (r⊥ , z) = ε 0 + ∑ (ε m+1 − ε m ) (−z − d m + ζ m (r⊥ )),
m=0

(⋅)

being the Heaviside’s unit step function. Thus the rough
multilayered can be modelled via an unperturbed medium with relative
permittivity
N −1
(2)
ε (0) (r) = ε (0) (z) = ε 0 + ∑ (ε m+1 − ε m )(−z − d m ) ,
m=0

to which a perturbation δε(r) is applied, so that ε(r) = ε(0)(z)+δε(r).
Accordingly, the scattering problem is then treated by adopting suitable
volumetric current distributions. As demonstrated in [3] the scattered
field E s , at a generic position r 0 in the upper half-space, can be written
as
k
E s (r0 ) ⋅tˆ = − j 0
Jη 0

∫∫∫ E

(0)

(r) ⋅ δε (r)E(r)dr ,

(3)

V

where E (0) is the (unperturbed) field radiated in the unperturbed
medium by an auxiliary (fictitious) source J(r) = tˆJδ (r − r0 ) , located at r 0 ,
δ(⋅) being the Dirac delta function; k 0 and η 0 are the propagation
constant and intrinsic impedance of vacuum, respectively; V is a volume
enclosing all the sources. In the regime of small δε(r), the field E(r) in the
integrand, see Eq.(3), can be estimated by the corresponding
unperturbed field E(0)(r), so that the scattered field E(1)(r) turns out to
be:
k0
Jη 0

(r) ⋅ δε (1) (r)E (0) (r)dr ,

(4)

ζ m = ∑ (ε m+1 − ε m )ζ m (r⊥ )δ (−z − d m ).

(5)

E (1) (r0 ) ⋅ tˆ = − j

∫∫∫ E

(0)

V

with
∂δε (r)
m=0 ∂ζ m
ζ
N −1

N −1

δε (1) (r) = ∑

m =0

m=0

Equations (4) allows us evaluating the first-order scattered field from
the knowledge of the medium perturbation δε (1) and the two
(unperturbed) field expressions, E(0)(r) and E (0) , respectively, radiated
by actual and auxiliary (fictitious) sources in the unperturbed medium.
The closed form solution obtained starting from eqs.(4)-(5) is introduced
in[2].
II.

INTERNAL FIELD APPROXIMATION

We reformulate the procedure to obtain the final VPRT closed form field
expression from eq.(4). In particular, we avoid the perturbative
expansion of δε(r) in eq.(5).
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FIG. 2 − Decomposition scheme for the perturbation volume relevant to the
mth rough interface.

This renders the procedure certainly longer, but also more physically
sound, because it avoids the use of Dirac’s delta function and
distribution theory, allowing us recognizing that the approximation
implied by the gently rough assumption is slightly different from the
usual Born one, as shown in the following. To this purpose, it is
instructive to introduce a proper partitioning of the structural
perturbation: we consider the following scheme. In Fig.1 we
schematically represent the perturbation of the m-th generic (flat)
interface. Here, the perturbation pertaining to the dielectric properties,
denoted by δε(r)=ε(r) −ε(0)(z) is firstly introduced without approximation.
We distinguish the perturbed volumes above ( Vm+ ) and under ( Vm− ) the
m-th unperturbed interface; so that the pertinent entire perturbation
volume is considered as the sum of two disjoint sets Vm = Vm+ ∪Vm− (Fig.1).
Accordingly, we distinguish the positive part ( ζ m+ ) and negative part ( ζ m− )
of the relevant surface ζ m describing the generic m-th interfacial
roughness. Thus, we decompose the integral in (4) in the form
N

N

−
+
∫∫∫ E (r) ⋅ δε (r)E(r)dr = ∑ δε m ∫∫∫ E (r) ⋅ E(r)dr + ∑ δε m ∫∫∫ E (r) ⋅ E(r)dr
(0)

m=0

V

(0)

Vm+

m=0

(0)

(6)

Vm−

Equation (6) can be rewritten as:
0
ζm
(0)
(0)
(0)
E (r) ⋅ δε (r)E(r)dr = ∑ ∫∫ dr⊥ δε m+ ∫ dz E (r) ⋅ E (r) + δε m− ∫ − dz E (r) ⋅ E (r) (7)
∫∫∫
0
ζ
m


m=0
V
N

+

We stress that the expression (7) does not imply any approximation, so
that it is exact. Hereinafter, proper approximations can be taken into
account. Since the total electric field E(r) inside the perturbation also
includes the (unknown) scattered field, an estimation of this field is
required in the perturbation developments. In the framework of small
perturbation, it is generally assumed that the scattering field is small
with respect to the unperturbed field, so that the field enters the
perturbation without significant distortion. The classical (first-order)
Born approximation estimates the overall field inside the perturbation
with the unperturbed field only. However, in the following, a slightly
different approximation is employed. As a matter of fact, the direct
application of the Born approximation would require assuming
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E(r⊥ , z) ≅ E (0) (r⊥ , z) ; but it is intuitive that a better estimation of the actual

field E(r) inside the perturbation volume Vm+ can be obtained by
considering the unperturbed field E (0) just beneath the unperturbed
−
interface: E(r⊥ , z) ≅ E (0)
. This is sometimes referred to as “internal
m+1 (r⊥ ,−d m )
field approximation”. In addition, in compliance gently rough interface
(0)
(0)
assumption, the approximation E (r) ≅ Em (r⊥ ,−d m+ ) can be also made

inside the perturbation volume Vm+ . Hence, we can write
ζ m+

ζ m+

−
δε m+ ∫∫ dr⊥ ∫ dz E (r⊥ , z) ⋅ E (r⊥ , z) ≅ δε m+ ∫∫ dr⊥ ∫ dz E m (r⊥ ,−d m+ ) ⋅ E (0)
m+1 (r⊥ ,−d m ). (8)
(0)

0

(0)

0

Likewise, a better estimation of the actual field
perturbation
unperturbed

E(r) inside the
volume V
can be obtained by considering the
field E (0) just above the unperturbed interface:
−
m

+
−
E(r⊥ , z) ≅ E (0)
m (r⊥ ,−d m ) . In addition, inside the perturbation volume Vm the

approximation E (r) ≅ E m+1 (r⊥ ,−d m− ) can be made. Hence, we can write:
(0)

0

(0)

0

+
δε m− ∫∫ dr⊥ ∫ dz E (r⊥ , z) ⋅ E (r⊥ , z) ≅ δε m− ∫∫ dr⊥ ∫ dz E m+1 (r⊥ ,−d m− ) ⋅ E (0)
m (r⊥ ,−d m ).
(0)

ζ m−

ζ m−

(0)

(9)

As a result, substituting (8) and (9) into equation (7), and taking into
−
(0)
+
account that ζ m+ + ζ m− = ζ m , and E (0)
,
m+1 (r⊥ ,−d m ) = [x̂x̂ + ŷŷ + ẑẑ (ε m ε m+1 )]E m (r⊥ ,−d m )
whence
(0)
k
E (1) (r0 ) ⋅ tˆ = − j 0 ∫∫∫ E (r) ⋅ δε (r)E (0) (r)dr
Jη 0 V
(10)
(0)
k0 N
+
−
(0)
=−j
∑ (ε m+1 − ε m )∫∫ dr⊥ζ m (r⊥ )E m (r⊥ ,−d m ) ⋅ E m+1 (r⊥ ,−d m )
Jη 0 m=0
which is essentially the same conclusion we directly obtained in [2] via
a proper perturbative expression for δε (r) (see eq.(33) of [2]).
Accordingly, we have demonstrated that the development in [2], which
does not explicitly invoke the internal field approximation, is also
susceptible of an interesting interpretation in terms of internal field,
which is consistent with the gently rough assumption.
REFERENCES
[1]
P. Imperatore, A. Iodice, D. Riccio, “Boundary Perturbation Theory For
Scattering in Layered Rough Structures” in Passive Microwave Components and

Antennas (Ed. by V. Zhurbenko), INTECH , April 2010, pp. 1-25, ISBN 978-953-307083-4.
[2]
P. Imperatore, A. Iodice, D. Riccio, “Volumetric-Perturbative Reciprocal
Formulation for Scattering from Rough Multilayers”, IEEE Trans. Antennas
and Propag., vol.59, no.3, pp. 877-887, 2011.
[3]
P. Imperatore, A. Iodice, D. Riccio, “Consistency and Validity of
Perturbative Formulations for Scattering from Rough Multilayers”, IEEE Trans.
Antennas and Propag., vol.60, no.4, pp.2019–2027, April 2012.

ISBN: 978-88-907599-0-1

Session 10

262

Proceedings of the XIX RiNEm

ADVANCES ON INVERSE SCATTERING METHODOLOGIES AND
APPLICATIONS @ ELEDIA RESEARCH CENTER
M. Carlin, L. Manica, G. Oliveri, L. Poli, P. Rocca, and A. Massa
ELEDIA Research Center @DISI, University of Trento
Via Sommarive 5, I-38123 Trento, Italy
andrea.massa@ing.unitn.it
Abstract
A concise overview of the most recent advances on the inverse scattering
techniques developed at the ELEDIA Research Center of the University of Trento
is reported. Different approaches comprising Evolutionary Algorithms and
Iterative Multi-Resolution Subspace-Optimization Techniques are discussed. The
use of the Compressive Sensing strategies is also considered as a suitable
paradigm for the regularization of “sparse” microwave imaging problems. Some
representative numerical examples are reported to assess the features of the
discussed methods.
Index Terms− Linear Arrays, Array Synthesis, Autocorrelation.

I. INTRODUCTION
The problem of retrieving the dielectric profile of unknown objects
starting from non-invasive electromagnetic measurements has a great
importance in several applications including non-destructivetesting/non-destructive-evaluation,
subsurface
prospecting,
and
biomedical imaging [1]-[4]. Unfortunately, the associated inverse
scattering problems are difficult to be solved because of their nonlinearity and ill-posedness [5].
In the last two years, several research activities have been developed at
the ELEDIA Research Center of the University of Trento with the aim of
effectively solving such issues in different applicative domains. More in
detail, global optimization strategies based on Evolutionary Algorithms
[6][7] have been proposed and applied to mitigate the local minima
issues caused by the non-linearity of inverse scattering problem [5].
Moreover, the use of subspace-based formulations has been considered
in conjunction with multi-resolution strategies to address the illposedness of “contrast-source” inverse scattering problems [8].
More recently, the exploitation of Bayesian techniques coupled with
sparseness regularization procedures has been proposed to counteract
the ill-conditioning of sparse inverse problems [9].
This work is aimed at concisely reviewing the above advances
discussing the features and advantages of each one of them in
comparison with state-of-the-art methodologies.
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II. INVERSION TECHNIQUES BASED ON EVOLUTIONARY ALGORITHMS
Evolutionary Algorithms (EAs) are stochastically-evolving techniques
whose mechanisms are inspired by processes actually taking place in
nature [6][7]. Thanks to their intrinsic capability to sample the solution
space of arbitrary non-linear functionals in an efficient way, they have
been adopted to solve several inverse scattering problem. In this
context, members of the ELEDIA Research Center have proposed and
developed competitive EAs, including Genetic Algorithms and
Differential Evolution methods, as well as cooperative EAs, including the
Particle Swarm algorithm and the Ant Colony Optimization [6][7]. These
hill-climbing approaches have been selected because of the following
features: (a) they does not require the differentiability of the cost
function, (b) a-priori information on the solution can be easily
introduced into the optimization procedure, (c) the values of the
unknowns can be real, integer, or can be represented by a coded
representation of the same unknowns, and (d) they can be easily
integrated with deterministic methods based on gradient descent to
improve the convergence [6][7].
III. MULTI-RESOLUTION SUBSPACE-OPTIMIZATION APPROACHES
Contrast source (CS)-formulation [10] techniques have received much
attention due to the higher reconstruction accuracies and robustness
which they allow with respect to the “contrast field” (CF) formulations of
inverse scattering problems. In this framework, a subspace optimization
method (SOM) has been recently introduced as a complement to the
existing approaches [8]. In this technique, the contrast source is
subdivided in a “deterministic” part, which is computed through
singular value decomposition (SVD), and an “ambiguous” one, whose
amplitude is determined by minimizing a cost functional including both
“data” and “state” terms [8].

(a)

(b)

(c)

FIG. 1− [Hollow Cylinder, SNR=10 dB] Actual (a) and retrieved τ by (b) BARESOM and (c) IMSA-SOM.
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The SOM method has been shown to share several merits of CSI-based
inversion techniques, while also allowing faster convergences [8].
However, despite these interesting features, such an approach presents
also some limitations when dealing with large solution spaces [8].
Indeed, it can yield to poor performances if several ‘local minima’ are at
hand, since it is based on a deterministic minimization technique [8]. To
overcome this and related drawbacks, the integration of a multifocusing strategy, namely the iterative multi-scaling approach (IMSA),
with the SOM method has been recently proposed and validated by
members of the ELEDIA Research Center [8]. Indeed, the arising IMSASOM technique has been shown to achieve an increased effectiveness
and accuracy in comparison with the state-of-the-art SOM approach [8].
As a representative numerical example, the reconstruction of a lossless
hollow scatterer [Fig. 1(a)] by means of a standard SOM method [BARESOM - Fig. 1(a)] and by the IMSA-SOM approach [Fig. 1(c)] confirm that
although both methods are able to identify the presence of a single
object, the multi-focusing method yields to an higher accuracy in terms
of retrieved contrast. Moreover, thanks to its zooming procedure, the
IMSA-SOM completely avoids artifacts outside the object support, unlike
the BARE-SOM [Fig. 1(b) vs. 1(c)].

(a)

(b)

FIG. 2− Compressive Sensing Inversion [Line Object - τ=0.5, SNR=5 dB] – Actual
object (a) and BCS retrieved profiles (b).

IV. COMPRESSIVE SENSING STRATEGIES
Appraisal methodologies have been introduced to exploit the available
information on the scattering process/unknowns in order to
quantitatively retrieve the unknown objects’ features by means of
significantly reduced computational resources. In this framework,
members of the ELEDIA Research Center have recently proposed the
exploitation of Compressive Sensing approaches to suitably comprise apriori knowledge on the scatterers’ sparseness (either intrinsic or
obtained thanks to a proper representation of the unknowns) [9]. More
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specifically, the use of Bayesian formulations coupled with suitable
sparseness-regularized formulations (i.e., Bayesian Compressive
Sensing - BCS) have been investigated, and their effectiveness in the
solution of 2D scattering problems in terms of reliability, effectiveness,
and robustness to the noise has been shown [9]. To illustrate the
effectiveness of such a technique also in low SNR scenarios, the
retrieval of a non-homogeneous sparse cylinder with a “line” profile [Fig.
2(a)] by means of a 2D CSI-based BCS technique when SNR=5 dB is
reported [Fig. 2(b)].
V. CONCLUSIONS
A review of the current activities carried out within the framework of
inverse scattering approaches and techniques at the ELEDIA Research
Center is presented. Different methodologies developed in the last two
years (including EAs, IMSA-SOM, and BCS) are discussed, and some
representative result is reported.
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Abstract

In order to improve the accuracy and robustness of inverse scattering solution
procedures, we introduce and address a new framework which is based on
suitable ‘synthetic’ experiments. These latter, inspired and driven from the
physical meaning of the Linear Sampling Method, allow to take advantage from
some expected properties of the internal fields (and equivalent currents), thus
allowing to simplify and speed up the inversion process. The broad applicability
of the LSM allows to deal with a very wide class of unknown scatterers.
Index Terms − Inverse scattering, Linear Sampling Method, Microwave
imaging.

I. INTRODUCTION
The estimation of morphologic and electromagnetic properties of an
unknown scenario from the field it scatters when probed by means of
known incident fields is relevant to many non-invasive imaging
applications. However, such a goal requires to tackle a non-linear and
ill-posed inverse problem, in which non trivial efforts are required to
avoid the occurrence of ‘false solutions’ and to come to solutions as
accurate as possible.
In this communication, an original application of the linear sampling
method (LSM) [1] is given to address in a new fashion the quantitative
inverse scattering problem. LSM is a popular approach which allows to
retrieve the geometrical features of unknown targets. In this respect, it
trades the difficulty of the inverse scattering problem with the
possibility to gain information only about the geometrical features of the
targets (thus neglecting its electromagnetic features). As a result, it is
based on the solution of a linear exact equation, namely the far field
equation (FFE), that, although still ill-posed, is free from false solutions
[1,2]. The method is very effective in imaging the shape of unknown
targets since it can deal with a large class of scatterers, involving nonweak, extended and not-convex or not-simply connected ones, and has
a negligible computational burden.
On the other hand, the information explicitly gained from the LSM
(i.e., the support of the scatterer) is not the only one which can be
achieved. In fact, by relying on the physical meaning of the method [3],
additional information can be gained, which allows to introduce a new

ISBN: 978-88-907599-0-1

Session 10

267

Proceedings of the XIX RiNEm

convenient procedure for quantitative imaging. In particular, ‘synthetic’
scattering experiments can be introduced such that the internal fields
(and contrast sources) turn out to be localized (and circularly
symmetric) around given sampling points. As internal fields (or induced
currents) are one of the unknowns of inverse scattering problems, the
exploitation of these expected properties allows indeed decisive
advantages with respect to more usual inversion approaches. In fact,
both accuracy and robustness against false solutions, as well as
computational burden, take advantage from such a new framework.
II. BASICS OF THE LSM
Assuming the standard 2D scalar case for the electric field (TM
polarizazion), the LSM consists in solving, in each point r s of an
arbitrary grid which samples the investigated domain D, an auxiliary
linear equation, namely the far-field equation (FFE):

∫

Γ

F(R φ ,θν ) ι (=
θν , r s ) dθ

1 ( 2)
H 0 (| r s − R φ | )
j4

(1)

In eq. (1), Γ denotes the measurement curve, R and φ represent the
distance from the center of D and the angular direction which identifies
the measurement location, and θ v denotes the n-th unitary incident
field that probes the domain D. Under the above assumptions, F(R φ ,θ v )
is the multiview-multistatic scattered field data matrix, ι(θ v, r s ) is the
problem unknown, and the right hand side is the field radiated at the
receivers by an elementary source located in sampling point. According
to the LSM theory the FFE is ill-posed due to the properties of the
kernel F [1] so that only a regularized solution can be sought. In doing
so, one can conveniently exploit the singular value decomposition (SVD)
of a matrix operator and the Tikhonov regularization to find:

σn
2
H (0 ) ( r s , R φ ) , w n z n
2
n =1 σ + α
∞

ι (θν , r s ) = ∑

(2)

2
n

wherein {w n ,σ n ,z n } represents the singular value system of F, α is the
weighting regularization coefficient and ‘<,>’ denotes the scalar product
on Γ. The L2-norm of the solution (2) assumes high values when r s
belongs to the scatterer’s support and low values elsewhere , thus acting
as a support indicator when plotted over the sampling grid.
III. THE PROPOSED NEW FRAMEWORK
As extensively discussed in [4], the FFE can be seen as an attempt to
recombine for each sampling point r s the scattered field as collected at
the measurement locations in such a way to match (in the least square
sense) the field radiated by an elementary source herein located.
Moreover, due to the regularized nature of the sought solution, such a
scattered field is supported by an induced contrast source focused in
the neighborhood of the sampling point 1 [3]. This circumstance allows
1

The regularization prevents to look for high energy super-directive sources.
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to interpret the LSM as a focusing strategy of the secondary (or induced)
sources. Furthermore, the linear relationship between the scattered
fields and the incident ones, reveals that the focusing task corresponds
to find a superposition (i.e., a linear combination) of the unitaryamplitude incident fields impinging from the different directions θ v such
to induce into the target a focused contrast source radiating at the
measurement locations just the field at the right hand side of eq.(1).
As a consequence, provided the sought solution fulfils the matching
between the two sides of the FFE, it is possible to consider for any
sampling point wherein this condition holds, an incident field
synthetically build by ruling the primary fields through the FFE’s
solution, i.e. :
(3)
E (r,θ ) ι (θ , r ) dθ = u ( r, r )

∫

Γ

inc

ν

ν

s

inc

s

Such an incident field defines indeed a ‘synthetic’ scattering experiment
where the corresponding internal field (and contrast source) are
expected to be circularly symmetric around the sampling point r s .
Now, let us consider a set of synthetic experiments built using a
number of different sampling points r s , s=1,….,S. By using a sufficiently
large value of S, and a proper choice of the sampling points, such a set
of experiments is fully equivalent to the original scattering experiments
with respect to the original information content. In fact, the
corresponding scattered fields can be easily computed by combining,
according to the ι(θ v ,•) function, the measured scattered fields
corresponding to the original experiments.
Then, while no property of the internal field can be exploited when
tackling the original scattering experiments, symmetry properties
around the sampling points can be instead exploited when dealing with
the synthetic experiments. Saying it in other words, the LSM acts as a
pre-processing allowing to perform a ‘preconditioning’ on the spatial
distribution of the internal field unknowns. Moreover, because of the
known behavior of the scattered field, some quantitative guess can also
be made on the internal fields of the synthetic experiments.
This is in fact the basis of the new convenient quantitative inversion
scheme presented and discussed in [4]. In this latter, the total internal
fields are approximated by the sum of the incident fields (3) plus a
scattered field given by a low pass version of the Green’s function at the
right hand side of eq. (1) originating at the considered sampling points.
Such a novel approach is able to retrieve the dielectric properties of
unknown targets for which the usual approximations, as for instance
the Born one, cannot be adopted. Indeed such a new approximation
takes into account the ‘presence’ and the ‘nature’ of the scatterer
though a suitable preprocessing step based on the FFE solution.
However, the potential advantages arising from the physical
meaning of the FFE (and the corresponding synthetic experiments) are
not limited to the above discussed approximation.
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In fact, at least a couple of alternative and stimulating possibilities
do exist.
First, one can adopt approximation free inversion approaches, such
as the one in [5], wherein, however, the contrast source unknowns are
now expanded in suitable low dimensional representations reflecting
their expected properties.
Second, by virtue of the localized nature of the contrast sources, the
behavior of these latter is expected to be ruled by the local value of the
contrast function. In fact, contrast source behavior will resemble the
(angularly invariant) contrast source in a homogeneous cylinder having
the same permittivity as the local value of the unknown target. Then,
some analytical expressions of the contrast source behavior as a
function of the local value of the contrast is possible, which suggests a
number of interesting possibilities.
IV. CONCLUSION
The solution of the LSM, a qualitative method exploited (to date) for
shape reconstruction of unknown scatterers, offers new opportunities in
the solution of quantitative inverse scattering problem as it implicitly
enforces a well-known focusing task of the induced currents. As such,
through the introduction of convenient synthetic scattering
experiments, it allows to gain additional information on the scattering
phenomenon, such as the spatial behavior of the internal total field and
of the induced contrast sources.
Theoretical details and validation proofs of the different possibilities
arising from this framework will be addressed at the conference.
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Abstract

The design and realization of a ultra wideband (UWB) radar for non-invasive
breath activity monitoring is presented. The radar structure is described and the
design and realization of its various subsystems is shown. Finally,
measurement results are presented, evidencing a sensitivity suitable to monitor
the breath activity by detecting thorax movements.
Index Terms − Biomedical Monitoring, Breath Activity, UWB Radar Systems.

I.

INTRODUCTION

Continuous monitoring of breath activity is of great importance for the
diagnosis of many respiratory apparatus pathologies and for vital
functions monitoring. The breath monitoring is usually performed either
by means of inductive bandages or by airtight jackets, requiring a direct
contact with the patient. By using the microwave electromagnetic
radiation, it is possible to monitor any physiological activity, involving
movements of parts of the body, carrying out a non-invasive monitoring.
The systems proposed in literature for the remote sensing are mainly
based on Doppler [1] or ultra wideband (UWB) [2]-[3] radar.
In this paper a UWB radar is designed, optimized, realized and
tested. The introduced improvements with respect to the design
proposed in [2] consist in the use of a very fast pulse generator based
on a step recovery diode and in the implementation of a receiver based
on very fast zero-bias Schottky diodes. Moreover, a suitable UWB dropshaped antipodal dipole antenna is used to reduce the dispersive effects
of the radiated field.
The paper is organized as follows. Section II describes the UWB
radar block diagram, while in Section III the design and realization of
the radar together with measurements on the various subsystems and
on the whole prototype are discussed. Finally, in Section IV, some
conclusions are drawn.
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II.

UWB RADAR BLOCK DIAGRAM

Fig. 1 shows a block scheme of the proposed UWB radar. The first block
is a square wave generator whose output signal is split to obtain a
square wave and its delayed replica. The repetition rate (RR = 1-10 MHz)
generator drives a UWB generator that produces a monocycle pulse that
excites the transmitting antenna and, once reflected by the human
thorax, is captured by the receiving one. The RR delayed output drives a
Gaussian pulse generator whose output acts as a strobe signal for the
receiver. If this pulse, delayed of a time equal to the antenna-target
round trip travel time, is present at the receiver strobe input together
with the echo signal, the receiver output changes with the thorax
movements. The receiver output is finally filtered and amplified.

FIG. 1 − Block scheme of the UWB radar system.

III.

UWB SUBSYSTEMS DESIGN AND REALIZATION

In this section a general description of the design and the realization of
the subsystems previously described, together with some measurement
results, are presented.
The repetition rate generator is composed by a relaxation oscillator
based on the inverting Schmitt trigger 74HC14. The pulse repetition
rate can be set from 1 to 10 MHz and the delayed output signal is
obtained by means of a RC delay cell (delay range: 0 - 50 ns). The levels
of the output square signal are ±3 V with rise and fall time less than
5 ns.
The photo of the realized Gaussian generator, used to produce the
strobe signal, is shown in Fig. 2a. The circuit consists of a step recovery
diode (SRD DVB-6723) that, driven by the repetition rate generator
signal, gives rise to a step with a fall time lower than 200 ps. A shortcircuited transmission line converts the step into a pulse. A Schottky
diode HSMS-2850 has been added to the circuit in order to reduce the
pulse ringing, shaping the pulse and improving the symmetry. The
Gaussian generator has been realized on a Rogers RO4003 substrate
having relative permittivity ε r = 3.38 and thickness h = 0.508 mm.
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FIG. 2 − (a) Layout of the UWB Gaussian generator, (b) time behavior of
the generated Gaussian pulse.

Fig. 2b shows the output signal measured by a LeCroy Oscilloscope
WavePro 725Zi-A having a 2.5 GHz bandwidth. For the generation of the
monocycle signal, a Gaussian pulse is first generated and then its time
derivative is achieved by using a RC circuit.
The antennas, adopted for the realization of the radar, are printed
planar structures suitably shaped in order to radiate UWB signals. The
realized transmitting antenna belongs to the class of small element
antennas characterized by a limited occupation area and by a large
operating bandwidth with reduced dispersive effects [4]. In addition,
this antenna presents a low field emission level in the direction of the
feeding line. The geometry of the antenna is depicted in Fig. 3a. For the
receiving unit, in order to obtain a balanced field probe, two planar
antennas having half-heart shape geometry, have been adopted [5].
The receiver section of the UWB radar employs a “range gating”
Schottky sampling diode circuit in which the Gaussian shaped pulse
signal is used as strobe signal. In order to improve the receiver signal to
noise ratio the circuit is designed to operate in differential mode. The
output of the sampling circuit is sent to an integrator with a time
constant great enough to allow the summation of many thousands of
samples. The receiver adopts a couple of very fast zero bias Schottky
diodes HSMS 2850.
The last block of the UWB radar consists of a differential
instrumentation amplifier and a filtering unit, designed to increase the
output signal in the operative band (0.01 – 10 Hz).
The measurement of the radar output signal obtained moving
forward and backward a 30 cm × 30 cm flat metallic screen located
about 50 cm far from the antennas is shown in Fig. 3b. As it can be
noted from the figure, a total displacement of 2 cm gives rise to a
voltage variation of about 10 mV. In conclusion, the realized UWB radar
is able to monitor displacements comparable with human thorax
movements resulting from the breath activity.
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FIG. 3 − (a) Drop-shaped antipodal dipole antenna, (b) time behavior of the
signal at the receiver output obtained moving forward and backward a flat
metallic screen located about 50 cm far from the antennas.

IV.

CONCLUSION

In this paper the design and the realization of a UWB radar for the
breath activity monitoring has been presented. The design of the
various subsystems, performed by using a commercial CAD tool, has
been described. Measurements performed on the realized prototype
prove the suitability of the realized UWB radar to monitor the breath
activity.
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Abstract
The paper describes some EMC aspects related to a UWB radar for
monitoring astronauts breathing activity. Compliance to EMC space
standards forces some design aspects, in particular the peak voltage and
the pulse waveform, as well as the receiver immunity.
Index Terms − radiated emission, radiated susceptibility, UWB
I.

INTRODUCTION

This work is included in a project of ASI, which involves several Italian
entities, universities and companies, called NIMURRA, that stands for
“Non Invasive Monitoring by Ultra wide band Radar of Respiratory
Activity of
people inside a spatial environment”. It regards the
placement of a UWB radar inside a spatial module to obtain information
on the respiration of astronauts. Using a pulse characterized by a very
wide bandwidth in a highly resonant environment, which contains
electronic instrumentation, it is necessary to consider EMC issues
relating to radiated emissions, but also with regard to the susceptibility
of the UWB radar itself. The objective of the work is to give some useful
information to the designer of the monitoring system that take into
account the EMC problem. In particular considering the radiated
emission and susceptibility problem we obtain some information on the
maximum input signal that can be radiated by the system, and to the
maximum electric field level that the system has to tolerate in order to
fulfill the EMC standard.
II.

EMC SPACE STANDARD

The standard applicable depends on the place where the radar will be
placed. In particular two possible modules have been considered: Node
2 of the International Space Station (ISS), and Columbus module. The
two modules however have different EMC standard requirements, for
this reason at this stage of the project the limits considered are a worst
combination between the limits prescribed for the COLUMBUS (COL) [1]
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and for the US segment of the ISS [2]. Tests measurement procedures
are defined by the MIL-STD 461 [3] and 462 [4].
Fig.1a reports the electric field limits for the radiated emission, and
Fig.1b reports the electric field level to be radiated for the susceptibility
tests.

(a)

(b)

Fig. 1 − Electric field limits (a) and susceptibility levels (b). They are the worst
combination between Columbus and Node 2 standards.

III.

EVALUATION OF THE MAXIMUM INPUT VOLTAGE

Considering the standard emission level it is possible to calculate the
maximum input signal that can be radiated by the antenna. To that
purpose, a double ridge antenna placed in an empty space has been
analyzed by means of a commercially available electromagnetic
simulation software (CST). The applicable standard prescribed that the
emission level has to be measured at 1m from the device, consequently
a near field simulation is necessary.
The antenna is fed by the voltage pulse reported in Fig. 2a, and gives
the electric field pulse reported in Fig. 2b.
After the application of a Fourier Transform, the transmitting transfer
function H(f) between the antenna input voltage and the corresponding
electric field radiated at 1m is computed. This quantity is useful to
recover the voltage spectral density limit S(f) for the UWB pulse
applicable to this antenna, in order to fulfill the electric field limits
previously shown (Fig.1a):
S( f ) =

Elimit
H ( f ) ⋅ RBW

[V / Hz ]

(1)

In (1) we assume that the pulse repetition rate (PRF) is less than the
instrument receiver bandwidth (RBW) prescribed by the standard, and
so the emission level is proportional to the RBW of the instrument.
Fig. 3 reports the results for the application of (1) when RBW = 1 MHz
and for a logarithmic scale representation.
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(a)

(b)

FIG. 2 − Applied voltage pulse (a); Electric field pulse produced at 1 m away
from the antenna (b)

The result of Fig. 3 is useful for obtaining the information on the
maximum input voltage applicable to the antenna input. For example,
let’s consider the possible pulses obtained as time derivatives of a
Gaussian pulse:
(2)
where C n is the amplitude, H n (x) is the Hermite’s polynomial of n-th
order.
Considering the first five time derivatives of the Gaussian pulse with σ 1
= 75 ps, σ 2 = 75 ps, σ 3 = 60 ps, σ 4 = 55 ps, σ 5 = 50 ps, it is possible to
recover the constant C n in (2) to fulfill the frequency limits of Fig 3. Fig.
4 shows the pulse time histories obtained.

FIG. 3 − Spectral density limits for
analyzed antenna input voltage.

IV.

FIG. 4 − Applicable pulse time history
for the first five derivatives of the
Gaussian pulse.

Maximum voltage induced in the UWB system

In order to make a device immune to the electric field level of Fig. 1b,
the voltage received by the antenna during a susceptibility test is
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calculated. Considering that the device has to be uniformly radiated by
the same electric field level, an incident plane wave is used. Using a
procedure similar to section III, the receiving transfer function R(f) of the
antenna between the electric field of the impinging plane wave and the
corresponding received voltage can be calculated in order to transform
the electric field level into the voltage received by the antenna.
The receiving transfer function is calculated for the double ridge
antenna used before, and the received voltage corresponding to the
electric field of Fig. 1b is recovered. (see Fig. 4).

FIG. 4 − Susceptibility voltage level for the double ridge antenna.

The so obtained received voltage can be used by the designer of the
monitoring system receiver to verify the front end components hazard
and to establish proper countermeasures (limiters or suppressor devices
for example).
V.

Conclusion

A general procedure to recover useful parameter for the design of a
UWB radar system has been presented. The electromagnetic
environment and excitation prescribed by the EMC standard are
simulated. For future development, more realistic environment and
operating condition can be considered. As an example, the simulation of
the effect of a disturbing source on the received signal will be useful to
develop a robust signal processing algorithm that will be used to retrieve
the respiratory rate.
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A NOVEL THERMO-ABLATIVE MICROWAVE MULTI-APPLICATOR
SYSTEM
G. Biffi Gentili , M. Linari
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Via S. Marta 3, Florence, Italy
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Abstract
A novel minimally invasive thermoablative system that utilize an
asynchronous array of up to four high efficiency microwave applicators is
presented. The tumor ablation volume is optimized by adaptively
distributing the available power among multiple applicators.
Index Terms−Thermoablation, Microwave, Applicator, Minimally invasive.

I. INTRODUCTION
In the recent years image-guided thermal ablation therapy in the
interventional oncology is gaining attention in virtue of the refinement
and significant development of several new, minimally invasive
techniques for percutaneous, laparoscopic and intraoperative tumor
destruction.
The rationale of the thermal ablation is to destroy the tumor either by
heat (hyperthermal ablation) which include radiofrequency (RF),
microwave (MW) and optical (Laser) energy sources or by cold
(cryoablation or hypothermal ablation).
Thermoablative technologies are very promising for the curative,
neoadjuvant and palliative treatments of liver, kidney, prostate, lung,
bone and other primary or metastatic tumors. For selected patients
these technologies offer a optimal treatment option given their
availability in the outpatient setting and low associated morbidity and
mortality.
II. MICROWAVE ABLATION
MW ablation represents the more recent addition to the growing
armamentarium of the available ablative technologies but is still in a
early stage and necessitates substantial methodological and technical
improvements to ensure better flexibility, safety and effectiveness. MW
ablative technology is also very promising for robotically assisted
minimally invasive surgery.
MW tissue heating is mediated by the near field radiation emanating
from the tip of a minimally invasive antenna [1] without the necessity of
an electrical current passing through the patient’s body, as in the RF
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ablation technology that requires grounding pads for draining the RF
current. The potential benefits of MW technology include higher
intratumoral temperatures, larger tumor ablation volumes, faster
ablation times, ability to use multiple applicators, optimal heating of
cystic masses and less procedural pain [2]. The danger of heating
tissue in unwanted areas is also reduced, especially at transition
between anatomical structures having different electrical impedance
such as near the vessel walls.
To increase coagulation volume multi-applicator approaches have been
conceived. Preliminary studies and preclinical experience with multiple
small-gauge antennas [3], [4] suggested that MW are highly conducive
to the use of the multi-probe technology allowing very accurate tumor
targeting through image-guided (robotically assisted) probes placing.
Besides the synergistic use of multiple MW antennas in the treatment of
a large solitary lesions, the ability to adaptively drive multiple antennas
may be useful in preserving blood vessels and in the simultaneous
treatment of multiple tumors.
III. THE MULTI-APPLICATOR SYSTEM
The Thermo Ablative Microwave Multi-applicator System (TAMMS)
under development has been conceived to evolve from single to multiapplicator technology substantially improving flexibility, safety and
effectiveness, in other words “usability”, and at the same time reducing
patient discomfort with the following design objectives:
• Fully compliance with European CISPR 11 regulation and 606012-6 standard;
• Operation at 2.45 GHz frequency using a single solid-state MW
generator with 100 W max total output power;
• Reduced treatment duration (< 10 min.).

AMPD
2.45 GHz
microwave
power
source

4
3
1

2

Controller
Heating
volume

FIG. 1−The Thermo Ablative Multi-applicator System (TAMMS) architecture.
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A key device of the new advanced thermo-ablative system is the APDU
(Adaptive Power Distribution Unit) that adaptively distributes the
available power of the generator among a maximum of four applicators
suitably inserted into a solitary tumor or multiple nodules.
Depending on the tumor size, location and other relevant clinical
parameters a single applicator or multiple applicator treatment can be
planned.
A very accurate image guided 3D tracking of each applicator position
and orientation can be obtained by the fusion of EM navigation
technologies and image processing software [6], while impedance
tomography can be used for internal tumor temperature monitoring.
IV. LOW LOSS APPLICATOR TECHNOLOGY
Existing MW applicators use very small commercial coaxial cables
(typically 0.6 to 0.8 mm in diameter) passing inside a 11 to 16 gauge
shaft tube to feed the radiating section, that consists of a simple
isolated monopole or a couple of circumferential slots. The high power
losses of such very miniaturized cables (about 2dB/m) are responsible
for the applicator overheating when the input power exceeds a few
watts. To maintain shaft temperature below the 40°C limit at high input
power, water circulation is forced inside it, thus increasing mechanical
complexity and catastrophic failure probability; furthermore radiation
efficiency is reduced because part of MW power is wasted in warming
the circulating water.
The new low loss applicator technology shown in Fig. 2 (patent pending)
allows eliminating water cooling for an input power less than 25 W by
substantially reducing cable losses and increasing radiation efficiency.
Cooling fluid inlet/outlet
Radiating tip
Shaft

Microstrip adapter

Tip integrated thermocouple or
magnetic position sensor

External thermocouple
(only for laboratory testing)

FIG. 2−Prototype of the new 16 gauge low-loss minimally invasive applicator.

V. EXPERIMENTS
Fig. 3. shows the result of a thermoablative ex-vivo procedure performed
by employing a couple of 16 gauge high efficiency uncooled applicators
immersed inside swine tissue at 25°C initial temperature.
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FIG. 3−Thermal ablation in swine ex-vivo tissue obtained by employing a
couple of 16 gauge applicators and 40 W total input power with 50% duty
cycle; (a) after 5 min., (b) after 8 min.

It is worth noting that to obtain a thermal lesion having the same
dimensions of that of Fig. 3a using a single water cooled applicator,
about 70 W for 10 min. should be applied.
VI. CONCLUSION
Preliminary experiments confirm that the proposed multi-applicator
thermoablative system allows improving overall efficiency, extending the
volume of the thermal ablation and reducing the ablation time.
Furthermore if the APDU distributes the total power among multiple
applicators and the average power for each applicator is maintained
less than 25 W, the cooling system could be avoided with great
advantages in term of usability, flexibility and procedural safety for the
absence of tissue boiling, chimney effects and tissue carbonization.
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Abstract
The cell membrane poration is one of the main assessed biological effects of
nanosecond pulsed electric fields (nsPEF). This structural change of the cell
membrane appears soon after the pulse delivery and lasts for a time period long
enough to modify the electrical activity of excitable membranes in neurons.
Inserting such a phenomenon in a Hodgkin and Huxley neuron model by means
of an enhanced time varying conductance resulted in the temporary inhibition of
the action potential generation.
Index Terms  cell membrane, electroporation, Hodgking and Huxley

neuron model, nanosecond pulsed electric fields
I. INTRODUCTION
In recent years, biological effects of nanosecond pulsed electric ﬁelds
(nsPEF), characterized by durations in the nanosecond time scale and
amplitudes in the MV/m range, have been investigated, evidencing
promising applications in medical fields.
An important medical application of nsPEFs, which is currently
under investigation, is based on the stimulation/inhibition of excitable
tissues as the neuronal one [1].
Studies on nerve models reported the block of the conduction of the
electric stimulation along a fiber, ascribed to the variation of membrane
conductivity related to the pore formation in the plasma membrane [1],
[2]. The membrane poration determines a change in the membrane
permeability to ionic species. In neuronal cells, where the electrical
activity results from the balance of ionic fluxes through the membrane,
this effect is likely to affect the mechanisms of the action potential (AP)
generation and transmission.
Aim of this work is to couple analytical expressions for the time
behavior of conductance and capacitance of the porated membrane [3],
[4] with a functional circuital model of an excitable membrane patch.
This will allow us to assess the effects of poration on neuronal electric
activity and to quantify the observed modification as a function of
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significant parameters, such as maximum poration level, pore resealing
time, background stimulation level of the neuron model.
II. MODELS AND METHODS
In this section, the models used to describe both the passive
properties (capacitance and conductance) and the functional ones (AP
generation) of the porated membrane will be discussed.
The relative variation of the membrane capacitance (sum of the
contributions of aqueous pores and the lipid bilayer [3]) is always below
2%, even for high values of pore density (N above 1015 m-2), due to the
small dimensions of pores; thus it can be disregarded. Different is the
case of conductance where the flux of ions through the aqueous pores
becomes the dominant contribution due to the higher conductivity of
water with respect to the lipid bilayer. Such a pore contribution Gp is
given by [4]:
(1)
with rp the pore radius, w the water conductivity, h the membrane
thickness, N the pore density, and A is a term accounting for the energy
barrier experienced by the ions when flowing through the pore [4]. Both
N and A depend on the transmembrane potential (TMP) and hence on
time. A can be estimated on the bases of the TMP calculated as in [5].
Typically N exhibits a very sharp increase (in the time scale of ns) up to
a maximum level (NMAX), which, due to the resealing process of the
pores, slowly decays (in a time scale up to s) to the initial value N0. In
this paper, NMAX has been calculated as in [5] and is of the order of 10 15
m-2. Pore resealing has been modeled as a single time constant ()
process;  has been chosen equal to 3, 10, 100 and 1500 ms. A value of
w=1 mS/m was used in Eq. (1).
To account for non-linear and active properties of the neuronal
membrane, the well-known Hodgkin and Huxley (HH) circuital model
was considered [6]. The circuit is made of the parallel combination of
the membrane capacitance Cm and three branches accounting for
different ionic currents.
Variations induced by poration on the membrane conductivity have
been accounted by inserting in the model a time varying leakage
conductance, while Cm has been fixed to its typical value of 1 F/cm2
[6]. The leakage conductance has been modeled as a decreasing
exponential function starting from the value assumed by the Eq. (1)
after 1 s ( 3 mS/cm2) and with the time constant equal to .
The model has been implemented in the C++ environment using the
direct Euler integration method with time step of 10 s. Simulations
have been carried out for stimulation currents Is ranging from 6.3 up to
20 A/cm2.
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III. RESULTS
The first effect induced by poration on the neuron activity is the
introduction of a new electrical regime consisting in an initial inhibition
period followed by the onset of a regular firing. In Fig. 1 such a behavior
is shown, together with the exponential decay of gl(t), for =1500 ms and
Is= 20 A/cm2.

FIG. 1  Time courses of the leakage conductance and of the transmebrane
voltage for Is= 20A/cm2, =1500 ms, NMAX=1015 m-2, T=6.3°C.

To note that the firing activity restores before that gl(t) recovers to its
initial value of 0.3 mS/cm2. The possibility of temporarily silencing the
neuron and the duration of such a reversible effect revealed to be
dependent on the choice of Is and , as reported in Fig. 2.

FIG. 3  Inhibition time versus the
stimulation current Is for different
resealing time constant.

FIG. 2  Electrical regimes exhibited
by the HH model for the non-porated
membrane and for the porated one.

The figure shows, for each time constant , the observed electrical
regime in correspondence of each Is value, highlighting those values
representing the thresholds between two regimes. The first interesting
effect is an enlargement of the resting regime with a translation of the
threshold for the upper regime in all cases. Moreover, one can observe
that the temporary silencing is possible only for >10 ms and Is> 10
A/cm2.
Moreover, we observed that the longer the decay times of the
membrane conductance, the longer the inhibition periods obtained (Fig.
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3); this can be explained considering that the longer permanence of
pores in their open state leads to a sort of membrane short circuit,
which determines the TMP decrease under the threshold for the AP
generation. However, it seems that higher stimulation currents Is drive
more quickly the neuron back to its regular firing state.
IV. CONCLUSIONS
We demonstrated how a temporary increase of the membrane
conductance, due to the electroporation induced by nsPEFs, could
disrupt the regular activity of a neuronal model. Such an effect has
resulted in both a translation in the threshold between resting and
firing regimes and in a temporary silencing of the neuron.
Further data would be necessary in order to fully elucidate the
mechanism of the observed phenomenon also through molecular
dynamic studies to obtain in depth knowledge of the membrane
response to nsPEFs, in terms of variations in the ion flux through the
pores.
However, the observed effects confirm the firing blocking shown in
[1], [2] and suggest the possibility of modulating the electric activity of
neurons by inhibiting the AP initiation through a suitable pulse train.
Thus, the eletroporation induced by nsPEFs could be used as an
alternative approach to the direct electrical stimulation of neuronal
system for medical application such as the chronic pain treatment.
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Abstract

An electron based radiation source is presented with the aim of irradiating cell
membrane models and biological cell membranes. The peculiarity of the device
is that it can simultaneously generate short electromagnetic pulses, in the
millimeter wave range, and electrostatic pulses with the same time structure.
Index Terms − Cell Membranes, Free Electron Laser, Electromagnetic Pulse.

I. INTRODUCTION
The device we present in this study is aimed at fulfilling the research
objectives of a project for probing membrane dynamics with
electromagnetic radiation and electric pulses. The basic idea of the
proposal is to provide a unified view of ultrafast electromagnetic
interactions with cellular systems. One of the most important questions
in bio-electromagnetics today is whether cellular systems can rectify
rapidly oscillating electric fields at frequencies which have pulse time
durations ranging from pico-to-microseconds. It has been demonstrated
[1] that short duration electric pulses produce significant changes in
cell membrane potential. The project hypothesizes that similar effects
may occur also from millimeter and THz waves. The cell membrane is,
in fact, a complex polymolecular structure, whose transmembrane
voltage controls the transport of chemicals into and out of the cell. The
project will explore the interaction mechanisms using model membrane
systems and electrically excitable cells (neurons) by applying electric
pulses and RF carrier waves between 30 and 3000 GHz for possibly
controlling cell function.
II. THE PULSER BASED FEL
ENEA has a long term experience in design and operation of electronbased electromagnetic sources, with particular importance for Free
Electron Lasers [2], working in the long wavelength spectral range. The
source to be realized is a novel Electro-Magnetic pulser, based on a
previous prototype [3], capable of providing both nanosecond THz
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electromagnetic (EM) radiation pulses as well as electrostatic (ES)
pulses in the same device, with identical time duration. The pulser will
allow, for the first time, direct comparison of EM and ES pulses on
biological systems, a major goal of the project. The pulser will provide a
core measurement capability for the program as it will produce peak
electric fields in the samples that are significantly higher than any
reported to date, while keeping the average power low enough to avoid
sample heating.
The pulser diagram is schematically reported in Fig. 1. The electron gun
is composed by a 20 kV power supply charging a capacitor bank C 0 that
is the primary energy reservoir. A six-stage magnetic pulse compressor
reduces the pulse from a discharge time of 1 µs down to about 30 ns
and rises the voltage up to 350 kV. The final condenser of the
compressor is connected to a transmission-line transformer made by
three coaxial cables charged in parallel and discharged in series on a
mismatched diode load raising the voltage up to 1.5 MV.

VACUUM
PUMP

FIG. 1 − Pulser schematic diagram
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A Free Electron Laser based on this accelerator can be assembled in a
compact configuration as reported in Fig. 2:

FIG. 2 − FEL block diagram

The electron beam, generated by the cathode is transported into the
undulator by means of a solenoidal magnetic field to minimize the
space-charge effects. The cathode and the magnetic undulator are
contained inside a single vacuum chamber to simplify the e-beam
transport system and the vacuum pumping system.
A peak current of about 5 kA allows the use of the pulser as a driver
for an FEL. The quality parameter expected, like the emittance and the
energy spread (ε x,y = 30 mm mrad, σ e = 1 %) are good enough for long
wavelength operation. The magnetic undulator considered in this study
is a compact structure presently in use in the ENEA 2.5 MeV microtron
based FEL (see Fig. 3).

FIG. 3 − ENEA Compact Magnetic Undulator

The undulator consists of 8 periods of 2.5 cm of length with a variable
gap; it can reach a parameter K=0.8 at a gap of b=8mm generating, in
this condition, an on-axis field of about 3.5 kgauss. The described FEL
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source is capable to reach saturation at megawatt level at a central
frequency of 200 GHz as reported in Fig. 4.
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Abstract

In this contribution a novel design for circular corrugated horns is presented. The
high performances typical of corrugated feeds is maintained even if design is
constrained to have the corrugations' width uniform along the whole horn. The
constant width corrugation property has a direct consequence on the mechanical
design and fabrication, coming out easier and cheaper than in the well-known
case of optimized - non uniform corrugation width - horns. The proposed horn
can hence be fabricated using a pile of equal thickness layers, only machining a
single circular stepped hole
on each. The easy extension to arrays is
straightforward in what are called platelet horn arrays. A particular design for a
43GHz corrugated horn is addressed and some results are shown.
Index Terms  Antennas, Corrugated horns, Arrays.

I. INTRODUCTION
Standard fabrication techniques, like milling from an aluminum ingot
or electroforming, have since now set few limitations bound to
machining tolerances, tool dimensions and minimum thickness, to the
electromagnetic design of corrugated horns [1] for what concern the
width of the corrugations, leaving the designer free to chose teeth and
grooves for optimum performances.
The new interest in the development of focal plane arrays [2] comprising
many identical feed horns is driving the research to cheaper and easier
fabrication techniques both on the single feed element and on the array
as a whole, having in mind in this last case some platelet solutions
already tested with good results [3]. In this last case the constant width
of the corrugation would give interesting perspectives since the platelet
could be assembled by working metal sheets of equal thickness with
clear advantage in material supplying. Furthermore the kind of
machining for each plate would be very easy, requiring only the milling
of a stepped circular hole representing the tooth and the groove of the
corrugation.
A design of a constant width corrugation circular corrugated horn at
43GHz is presented in the following.
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II. DESIGN

Radial co-ordiante[mm]

A phase study to develop a focal plane array receiver at 43GHz for the
new Sardinia Radio Telescope (SRT) is currently being carried out. In
this framework a design of a feed horn for the secondary Gregorian
focus of the antenna has been done. Among standard feed
specifications, a suitable geometry for low cost prototyping of an array
with a significative number of elements (7 or 19) is required and the
constancy of the corrugation width well addresses this point.
Optimization of the gain over system temperature of the SRT dual
reflector antenna gives an 11dB@12° tapering specification at 43GHz.
Other requirements are given for the whole Q-band (33-50GHz): return
loss greater than 30dB and cross-polarization better than -30dB.
The corrugation width has been fixed to w = 2.6mm, about 0.36λ at
center frequency and the groove and the tooth widths, g and t,
respectively, are optimized under the constraint w = g + t = 2.6mm. Also
the size of the horn must be minimized compatibly with the
specifications and such an optimization is possible by adopting a
curved profile for the corrugation envelope which allows more
combinations of horn length-aperture diameter than in the standard
linear horn case, to satisfy a given edge taper specification [4].
The resulting optimized horn is given in Fig. 1 where the typical dual
profiled curve of the corrugations' envelope is shown.
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FIG. 1  Optimized horn corrugation profile.

The total number of corrugations is NT = 44, the throat transition region
is formed by N = 7 corrugations with teeth and grooves linearly varying
from the initial value (t0, g0) = (2, 0.6) mm to a steady-state value of (t1,
g1) = (0.6, 2) mm.
The feed has been thought as a stack of disks to reduce even more the
weight respect to the above mentioned platelet solutions, in which each
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metal sheet encompasses the whole array cross section, and the
assembly view of the executive drawing is shown in Fig. 2. The disks are
grouped in three different sets of equal external diameters. A further
step on both sides of each disk is required for precision alignment.

FIG. 2  Drawing of the optimized horn assembled as a stack of disks.

The feed size is about 120mm in length and 50mm in diameter.
III. RESULTS

[dB]

Optimized corrugated horn simulated results of the reflection coefficient
and the maximum of the cross-polar component of the radiated field are
given in Fig. 3.
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FIG. 3  Reflection coefficient and cross-polarization maximum (Xpolmax).

Both performances are not appreciably degraded by the constant
corrugation width over-constraint and fully satisfy the requirements.
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The above statement also holds for the beam patterns as shown in the
example plot of Fig. 4. The pattern cuts on the principal planes highlight
very high beam symmetry having as a related effect the low cross-polar
pattern on the 45° plane (where its maximum is).
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FIG. 4  Patterns at 41.5GHz: E and H plane co-polar and 45° cut cross-polar.

Also in this case, it has to be noticed that the 11dB@12° taper
requirement is satisfied on both principal planes.
IV. CONCLUSION
A novel constant width corrugation circular corrugated horn design has
been presented. The horn shows very high performance satisfying the
given requirements and is particularly suited to be cheaply and easily
fabricated. This kind of corrugated horn has very attractive features as
an element of a quite large focal plane array.
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Abstract

An overview of the innovative approaches for antenna design and optimization
currently under development at the ELEDIA research center of the University of
Trento are presented in this paper. The synthesis of non-conventional antenna
arrays characterized by a non-regular disposition of the elements on the
aperture and arrays using time as an additional degree of freedom for beam
shaping as well as innovative methodologies for the synthesis of compact multiband and broad-band antennas are described. The effectiveness and
potentialities of the proposed techniques are illustrated by means of some
representative examples.
Index Terms − Bayesian compressive sensing, Evolutionary optimization,
Fractal antennas, Orthogonal array method, Sparse arrays, Time-modulated
arrays.

I. INTRODUCTION
The design and optimization of antenna systems are still topics of great
interest for both the scientific and industrial communities due to the
proliferation of wireless applications and the growing number of endusers. In order to meet the specific requirements and the
implementation constraints, the designer can consider a number of
degrees of freedom available in the space, frequency, and time domains
by controlling the electrical features of the individual radiating elements
and/or the locations and feeding modality of a set of elements as for
array antennas.
The techniques developed at the ELEDIA research center are
devoted to the development and use of innovative optimization
algorithms for the definition of the available antenna parameters and
the study of new strategies in order to define a suitable environment for
the application of the resolution algorithms. In order to identify the
most suitable strategy for the different problem at hand, even in the
case of large number of unknown parameters to be determined, various
approaches have been developed based on deterministic approaches,
global optimization algorithms, learning-by-example strategies, as well
as hybrid solutions. In the following, the most recent results achieved
with the research activity carried out at the ELEDIA Research Center
are presented aimed at the design and synthesis of single radiating
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elements as well as arrays for various applications ranging from the
wireless communications up to radar systems.
II. SPARSE ARRAY DESIGN THROUGH BAYESIAN COMPRESSIVE SENSING
Sparse arrays are antenna structures where the radiating elements are
non-uniformly located on the aperture. The possibility to exploit the
element positions as additional degree of freedom allows to achieve the
desired performance with a limited number of elements when compared
to uniform arrangements. Although several strategies have been
proposed in the literature, innovative approaches have been developed
with the ELEDIA team based on the Bayesian Compressive Sensing
(BCS). In [1], a method has been proposed for the design of sparse
arrays with the aim of matching user-deﬁned reference patterns. The
main advantages of the BCS with respect to other state-of-the-art
approaches are the flexibility, synthesis time, and reduction of number
of array elements, while guaranteeing an excellent pattern matching.
The approach in [1] devoted to the design or real element excitations
have been extended to the synthesis of complex weighted arrays [2] by
means of a multi-tasking version of the BCS (MT-BCS). Figure 1 shows
an example of the synthesis of a sparse linear array generating a
cosecant shaped beam pattern.

(a)

(b)

(c)

FIG. 1 − Plot of the reference and optimized (a) amplitude and (b) phase
weights, and of the corresponding (c) beam patterns.
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III. TIME-MODULATED ARRAY DESIGN AND OPTIMIZATION
Time-modulated arrays are antenna systems where, unlike classical
phased arrays, a set of radio frequency (RF) switches are used in the
feeding network to modulate the static element excitations. The
switches are controlled by a periodic on-off sequence which allows to
reconfigure the antenna radiation pattern. The unavoidable sideband
radiations generated by the switches commutations, generally
considered as power losses to be minimized [3], can be suitably exploit
to synthesize simultaneous multiple beams. Therefore, the pulse
sequence has to be properly optimized to obtain the desired radiation
patterns [4]. As a representative example, the results of the design of a
time modulated linear array for monopulse tracking applications
generating a sum beam and a difference one at the carried frequency
and the first harmonic, respectively, are reported in Fig. 2.

(a)

(b)

FIG. 2 − Plot of (a) the optimized pulse sequence and of (b) the corresponding
beam patterns generated at h=0 (sum beam) and h=1 (difference beam).

IV. FRACTAL ANTENNAS SYNTHESIS THROUGH A HYBRID LBE-PSO
METHOD BASED ON ORTHOGONAL ARRAYS
It has been shown that the design of multi-band antennas can be
effectively addressed by means of perturbed fractal geometries [5]. As a
matter of fact, the perturbation of the fractal parameters allows to tune
in a selective way the antenna frequency bands thus avoiding the strict
relationship between the resonating frequencies of classical fractalshaped antennas. However, one of the main limitations in the
optimization process is the computational burden required for the
analysis when real antenna layouts are taken into account. To avoid
this drawback, an innovative method has been proposed where the
analysis is performed through a fast support vector machine (SVM)
method where the antenna parameters are optimized by means of a
particle swarm optimizer as in [6]. The training set of the SVM is
properly determined by means of an orthogonal-array strategy allowing
the definition of the minimum number of required samples.
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(a)

(c)

(b)

(d)

(e)

FIG. 3 − Plot of (a) the antenna geometry, of (b) the simulated and measured
s11 values of the optimized antenna, and of (c) the radiation patterns.
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Abstract

A printed loop antenna for mobile WLAN applications at 2.4GHz has been
designed, fabricated and characterized. The structure is based on a composite
right/left-handed (CRLH) transmission line that guarantees to achieve in-phase
current even along a non small loop. Numerical simulations and measurements
performed in anechoic chamber on fabricated prototypes confirm that the
antenna exhibits good impedance matching and the radiation pattern is truly
omnidirectional in the plane of the board, with high radiation efficiency and
horizontal polarization of the radiated field.
Index Terms − Loop antenna, omnidirectional, printed antenna, WLAN.

I. INTRODUCTION
The pervasive diffusion of mobile wireless communications is one of the
most important social phenomena of the last years. In this context, the
widespread deployment of WLAN systems operating at 2.4GHz has
pushed research in the field of antennas with the aim of selecting
structures that can be efficiently integrated within mobile devices.
Planar antennas characterized by omnidirectional radiation pattern in
the plane of the board can be very attractive for many applications, in
particular when integration of antenna and wireless card on the system
board is a highly desired feature. It is well known that small (with
respect to wavelength) loop antennas realize constant-current elements
which behave as magnetic dipoles. As a consequence, they are
characterized by omnidirectional pattern in the plane of the loop with
horizontal polarization, but radiation efficiency is very poor. Larger
loops permit to achieve an acceptable efficiency, but current along the
loop is not constant and thus the radiation pattern deviates with
respect to the omnidirectional shape. Only few works [1,2] concerning
loop antennas for wireless communications designed to achieve
omnidirectional radiation pattern have been reported in the literature.
In this work we focus the attention on the analysis, design, fabrication
and characterization of CRLH printed loop antennas for WLAN
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applications at 2.4GHz. The proposed printed structure has been
inspired by the loop antenna with left-handed loading described in [2],
but in our case loading was obtained by using printed lumped elements
instead of SMD inductors and capacitors.
II. ANTENNA DESIGN
A CRLH transmission line, which is characterized by a well known
dispersion relation [3], can be implemented through left-handed loading
of a printed bifilar line.
a)

b)

FIG. 1 − a) schematic view of the proposed CRLH loop antenna; b) photograph
of one of the fabricated prototypes. The balun section and the SMA connector
are visible on the bottom of the structure. A zoom onto a meander inductor
and an interdigitated capacitor is also depicted.

One of the peculiar characteristics of this kind of structure is the
possibility of obtaining a transmission line with null propagation
constant, that can be used as a building block to realize a loop antenna
wherein a constant current flows, in spite of the non-small size [2]. In
our work, we exploit this principle in order to achieve a compact loop
antenna operating at 2.4GHz and characterized by omnidirectional
pattern in the plane of the FR4 substrate. Loading of the transmission
line has been obtained by using printed lumped elements, in order to
minimize losses and to exploit the geometrical degrees of freedom
offered by this solution. A schematic view of the structure under exam
is shown in Fig. 1a. The performance of the antenna has been optimized
by resorting to extensive full-wave simulations through CST Microwave
Studio [4]. The CRLH loop antenna has been designed to be printed on
a standard FR4 substrate (thickness =1.6mm, ε r = 4.5). A square loop
composed of 4 CRLH unit cells with length equal to 35mm is printed on
a 60 × 60mm2 square PCB board. Each cell contains a bifilar printed
line which is loaded through the insertion of two printed capacitors
placed on the same strip, and a printed inductor connecting the two
strips. Printed capacitors are characterized by an interdigitated
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geometry [5] composed of 4 fingers. Printed inductors with meander
geometry have been chosen [5]: the number of periods that forms the
meander is 2. Excitation of the antenna is obtained by opening a gap in
a corner of the loop, and by feeding the structure through a lattice
balun. A prototype has been fabricated by using standard PCB milling
techniques with a resolution up to 0.1mm (Fig. 1b).
III. NUMERICAL AND EXPERIMENTAL DESIGN
The CRLH loop antenna has been thoroughly analyzed through
numerical simulations, and measurements on fabricated prototypes
have been carried out in anechoic chamber by using an Agilent N5230A
PNA-L network analyzer.
b)
a)

FIG. 2 − a) simulated (solid line) and measured (dashed-dotted line) reflection
coefficient of the CRLH loop antenna; b) magnitude of the magnetic field close
to the CRLH loop antenna.

In Fig. 2a we show the reflection coefficient of the designed antenna
when the structure is connected with a 50-Ohm coaxial cable. It is
worth noting that both simulations and measurements show that
impedance matching is excellent around 2.4GHz, with a -10dB
bandwidth which is about 100MHz. The magnetic field distribution in
the near-field region has been numerically calculated (Fig. 2b) in order
to verify that the antenna is really working in a condition of zeroth order
resonance. In Fig. 3a we show the radiation solid, evaluated near the
resonant peak. An almost ideal doughnut shape is clearly visible, with
the axis which is normal to the plane of the FR4 substrate; polarization
is horizontal and radiation efficiency is limited only by losses due to
FR4 substrate and SMD components in the balun section. Moreover, in
order to analyze in a quantitative way the quality of the omnidirectional
radiator, we plot in Fig. 3b the radiation pattern in the plane of the
board (gain is reported in decibel), with a display scale equal to 5dB per
division. In spite of strong asymmetry of the structure, maximum
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deviation of the measured pattern from an omnidirectional shape is
around 2dB, thus the antenna can be considered a good starting point
for the realization of smart antennas for WLAN applications.

a)

b)

FIG. 3 − a) radiation solid (linear scale); b) simulated (solid line) and measured
(dashed-dotted line) radiation pattern (in decibel) in the plane of the board.
The scale of the plot is from 5 to −15dB, with 5dB per division.

IV. CONCLUSION
We have described design, fabrication, and characterization of a printed
CRLH loop antenna for mobile WLAN applications. We have reported
numerical results and measurements in anechoic chamber which show
that the antenna is characterized by a truly omnidirectional radiation
pattern in the plane of the board, and that radiation efficiency is very
high since antenna loading is achieved by using printed lumped
elements.
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Abstract

A new UHF small patch antenna for a wearable application at 868 MHz, built on
an innovative magneto-dielectric material, is presented. Exploiting the
miniaturization properties offered by values of permeability greater than unity, a
barium-strontium hexaferrite has been synthesized in order to achieve the best
compromise between antenna dimensions and performances. Once the electrical
properties of the substrate were characterized, simulations and measurements
of reflection coefficient and radiated far-field have been carried out, showing a
good agreement and, consequently, a proof of the reliability of our design
approach. Further improvements of the proposed design can be taken into
account for applications in the 2.4 GHz ISM band.
Index Terms − Small antennas, UHF band, magneto-dielectric materials,
wearable applications.

I. INTRODUCTION

In the last years, wearable and implantable devices have become of great
interest, since they can be exploited for applications in the Body Area
Networks (BANs), for real-time monitoring of health parameters. The challenge
in the development of new integrated RF systems is the miniaturization of all
components. The miniaturizing process also affects the radiating element(s): it
requires a trade-off between small dimensions and performances of the
antenna, since electrically small antennas do not exhibit radiation properties
good enough to satisfy the link requirements in terms of power budget. By
means of Magneto-Dielectric (MD) materials, antenna size can be strongly
reduced by exploiting the value of relative permeability μ r with lower values of
ε r , thus obtaining the same miniaturization factor: in fact, due to the refractive
index definition n = √ ε r ·√μ r , the material intrinsic impedance is increased,
since η i = η 0 ·√μ r /√ε r , thus allowing an easier impedance matching.
Furthermore, a radiating performance improvement, due to the increased
radiation resistance, and a wider bandwidth can be observed. Our work was
intended to synthesize an MD material to build a patch antenna with a
reasonable size in order to be used in a wearable application.

II. MD MATERIAL CHARACTERIZATION AND MEASUREMENTS

The barium-strontium hexaferrite Ba 0.75 Sr 0.25 Fe 12 O 19 [1] was chosen as the
MD material under test: it was produced with the standard Mixed Oxide
process and sintered at 1100°C to achieve a relative density of 93%. The
choice for this type of MD material was made on the basis of its intrinsic
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physical properties; in particular, M-type hexaferrites are strongly anisotropic
and their values of μ r can surpass Snoek’s limitation:
(1)
(μ S -1)ω res = 4π γ 4π M S
3
where μ S is the static permeability, ω res is the Ferro-Magnetic Resonance
(FMR), γ ≈ 3 GHz/kOe is the gyromagnetic constant and M S is the saturation
magnetization. It is of primary importance to utilize the MD substrate below
the FMR, in order to avoid strong energy absorption and quick variations in
the values of permeability. In Fig. 1, measured complex permittivity and
permeability of the first prototype [2] are plotted all over the band of interest,
i.e. 750 MHz – 1 GHz, to guarantee the best matching between the EM tool
Drude model, and the measured values for ε', ε", μ' and μ".

FIG. 1 – Comparison between measured and modelled values of permittivity and
permeability in the band 750 MHz – 1 GHz.

III. ANTENNA DESIGN AND CONSTRUCTION

In agreement with our choice, an 868 MHz patch antenna has been designed
to test the engineered substrate. The MD material sample used for our
prototype is a disc, since round in shape devices are suitable for wearable
applications thanks to the absence of sharp edges. For miniaturization
purposes, a λ g /4-patch antenna has been built: since λ free-space ≈ 345.62 mm at
868 MHz, we have λ g /4 ≈ 18 mm, consequently the chosen diameter for the
disc is 33 mm, thus providing enough substrate for the patch antenna itself.
Furthermore, we have tackled two problems: 1) the fragility of the ceramic
composite; 2) the dielectrically dense material. For these two reasons, a value
of 5 mm for the substrate thickness has been chosen as the best trade-off
between robustness against mechanical stress and EM behavior of the
antenna. The halving of the standard λ g /2-patch length has been obtained by
means of a curved shorting plate mounted on the top of the substrate: this has
turned out to be an easy-to-make solution that preserves the antenna
radiating properties, since the radiating aperture faces a bigger portion of
substrate w.r.t. a centered patch. The patch, the shorting plate and the
ground plane are made of a 4 μm-thick silver film. The feeding technique is
realized by inserting a micro-coaxial cable (50 Ω) into a via. The final prototype
of the antenna is shown in Fig. 2.
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FIG. 2 – Wearable patch antenna: detailed view with the micro-coaxial cable.

In order to exploit the antenna for a wearable application, the device has been
mounted on a 254 μm-thick EMC Shielding conductive fabric (conductivity σ =
1x107 S/m), to provide a ground plane which can be attached to any other
desired fabric [3].
Fig. 3 shows a very good agreement between simulated and measured values
of the reflection coefficient. In the band 750 MHz – 1 GHz the two curves
exhibit the same bandwidth of about 250 MHz for |S 11,MAX | = -10 dB: in the
authors’ opinion, this result is worth mentioning, since a typical characteristic
of patch antennas is being narrow-band (about 4% of relative bandwidth in
most cases), whereas in our work the relative bandwidth is at least about 29%
(due to substrate properties). This could be considered a great advantage in
terms of robustness of the antenna against mechanical tolerances: we proved
by experiments that changes in the patch length of about 6% allow keeping a
very good matching at the desired operating frequency. Furthermore, the
impedance matching is very good: at 868 MHz, the simulated value of |S 11 | is
around -24 dB, while the measured value is less than -40 dB, thus ensuring a
great compatibility with standard feeding techniques.

FIG. 3 – Simulated and measured reflection coefficient in the band 750 MHz – 1 GHz.

In Fig. 4, the E-plane (yz) and the H-plane (xz) simulated and measured
radiation patterns of the normalized E-field at 868 MHz in polar coordinates
are plotted, showing a very good correspondence. Simulated radiation
efficiency has a value of about 1.5%, due to magnetic losses and to the very
electrically-dense material. This has to be taken into account for further
enhancements of MD material synthesis. Moreover, the designed antenna is
electrically small, since its length is λ free-space /20, and all electrically small
antennas exhibit low values of efficiency. Despite this, due to the conductive
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shielding, the matching and radiating properties of the whole system are
independent of the presence of human body to which the system itself is
attached. In particular, as is apparent in Fig. 4, the front-to-back ratio of the
antenna is very low (the measured value is -16.34 dB), so that we can consider
back-radiation negligible and not causing interactions with human tissues.
The feasibility of the proposed solution was investigated by transmitting a
power of -10 dBm: a received power of -48.4 dBm was measured in indoor
environments at 1 m-distance, in good agreement with the results of the
corresponding Friis calculations (-50.5 dBm). At a 3 m-distance the same
quantity decreases to about -60 dBm. Hence our device can be easily
exploited at a distance of some meters. For example, assuming a receiver
sensitivity of -85 dBm, a 25 dB margin is preserved for potential scattering
attenuation.

FIG. 4 – (a) E-plane and (b) H-plane simulated and measured radiation patterns of our
MD antenna at 868 MHz.

IV. CONCLUSIONS

An innovative MD material has been presented. Its EM characterization has
been the basis for the design of an electrically small patch antenna for
wearable applications. Improvements in the MD material synthesis process are
worth being investigated to create a new family of substrates for
wearable/implantable antennas operating in the 2.4 GHz ISM band.
Simulations and measurements of the prototype built on the MD material have
shown a very good agreement and can be considered as the starting point for
further researches in the field of magneto-dielectric antennas.
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Abstract
(1)

(2)

In the fields of electromagnetic interference and electromagnetic compatibility, it
is important to measure the strength of the electric field originating from electric
devices. Knowledge of the antenna factor of a receiving antenna is necessary. In
this paper, we discuss the antenna impedance method as a new calibration
method measuring the free-space antenna factor. The experimental
measurements are compared with both the standard field method and the data
provided by the manufacturer of biconical, log-periodic and horn antennas. A
good agreement with the technical regulation ANSI C63.5.
Index Terms − Antenna calibration, Antenna Factor, Standard Antenna
Calibration Site.

I. INTRODUCTION

Antenna factors (AF) can be accurately obtained using different
methods such as Standard Site Method (SSM), Reference Antenna
Method (RAM) and so on [1]. The Standard Site Method (SSM) is
specified in ANSI C 63.5 and is believed to yield the free-space value of
the antenna factor [2]. However, because the antennas are assumed to
be infinitesimal dipoles, improvement is considered necessary for this
method to yield accurate antenna factors for tuned dipole antennas as
well as for non-dipole antennas. To yield accurate antenna factors
recently, a novel calibration method called the Antenna Impedance
Method was developed (see papers [3]-[4]), for estimating the free-space
antenna factor of an electromagnetic interference (EMI) antenna,
especially for the very high frequency (VHF) range where traditional
methods are difficult to apply. These method was summarize in the
following section and the experimental measures of antenna factor
made by this method were compared with the experimental data of
Standard Field Method (SSM) showing a good agreement with the data
and with the technical regulation ANSI C63.5.
II. ANTENNA IMPEDANCE METHOD
The Antenna Impedance Method (AIM) is a calibration method able to
obtain the free-space antenna factor of an antenna under calibration. It
is based on antenna impedance measurements of an antenna under
calibration placed in a various heights above a metal ground plane. The
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antenna input impedance is formulated in terms of the heightdependent radiation impedance and the effective length of the antenna.
As well known the antenna factor of an antenna, AF, is defined by the
ratio of the field strength of an incident plane wave, E, to the voltage
induced at the antenna output port, V, (AF= E/V). An equivalent circuit
of an antenna is shown in Fig. 1, where the radiation impedance is
denoted by Z a (h) .

FIG.1 - Equivalent circuit of an electromagnetic interference antenna

The antenna factor can be expressed as:

AF =

Z in (h) + Z 0
he (h)Z 0

with

Z in (h) =

Z a ( h) D + B
and
Z a (h)C + A

he (h) =

he 0
Z a (h)C + A

(1).

These parameters are defined in terms of the characteristics of
radiating elements ( Z a (h ) , he0 ), the transmission matrix (A, B, C, D)
which representing various antenna circuits like a balun, and the
impedance of a load of the antenna ( Z 0 ). When an antenna is placed
horizontally above a metal plane, the impedance of the antenna
elements, Z a (h ) , can be expressed as the difference of a free-space
component Z a0 and a component Z (h ) accounting for the reflection at a
metal plane:
Z a (h) = Z a0 − Z (h )

(2)

After some simple mathematical
characteristic AIM equation:

AF free =

C1 Z 0 − 1
∆ ⋅ Z0

passages

in which

∆2 =

can

be

C1

− C2

−1

C3

derived

.

the

(3)

where C1 , C 2 and C 3 can be determined from data on Z in (h) .
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III. SIMULATION AND EXPERIMENTAL RESULTS
The Standard Field Method (SFM) is certainly the most natural
calibration method, because it can be derived directly from the defining
equation of the antenna factor. The Standard Field Method consists of
comparing voltages produced in an antenna by the field to be measured
and by a standard field, the magnitude of which is computed from the
dimensions of the transmitting antenna, its current distribution, the
distance of separation, and effect of the ground.

FIG. 2 - AF measure set-up made with Standard-Field Method

To determine the AF with the Antenna Impedance Method a simple
code was developed in Matlab environment to solve the previous AIM
equations. In the M-file script the input data were the frequency, the
antenna impedance measurements on antenna under calibration and
the antenna heights above the metal ground plane.
In detail the input impedance of antenna under calibration was
measured in the semi-anechoic chamber of ITEL Telecomunicazioni srl
EMC Test Lab scanning the antenna in seven heights from 1 m up to 4
m (step = 50 cm) in 26 points of the frequency range respectively: 20300 MHz for the Biconical antenna, 200 – 1000 MHz for the Logperiodic antenna and 700 – 3000 MHz for Horn antenna.

a)

b)

c)

FIG. 3 -Experimental AF data obtained with AIM compared with SFM and
calibrated data for a) Biconical antenna in the range of 20-300 MHz, for b)
Horn antenna in the range of 700-3000 MHz and for c) log-periodic antenna in
the range of 200-1000 MHz.
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The values of the free-space antenna factor with antenna impedance
method can be obtained solving a liner system of the input impedance
of antenna measures for three corresponding antenna heights.
For each antenna we have compared the experimental fitting curve
carried out by using both the calibrated data of the antenna provided by
the manufacturer and with the experimental data of AF made by
Standard Field Method previously discussed. As show in Fig. 3, we have
found that the variation of the antenna factor in comparison to the data
provided by the manufacturer is within ± 2.2 dB for Log-periodic and
Biconical antennas while within ± 3.8 dB for Horn antenna.
IV. CONCLUSION
In this paper, a numerical method called Antenna Impedance
Method (AIM) was performed for estimating the free-space antenna
factor of an EMI antenna, for the frequency range from 20 to 3000 MHz
using three different kinds of antenna. Biconical, Log-periodic and Horn
antenna. The results of this method were compared with conventional
EMI antenna calibration method such as the Standard Field Method
and compared with the data provided by the manufacturer. The AF
values obtained for this three antennas under calibration shown a
variations within the range of [2.2 - 4.4] dB. The accuracy of the
proposed estimation method was investigated by taking into account
the probable errors associated with the conventional antenna
calibration. It was concluded that the method could provide an
estimation of the free-space antenna than is in a good agreement with
the norm applicable to the calibration of antenna ANSI C63.5.
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Abstract
This work concerns the experimental validation of a near-field – far-field transformation
with spherical scanning for quasi-planar antennas. Such a technique is based on the
nonredundant sampling representations of the electromagnetic fields and on the optimal
sampling interpolation expansions, and uses an oblate ellipsoid to model the antenna. It
is so possible to remarkably lower the number of data to be acquired, thus reducing in a
significant way the required measurement time. The effectiveness of such a technique is
experimentally assessed at the UNISA Antenna Characterization Lab by comparing the
far-field patterns reconstructed from nonredundant measurements on the sphere with
those obtained from the near-field data directly measured on the classical spherical grid.
Index Terms  antenna measurements, near-field – far-field transformation with
spherical scanning, nonredundant representations of electromagnetic fields.

I. INTRODUCTION
Among the near-field – far-field (NF–FF) transformations, that employing the
spherical scanning (Fig. 1) is particularly interesting since it gives the full
antenna pattern coverage [1-5]. The classical spherical NF–FF transformation
technique [1] has been modified in [2] by taking into account the properties of
spatial bandlimitation of electromagnetic (EM) fields [6]. In particular, the
highest spherical wave to be considered has been rigorously fixed by these
properties and the number of data on the parallels has resulted to be decreasing towards the poles. Moreover, the application of the nonredundant sampling representations of the EM fields [7] has allowed one to remarkably
reduce the number of required NF data in the case of antennas having one or
two predominant dimensions [2]. These results have been obtained by assuming the antenna under test (AUT) as enclosed in a prolate or oblate ellipsoid,
respectively, and by developing an optimal sampling interpolation (OSI) formula, which allows the reconstruction of the data needed by the aforementioned NF–FF transformation. The ideal probe assumption in [2] has been then
removed in [3] by developing an effective probe compensated spherical NF–FF
transformation for elongated or quasi-planar antennas. At last, efficient spherical NF–FF transformations, suitable for these kinds of antennas and based on
different and very flexible AUT modellings, have been proposed in [5].
Aim of this work is to provide the experimental validation of the NF–FF
transformation with spherical scanning for quasi-planar antennas [2, 3] based
on the oblate ellipsoidal AUT modelling. Such a validation has been carried
out at the antenna characterization laboratory of the University of Salerno.
II. NONREDUNDANT SAMPLING REPRESENTATION ON A SPHERE
Let us consider a quasi-planar AUT and a probe scanning a spherical surface
of radius d in the NF region. Since the voltage V measured by a nondirective
probe has the same effective spatial bandwidth of the field, the nonredundant
sampling representation of EM fields [7] can be applied to it. An effective
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modelling for such an AUT is obtained by
choosing the surface  enclosing it coincident
P(d,,)
with the smallest oblate ellipsoid having ma
jor and minor semi-axes equal to a and b (see
Fig. 1). The spherical coordinate system
d

(r,  ,  ) is adopted to denote an observation
2b
point P. Inasmuch as the sphere can be represented by meridians and parallels, in the
2a
following we deal with the voltage representax
y

tion on a curve C described by a parameterization r = r ( ) . According to [7], let us introduce the “reduced voltage” V ( ) = V ( ) e j ( ) ,
where V ( ) is the voltage V1 or V2 measured
FIG. 1  Spherical scanning for
by the probe or by the rotated probe and  ( )
quasi-planar antennas.
is a proper phase function. The error, occurring when V ( ) is approximated by a bandlimited function, becomes negligible
as the bandwidth exceeds a critical value W [7]. Therefore, it can be effectively controlled by choosing a bandwidth equal to  'W , where  ' > 1 is an enlargement bandwidth factor.
The bandwidth W and parameterization  relevant to a meridian, and the
corresponding phase function  are [2, 7]:
z

 = (  / 2) E ( sin 1u  2 ) E (  / 2  2 )

W =  ' / 2 ;

(

 = a v (v 2 1) (v 2   2 )  E cos 1 (1   2 ) (v 2   2 )


)

2 


(1)
(2)

where  is the wavenumber, ' = 4a E (  / 2  2 ) is the length of the ellipse C '
(intersection between the meridian plane through P and ), E ( i i) denotes the
elliptic integral of second kind, and u = (r1  r 2) / 2f and v = (r1 + r2) / 2a are the
elliptic coordinates, r1, 2 being the distances from P to the foci of C ' . Moreover,
 = f /a is its eccentricity and 2f its focal distance. The expression of the
parameter  in (1) is valid when the angle  belongs to the range [0, /2]. For 
from /2 to , it results  =  –  ', where  ' is the parameterization value
corresponding to the point specified by the angle  –  . As shown in [2, 7], the
curves  = const and  = const are ellipses and hyperbolas confocal to C ' .
When C is a parallel, the phase function  is constant and it is convenient
to choose the angle  as parameter. The corresponding bandwidth [2, 7] is

W ( ) =  a sin ( )

(3)

wherein  = sin1u is the polar angle of the asymptote to the hyperbola
passing through P.
According to the above results and by properly matching the OSI expansions along meridians and parallels, the following two-dimensional OSI formula results [2, 3]:
n 0 +q

V (,  ) =



{

n = n 0 q +1

G (, n ,  , N,N ")

m0 + p

 V (n ,m ,n) G (, m ,n , , Mn, Mn")}

(4)

m =m 0  p +1

where 2q , 2p are the number of retained samples along  and , respectively,
n 0 = Int ( / ) , m 0 = Int ( / n ) ,
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n = n  = 2n ( 2N " + 1) ;

N " = Int (  N ') + 1 ;

m,n = m n = 2m /(2Mn" + 1) ; Mn" = Int (  Mn' ) + 1 ;

 * = 1 + (  '1) sin
(n )


2/3

; N = N " N ' ;

N ' = Int (  'W ) +1

(5)

Mn' = Int [  *W (n )] + 1

(6)

Mn = Mn"  Mn'

(7)

 = q  ,  = p n ,  > 1 is an oversampling factor needed to control the
truncation error [7], Int(x) denotes the integer part of x, and
G ( , k ,  ,L,L") = L [(  k ),  ] D L" (  k )

(8)

Moreover,

sin [(2L" +1)  / 2]
D L" ( ) =
;
(2L " +1) sin( /2)

TL 2cos 2 ( / 2) cos 2 ( / 2)  1
L ( ,  ) =
TL 2 cos 2 ( / 2)  1

(9)

are the Dirichlet and Tschebyscheff sampling functions, respectively, TL ( )
being the Tschebyscheff polynomial of degree L. The variation of  * with  is
required to ensure a bandlimitation error constant with respect to  [6].
By using the expansion (4), it is possible to evaluate accurately the probe
and rotated probe voltages at any point on the scanning sphere and, in
particular, at the points needed by the classical NF–FF transformation with
spherical scanning [1] as modified in [3, 5].
III. EXPERIMENTAL RESULTS
The described NF–FF transformation has been experimentally validated in the
anechoic chamber available at the UNISA Antenna Characterization Lab,
equipped with a roll over azimuth spherical NF facility system supplied by MI
Technologies. The chamber, whose dimensions are 8m  5m  4m , is provided
with pyramidal absorbers ensuring a background noise lower than – 40 dB.
The amplitude and phase measurements are carried out by means of a
computer-controlled vectorial network analyzer Anritsu. An open-ended WR90
rectangular waveguide is used as probe. The considered AUT is a MI-12-8.2
standard gain horn with aperture 19.4 cm 14.4 cm , located on the plane z = 0
of the adopted reference system (Fig. 1) and operating at 10 GHz. Such an AUT
has been modelled as enclosed in an oblate ellipsoid with a = 12.3 cm and b =
4.5 cm. The probe output voltages have been collected on a sphere of radius d
= 78.5 cm.
The amplitudes of the reconstructed voltages V1 and V2 relevant to the
meridians at  = 0° and  = 90°, respectively, are compared in Figs. 2 and 3
with those directly measured on the same meridians, to assess the effectiveness of the two-dimensional OSI algorithm (4). At last, the FF patterns in the
principal planes E and  obtained from the nonredundant spherical measurements are compared in Figs. 4 and 5 with those (references) obtained from the
NF data directly measured on the classical spherical grid. In both the cases,
the software package MI-3000 has been used to get the FF reconstructions. As
can be seen, all the reconstructions are very accurate, thus confirming the
effectiveness of the approach.
It is worth noting that the number of employed samples is 1 626, less than
one half that (3 280) needed by the standard spherical scanning technique [1].
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FIG. 2  Amplitude of V1 on the meridian
at  = 0°. Solid line: measured. Crosses:
recovered from nonredundant NF data.
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FIG. 4  E-plane pattern. Solid line: refe- FIG. 5  H-plane pattern. Solid line: reference. Crosses: reconstructed from nonre- rence. Crosses: reconstructed from nonredundant NF data.
dundant NF data.
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APPLICATIONS OF FIBER OPTICS DYNAMIC BRILLOUIN GRATINGS
IN ULTRA WIDEBAND COMMUNICATIONS
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Abstract

By exploiting all-optical signal time differentiation and true time reversal,
realized through dynamical Brillouin gratings in fiber optics, we propose a
method to generate UWB Gaussian doublet (including higher-order) pulse and
the implementation of an UWB time reversal mirror. Numerical predictions are
reported.
Index Terms − Brillouin Scattering Fiber Optics, UWB communications.

I. INTRODUCTION
Dynamic Brillouin gratings (DBGs) in fiber optics are a powerful
technique for light control and manipulation [1]. The stimulated
Brillouin scattering between two counter-propagating optical beams, an
input waveform (IW) and a short (ideally Dirac function) write pulse
(WP), generates an acoustic wave (AW), that longitudinally modulates
the fiber refractive index, thus creating a grating. The DBG, which
retains the characteristics of the IW backscatters the read pulses (RPs),
injected from the same side of the WP. If the RP is short (ideally Dirac
function) the scattered output waveform (OW) is identical to the IW. In
polarization maintaining (PM) fibers, the writing/reading processes can
be decoupled by launching the WP and RP on orthogonal birefringence
axes, and by properly satisfying frequency and phase matching
conditions (see [1-5]). Recently, several potential applications of the
DBGs, such as all-optical true time reversal (TTR) [2], all-optical time
differentiation and integration [3], high resolution sensors [4] and
microwave photonics filters [5], have been demonstrated. Here, we
present two additional DBG applications in UWB communications [6]
based on the DBG-assisted all-optical signal time differentiation and
true time reversal. In particular, we propose a method to generate
second- and higher-order derivatives of an UWB Gaussian pulse and a
possible implementation of an UWB time reversal mirror (TRM). A
numerical analysis is performed by integrating the SBS equations for
the DBG [1] and through CST simulations for the microwave link.
II. UWB GAUSSIAN DOUBLET GENERATION
The generation of the first- (monocycle) or the second-order (doublet)
derivatives of a Gaussian pulse is an efficient technique for UWB pulse
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generation, following the U.S. Federal Communications Commission
(FCC) specifications (PSD <-41.3dBm/MHz, bandwidth >500 MHz or
fractional bandwidth >20%) [6]. Various methods have been presented
in the optical domain, which provides high flexibility and huge
bandwidth by exploiting microwave photonic filters [6], semiconductor
optical amplifiers [7] and optical parametric amplification[8].

FIG. 1 − (a) WP/RP monocycle pulse (dashed line); OW doublet pulse
(continuous line). (b) OW power spectrum (continuous line). FCC spectrum
mask (dashed line).

As shown in [3], the time differentiation of arbitrary IWs can be
obtained if the RP is the time derivative of a short pulse, so the OW is
also the time derivative of the DBG-stored IW. Here, the second-order
time derivative of a Gaussian pulse (IW) is achieved in two steps: first, if
the WP is the first-order time derivative of a Gaussian pulse, the stored
waveform retains IW first-order derivative; second, if the RP is the same
as the WP, IW second-order derivative is eventually retrieved by the OW.
By iterating the process, higher-order derivatives of IW can be obtained.
Here, an example is presented. The IW is a 50 ps FWHM, Gaussian
pulse. The WP is obtained by switching the phase of the IW [1,3] at the
pulse peak, thus achieving a Gaussian monocycle pulse with a very
good approximation (Fig. 1a, dashed line). The RP is the same as the
WP. The OW is actually the Gaussian doublet, generated from the IW
(Fig. 1a, continuous line). The generated UWB Gaussian doublet power
spectrum (Fig. 1b) satisfies the FCC specifications, showing a peak
centered at 6 GHz and a -10dB bandwidth of 7.7 GHz (from 1.94 to 9.67
GHz), with a fractional bandwidth of about 148%. These results are
comparable to those previously obtained [6-8], but an advantage of this
method is to easily obtain higher-order Gaussian pulse derivatives, to
better fit the FCC specifications at low frequencies, by iteratively using
the same setup.
III. UWB TIME REVERSAL MIRROR
TRMs exploit the phase conjugation process of time reversal: a signal,
which propagates in a cluttered medium, is received at the TRM with
high distortion and it is time reversed and re-transmitted back through
the medium. The time reversed signal converges back to the source
enabling multipath compensation, strong focusing, enhanced imaging
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and target detection, and it is useful in communications as well as in
medicine applications [9-11]. Here, by exploiting the DBG-based TTR,
we propose a novel TRM for UWB signals. TTR through DBG has been
demonstrated in [2]: if the RP is launched from the other side with
respect to the WP TTR is achieved; in fact, the last part of the IW to be
stored is the first to be retrieved. A numerical example is presented. The
source (TX) and the receiver (RC) are horn-antennas with operational
bandwidth from 5.5 to7.5 GHz (Fig. 2). The RC is 7-elements array (Fig.
2. The TX-signal (Fig. 3a, blue dashed line) has a bandwidth of 2 GHz
with a central frequency of 6.5 GHz. The radiated signal is scattered by
35 randomly distributed metallic and dielectric cylinders with 1.3 and
3.2 cm diameter, respectively [11]. The distorted signals at the RC (Fig.
3a, green continuous line shows the signal received by RC #6) is used to
modulate a laser through which the DBG-based TTR is achieved. The
WP and the RP are 50 ps FWHM pulses. The reversed signals are then
retransmitted through the channel. A good refocusing on the TX is
achieved when the TX combines the reversed signals coming from 7 (or
more) elements in the RC (Fig. 3b). The quality of refocusing increases
with the number of RC positions [9,10]. All-optical TRM has the
advantage of the huge bandwidth.

FIG. 2 − TRM setup
scheme.

FIG. 3 − (a) TX signal (blue dashed line). RC #6
distorted signal (green continuous line). (b) TX
reversed signal (blue dashed line). Focused signal
at TX (red continuous line).

IV.

CONCLUSIONS

We reported numerical tests on the possible applications of DBGs in
UWB systems. In particular the performance for doublet Gaussian
pulses generation and for time reversal mirrors have been assessed.
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Abstract

Four different high power ytterbium doped fiber lasers are designed and
compared via a home-made computer code. Their effective mode areas and
beam qualities are numerically evaluated. A novel aperiodic fiber microstructure,
very promising in order to construct high power and single mode lasers, has
been identified.
Index Terms − beam quality, innovative fibers, laser modeling.

I.

INTRODUCTION

Nowadays, fiber lasers are considered feasible sources in almost all the
application fields where solid-state lasers are typically employed thanks
to their excellent characteristics. Novel optical fibers, characterized by
large cores, have been investigated with the aim to prevent nonlinearity
and to allow high beam quality emission (i.e. beam quality factor M2
close to the unit).
Large mode area (LMA) fibers and multicore fibers (MCFs) are the
two approaches mainly followed to obtain the aforesaid goals [1-3]. In
general, the increasing of the effective mode area decreases the optical
power density but it causes both a decreasing of the beam quality and
an increasing of bending sensitivity of single-mode (SM) fibers. In
several LMA fiber lasers, single mode propagation and large mode area
are reached by employing microstructured optical fiber (MOF) lattices
instead of the step index ones (SIF). Therefore, a suitable trade-off
between effective mode area and bending sensitivity requirements is
obtained by exploiting the endlessly single-mode MOF behavior.
The MCF technology allows to obtain larger mode cross-section
compared with that achievable via single core and single mode fibers. In
MCF lasers, multiple rare earth doped cores are separated by un-doped
regions. Therefore, thermal stress and nonlinearity drawbacks due to
the high-power levels are strongly reduced. However, quasi-Gaussian
emission profiles can be obtained via MCF lasers only if the propagation
of the different supermodes are taken into account and appropriate
techniques of
supermode selection or combining or filtering are
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adopted. In this paper, a home-made computer code is employed to
investigate four different solutions optimized to obtain high brilliance
and large mode area fiber lasers: the first two are based on i) a
multimode (MM) 7 core SIF, and ii) a MM 19 core SIF, both adopting a
Talbot cavity feedback; the other two solutions are based on iii) a single
mode (SM) 19 core SIF and iv) a completely novel SM 1 core aperiodic
and single material (quasi-crystal-fiber with air holes) fiber.
II.

THEORY

The home-made computer code for simulation of ytterbium doped fiber
lasers is implemented by considering the rate equations and the power
propagation equations [4-5]. The propagation of all the supermodes is
accurately taken into account. The supermode electromagnetic field
profiles and the propagation constants are calculated by a commercial
full vectorial finite element method FEM. The filling factor of the j-th
core for the i-th mode is calculated as the ratio of power of the i-th
mode inside the j-th core to the total power of the i-th mode [4-5]. All
supermodes in MCFs compete with each other and give their contribute
to the total population inversion.
For the lasers based on: i) the MM 7 core SIF and ii) the MM 19 core
SIF, both adopting the Talbot cavity feedback, the far field is calculated
by using the Rayleigh–Sommerfeld diffraction equation via the FFT
method. Among all supermodes, only the in-phase mode has a good farfield intensity profile; it is selected via the Talbot cavity between the
fiber end and the feedback mirror. Self and cross coupling coefficients
are calculated as in [6]. For iii) the SM 19 core SIF and iv) the novel SM
1 core aperiodic MOF the Talbot cavity is not required. The beam
quality is evaluated via the expression reported in [7].
III.

RESULTS

Fig. 1 illustrates a sketch of the four fiber sections. For the fiber iv) a
quarter of the section is reported. The design of the fiber sections has
been performed via a large number of simulations in order to obtain
similar effective mode areas A eff , and to optimize the laser performance.
Table I reports the main parameters of the designed fibers. The
emission and absorption cross sections of the ytterbium ions in silica
glass and the losses are reported in [4]. Ytterbium ion concentration is
5× 1025 ions/m3 . The distance between the mirror and fiber end, Z M /2,
of the Talbot cavity has been optimized to obtain the in-phase
propagation. Fiber iii) and iv) are designed to be single mode at the
signal wavelength.
As an example, Fig. 2 illustrates the variation of the laser output
versus the pump power (bidirectional) for the designed lasers with fiber
length L=10 m.
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FIG. 1 − Fiber sections.

Table II reports the main output laser characteristics, i.e. the effective
mode area A eff , the beam quality M2 and the slope efficiency η s for the
fiber length L=10m .
TABLE I – LASER PARAMETERS
Kind of fiber
Number of cores
Cladding radius 𝑅𝑐𝑙
Core radius 𝑅𝑐𝑜
Air hole radius
Centre to centre
distance 𝐿𝑐𝑜−𝑐𝑜
Pitch Λ a
Pitch Λ b
Cladding refractive
index 𝑛𝑐𝑙 at 𝜆𝑠
Core refractive
index 𝑛𝑐𝑜 at 𝜆𝑠
Air refractive
index 𝑛𝐴
R 1 reflectivity
R 2 reflectivity
Z m /2

i)
𝟕
250 µm
5 µm
#

ii)
𝟏𝟗
250 µm
4.2 µm
#

iii)
𝟏𝟗
250 µm
2 µm
#

iv)
𝟏
250 µm
13 μm
0.5 μm

#
#
1.4497

#
#
1.4497

#
#
1.4497

20 μm
5 μm
1.4497

1.4511

1.4527

1.4502

1.4497

#

#

#

1

0.99
0.04
0.438 mm

0.99
0.04
1.167 mm

0.99
0.04
#

0.99
0.04
#

17µm

9.0 µm

IV.

5.5 µm

#

CONCLUSION

Four fiber lasers have been designed and compared via simulation. High
performance lasers based on the fibers of the same kind of i), ii), iii)
have been reported in recent literature [1-2], [5-6].
The aperiodic fiber laser iv) is novel and it seems very promising and
competitive with respect to the state of the art. In fact, it exhibits a high
effective mode area and a high beam quality.
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TABLE II – OUTPUT SIGNAL
PARAMETERS
fiber
i)
ii)
iii)
iv)

𝐴𝑒𝑓𝑓
[µm2 ]
830
957
703
822

𝑀2

2.58
2.79
1.05
1.18

ηs
0.75
0.71
0.70
0.88

FIG. 2 − Laser outputs versus the pump
power, fiber length L=10 m.
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Abstract

Two fiber optic sensors (FOSs) for detection of precursory acoustic emissions in
rockfall events are proposed and experimentally characterized. Both sensors are
interferometric, but the first one is made of a fiber coil that acts as sensing
element, whereas the second sensor exploits a micro-machined cantilever carved
on the top of a ferrule. Preliminary experimental tests aimed at comparing the
performance with standard piezo-electric transducers show the viability of such
FOSs for acoustic emission monitoring in rock masses.
Index Terms − Acoustic emission, fiber optic sensor, interferometry, rock
monitoring.

I. MOTIVATION
Landslides generated by the collapse of rock masses represent a major
source of hazard in mountain areas: they occur at the apex of a process
of stress accumulation in the unstable rock, during which part of the
accumulated energy is released in small internal cracks[1]. These
cracks and the related acoustic emissions (AE) can, therefore, be used
as precursory signals, through which the unstable rock could be
monitored. In particular, preliminary geological surveys have suggested
to monitor AE in the range 20÷100 kHz[2].
With respect to traditional AE sensors, such as accelerometers and
piezoelectric transducers, FOS may provide a reliable solution,
potentially offering more robustness to electromagnetic interference,
smaller form factor, multiplexing ability and increased distance range
and higher sensitivity.
To explore this possibility, in this work we have experimentally analyzed
two interferometric fiber-based optical sensors for AE detection in rock
masses. Performance have been compared with those from a standard
piezo-electric transducer (PZT) and results , while not yet conclusive,
confirm that FOSs may represent a viable approach to AE detection for
unstable rock masses monitoring.
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II. THE FIBER OPTIC SENSORS
The fiber optic AE sensors considered in this work are basically
interferometric devices. The first sensor is made of 100 m of G.657
optical fiber, tightly wound on an aluminum flanged hollow mandrel
(inner diameter 30 mm, height 42 mm) that is isolated from the
environment with acoustic absorbing material. A 4-cm-long M10 screw,
which acts also as the main mean of acoustic coupling between the rock
and the sensor, is used to fasten the sensor to the rock. This fiber coil
sensor (FCS) is inserted in the sensing arm of a fiber Mach-Zehnder
interferometer according to the scheme proposed in [3].
The second sensor consists in a micro cantilever carved on the top of a
cylindrical silica ferrule [4], with a marked mechanical resonance at
about 12.5 kHz (Q-factor of about 400). A standard single mode fiber is
housed in the same ferrule and the gap between the cantilever and the
fiber end face acts as a vibration-sensitive Fabry-Perot cavity,
interrogated with a low-coherence laser, tuned at the quadrature point
of the cavity. The sensor is housed in a 2-cm-long M10 bored bolt.
III. THE EXPERIMENT
In order to achieve realistic coupling conditions, we have tested the
sensors on a block of Classic Gray Montemerlo Trachyte (50 × 50 × 15
cm in size, about 100 kg in weight). The FOSs could be screwed into an
internally threaded chemical anchor, housed in a hole drilled in the
center of one of the 50 × 50 cm faces. The block was arranged so that
the sensor under test was housed in the bottom face of the block, while
the top face was left clear allowing the excitation of AEs. An amplified
PZT (VS30-SIC-46dB from Vallen Systeme GmbH, 46 dB of electrical
amplification) was used during the tests to compare its performance
with those of the FOSs.

FIG. 1 − Typical signals (top row) and corresponding PSDs (bottom
row) recorded by the three sensors (FCS, fiber coil sensor; FTC,
ferrule-top cantiletver; PZT, piezo-electric transducer).
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Acoustic signals have been induced in a repeatable way by dropping a
5-mm-diameter steel ball along a steep slide [5]. Figure 1 shows, for
each of the three sensors (the two FOSs and the PZT), a sample signal
and the corresponding power spectral density (PSD), recorded when the
ball is dropped at the center of the upper face of the trachyte block. We
may notice that the signals recorded by the FCS and the PZT are close
to the actual AE, while the FTC produces basically a dumped
oscillation: however, this feature of the FTC is not at all a limitation,
since the bare detection and counting of AEs is enough from the present
geological application[6].

FIG. 2 − Normalized intensities recorded by the sensors as a function of
the position of impact (FCS, fiber coil sensor; FTC, ferrule-top cantilever;
PZT, piezo-electric transducer; markers indicate sensor position).

To compare the sensors, we have performed several tests by dropping
the ball at different positions on an uniform 7 × 7 grid, drawn on the
top 50 × 50 cm face of the block. The recorded signal, V (t), from each
sensor has been used to calculate the “acoustic energy” of the AE over
t +T

an arbitrary window T accordingly to Y (t) =

∫V

2

(τ ) dτ , where T is the

t

average length of the event ( T is 2.5 ms for FCS and PZT, whereas for
the FTC T is 50 ms). Then, we define the intensity of the detected AE as
max t {Y (t)} . Results of these tests are represented in Fig. 2.
The following consideration can be drawn from Fig. 2: (i) higher
amplitudes occur nearby the center, where the ball is dropped, with
some uncertainties due to rock inhomogeneity; (ii) PZT exhibits the least
marked dependency on the excitation position, while the FTC the most
one, and the FCS performs in between; this can be explained in term of
different sensitivity of the sensors to surface waves (PZT and FTC are
more likely sensitive to surface and volume waves, respectively).
Regarding absolute performance, the FCS is the least sensitive of the
three sensors (but FTC and PZT include at the receiver an electrical
amplification of 20 dB and 46 dB, respectively). Noise performances are
comparable: SNR is about 30 dB for all sensors.
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IV. CONCLUSIONS
In this paper we have reported some preliminary experimental analyses
aimed at exploring the applicability of FOSs to the monitoring of
unstable rock masses. Two different interferometric sensors have been
studied and compared with a standard PZT. Taking into account the
differences in electrical amplification, the most sensitive sensor is the
FTC, although FTC is also the one with the least temporal resolution.
Experimental results suggest also that FOSs (FTC, in particular) could
be intrinsically more sensitive to volumes waves, whereas PZT seems
more sensitive to surface waves. While preliminary, this analysis has
shown that FOSs represent a viable solution for this field of application.
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Abstract

We describe a novel distributed fiber optic sensor, which is able to map both
strength and orientation of intense static magnetic fields in the area spanned by
the fiber. The sensor is based on Faraday rotation and on polarization analysis of
the field backscattered by the fiber due to Rayleigh scattering. The small Verdet
constant of standard silica fibers makes the proposed technique most suited to
intense magnetic fields.
Index Terms – Fiber optic sensor, magnetic field, polarization, reflectometry,
Faraday rotation

I. I NTRODUCTION
One of the earliest application of fiber optic sensors (FOS) is the measurement of magnetic field, based on either Faraday rotation of polarization
or magneto-strictive materials [1–6]. In general FOSs offer many advantages with respect to other sensors, one being the ability of performing
distributed sensing. Nevertheless, none of the MFOS proposed so far is
able to perform a truly distributed analysis.
In this paper we report a novel distributed MFOS based on Faraday
rotation and polarization sensitive reflectometry (PSR) of Rayleigh scattering. The proposed sensor is able to map both strength and orientation
of the magnetic field in the area spanned by the sensing fiber [7]. In this
work, we report the successful mapping of the 1.5 T static magnetic field
of a magnetic resonance imaging (MRI) scanner for medical application.
The sensors, although not optimized for the specific aim, has sensitivity
of 100 mT, accuracy of about 7% and spatial resolution of about 3 cm.
II. P OLARIZATION S ENSITIVE R EFLECTOMETRY
Polarization sensitive reflectometry aims at measuring of the local birefringence of a fiber, by analyzing the state of polarization (SOP) of Rayleigh
backscattering when the fiber is probed with a known optical signal [8]. In
particular, in polarization-sensitive optical frequency domain reflectometry (POFDR) the fiber is probed by a frequency-swept continuous wave
signal, and spatial resolution of few millimeters can be achieved. The
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measurement range is however limited to few hundreds of meters (or even
less) by the coherence length of the optical source. The measured roundtrip SOP does not directly provide, however, local information about the
fiber. Rather, it carries a cumulative information, for the detected field
has undergone a round-trip. Nevertheless, the sought local information
can be extracted from the data by means of a specific theoretical model
and analysis algorithm, as detailed in Ref. [7].
All the asymmetries of a fiber and the perturbations acting along it
(including Faraday effect) can be summarized by the 3-dimensional, realvalued birefringence vector, ~γ (z), which is in general a function of the
position z along the fiber [9]. In general we may set ~γ (z) = β~ (z) + ~η (z),
where β~ (z) = (β1 , β2 , β3 )T , is the reciprocal birefringence, which accounts
for geometric asymmetries and stress-induced anisotropy, and ~η (z) is
the nonreciprocal circular birefringence, which accounts for magneticfield induced Faraday rotation. More explicitly, ~η (z) = (0, 0, η)T , where
η(z) = 2 V B(z) cos ψ(z), B(z) is the amplitude of the magnetic induction
(possibly varying along the fiber), ψ(z) is the angle subtended by the
direction of magnetic induction and the direction of forward propagation of light, and V is the Verdet constant, which for silica fibers reads
V ' 1.43/(λ2[µm] ) rad/T/m, λ begin the wavelength of the probe field [9]. At
1550 nm the Verdet constant is about 0.60 rad/T/m.
PSR can measure the round-trip SOP ŝR (z) as a function of the scattering point z, but this is related to ~γ (z) in a nontrivial way. Therefore,
to extract local information on local Faraday rotation, the following algorithm must be implemented [7]: (1) measure the round-trip SOP ŝR (z)
for at least two different input SOPs; (2) calculate the vector ~γR (z) using dŝR /dz = ~γR (z) × ŝR (z) [8]; (3) solve the differential equation dB/dz =
(1/2)~γR (z) × B(z), with B(0) = I; (4) calculate ~γA (z) = (1/2)B T (z)~γR (z). The
key point is that ~γA (z) = (β1 , β2 , η)T , so its third component singles out
the effect of magnetic field along the fiber, enabling their measurement.
In particular, this component is completely decoupled from the local reciprocal birefringence of the fiber, which is the main cause of impairment
in the Faraday-rotation based MFOSs previously considered [3].
III. E XPERIMENTAL R ESULTS
The above theory as been tested by measuring the static magnetic field of
an MRI scanner. To this aim we have built a planar sensor, made of three
fibers, laid on three parallel planes along the paths shown in fig. 1(a). The
three planes were stack one upon the other at a distance of about 5 mm.
The sensor has been placed in the MRI scanner parallel to the bore axis,
as shown in fig. 1(b). In a central section of the bore (about 60 cm long)
the magnetic induction is nominally 1.5 T and parallel to the bore axis,
whereas outside it quickly decreases.
The SOP backscattered by the sensing fibers has been measured with
a POFDR schematically shown in fig. 1(c). The core of the setup is a
customized commercial OFDR, modified to control and change the input
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F IG . 1 – (a) Paths along which the fibers of the planar sensor are laid. (b) Picture
of the experimental arrangement. (c) POFDR setup.

SOP, and to analyze the backscattered SOP [7]. SOP measurement uncertainty, spatial resolution along the fiber, and measurement range are
about 1%, 3 cm and 30 m, respectively. Measurements last about 10 s.
The magnetic induction measured along each sensing fiber is shown in
figs. 2(a)-2(c). As we can see, there is a good agreement with the expected
nominal values, marked by dashed lines. We remark, in particular, that
fibers II and III are tilted at an (absolute) angle of 33.4◦ with respect to
the bore axis (i.e. the y axis).
The main advantage offered by this configuration is that fibers cross
themselves and each other at several positions. Actually, by overlapping
the three paths we get 135 useful crossing points at which the magnetic
induction can be measured in two different directions. This allows to map
both strength and orientation of the component of the magnetic induction parallel to the sensor plane. The result is the bi-dimensional map
shown in fig. 3: vectors represent the direction of the magnetic induction
calculated at each intersection; colors encode field amplitude.
IV. C ONCLUSIONS
We have described a novel distributed MFOS, which enables the mapping
of both strength and orientation of intense and static magnetic field, in
the area spanned by the fiber. The sensor is based on Faraday rotation
and polarization sensitive reflectometry. Experimental tests performed
on a 1.5 T MRI scanner have successfully confirmed the reliability of the
proposed technique, showing that the sensor has spatial resolution (along
the fiber) of 3 cm, uncertainty of about 7% and sensitivity of 100 mT.
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Abstract

Tm-doped high power fiber lasers are attracting an increasing interest for their
perspective industrial and medical applications, despite their maximum output
power is currently limited mainly by the lack of specific high power pump
sources at the most relevant Tm absorption peak. The paper presents a new
pumping scheme that, exploiting another Tm absorption region, allows taking
advantage of the enormous progress in terms of delivered power made by Ybdoped fiber lasers. Both Yb- and Tm-doped fiber lasers have been designed and
realized in our labs, including some key components, such as the pump and
output combiners. Preliminary results demonstrate that the proposed approach
may be suitable for the realization of CW lasers able to emit well above 100 W
at about 2 µm.
Index Terms − Fiber lasers, Tm-doped fibers, Industrial laser applications,
Medical laser applications, Yb-doped fibers.

I. INTRODUCTION
Fiber lasers are rapidly becoming the most popular type of laser for high
power applications, replacing both gas lasers traditionally used in the
macro processing, such as cutting and welding, and solid-state lasers,
which, instead, dominated the marking and micro machining
applications. This success is due to a unique mix of peculiar
characteristics, such as higher efficiency joined with better beam
quality, simplified thermal management, improved mechanical stability
and reliability, and possibility to deliver the beam where needed being
already guided in a fiber [1].
Today, kilowatt range CW and pulsed lasers typically rely on Ybdoped silicate fibers, so their emission is at about 1 µm, with a pump
around 900 nm. These very large output powers are possible thanks to
the high efficiency of Yb ions and to the off-the-shelf availability of fiberpigtailed single emitter diodes with power exceeding tens of watts, so
that several hundred watt pumps can be obtained by combining a
reasonable number of diodes through specific pump combiners.
There is, however, a growing interest also for the development of
high power fiber lasers emitting at longer wavelengths, in the so called
“eye-safe” region, because these would require less complex enclosures
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with a subsequent simplification in the laser processing machine
mechanical setup. Among these eye-safe lasers, the most promising is
that using Tm-doped fibers, with emission at about 2 µm, since this
wavelength allows processing new types of materials, besides for having
relevant applications in medicine. Currently available Tm-doped fiber
lasers are, however, practically limited to power levels in the order of
100 W because of the lack of specific high power pump sources at about
975 nm that is where the Tm exhibits the most relevant absorption
peak. For example, diodes emitting around this wavelength have very
low output powers and, moreover, a cost per watt that is almost ten
times that of the diodes used to pump Yb-doped fibers. Therefore, some
research groups are starting exploring other alternatives, pumping the
Tm-doped lasers at wavelengths where more powerful sources can be
available, even if the efficiency might be lower. Of particular interest is
considering the possibility to pump at about 1 µm [2], where Nd- and
Yb- doped active materials emit, and at about 1.5 µm, where Er-doped
materials emit [3]. However, to the best of our knowledge, so far only
few experiments, moreover not taking advantage of the high power
levels delivered by Yb-doped fiber lasers, have been carried out.
This paper proposes an alternative pumping scheme for CW high
power Tm-doped fiber lasers, in which the output of a high power Ybdoped fiber laser module is used for pumping the Tm-active fiber. Then,
it describes the work in progress toward the realization of this laser
system, including the fabrication of some key components such as the
pump combiner for the Yb-doped laser and the combiner/adapter
between the Yb- and the Tm-doped lasers.
II. THE LASER DESIGN
The proposed laser system is made by the cascade of a high power Ybdoped fiber laser, which is pumped by semiconductor laser diodes, and
a Tm-doped fiber laser, which is pumped by the signal coming from the
previous laser (Fig. 1).

Tm-doped fiber laser
Combiner

Yb-doped fiber laser

FIG. 1 − Schematic representation of the proposed two laser configuration in
which the Yb-doped laser is used to pump the Tm-doped laser.

ISBN: 978-88-907599-0-1

Session 13

335

Proceedings of the XIX RiNEm

Both lasers, working in CW conditions, have been designed using a
simplified steady-state model for three-level laser systems, in which a
set of propagation equations for the progressive pump and the forward
and backward propagating signals is simultaneously solved with the
rate equations for the populations in just two laser levels. Practical
considerations, and the uncertainty with which the parameters of
commercial active fibers are known, make unnecessary to use more
complex models; indeed, the results of the simulations can mainly be
used to identify trends in the laser characteristics, but proper
experiments are required to optimize its behavior. Given the expected
working power, for both lasers large mode area double cladding fibers
have been considered. These are certainly multimode fibers; however, in
the design phase a single mode operation has been assumed because in
the practical realization the active fibers are deployed in the package in
such a way to minimize the losses of the fundamental mode only, so
reducing the possibility of higher order modes to lase. Fig. 2 shows an
example of the simulations results for about 20 m and 15 m of Ybdoped and Tm-doped fibers, respectively: the blue dotted curve
represents the predicted output power from the Yb-doped laser versus
the pump diode power, whereas the red solid curve is for the expected
output power of the whole laser system, that is the power from the Tmdoped laser when it is pumped by the output of the Yb-doped laser.
Results like those in Fig. 2 demonstrate that with the proposed
approach it should be possible to obtain several hundred watts at 2 µm,
although with a reduced wall-plug-efficiency due to the double
conversion, from the diode to the Yb and finally to the Tm.

FIG. 2 − Simulation of the two laser system in which the first laser (Yb-doped
active fiber, blue dotted curve) absorbs the power provided by the pump diodes
and its emission acts as the pump is for the second laser (Tm-doped active
fiber, red solid curve).
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III. EXPERIMENTAL RESULTS
The scheme in Fig. 1 has been implemented and is currently under
optimization. Commercial fibers and gratings have been acquired, while
the pump combiner for the Yb-doped laser and the output combiner,
which is used both to protect the Yb- doped laser from unwanted backpropagating signals and to adapt its output to the Tm-doped fiber, have
been realized in our lab using a specific glass processing machine to
taper, fuse and splice the fibers. In both cases extremely low loss
devices have been obtained: for example, the output combiner has a
transmission larger than 98%. All the components in Fig.1 have been
positioned on a cold-plate to control the dissipation and prevent
temperature induced damages. The Yb-laser has already been fully
characterized obtaining a maximum “safe” output power of about 350
W, while the Tm-laser part is still under preliminary characterization
and updated results will be given at the Conference.
IV. CONCLUSION
A laser system able to deliver over than 150 W at 2 µm has been
designed and it is currently under experimental optimization.
Preliminary results have proved the feasibility of the proposed approach
and have demonstrated also that key components such as pump and
output combiners with high transmission efficiency can be fabricated.
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Abstract
The UHF passive Radio Frequency Identification technology generally enables an asymmetric interaction between the reader and the tag, the latter only being able to respond
to the query of the reader through backscattering modulation. Very recently some experiments put into evidence the possibility to set up a tag to tag communication by using
a simple illuminator. The key issues and the physical limitation of such a cross-link are
here investigated both theoretically and numerically by fully accounting for the mutual
coupling among the tags, their radiation properties and the impedance modulation.
Index Term: RFID, mutual coupling, wireless communications

I. I NTRODUCTION
Radio frequency Identification (RFID) is a fast growing technology with
countless applications in the control of items, the security assessment,
the pervasive monitoring of environmental parameters and the biomedical
sensing [1]. Within the current communication modality, tags are interrogated by a standalone reader or by a radio unit embedded into a more
complex device such as a smartphone. The tags are usually passive and
the communication is only possible between the reader and the tag that
replies to the reader itself by means of reflection, on changing its radar
cross-section. Tags are therefore not directly aware of the presence of
other tags. The inter-tag communication is possible only in case of active
devices acting as wireless sensor nodes.
The concept of tag to tag (T2T) communication between passive UHF
RFID tags has been introduced very recently by Nikitin et al. in [2]. Two
tags placed in close proximity may in principle directly communicate even
in the absence of an RFID reader.
Although a preliminary indirect proof has been given in [2], the physical
potentiality and limitations of T2T communication are still to be discovered. In this view this contribution presents a theoretical investigation
aimed to characterize the inter-tags channel and to derive the performance parameters useful to set up some design guidelines. In particular
it is of interest to define the modulation depth and its relationship with the
inter-tag distance, geometry, and impedance matching. The modulation
depth can be assumed as a merit factor of the T2T channel since it should
be high enough (more than 50%) to enable the microchip comparator to
discriminate the binary states.
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A full understanding of the phenomena is carried out by the help of the
mathematical formalism of RFID Grids in [3], [4].

Figure 1. a) Scheme of tag to tag communication wherein the required power for the cross link
is provided by and external illuminator. b) Induced current at nth microchip as superposition
of unmodulated current (direct link) and modulated current (cross link). c) Demodulated signals
after carrier suppression.

II. T HE RFID

CROSS - LINK

With reference to Fig.1a, a T2T communication requires at least an
external e.m. power source, denoted as illuminator. The illuminator is
here electromagnetically characterized by its effective length hR and by
the radiated EIRPR . For the sake of simplicity, just two tags are here
visualized, but the proposed formulation may describe any number of
elements. It is assumed that the mth tag, denoted as talker, is performing
backscattering modulation at the considered time-instant, and hence it
acts as the transmitter, while the nth tag is the listener. The radiating
properties of the two tags are summarized throughout the embedded
effective lengths and gains {hn } and {Gn }, respectively.
The close interaction between tags is such that they have to be regarded
as a unique electromagnetic loaded receiver/scatterer provided with multiple ports. This object can be fully described as a distributed multi-port
network, an RFID Grid [3], characterized by the impedance matrix Z and
by the diagonal impedance matrix
ON/OF F

ZC

ON/OF F

= diag(ZC,n

)

(1)

of loading RFID microchips, where the superscript indicates the
impedance modulation state enforced by the microchips. Through some
calculations, it can be proved that the current over the receiving nth tag
when the mth is modulating its impedance may be rewritten as linear
superposition of two contributes
ON/OF F

In,(m) = In,(0) − In,(m)
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The term In,(0) = β(r)[YG ]n ·gn,(0) , (with [YG ]n the nth row of the admittance
matrix of the system [Z + ZC ]−1 , and gn the system gain referred to nth
port) is the induced current over the nth port due to the direct link (e.g.
without modulation), which accounts for the mutual orientation between
the tags and the illuminator. The second contribute
ON/OF F

In,(m)

ON/OF F
= αm
β(r)YG,mn [YG ]m · g

(3)

ON/OF F
with αm
a constant depending on modulation state, describes
instead the cross-link e.g. the modulated field due to the impedance
switch at the mth tag (Fig.1bc).

III. T HE M ODULATION D EPTH

OF THE

C ROSS - LINK

It is now introduced the modulation depth for the cross link between
the nth tag and the mth (talker) tag which describes the distance between
the ON/OFF electrical states.

m̃n,(m)

ON
OF F
|In,(m)
− In,(m)
|
=
|In,(0) |
�
�
� [Y ] · g �
� Gm
� ON
OF F
= |YG,mn | · �
− αm
|
� |α
� [YG ]n · g � m

(4)
(5)

�n,(m) , the more tricky the discrimination of the data-bit
The smaller is m
for the listener will be.
It is worth noticing that the modulation depth is definitely dependent on
the tag-to-tag distance through the coupling matrix YG . This is a different
behavior with respect to a standalone tag performing backscattering
modulation toward the reader, and it is due to the close interaction
between direct- and cross-links.

IV. N UMERICAL E XAMPLE
Two simple dipole-like tags with T-match layout (size in Fig.2) are
here considered to discuss the above concepts. The assumed microchip
impedance is ZC = 15 − j135Ω (that of a commercial NXP chip). In a first
example the T-match parameters have been optimized to achieve the
usual conjugate matching in standalone configuration, so that Zstand =
15 + j126Ω. Accordingly, the modulation depth produces the diagram
in Fig.2 (gray line), when the inter-antenna distance is increased up
to a wavelength. The diagram has a maximum value of m̃1,(2) = 0.55,
now corresponding to an inter-antenna distance of about d = 0.15λ
which hence is the optimum separation for T2T communication, at least
according to this impedance matching strategy.
The same geometry is next re-designed so that the new T-match
transformers are suited to achieve Hermite impedance matching Z11 (d0 ) +
Z12 (d0 ) = ZC∗ for d0 = 0.15λ and to approach the theoretical limit of m̃1,(2) =1
(see again Fig.2, continuous line). In this case the modulation depth stays
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higher than 50% up to inter-tag distance d=0.25λ, roughly corresponding
to {7cm, 8cm} at the US and European RFID frequencies, respectively.

Figure 2.
Two T-match tags with different kind of impedance matching: modulation depth
vs. antenna separation. Wavelength corresponding to frequency f=870MHz. Size (in [mm]): w=2;
Conjugated matching: L = 148, a=20, b=8. Hermite matching L = 156,a=20, b=10.

V. D ISCUSSION AND C ONCLUSIONS
The main achievements from the above theoretical and numerical
analysis are resumed next.
i) The possibility that the listener tag may decode the information
coming from the talker tag is dependent on the mutual coupling and
on the distance. Such a property is described by the modulation depth
parameter.
ii) The modulation depth strongly decays along with the distance
between tags due to the interaction between direct- and cross-links.
The modulation depth may be improved by a proper antenna matching
strategy that directly accounts for the T2T coupling according to the
Hermite condition.
iii) Moving to networks of interacting tags, it is possible to demonstrate
that the T2T range is limited to the the neighboring elements due to a
shadowing effect, but the communication paths could be in principle
extended to the whole grid by a multi-hop cooperative routing strategy.
A true implementation of the T2T link will require a change in the microchip hardware and new communication protocols. Some preliminary
ideas about the latter issue may be found in [5] while the evolution of the
microchip is still fully to be considered.
R EFERENCES
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Abstract

Passive UHF RFID tags, beside item labeling, are also able to exploit capability
to sense the physical state of the tagged object as well as of the surrounding
environment. Here a new family of polymer-doped tags are proposed and fully
characterized for the detection of ambient humidity. A sensitive chemical species
based on PEDOT:PSS is used to load a shaped slot, carved into a folded-like
patch tag. The communication and sensing capabilities of the resulting radiosensor are here investigated, showing how to control opposite requirements by a
proper deposition of the sensitive material. The device could have several
interesting applications in the assessment of the air quality and food
conservation.
Index Terms − RFID, Sensor, humidity, polymer, PEDOT:PSS.

I. INTRODUCTION
The possibility to use passive RFID tags as sensors [1] has been very
recently investigated for the wireless observation of several process in
evolutions. In particular, sensitive materials may be integrated together
with the tag's antenna at the purpose to transduce chemical/physical
variation into changes of the tags' radiation performances. Some
preliminary experiments with dipoles loaded by carbon nanotubes
demonstrated the possibility to sense the presence of toxic gas in the air
[2] while the use of shape memory alloys enabled the threshold
monitoring of environmental temperature [3]. It is hence feasible to
imagine many applications for the monitoring of the environmental
conditions.
Another interesting parameter to be sensed is the humidity. Early
prototypes involve sensitive coating or substrates [4, 5] whose electric
parameters change because of the absorption of water. As a
consequence, the electromagnetic variation of the tag's response (related
to impedance and gain) can be remotely detected by the reader.
However no attempt was done to relate the achievable sensitivity to the
amount of sensing materials and to characterize the dynamic response
of such class of devices to cyclic exposures.
This work explores the integration of ad-hoc designed UHF (870MHz)
RFID tags together with sensitive polymers to achieve a fully
controllable wireless humidity sensor, reducing the amount of chemical
matter to small regions in the close proximity of the microchip. The
effective sensing performances are moreover finally experimented during
cyclic exposures which permit to evaluate the phenomena of recovery
and hysteresis.
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THE H-SLOT LOADED TAG
The proposed device is a folded planar antenna, over a teflon substrate
4 mm thick, provided with a radiating edge and sensing “glasses-like”
slots wherein gas-sensitive polymers can be spread (Fig.1A). The central
part of the slots host the RFID IC and it is the most critical area for the
determination of the antenna's input impedance, because of the high
values of local electric field. The current is forced to flow with opposite
phases along the outer and inner perimeters of the slot and hence each
half “glasses-like” slots profile may be considered as a combination of
six slotlines whose characteristic impedances are affected by the
dielectric properties of the polymer spread on top. Since the water
absorption produces a change of the polymer's permittivity and
conductivity, a variation of both input impedance and losses of the
antenna is in turn expected and may be remotely detected by the reader
as a modification of the tag's activation power and operative frequency.

A)

B)

FIG. 1 − A) RFID sensor prototype over a Teflon substrate. Here an NXP IC is
used, with Z chip =25-j237ohm and power sensitivity P chip =-18dBm. Part of the
two Teflon rings are coated by a PEDOT/PSS layer (black area). B)Humidity
measurement set-up (d=50cm).

In this prototype, the sensing window of the Tag is coated by
PEDOT/PSS [5], a commercially available conductive organic polymer.
PEDOT is interesting for its conductive feature, whereas PSS exhibits
the water's absorption capacity.
II. EXPERIMENTAL CHARACTERIZATION
The RFID sensor is experimentally evaluated when inserted into a
closed plastic chamber partially filled with water (Fig. 1B). When the
chamber is closed, the humidity percentage tends to RH=100% (wet air),
while in case the cover is removed the humidity is that of the ambient
dry air (RH =50%). The former case is referred as exposure, while the
latter as recovery. Cyclic exposures may be easily achieved by
opening/closing the cap.
The sensing performances of the RFID tag have been preliminary
analyzed versus the amount of polymer deposited into the “glasses-like”
slots. Fig.2 shows the measured variation of the turn-on power, e.g the
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power feeding the reader required to activate the RFID IC, with respect
to the increase of humidity for three different polymer depositions.

+ Calibration curve

FIG. 2 − Top) Measured variation of humidity inside the plastic box containing
the RFID radio-sensor. Bottom) Turn-on power normalized with respect to its
initial value, e.g at ambient RH, for three different polymer depositions into the
glasses-like slots. Measured data (discontinuous dots) have been fitted by a
mean square interpolation.

In each case the frequency that guarantees the largest range of
variation, i.e the frequency of the minimum turn-on power, has been
selected for the measurement. During the exposure process
(0<t<T 1 =60min) the turn-on power increases of about 3.5dB-6dB
depending on the specific PEDOT deposition. It is clearly visible that the
wider is the area covered by the polymer, the greater is the water
absorption and thus the variation of the radiation performances of the
sensor. It is moreover worth noticing that during the early grade of the
exposure, e.g. for 50%<RH<75% (t<10 min) the slopes of the curves A
and B are completely overlapped, and hence a similar response may be
achieved by using just half the maximum amount of the polymer.
Finally, by observation of curve C) it is apparent that even a single drop
of polymer placed right under the IC offers the possibility to detect the
humidity's change even if with a smaller sensitivity.
Reproducibility, recovery, and hysteresis of the proposed RFID sensor
have been tested by set up a cyclic exposure of humidity with two
periods of different durations between wet and dry air. An intermediate
tag layout (case B of Fig.2) has been considered for the purpose of turnon power and backscattered power measurements. The achieved
profiles are visible in Fig.3 for the selected frequency 880MHz. The
change of the RFID powers reasonably follows the variation of the
humidity. The recovery process at RH=50% takes place after the two
cycles of humidity exposure during T 1 <t<T 2 and T 3 <t<T 4 . As the box is
removed the relative humidity drops down to the value of ambient air
and hence the radio sensor starts its recovery. After 60min the recovery
can be considered completed. However, just 5min are enough for the
sensor to recover 3dB of turn-on power and 4dB of the backscattered
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power. The effects are reversible, with a negligible hysteresis. Once the
baseline value has been reached, the response remains stable with only
1dB difference between the beginning and the end of the process.
Finally, to double-check the true effectiveness of the doped tag against
other external bias, not depending on the polymer itself, also a “blank”
tag subjected to the same cyclic exposure as before has been
considered. The overall measured change, for instance concerning the
backscatterd power (see again Fig.3), is negligible in comparison with
the measured dynamics of the true polymer-doped tags.

A)

B)

FIG. 3 − Measured turn-on (A) and backscattered power (B) normalized with
respect to the turn-on power during cyclic exposures. Also the power from the
“blank” tag is visible. Here T1=60min, T2=120min, T3=150min, T4=180min.

III. CONCLUSIONS
The complete integration of PEDOT:PSS into RFID tag has been here
reported for the first time aiming to design and test a passive radiosensor suitable to monitor the local humidity. Sensing performances
and cyclic exposures have been jointly analyzed, leading to a fully
working prototype, whose sensitivity and dynamic range can be
controlled by the amount and the displacement of polymer into the
sensing slots.
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Abstract

Performance evaluation of passive Radio Frequency IDentification (RFID) Tags is
a very challenging task and commercially available solutions for Tag testing are
very expensive and not totally flexible. In this work, we propose a novel
approach for the characterization of RFID Tags with Software-Defined Radio
(SDR). We show how a cheap (below 1000$) and flexible SDR-based RFID
Reader can be turned into an accurate tool for measuring the goodness of the
conjugate matching between the RFID chip and the antenna which primarily
affects the Tag sensitivity. We test our platform by analyzing the performance of
two built-in-lab Tags: measurements show a strong agreement with theoretical
and simulation results.
Index Terms − RFID, Software-Defined Radio, Tag, sensitivity, performance.

I. INTRODUCTION
The adoption of passive Radio Frequency IDentification (RFID)
technology in the UHF band (865-868 MHz in Europe, 902-928 MHz in
US, 952-954 MHz in Japan) is increasing rapidly. Due to low cost and
ease of use, RFID based on the EPC Class-1 Generation-2 (Gen2)
standard is now the reference technology for a wide range of
applications requiring auto-identification, item traceability or access
control. The working principle of RFID systems is simple and effective. A
wired device called “Reader” transmits a modulated RF signal to a lowcost wireless “Tag” to retrieve the identification number (EPC code)
stored into its data memory. A Tag is composed of an antenna and a
chip with processing and storage capabilities. The effectiveness of the
overall system is driven by the Tag performance, which ultimately
depends on the chip sensitivity and on the goodness of the conjugate
matching between chip and antenna. The Tag is a purely passive device,
whose operating power is supplied by the Reader during the Continuous
Wave (CW) transmission phase. Therefore, the main limitation is the
energization range (forward link, from Reader to Tag) which depends on
the capability of the Tag to harvest RF energy, and specifically on the
Tag sensitivity, i.e. the minimum power required to turn-on the Tag.
Commercially available RFID test equipments are typically very
expensive. The LabVIEW-controlled PXI RF platform by National
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Instruments [1] and the Voyantic Tagformance Lite tool [2] function as
enhanced RFID Readers with variable frequency, power, and
controllable protocol settings. Such systems are extremely accurate but
cost several tens of thousands of dollars. A considerably cheaper option
is to resort to commercial RFID Readers, but at the cost of reduced
flexibility and accuracy. In fact, Readers return only high-level data and
offer very poor configurability.
In this paper, we propose a third alternative approach that combines
flexibility, accuracy and cost-effectiveness. The idea is to use an opensource Software-Defined Radio (SDR) implementation of a Gen2 RFID
Reader. Indeed, SDR technology provides high flexibility and control of
the whole Gen2 communication stack, down to physical layer functions.
The freely available Gen2 Reader by Buettner [3], based on GNUradio [4]
and the Universal Software Radio Peripheral (USRP) [5], was chosen as
the starting point to develop our Tag performance evaluation system.
We extensively modified the original Buettner’s code by implementing
new features in order to obtain a cheap and flexible Tag testing
platform. More details about the SDR equipment are given in Section II,
while in Section III the consistency of our approach is tested on two
built-in-lab Tags.
II. THE SDR TESTING PLATFORM
In recent years the number of chip and Tag vendors has grown
considerably. RFID users need accurate and cost effective tools to test
and characterize the performance of the large variety of Tags available
on the market. Moreover, designers of Tag antennas require flexible
platforms to test their prototypes in combination with different chips
and in different RFID bands, in real-time, and under different operating
conditions. In this work, we propose to consider the Software-Defined
Radio (SDR) technology as a valid alternative to the expensive Tag
testing equipments available on the market [1], [2]. The aim of SDR is to
move the software domain as close as possible to the antenna in order
to “turn hardware problems into software problems” and enabling radio
engineers to work in a more accessible domain. We consider the freely
available SDR Gen2 Reader by Buettner [3], built upon the GNUradioUSRP architecture, as the basis for building a cheap and versatile
testing platform for passive RFID Tags. We modified considerably the
original Buettner’s code. First, the receive chain has been improved with
major upgrades at the synchronization and decoding stages. Second, an
automatic power control technique was implemented to stabilize the
transmit power and ensure a constant power level across the 860-960
MHz frequency band. Finally, we consolidated all these features in a
single measurement tool that automatically performs a precise
evaluation of Tag performance in terms of sensitivity.
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(a)

(b)

FIG. 1 − Designed Tag antennas (a) and their simulated return loss (b).

III. EXPERIMENTAL RESULTS
In this section, we present some experiments conducted with the SDR
testing platform. Two different built-in-lab Tags mounting the Impinj
Monza3 chip were evaluated. The antenna of the first Tag (see Fig. 1a)
was specifically designed to be compact and narrowband around 866
MHz (European UHF RFID band). On the contrary, for the second Tag
(see Fig. 1a) we designed a broadband antenna having best performance
around 920 MHz. Figure 2b shows the S11 parameters of both
antennas obtained by CST-MW Studio. In order to verify the theoretical
behaviour of the developed Tags, we connected two circularly polarized
antennas with 5.5 dBi gain to the USRP and run our testing tool on a
QuadCore PC under Linux OS. We emulated an ideal free-space
environment by taking the measurements in a large outdoor area, with
antennas and Tags kept 1.5 meters above the ground.
The tag has been placed at a fixed distance d=1 meter from the Reader
Tx/Rx antennas and oriented in the direction of maximum gain. The
minimum Equivalent Isotropically Radiated Power (EIRP ON ) required to
communicate with the Tag has been recorded at different frequencies in
the 860-960 MHz band with 1 MHz spacing. Then, the Tag sensitivity
( PTH ,tag ) was estimated according to the following equation (see [6] for
more details):
2

 λ 
PTH ,tag = EIRPON 
 η plf
 4π d 
where λ is the wavelength and η plf = 0.5 is the polarization loss factor.
Results reported in Fig. 2 confirm the expected outcomes. The first
Tag is narrowband: it performs extremely well around 866 MHz and its
sensitivity degrades rapidly moving away the European band. The
second Tag presents a broadband behaviour: its sensitivity is
everywhere below -14 dBm with the lowest value (-18 dBm) around 920
MHz. Note that the Monza3 chip has a constant sensitivity of -15 dBm
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in the 860-960 MHz band, therefore results in Fig. 4 remark the impact
of antenna design in the frequency dependance of Tag sensitivity.

FIG. 2 − Measured Tag sensitivity.

IV. CONCLUSION
In this work, a SDR-based tool for performance analysis of passive
UHF RFID Tags has been presented. The use of the Universal Software
Radio Peripheral, along with the open-source toolkit GNUradio, leads to
a total cost of the equipment below 1000$. The SDR technology, vice
versa, guarantees strong versatility since the effect of Gen2 protocol
parameters, operating frequency, and interrogation power on RFID Tag
performance can be completely evaluated. Preliminary sensitivity
measurements
on
two
built-in-lab
Tags
demonstrate
the
appropriateness of the proposed approach.
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Abstract
Radio Frequency Identification (RFID) technology is increasingly adopted in
many contexts where tags customized for specific applications are needed.
Nevertheless, in many practical cases, electromagnetic labs which realize RFID
tags use either very rudimentary methods, by shaping the tag antenna on a
copper film through a handy cutter, or photolithography methods based on rigid
PCB. In this work two innovative prototyping techniques suitable for built-in-lab
flexible tags based on are presented. The former is based on the joint use of
solid ink printers and flexible PCBs, the latter consists of using a cutting plotter
on adhesive copper. A rigorous electromagnetic validation is then proposed,
demonstrating the appropriateness of the proposed solutions.
Index Terms − Flexible PCB, Prototyping Techniques, RFID, UHF.
I. INTRODUCTION
Over the last few years, the growing interest in Radiofrequency Identification
(RFID) technology has stimulated a conspicuous research activity involving
design and realization of passive label-type UHF RFID tags customized for
specific applications [1-3]. In most of the literature, presented and discussed
tags are prototyped by using either rough-and-ready procedures or the here
called PL_RPCB — photolithography on rigid Printed Circuit Boards (PCBs) [4].
However, for different reasons, such approaches are not the most indicated,
since they are rather time-consuming and, moreover, they give rise to low
quality devices in one case, and to cumbersome and rigid tags in the other. In
this work, two alternative prototyping techniques suitable for cost-effective,
time-saving and high-performance built-in-lab tags, are introduced and
discussed. The former is based on the joint use of solid ink printers and
flexible PCBs (SI_FPCBs). The latter consists of shaping the tag antenna on
flexible adhesive copper sheets by using a machine called Cutting Plotter, and
of removing the extra copper manually. The acronym CP_FACS (Cutting Plotter
on flexible adhesive copper sheet) will be used from now on to refer to such a
technique. Afterwards, a selection of tags, designed and manufactured by
using both traditional and alternative techniques, is rigorously characterized
and results compared, thus guiding the tag designer towards the most
appropriate technique on the basis of specific needs.
II. ALTERNATIVE RFID TAG PROTOTYPING TECHNIQUES
In this section the two proposed RFID Tag antenna prototyping approaches,
namely the SI_FPCB and the CP_FACS, are presented and discussed.
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A. Solid Ink Based Tag Prototyping on Flexible PCBs: SI_FPCB
In order to realize flexible RFID tags and, at the same time, reduce the
prototyping time, a new alternative solution, named SI_FPCB, can be
introduced. Differently form the PL_RPCB, where rigid substrates such as
FR4, CEM1 or CEM2 are used, this technique is based on flexible substrates
of a particular material called DuPont Pyralux [5]. Typically, Pyralux is
distributed as thin laminate sheets. Each sheet is composed of a flexible
substrate of polyamide of thickness ranging from 12 to 45 µm and a copperclad laminate of thickness varying between 12 and 35 µm. The basic idea of
SI_FPCB technique has been just inspired by the extreme flexibility of Pyralux.
Indeed, it becomes reasonable to think that the mask of the tag antenna could
be directly printed on a standard Pyralux sheet as easily as printing on paper.
In this way, the prototyping process is greatly accelerated and simplified, as
time consuming and tedious steps such as UV exposure and sodium
hydroxide etching, typically adopted in PL_RPCB, are not required anymore.
Moreover, materials and costs are significantly reduced.
From an implementation point of view, it is worth highlighting that the
common ink-jet and laser printers are not adequate for this purpose. The
former because liquid ink does not adheres on copper, the latter because laser
printers cannot print on reflecting surfaces. A very practicable solution,
exhaustively tested and validated, consists in using solid ink printers which,
differently from traditional printers, deposit a layer of a wax-based ink which
perfectly adheres on the copper layer of the Pyralux sheet and, at the same
time, shields the copper from subsequent ferric chloride etchings.
B. Cutting Plotter Based Tag Prototyping on Flexible Adhesive Copper Sheets: CP_FACS
CP_FACS is a novel and particularly time-saving technique useful to prototype
extremely flexible and high-performing RFID tags through the use of a cutting
plotter. This machine is regularly used in the graphic industry for cutting and
shaping vinyl foils. Indeed, a cutting plotter is similar to a printer, but it is
equipped with a precise cutting tip. In the antenna realization context, the use
of cutting plotters is substantially new. The idea is to use flexible adhesive
copper sheets instead of vinyl foils. In this way, in a first step the tag antenna
layout can be straightforwardly shaped on the copper sheet surface. In the
second and last step, the extra adhesive copper is manually removed.
The use of this prototyping technique promises immediate advantages
especially in terms of average prototyping time. Indeed, only a few seconds are
required to incise the tag antenna on the support and about a couple of
minutes to remove the extra copper, depending on the tag complexity.
Therefore, less than 5 minutes including soldering are necessary to obtain a
functioning tag. Moreover, this technique could be also attractive thanks to
the very low cost of both installation and management.
III. DESIGN AND REALIZATION OF UHF RFID TAGS FOR THE EVALUATION OF
PROTOTYPING TECHNIQUES
In this section two example of UHF RFID Tags, suitable for the evaluation of
the main properties of above described PL_RPCB, SI_FPCB, and CP_FACS
prototyping techniques are designed (Fig. 1). The first one is a narrowband
dipole based on meander-line technique working in European dedicated RFID
band (865 - 868 MHz). The other is an example of meandered bow-tie
wideband antenna designed to work in both UE and USA RFID band (865 -
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928 MHz), so to evaluate the appropriateness of the prototyping methods also
in a wide range of frequencies. Three different sets of the proposed antennas,
properly optimized for PL_RPCB, SI_FPCB and CP_FACS techniques
respectively, have been simulated through the full wave simulator CST
Microwave Studio®. All the designed antennas have been carefully matched to
the Impinj Monza 3 chip having a measured input impedance equal to Z chip_UE
= 31-j157 Ω @ 866 MHz (central frequency in the UE band). Moreover, it is
worth clarifying that, without loss of generality, FR4 (thickness 800 µm; ε r =
3.7), polyamide (thickness 35 µm; ε r = 2.6) and paper (thickness 35 µm; ε r =
1.8) have been used as substrates for PL_RPCB, SI_FPCB, and CP_FACS
approaches respectively.

(a)

(b)

FIG. 1 – Layouts of the two studied tag antennas: narrowband meandered dipole (a),
and wideband bow-tie (b). Dimensional parameter varies according to the method.

IV. RESULTS
In this Section, in order to classify PL_RPCB, SI_FPCB, and CP_FACS
prototyping methods and to allow a fair comparison among them, the three
groups of tags designed and realized in Section III, are exhaustively
characterized and compared. Specifically, several measurements of tag
antenna impedance have been carried out by adopting the rigorous method
described in [6] and results compared.
In Fig. 2a, for instance, both the real and imaginary part of the impedance of
the meandered dipole antenna are reported. More specifically, the two
simulated results — one for the PL_RPCB case and one valid for both SI_FPCB
and CP_FACS alternative approaches — are compared with experimental data.
The very good agreement among results in the RFID UHF band (highlighted in
the figure) demonstrates that none of the prototyping methods substantially
affects the expected antenna properties. In addition, results shown in Fig. 2b
confirm such a corollary also for the more complex case of meandered bow-tie.
V.

CONCLUSIONS

In this work, two alternative prototyping techniques have been presented,
discussed and validated from an electromagnetic point of view. Thanks to the
joint use of flexible PCBs and a wax-based solid ink printer, the first proposed
method produces flexible and physically robust tags in less than 30 minutes,
making use, de facto, only of the last step of the photolithography process
(chemical exposure to ferric chloride). The second method, simple but very
effective, is even much more rapid: it takes only 5 minutes including RFID
chip soldering. It consists of engraving the tag shape on adhesive copper
sheets through a numerical control cutting plotter, and of removing the extra
copper manually. Such a technique guarantees the desired tag flexibility and it
is extremely cost-effective.
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(a)

(b)

FIG. 2 – Comparison between simulated and measured tag antenna impedance by
varying the prototyping method for the two studied antenna layouts: meandered
dipole (a), and meandered bow-tie (b).

In order to investigate the quality of tags realized by means of these three
approaches two example of narrowband and broadband tag layouts have been
designed by taking into account the characteristics of each prototyping
method. Then, each tag has been realized through both traditional and
proposed alternative processes, and a comparison in terms of tag antenna
impedance has been performed. Results are impressive. In spite of a greater
simplicity, rapidity and cost-effectiveness, the two proposed prototyping
methods generate label-type tags with performance as good as the rigid
photolithography-based ones. Case by case, physical robustness, cost,
processing time and simplicity, rather than tag performance, will dictate the
most appropriate prototyping choice.
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Abstract

A new knowledge-based method to locate tagged items on a moving conveyor
belt is presented, which is based on a synthetic array technique. System
performance is presented through a simplified numerical model and
performance analysis is shown with particular attention to the effects of thermal
noise and environmental clutter.
Index Terms−UHF-RFID system, tag location, synthetic-array technique

I. INTRODUCTION
Radio Frequency IDentification (RFID) technology applications for
logistics, intelligent transportation systems, warehouse asset
management, anti-counterfeiting in fashion and pharmaceutical
industries, access control, security surveillance, airport baggage
management and many other authentication and management
processes are continuously increasing. Specifically, UHF-band RFID
systems allow for remote and simultaneous detection/identification of
all the tags illuminated by the reader antenna beam. Recently, not only
tag detection and identification but also localization and tracking of
tagged items is attracting interest for a large number of location-aware
based applications. Therefore, a proliferation of RFID tag localization
and tracking solutions and their integration in either commercial RFID
readers or ad-hoc data processing systems is expected in the near
future, to develop RFID-based Real Time Location Systems (RTLS) [1].
Localization techniques for RFID scenarios (the latter are often crowded
indoor scenarios) are required to show high robustness and reliability
with respect to multipath and (fixed/mobile) clutter phenomena. The
main goal is to obtain a spatial resolution comparable to the size of the
tagged items, by resorting to minimal modifications of existing readers
(with no modifications of the RFID chipset at all). The latter aspect
represents a mast for implementing new services in those scenarios
where RFID technology is already used, by resorting just to a reader
upgrade, and with no changes in terms of number of readers and
antennas, antenna positioning and configuration. The application of
conventional location techniques (e.g. TDOA, RSSI, or PDOA) can be
taken into consideration, but standardized RFID systems have some
limitations such as the relatively small bandwidth, the limited number
of available frequency channels and the short-range characteristics.
Furthermore the signal-to-noise ratio is extremely low (especially for
passive tags) and the signal amplitude profile is strongly influenced by
multipath phenomena. In some RFID portal applications the basic
approach consists in forcing the reader to read one tag at a time
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(without querying previous and next tags), and then the detected tag
will be just the one right under the RFID portal at that time. This aim
can be obtained by using reader antennas optimized for near-field
coupling, or near-field focused arrays able to maximize the field
amplitude in a limited spot region [2].
The authors of this paper recently conceived a knowledge-based method
to locate tagged items on a moving conveyor belt (patent pending),
which is based on a synthetic array phase-based technique [3]. In
Section II a brief overview of the proposed technique is presented, and a
preliminary performance analysis is shown in Section III.
II. THE NOVEL PHASE-BASED LOCALIZATION TECHNIQUE
The proposed phased-based localization technique [3] exploits
information known a priori, namely the conveyor belt path and speed, to
simplify localization and tracking of moving tagged items. The belt path
can be of any shape and not limited to a rectilinear one. Due to the
anti-collision algorithms implemented in UHF RFID protocols, parallel
processing of multiple tags can be easily implemented, so allowing for a
real-time location of all the tags that a conventional wide-beam reader
antenna can radiate simultaneously. When a tag is moving along the
conveyor belt, the phase variations of the reflected signal complex
envelope (of a reading with respect to a reference one) are related to the
variation of the relative distance between reader antenna and tag.
Phase-variation history can be measured at the output of the I-Q
receiver at the reader side and compared with nominal phase variations.
Finally, a matching operator can be applied to determine the nominal
history that best fits the measured phase variation history, resembling a
(knowledge-based) synthetic array approach. The position associated to
the so selected nominal history is chosen as the more likely position of
the tag at the reference time. It worth noting that the proposed method
works with common wide-beam reader antennas without requiring any
hardware modification if the system is implemented in readers that
include an I-Q receiver.
III. LOCALIZATION CAPABILITIES
The algorithm spatial resolution has been studied through a simplified
RFID radio link simulator taking into account thermal noise,
environmental clutter and multipath phenomena. A simplified geometry
of a RFID conveyor belt scenario is represented in Fig. 1. The following
system parameters have been considered throughout the paper:
working frequency, f 0 =866 MHz, belt speed, v=1 m/s, interrogation
repetition time, IRT=100 ms, reader antenna -3dB beam-width,
HPBW=60°, minimum reader-tag distance r M =2 m, tag position at the
reference time x 0 =-1.1 m, and consequently readings number, N r =23.
While the tag passes through the reader interrogation region, it can
happen that some reader interrogations fail. It is due to several
phenomena as thermal noise, tag radar cross section variations,
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multipath and clutter phenomena, null directions in reader antenna
radiation pattern. Missed readings correspond to a non-uniform spatial
sampling of the phase variation history, so resulting in a location
performance loss. Fig. 2 shows how algorithm resolution changes as a
function of the number of missed readings. Percentage of missed
readings are denoted as s m =N mr /N r , with N mr number of the missed
readings. In Fig. 2, s m =0% corresponds to the case of all readings
available, while s m =26% means that six readings are missed on a total
of N r =23 (missed readings are randomly distributed inside the
observation spatial interval D). Spatial resolution does not change
significantly since the spatial interval along the conveyor belt in which
the reader identifies the tagged item has been assumed to be the same
for any percentage of missed readings: D=2.2 m (the reader antenna
illuminates a spatial interval -1.1m<x<1.1 m). The non-uniform spatial
sampling just causes higher side-lobe levels with a negligible resolution
loss, as soon as some signal samples are available as inputs of the
spatial correlation.

FIG. 1 − A simplified RFID localization scenario (top view).

FIG. 2 − Matching function vs. the hypothetical tag position x 0 ' (actual tag
location at the time of the first available reading: x 0 =-1.1 m), for different
percentages of missed readings s m=N mr /N r : N mr is the number of the missed
readings and N r =23 represents the maximum number of available readings.

Some interference sources exist that can affect the system performance:
the backscattering from fixed obstacles in the scenario (e.g. furniture,
pillars) or from moving obstacles (e.g. objects the tag is attached to).
This mobile clutter can be constant or variable from one reading to
another. An example of the effect of these interferences on the phase
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history and consequently on the matching function is shown in Fig. 3
and Fig. 4, respectively. However, clutter contributions can be easily
filtered and separated from the tag response as the latter is
characterized by a modulated back-scattering depending on the unique
tag identifier. The valuable effect of a conventional average filtering is
clearly visible in Fig. 4.

FIG. 3 − A set of phase histories of the I-Q signal at the reader, versus the
reading index s, for different clutter contributions.

FIG. 4 − Matching function versus the hypothetical tag position x 0 ' for different
clutter contributions; the solid line show how algorithm output is significantly
improved after clutter contributions have been filtered out.

IV. CONCLUSIONS
Preliminary results of the performance analysis of a knowledge-based
method to locate RFID-tagged items on a moving conveyor belt have
been presented. Additional results will be shown at the conference, also
including multipath effects on localization accuracy.
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Abstract
A travelling wave antenna for near-field UHF (865-928MHz) RFID desktop reader
applications is proposed. A meandered coplanar waveguide line is properly
designed in order to get an almost homogeneous magnetic field amplitude; thus, the
detection of a tagged item in an arbitrary position and orientation is possible,
ensuring a high read rate. Results in terms of reflection coefficient, gain, and
effective isotropic field factor are discussed. Finally, the overall RFID system
performance is evaluated in terms of tag detection, considering commercial RFID
tags.
Index Terms−UHF RFID, near-field reader antenna, desktop reader.

I.

INTRODUCTION

In recent years, RFID systems operating in the UHF (865-960MHz) band
rapidly attracted a considerable attention in various applications for itemlevel tagging in supply chain managements and retail stores. In order to
reduce environmental sensitivity to the nearby objects, Near-Field (NF) UHF
RFID systems have been proposed [1]. In this case the electromagnetic
coupling between reader and tag antennas occurs in the near-field region
instead of the far-field region [2], with the benefits of high read rate and
data rate typical of UHF-RFID systems. Solutions with both a strong
electric or magnetic field near the antenna surface have been proposed in
the open literature[3], for applications such as smart shelves or desktop
readers.
In this paper a novel NF-UHF RFID reader antenna for desktop reader is
presented. In Section II, the antenna design and performance are described,
while measurements of the overall RFID system performance in terms of tag
detection is presented in Section III, by considering two commercial RFID
tags.
II.

RFID READER ANTENNA DESIGN AND PERFORMANCE

This paper is aimed to design a UHF (865-928 MHz) RFID reader antenna
able to shape the electromagnetic field amplitude in the antenna near-field
region, in order to detect tags in a distance range up to around 10cm from
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the antenna surface. A travelling wave antenna has been designed. In
particular, a coplanar waveguide (CPW) line has been chosen such that is
able to generate a relatively strong electromagnetic field in proximity of the
reader antenna, but with a relatively low far-field gain. The higher the CPW
line characteristic impedance, the stronger is the magnetic field near the
reader antenna; therefore, a 150Ω CPW line has been chosen instead of a
conventional 50Ω one.
A 275×135 mm2 planar and thin antenna has been realized on a 0.8-mmthick FR4 substrate. The internal conductor width has been set to 2mm. In
order to obtain a magnetic field distribution as uniform as possible above
the antenna surface, an asymmetrical meandered CPW line has been
designed (Fig. 1a), referred as Snake Antenna in the following. A quarterwave impedance transformer has been introduced to match the CPW line to
the required 50Ω input impedance. The CPW line is terminated on a 50Ω
matched load, to avoid a standing wave (non-uniform) field pattern on the
antenna surface, and to minimize the antenna far-field gain. Furthermore,
a reflector plane is placed at a distance H=12mm from the FR4 laminate
(Fig. 1b), making the reader quite independent from the desk material
properties. Both simulation and measurement results for the Snake
Antenna reflection coefficient are shown in Fig. 1c, and they show a good
agreement. The reflection coefficient is less than -14dB (VSWR<1.5) in the
UHF RFID band (a percentage impedance bandwidth of 7%). The simulated
antenna gain is equal to -13dBi.

FIG. 1 – (a) Top and (b) lateral views of the proposed Snake Antenna. (c) Simulated
and measured reflection coefficient. Antenna geometrical parameters: M=275mm,
N=135mm, A=11mm, B=29mm, C=49mm, P=0.753mm, H=12mm.

An important NF RFID reader antenna parameter is the Effective Isotropic
Field Factor (EIFF), which represents the ratio between the radiated field in
the far-field region with respect to that radiated in the near-field region,
normalized to the same quantity for an isotropic radiator. At a distance of
1cm, the Snake Antenna exhibits an EIFF equal to 10dB, demonstrating
good near-field performance. In Fig. 2, the magnetic field intensity on the
plane parallel to the reader antenna, at a distance of 1cm, is shown, for a
30dBm input power. It is worth noting that the field is almost uniform on
the whole reader antenna area (275×135 mm2). Despite the considerable
size of the antenna surface, the maximum of the magnetic field intensity
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reaches up to -15dBA/m. In Fig. 3, the amplitude of the H-field components
is shown, when the reader is fed with 30dBm input power. It should be
noted that, thanks to the adopted meandered structure of the CPW line, all
H-field components exhibit an almost homogeneous amplitude distribution
on the antenna surface, so allowing a good readability of tags arbitrarily
oriented.

FIG. 2 – Magnetic field intensity (dBA/m) on the plane parallel to the reader
antenna, at a distance of 1cm, when the antenna is fed with a 30dBm input
power. The white line indicates the reader antenna border.

FIG. 3 – Magnetic field intensity (dBA/m) on the 275×135 mm2 plane, at a
distance of 1cm from the reader: (a) H x , (b) H y and (c) H z .

III.

MEASUREMENTS OF TAG DETECTION

The performances of the proposed Snake Antenna have been tested also
considering the overall RFID system. In particular an UHF RFID reader
(CAEN R1260I Slate) has been employed to obtain measurements of tag
detection range by varying the orientation, the position and the distance of
the tag with respect to the antenna surface. Two different tags have been
used: the Inlay UH113, Lab-ID (oriented to near-field applications), and the
ALN 9640 Squiggle Inlay, Alien Technology (optimized for far-field
applications). For this test, the US RFID band (902-928 MHz) has been
considered, setting the reader input power equal to 23dBm (200mW). A
plane with the same size of the antenna surface (275×135 mm2) has been
divided in 4×9 cells, and the readability test has been repeated in each cell,
for both tags. Fig. 4 shows the average percentage of the whole area in
which the tags can be detected, by varying the distance from the antenna
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surface. It should be noted that the tag readability strictly depends on the
particular tag and its sensitivity to the direction of the incoming
electromagnetic wave. Anyway, the proposed Snake Antenna is able to
generate a field such that is possible to detect both the near-field and the
far-field tags up to 10cm, with only 23dBm of input power, in more than
50% of the antenna surface.

FIG. 4 – Average percentage of the entire area (275×135 mm2) in which the tags
can be detected, by varying the distance from the antenna surface.

IV.

CONCLUSIONS

A travelling wave antenna design for a near-field RFID desktop reader,
operating in the 865-928 MHz band, has been presented. The CPW
meandered line has been realized to obtain a magnetic field distribution as
homogeneous as possible, for all the field components, so allowing the
detection of a tagged item placed in an arbitrary position on the antenna
surface, and for any tag orientation . Simulated results have been shown in
terms of reflection coefficient, gain, EIFF and magnetic field distribution. An
experimental analysis of the tag detection area has been also presented,
showing good performance of the entire RFID system with only 23dBm of
input power.
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Abstract

The linear and nonlinear properties of GaInP photonic crystal waveguides
engineered for slow light application are presented. A full vectorial mode
analysis method has been used. The dispersion of the nonlinearity and of the
losses is taken into account for estimating parametric gain in degenerate four
wave mixing. Narrowband optical parametric amplification is achieved in the
slow light regime.
Index Terms−Photonic crystal waveguide, Dispersion property, Four wave
mixing, Narrowband optical parametric amplification

I. INTRODUCTION
Semiconductor photonic crystal waveguides (PhCWs) attribute an
enormous flexibility in light guiding mechanism and attracts a great
attention in the current research of guided wave optics. Particularly in
the slow light (SL) regime [1], a proper designing of the geometry of the
PhCW structure enables numerous linear and nonlinear physical
processes to interact and lead to interesting potential applications for a
new generation of optical communications and microwave photonic
system [1]. In particular, very efficient four wave mixing (FWM) can be
achieved due to the huge nonlinearity and the dispersion engineering of
specially designed SL PhCWs. In this article, we theoretically study an
engineered
PhCW realized with III-V semiconductor (GaInP) for
degenerate FWM. In the theoretical model all dispersive linear and
nonlinear terms have been considered. Eventually, a regime
narrowband optical parametric amplification (NBOPA) is predicted,
which can find applications for tuneable SL, or in parametric
oscillators.
II.

STRUCTURE AND PROPAGATION CHARACTERISTIC DESIGN

The proposed design of an engineered PhCW for FWM application
achieves the relevant characteristics of the slow mode propagation, i.e.
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large group index and low group velocity dispersion which favors phase
matching, by coupling the TE fundamental even mode to a TE odd
mode. Such design, proposed in [2], is very simple and repeatable, and
enables a good confinement of the resulting quasi-even Bloch mode,
thus fostering nonlinear effects.

Fig. 1(a) Group index (n g ) as a function of wavelength (λ p ) (inset the refractive
index profile of PhCW, showing translation (T) in innermost row of air holes)
(b) Scalar fields for different wavelengths in the unit cell of the PhCW

The results that will be presented here refer to a membrane PhCW
having the air-holes in a triangular lattice with parameters a=484 nm
(crystal period), d=0.25 a (hole diameter), and h=185 nm (slab height).
The air holes of the innermost row have a diameter d1=0.24 a and are
shifted outward by 0.18 a. The linear dispersion is tailored here by
means of a structural modification that entails a shift along the
propagation axis of the innermost air-holes rows, on opposite directions
on each side of the PhCW. Here, the translation parameter T=0.08 a is
used for the innermost rows of air holes. A schematic diagram of such
structure is presented in the inset of Fig. 1a. All the properties (modes,
group indexes etc.) have been calculated through a full vectorial mode
analysis with the MPB code [3]. The group index, n g , for the propagating
Bloch mode in such designed structure is shown in Fig. 1a. The field
amplitude, in the unit cell of the PhCW, is presented as a function of
the wavelength in Fig. 1b. The evolution of field shapes clearly show the
strong dispersion effects arising in this range of wavelengths.
III. MODELING THE DISPERSION IN NONLINEAR COEFFICIENTS
The highly dispersive nature of the field presented in Fig. 1b must be
incorporated in the nonlinear coefficients, especially when effects
involving different frequencies are considered (e.g. FWM, but also crossphase modulation, XPM). The dispersion of the nonlinear response due
to the overlap integrals of the mode at different frequencies has been
generally overlooked, also because of the difficulty of accurately taking
this effect into account. Ee have derived [3] a simplified approach to
estimate the field overlap integrals in PhCWs. In particular the selfphase modulation (SPM) overlap integral can be interpolated by:

[

]

[

]

I SPM (λ p ) = A{1 + exp − 2 B (λ p − λ0 ) − 2 exp − B (λ p − λ0 ) + C }

where A, B, C, and λ 0 are the fitting parameters to be determined.

ISBN: 978-88-907599-0-1

Session 15

(1)

365

Proceedings of the XIX RiNEm

The four-parameter formula bears similarity to the Morse potential and
so the parameters can be related to specific properties of PhCW. XPM
and FWM coefficients can then be derived from the self-phase one,
through geometric means [3], slightly corrected to account for the
interacting wave detuning. So, the complete modeling of nonlinear
dispersion is achieved.
IV. PROPAGATION LOSS
The propagations losses in such nano-photonic structure also exhibits a
high dispersive nature. For an accurate estimation of FWM gain, the
losses should be incorporated. Here, the experimentally measured loss
parameters of the manufactured PhCW has been also fitted as function
of group index, as shown in Fig. 2a.

Fig. 2(a) Fitting of the experimental losses vs. group index in engineered PhCW
(b)The parametric gain as a function of the pump wavelength and the pump
signal detuning (P 0 =1 W; L=1.3 mm).

V. PARAMETRIC GAIN PROPERTIES
Incorporating the dispersive nonlinearity and losses, an exact formula
of the parametric gain for the PhCWs has been derived by extending the
results of ref. [4] and is presented as:
Gs =

As (z = L)

2

As (z = 0)

(

_

= exp(−α m L) | W ( y 0 ) | −2 ×

)

(

)

× Wk' ,m ( y 0 ) − DWk ,m ( y 0 ) M k ,m ( y L ) + DM k ,m ( y 0 ) − M k' ,m ( y 0 ) Wk ,m ( y L )

where

L

is

the

waveguide

length,

2

(2)

α m = (α1 + α 2 ) 2

and

∆α = (α 2 − α 1 ) 2 account for the loss dispersion, M k ,m , Wk ,m are the

Whittaker confluent hypergeometric functions (and M k' ,m , Wk',m their
derivatives)

of

parameters

m = (α p + ∆α + i∆β ) (2α p ) ,
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nonlinear

coefficient

contributing

to

the

phase

matching
_

2
)1/ 2 P0 / α p y L = y0 exp(−α p L), W ( y 0 ) =
condition, y 0 = 2(γ F1γ F* 2 − γ pm

M k ,m ( y0 )Wk',m ( y0 ) −Wk ,m ( y0 )M k' ,m ( y0 ), D = 1 2 y 0 × (1 + (− (α p + ∆α + i∆β ) + i2γ pm P0 ) / α p ) .
The parametric gain from Eq. 2 is presented in Fig. 2b for different
pump wavelengths λ p and pump-signal detunings Δλ=λ 1 −λ p . In
particular, the pump wavelength is tuned from 1570 nm to 1578 nm,
i.e. in the flat band of the dispersion curve of Fig. 1, in steps of 1nm.
The NBOPA regime can be easily recognized. Here, by increasing the
pump wavelength the detuning between the pump and the gain peak
initially grows but then diminishes. Note that the gain bandwidth can
be tuned by changing λ p and the larger is the detuning between the
pump and the gain peak the narrower is the gain bandwidth. This
characteristic might be very interesting to achieve tunable slow light
effects.
VI. CONCLUSION
In conclusion, by using a vectorial mode analysis tool, we have derived
the group indices, the fields, and the dispersive nonlinear coefficients of
an engineered PhCW. Finally incorporating the dispersive losses we
have obtained the gain characteristics, which exhibits NBOPA tuneable
with the pump wavelengths. These results have potential applications in
SL, parametric oscillation, all-optical signal processing.
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Abstract

A soliton perturbed by higher-order dispersion terms can transfer power to a
dispersive wave when they share a common phase velocity. This dispersive
wave can be located several hundreds of nanometers away from the soliton
carrier wavelength. We numerically study this phenomenon in a double-core
photonic crystal fiber pumped at 1064 nm: the presence of a large quantity of
short pulses due to the pump pulse break-up and the dispersion profile lead to
the growth of a dispersive wave at 1535 nm whose amplitude is comparable to
the pump. Preliminary experiments confirm our predictions.
Index Terms − Giant dispersive wave, nonlinear optics, photonic crystal
fibers, supercontinuum generation.

I. INTRODUCTION
Intense optical pulses travelling along a glass fiber experience different
nonlinear phenomena due to the combined effect of cubic
instantaneous (Kerr) and delayed (Raman) responses. In particular,
when the pulse is propagating in the anomalous dispersion regime,
modulation instability (MI) sidebands can be observed nearby the pulse
central frequency. It is also well known that, if the pulse wavelength is
close to the fiber zero-dispersion wavelength (ZDW), the interplay
between nonlinear effects and dispersion can foster a dramatic spectral
broadening over bandwidths extending a full octave. This phenomenon
is known as supercontinuum (SC) generation [1]. The possibility of
creating optical spectra extending from the visible to the infrared
spectral regions is obviously intriguing from a fundamental viewpoint,
but it is also useful in many applications where light sources emitting
several wavelengths are necessary. Since fiber dispersion tailoring is of
paramount importance in the SC generation process, it is convenient to
use photonic crystal fibers (PCFs) which offer great design freedom and
allow for flexible ZDW positioning. Moreover, whenever optical solitons
propagate in optical fibers a resonant energy transfer into dispersive
waves (DWs) may take pace. Two conditions must be satisfied for a
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resonant transfer to a DW to exist: the soliton and the DW must be
phase-matched, and the spectral tails of the soliton must overlap with
the DW wavelength [1],[2].
II. DOUBLE CORE FIBER
In order to effectively generate a phase-matched DW, we used a doublecore PCF fabricated by PERFOS with anomalous dispersion around
1064 nm. The waveguide was designed by starting from an hexagonal
lattice of holes and by introducing a central core and a concentric ring
of solid glass: this structure with two high index regions is inspired by
the refractive index profiles which are used in dispersion shifted fibers
[3]. Fig. 1(a) shows a scanning electron microscope (SEM) image of the
fiber cross-section. We extracted the refractive index profile from this
image, and calculated the fundamental mode profile and its propagation
constant β(ω) by means of a commercial Finite Element Method (FEM)
mode solver. The mode group velocity dispersion (GVD) β 2 (ω) is plotted
in Fig. 1(b): its dispersion is anomalous between 1018 nm and 1353
nm; a remarkable feature is the presence of a large peak of normal GVD
centered around 1515 nm.

a)

b)

FIG. 1 − a) Photonic crystal fiber cross-section image; b) blue line: numerically
calculated GVD in the spectral range of interest; green lines: ZDWs.

III. NUMERICAL RESULTS
Due to the GVD profile that cannot be approximated by a truncated
Taylor series and the long pump pulse duration (hundreds of ps), it is
difficult to make analytical predictions on the spectrum evolution along
the fiber. We base our analysis on the Generalized Nonlinear
Schrödinger Equation (GNLSE) which includes all relevant linear and
nonlinear terms, and we solve it numerically via a standard split-step
approach. We emphasize that the numerical burden is considerable due
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to the large number of time steps required to model the wide spectral
domain with an acceptable resolution. Extensive simulations show that
after a few centimeters of propagation the pulse has already developed
MI bands: the band at longer wavelengths (around 1100 nm) is
considerably more intense. We remind that the onset of these frequency
bands means that the pulse breaks-up in many short and extremely
intense pulses which can be regarded as perturbed solitons. After
propagation on long distances, these pulses experience a spectral redshift caused by the Raman effect. As soon as the central part of the
initial long pulse has turned into a train of short pulses, a large peak
starts to grow around 1575 nm: this value agrees with the phase
matching wavelength if we assume that the majority of the solitons
involved in the energy transfer are located around 1100 nm. In order to
show the evolution of both the temporal profile and the spectrum, we
illustrate in Fig. 2 the propagation of a 100 ps long input pulse with a
peak power of 1.5 kW. Fig. 2(a) and Fig. 2(b) show the spectrograms at
distances z=0.5 m and z=4 m, respectively. In Fig. 2(a) we may observe
that only the tails of the initial pulse are still intact, whereas the central
part of the pulse has evolved into an irregular train of short pulses. The
formation of a weak spectral peak around 1575 nm can already be
noticed: we verified that this peak starts to grow as soon as the short
pulses of the MI peak around 1100 nm are fully formed. Fig. 2(b) shows
both the generated SC extending from around 800 nm to 1500 nm, and
emergence of a strong DW which extends in time for more than 100 ps.
In fact, the group velocity at 1575 nm is larger than at 1100 nm. Fig.
3(a) displays the numerically calculated output spectrum for z=4 m in a
linear scale.
a)

b)

FIG. 2 − Numerically calculated spectrograms: a) z=0.5 m; b) z=4 m.

IV. EXPERIMENTAL RESULTS
The previously described PCF was experimentally tested: our light
source was a Q-switched Nd:YAG laser, emitting pulses with a duration

ISBN: 978-88-907599-0-1

Session 15

370

Proceedings of the XIX RiNEm

of 600 ps and the peak power of 6 kW. The PCF was 4 m long, and the
output spectra were measured by an optical spectrum analyzer (whose
range is 600-1750 nm). The collected spectra show both SC generation
and a giant DW peak formation around 1535 nm. The measured
spectrum at the maximum power is shown in Fig. 3(b): as in the
simulations, the generated DW peak at the fiber output had a spectral
density which is comparable with that of the residual pump. The
discrepancy between the predicted (1575 nm) and the measured (1535
nm) DW wavelength can be explained by errors introduced when
estimating the fiber refractive index profile from the SEM image

a)

b)

FIG. 3 − a) numerically calculated output spectrum for z=4 m and peak power
1.5 kW; b) measured output spectrum at the maximum laser power.

V. CONCLUSION
Subnanosecond pulses with a peak power of a few kW injected into a
specially designed double-core PCF gave rise to a giant DW generation
around 1535 nm. Such type of PCFs may enable new light sources
operating in the telecom 1500-1650 nm spectral range.
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Abstract

Yb-doped double-cladding photonic crystal fibers have become key components
for power scaling in fiber laser systems. A careful design of such large core
active fibers is mandatory to obtain a single-mode behavior, a necessary
requirement for high quality laser beams. In this paper the new avoided-crossing
approach has been applied to investigate the cut-off properties of 19-cell
photonic crystal fibers, by changing the number of air-hole rings in the fiber
inner cladding. Simulation results have shown that, double-cladding photonic
crystal fibers with larger inner-cladding provide better cut-off properties of the
guided-modes, which can have positive effects on the amplification process in
practical applications.
Index Terms − Finite element method, high-power fiber lasers, Yb-doped
double-cladding photonic crystal fibers, single-mode regime.

I. INTRODUCTION
High-power fiber laser market is currently dominated by Yb-doped fiberbased systems, whose power scaling requires the development of active
optical fibers capable of providing a very large effective area. However,
this enlargement can be detrimental for the fiber Single-Mode (SM)
behavior, which is mandatory for the high laser beam quality required
in many applications. Double-Cladding Photonic Crystal Fibers (DCPCFs) have been demonstrated to be a valuable solution to these issues,
being capable to support SM guiding even with very large active core
diameters [1]. In particular, rod-type Yb-doped DC-PCFs, which have an
outer diameter in the 1-mm range and are therefore inflexible [2], have
been realized with core diameters up to 100 μm, by removing 19 airholes from the center of the triangular lattice in the photonic crystal
cladding. A careful design is mandatory to obtain SM guiding in such
ultra-large core fibers.

FIG. 1 − Cross-section of DC-PCF with (a) 4 and (b) 3 rings of air-holes.
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FIG. 2 − Comparison of SM wavelength ranges of fibers with 3 and 4 air-hole
rings and different d/Λ, for (a) n core = 1.44975, (b) 1.44985 and (c) 1.44995.

Recently, it has been demonstrated that a new approach, based on the
avoided-crossing of the guided modes with the first cladding mode of
the actual fiber, must be considered to correctly define the single-mode
regime in these fibers [3]. In this paper the avoided-crossing approach
has been extensively applied to study the effects on the 19-cell Ybdoped DC-PCF cut-off properties of the inner cladding air-hole ring
number. Simulation results have shown that 19-cell fibers with larger
inner-cladding provide better cut-off properties in terms of SM range
and of Fundamental Mode (FM) confinement into the Yb-doped core,
with positive effects on the amplification process, even if with a
worsening of the pump absorption efficiency.
II. NUMERICAL ANALYSIS
Fig 1(a) and (b) show, respectively, the cross-section of the 19-cell core
DC-PCF with 4 and 3 air-hole rings in the inner cladding studied in the
present analysis. The hole-to-hole spacing is Λ = 16.6 μm and the airhole diameter is d. The doped core region has a hexagonal shape, with
edge of (5/2)Λ = 41.5 μm. Different values of doped core refractive index
n core , that is 1.44975, 1.44985 and 1.44995, have been considered,
which are lower than the one used for silica, equal to 1.45. The aircladding surrounding the whole structure has an inner radius of 122.5
μm and 100 μm for DC-PCF with 4 and 3 air-hole rings, respectively.
The cut-off properties of these two fiber designs have been compared, in
order to verify the effect of the air-hole ring number on the SM regime.
As already discussed in a previous work [3], the wavelength of the
avoided-crossing between the dispersion curves of FM or Higher-Order
Mode (HOM), and of the first cladding mode in the actual fiber structure
has been considered as the cut-off one. The FM, HOM and first cladding
mode guiding properties have been calculated by applying a full-vector
modal solver based on the Finite Element Method [4]. The overlap
integral Γ on the hexagonal doped core [4] has been used to evaluate the
mode confinement, which is related to the achievable amplification [3].
In order to describe the cut-off properties of 19-cell Yb-doped DC-PCFs,
it has been considered the SM wavelength range Δλ SM = λ c,HOM - λ c,FM ,
being λ c,FM and λ c,HOM the FM and the HOM cut-off wavelength,
respectively, and the overlap integral of the FM and the HOM at λ c,HOM ,
which influence the efficiency of the amplification process.
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FIG. 3 − Overlap integral Γ of the FM and HOM at λ c,HOM for DC-PCFs with (a)
3 and (4) air-hole rings, as a function of d/Λ and n core .

III. 19-CELL DC-PCF CUT-OFF PROPERTIES
The number of air-hole rings in the DC-PCF inner-cladding has a great
influence on the efficiency of the pump absorption, which increases if
the inner cladding diameter decreases [5]. For this aspect, 19-cell Ybdoped DC-PCFs with 3 rings are better than the ones with 4 rings.
However, it is important to investigate if the air-hole ring reduction has
a positive effect also on the SM regime. Fig. 2 reports the SM range Δλ SM
obtained for the 3- and 4-ring DC-PCFs, as a function of d/Λ, for
different n core values. Notice that the most relevant effect of the removal
of the outermost air-hole ring is the blue-shift of the cut-off wavelengths
of the guided modes. In fact, for both FM and HOM the cut-off occurs at
longer wavelengths in the DC-PCFs with 4 air-hole rings, regardless of
the other design parameters. A larger shift has been observed when
smaller air-holes and a lower core refractive index are considered,
reaching a maximum of 189 nm and 145 nm for Δλ c,HOM and Δλ c,FM ,
respectively, when d/Λ = 0.08 and n core = 1.44975. On the contrary, the
cut-off wavelength difference is lower than 37 nm and 16 nm for HOM
and FM, respectively, for all the 19-cell fibers with d/Λ = 0.16. It is
important to underline that, in all the considered 19-cell fibers, the
HOM cut-off wavelength decrease, due to the outermost air-hole ring
removal, is higher than the FM one. Therefore, the SM range is
narrower for the DC-PCFs with 3 air-hole rings, with respect to the 4ring ones. Regardless to the inner cladding dimension, a wider SM
range can be obtained in DC-PCFs with smaller air-holes and lower core
refractive index. The maximum Δλ SM value of 120 nm has been
calculated for the 4-ring fiber with d/Λ = 0.08 and n core = 1.44975.
Notice that, as the air-hole diameter and the core refractive index
increase, the effect of the outermost air-hole ring removal on Δλ SM
becomes less relevant. In fact, the lowest difference between the SM
range of 4-ring and 3-ring 19-cell fibers has been obtained when n core =
1.44995, regardless of the air-hole diameter value, with a minimum of
about 5 nm for d/Λ = 0.16. Finally, the overlap integral of FM and HOM
at λ c,HOM of the 3- and 4-ring DC-PCFs are reported in Fig. 3(a) and (b),
respectively. Notice that for 3-ring DC-PCFs Γ c,HOM values are less
constant, with respect to the 4-ring fiber case. However, they are all in
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the range between 0.16 and 0.25, thus confirming the weak HOM
confinement at cut-off condition. Moreover, differently from the 4-ring
fibers, Γ FM of the 3-ring DC-PCFs increases with the air-hole size,
regardless of the core refractive index. With the exception of the DCPCFs with d/Λ = 0.16, Γ FM values are lower than those obtained for the
corresponding 4-ring fibers, with a minimum of about 0.38 for the DCPCFs with d/Λ = 0.08. When d/Λ = 0.16, the value of the FM overlap
integral at λ c,HOM is very close to the one obtained for the 4-ring design,
thus suggesting that for this air-hole size the number of cladding rings
does not significantly affect the guided-mode properties.
IV. CONCLUSION
Simulation results have demonstrated that 4-ring 19-cell fibers have
better properties in terms of width of the SM wavelength range and of
FM confinement into the doped core at the HOM cut-off. These
characteristics, together with the lower pump absorption efficiency, due
to the larger inner-cladding, can significantly influence the
performances of the amplification process in practical applications. The
DC-PCFs with fewer air-hole rings become more convenient for large
air-holes, especially for high core refractive index, when the guidedmode properties are not significantly affected by the inner-cladding
dimension.
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Abstract
The always growing demand for high-bandwidth low-consumption data routing
in the future communications, foregrounds the arrangement of new disruptive
optical technologies. In the framework of the EU. Copernicus project, we develop
ultra-high performances signal-processing devices based on photonic crystal
technology. Modeling, design and prototype fabrications of both, a WDM and an
OTDM receiver will be proposed.
Index Terms − Photonic Crystals, Photonic Crystal Filters, WDM, OTDM,
Nonlinear optics, FDTD.

I. INTRODUCTION
One of the most important functionality in a optical network is the
routing of the data stream from a source to a destination node. This
operation can be accomplished by relying on the multiple features of the
light flow such as, for example, polarization, carrier frequency,
interaction with the matter, and so on. Among the different technologies
exploiting the light properties, photonic crystals (PhCs) have attracted
considerable attention because of their effectiveness in the
manipulation
of
light
over
scales
comparable
with
the
working-wavelength. Remarkably, the last advancements in the
manufacturing skills, have made available well-established fabrication
processes for creating 2D PhC membranes in semiconductor
compounds that allow unprecedented signal control in ultra-compact
integrated devices which will play a key role in future optical
communications
and
interconnects.
COPERNICUS
(Compact
Otdm/wdm oPtical rEciveRs based on photoNic crystal Integrated
CircUitS) is a European project which brings together 7 different
partners from academy and industry with high profiles in photonics,
nanotechnology, modeling and developing new technologies for
telecommunications and aerospace. The aim of this Project is to develop
a cutting-edge photonic crystal technology for the high density
integration of basic optical functions. The Project focuses, in particular,
on development and integration of PhC devices for the realization of
demultiplexing receivers for 100Gb/s optical time division multiplexed
(OTDM) and wavelength division multiplexed (WDM) signals, including
high-speed integrated photodetectors [1]. In this work, results
concerning the design of the key components of both the WDM and the
OTDM receivers are presented and discussed.
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II. PHC FILTER FOR THE WDM RECEIVER
The first key device for COPERNICUS is a four channel WDM filter
operating at 25Gb/s per channel. Two different versions for both the C
(1550 nm) and O (1300 nm) bands are being developed. The filter
specifications require a maximum insertion loss of 2 dB and a
minimum isolation between adjacent channels of 30 dB. The key
element of this component is the selective-wavelength drop filter.
The proposed design is based on a couple of Ln cavities used in mirror
configuration [2], in order to increase the drop efficiency of the filter. For
a single cavity, in fact, the maximum theoretical value of 50% is allowed
[3]. L cavities are obtained by removing n adjacent holes (so they are
named Ln cavities) from the PhC crystal structure. These cavities are
simple to realize and to couple with bus and drop waveguides. When
properly ‘tuned’ (by shifting the holes at the extremities or by reshaping
the positions of the holes in the two sides of the resonator), these
cavities guarantee a very high quality factor Q, thus increasing the
selectivity of the filter. Q grows also with the length (i.e. the number of
removed holes) of the resonator. Unfortunately, longer cavities easily
support higher order modes, that can strongly interfere with other
channels when the cavity is used as a filter for a WDM system. The
distance between the resonances of these modes (i.e. the available Free
Spectral Range of the cavity) decreases by increasing n. Therefore, a
proper choice of the number of removed holes n to reach a compromise
between the quality factor Q and the free spectral range FSR must be
found. For the four channel WDM filter, a L5 cavity is a possible
solution; this cavity has a quiet high isolated quality factor (Q≈100000)
and a FSR which satisfy the required specification (FSR>20nm).

3
1

2

Fig. 1: Sketch of a two cavity filter realized with two coupled L3 cavities
(on the left) and S parameters of the filter (on the right).
In the mirror configuration set-up, the first cavity acts as resonant
tunnelling-based channel drop filter, whereas the second resonator
realizes a wavelength-selective reflection feedback in the bus waveguide.
Detailed Coupled Mode Theory analysis and intensive FDTD simulations
have allowed the design and optimization of different topologies based
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on this concept. As an example, Fig. 1 (on the left) shows the topology of
the filter used for both C and O bands. For each configuration, the
value of the period a of the PhC membrane must be properly chosen.
The response of this filter obtained via 3D-FDTD simulations is reported
on the right hand side of the same figure. These curves show the
reflection coefficient at the input port (S 11 ) and the transmission
through the bus (S 2 1 ) and drop (S 3 1 ) ports respectively. The drop
efficiency is of about 80% and the linewidth is close to 3 nm. Next figure
shows the pattern of the |H z | for both resonant and not resonant
wavelengths. In the former case, the field is dropped whereas, in the
latter, the propagation flows on the bus waveguide.

Fig. 2: |H z | field pattern at the resonance (on the left) and out of the
resonance (on the right). In the first case, the field is dropped whereas,
in the second one, the propagation flows straight on the bus.
III. OTDM RECEIVER
The design of an all-optical time domain receiver operating at 100Gb/s
is a real challenge. In this case, the extraction of the output signal from
the input section is obtained by triggering the nonlinear effects of the
semiconductor by means of a high power control. In particular, for III-V
compounds, the main nonlinearities are ruled by two-photon absorption
TPA) processes and its related effects such as free-carrier absorption
(FCA), free-carrier dispersion (FCD), carrier diffusion. Numerical
modeling of the complex nonlinear dynamics in PhC has been
performed by implementing a 2D-FDTD code fully accounting for the
aforementioned nonlinearities. The configuration of the investigated
three-port device is illustrated in the right section of Fig. 3. In this
set-up, the input waveguide (bus) and output (drop) waveguides are
coupled with a resonator which, in the normal configuration, is detuned
respect to the wavelength of the input signal. Tuning is obtained
through a pump-probe operation by using a high power pump signal,
which triggers the nonlinear effects in the cavity, shifts the resonance
and causes the switching of the data signal (probe) from the input to the
output section. The switching contrast (SC) is used as figure of merit to
evaluate the performances of the device. This parameter is defined as
the ratio between the probe power measured at the drop port when the
pump is ON respect to the case in which the pump is OFF. As shown in
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Fig. 3 (left), by suitable design of the PhC topology, high SC can be
obtained with relative low input power on the pump.

Fig. 3: Schematic representation of the AOG (on the right). Pump-probe
operations in a three-ports AOG optimized design (on the left). The
curves show the probe efficiency at the drop port for different control
power injected into the structure. The corresponding values of the
switching contrast (SC) are also indicated.
IV. CONCLUSIONS
In this contribution design of filters to be used as basic components for
both, a WDM and a OTDM receiver in PhC technology have been
presented. For the WDM receiver, a single stage of the filter based on
two L3 cavities in mirror configuration is proposed. For the OTDM
receiver, on the contrary, a design based on a pump-probe operation
with high switching contrast and low pump power is presented.
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Abstract

The canonical problem of detecting and localizing missing scatterers (faults)
inside a known grid of small cross section dielectric cylinders is dealt with. The
case of a TM scalar two-dimensional geometry is considered. The scattering by a
fault is modeled as the radiation of a proper equivalent volumetric source, by
exploiting the Green’s function of the complete grid. An approximated linear
model of the scattering is proposed, validated by means of numerical results,
also in the case of two faults, and checked against model error and noisy
synthetic data.
Index Terms − dielectric grid; fault detection; inverse scattering.

I. INTRODUCTION
Grid structures can be met in different applicative contexts, for instance
in photonics where some types of artificial materials consist of a lattice
of identical inclusions embedded within a host medium.
Electromagnetic scattering by periodic structures implies wellknown dispersion and passband/stopband properties and their optimal
use requires the availability of a full (although truncated) grid [1], [2].
The absence of one or more elements leads to frequency dependent
scattering phenomena which are different from the expected behavior.
Therefore, in literature, attention has been devoted to developing
numerical methods in order to predict the field scattered by the grid
when such a circumstance occurs [3]–[5].
A complementary issue concerns the need to test such structures
in a nondestructive way. To this end, in order to detect and localize
wanted and/or unwanted defects, the grid structure can be interrogated
by an electromagnetic wave at a passband frequency, so that the
diagnostics can be cast as an inverse scattering problem.
In this contribution, the problem of detecting and localizing a fault
inside a grid of thin dielectric cylinders is dealt with in a two
dimensional geometry. We follow the same approach used in [6] for
perfect electrical conducting scatterers. The knowledge of the grid
geometrical parameters, that is number and position of the scatterers,
allows to compute the pertinent Green’s function. Then, a fault is
modeled as a perturbation of the background medium (i.e. the full grid).
The scattered field, defined as the difference between the fields
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scattered by
and
cylinders, depends in principle on the fault’s
position inside the grid. A suitable approximation of the excitation
coefficients allows to formulate the problem as a linear one. The
presence of more than one fault can be treated by the same algorithm if
mutual coupling between two faults is neglected.
II. MATHEMATICAL MODEL
We consider a grid consisting of
small cross section identical
dielectric scatterers, whose relative dielectric permittivity is denoted as
, embedded into a dielectric homogeneous medium. The scatterers are
–parallel cylinders with radius
, where
is the host medium
. The illumination is provided by
wavelength, positioned at ,
a –directed filamentary current of amplitude located at . The field
scattered by the fault can be calculated as the one radiated by the
equivalent source
where
indicates the
field inside the lacking cylinder (in presence of the remaining
ones) assumed to be constant over the (small) cylinder’s section.
By exploiting cylindrical harmonics and their approximation for
small argument (for
) the Green’s function of the full
grid can be written as:
,
when

(1)

varies outside the cylinders and
,

(2)

when
varies inside the –th cylinder. In Eqs. (1) and (2)
is the
Hankel function of zero order and second kind,
is the Bessel
function of zero order,
and coefficients
and
represent
the “excitation” of the external and internal, respectively, electric field
for each cylinder, depending on both the illuminating field and the grid
scatterers positions.
The scattered field can then be written as:
,

(3)

where integration ranges over the -th scatterer’s section.
When a fault occurs, excitation coefficient values change.
However, in this work we assume that they are not significantly affected
by the presence of a fault inside the grid. Accordingly, it can be shown
that Eq. (3) can be recast as:
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, (4)
Normalizing by the factor in brace brings to
(5)
where
and
,
denotes
different
observation points and
denotes
different source positions.
Eq. (5) can be compactly rewritten in matrix notation as:
(6)
Therefore the problem of retrieving the fault position amounts at
solving Eq. (6) for by a linear inversion approach.
III. NUMERICAL ANALYSIS
We apply the inversion algorithm to the case of a square grid made of
equally spaced cylinders. The host medium is free space and
.
Measurements are uniformly taken over a circle (shown in green in the
following figures) with
and
.
First example, shown in Fig. 1, concerns a single fault deeply
located inside a grid with
. The grid space step is
. Fig.
1(b) reports the reconstruction obtained for data corrupted by additive
white gaussian noise with SNR=10 dB, after a Truncated Singular Value
Decomposition inversion procedure [6]. As can be seen the fault is
correctly localized. Results can be further improved by applying a
properly defined detection threshold that can be analytically derived as
shown in [6].
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As a further example, shown in Fig. 2, we now consider two faults
in a
grid with space step
. In this case a model error
occurs, due to the multiple scattering between the faults. However, the
method succeeds in locating both faults as well.
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Abstract

The present paper describes a computational physics approach to the analysis
of the light scattering from a three dimensional face-cubic centered lattice of
spherical particles. The scattered electromagnetic field distribution is obtained
after development of a parallelized FDTD (Finite Difference Time Domain) MPI
code for the full numerical solution of the Maxwell’s equations, with an
impinging plane wave and assigned permittivity of the various spherical
particles in the lattice. The aim is to numerically calculate the reflectance and
transmittance of a crystal sample in the 500÷1000 nm wavelength range by
determining, via the near-to-far field transforming Kirchhoff formula, applied to
the FDTD scattered results, the angular distribution of the reflected and
transmitted light. This study is suitable for the predictive optical
characterization/simulation of large ordered photonic structures and, as a
possible further development, of disordered distributions such as glasses.
Index Terms − MPI parallel computing, FDTD numerical method, face-cubic
centered, photonic crystals.

I. INTRODUCTION
The analytical solution for the scattered field from a single dielectric
sphere in a plane monochromatic wave is well-known [1]-[2], and
expressed as a series expansion which can be evaluated, after retaining
a finite number of terms only, to get field values with any accuracy,
apart finite floating point numbers representation errors at the various
space positions. However, for a high number of very close spherical
scatterers forming a slab of given thickness along the propagation
direction of the incident beam, the resulting electromagnetic field,
which can now be separated into reflected and transmitted field, cannot
obtained by simple superposition from the various scatterers, because
of their strong cooperative effect. In this case, a way to obtain an
approximate solution converging to the correct one is through a
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computational approach in which the governing equations, i.e. the
Maxwell’s equations, are directly solved in a numerical fashion.
II. THEORETICAL AND COMPUTATIONAL APPROACH
In the present paper a Finite Difference Time Domain (FDTD) method
[3]-[4] is used, with an impinging plane electromagnetic pulse of finite
duration (compact pulse) representing a light beam, which interacts
with a distribution of many spherical objects, each one characterized by
a permittivity value different from ε o . The resulting field is calculated in
a discretized fashion on a three dimensional grid of sampling points.
Frequency Domain results are obtained by means of a Discrete Fourier
Transform (DFT) of the system response to the transient excitation of
the impinging pulse. The eventual frequency dependence of the objects’
permittivity is accounted for in the time domain by modifying the
formulation of the Ampère−Maxwell equation with a convolution integral
describing the temporal dispersion in the relation between the D and E
fields. Such a convolution integral can be calculated in a recursive way
at every FDTD sampling point and then, with a single run of the FDTD
code, one is able to get an entire frequency spectrum of results, at the
cost of the computer memory needed to store the transformed electric
field values at the various frequencies.
In the present paper it is considered the response of a particular threedimensional distribution of spherical scatterers namely, an ordered
face-cubic centered lattice with a high filling fraction, which is useful in
the predictive optical characterization of certain photonic crystals. This
target distribution, representing the crystal sample slab, is embedded in
a volume of empty space at the exterior boundary of which a special
absorbing boundary condition [5] is applied, in such a way that any
back-reflected waves are cancelled, thus emulating an ideal infinite
space around the crystal target sample under study. The optical
characterization of the sample slab consists in the predictive calculation
of his reflectance and transmittance in the 500÷1000 nm wavelength
range. To pursue this task the calculations are performed by
differentiating between a total field inner sub-volume and a scattered
field only outer part. Inside the latter, a closed surface Σ 1 is selected
and the E and H  FDTD obtained  near field values on it are used in
the Kirchhoff integral formula [1], [6]
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The calculations based on this formula finally allows the angular
distribution determination, at any given frequency of analysis, of the far
transverse field values and the related Poynting power flux estimation,
on the entire solid angle around the crystal sample. This amounts to
the optical characterization of the sample.
III. SIMULATIONS
The simulations are performed with parallelized code making use of the
Message Passing Interface (MPI) library for multiprocessors machines
[7]. The possibility of running on high performance computers allows for
large and highly resolved simulations. At the base of the parallelization
scheme there is a decomposition of the FDTD numerical lattice in a
three-dimensional grid of sub-lattices, each constituting a distinct
process. Data at the six surfaces of each sub-lattice is passed between
topologically neighboring processes, to recover the overall lattice
integrity. Qualitative examples of the electric field from an array of
spherical particles in a color scale are given below. The darker frames
correspond to the scattered field only regions, from which data has
taken for use in the Kirchhoff formula for near to far field
transformation.
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IV. CONCLUSION
This paper demonstrates the effectiveness of a computational analysis
conducted with an appropriate model for the electromagnetic
interaction of photonic crystals on the ground of the very basic
governing laws, i.e., Maxwell’s equations, which on the other hand are
analytically unsolvable in the presence of complex structures. The
paper is aimed to an “a priori” global optical characterization and to a
parameterized predictive study of the behavior by varying the dimension
of the scatterers, their shape, their spatial distribution and their
electromagnetic properties. The chosen computational approach is
already parallelized and ready for high demanding simulations.
Possible further developments could consist:
i) response analysis of random structures suitable for photonic glasses
modeling [8]; ii) inclusion of a computational analysis of the quantum
behavior of doping atoms located inside the matrix of scatterers, which
have to be coupled through their Hamiltonians with the electromagnetic
field temporal evolution just described in the present paper. The
quantum evolution of the atomic systems would require the solution of
the Time Dependent Schrödinger Equation, which could also be
accomplished by using a finite difference time domain approach,
according to [9].
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Abstract
An overview of the most recent antenna research activities at the Department of
Information Engineering, University of Pisa, in the area of antenna design for
wireless communication systems at UHF and microwave frequencies, is
presented. Main results are on planar microstrip antennas for wideband
communication systems, for both base stations and subscriber units, integrated
PIFAs for DVB-T receivers and GPS terminals, near-field focused microstrip
arrays, wearable antennas for body-centric communications. Most of the
activities on antennas design, characterization and prototyping have been
carried out in collaboration with either SMEs or international research centers.
I. INTRODUCTION
The pervasive development of wireless communication networks has
determined a greater than ever need for high-performance antennas for largescale production. Mass-production antennas must be simple, low-cost, easyto-assembly, compact and low-weight. Nevertheless, they are also required to
meet demanding electrical specifications: high-efficiency in compact antennas,
shaped radiation patterns for base-station antennas, reconfigurability features
for opportunistic communication systems, easy integration for mobile terminal
antennas, electrical and mechanical robustness in wearable textile antennas
for body-centric communications, as well as high isolation in dual-polarization
antennas, as well as in antennas for MIMO applications and diversity schemes.
The EM research group at the Microwave and Radiation Laboratory of the
Department of Information Engineering, University of Pisa, has gained a
valuable experience in designing, prototyping and characterizing planar
antennas in the frequency range from a few hundred MHz up to 10 GHz. In the
following, a brief overview of the antenna work carried out during the last few
years is briefly summarized (more details can be found in the list of referenced
journal papers).
II. WIDEBAND ANTENNAS FOR WIRELESS COMMUNICATIONS
The advantages of microstrip technology in terms of easy-fabrication, lowweight and reliability in mass production, determined an extensive utilization
of printed antennas for the realization of planar antennas for base stations (or
access points) and subscriber units (CPE, customer premises equipment) of
wireless communication networks, as for example wireless local networks
(WLANs) at the 2.4 GHz ISM band (IEEE 802.11b/g), WiMAX systems in the
3.3-3.8GHz frequency range, and high-data rate communications at 5-6GHz
(Hiperlan, IEEE 802.11a). In this context, the authors presented a novel
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feeding technique for dual-polarized patch antennas, where the patch and the
feeding line are coupled through a resonant square ring slot [1]. In [2]-[3], it
has been shown that the above technique is effective in realizing single-feed
and double-feed circularly polarized antennas. Prototypes operating at the
WiMax frequency band have been realized and prototyped [1]-[3]. Moreover a
stacked-version [4] of the dual linearly polarized patch has been used to get up
to 45% percentage impedance bandwidth, with a 2x1 array working in the
GSM 1800-1900 band (1710-1910 MHz), UMTS band (1920-2170 MHz), ISM
band (2400-2484 MHz), and UMTS 3G expansion band (2500-2690 MHz). Most
of the work on ring slot coupled patch antennas has been carried out in
collaboration with the University of Oviedo, Spain.
III. PIFAS FOR DVB-T RECEIVERS AND GPS TERMINALS
DVB-T (Digital Video Broadcasting-Terrestrial) standards are rapidly
becoming very popular and they are nowadays the only terrestrial television
service available in many regions. Next generation terminals will be required to
have an integrated antenna in order to avoid cabled connections and to make
them relatively portable (at least within an indoor scenario). In addition to this,
a web access could be provided to guarantee access to on-demand services. A
couple of dual-band antennas that can guarantee access to both TV and
internet services has been presented in [5]-[6]. They are dual-band PIFAs
(Planar Inverted-F Antennas) properly designed to fit in monitor-equipped
devices with relatively stringent mechanical and aesthetic constraints; they
exhibit the second resonance at the 2.4 GHz [5] or WiMAX frequency band [6].
A linearly-polarized PIFA has been also proposed for a commercial handheld
GPS terminal [7]. A measurement campaign on GPS receiver performance (time
to first fix, C/N distribution and horizontal dilution of precision) has also been
carried out to compare the proposed antenna with a more complex commercial
quadrifilar helix antenna and a conventional nearly-square patch. All the
above cited PIFAs are low-cost solutions as they can be made out of a cut and
bent single metallic sheet. A dual-band PIFA taking advantage of a similar
simple construction technique has been designed for the implementation of a
two-branch diversity reception scheme in laptop computers [8].
IV. NEAR-FIELD FOCUSED MICROSTRIP ARRAYS
A Near-Field (NF) focused array can be used to maximize the electric field
amplitude in a limited-size spot around a given focal point located nearby the
antenna aperture (in the antenna near-field region). NF focused antennas have
been applied in several areas such as local hyperthermia and imaging in
biomedical systems, as well as in non-contacting subsurface inspections and
temperature monitoring in microwave industrial applications (see [9] for an
extended and updated review of NF focused antennas realizations and
applications, as well as for a discussion on related design criteria and
performance parameters). In microwave focused antennas, a proper phase
tapering of the aperture equivalent currents (or feeding currents of the array
elements) is used to get an in-phase summation of the aperture contributions
at the given focal point. NF focused antennas can be realized by pyramidal or
conical horns with a focalizing lens in front of the antenna aperture, or Fresnel
Zone antennas. On the other hand, lightweight, low profile, as well as low-cost
NF focused antennas can be obtained by using planar microstrip arrays with a
feeding network exhibiting relatively small differences with respect to a
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corporate feeding network of a conventional broadside array. In the FOCUS
project, which is funded by the University of Pisa in the framework of the
Support Action on International Academic Collaborations, research on NF
focused antennas is developed in collaboration with the Yuan-Ze University,
Taiwan. In [10], the design of a circularly-polarized NF focused 8x8 microstrip
array for RFID readers operating in the 2.4 GHz ISM band (2.4-2.48 GHz) has
been presented, and its performance compared with those of the corresponding
conventional far-field focused array (same size and number of elements, but
with a uniform-phase distribution).
V. ANTENNAS FOR BODY-CENTRIC COMMUNICATIONS
The most innovative implementations of mobile communication systems
include the possibility of using wearable devices that are attached to clothes,
carried in small pockets and installed in clothes’ accessories. Wearable
terminals require a number of relatively challenging mechanic and
electromagnetic specifications that system designers have to face with.
Wearable antennas have to be compact, low-profile and unobtrusive to the
user movements, especially if they are sewn or stitched straight onto clothes.
Moreover, the radiating system must be compliant with operational standards
such as those relevant to SAR (Specific Absorption Rate) limits and HAC
(Hearing Aid Compatibility) recommendations. A novel dual-polarization/dualpattern stripline-fed annular-ring slot antenna for body-centric communication
systems, working in the IEEE 802.11a frequency band at 5.725-5.825 GHz,
has been presented in [11]. Through a collaboration with the University of
Birmingham, UK, antenna performance in terms of achievable diversity gain
values have been measured in an experimental diversity reception set-up [12].
More recently, a wearable two-antenna system to be integrated on a life jacket
and connected to Personal Locator Beacons (PLBs) of the Cospas-Sarsat
system has been presented in [13]. Each radiating element is a folded
meandered dipole resonating at 406 MHz and includes a planar reflector made
a metallic foil. The folded dipole and the metallic foil can be attached on the
opposite sides of the floating elements of the life jacket itself, so resulting in a
mechanically stable antenna. Prototypes have been realized and a
measurement campaign has been carried out when the life jacket with the
antenna was worn by a user. Antenna compliance with the Cospas-Sarsat
system specifications (in terms of coverage requirements and Effective Isotropic
Radiated Power, EIRP, profiles) has been verified through radiation pattern
measurements performed in the Satimo SG 3000F system available at
Ce.R.Ca., Calearo’s research centre in Vicenza, Italy.
VI. CONCLUSIONS
A synthetic overview of the most recent results on antenna design activities
at the Department of Information Engineering of the University of Pisa has
been presented. Work in progress is about spiral wideband antennas realized
through metallic strips vertically oriented with respect to the antenna plane
[14] (in collaboration with the ElectroScience Laboratory, Ohio State
University, USA). Moreover, planar reader antennas for NF coupling with UHFRFID tags are being designed, accounting for specific requirements on
magnetic and electric field distribution on the antenna plane, further than the
EIRP limitations (in collaboration with CAEN RFID, Viareggio, Italy). Finally,
slot antennas to be integrated in photovoltaic panels have been designed and
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characterized, and tests on antenna prototypes will be presented at the
conference [15].
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Abstract

The development of smart environments is becoming more and more feasible
thanks to the rapid advances in wireless and networking technologies, along
with ubiquitous computing and communications. Heterogeneous functionalities
of integrated smart systems based on Wireless Sensor network (WSN)
technology have been recently developed at the ELEDIA Research Center of the
University of Trento. In this work, a review of the most recent advancements
developed at the ELEDIA Research Center in this framework are reviewed.
Index Terms− Wireless Sensor Networks, Smart Environments, Energy
Management, Elderly Monitoring, Smart Home, Exposure Assessment.

I. INTRODUCTION
In the last decade, the vision of ubiquitous computing as emerging
model for the next-generation smart systems [1] has become relevant
thanks to the growth in computing and communication capabilities as
well as in interactions with end users. The miniaturization of multifeatures and portable devices has contributed to the diffusion of
customized terminals able to proactively communicate with distributed
networks for communications and information acquisition. In this
framework, the ELEDIA Research Center of the University of Trento has
investigated Wireless Sensor Networks [2,3] as enabling technology for
next generation intelligent networks and services that can satisfy the
arising user needs. One of the main strength behind WSNs devoted to
smart systems is that, while the capabilities of each single sensor node
is limited, the implementation of cooperative schemes throughout the
whole network enables the solution of even complex tasks [4]. Moreover,
the multi-sensor characteristic permits the integration of heterogeneous
functionalities that can coexist, thus enabling multiple applications
within the same hardware backbone.
Because of the well-known features of the WSN technology, the design
of a cross-layer architecture has been investigated for the
implementation of smart systems where multiple and heterogeneous
functionalities can be integrated for the solution of different user needs
in the field of smart environments.
This work is aimed at reviewing the recent applications of WSNs in the
field of smart systems able to intelligently manage the content and the
delivery of information acquired through heterogeneous nodes installed
in smart spaces. Selected and representative results from real
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implementations are presented to give some indications about the
implemented solutions.
II. DISTRIBUTED POWER METERING FOR ENERGY MANAGEMENT
Nowadays, efficient energy saving and awareness about the resources
management are important social and economic aspects. The traditional
power grids and the lack of automation and monitoring tools are
becoming limiting factors for the arising evolutions of the energy
distribution schemes. In this framework, the ELEDIA Research Center
has proposed and developed an intelligent system for the centralized
management of energy consumptions in smart grid scenarios. Dedicated
sensors for power metering belong to the WSN infrastructure installed
in smart homes and manage the appliances for energy consumption
optimization [Fig 1(a)].

(a)

(b)

(c)

FIG. 1− Power metering sensor (a) and web services for system control in smart
home (b) and smart office (c) scenarios.

From the provider point of view, the presence of local energy generation
can be profitably monitored and remotely managed by means of WSN
nodes installed in large number of residential units. On the other hand,
the end user is involved in a process of improved awareness about longterm consumptions and optimal behaviors for cost reduction. The
functionalities of the developed WSN-based system have been integrated
in a decentralized control unit that can be easily managed through
dedicated user-friendly web services for data visualization as graphically
shown in Fig. 1(b) (smart home scenario) and Fig. 1(c) (ELEDIA
laboratory consumptions management).
III. ELDERLY PEOPLE MONITORING AND BEHAVIOR ESTIMATION
The advantages of the WSN technology have been exploited for
unobtrusive monitoring of elderly people in daily life scenarios. Passive
real-time strategies for localization and continuous tracking of people
[5,6] or undesired intruders in homeland security [7] have been already
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proposed by members of the ELEDIA Research Center and recently
improved for elders activities monitoring in ambient assisted living (AAL)
scenarios. The wireless links for data transmission within the network
have been exploited since the presence of targets inside the monitored
domain perturbs the electromagnetic field generated by the radio
modules of the nodes. The perturbations are then processed for the
estimation of the probability of target presence. Starting from the
estimation of elders positions, further online processing based on the
customization of Kalman filtering procedures have been studied. The
extraction of information about human behavioral activities and the
estimation of health markers like walking speed, accelerations and
trajectory evolution have been investigated as useful indicators of
pathologies degeneration. The performance of the system has been
experimentally verified in controlled environments as well as in real
assisted living scenarios where WSNs have been installed for patient
monitoring.
IV. ELECTROMAGNETIC FIELD MONITORING FOR EXPOSURE ASSESSMENT
In the last years, the exposure to electromagnetic fields is attracting
more and more attention and systems for prolonged exposure
assessment are rapidly growing in the field of residential smart
environments. Usually, standard monitoring techniques are based on
the experience of operators that perform measurements by means
of professional and expensive instrumentations in limited time intervals
and in a finite number of positions. In order to overcome these
limitations, a distributed and inexpensive system for real-time exposure
assessment based on WSN technology has been developed by the
ELEDIA Research Center [8][9] and recently installed for long-term
monitoring of the electromagnetic exposure of residential areas. A
completely passive and small EM probe has been designed for a suitable
integration in the WSN node backbone [Fig. 2(a)] that can be easily
distributed in indoor and outdoor environments. A hybrid network
typology has been designed to increase coverage and guarantee a
reliable field measurement. To this end, a dedicated acquisition
procedure has been implemented in order to synchronize the data
acquisition and transmission phases. The values measured by the
probe and acquired by the WSN node are locally stored and successively
transmitted to the gateway unit according to the guidelines of the
regulations imposed for field measurements.
The three orthogonal components of the electric field [Fig. 2(b)] as well
as the monthly statistics of the total field measurements [Fig. 2(c)] can
be easily seen through a web service available on the ELEDIA website
[10].
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(a)

(b)

(c)

FIG. 2− Prototype of the WSN node for exposure assessment (a) and graphical
representation of daily (b) and monthly (c) EM field statistics.
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Abstract

Wireless communications through free space using optical carrier (Free Space
Optics, FSO) represent a promising technology for peer-to-peer connections and
urban area networks. Unfortunately FSO links are quite sensitive to atmospheric
conditions. Extinction due to fog droplets and hydrometeors such as raindrops
and snowflakes can drastically reduce the availability of the channel. In this
work will be presented a parametric model to simulate droplets scattering
effects over the FSO link. Experimental measurements will be shown for two
study cases relative to the FSO wide area set up realized in Rome (Italy) by
DIET-Sapienza University and ISCOM-Ministry of Economic Development.
Index Terms − Free space optics, hydrometeor effects modeling, near-infrared
measurements, water content.

I. INTRODUCTION
FSO technology is a promising [1] “wireless” communication system in
which modulated near-infrared (NIR) beams of collimated light are
transmitted through the atmosphere and focused by lens on highly
sensitive detectors at the receiver [2]. Even if in optimal conditions
optical wireless systems can cover distances of several km, to ensure an
acceptable Quality of Service (QoS) a shorter range has to be
considered. FSO high data rates can be reached with relatively low error
rates, while the extremely narrow laser beam-widths ensure channel
spatial density, potential spatial diversity and high reliability [2].
Optical wireless link are sensitive to water-based atmospheric particles,
which can introduce severe attenuations to the transmitted beam. Fog
is the most deterrent attenuating factor, but also snowflakes and
raindrops imposes a non negligible path attenuation [3].
This work will show a model of the absorption and scattering effects due
to fog droplets and hydrometeor particles, where the link attenuation is
function of the particle water content. The effects of water particles over
the FSO link will be illustrated also by two measurements study cases
collected in 2012 by the experimental setup realized in Rome, Italy [4].
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II. HYDROMETEOR EFFECTS MODELING
Atmospheric hydrometeors can have various shapes depending on their
microphysics and thermodynamical development. In this work, nonspherical particles have been modeled as equi-volume spherical
particles. This assumption does not introduce significant errors in our
analysis and allows the use of the Mie scattering theory to determinate
the extinction σ e , scattering σ s and absorption σ a cross sections.
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FIG. 1 − Extinction coefficient for the defined particles against water content
under constrained random variability. Regression curves are shown.

The extinction coefficient k e (usually expressed as 10log 10 (k e ) in dB/km)
at a given frequency ν and for unpolarized radiation is then [5]:
rM

ke =

∫

rm

rM

σ e (r )N p (r )dr =

∫[σ

a ( r ) + σ s ( r )]N p ( r ) dr

(1)

rm

where r m and r M are minimum and maximum of the volume-equivalent
particle spherical radius r, and N p (r) the Particle Size Distribution (PSD).
We have adopted the Scaled Gamma (SG) PSD as a general model for
hydrometeor particles p (Eq. 2). Parameters N e and Λ e are expressed as
function of shape parameter µ e , effective radius r e [mm], specific density
ρ p [g⋅cm-3] and water content W [g⋅m-3] of the particle.
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(2)

We have defined 8 hydrometeor classes (advection and radiation fog,
light, medium and heavy rain, dry and wet snow, graupel, [6], [7])
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characterized by refraction index (using Maxwell-Garnett approximation
for snow), density, and a range for µ e, r e, W. Simulations have been
performed by random generation of particles varying µ e, r e, W uniformly
within their range. An example is Fig. 1, that shows k e =f(W) at 1550 nm .
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FIG. 2 − FSO Link AB, Rome, Italy: received power [µW] (a, b) compared to
the specific attenuation [dB/km] (c, d) by raingauge, for the fog event of
21/01/12 (a, d), and the snow event of 2-4/02/12 (b, c).

III. EXPERIMENTAL MEASUREMENTS
The experimental setup, located in EUR area of Rome (IT), connects the
optical instruments on the roof of the Communications Dept. building
of the Ministry of Economic Development (“A”) and the headquarter of
the Dept. of Foreign Trade (“C”) via two optical transceivers on top of the
so called “EUR Mushroom” tower (“B”). The distance between “A” and
“B” is 750 m, whereas “B” and “C” are 900 m far apart. Instrumentation
include the fSONA-SONAbeam® 1250-E optical transceiver operating at
1550 nm and (on “A”) a meteorological station, a particle disdrometer, a
visibilimeter, an AXIS P1344-E video camera (for visibility analysis) [4].
As example of atmospheric effects, two case study for the “A””B” link
have been selected, one occurred on 21 January 2012 (Fog event) and
one occurred on 2-4 February 2012 (Snow event). In Fig. 2 are shown
the FSO power [µW] received and the specific attenuation α [dB/km]
derived by rain rate R through α=1.076R0.67 [4].
IV. CONCLUSION
A parametric model of water droplets scattering effects has been
illustrated. Extinction simulations have been shown for fog droplets,
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raindrops, snowflakes and graupel. A quantitative evidence of the
droplets effects over the FSO link has been presented using the
meteorological and optical data collected by the experimental setup
realized in Rome, Italy. Plans foresight to collected at least a full year of
measures, to cover the seasonal and diurnal variability of atmospheric
conditions. Measurements will be used to improve the characterization
of the atmospheric particles over the FSO link and to refine the
presented model, with the objective of realize a generalized parametric
modeling of extinction, scattering asymmetry and volumetric albedo
respect of water content, fall rate or visibility.
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Abstract

This paper investigates how, by using only received signal strength information,
the radio-localization in urban scenario can be achieved with sufficient
accuracy, by adopting a methodologically new approach that incorporates a
priori information about detailed structure of the 3-D propagation environment.
We first formally introduce the localization as a nonlinear inversion problem,
then we reformulate it as a global nonlinear optimization one. Accordingly,
suitable cost functions are considered and discussed, with reference to both
collaborative and non-collaborative scenarios.
Index Terms − Radio-localization, electromagnetic propagation, ray-tracing.

I.

INTRODUCTION

Conventional radio-localization methods assume idealized situations, so
that the specific character of the propagation environment is commonly
disregarded [1]. In addition, most of the advanced radio localization
methods hitherto proposed conceive the multipath phenomenon as
detrimental and several strategies have been devised to combat against
it. As a result, these methods lack an adequate model accounting for
the electromagnetic propagation environment, which hinders their
effectiveness in realistic scenarios. In this regard, it is worth to be
emphasized that accurate EM propagation prediction cannot be
achieved by relying on empirical model, not even in rural environment
[2]. When urban scenario is concerned, most of the realistic situations
are so complicated that the application of conventional localization
methods turns out to be unsatisfactory. Solving the localization problem
in a realistic environment, therefore, necessarily requires the developing
of more sophisticated methods [3].
This paper investigates how, by using only received signal strength
information, the radio-localization in urban environment can be
achieved with sufficient accuracy, by adopting a methodologically new
approach that incorporates a priori information about detailed structure
of the 3-D propagation environment [4]-[6]. More specifically, given the
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Received Signal Strength measured at certain prescribed sampling
points within the operative scenario, we treat the localization of an
unknown EM sources as an inverse problem in which the determination
of location of an unknown EM source is appropriately accomplished by
implicitly taking into account the pertinent signal propagation in the
multipath environments [3]-[5]. We first formally introduce the
localization as a nonlinear inversion problem, then we reformulate it as
a global nonlinear optimization one. Accordingly, suitable cost functions
are considered and discussed: Specifically, both collaborative and noncollaborative scenarios are addressed. In the collaborative case, one has
prior knowledge about the input power of the (unknown) source to be
localized. Nonetheless, this information is not available in a noncollaborative transmitter scenario. In order to cope with the lack of
direct information on the input power at the transmitting antenna, the
problem is properly re-formulated and a co-linearity criterion is
established. In order to deal with pertinent minimization of the objective
function, we successfully employ a simple and straightforward search
strategy based on the Hooke-Jeeves method [6], which falls into a class
of direct search methods known as pattern search algorithms. In order
to demonstrate the efficacy of the proposed localization method,
simulation experiments are carried out for a realistic environment. In
addition, robustness with respect to several parameters is also
evaluated. Finally, it is worth to emphasize that the proposed
localization approach is intrinsically site-specific, since it appropriately
exploits solutions to the direct electromagnetic propagation problem
that are obtained by employing a suitable ray-tracing based solver [4][5].
II.

RATIONALE OF THE LOCALIZATION METHOD

The relevant localization problem can be formalized as follows. The
functional description of the dependence of EM field levels at M points
of the scenario (whose locations are denoted by the vectors x 1 , x 2 , … , x M
∈ B⊂3) on the location r of the a certain radiating source (forward
problem) can be expressed in terms of the transformation

ϕ:r∈B⊂3 → ϕ(r) =[ϕ (x 1 , r),…, ϕ (x M , r)] ∈ + M,

(1)

where the vector-valued function ϕ(r) is the image into M-dimensional
space of the corresponding source location r. It should be emphasized
that the mapping (1) is inherently nonlinear. Furthermore, given a
specific operative scenario, and assuming the transmitter located in the
unknown position r*, by gathering the experimental observations
(received signal strength), acquired in M points of the scenario, we can
construct the M-by-1 vector

ϕ( r*) = [ϕ (x 1 , r* ),…, ϕ (x M , r* )].
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The number of measurement locations M constitutes the dimension of
the input data set (observable). We emphasize that the information
about the unknown emitter position r* is embedded in the observed
vector ϕ(r*). Here we are interested in constructing an inverse procedure
that produces the location r* of an unknown transmitter in response of
the vector ϕ(r*). To this aim, a suitable ray-tracing based solver [4]-[5]
can be used to compute the field levels φ̂(r) at the M measurement
locations, produced by a source placed at r. Then, by using a minimum
squares criterion, the nonlinear optimization problem assumes the form

r̂(φ(r * )) = arg min φ(r * ) − Kφ̂(r)

2

(3)

r

where r̂ identifies the source position such that simulations best match
measurements; K2 is the ratio between the actual input power and the
one adopted by the solver to calculate φ̂(r) . We distinguish two different
cases: in a collaborative scenario the transmitted power is known, so
that K can be assumed unitary (K2=1); in a non-collaborative
environment K is unknown and it should be estimated. It is possible to
demonstrate that, when the parameter K is unknown, the optimization
problem (2) can be re-formulated, so obtaining the following co-linearity
criterion
 φ̂(r) φ(r * )
⋅
r̂(φ(r )) = arg max
 φ̂(r) φ(r * )
r

*






2

(4)

This is equivalent to maximize the cosine of the angle between
measurement and simulation vectors.
In both scenarios, minimization (or maximization) is achieved by using
the Hooke-Jeeves method [6]
III. SIMULATION EXPERIMENTS
We consider a typical urban scenario, in which the unknown source to
be localized is assumed positioned as depicted in Fig.1. The
arrangement of the considered measurement points is depicted in Fig.2.

FIG. 1 − 3-D model of the considered operative scenario. Antenna height:
49.00[m]. Area dimension: 667x667 [mxm].
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FIG. 2 − Measurement points (M =7)
arrangement;
the
corresponding
measured values (dBm) are also
shown.

FIG. 3 − Employed (N = 11) candidate
sources (red symbols); the actual
source location is also shown (blue
symbol)

By employ (3) or (4), the localization is successfully achieved with very
high accuracy. The criterion (4) leads also to an accurate estimation of
the actual transmitted power. Only a limited number of iterations, and
hence of simulations, is needed by the Hook-Jeeves algorithm to
converge, as shown in Fig.3, where the source positions employed in
simulations are reported.
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Abstract
This paper introduces open-hardware wireless equipment designed for a medium
scale Internet of Things and Internet of Services experiment, in a rural - digitally
divided - village in the Italian Countryside. A wide band wireless network has
been built, to provide several remote services: Internet access, intelligent house
(garden) control, security surveillance. Internet of Things and Internet of Services
activities are realized by means of low cost, open hardware wireless technology.
The results obtained during the first eighteen months of experimentation
demonstrate a strong participation of the local population, a reduction of the
house management costs, together with an increase of safety and security.
Index Terms ! Domotics, Wireless Sensors, Internet of Things, Smart-housing

I. INTRODUCTION
The digital gap in remote regions is considered a strategic issue for
Developing and Developed Countries, a clear limitation of living
conditions, and one of the most significant causes of emigration and
loss of traditions. The connection to the digital World represents the
most significant way to provide access to information and cultural
exchange, but also to basic social services like telemedicine and
distance learning. Additionally, in the very last years, a digital channel
is more and more requested to transport information related to Things
and Services. In rural scenarios, the possibility to acquire, share and
control information associated to house and/or environment may
signify not only additional comfort, but also energy saving, costs
reduction, improved life quality, advanced security, health assistance
[1]. Nonetheless, transforming a rural living place into an intelligent one
does not make real sense, without a network. When a network is
available, Things and Services may be inserted in a virtual social
network, as the Humans do [1]: the inhabitants may share, compare,
and optimize house managing. Bringing a networked intelligent
platform to rural places is normally limited by bandwidth availability
and end-users technological skills.
Starting from these basic concepts, we have developed an
implementation scheme to facilitate adoption of intelligent systems in
the Countryside: it is based on the realization of a very low cost,
wideband last-mile Intranet network, on the construction of extremely
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low cost wireless sensors and controllers, on a strong participation of
the inhabitants and on the enrolment of University students during the
design, realization and technological transfer phases. The scheme is
being successfully implemented in a peculiar location in the Italian
Countryside.
II. THE NETWORK REALIZATION
The experiment is being developed in the Municipality of Verrua Savoia,
at 50 kilometers from Torino, Italy: it is located in a hilly area, on the
plain border along the Po river; it covers a territory of about 16 square
kilometers, where about 1400 inhabitants live. Most of the people are
commuters and stay outside for a large part of the day. The relative
distance from the city and the significant presence of commuters make
the selected location a representative case of application for a general
remote rural context.
At first, a wireless network has been realized, in order to
interconnect all the hamlets of the village. The network topology is
shown in Fig 1: five Hiperlan BSs, installed in strategic positions,
guarantee the 99% territory coverage; the BSs are connected through
P2P-links with high directivity antennas. At February 2012, 190 users
are connected to the network.

a.

b.

FIG. 1 – a. Hyperlan 802.11n coverage b. example of BS installation

III. WIRELESS SENSING SYSTEMS
In the preliminary test-phase, started during winter 2010-2011, one
house has been selected, where a commercial device has been installed
and connected to three remote temperature sensors and one remote
humidity sensor [2].
Then, in the winter season 2011-2012, we have started developing
home automation facilities for each subscriber: citizens have been
provided with one wireless controller that can be connected to several
sensors, a large number of personal Ethernet devices, and actuators.
The controller, the sensors and the actuators have been designed and
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built using extremely-low-cost devices. They have been operative for the
whole winter season, even if they are still in the prototyping phase. Fig.
2 shows a couple of realizations, the microcontroller is realized by
means an open-hardware board, the “Arduino Uno”. The board has
been chosen because of its low cost, but also because it allows
connection to many sensors and actuators: the basic version is
equipped with 14 digital input/output pins and 6 analog inputs.
Among the several parameters that can be monitored are:
temperature and humidity of rooms, gas/water leakages in the living
environments, ground humidity. The list of Ethernet devices comprises
cameras, loudspeakers, light etc. As actuators, the controller is able to
manage thermostats, fuel burners, automated wells, alarming units and
any kind of Ethernet based actuator.

FIG. 2 – An example of thermostat and temperature sensor prototypes

The largest part of sensors and actuators are not directly wired to
the controller, since they are deployed in different rooms. For this
reason, these devices are equipped with a wireless front end, working at
433 MHz, in the same frequency band used to control gates and alarms
by radiofrequency. Even if the available bandwidth is limited to 500
kHz, this characteristic does not represent a limitation: the amount of
data collected and transmitted is extremely restricted. Fig.3 shows an
example of radiator, designed according to the analytical scheme
described in [3].

FIG. 3 – A 433 MHz antenna designed for a wireless temperature sensor
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In the same time, a customized network environment, together with
a dedicated web platform, has been developed, to favor an easy and
integrated management of the sensing and controlling components. The
web interface allows the user (or the remote manager) to monitor in real
time the information detected by the sensors and to activate or
deactivate the fuel burner. Thanks to the free connectivity provided to
every users, and the static IP public address assigned to each device,
they are remotely controllable and reachable from the Internet network.
IV. CONCLUSIONS
The paper introduces an experiment aimed to facilitate the daily home
management, be remotely monitoring and controlling many activities
The combination of localized domotics equipment with Internet
management optimizes living costs and energy consumption in remote
locations, inhabited by elder people and commuters. A fundamental
component is represented by the use of small, and efficient radiators
useful to interconnect sensors and actuators in the whole house.
The preliminary results measured in the house that has been
automated since the beginning of winter 2010-2011 are showing
dramatic money savings, primarily due to the remote control of the
sensing equipment. They exhibit a reduction of almost the 50% of the
heating energy consumption and about 25% of garden watering. Data
regarding the winter season 2011-2012 are more representative, as they
are been applied to a larger number of houses. Unfortunately, they are
affected by an unpredictable trigger: winter 2011-2012, which has not
finished yet, has been the coldest of the last 100 years in Europe.
Nevertheless, for the moment, we have still measured an average
reduction of the 10% of the expenditures, between early November and
late February. This datum should be analyzed and disaggregated, or,
even more, compared to further data acquire in the next winter periods.
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Abstract

Resonant Wireless Power Transfer (WPT) can be realized by using coils
coupled via their magnetic fields; such systems can exchange energy in the midrange. Information can also be
exchanged
via
Near-Field
Magnetic
Communications (NFMC), which is currently receiving considerable attention for
several possible applications. We present a structure that can be used for
realizing both WPT and NFMC; this structure shows separate frequency
channels for the simultaneous transmission of power and data. A test system
with one band for power exchange and two separate bands for data
transmission is designed, simulated, and measured to show the effectiveness
of the proposed structure.
Index Terms − wireless energy transfer, wireless power transmission,
magnetic coupling, resonators, near field magnetic communications. About
four key words or phrases in alphabetical order, separated by commas.

I. INTRODUCTION
Wireless Power Transfer (WPT) obtained via magnetically coupled
resonators is currently receiving considerable attention and it is
currently investigated for a variety of applications: from medical sensors
and implanted devices, to immortal sensor networks; for wireless
charging Electric Vehicles (EVs), to wireless powering of singlechip
systems, etc. [1]
While it seems that resonant WPT is an interesting and viable
approach for several applications, the same principles are also used in
Near-Field Magnetic Communication (NFMC) where the reactive,
evanescent, magnetic fields are employed for non contact short range
communication [2]. However, using both WPT and NFMC would, in
general, require two separate circuits, with increased complexity,
weight, physical dimensions and costs.
We introduce a single physical structure capable to transmit power and
exchange data over different frequency bands. Some examples [3], [4],
[5] already exist on how to apply to the same system simultaneous
power and data exchange for purely inductive (non resonant) links.
Such systems usually adopt the same frequency for data and power
transmission by proper choice of the modulation strategy. We present in
this work a novel resonator that allows one to use a multiple band
configuration taking advantage of the frequency separation of the
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power channel from the data channels. In our system the loop
inductance, which realizes the mutually coupled inductors, is used
at all frequencies, thus allowing relatively efficient power and data
transfer.
II. THE MULTI BAND RESONATOR

A
B
FIG. 1 − A) example of a multi band resonator. The main loop is made of
mm diameter silver plated wire and mica capacitor, the higher frequency
esonators are made of 1mm diameter insulated copper wire coils and ceramic
apacitors. B) The multi band resonator circuit.

The basic structure of the multiband resonator is illustrated in Fig.
1A; it is composed of a large conducting loop and a number of
parallel resonators equal to the number of the desired transmission
bands. The equivalent circuit of the dual band resonator is reported in
Fig. 1B. The resonator impedance, expressed as a function of frequency,
is given by the following expression:
Z = R + j ωL +

N
1
1
+∑
jωC n=1 
1 
 j ωC n +

j ωL n 


1)

It is apparent from eq. (1) that the isolated resonator impedance Z
presents N+1 zeros at different positive frequencies. This fact allows the
main loop of the resonator to be used as a coupling element for both the
power and data band. Due to efficiency considerations the lower
frequency can be used for power transmission while the higher ones are
suitable for data transmission.
III. THE MULTIBAND WPT SYSTEM
The multiband WPT system can be obtained by using the resonator
introduced in the previous section. We consider the WPT structure
given in Fig. 2A.: the latter is an indirect coupled system where the
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two resonator are coupled to each other loop of the system. The
input and output loops are used to obtain the matching from the
resonator to the source and load resistance. The transmission
properties of the system depend on the mutual inductance M23 and the
quality factor of the resonators; the system can be designed in such a
way that an optimal transmission can be obtained for a given M23 as
described in [1]. We can add to the resonators the parallel resonant
circuits of Fig. 2B in order to add multiple data transmission bands. In
this case no coupling is considered between these resonators, due to
their dimensions and distances.

A

B

FIG. 2 − A) a single band WPT; B) multi band circuit capable of transfering
frequency on one resonant frequency and informations on other.

In order to make it possible to separate the data bands from the power
signal a proper signal filtering network must be used at the input
and output ports of the WPT system.
IV. RESULTS
Based on the results of the previous section an entire WPT system has
been realized. We have used 3 mm silver plated wire for the main
loop and insulated copper wire for the inductance of higher
frequency resonators. The main loop diameter is 72 mm while the
two inductance made of 1 mm diameter copper wire are made
respectively of 4 and 6 turn on a diameter of 7 mm with length 6mm
and 9 mm. The power channel is in the 12 MHz frequency band while
the first data channel is at 90 MHz and in the second data channel is at
135 MHz. The capacitors are made of silvered mica for the low
frequency resonator and ceramic capacitors. The WPT system is
constituted by the input and output coupling loops of 50 mm
diameters and coplanar with the resonator’s loops and a couple of three
band resonators tuned to be as similar as possible. Fig. 8 shows the
system with the resonators placed at 35 mm distance; source and
load resistance are of 50 Ohm. Figure 3 shows the comparison of the
measured and simulated transmission scattering parameters for the
system when the distance between the resonators is 35 mm.

ISBN: 978-88-907599-0-1

Session 16

411

Proceedings of the XIX RiNEm

FIG. 3 − Measured and simulated response of the WPT system shown in the
picture

V. CONCLUSIONS
We have introduced a single physical structure capable of realizing
resonant wireless power transfer and near field magnetic
communication at separate frequency bands. We have also
presented network models suitable for the analysis and design of this
class of structures. The dependence of the efficiency with the
characteristics of the resonators has been investigated, and a complete
system has been designed and measured showing fairly good agreement
between measured and theoretical values.
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Abstract

A Shared Access Platform to Photonic Integrated Resources (SAPPHIRE) is
presented, which aims to become the first national infrastructure enabling a
shared access of different users to a generic silicon photonic foundry. The
platform is based on the concept of high-level circuit design for photonic
integrated circuits (PICs), where complex architectures can be designed without
a specific knowledge of either electromagnetic (EM) or technological issues, but
simply operating at the circuit level on a selected set of elementary functional
elements, named building blocks (BBs). The main roles of the SAPPHIRE
platform in the foundry-Users interactions are discussed, as well as the concept
of photonic BBs and circuit simulation. Results on a proof-of-concept device are
shown to demonstrate the validity of the high-level circuit design for PICs.
Index Terms − Circuit Design, Photonic Generic Foundry, Photonic Integrated
Circuit, Silicon Photonics

I. INTRODUCTION
The production of PICs has been traditionally driven by a substantially
application-oriented methodology, where technology processes were
finely tuned to fulfill the needs of specific products. This led to the
fragmentation of resources over many different technologies, which has
hindered a sustainable growth of the PICs market. In the European
scenario, this way of thinking is slowly but radically changing. In the
last years the bases for the creation of application-blind photonic
integration technologies have been set, for instance for Indium
Phosphide [1] and Silicon-on Insulator [2] photonic platforms. This new
trend is based on the concept of generic foundry, the same scheme that
boosted the success of microelectronics and microwave technologies.
In this contribution, we present our recent advances in the development
of the SAPPHIRE (Shared Access Platform to Photonic Integrated
Resources) platform, which aims to originate the first national
infrastructure able to make available silicon photonic technologies to
different users through a shared access scheme.
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(a)

(b)

FIG. 1 − Schematics of (a) the generic photonic platform and (b) the high
level circuit design concept for PICs.

THE SAPPHIRE PLATFORM
The SAPPHIRE platform is an infrastructure that is being created to
facilitate the access of different kind of users (universities, smallmedium enterprises, research centers) to the technology services of
silicon photonic foundries. A first partnership has be set with the James
Watt Nanofabrication Center (JWNC) at the University of Glasgow, but
the platform architecture can be extended to include other foundries in
the future. As shown in Fig. 1(a), the photonic foundry can serve many
users, whose projects are collected and processed simultaneously in
multi-project wafers runs, with a wafer- and cost-sharing scheme. The
interaction between users and the foundry is eased by the SAPPHIRE
platform interface, which offers a variety of services, such as:
development of dedicated Design Kits (DKs) for the foundry technology;
support for the design of PICs and for the generation of mask layouts
compliant with foundry standards; assembly of the users’ mask layouts;
chip delivery to users; qualifications of the fabrication runs.
In the shared-access platform scheme, even users with no expertise in
optical technologies can access foundry services, because PICs design is
based on a new concept of “high-level” circuit design. Figure 1(b) shows
that, compared to the classic “low level” design approach (blue arrow),
where a deep knowledge at physical and EM level is required, in the
circuit design approach complex PICs can be designed by operating at
the circuit level only (red arrow), that is by acting over a selected set of
elementary functional elements, namely building blocks (BBs),
according to well defined rules contained in the foundry DKs.
II. BUILDING BLOCKS AND CIRCUIT SIMULATION
PICs design in a generic integration technology is based on the concept
of BBs. A BB is a functional entity representing the model of a physical
device. It describes its behavior through a mathematical representation,
e.g. a scattering matrix. Figure 2(a) shows a few examples of silicon
photonic BBs that are being developed within the SAPPHIRE platform
and their representation in the circuit simulator AspicTM [3]. The BB
model is the result of extensive analytical studies, EM simulations and
experimental characterization, and guarantees the behaviour of the BB
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(a)

(b)
Circuit analysis
and design
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Circuit simulation

FIG. 2 - (a) Photographs of some silicon photonic BBs and their
representation in the circuit simulator AspicTM. (b) Block diagram of the
design and fabrication process in a generic foundry approach.

within well-defined ranges of validity [4]. The model accuracy can be
tailored according to the specific phase of the design process: for proofof-concept evaluations, a simple model with only basic optical
properties permits higher simulation speed, whereas design
optimization requires advanced parameters and parasitic effects (such
as polarization sensitivity, spurious backreflections, non-linear effects),
as well as information on tolerance sensitivity and statistical
distribution of the parameters.
As shown in Fig. 2(b), the core of the “high level” PICs design is a circuit
simulator. In a circuit simulator complex PICs can be designed by
assembling an arbitrary number of basic BBs, whose models are
encoded into software “Foundry BB Libraries”, containing also the
design rules to properly connect different BBs. EM analysis is a
fundamental support for the BB model definition and calibration, but is
not required as a PIC design tool as far as the BBs are used within their
limits of validity and assembled according to the design rules fixed by
the foundry. As a main advantage, circuit simulators are usually much
faster and less memory consuming than any EM approach, enabling
more sophisticated investigations, such as optimizations, sensitivity
studies, design on tolerance, yield optimization, and so on [5].
III. A PROOF OF CONCEPT DEVICE
The validity of the circuit design approach was demonstrated by
realizing a proof-of-concept silicon photonic device. The realized PIC,
shown in Fig. 3(a), is a variable bandwidth filter (VBF) consisting of an
unbalanced Mach Zehnder interferometer (MZI), with 3dB input/output
directional couplers, loaded with two ring resonators (RRs) on the
shorter arm. The power coupling ratio between the bus waveguide and
the RRs is 70% and the MZI unbalance ∆L is equal to the ring
circumference L r . Bandwidth tunability is achieved controlling the
mutual phase shift of the two RRs by using thermooptic phase shifters.
The design of the VBF was entirely carried out by assembling the
constitutive BBs of the circuit, namely straight and bent waveguides,
directional couplers and RRs, with the circuit simulator [see Fig. 3(b)],
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(a)

Through
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(b)

Cross
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FIG. 3 − (a) Optical microscope photograph with design parameters and (b)
AspicTM layout of the silicon VBF. Simulated (dashed) and measured (solid)
response of the filter at the trough (T) and cross (C) port: (c) 40 GHz and (d)
100 GHz bandwidth configuration.

containing the BB libraries of the foundry. The agreement between
circuit simulations ad experiment is shown in Figs. 3(c) and 3(d), where
two configurations of the filter, with a bandwidth of 40 GHz and 100
GHz, respectively, are shown at the trough (T) and cross (C) port.
IV. CONCLUSIONS
We have presented our recent progress in the development of a shared
access platform to silicon photonic technology. A number of silicon
photonic BBs have been created and software libraries have been
embedded in a photonic circuit simulator (AspicTM), enabling a highlevel design of photonic circuits. The reliability of the BB models and
the validity of the circuit simulation approach have been demonstrated
by realizing a proof-of-concept device. Our results prove that the design
tools developed in the SAPPHIRE platform are ready to be used by
external users as a valid interface to the silicon photonic foundry.
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Abstract
A Network-on-Chip (NoC) is an architectural paradigm where several
independent computational cores, physically located on the same chip, can
execute multiple concurrent processes, thus exploiting the potentialities of
shared computing inside a single VLSI processor. As the number of
interconnected cores increases, the needs in terms of communication bandwidth
and power consumption grow exponentially, imposing unrealistic constraints for
a practical realization. To overcome these limitations, Optical Networks-On-Chip
(ONoCs) seem to be a promising solution. The aim of PHOTONICA is to develop a
design platform for photonic on-chip interconnections. In this paper some of the
main results obtained during the first year of activity are presented.
Index Terms − Photonic Integrated Circuits, Optical NetworksonChip, Micro
Ring Resonators, MachZehnder Interferometers, CMOS Photonics,
I.

INTRODUCTION

Chip multiprocessors (CMPs) architectures are currently the stateof
theart in the design of high performance embedded systems. Following
this architectural paradigm, multiple computational cores are
manufactured on the same circuit die, hence reaching a high grade of
parallelism and scalability. Due to the large number of interconnected
modules, a data exchange system realized by using a traditional bus
configuration is not applicable. From a system design point of view, a
natural alternative is to implement, at the chip level, a network of links
(NetworkonChip) to route the traffic between the cores. Unfortunately,
as the number of interconnected units located on the same physical
substrate increases, the issues of bandwidth availability and dynamic
power scavenging become crucial. The NoC paradigm can take
advantage of the fully compatible CMOS silicon photonic integration; in
fact, optical (instead of electrical) interconnections between cores can
provide a huge communication bandwidth, with a power dissipation
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that depends only on the circuitry topology [1]. This contribution
presents the recent advances of the PHOTONICA FIRB 2008 project in
the development of a unified design platform for multichip
architectures with optical link interconnections.
II.

THE PHOTONICA PROJECT

To perform an effective design of an Optical NetworkonChip (ONoC), a
wide set of expertise are needed. For this reason, different research
units are cooperating in PHOTONICA: one team of the University of
Siena, with skills on computer architecture and software optimization,
one team of the Politecnico di Bari, for the design and the optimization
of photonic devices, and two teams of the University of Ferrara, with
expertise on both network architecture and photonics. Some test
devices will be realized at the James Watt Nanofabrication Center of the
University of Glasgow, and to access the facilities of this foundry the
approach
proposed
in
the
SAPPHIRE
PRIN 2009
Project
(http://sapphire.dei.polimi.it/) will be pursued.
An efficient analysis and design of an ONoC at topological and
architectural levels requires specific tools that are not directly
compatible with the ones commonly used in electromagnetics (FDTD,
FEM, BPM). The idea of PHOTONICA is to exploit an analytical
intermediate model as an interface between the physical and the
architectural layers [2]. An arbitrary complex ONoC is decomposed into
elementary blocks, the Photonic Switching Elements (PSEs). Each PSE
can be considered as a black box, whose inputoutput relations are
described by means of a scattering matrix whose elements, described in
an analytic form, depend on some parameters of the optical circuit
(optical lengths, coupling coefficients, propagation losses) which are
properly tuned through a numerical fitting procedure, in order to fully
mimic the behavior obtained with the electromagnetic simulation. The
next step in the bottomup abstraction process is to export the
analytical model of each PSE into the architectural modeling tool
(SystemC); this is achieved by implementing in the software the routines
able to manage complex algebra and matrix manipulation. With these
extensions, SystemC becomes an hybrid electronicoptical architecture
level simulation framework capable of assembling complex optical
switching fabrics while, at the same time, assessing the practical
feasibility and effectiveness of these fabrics on the specific technology
platform.
III. THE SWITCHING FABRICS
The routing functionality inside an ONoC can be implemented by means
of resonancebased effects (wavelengthselective routing). In this case,
the PSEs are realized with microring resonators cascaded with
waveguide intersections. The most simple ringbased PSE (one input
two outputs  1×2 PSE) is sketched in the two insets of Fig. 1(a). If the
wavelength of the carrier signal is resonant with the ring, the input is
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routed in the perpendicular waveguide; on the contrary, if the signal is
not in resonance, the propagation continues along the straight
waveguide. These basic elements can be combined to form 2×2 PSE and
more complex networks as, for example, the one illustrated in Fig. 1(a),
which represents a switch with 4 possible input and 4 possible output
ports [3]. To verify the design approach proposed by PHOTONICA, the
transmission between the different ports have been calculated via
FDTD, by simulating the whole original network topology. Then, these
results have been compared with the ones obtained by the cascading of
the analytical models of the individual PSEs. As one can observe
(Fig.1(b) and Fig.1 (c)), the agreement is very good.
W

N

(b)

(a)

N

E

W

S

(c)

W

S

FIG. 1−Scheme of an optical router with 4 input and 4 output ports (a); the
insets show two of the 1×2 PSE composing the network. Simulated (dashed
line) and modeled (solid line) transmission curves for the path linking the W
port with the N port (b), and for the path linking the W port with the S port (c).

The routing functionality can be also implemented by means of
interferencebased devices (non wavelengthselective routing). In this
case the basic building blocks are broadband MachZehnder Switches
(MZSs) [4]. The MZS, whose scheme is illustrated in Fig. 2(a), is made of
two coupled waveguide sections with an interposed phaseshifting
region. The chosen waveguides, the cross section of which is sketched
in Fig. 2(b), are silicon ribs embedded in SiO 2 . The switching behavior
can be simply described as it follows. In the OFFstate, being no phase
shift applied, the input optical signal at port 1 is collected at port 4.
Conversely, in the ONstate, a phase shift equal to π (at λ=1.55 µm) is
induced in the phase shifter by plasma dispersion, causing the input
optical signal to switch to port 3. Fig. 2(c) shows the crosstalk (CT) of
the MZS in the OFF (solid curve) and ON (dashed curve) states
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respectively. The bandwidth of the MZS, defined as the wavelength
range in which the CT is lower than 15 dB and the insertion loss is
lower than 1.1 dB, is equal to 115 nm, which allows the contemporary
switching of 57 WDM channels with a required energy of 4.6 fJ/bit.
WG2

(a)
L
2
1

(c)
L

WG3

PHASE SHIFTER
LPHS

COUPLER

COUPLER

4
3

WG1
WG1 WG3 WG2

(b)

SiO2

Si

SiO2

FIG. 2−Scheme of the MZ (a) and cross section of the coupler (b). Crosstalk in
the OFF (solid curve) and ON (dashed curve) states.

IV.

CONCLUSIONS

In this contribution, the recent achievements of the PHOTONICA FIRB
2008 project in the development of a unified framework for the design of
Optical Network on Chip architectures have been presented. The
research activity has dealt with ONoCs based on ring resonators and on
Mach Zehnder type interferometers. The analytical models describing
the fundamental building blocks have been derived and successfully
exported to an architectural modeling software (SystemC).
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Abstract

Grating-assisted optical coupling into long-range modes of strip plasmonic
waveguides is analyzed by a 3D numerical simulation with a full wave FEM
software. A comparison with results obtained using the common 2D
approximated analysis is shown, in case of 1D grating coupler and input
Gaussian beam. Excited diffracted modal field distribution is calculated, as it
evolves in propagation.
Index Terms − plasmonics, grating-assisted coupler, 3D numerical
simulation.

I. INTRODUCTION
In recent years a considerable amount of literature has been published
dealing with long-range propagation of surface plasmon polariton
modes in strip waveguides (LRSPP) [1, 2]. Actually, plasmonics is a
rather hot topic in advanced electro-magnetism, also because it appeals
to various application fields, such as sensors, nanoantennas,
photovoltaics and optical signal processing [1-6]. Even if aspects like
LRSPP modal propagation properties [1], modal spectrum [7] and mode
coupling [8-10] have been widely investigated in late years, the subject
is far from being exhaustively analyzed. One major issue, in view of the
design and fabrication of plasmonic lightwave circuits, is input and
output light coupling to LRSPP modes. The most simple way to couple
SPP modes either to free-space propagating optical beams or to modes
of dielectric waveguides, is end-fire coupling [2], and actually efficient
end-fire couplers have been designed and experimentally characterized
[3, 8]. A 2D numerical approach, typically based on Finite Element
Method or Finite-Difference-Time-Domain simulations is usually
exploited in the search for best coupling conditions.
However, lateral optical coupling into plasmonic waveguides is also of
paramount appeal, particularly for the field of 2D and 3D optical
interconnects in planar lightwave circuits and whenever a strong
redirection of light wavevector is addressed. Besides evanescent field
coupling, efficient lateral couplers can be based on diffractive gratings.
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Up to now however, the design of optimized grating has been performed
in 2D , therefore relating optimization to coupling either with metallic
layers or to slabs. The plasmonic propagation is then treated either by
FDTD simulation [8-10, 11] or modeled by FEM [12]. In all cases, a 3D
simulation, which is necessary to properly estimate the coupling
efficiency in case of SPP modes of strip geometry, is still lacking.
In this work we introduce a 3D FEM analysis of LRSPP excitation in
strip-like structures by means of binary grating couplers.

θ

SiO2

0,8

d

SiO2

Fig. 1. Grating launcher and geometrical parameters. The full 3D structure is
shown on the right.

II. DISCUSSION
Grating launchers are an interesting solution to the problem of LRSPP
excitation, because of the simple structure, the availability of simple
design formulas and the rather good simulated performances. As hinted
in the Introduction, all the results available in the literature use a fullwave 2D analysis. This is commonly considered a good approximation
to the “true” 3D problem, because the main aspects of light coupling to
the grating are correctly represented. The design is in fact based on the
following simple formula (see Fig. 1):
where β eff is the LRSPP propagation constant, k is the wavenumber, m
is an arbitrary integer index (usually m=±1) and d is the grating period.
The main reason to use a 2D analysis is the large computer memory
requested by a 3D analysis. On the other hand there are several aspects
of LRSPP excitation by grating that necessarily require a 3D analysis,
such as finite grating and beam size in the transverse direction, cutoff
conditions for LRSPP mode and excitation of higher order modes. The
LRSPP mode can be cutoff under specific combinations of physical
parameters such as metal thickness, strip width and upper and lower
cladding refractive index mismatch [13]. Since none of these
phenomena are described by a 2D analysis a full 3D modeling has been
carried out.
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III. Results
The 3D modeling of a grating Plasmon coupler is very demanding in
terms of simulation time and storage. The 3D FEM model required a
box of large size as shown in Fig. 1. The analysis presented in this
paper refers to a coupler designed at λ=1.55 µm and this corresponds to
a box size of about 40λ along the propagation direction, 30λ along the
height and only 4λ along the transverse direction (by using the
symmetry condition). The domain is finally bound by PML as an
adsorbing boundary condition. The half-strip in fig. 1 is 3 µm wide and
the metal thickness is 20 nm. Finally, after trying several
configurations, the scattered field formulation was used [14]. In Fig. 2
we show a plot of the LRSPP field being excited by the grating. In Fig. 3
we show a set of mode plots obtained after the excitation of the
Plasmon. The plots represent a LRSPP field excited by the Gaussian
beam as it propagates along the strip and away from the grating. There
is trace of higher order modes being excited, since the field pattern
changes as it propagates. Avoiding the excitation of these higher order
modes is a very difficult task, since they have a propagation constant
similar to that of the LRSPP mode.

Fig. 2. 3D plot of Plasmon excitation.

Fig. 3. In-coupled LRSPP field as it propagates away from the grating. Left: 1
µm from the grating. Center: 3 µm. Right: 7 µm.
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Abstract

We propose and numerically investigate a novel kind of nanoscale plasmonic
vertical directional couplers constituted by a polymeric waveguide and a surface
plasmon polariton waveguide coupled through a metallic strip grating. By using
finite-difference-time-domain simulations it is found that it is possible to design
plasmonic couplers with high efficiency and very short coupling length in both
visible and NIR range.
Index Terms − Plasmonic circuitry, directional coupler.

I. INTRODUCTION
Plasmonics is an exciting field of nanophotonics that explores the
excitation of collective oscillations of conduction electrons – called
surface plasmons - confined near noble metal/dielectric interfaces and
their interactions with photons. When such metal dielectric
nanostructures are illuminated with visible to near-infrared light, it is
possible to generate strongly enhanced local electromagnetic fields
which can be exploited for a large number of applications including
near-field scanning optical microscopy, high-efficiency light emitting
diodes and lasers, high-resolution imaging, extremely sensitive bio- and
chemical sensors and photovoltaics [1-7].
Unlike conventional dielectric optical waveguides, surface plasmons are
also capable of capturing, guiding, splitting with right angle, bend and
focusing electromagnetic energy in deep-subwavelength length-scales,
i.e. smaller than the diffraction limit of the light, making a technological
reality the idea of a very compact and intrinsically large bandwidth
plasmonic circuitry suitable for communication systems.
During the last years, active and passive plasmonic components, such
as modulators, beam splitters, couplers, switches, demultiplexers,
nanoantennas, based on different technologies such as metal-insulatormetal (MIM) and insulator-metal-insulator (IMI) structures, metallic
nanohole arrays, hybrid plasmonic and integrated optical waveguides,
channel plasmon polaritons, metallic nanowires, dielectric-loaded
surface plasmon polariton (SPP) and long-range SPP waveguides, have
been demonstrated [8-15].
In this paper a new kind of high performance nanoplasmonic vertical
coupler is proposed and numerically investigated. The structure is
constituted by a polymeric waveguide coupled through a metallic strip
grating to a long-range and short-range surface plasmon polariton
waveguide.
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II. DESIGN OF PLASMONIC COUPLERS
The structure under examination, illustrated in Fig.1, can be
considered as a cascade of two different building block: the input block
A is a traditional polymeric waveguide constituted by a core region in
SU8 (n=1.57) having thickness W SU8 = 500 nm, deposited over a SiO 2
layer (n=1.44) while the coupling region B is constituted by the SPP
waveguide realized by means of gold strips, immersed in SiO 2 , having
width equal to 540 nm, inter-strip slit distance equal to 60 nm and a
thickness of 30 nm.
The numerical simulations have been performed by means of a freely
available software package based on the FDTD method [16] by
considering a Gaussian source which excites a TM mode in the
polymeric waveguide in the wavelength range 450 – 1100 nm. Gold
regions are represented through a Drude model assisted by two Lorentz
oscillators to fit the experimental data [17]:

ωD
2

2

δ k ωk

2

ε m (ω ) =
ε∞ − 2
−∑ 2
2
ω + jωγ D k =1 ω − ωk + 2 jωγ k

(1)

where the high-frequency complex dielectric constant of the metal ε ∞ is
5.398, the plasma frequency ω D and the collision frequency γ D of the
Drude model are 1.398
∙10 16 and 1.033∙10 14 rad/s, respectively. The
parameters describing the contribution of each Lorentz oscillator are
the amplitude δ k , the resonant angular frequency ω i and the damping
constant γ k , k = 1, 2, which are set accordingly to 17: δ 1 = 0.681, ω 1 =
4.274∙1016 rad/s, γ 1 = 4.353∙10 14 rad/s, δ 2 = 1.861, ω 2 = 5.225∙10 16
rad/s and γ 2 = 6.608∙1014 rad/s.

FIG. 1 − Scheme of the vertical plasmonic coupler.

The wavelengths, at which the maximum coupling occurs, have been
identified through a spectral analysis by means of several power
monitors centred at the gold strips showing a width equal to 200 nm.
Tab.I resumes the results in terms of coupling efficiency η and coupling
length L C as a function of maximum coupling wavelength λ c .
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TABLE I –COUPLING EFFICIENCY AND COUPLING LENGTH AS A FUCNTION OF SOURCE
WAVELENGTH

λ C [nm]
936.4
883.7
784
655

η [%]
91
53.4
40
16.5

L c [µm]
7.5
7.5
9.5
9.5

The short-range and long-range nature of the SPP mode has been
determined by analyzing the symmetry of the mode excited on the
grating. Fig.2 shows the longitudinal component of the Poynting vector
evaluated for the wavelength λ c equal to 936.4 nm and 883.7 nm that
correspond to the short-range and long-range SPP mode, respectively.

FIG. 2 − Longitudinal component of Poynting vector for (top) λ c = 936.4 nm and
(bottom) λ c = 883.7 nm.

III. CONCLUSION
The coupling characteristics between a long-range and short-range SPP
waveguides and a dielectric waveguide coupled through a metallic
grating have been
analyzed. We demonstrate that the coupling
efficiency (coupling length) can reach 91% (7.5 µm) and 53.4% (7.5 µm)
for the short-range and long-range, respectively. These results pave the
way for the design and the optimization of a new class of plasmonic
circuitry that could be integrated with passive and active devices in
both visible and NIR range.
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Abstract

In this work we demonstrate theoretically that modal phase matching for second
harmonic generation can be obtained in AlGaAs plasmonic waveguides by
means of the Type II interaction: one pump is carried by a plasmonic mode,
whereas the other pump and the second harmonic signals are carried by optical
modes confined inside AlGaAs layers. The phase matched wavelength can be
tuned in the near infrared by changing the physical dimensions of the
waveguides.
Index Terms − Second harmonic generation, plasmonics, integrated optics.

I. INTRODUCTION
Quadratic nonlinear interactions involving plasmonic modes localized at
the interface between a nonlinear material and a metal have recently
been studied: the possibility of achieving modal phase matching (PM)
among plasmonic modes has been demonstrated [1,2]. Nevertheless, the
reported conversion efficiencies are very low since the second harmonic
is carried by a plasmonic mode whose losses deplete the signal after a
propagation distance of only a few microns. In this paper we show that
the conversion efficiency can be improved by demonstrating that PM for
second harmonic generation (SHG) can also be obtained by taking
advantage of the high effective index of a plasmonic fundamental
frequency (FF) pump which transfers energy to a low-loss second
harmonic (SH) mode guided by total internal reflection.
We chose as the reference structure a multilayer composed of
AlGaAs layers with different fractions of aluminum and therefore with
different refractive indices (as in Fig. 1a) ): the core is Al 0.18 Ga 0.82 As and
cladding and substrate are made of Al 0.2 Ga 0.8 As and Al 0.4 Ga 0.6 As,
respectively. This slab can be etched to a depth of 1550 nm with respect
to the surface to obtain a ridge waveguide having a width of 5 µm.
Finally, this waveguide is covered by a layer of gold. Adachi’s model [3]
and Ung’s code [4] have been used to evaluate the refractive indices of
AlGaAs and gold, respectively, and a Finite Element Method was used to
calculate the phase velocities of FF and SH modes.
When taking into account the tensorial nature of the quadratic
interaction in AlGaAs, and considering that the plasmonic mode is TM
polarized [1], when plasmonic fundamental modes are involved only the
Type II interaction can be phase matched. In fact, the Type I interaction
would require a TE polarized fundamental. As a consequence, we study
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the PM of quadratic nonlinear mixing between a TM polarized FF
plasmonic mode, a second optical TE polarized FF pump mode and an
optical TE SH mode. We demonstrate the presence of the required PM
between the TM polarized plasmonic mode at λ FF = 1603 nm, as a first
pump, the optical TE 00 mode with negligible losses, as a second pump,
and the optical TE 02 mode (also characterized by negligible losses) as
the second harmonic.
a)

b)

c)

d)

FIG. 1 − a) Waveguide structure. Absolute values of the main transverse
components of the involved electric fields: b) pump plasmonic mode (TM), c)
optical pump mode (TE 00 ), d) second harmonic mode (TE 02 ).

II. Conversion efficiency and tuning
The guided modes can be written in the form E(x,y,z)=A(z)ξ(x,y), where
ξ(x,y), with dimensions m-1, is the transverse profile normalized to 1 (i.e.
∫|ξ|2dxdy=1).
The equations which govern the quadratic interaction among the
three modes are well known and we model the linear losses of the
plasmonic FF mode by introducing an exponential decay along the z
coordinate. After some mathematical steps, it is possible to obtain the
absolute value |A SH | of the SH amplitude as a function of the
propagation distance z:

ASH ( z ) =

ω SH
c0 nSH

AFF , p AFF ,o

 α + i∆β 
sinh 
z
2
 αz 

 z
S exp −

α + i∆β
 2 
z
2

(1)

where Δβ=β SH -β FF,p -β FF,o is the phase mismatch, α = 0.1 µm-1 is the linear
loss coefficient of the plasmonic mode, d eff =90 pmV-1 is the second-order
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nonlinear optical susceptibility and S=|∫d eff ξ SH ξ FF,p ξ FF,o dxdy=1| is the
overlap integral. Finally, ω SH and n SH are the angular frequency and the
real part of SH modal effective index, respectively.
Whenever the phase mismatch is negligible, the SH power at the
output of a waveguide of length L reads as:
2

α 
sinh  L 
 2  L2 P P
PSH ( L) = η 0 exp(−αL)
FF , p FF ,o
α
L
2

(2)

= η (L)L2 PFF , p PFF ,o
where P FF,p and P FF,o are the input pump powers and

η0 =

32π 2

λ

2
FF

1

1
S2
c0ε 0 n FF , p n FF ,o nSH

(3)

In the absence of pump losses, i.e. if α=0, the normalized conversion
efficiency is given by equation (3). In the presence of losses, η(L)L2
≈η 0 /α2 for sufficiently large values of L.
The profiles of the modes involved in the nonlinear interaction are
shown in Fig. 1. The PM wavelength is λ FF =1603 nm and it does not
differ significantly from the PM wavelength of the slab obtained by
considering a ridge of infinite width. Using Eq. (3), the normalized
conversion efficiency value is η 0 =3.53∙104 W-1m-2. As well argued in the
literature (for instance in [1]), since the losses in the metal attenuate
the propagating plasmonic modes (and only marginally the optical
modes), the conversion efficiency depends on the propagation distance.
Fig. 2a) shows the product η(L)L2 as defined in Eq. (2): for relatively
large values of L this quantity tends to the value η 0 /α2=3.40∙10-6 W-1,
which is reached after about L=50 µm. Although frequency conversion
only takes place at the beginning of the guide, the second harmonic is
associated with an optical mode with low losses (α = 0.0012 µm-1), so that
the converted energy can propagate for significant distances. We
checked a posteriori the validity of the analytical results (1)-(3) by
numerically integrating the relevant coupled field equations, including
the losses of all modes.
We may test the tunability of the PM wavelength by varying the
thickness of the core or of the cladding or the waveguide width without
modifying other geometrical parameters; for example, as shown in Fig.
2b), the PM wavelength can be selected in a 80 nm range by changing
the core thickness from 800 to 1200 nm. We may note instead that
cladding thickness variations generate only small changes in PM
wavelength. Similarly we can verify that the variation of the waveguide
width from 4 to 9 µm leads to a decrease in PM wavelength of only 3 nm,
i.e., from 1605 to 1602 nm.
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a)

b)

FIG. 2 − a) Plasmonic pump depletion (continuous line) and conversion
efficiency multiplied by squared waveguide length (dashed line); b) relations
between phase matched pump wavelength λ FF and core thickness or cladding
thickness while keeping other dimensions unchanged.

III. CONCLUSION
We demonstrated that modal PM among optical and plasmonic modes
can be obtained in waveguides made of AlGaAs and covered by a gold
layer. The interface between semiconductor and gold supports the
propagation of a plasmonic mode. Whenever this mode is used in a Type
II quadratic interaction as one of the two fundamental pumps, it is
possible to obtain relatively efficient SHG. We designed realistic planar
devices that fulfill the PM condition for pump wavelengths longer than
1580 nm. The maximum conversion efficiency is only limited by the
losses of the plasmonic pump since the second harmonic is carried by a
low-loss guided mode.
ACKNOWLEDGEMENT
The authors gratefully acknowledge the financial support given by the
Fondazione Cariplo, project number 2009-2730.
REFERENCES

[1] A. R. Davoyan, I. V. Shadrivov, and Y. S. Kivshar, “Quadratic phase
matching in nonlinear plasmonic nanoscale waveguide,” Opt. Express 17,
20063 (2009).
[2] Z. J. Wu, X. K. Hu, Z. Y. Yu, W. Hu, F. Xu, and Y. Q. Lu, “Nonlinear
plasmonic frequency conversion through quasiphase matching,” Phys. Rev. B
82, 155107 (2010).
[3] S. Adachi, “GaAs, AlAs and Al x Ga 1−x As: materials properties for use in
research and device applications,” J. Appl. Phys. 58, R1 (1985).
[4] B. Ung and Y. Sheng, “Interference of surface waves in a metallic nanoslit,”
Opt. Express 15, 1182 (2007).

ISBN: 978-88-907599-0-1

Session 17

433

Proceedings of the XIX RiNEm

Representation of a Spiral Phase Plate as a two mode Quantum
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We introduce a quantum-like representation of a Spiral Phase Plate as a two mode phase
operator. The representation is based on the Newton binomial expansion and on properties
of rational power of quantum operators.
1.

Introduction
Optical vortices (OV) in light beams are tightly bound to phase dislocations (or
singularities): due to the continuous spatial nature of a field, the presence of these defects
implies the vanishing of the field’s amplitude in the singularity. In some types of dislocations
the phase circulates around the singularity and creates a vortex [1]. Nye and Berry [2] used
the term “phase dislocation” to define the locus of the zero amplitude of a field. Similarly to
crystallography, phase dislocations can be classified in edge, screw and mixed screw-edge
[3]. Recently the interest in OV increased because of the fact that fields in which they are
included show an helical wave-front structure - developing around the screw dislocation line
– entailing the presence of an orbital angular momentum (OAM). This is an important feature,
which can be exploited in several applications, from optical tweezers to the generation of N–
dimensional quantum states (q-nits) for quantum information applications.
A screw wave dislocation can be defined by means of the integer topological charge Q,
which represents the phase winding number, and can be found through a circulation integral
around the dislocation line:
Q=

1
2π

∫ df

(1)

where f is the phase of the field.
The most used method of generating OAM in an optical beam is by imprinting one or more
vortices on its transverse field distribution, in practice by passing a fundamental Gaussian
beam through a device that modifies only the phase, such as a Spiral Phase Plate (SPP).
When a Gaussian beam is diffracted off such an SPP, the resulting mode can be viewed as a
superposition of Laguerre–Gaussian (LG) modes. It is known that a Laguerre-Gaussian
beam of paraxial light has a well-defined orbital angular momentum [4–7].
In Ref. [6] Nienhuis and Allen employed operator algebra to describe the LaguerreGaussian beam, and noticed that Laguerre-Gaussian modes are laser mode analog of the
angular momentum eigenstates of the isotropic 2-d harmonic oscillator. In Ref. [10] Simon
and Agarwal presented a phase-space description (the Wigner function) of the LG mode by
exploiting the underlying phase-space symmetry. Li-Yun Hu and Hong-yi Fan have shown
that LG mode is just the wave function of the common eigenvector of the orbital angular
momentum operator and the total photon number operator of 2-d oscillator in the entangled
state representation [11, 12], which is based on the first formulation of Einstein-PodolskyRosen quantum entanglement (EPR paradox).
In the Quantum Mechanics picture it is useful to search a quantum operational
representation of a SPP because, according to Dirac, there should exists a formal
correspondence between quantum optics operators and classical optics transformations.
Aiello et al [13] proposed a quantum operator representing the action of the SSP on a
Gaussian Beam: it is the analog of the quantum phase operator.
The issue of defining a quantum phase operator for the electromagnetic field is a great
challenge in quantum mechanics and quantum optics. Quite few proposals were made to
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define quantum phase operators consistent with quantum mechanics and coinciding with an
experimental measurement. The most frequently discussed are those proposed by Susskind
and Glogower [14], Pegg and Barnett [15], Paul [16], Noh, Fougires and Mandel [17], and
Shapiro and Wagner (SW) [18]. The last ones are based on the simultaneous detection of
quadrature components using a heterodyne detection method. In this paper we express the
quantum phase operator related to a SPP in a novel way, which allows its application directly
to Fock States without using Phase Space representation.
2.
The Spiral Phase Plate Quantum Operator
A unitary SPP is a transparent dielectric plate with an edge dislocation that can be freely
rotated around the plate axis. Let z be the axis of the plate, ϕ the azimuth angle and without
loss of generality, let us suppose that the edge dislocation is at ϕ = 0 . When a light beam
with transverse profile V ( zz ) crosses such a SPP, it acquires an azimuthal-dependent phase
eiϕ , i.e., in terms of wave function :
Ψ ( zz ) ⇒ eiqϕ z , z | Ψ

(2).

Let us introduce the quantum operator
â+† + â−
Yˆ
=
†
â+ + â−
Yˆ †

z
=
z

êiϕ =

(3)

,

with the commutator Yˆ , Yˆ †  = 0 .The operator associated to a generic SPP, êiqϕ , with q ∈ ℝ, can
be expanded in the form
êiqϕ =

∞

∑C

qk

êikϕ ,

(4)

k =−∞

where
Cqk =

1
2π

∫

2π

0

i q −k )π

e(

i q −k )ϕ

dϕ =

e(

Sin ( q − k ) π 

(5)

( q − k )π

and
k

ê

ikϕ

 aˆ † + â−  2
= +
† 
 â+ + â− 

(6)
ik ϕ

with k ∈ ℕ. Following [19], or better, Isaac Newton (1665), the general operator eˆ can be
formally expanded as
k

êikϕ = ( â+† + â− ) 2 ( â+ + â−† )

−

k
2

= ( â+ + â−† )

−

k
2

( â

†
+

k

+ â− ) 2

∞ ∞
 k / 2   − k / 2  †m k2 − m h † − k2 − h
= ∑ ∑
,

 â+ â− â+ â−
h 
m=0 h=0  m  

(7)

where
 k / 2  ( k / 2 )h
,

=
h!
 h 
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and ( r )h is the Pochhammer symbol. Moreover, to provide the application of the high nonlinear operator directly to Fock States, without using Phase Space representations, we
introduce the following selection rules:
Γ (1+ n + β )

âα â † β n =

n!Γ (1+ n + β − α )

n + β −α ,

(8)

and
n!Γ (1+ n + β − α )

â † β âα n =

Γ (1+ n − α )

n + β −α ,

(9)

where α , β ∈ ℝ, with the constrain n + β ∈ ℕ + , n + β − α ∈ ℕ + . As an example, we apply the
quantum operator êikϕ , corresponding to a SPP with topological charge q = 2.5 to the
†
+

†
−

displaced vacuum state of a 2-d Harmonic Oscillator, namely D̂ (α + ) D̂ (α − ) 0, 0 = eα aˆ eα â 0, 0 .
That a state is the analogue of a Displaced Gaussian beam in paraxial approximation with
2
r02 = α . In terms of wavefunction we obtain
∞

∞

Ψ ( r,ϕ ) = ∑ ∑ e

−

r02
2w02

p =0 l =−∞

 r02 
 2
 2w0 

p+

l

( −1)

2

p

e −ilϕ0

∞

∞

∑∑C

p!( p + l ) ! h=0 k =−∞

plhk

LGhk ( r , ϕ ) eikϕ ,

(10)

with
C plhk = ei ( q +l − k )π

Sin ( q + l − k ) π 
p !h !
I (l, k ) ,
( p + l )!( h + k )! π ( q + l − k ) p,h

(11)

and
I p , h ( l , k ) = ( −1)

p+h

Γ(

l +k
2

Min{ p , h }

+ 1)

∑
r =0

 k − l  l − k  l + k

+r



.
2
2
2




 p − r  h − r 

r





(12)

LGhk are the generalized Laguerre-Gaussian modes.

Figure 1: Contour plot of the diffracted field generated by a Displaced Gaussian Beam impinging
on a Spiral Phase Plate at different angles in respect to the phase dislocation. The SSP is
characterized by a topological charge q=2.5. and, in the particular case, the displacement is equal to
the waist, w0=100µm.
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5.
Conclusions
We identified the quantum operator, representing a SPP acting on an electromagnetic field,
as the two mode phase operator and we introduced a novel representation based on the
Newton binomial expansion and on the properties of rational power of lowering and raising
operators of electromagnetic field. This method provides to handling nonlinear operators
without using auxiliary picture such as P-representation in phase-space. Moreover, by
exploiting the one-to-one correspondence between the state of the two-dimensional
harmonic oscillator and a monochromatic paraxial beam of light, we considered the action of
a Spiral Phase Plate on a displaced gaussian mode (a displaced vacuum state in quantum
picture).
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Abstract

The paper introduces a compact sensing topology based on a distributed
alignment of electromagnetic radiators, deployed in a predefined distance to
form an ad-hoc network, able to reveal the differential variation of humidity
inside snowfields. By monitoring the relative attenuation among two separate
alignments of vertical antennas, the relative permittivity and electrical
conductivity of the snow can be deduced with sufficient precision. The two terms
can be used as a precise indicators of dramatic events such as avalanches and
landslides. The simulation results show that the dynamic of the signal
attenuation is enough to reveal the snow water density.
Index Terms − Avalanche sensors, propagation in snow and ice,
radiofrequency sensors, wireless sensor networks.

I. INTRODUCTION
The dramatic event of an avalanche is the result of a complex
phenomenon determined by many factors, including the slope
characteristics (inclination, roughness, etc), the weather conditions and
the corresponding snowpack variations.
The evaluation of the liquid water content into the snowpack
constitutes one of the variables to take into account in the identification
of possible avalanche hazard. In fact, it can influence the snowpack
mechanical properties and significantly reduce the snow cohesion and
strength, [1]. The evaluation of the liquid water content can be
performed by the so-called “hand” test: an expert observer makes the
estimation by examining the sensing snow sample from each layer of
the considered snowpack. Such technique is time-consuming, it
requires the collection of a huge number of snow profiles that give just a
relative quantification of the snow wetness level, [2]. Another technique
is based on the use of the freezing calorimeter, [3]. Such method allows
to obtain accurate results but it requires the use of a freezing agent,
which arises safety issues. Moreover it is a time consuming procedure
and requires large snow samples, making almost impossible the
evaluation of the snow stratification with a vertical profiling. However,
as demonstrated by many authors, the liquid water content and the
density of snow can be directly related to its dielectric constant, [4].
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Therefore instruments for the assessment of the complex dielectric
constant have been developed during the years, [5]. In particular an
instrument called the “Snow Fork” allows the evaluation of both the real
and imaginary part of the dielectric constant, obtaining a corresponding
reliable estimation of the snow liquid content and density, [5]. The
resulting measurement can be performed in a nearly non-destructive
way. However the realization of a complete wetness profile requires
several spatially distributed measurements whereas it would be better
to perform a continuous monitoring of the snowpack.
II. RELATION BETWEEN COMPLEX PERMITTIVITY AND WETNESS
Dry snow can be considered, from the electromagnetic point of view,
as a heterogeneous medium composed of ice and air. The real part of the
dielectric constant of dry snow is characterized by a linear dependency
on its density, whereas the imaginary part, instead, is quite small, [4].
On the other hand, wet snow is a dielectric mixture of ice, liquid water
and air whose behavior depends both on frequency and density. The
relation between the dielectric constant and the snow wetness is a
transcendental function that can be expressed in terms of Taylor series
expansion. The approximation to the first order term can be considered
sufficient for the purpose of this work, even if the introduction of a
quadratic dependence allows to achieve more consistent results. In
particular the real and the imaginary part of the dielectric constant have
the following expressions, in agreement with the studies reported in [5][7]:

ε' ( f , mV ) = ε' ( f , mV = 0 ) + α'1 ( f ) mV + α'2 ( f ) mV2

(1)

ε '' ( f ,mV ) = σ ( f , mV = 0 ) + α''1 ( f ) mV + α''2 ( f ) mV2

(2)

where m V is the liquid water content, expressed in percent per
volume, and the α terms assume, with respect to the frequency of
interest, the following values:
TABLE I – α COEFFICIENTS
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α1’

α2’

α 1 ’’

α 2 ’’

f = 2.45 GHz

0.1

0.005

0.01

0.0005

f = 900 MHz

0.092

0.83

0.012

0.104
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Applying Eq. (1) and Eq. (2) with the proper α terms, it is possible to
obtain the snow dielectric characteristics, reported in the following
table.
TABLE II – DIELECTRIC PROPERTIES OF SNOW
f = 2.45 GHz
Medium
Dry Snow
Moist Snow
Wet Snow
Very Wet Snow
Soaked Snow
Water

Water Content (Vol. %)
0
0-3
3-8
8-15
>15
/

ε'
1.47
1.71
2.1
2.9
3.3
81

σ
0.0001
0.0068
0.0299
0.0708
0.0953
2.8583

f = 900 MHz
ε'
1.6
1.85
2.2
2.7
3.6
81

σ
0.0001
0.0005
0.0045
0.0070
0.0150
0.49

III. SENSING ARCHITECTURE
The proposed system for the estimation of the dielectric properties of
the snow and the corresponding evaluation of its water content is based
on the alignment of electric and magnetic radiators, as reported in Fig. 1

FIG. 1 − Schematic view of the sensors buried into the snow.

Each radiator is fed individually, as the whole alignment is not intended
as an array. By monitoring the relative attenuation among the two
separate alignments of vertical antenna it is possible to deduce
information about the relative permittivity and electrical conductivity
with sufficient precision. The realization of two alignments of radiators
guarantees the continuous monitoring of the snow wetness, as well as
the evaluation of the dielectric parameters at different depths, taking
into account the possible presence of layers with different
characteristics. The resulting compact design has the aim of reducing
any possible modification to the snow status due to the introduction of
the device itself. The preliminary testing activity has been performed by
means of the software HFSS, by Ansoft. The system has been simulated
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first considering two dipoles and then two loops, in order to identify the
best radiator and the corresponding design to use. Moreover the
performed analysis has been done considering different frequencies,
spacings between the alignments and radiator sizes. The obtained
results show a dependence of the received power from the snow water
content. With both radiators, the availability of, at least, 10 dB of
dynamic, in terms of received power, makes possible the identification
of the snow characteristics using such parameter. The results for the
dipole are reported in the following table, where D is the distance
between the radiators and L is the dipole length. The same behavior has
been observed for the loop. The values of received power are expressed
in dB, they are all normalized with respect to the power received
considering as medium the free space.
TABLE III – POWER DYNAMICS OF THE DIPOLE.

Medium
Dry Snow
Moist Snow
Wet Snow
Very Wet Snow
Soaked Snow
Water

f= 900MHz
D = λ/5
L = λ/2

f= 2.45 GHz
D = λ/5
L = 0.7λ

f= 900MHz
D = λ/4
L= λ

f= 2.45 GHz
D=λ
L = λ/2

P RX [dB]
-0.2653
-0.4689
-2.7080
-6.0703
-10.8786
-47.4341

P RX [dB]
-4.7569
-7.9195
-12.8903
-20.8426
-21.8537
-38.7873

P RX [dB]
-6.3034
-8.4833
-13.8059
-16.0781
-16.1558
-46.6324

P RX [dB]
-2.3287
-3.7902
-7.3849
-12.9715
-13.1729
-44.6983
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Abstract

In this work the experimental evidence together with modeling outcomes are
considered to support the capability and shows the limitations of microwave
weather radars to detect and monitor volcanic ash. Detection, classification and
quantitative estimation of volcanic ash is the main challenges that scientist are
facing to fully exploit the exiting weather radar systems. This paper briefly
shows the state of the art on these aspects.
Index Terms − weather radars, remote sensing, volcanic eruptions.

I. INTRODUCTION
In the last few years, several volcanic activities, have reminded,
especially to the European community, the threat represented by the
volcanic eruptions. The main effects of this natural manifestation
include: climate variations, threats to citizens that live close to the
volcanoes and, due to the effects of dispersal winds on the erupted ash,
the limitation and or cancellation of air traffic routes [1].
With respect to the observations of Plinius the Elder who described the
famous Vesuvio eruption in the 79 AD, the state-of-the-art
countermeasures to alleviate the consequence of a volcanic eruption is
nowadays based on direct ground inspections, remote sensing
observations and modeling efforts. In this context, remote sensing
observations make use of instruments that transmit and receive
electromagnetic and/or acoustic waves to infer key properties of
eruptions. The output of such instruments is essential to feed physical
models of atmospheric ash dispersal. Model outputs can be seen as the
synthesis of observations and physical process to describe, as better as
possible, the state of an erupting activity with time. This usually can
support civil protection activities devoted to issue timely warnings, to
monitor the ash plume during its evolution and to quantitatively
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estimate tephra (i.e. the fragmented material produced by a volcanic
eruption).
Among the variety of instruments that are under the attention of the
scientific community for their operative use, weather radars are
particularly appealing [3]. This is due to several aspects which are: i)
the existence of permanent radar installations and their satisfactory
coverage with respect to active volcanoes; ii) fine temporal and spatial
resolution of the order of 5 min and 500m, respectively; iii) capability of
microwaves to penetrate into the ash clouds giving to the volcanic
experts an unprecedented point of view of eruptions. Among the
drawbacks should be mentioned the limited spatial scale coverage. This
implies, at the most used weather radar frequencies in the range of 4 10 GHz, a small sensitivity to very fine ash particles (of the order of μm)
that show a longer residence time in the atmosphere and for this reason
can travel for far distances across countries.
In this paper, examples of the potential of microwave weather radar to
monitor volcanic ash are given using experimental evidence and
modeling tools, which are able to describe the electromagnetic radar
response to ash particles. The organization of the paper foresees some
examples of ash detection in section II, quantitative estimation in
section III, conclusion and remarks in section IV.
II. VOLCANIC ASH DETECTION
An effective use of weather radars for ash monitoring passes
through two main steps: Ash detection and its quantitative estimation.
The detection is needed to limit the analysis to regions where ash is
mainly present and distinguish ash backscatter radar returns from
undesired ones (all others sensible targets, i.e. hydrometeors). Figure 1
shows an eruption case on May 25th occurred in Iceland at the
Grimsvoth volcano as seen by an X band radar at about 70 km far from
the volcano vent. The work frequency, the spatial and temporal
resolutions and the maximum range are equal to 10 GHz, 10 min, 400
m and 120 km, respectively.
In the case shown in Figure 1, the detection of volcanic ash is quite
straightforward due to the unequivocal ash plume over the volcano
vent. In general, the radar signature of ash can be comparable with that
typically shown by hydrometeors. In those cases the spatial and
temporal texture of the observed scene is used to perform an optimal
detection.
III. VOLCANIC ASH ESTIMATION
The estimation step can be addressed using the Volcanic Ash Radar
Retrieval (VARR) methodology extensively described in previous works
[2].
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Zoom Area

FIG. 1 – Left panel: 2D Vertical maximum indicator in [dBZ] of the scene for
the Grmisvotn volcano eruption (Iceland) on May 25th, 2011 at 2:10 UTC.
Right panel: A 3D zoom, at the same instant, around the volcano vent.

The VARR methodology, which belongs to the physically-based
inversion algorithm class, is organized in further 2 basic steps: i) ash
classification; ii) ash estimation. Both steps are trained by a physicalelectromagnetic forward model, characterized by particle size
distribution (PSD) of ash species and a radar backscattering model. PSD
is usually modeled as a Scaled Gamma Particle Size Distribution (SGPSD) whose main parameters are the number concentration Nn,
number-weighted diameter Dn, and the shape parameter µ. These
parameters are estimated from available PSD samples taken at the
ground after experimental campaigns or alternately treated as random
variables and constrained by a priori (experimental and physical)
information. Table 1 lists the typical range of diameters of ash
categories whereas Figure 2 shows an example of the modeled relation
between the radar reflectivity and the volumetric ash concentration in
the case of coarse ash and small, medium and intense concentration
when oblate orientation is chosen for modeling ash particles. It is worth
mentioning, as the synthetic signature of radar observables to ash
particles is not limited to the radar reflectivity. The advent of orthogonal
polarimetric radar systems has required modeling efforts (not shown
here for brevity) able to describe the behavior of such systems. Two
examples of the outcome of the processing chain just mentioned is
shown in Figures 3 and 4. The first one plots the temporal evolution of
the instantaneous mass in [kg] retrieved by a C band weather radar 260
km far from the Grimsvotn volcano during its eruption in May 2011.
Figure 4 shows, for the same days, the estimated plume height.
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FIG. 2 – Left panel: Instantaneous mass. Right panel: Volcanic plume height.

IV. CONCLUSION
Weather radar systems have demonstrated to have some potential to
bring an important contribution to the community of volcanology.
Single polarization radar systems have been so fare more popular and
for this reason more exploited for ash monitoring. Dual polarization
systems capability is under investigation even the low repetition
frequency of volcanic eruptions and the lack of ground measurements
makes the validation of the developed models problematic.
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Abstract
The growing demand for high productivity in the thin-film module
industry, together with the request for more and more efficient
photovoltaic devices, requires high-performance laser-scribing. We report
a study of laser-scribing on CdTe thin-film modules.
Index Terms − laser scribing, thin film solar cells, photovoltaic cells

I. INTRODUCTION
Low cost photovoltaic modules production is the main aspect for
reducing the costs of electrical energy produced by renewable sources to
be competitive with fossil based energy sources. To provide a good
alternative to mono and poly-silicon based modules it is necessary to
develop devices with a comparable or even better efficiency/cost ratio.
Mono and poly-silicon based modules are produced by assembling by
hand a high number of different cells, which adds more time to the
production process. On the other hand thin film solar cells with
excellent results in efficiency/cost ratio have been obtained. The two
most innovative materials are CdTe (cadmium telluride) and CIGS
(CuInGaSe 2 ), with which solar cells efficiencies of 17.3% [1] and 20.3%
[2] have been respectively obtained. These values are comparable to the
highest efficiency obtained so far with silicon solar cells, 25% [3]. Unlike
wafers, thin films are continuous layers of material which cover the
whole substrate surface and if cut, they permit the creation of
integrated connections. Interconnection process is carried out by
scribing, that can be performed with laser radiation. The laser scribing
process fits very well into the thin film modules production line, where
working speed and operations easiness are basic requirements for large
scale production. Nowadays poly-Si based modules are sold at 0.88
€/W, mono-Si based modules at 0.99 €/W, while thin film modules, like
CdTe, are sold at 0.89 €/W [4]. It’s then easy to understand that thin
film photovoltaic modules are really competitive with silicon ones. This
is possible because of the lower production costs for thin films, which is
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also due to the integration of laser scribing into the production line.
With the constant technological growth in thin film photovoltaic
production it is possible to foresee that within the next few years (2015)
modules with lower production costs, like 0.5-0.6 €/W, will be
fabricated [5,6]. In this work the laser scribing has been carried out
with a commercial solid state laser, and a fiber laser developed in the
Optical Devices laboratory of the University of Parma. The use of a fiber
laser can bring the advantage of having a better beam quality than a
solid state one. The production steps of CdTe based solar cells and the
results of laser scribing will be then presented.
II. CDTE POLYCRYSTALLINE THIN FILM SOLAR CELL
CdTe is a semiconductor with excellent photovoltaic characteristics,
that make it suitable for being used as an absorber material in thin film
solar cells. It has an energy gap of 1.45 eV and, unlike silicon, it is a
direct gap semiconductor, which means that few microns of material are
enough to absorb 90% of incident sun light. CdTe based solar cell,
shown in Fig. 1, is fabricated in superstrate configuration. The soda
lime glass (SLG) substrate used is covered with a film of Transparent
Conductive Oxide (TCO), that constitutes the n-type (negative) front
contact of the device. Then, to form the p-n junction, a film of CdS
(cadmium sulphide) and CdTe are deposited on the TCO film. To
increase the CdTe crystallinity and to form a good junction region, this
structure is treated with a high temperature annealing in the presence
of chlorine. Finally, the cell is completed by depositing the p-type back
contact (positive), composed of As 2 Te 3 , Cu and Mo films.

FIG. 1 − CdTe/CdS solar cell in superstrate configuration.

III. LASER SCRIBING
The laser scribing process is composed by three different stages, P1, P2
and P3. The P1 and P3 separate the electrical contacts of the nearby
cells, while P2 defines the areas of the different cells. Everything is done
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in such a way that all the cells are connected in series during the
production process, as described in Fig.2.

FIG. 2 − Production stages of a thin film module.

The scribing process was carried out by using two kinds of lasers, a
solid state laser emitting at wavelengths of 1064 nm and 532 nm, and a
Ytterbium doped fiber laser working at a wavelength of 1064 nm. Both
lasers worked in the nanosecond regime. The scribing has been
performed on samples of CdTe/CdS photovoltaic cells, provided at
different stages of the production process.

a

b

FIG. 3 − a) P1 scribe. Vertical scribe obtained with the solid state laser
operating at a RR of 10kHz, and pulse width of 47ns, comparable to the
horizontal one obtained during the industrial process. b) P1 Scribe obtained
with the fiber laser operating at a RR of 100kHz, and pulse width of 20ns.

Fig. 3(a) is the optical microscope image of a P1 scribe performed on
TCO with the solid state laser, while Fig. 3(b) represents a P1 scribe
performed with the fiber laser.
From the image of Fig. 3(a) it is possible to notice that the scribing
obtained in laboratory (vertical) is comparable with the one (horizontal)
obtained during a standard scribing process made with a solid state
commercial laser. The vertical scribing appears clean, sharp, and on the
edges there is no presence of material re-deposition that can lead to
short circuits. The scribing obtained with the fiber laser is still clean,
and sharp, and there are no re-deposition effects, moreover compared to
the ones obtained with the solid state laser there is a lower thermal
effect on the edges and they appear cleaner, even if some micro-cracks
are still visible. A further proof of the successful scribing is the
insulation between the different scribed lines; a resistance on the order

ISBN: 978-88-907599-0-1

Session 18

449

Proceedings of the XIX RiNEm

b

of magnitude of about 100 MΩ has been measured. The main reason of
the better scribing quality may be due to the value of the M2, the laser
beam quality factor that is about 1.1 for the fiber laser, and 1.6 for the
solid state laser. Further improvements can be achieved by employing a
fiber laser working with very short pulses.
In particular in this case there would be no heated affected zone at the
edges of the scribing, due to the excessive heating of the material during
the ablation process. In this area, the high temperatures induce the
melting and the mixing of the nearby materials causing the short circuit
of the p-n junction. Using very short pulses, 10 ps for example, the
melting of the materials can be avoided.

b

IV. CONCLUSION

In this work the possibility to interconnect thin films solar cells, by
means of laser scribing, has been demonstrated. The use of a fiber laser
can lead to a better quality scribing. Further improvements can be
obtained by using a fiber laser working with short pulses, for example
in the pico-second regime. This would avoid all the problems related to
the heating of the material and lead to the fabrication of more efficient
devices.
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Abstract

This paper illustrates how a commercial software can be successfully employed
to solve coupling problems between cold plasmas and grill antennas at Lower
Hybrid frequencies (1-8 GHz). The FTU conventional grill, presently installed in
ENEA-Frascati laboratories, is used as a test case to calculate antenna
scattering matrix and launched power spectrum.
Owing to the high computational effort required by the simulations, a 2-D planar
symmetry is enforced considering infinite length waveguides in poloidal
direction. Simulation results are validated by comparison with experimental
data in terms of average reflection coefficient, showing remarkable agreement.
Pros and cons of the tool as well as possible improvements are discussed.
Index Terms − FEM, LH antenna, modeling.

I. INTRODUCTION
The excitation of Lower Hybrid (LH) waves by means of a phased
waveguide array was proposed by Lallia [1] in 1974. A systematic study
of this launching structure was firstly done by Brambilla in 1976 (i.e.,
the grill theory [2]) and pursued on by many researchers, leading to the
development and validation of 3-D advanced coupling codes like
GRILL3D-U [3], ALOHA [4] and TOPLHA [5]. Recently, the full-wave
commercial software COMSOL MutiphysicsTM has been applied to solve
this kind of problems too [6].
COMSOL is a 3-D solver based on the Finite Element Method (FEM),
initially developed for structural mechanics and enhanced to properly
manage multiphysics problems. It allows to model inhomogeneous,
anisotropic and dispersive materials like cold plasmas. Furthermore it
presents a user-friendly interface and its usage can be quickly learnt,
while present codes are often terminal-based tools requiring the
knowledge of some programming language and a specific training at the
laboratories where they were developed.
The computational cost of LH antenna simulations get the user to
simplify the problem, switching towards planar equivalent geometries.
Although this 2-D approach is dated as compared with present codes,
COMSOL looks very promising for fusion research thanks to its great
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flexibility that allows anyone to introduce physical equations, e.g., to
self-consistently simulate non-linear effects [7].

II. IMPLEMENTATION GUIDELINES
A cold slab plasma model can be implemented within the RF module of
COMSOL through a proper characterization of the material electric
tensor, whose expression has been derived for a x-directed static
magnetic field, using the physics convention for harmonic regime (i.e.,
). Adopting Stix notation, it assumes the following form:

being

and

the cyclotron and plasma frequencies for the

plasma species. They are respectively related to the magnetic field B and
to the particles’ densities
. The former varies like the inverse of the
tokamak radius, while, as for the latter, a Deuterium plasma has been
used enforcing the following profile for both ions and electrons:
(1)
being
and
the central and edge densities, the normalized minor
radius,
and
the exponents defining the parabolic profile and its
peaking factor.
Outward radiation conditions have been introduced through a
damping term as in [6]. In COMSOL much attention has to be paid to
mesh generation since element sizes along the two geometrical
dimensions have been bound to a fraction of the parallel and
perpendicular wavelengths of the LH waves. These values have been
calculated solving the cold plasma dispersion relation in the simulated
scenarios.
An important parameter of LH antennas is the launched power
spectrum in the
(B-parallel refractive index) space. To calculate it,
electric and magnetic fields at the antenna mouth have been exported
from COMSOL and Fourier-transformed in Matlab.
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FIG. 1 − Real antenna (a), simulated geometry with E x overlay (b) and
normalized power spectrum (c) when edge density is 2.5×1018 m-3.

III. APPLICATION AND VALIDATION
One row of the FTU, 8 GHz conventional grill has been simulated: it is
an array of twelve, reduced size, rectangular, active waveguides (width =
4.2 mm, septum = 0.8 mm). Measured reflection coefficients have been
taken from the bottom row of the upper grill installed in the FTU 2nd
port (see Fig. 1a). This choice was driven by several reasons like the
gyrotron reliability, the attempt of avoiding rows with stronger poloidal
curvature and the availability and closeness of Langmuir probes.
The operational scenarios have been derived from the FTU shots
whose experimental data have been used for the tool validation. They
are characterized by a toroidal magnetic field of 5.9 T and a waveguide
phasing of 90 deg, giving a power spectrum peaked at
. As for
the edge electron density, eight different values, varying in the range
[0.8 ÷ 6]×1018 m−3, have been used. The other parameters of Eq. (1) have
been estimated by fitting measured density profiles.
In Fig. 1 simulated geometry, including the parallel electric field
overlay, and calculated power spectrum are also reported for one of the
simulated scenarios. Two waves launched from the grill can be seen
clearly: that traveling towards the right is the main peak of spectrum.
The comparison between measured and COMSOL-predicted average
reflection coefficients is reported in Fig. 2. Taking into account the
uncertainties of measurement, the difficulties in density profile
estimation and the model approximations, the agreement can be
considered as good.
IV. CONCLUSION AND PERSPECTIVES
Guidelines on the implementation of a tool for antenna-plasma coupling
calculations at LH frequencies through COMSOL MultiphysicsTM have
been given. The tool has been used to simulate one row of the FTU LH
conventional grill in some realistic operational scenarios. Results are
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compared to experimental data in terms of average reflection coefficient,
showing good agreement.
As next steps, the tool could be enhanced to handle tilted magnetic
fields with respect to the antenna axis or, on a long-term scale, to
introduce non-linear phenomena at the plasma edge.

FIG. 2 − Comparison between measured and predicted average reflection
coefficient for all simulated scenarios.
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Abstract

The implementation of Substrate Integrated Waveguide (SIW) structures in
paper-based inkjet-printed technology is presented in this paper for the first
time. SIW interconnects and components have been fabricated and tested on a
multilayer paper substrate, which permits to implement low-cost and ecofriendly structures. Paper-based fabrication appears very suitable for the
realization of SIW components, as it allows for arbitrary geometry, conformal
shape, and multilayered configuration. Paper is a widely available, low cost
material and, moreover, it is environmental friendly: for this reason, it is
currently investigated for several potential applications in wireless systems and
wearable devices.
Index Terms−Substrate integrates waveguide, paper-based inkjet-printed
technology, eco-friendly material.

I. INTRODUCTION
The realization of planar microwave circuits (in microstrip or coplanar
technology) is traditionally based on the chemical etching of plastic or
ceramic substrates, metalized on both faces. This fabrication technique
produces a significant environmental impact, both during the production of
the circuit and at the end of its life-time. For this reason, since long time
there is a significant activity aiming to reduce the environmental impact of
the fabrication of electronic circuits [1]. Among the proposed solutions, the
use of paper looks like a good candidate. Paper is a widely available and
very low cost material, and above all it is completely eco-friendly, both
during its production that at the time of its disposal. The implementation
of electronic circuits on paper can be performed by ink-jet printing [2], with
no need of chemical etching or use of acids.
In this paper, the implementation of substrate integrated waveguide (SIW)
components on paper substrates is presented for the first time. SIW
structures are similar to traditional rectangular waveguides, and are
implemented in dielectric substrates by using two rows of metalized holes
that connect the two ground planes of the substrate [3]. The main
advantage of SIW technology is the possibility to monolithically integrate all
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components in a single substrate, with no need of interconnects or
transitions between elements fabricated with different technologies. This
feature dramatically reduces losses and parasitic, according to the “System
on Substrate” (SoS) concept. SIW technology combines the advantages of
classical microstrip circuits (low cost, easy fabrication, compact size, low
weight) and metallic waveguides (low losses, complete shielding, high
power handling capability).

II. PAPER-BASED INK-JET PRINTED TECHNOLOGY
Ink-jet printed technology is adopted to fabricate SIW structures on paper
substrate. It does not produce any byproducts because it drops conductive
ink on the desired position while conventional etching technique subtracts
metals from the substrate surface using strong acids. Therefore, the ink-jet
printing is cost effective and environmentally friendly [2].
The procedure is simple: the printer produces a droplet of conductive ink
from a nozzle (typically silver, chosen for its high conductivity), which is
placed in the desired position. This procedure guarantees a resolution in
the order of 20 µm, which is compatible with many microwave circuits. The
paper used for this application is commercially available and must have a
hydrophobic coating. The thickness of a single paper layer is around 230
µm and multilayer configurations can be achieved by heat bonding. The
electromagnetic characteristics of the paper were measured in the
frequency range 0.5-2.5 GHz, obtaining a relative dielectric permittivity in
the order of 3.2-3.3 and a loss angle of about 0.07. For the fabrication, the
DMP2800 ink-jet printer with the Dimatix 10 pL cartridge (DMC-11610)
was used. Cabot conductive ink CCI-300 was jetted at a temperature of
36°C, while the paper substrate was maintained at 50°C. The printed
pattern was sintered in a thermal oven for 8 hours at 120°C. After
sintering, the pattern has consistent DC conductivity in the range 9×106
S/m~1.5×107 S/m [4]. It is possible to realize metalized holes in the paper
substrate: the procedure requires making the holes by a micro-drill, filling
them with silver epoxy, and finally sintering the conductor ink (Fig. 1).

FIG. 1−Fabrication procedure to realize metalized holes.

III. PRELIMINARY IMPLEMENTATION OF PAPER-BASED SIW COMPONENTS
As a first step, straight SIW interconnects on paper have been
implemented. The SIW lines have been designed for operation frequency of
5 GHz. This performance is achieved by selecting the geometrical
parameters of the SIW structure: the width of the SIW is w= 24 mm, the
diameter of metal vias is d = 0.8 mm and their longitudinal spacing is
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s = 1.6 mm. The substrate thickness is 0.69 mm, which is obtained by
stacking 3 layers of paper; this thickness has been chosen to reduce the
conductor loss, due to the relative low conductivity of the ink [3].
The design of SIW structures has been performed by using the full-wave
electromagnetic simulator Ansys HFSS. The design of the SIW
interconnects includes the transitions from 50-Ω microstrip line to SIW to
allow the experimental characterization. The structures have been
designed, considering the relative dielectric permittivity ε r = 3, the loss
tangent tan δ = 0.06, and the ink conductivity σ = 1.5·107 S/m. Three
transmission lines with different length (13, 20, and 27 unit cells,
respectively) have been fabricated Fig. 2(a).
The electrical characteristics of the material have been experimentally
verified by comparing the measured scattering parameters of two SIW
interconnects with different length, according to the method described in
[5]. The measured data permitted to determine the propagation constant of
the SIW, and therefore the permittivity of the dielectric substrate, which
results close to the nominal value of ε r =3 over the entire frequency band of
interest. In addition, the attenuation was estimated: the insertion loss of
the SIW is 0.85 dB/cm at 5 GHz, while each microstrip-to-SIW transition
and connector introduces an additional attenuation of approximately
0.2 dB. The comparison between simulations and measurements is
reported in Fig. 2(b), in the case of the shortest interconnect.
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FIG. 2−(a) Photograph of the SIW transmission line. (b) Simulated and
measured scattering parameters of SIW transmission line.

Furthermore, an SIW two-pole filter has been designed, fabricated and
measured, to investigate the feasibility of SIW components on paper
substrate. The filter includes two cavities, connected by an iris coupling
aperture, and the dimensions are optimized for band-pass operation
around 5 GHz (Fig. 3(a)). The simulated and measured frequency response
of the component is reported in Fig. 3(b), with a measured insertion loss of
approximately 5 dB at 5 GHz.
These results demonstrate how the performance of the filter is affected by
the significant losses of the material. For this reason, the most suitable
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filter topology needs to be carefully selected, and possibly configurations
based on the pre-distorted concept need investigated [6].
0

S parameters [dB]

-5

-10

-15

-20
simulated |S11|
simulated |S21|
measured |S11|
measured |S21|

-25

-30

(a)

(b)

3

3.5

4

4.5
5
5.5
frequency [GHz]

6

6.5

7

FIG. 3−(a) Photograph of the SIW filter (w=24 mm, a=14.27 mm, b=15.89 mm,
l=19.17 mm). (b) Simulated and measured scattering parameters of SIW filter.

IV. CONCLUSION
SIW interconnects and components have been implemented by ink-jet
printing on paper substrate for the first time. Straight interconnects and a
filter have been fabricated and tested, demonstrating the applicability of
paper-based technology to SIW structures.
While the achievable performance of paper-based SIW components is still
inferior to components based on commonly used dielectric material, the
implementation of SIW structures on paper substrate represents a
significant step: it is the groundwork for future wireless systems and
wearable devices, as it combines the advantages of low cost, flexible and
eco-friendly material with the integration potential of SIW technology.
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Abstract

In this paper, a measurement setup to derive the complex permittivity of biomasses vs. temperature
is presented. A TM 010 cylindrical cavity resonator with heating system operating at 2.45 GHz has
been designed. Complex permittivity is obtained by measuring transmission coefficient, while
sample temperature is monitored by a thermocouple. Measurements of lignin, starch, cellulose and
sewage sludge at room temperature are reported, as well as complex permittivity of lignin and
cellulose in a temperature range of 25-200°C. Finally, the design of a microwave heater, intended to
treat these materials in a pyrolysis process, is discussed.
Index Terms − Biomasses, complex permittivity measurement, microwave applicator, microwave
processing.

I. INTRODUCTION
Recent studies have shown the positive effect of microwave heating to pretreat
lignocellulosic materials and sewage sludge for the production of bioethanol [1-2]. It has
been hypothesized that microwaves generate a rapid and selective heating, improving the
destruction of structures that hinder the process of the digestion of lignocellulose.
Cheapness and easy availability of commercial generators (magnetron) operating at 2.45
GHz, allow to think about applicators which take advantage of microwave heating to
pretreat these materials. Designing applicators which maximize the interaction between
microwaves and biomasses, requires the knowledge of their complex dielectric constant
as a function of the temperature, data that are not readily available in the literature. For
this reason we assembled an experimental setup, where a sample is placed into a
cylindrical cavity (TM 010 mode) and perturbation expressions are used to derive dielectric
constant [3-5]. The cavity design allow for heating of the sample, to provide data at
different temperatures. Connecting the cavity to a network analyzer HP 8510 through
small loops and coaxial cables, the complex permittivity is obtained by elaborating the
frequency dependent S-parameters around the resonating frequency of the cavity with
and without sample, whereas the temperature of materials is observed with a
thermocouple.
II. MEASUREMENT SETUP
Fig. 1 shows the TM 010 cavity, used in the measurement setup. The cavity has a diameter
of 94 mm and a height of 30 mm. The sample is placed in a quartz pipe (inner diameter
= 4 mm; outer diameter = 5 mm), which is inserted into another quartz pipe (i.d. = 11
mm; o.d. = 12 mm), used to confine the heating flow. The quartz pipes are held in
position along the axis of the cavity by two metal pipes (diameter of 12 mm and length of
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20 mm). These dimensions have been chosen to reduce the leakage of the e.m. field from
the cavity to a value that is so small that it doesn’t affect the measurement.

Fig. 1 The TM 010 cylindrical cavity used in the measurement setup.

According to perturbation formulas [3-6] ε r and tanδ are obtained from the following
expressions:

where the constant a has a value of 1.855 for the mode TM 010 , D is the cavity diameter, d
is the sample diameter, and f 1 , Q u1 , f 0, Q u0 are the resonant frequency and the unloaded
quality factor measured for the cavity with and without sample, respectively.
To speed-up the measurement procedure, S-parameters are recorded by a simple
LabView package, which also performs all the computation and stores the measured
values into a file. Fig. 2 shows a typical set of values of S 21 vs. frequency recorded by the
package.

Fig. 2 Frequency response of the cavity with and without sample.

III. MEASURED RESULTS
Complex permittivity of typical sample of lignin, starch, cellulose and sewage sludge at
room temperature are reported in Table I. These values are in good agreement with those
reported in the literature for cellulose and starch [8-9].
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Table I. Relative permittivity and loss tangent of some biomasses.
Material

εr

tanδ (x 102)

Lignin

1.885

3.04

Microcrystalline Cellulose

1.577

4.97

Starch

2.668

11.15

Sewage Sludge

5.407

16.69

Fig. 3 shows the complex permittivity vs. temperature in the case of lignin and fibrous
cellulose. In both cases, loss tangent initially decreases with increasing temperature, due
to water loss (this effect is more evident in the lignin sample, which had a higher water
content at room temperature). At higher temperature, both relative permittivity and loss
tangent increase with temperature, a fact that may cause thermal runaway during
treatment [7].

(a)

(b)

Fig. 3 Relative permittivity (a) and loss tangent (b) vs. temperature of lignin and cellulose.

IV. MICROWAVE APPLICATOR
On the basis of the measured permittivity of biomasses, a microwave reactor has been
designed, to treat small quantities of material (~50 cc) inserted in a dielectric vessel. The
applicator has to be connected to a commercial microwave generator working at 2.45
GHz with adjustable power output. The vessel is exposed to the e.m. field inside a short
circuited rectangular waveguide (WR 340). An inductive iris and an adjustable tuning
screw are used to minimize the reflection coefficient when different biomasses are
inserted into the vessel. Fig. 4 shows the designed applicator (the lateral wall of the
waveguide is transparent to show the inside of the structure). The vessel is included into
a shielding structure to prevent leakage of e.m. field. To allow for monitoring of pressure
and temperature of the biomass, two dielectric probes can be inserted into the vessel
through small metal pipes, designed as waveguide well below cutoff at the operating
frequency. At present, the structure is under manufacturing. Results of its testing will be
presented at the conference.
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Fig. 4 Microwave Heater.
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Abstract

Mode filters for high-power oversized rectangular waveguides are usually based
on corrugations partially filled with absorbing materials. In this paper the modal
content excited at the input of longitudinal corrugations is calculated through an
approximate model, whose reliability and limitations are assessed by
comparison with a full-wave commercial code.
Wave amplitudes inside the absorbing material and power loss by Joule effect
are computed by enforcing proper boundary conditions. Modes under cut-off are
demonstrated to contribute to the total absorption when the lossy dielectric is
located close enough to the waveguide slots. Useful guidelines for the design of
mode filters are derived.
Index Terms − Corrugation, high-power microwaves, mode filter.

I. INTRODUCTION
High-power microwave transmissions over long distances are realized
through oversized waveguides in a number of applications like fusion
engineering and accelerators. Even with a careful design of the relevant
components, spurious modes are unavoidably excited and propagate,
owing to the intrinsic overmoded nature of these transmission
structures.
Mode filters are intended for absorbing the unwanted modal
content, avoiding dangerous effects like trapped mode resonances. At
high power corrugated waveguides, with corrugations partially filled
with an absorbing material, are generally used. Their study, started and
soon abandoned in the 1960s [1], has been recently resumed within the
conceptual design of a 5 GHz heating and current drive system for the
International Thermonuclear Experimental Reactor (ITER) [2, 3].
In this scenario, a first approximate theoretical model was proposed
in [4], where filter performance has been directly related to the reflection
of modes propagating inside the corrugations. Here the role of under
cut-off modes, excited at waveguide slots, is investigated using a
rectangular waveguide with a longitudinal corrugation as a test case.
Results can be generalized to different configurations.
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FIG. 1 − Reference geometry.

II. MODE EXCITATION
The leading idea behind this study is that modes under cut-off in
vacuum-filled waveguides exhibit an imaginary part in their propagation
constant ( ) when crossing lossy dielectrics. Referring to the geometry
depicted in Fig. 1, these waves undergo an exponential decay in the
vacuum region of the corrugation, but, if they reach the absorbing
material without being excessively attenuated, they can give an effective
contribution to the total absorption.
Modes excited at the input of the corrugation can be estimated
starting from the magnetic field distribution at the wall of the un-slotted
waveguide (perturbation method). The field for
can be expressed as
a summation over all possible TE and TM modes with eigenvectors
and
respectively:

where
and
represent the unknown amplitudes of forward and
backward waves. By filling the half-space enclosing the main waveguide
(
) with a perfect electric conductor (PEC), equivalent surface
currents can be derived as
. At this point, the wave
amplitudes
can be approximately derived by an application of the
Lorentz reciprocity formula as follows [5]:
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FIG. 2 − (a) Modal content excited by the TE 20 mode (1 kW) in a corrugation
with ac = 100 mm and bc = 5 mm. (b) Relative error between the TE 20 -to-TE 10
coupling predicted by this model and HFSS for different slot sizes.

This model has been applied to a standard waveguide WR-430
(cross-section 109.22 mm x 54.61 mm), working at 5 GHz and provided
with a longitudinal slot having ac = 100 mm and bc = 5 mm. In this
situation only 3 modes are above cut-off in the corrugation, namely the
TE 10 , TE 20 and TE 30 . The wave amplitudes of 150 modes with the
lowest cut-off frequency have been calculated assuming that the main
waveguide is fed with 1 kW of the TE 20 mode. Results are reported in
Fig. 2a: it can be observed that a significant part of the power (almost
30%) is coupled to evanescent modes, in particular the TE 40 , that
exponentially decay going away from the aperture.
Similar computations have been performed when the WR-430 is fed
by the TE 01 mode that, together with the TE 20 , is the main responsible
for the excitation of longitudinal corrugations. These two modes are
degenerate in the WR-430 and their H patterns are very similar close to
the slot, so they excite the same modes.
Performed calculations are not self-consistent since wave
amplitudes are derived from the unperturbed magnetic field in the main
waveguide, but they are expected to be meaningful if corrugations are
thin enough. Their reliability has been indeed checked as compared to a
finite element solver (i.e., HFSSTM) and shown in Fig. 2b.
III. MODE ABSORPTION
The electromagnetic field in the absorber of Fig.1 is given by an infinite
set of TE and TM modes, whose wave amplitudes can be calculated by
using the proper boundary conditions as in [4]. Once they have been
derived, the power loss in the lossy dielectric can be computed. It has
been done for the same case of Fig. 2a, using a doped Silicon Carbide
(SiC) as absorbing material.
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FIG. 3 − Power absorption versus corrugation width for different vacuum
depths when the main waveguide is fed by a TE 20 of 1 kW. Silicon Carbide
) has been used as absorber.
(

Results are plotted in Fig. 3, where the evanescent TE 40 mode is
seen to enhance the total absorption of a 15 %, when the vacuum
section of the corrugation is thin enough.
IV. CONCLUSIONS
Evanescent modes coupled into a longitudinal corrugation from a
rectangular waveguide have been demonstrated to play a role in the
performances of mode filters, when the absorbing material is close
enough to the slot. Their amplitudes have been estimated through an
approximate model based on the perturbation method, whose reliability
has been compared with a full-wave solver.
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Abstract

A full wave analysis of the electromagnetic scattering by a finite metallic cylinder is
presented. The Electric Field Integral Equation (EFIE) related to the problem is solved by
means of the Method of Moments (MoM) employing entire domain basis functions. Such
functions have been chosen so as to reconstruct the correct edge behavior of fields and
currents near the sharp edges of the cylinder. As a consequence, fast convergence of the
series is obtained, only few expansion terms being necessary to achieve prescribed
accuracy.
Index Terms Method of Moments, scattering, finite cylinder.

I. INTRODUCTION
The analysis of the electromagnetic scattering by 3D conducting objects is usually
addressed by means of integral equation methods, solved resorting to Finite
Elements (FE). It is well known that the presence of sharp edges leads to
inaccuracies and/or instabilities in the solution, making it necessary the
introduction of suitably modified elements near the edge [1]-[3].
This contribution is aimed at proposing a MoM formulation of the scattering
by a PEC finite cylinder employing entire domain basis functions reconstructing
the correct edge behavior of the electromagnetic field. The factorization of the
singular behavior of the electromagnetic field at edges leads to a fast converging
series, thus leading to a very small dimension of the scattering matrix and
therefore of the computational effort needed.
The formulation of the problem and the expansion adopted are briefly
presented in Section II. Some results showing the fast convergence of the method
are given in Section III, whilst conclusions are drawn in Section IV.

Fig. 1 - Geometry of the problem: a plane wave propagating in the xz plane impinges
with an angle α onto a finite PEC cylinder of radius a and height 2h.
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II. FORMULATION OF THE PROBLEM
Let us consider a finite PEC cylinder, of radius a and height 2h, as depicted in
Fig. 1. The reference system is chosen so that the cylinder axis is along the z axis.
A plane wave propagating in the xz plane impinges onto the cylinder with an
angle α with respect to z axis. Due to cylindrical symmetry, the problem is
formulated in cylindrical harmonics and solved separately for each harmonic. In
particular an EFIE in the spectral domain has been obtained by imposing the
boundary conditions on the cylinder surface for each harmonic of the electric
field. As a matter of fact, the mentioned spectral domain is twofold: the Vector
Hankel Transform (VHT) has been used for the components of fields and currents
orthogonal to the z axis, and the Fourier Transform (FT) has been introduced for
the fields and currents components along the z axis. Unfortunately due to the
lack of space no more details of the formulation can be given here.
As outlined in the Introduction, we propose to solve the EFIE by means of
Galerkin Method emploiyng entire domain basis functions reconstructing the
correct edge behavior of the fields and the surface currents. To this end, the
Meixner conditions [4] prescribing the behavior of the electromagnetic fields near
sharp edges have to be taken into account. Such conditions can be summarized
in the following equation

J tr (t ),

∂J long (t )
∂t

≈t

ψ −π
2π −ψ

(1)

t →0

where J tr (t ) and J long (t ) are the surface current components transverse and
longitudinal with respect to the wedge respectively, t is the distance from the
wedge, and ψ ≤ 3π 2 is the wedge angle. The longitudinal current edge behavior
can be obtained by integrating Eq. (1) and taking into account that it has to be
continuous across the wedge.
All the aforementioned requirements have been fulfilled in the adopted
current expansions. As an example, the 0-th order harmonic currents on the
disks and on the lateral cylinder, have been expanded by means of the following
series

(

J disk (r ) = r 1− r 2 a 2

) ∑a
∞

α

(1,α )
m m

P

(1 − 2r

2

a2

)

m=0

(

J cylinder ( z ) = 1 − z h
2

) ∑b C

2 β

∞

m

( β +1 2 )
m

(z h )

(2)

m=0

where Pm(a,b ) and C m(a ) are the Jacobi and Gegenbauer polynomials respectively, and
α and β are parameters to be chosen so as to factorize the desired edge behavior.
In particular they have to be chosen equal to -1/3 for the components which have
to diverge on the wedge, and equal to 2/3 for the remaining components. In order
to enforce the continuity of the current components orthogonal to the wedge, the
related expansions have to be supplemented by means of the following term
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r a
r≤a

0.5( z h + 1) − h ≤ z ≤ h

χ (r, z ) = 

(3)

which can be obtained by Eq. (2) by using α=β=0. It is worth noting that the
current on the disk exhibits also the correct zero at the origin, as prescribed by
the cylindrical harmonic expansion. The VHT of the disk current, as well as the
FT of the cylinder current, can be analytically evaluated, so that the elements of
the scattering matrix are single integrals to be numerically calculated.
The edge behavior factorized in expansions (2) dramatically speeds up the
convergence of the series, as will be demonstrated by means of numerical results
given in the following Section.
III. NUMERICAL RESULTS
Many simulations have been performed in order to verify the convergence of the
method. Due to the lack of space only few results are shown here, for an
incidence angle α = π/2, and for the 0 order harmonic currents. In Fig. 2a and 2b
the absolute value of the current coefficients are plotted, normalized to the first
coefficient of the radial disk current, for different geometry dimensions in the TM
case.
IV. CONCLUSION
An effective full-wave method for analyzing the scattering by a PEC finite cylinder
has been presented. The method relies on the use of expansion functions
reconstructing the correct behavior of the fields at edges, thus obtaining accurate
results with only few expansion terms. In future work the generalization to the
scattering by finite dielectric cylinders will be presented.
REFERENCES
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Fig. 2 – Absolute value of the normalized coefficients in the TM case for α = π/2 and 0
order harmonic: a) radial disk current; b) longitudinal cylinder current.
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VOLUME AND ROUGHNESS SCATTERING EFFECTS: A UNIFIED
PERTURBATIVE APPROACH

P. Imperatore(1), A. Iodice(2), D. Riccio(2)
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National Research Council (CNR), 80124 Napoli, Italy

(2)

Department of Biomedical, Electronic and Telecommunication
Engineering, University of Naples “Federico II”, 80125 Napoli,
Italy
imperatore.p@irea.cnr.it
Abstract

We propose a comprehensive analysis for the evaluation of the scattering from
randomly inhomogeneous semi-infinite media, including both interfacial
roughness and volume inhomogeneities, by applying the methodological
approach of the Volumetric Perturbative Reciprocal Theory (VPRT). An unifying
perspective on the scattering phenomenon considered in its entirety is gained
and an analytic scattering model is obtained.
Index Terms − Electromagnetic scattering, random media, perturbation
theory.

I.

INTRODUCTION

Whenever the scattering phenomena occur in actual media, whose
volume structure can be inhomogeneous and possibly stratified, the
scattering contributions arising from both interfacial roughness and
volume inhomogeneities should be taken into account, because the
electromagnetic waves significantly penetrate inhomogeneous media as
roughly predicted by the values of the penetration depth. In order to
properly establish a complete formulation for the relevant problem,
including jointly both interfacial and volumetric scattering phenomena
in the analytical investigation, we adopt the methodological approach of
the Volumetric Perturbative Reciprocal Theory (VPRT) that was
introduced in [1]-[2], which offer a certain inherent analytical
convenience and can be effectively applied to the considered problem.
Accordingly, we derive the formalism necessary for the theoretical
description of the scattering processes, providing a mathematically
consistent scheme that has the important result of the uniformity in the
treatment of the two different types of scattering phenomena.
Therefore, in this paper we propose a comprehensive perturbative
analysis for the evaluation of the scattering from randomly
inhomogeneous semi-infinite media. The developed unified perturbative
formulation permits to treat consistently both these mentioned
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inhomogeneities and evaluate on an analytic playground, in the weak
fluctuation approximation, the contributions pertinent to the two
corresponding scattering mechanisms involved in a unitary theoretical
framework.
We first introduce a proper description for the specific spatial 3D
structure considered in this paper. Then, a general expression for the
first-order scattering field is obtained by applying VPRT formulation.
The obtained perturbative solution is given in closed-form for a bi-static
configuration, clearly showing the common underlying analytical
structure for both the scattering processes. Finally, the analytical
solution is expressed in terms of the experimentally relevant quantities
such as the scattering cross sections, whose expressions are directly
related in terms of microscopic entities such as the structural
correlation functions. Numerical simulation results are provided with
reference to a canonical case.

FIG. 1 − Geometry of the scattering problem: Bistatic configuration.

II.

SCATTERING FORMULATION

The considered structure (Fig.1) can be regarded as obtained by a
proper perturbation of the unperturbed structural properties. The
unperturbed structure is constituted of two half-spaces, separated by a
flat interface, each one assumed to be homogeneous and characterized
by arbitrary and deterministic dielectric relative permittivity ε 0 and ε 1 ,
respectively. In order to characterize the inherent morphology, the
description of statistical fluctuations occurring in the actual spatial
structures can be achieved by employing different quantities: The
perturbed medium is now obtained by assuming that topography of the
interfacial irregularities is characterized by a zero-mean twodimensional stochastic process, ζ (x, y) = ζ (r⊥ ) , and the space-variant
morphological features of the lower half-space volume are characterized
by a zero-mean three-dimensional stochastic process, χ 1 (r), such that
the relative permittivity of the lower half-space is described by
ε 1 (r)=ε 1 +χ 1 (r). Accordingly, the perturbed medium can be seen as the
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truncation by the rough interface ζ (r⊥ ) of an infinite volume, whose
permittivity fluctuations are described by a process χ 1 (r). Therefore, the
perturbed permittivity distribution is modeled by

ε (r⊥ , z) = ε 0 + (ε 1 (r) − ε 0 ) (−z + ζ (r⊥ )) ,

(1)

δε (r⊥ , z) ≅ (ε 1 − ε 0 )δ (z)ζ (r⊥ ) + (−z) χ1 (r)

(2)

where (⋅) is the Heaviside’s step function, and the perturbation of the
dielectric permittivity is δε (r⊥ , z) = ε (r⊥ , z) − ε (0) (z) ; ε (0) (z) describes the
unperturbed dielectric profile. We assume that roughness heights ζ and
volumetric fluctuation χ 1 are small enough to perform a series
expansion of the perturbation and truncate it to its first-order:
where δ (⋅) is the Dirac’s delta function.
The expression of the field scattered by the structure can be obtained by
applying general VPRT formulation with reference to the aforementioned
structural description. After some manipulation we obtain the following
expression for the overall bi-static normalized radar cross section (RCS)
for the pertinent structure

σ qp0 = π k 04 ε 1 − ε 0

2

2

2

′ (k s ,k i ) W (k ⊥s − k i⊥ ) + π k 04 γ qp
′′ (k s ,k i ) Ŵ1 (k 1s − k 1i ) (3)
γ qp

where k 0 is the propagation constant of vacuum; W (κ) is the pertinent
PSD (Power Spectral Density) of the rough interface; Ŵ1 has to be
regarded as an effective PSD, being expressed as the convolution of the
PSD W1 (κ) of the medium volumetric fluctuation χ 1 (r) with a Lorentzian
function; k s and k i are the vector wave-numbers in the upper medium
for the scattering and incident directions, respectively; k ⊥s − k i⊥ is the
projection on the x-y plane of the vector k s − k i ; k 1s and k 1i are the vector
wave-numbers in the lower (unperturbed) medium for the scattering
′ and γ qp
′′ are
and incident directions, respectively. Expressions for γ qp
obtained in closed-form, and the convolution of the PSD W1 (κ) and the
Lorentzian function can also be analytically evaluated in closed form for
a Gaussian PSD, so that a fully analytical solution is achieved, at
variance with solutions available in literature [3]. Finally, it should be
noted that the two terms in (3) correspond to the two pertinent
scattering contributions (form rough interface and volume fluctuations),
respectively.
III.

NUMERICAL SIMULATIONS

The following description is considered. We assume the rough interface
ζ (r⊥ ) described by a Gaussian 2D random process with Gaussian
correlations: σ and l are the surface height standard deviation and
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correlation length, respectively. The volumetric fluctuations χ 1 (r) are
described by using a isotropic 3-D random process with exponential
correlation: ρ and a are the standard deviation and correlation length of
the fluctuation, respectively. Relevant RCS (3) evaluation for prescribed
parameters is depicted in Fig.2.

FIG. 2 − RCS for hh and vv polarization, with f=1.6 GHz, k 0 σ=0.15, k 0 l=1.5,

k 0 ρ=0.2, k 0 a=2.0, ε 1 =2.2+j0.05, θ 0 = 50°: interfacial roughness (dotted-dashed
line), volumetric (long-dashed line) and (solid line) overall contributions.
i

IV.

CONCLUSION

This paper provides a canonical model for electromagnetic wave
interactions with semi-infinite structure with random fluctuations. As a
matter of fact, it is intellectually more satisfying to treat consistently
elementary scattering mechanisms (i.e. interfacial and volumetric
scattering) on the same conceptual and formal footing. Therefore, the
twofold final purpose is to furnish an analytical treatment useful to gain
a unifying perspective on the scattering phenomenon considered in its
entirety and to provide an analytic model to be profitably used in
applications.
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DEEP PENETRATION OF INHOMOGENEOUS PLANE WAVES
IN LOSSY MEDIA
N. Tedeschi
Dpt. of Information Engineering, Electronics and Telecommunications,
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Via Eudossiana 18, 00184 Roma, Italy.
nicola.tedeschi@uniroma1.it
Abstract

The incidence of an inhomogeneous plane wave on the interface between two
lossy media is analyzed. The analytical expressions of the incidence angle of
the phase vector, for which the transmitted wave has the phase or the
attenuation vector parallel to the interface, are obtained. The transmitted wave
with the attenuation vector parallel to the interface is physically interpreted,
finding a wave in a lossy medium without attenuation away from the interface.
The same effect appears at the interface between a lossless medium and a
lossy one. In both cases the amplitude of the Poynting vector is analyzed to
show the absence of attenuation away from the interface.
Index Terms − Inhomogeneous plane waves, Interfaces, Lossy media

I. INTRODUCTION
In the present paper the interaction of an inhomogeneous plane wave
with the interface between two lossy media is considered. We calculate
the analytical expressions of the incident angles for which the
transmitted phase and attenuation vectors, respectively, are parallel to
the interface. Afterwards, we try a physical interpretation of the
transmitted waves at these critical angles. We find the transmitted wave
with attenuation vector parallel to the interface is a plane wave, in a
lossy medium, that does not attenuate away from the interface. This
effect is significant, because allows us to deeply explore the lossy
medium without energy losses. Moreover, we find this effect is possible
also at the interface between a lossless medium and a lossy one, by
impinging on the interface with an inhomogeneous wave, e.g., a leaky
wave [1].
II. THE CRITICAL ANGLES
Let us consider an interface between two lossy media, medium 1 and
medium 2, and let us call x the direction orthogonal to the interface.
Assume an electromagnetic plane wave coming from medium 1 with
expression
, where the propagation vector is a complex
vector:
. The incident phase,
, and attenuation,
,
vectors form the angles
and , respectively, with the normal to the
interface. The angle between the two vectors is
. Similarly,
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the transmitted wave vector,
, has phase and attenuation vectors
forming angles
and , and . Let us define the wave numbers , ,
and , associated to vacuum, medium 1 and medium 2, respectively. In
[2], the transmission of an inhomogeneous plane wave at the interface
between two lossy media is considered. The transmitted angles of the
phase and attenuation vectors were found to match
for given
incident angles called
and
, respectively. These angles were
computed by means of a numerical root-searching routine. By
considering the Snell law, and imposing
or
, the
following condition is obtained:
(1)
where the parameter is the ratio between the losses of the two media.
In the particular case of non-magnetic and when only conduction losses
are considered, the parameter reduces to the conductivities ratio:
. By solving eq. (1), we find two angles
that coincide with
or , depending on the value of the real part of the component of the
incident propagation vector tangential to the interface, .
III. DEEPLY PENETRATING WAVE
Now that the expressions of
and
have been computed, let us try to
get a physical interpretation of the transmitted wave for these particular
angles. When the incident wave, at a fixed , has a phase vector with
, the transmitted phase vector is parallel to the interface, and the
attenuation vector forms an angle
with the normal to the interface.
This wave has the constant phase planes orthogonal to the interface,
and its purely real power flow is orthogonal to
, if a TE wave is
considered [3]. One could say that this is, for an interface between two
lossy media, the wave closest to the surface wave. More interesting is
the other case, for a phase incident vector with
. The transmitted
wave, in this case, has the constant amplitude plane orthogonal to the
interface, and the phase vector with an angle
. That means
the wave is not attenuated in the direction orthogonal to the interface,
and its purely real power flow, in the case of TE polarization, is
orthogonal to the interface, too. This result is surprising, because we
achieved a transmitted wave in a lossy medium which is not attenuated
in the direction where the medium extends. In Fig. 1 the amplitude of
the Poynting vector , for a TE polarized incident wave impinging at
, is shown, for an interface between two lossy media, with
,
, and
,
, at frequency
, for
different values of . The power is plotted as a function of
, for
, where
is the vacuum wavelength. We consider a field with unit
amplitude. The field has been computed with

ISBN: 978-88-907599-0-1

Poster Session I

478

Proceedings of the XIX RiNEm

FIG. 1 − Amplitude of the Poynting vector near the interface, for different values of
-5° (solid line), 10° (dashed line), 40° (dotted line).

:

simulations performed on the commercial software Comsol, using the
Finite Element Method in the frequency domain. The amplitude of the
Poynting vector is attenuated in the first medium, i.e., x < 0, with
weakly oscillations due to the reflected wave. In the second medium, the
amplitude is constant, so that the transmitted wave can propagate
indefinitely in the orthogonal direction to the interface.
The same effect can be obtained at the interface between a
lossless medium and a lossy one, by considering an inhomogeneous
incident plane wave, i.e.,
, e.g. a leaky wave [1]. In the literature
it has been widely investigated how to generate this kind of waves at
microwave frequencies, with the so called leaky-wave antennas [4]. In
recent years, leaky-wave antennas at optical frequencies have been
proposed, too [5]. Analyzing the Snell law in this case, we found the
following critical angle:
(2)
The values assumed by
decrease dramatically as a function of . The
associated transmitted angle shows an equally sudden decrease.
Moreover, we could see that, increasing , the amplitude of the Fresnel
transmission coefficient tends to one, and the attenuation amplitude, in
both media, increases. In Fig. 2, the amplitude of the Poynting vector is
shown, as a function of
, for
, near the interface, and compared
with the amplitude of the Poynting vector for a homogeneous plane
wave incident at the same angle. The inhomogeneous incident wave is
taken with the minimum value of , i.e., when
. As medium 1 a
vacuum and as medium 2 the same second medium of Fig. 1, are
considered. These powers are obtained through simulation implemented
on Comsol. We see the amplitude after the interface is constant when
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FIG. 2 − Amplitude of the Poynting vector near the interface, for an incident
homogeneous wave (solid line) and an incident inhomogeneous wave (dashed-line).

the inhomogeneous wave is considered. Therefore the transmitted wave
propagates indefinitely away from the interface.
IV. CONCLUSIONS
In this paper, we showed the possibility to obtain a transmitted wave in
a lossy media with attenuation parallel to the interface. The effect to
have a non-attenuated wave, away from the interface, in a lossy
medium can be very useful, for information transmission, detection of
buried objects, analysis of materials, microscopy, interaction with
biological samples, etc.
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ANALYSIS OF PROPAGATION IN COUPLED POLYGONAL CROSSSECTION DIELECTRIC WAVEGUIDES
F. Corsetti(1), M. Lucido(1), G. Panariello(1)
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Via G. Di Biasio 43, 03043 Cassino, Italy
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(1)

Abstract

Aim of this paper is the accurate and efficient analysis of the propagation in
coupled polygonal cross-section dielectric waveguides. The problem is
formulated as a system of surface integral equations and discretized by means
of Galerkin’s method with analytically Fourier transformable expansion
functions factorizing the behavior of the fields on the wedges. The presented
numerical results show the accuracy and the efficiency of the proposed
technique.
Index Terms − Coupled dielectric waveguides, edge behavior, Galerkin’s
method, surface integral equation.

I.

INTRODUCTION

A considerable variety of coupling dielectric devices and structures is
employed in the construction of modern optical integrated circuits.
Among them there is the dielectric waveguide directional coupler, which
is the building block of signal dividers, multiplexers, modulators and
switches. As a consequence, accurate analyses of these structures are
essential to the design of devices that meet specific requirements and
criteria. Several methods of analysis have been proposed in the
dedicated literature. The approximate ones are mostly based on the
effective-index method (EIM) approximation [1] and the coupled mode
theory [2]. For more accurate results, the finite element method (FEM)
or finite difference method (FDM) in the frequency and in the timedomain are used [3]. However, these approaches generally require a
high computational effort, and become cumbersome for situations more
complicated than that of two identical closely coupled guides.
In this contribution an accurate and efficient analysis of the
propagation in coupled polygonal cross-section dielectric waveguides is
presented. In order to achieve a fast convergence, the problem
formulated as a system of surface integral equations in the spectral
domain, opportunely devised to be valid for objects with edges, is
discretized by means of Galerkin’s method with analytically Fouriertransformable basis functions factorizing the correct edge behavior and
the continuity conditions of the unknowns.
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II. FORMULATION AND SOLUTION OF THE PROBLEM
Let us consider a couple of parallel polygonal cross-section
homogeneous and isotropic lossless dielectric waveguides dipped in a
homogeneous and isotropic lossless medium. A coordinate system with
the axis parallel to the cylinders axes is introduced and a behavior of
the fields with
of the kind
is assumed, where
is the
propagation constant of the generic mode. Let us number the L sides of
the cylinders progressively and introduce a local coordinate system
on the th side with the origin at the centre of the side itself and
oriented in the outward direction.
Fictitious electric and magnetic surface current densities are
introduced

for
, where
indicates the field outside and inside the
dielectric cylinders respectively. Therefore, it is possible to show [4] that
the magnetic vector potential in the two media can be written as

where
is the Fourier transform of the electric current on th side,
is the wave number and
the magnetic permeability of the medium
. An analogous expression can be obtained for the electric vector
potential
by substituting
with
, and
with
(dielectric permittivity).
Thus, the fields in the two media can be written by means of the
well-known differential relations between the fields and the potentials
and a system of integral-differential equations can be obtained by
imposing the continuity of the tangential components of the electric and
magnetic fields on the cylinder surfaces. The behavior and continuity
conditions at the edges of the unknowns [5] allow to reduce the
obtained system of integral-differential equations to a system of integral
equations by using the procedure outlined in [6].
A matrix equation can be obtained by means of Galerkin’s method.
To this end, suitable expansion functions for the longitudinal
components and the derivative of the transverse components of the
surface current densities factorizing the behavior of the fields on the
wedges are the following [4]
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for
, where
is the Jacobi polynomial of order
and
parameters , chosen to factorize the edge behavior of the unknowns,
is a normalization quantity and
is the unitary rectangular
window. The Fourier transform of (3) is analytical and can be expressed
in terms of the confluent hypergeometric function of first kind [4].
By means of reciprocity, it is possible to show that the coefficients’
matrix has many symmetries [7] that reduce the number of the
elements to be numerically evaluated. Moreover, all the coefficients can
be reduced to single integrals, which can be efficiently evaluated by
using the analytical acceleration technique proposed in [8].
III. NUMERICAL RESULTS
In order to appreciate the accuracy and efficiency of the presented
technique, in Table I the propagation constant normalized to
for the
mode of two coupled rectangular waveguides (of width , thickness
and separation between the centers
) at a given normalized
frequency
is reported as a function of the number of
expansion functions used. It can be seen that an accuracy for the
solution of 4 significant figures is achieved by using only 1 expansion
function for each component of the surface current densities on each
side of the cylinders. Moreover, only 3 expansion functions are needed
to guarantee an accuracy for the solution of 8 significant figures.
For the same structure, in Table II the normalized coupling
coefficients defined as

with
, where
is the propagation constant for the
mode
reconstructed with 5 expansion functions are compared with those
obtained in [1] by means of the effective-index method with built-in
perturbation correction (EIMPC). Despite the efficiency of the
approximated method presented in [1], the accuracy which allows to
obtain in the evaluation of the normalized coupling coefficients is
always between 1% and 5%.
IV. CONCLUSION
In this paper an accurate and efficient method for studying the
propagation in coupled polygonal cross-section dielectric waveguides
has been proposed. Future perspective is the extension of the method to
the analysis of propagation of leaky modes in single and coupled
dielectric waveguides.

ISBN: 978-88-907599-0-1

Poster Session I

483

Proceedings of the XIX RiNEm

REFERENCES
[1]
C. H. Kwan and K. S. Chiang, “Study of Polarization-Dependent
Coupling in Optical Waveguide Directional Couplers by the Effective-Index
Method With Built-in Perturbation Correction,” J. Lightwave Technol., vol.
20(6), pp. 1018-1026, Jun. 2002.
[2]
A. Hardy and W. Streifer, “Coupled mode solutions of multiwaveguide
systems,” IEEE J. Quantum Electron., vol. 22, pp. 528–534, Apr. 1986.
[3]
M. J. Robertson, S. Ritchie and P. Dayan, “Semiconductor waveguides:
analysis of optical propagation in single rib structures and directional
couplers,” IEE Proc., Pt. J, vol. 132(6), Dec. 1985.
[4]
M. Lucido, G. Panariello and F. Schettino, “Analysis of the
Electromagnetic Scattering by Perfectly Conducting Convex Polygonal
Cylinders,” IEEE Trans. On Antennas and Propagation, vol. 54, pp. 1223-1231,
Apr. 2006.
[5]
J. Meixner, “The Behavior of Electromagnetic Fields at Edges,” IEEE
Trans. Antennas Propag., vol. 20, pp. 442–446, Jul. 1972.
[6]
M. Lucido, G. Panariello, and F. Schettino, “TE scattering by arbitrarily
connected conducting strips,” IEEE Trans. Antennas Propag., vol. 57, pp.
2212–2216, Jul. 2009.
[7]
M. Lucido, G. Panariello, and F. Schettino, “Scattering by Polygonal
Cross-Section Dielectric Cylinders at Oblique Incidence,” IEEE Trans.
Antennas Propag., vol. 58, pp. 540–551, Feb. 2010.
[8]
M. Lucido, G. Panariello and F. Schettino, “Electromagnetic Scattering
by Multiple Perfectly Conducting Arbitrary Polygonal Cylinders,” IEEE Trans.
on Antennas and Propagation, vol. 56, pp. 425-436, Feb. 2008.
TABLE I – NORMALIZED PROPAGATION
CONSTANT FOR THE
MODE OF
TWO COUPLED RECTANGULAR
WAVEGUIDES FOR DIFFERENT
NUMBER OF EXPANSION FUNCTIONS
USED ( )

1
2
3
4
5
12

1.0017373
1.0016004
1.0016059
1.0016059
1.0016059
1.0016059
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3.0
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5.94
4.76
3.71
2.84
2.16
1.63
1.23
0.92
0.70

5.89
4.72
3.68
2.82
2.15
1.62
1.22
0.92
0.69

Proposed Method

5.832
4.842
3.839
2.968
2.263
1.710
1.287
0.968
0.727

5.809
4.823
3.826
2.960
2.258
1.708
1.287
0.968
0.728
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Abstract

We present the second-order volumetric perturbative reciprocal theory (VPRT),
which has a direct theoretical interest to scattering in random and layered
media including up to second-order effects. Distribution theory for discontinuous
test functions provides the rigorous mathematical backbone of the general VPRT
formulation, so conferring conceptual elegance to the theoretical construct.
Index Terms − Scattering, random media, reaction, distribution theory.

I.

INTRODUCTION

This paper discusses a conceptual and mathematical method of interest
in electromagnetic scattering analysis. Specifically, we present the
second-order volumetric perturbative reciprocal theory (VPRT)[1][2],
which has a direct theoretical interest to scattering in random and
layered media including up to second-order effects. VPRT is
methodologically based on volumetric perturbations of the scattering
medium dielectric properties, so encompassing both interfacial
roughness and volume inhomogeneities; its derivation is systematic, by
using the reciprocity theorem, so providing meaningful reaction-based
general expression for the scattering field; its results are rigorously and
easily derived under the purview of distribution theory for
discontinuous test functions. The last important point is worth to be
emphasized. The use of the traditional distribution theory (DT) in
electromagnetic problems treatment is widespread, and the traditional
DT is usually regarded as generally and reasonably applicable.
Nonetheless, little attention was paid to the recognition of pathological
cases in which the classical DT does not apply. Some analytical
expressions encountered in the aforementioned context can come out
meaningless in the context of DT: the inherent inconsistency that can
arise, although might result subtle, however is sometimes overlooked,
so lacking the mathematical rigor [3]. These considerations might
appear as purely mathematical in nature; however, the inherent
implications are crucial in applications perspective. In this paper,

ISBN: 978-88-907599-0-1

Poster Session I

485

Proceedings of the XIX RiNEm

especially new is the application of the powerful distribution theory for
discontinuous test functions, for the correct and rigorous treatment of
singular perturbation, so overcoming the inadequateness of the
classical distribution theory (DT) for analyzing perturbation theory for
electromagnetic scattering problems. The emphasis in the paper is not
on the specific results but on methods of analysis. We show also how
the adoption of the VPRT solution results in a greatly simplified
derivation of the classical second-order SPM solution.
II.

SECOND-ORDER VPRT SCATTERING FORMULATION

Let us consider a source current density J(r) radiating an
electromagnetic field E(r), H(r), in an inhomogeneous medium
characterized by a relative dielectric permittivity distribution ε = ε (r) .
The vector wave Helmholtz equation governing the electric field E in a
volume V is
(1)
∇ × ∇ × E(r) − k02ε (r) E(r) = jk0η 0 J(r)
where k 0 and h 0 are the wave-number and the impedance of the
vacuum, respectively. We consider, in the regime of small δε(r), the
following field representation
E(r) = E (0) (r) + E (1) (r) + E (2) (r) +  and
medium permittivity description ε (r) = ε (0) (r) + δε (1) (r) + δε (2) (r) +  where
the parenthesized superscript indicates the perturbation order, and
E(0)(r) is the (unperturbed) field radiated by the actual source in the
unperturbed medium. To supplement the original problem, we also
introduce an associated auxiliary problem, whose symbols are hereafter
indicated with an over-bar. The auxiliary (fictitious) test source is
located at the observation point, J(r) = tˆJδ (r − r0 ) , tˆ is an arbitrarily
oriented unit vector, and J = 1 A.m is a unitary constant introduced for
dimensional consistency reasons. Decomposing the problem in terms of
suitable hierarchy of equations for both actual and auxiliary problems
and by systematically making use of reciprocity theorem, we obtain the
final expression for the second-order scattered field E (2) (r0 ) ⋅ tˆJ = R NL + R L

[5], with
RNL = − jk0η0−1 ∫∫∫ E(1) (r) ⋅ δε (1) (r)E (0) (r)dr = ∫∫∫ E(1) (r) ⋅ J (1) (r) dr = < E(1) , J (1) > (2)
V

V

RL = − jk0η0−1 ∫∫∫ E (0) (r) ⋅ δε ( 2) (r)E(0) (r) dr = ∫∫∫ E (0) (r) ⋅ J b(2) (r) dr = < E , J b(2) > (3)
(0)

V

V

The second-order scattering field expression consists of two terms
which clearly outline, from a physical point of view, the effects of the
medium perturbation on the scattered field. It should be noted that RNL
is linked to the reaction < E(1) , J (1) > between the first-order scattering
field E (1) in the medium, due to the actual source, and the current J (1)
induced into the perturbation volume δε (1) by the unperturbed field E (0)
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(0)

due to the auxiliary source. R L is linked to the reaction < E , J b(2) >
between the unperturbed field E (0) , produced in the unperturbed
medium by the auxiliary source, and the second-order current J b(2)
induced into the perturbation volume δε by the unperturbed field E(0)
due to the actual source. The salient point that need to be emphasized
is that the integrals in (2) and (3) can include the product of delta
function (or its derivative) and a function presenting a jump
discontinuity at the origin. It is important to note that when this kind of
formal evaluation is carried out via a naïve application of the classical
distribution theory, as it sometimes has been erroneously done in the
past to deal with scattering problems (see for instance [3], where an
expression different from the correct SPM one is obtained for scattering
from gently rough surfaces), incorrect results are obtained.
(2)

III.

DISTRIBUTION THEORY FOR DISCONTINUOUS TEST FUNCTIONS

In classical sense infinitely smooth test functions are usually adopted;
however, recent mathematical works show that it is also possible to
formally consider a distribution theory with the set of discontinuous
test functions. This extension has been discussed by Kurasov [4] and is
here briefly recalled. The set of the test functions K is defined as the set
of all functions with compact support having uniformly bounded
derivatives of all orders outside the origin. In this framework, a
distribution f is a linear form on K. In [4] two fundamental distributions
are introduced. The β distribution (the derivative of the unit
distribution) is defined as β (ϕ ) = ϕ (0 + ) − ϕ (0 − ) . The delta distribution is
defined as δ (ϕ ) = (ϕ (0+ ) + ϕ (0− )) / 2 . The generalized derivative D z f of a
distribution f

is defined by the equation (Dz f )(ϕ ) = − f  d ϕ  where ϕ ∈K
 dz 

stands for the discontinuous test function. According to this theory, two
different derivatives can be defined for a given ψ ∈K loc , where K loc is the
set of all bounded functions which are infinitely differentiable outside
the origin with possibly a jump discontinuity at the origin: 1) Ordinary
derivative dψ dz , i.e. the derivative calculated as an ordinary function at
every point outside the origin. 2) Generalized derivative Dzψ . Ordinary
and generalized derivatives of a ψ ∈K loc are related as:
Dzψ =

Dz2ψ =

d
ψ + β (ψ )δ + δ (ψ ) β ,
dz

d2
ψ + δ (ψ )Dz β − Dz δ (ψ ) β + β (ψ )Dz δ − Dz β (ψ )δ .
dz 2

(4)
(5)

It is important to note that, in this framework, the derivative of a
distribution does not coincide with the derivative defined in the sense of
traditional distribution theory.
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IV.

SINGULAR PERTURBATION: THE CASE OF SURFACE SCATTERING

In order to give a simple demonstration of the power of the proposed
scheme, we then apply it to a canonical scattering problem (gently
rough surface ζ = ζ (r⊥ ) ). This represents an instructive canonical case,
since it involves the treatment of singular interaction, which is properly
done by invoking mathematical results discussed in Section III. In fact,
2
in this case we get δε (1) (r⊥ , z) = −ζ (r⊥ )Dzε (0) and δε (2) (r⊥ , z) = ζ (r⊥ ) Dz2ε (0) , with the
2

unperturbed permittivity distribution ε (0) (z) exhibiting an abrupt
discontinuity. Indeed, the classical derivation of the second-order SPM
solution is commonly obtained with extremely intricate and bulky
manipulations. On the contrary, by applying VPRT, it is possible to
demonstrate that the same solution can be attained in concise and
physically transparent way [5]. To save space, the derivation is not
reported here.
V.
CONCLUSION
VPRT is methodologically based on volumetric perturbations of the
scattering medium structural dielectric properties so encompassing
both interfacial roughness and volume inhomogeneities; its derivation is
systematic by making use of the reciprocity theorem. Finally, DT for
discontinuous test functions provides the rigorous mathematical
backbone of the general VPRT formulation, so conferring conceptual
elegance to the theoretical construct. It is worth to mention that the
adopted pertubative methodology can be applied in other branches of
physics and engineering as well.
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Abstract

We propose a synthesis method to design quarter-wave multi-section devices
which exhibit reflection properties approximating a given reflection spectrum.
Index Terms−N-band devices, synthesis methods.

I. INTRODUCTION
Several devices, operating both at microwave and optical frequencies,
can be modeled as a cascade of transmission line sections where TEM
waves propagate. As examples, optical dielectric multilayers or microwave impedance transformers can be considered. Generally, these devices are used to obtain frequency selective reflection (or transmission)
properties, e.g. forbidden transmission bands or matching bands. Several synthesis methods allow the characteristics of the device sections
to be determined to obtain a given reflection spectrum [1],[2]. Generally,
the strategy of each synthesis procedure depends on the particular reflection spectrum which the device is requested to exhibit.
In this paper we present a method to design quarter-wave multi-section
lossless devices which, in principle, works whatever the requested reflection spectrum may be. Our method is based on the classical Riblet
method, which was introduced in the1950s as a design procedure for
microwave impedance transformer, and allows a device exhibiting a behavior which approximates a given reflection spectrum to be designed.
II. SYNTHESIS METHOD
Consider a transmission line with characteristic impedance Z C feeding a
load with impedance Z L (both Z C and Z L are assumed to be positive real
valued). A quarter-wave multi-section lossless device consists of a cascade of N uniform, loss free, transmission line sections with characteristic impedance Z i and lengths l i = λ 0i /4, i = 1, 2, ..., N , λ 0i being the
wavelength in the ith section at a given frequency f 0 , which inserted between the feeding line and the load makes the input reflection coefficient exhibit a given frequency profile. Let us consider the power loss ratio P LR , namely:
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(1)
where θ is the electrical length, i.e. θ=l i β i =πf/2f 0 , f being the frequency
and β i the propagation constant in the ith section, P G (θ) and P L (θ) are
the power available from the generator and the power delivered to the
load, respectively, and Γ(θ) is the reflection coefficient. It can be shown
that P LR can be expressed in the following form [1],[3]:
(2)
where Q N is an even or odd polynomial of order N in the variable cosθ.
Given the polynomial Q N , the Riblet procedure allows to compute the
characteristic impedances Z i of the sections giving the desired profile of
P LR [3]. The Riblet procedure is used in the classical theory of the impedance transformers, where Q N is expressed either as an N-order
Chebyshev polynomial in cosθ or is proportional to (cosθ)N to obtain an
equi-ripple or flat profile of |Γ(θ)| in a single matching band, respectively [1].
Now, consider the problem of designing a quarter-wave dielectric multilayer, consisting of N=2M sections, with a reflection spectrum with amplitude |Γ(θ)|=G(θ). Obviously, the function G(θ) must be periodic with
period π and its restriction to [0, π] must be symmetric with respect to
θ=π/2. Moreover, G(0)=Γ 0 =|(Z L -Z C )/(Z L +Z C )| and 0≤G(θ)≤1. In terms of
the function G(θ), the power loss ratio can be written
(3)
Let us consider the function A M (θ), which is the trigonometric Fourier
series of A(θ) truncated at the term M=N/2, and define the function
(4)
which fulfills the physical constraint
. Because of
the symmetry of A(θ) with respect to θ = π/2,
consists in a sum of
weighted cosine functions cos(2kθ), k=1, 2, ..., M. As a consequence,
can be expressed as a polynomial of order N=2M in cosθ by using
the trigonometric multiple-angle formulas. Finally, the Riblet procedure
can be applied with
.
III. EXAMPLES
Let us consider the problem of designing a multi-section device which,
inserted between a feeding line with characteristic impedance Z C= 50Ω
and a load Z L =250Ω, gives two separated matching bands
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,

we consider

and

. As an example,
. We choose

, and

(5)
If our synthesis procedure is applied with N=8, it gives the impedance
values reported in Table I(a). The reflection coefficient at the input section of the so designed 8-section device can be exactly computed by using the characteristic matrix method [4]. In Fig.1 the reflection coefficient amplitude is plotted as a function of θ together with the function
G(θ). For sake of brevity, results for different values of N are not reported.
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FIG. 1− Dual band 8-section matching device: reflection coefficient amplitude
obtained by the proposed synthesis (solid line). The desired amplitude spectrum G(θ) is also plotted (dashed line).

Now we consider the design of a device which, inserted between two
lines with the same characteristic impedance Z C= 50Ω, gives two separated forbidden bands
and
. We consider
,
, and
and choose
(6)
The computed impedance values for N=10 are reported in Table I(b). In
Fig.2 the transmittance T of the designed device is plotted as a function
of θ.
IV.CONCLUSION
We have introduced a synthesis method of quarter-wave multi-section
devices which applies to the design of devices exhibiting a given reflection spectrum. Some examples have been illustrated confirming that
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our method allows to obtain devices exhibiting a reflection spectrum
which can be considered a valid approximation to the requested one.
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FIG. 2− Dual band 10-section bandgap device: transmittance obtained by the
proposed synthesis (solid line). The desired transmittance is also plotted
(dashed line).
TABLE I – IMPEDANCE VALUES
Z1
Z2
Z3
Z4
Z5
Z6
Z7
Z8
Z9
Z 10

(a) Matching device
Impedance values [Ω]
58.27
76.29
86.86
72.48
172.46
143.92
163.84
214.54

(b) Bandgap device
Impedance values [Ω]
21.13
34.96
157.27
299.45
224.18
11.15
8.35
15.90
71.51
118.30
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Abstract

Electromagnetic models for surface scattering represent a handy analytical tool
for any application founded on numerical methods which exploit the prediction
of the scattered field. In addition, it is widely recognized that statistical scaleinvariance properties exhibited by natural surfaces within a wide observation
scale range are very efficiently described by means of fractal geometry and, of
course, the better is the surface model employed to compute the electromagnetic
scattering, the more accurate are the forecasts on the scattered field, provided
that closed form solutions for the statistics of the field are attainable.
Accordingly, here the focus is on the Kirchhoff scattering integral pertinent to a
rough surface modeled as a fractional Brownian motion stochastic process. Such
analysis led us to reconsider the meaning of the Kirchhoff solution for the
scattering from both classical and fractal surfaces, so allowing us to provide a
novel physical interpretation of the Kirchhoff scattering integral in terms of the
probability density function of an equivalent rough surface.
Index Terms − Electromagnetic scattering, fractals, Kirchhoff Approach.

I. INTRODUCTION
Fractal geometry exhibits statistical scale-invariance properties which
are distinctive of natural objects and so it is widely recognized that
natural surfaces are very properly modeled by using the 2D fractional
Brownian motion (fBm) stochastic process [1], [2]. Accordingly, for those
applications that involve the electromagnetic scattering from natural
surfaces (e.g., remote sensing data processing or wireless networks
planning), it is certainly of interest to devise electromagnetic methods to
evaluate the field scattered by a surface whose roughness is described
via an fBm process.
Concerning this, in last decades several works have been addressed to
formalize and solve the electromagnetic scattering from dielectric fBm
surfaces [3]-[6] and, as expected, these analysis lead to a synthetic
description of the scattered field which is in better agreement with
measurements than those obtained by using classical, non-fractal,
surface models [4], [5].
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Within this framework, the Kirchhoff Approach (KA) is one of the most
common used tools to analytically compute the scattering integral
relevant to a rough surface; as stated in [3]-[6], in the case of fBm
surfaces, its evaluation allows to express the scattered power density
through two series, which are somehow complementary (in terms of
convergence) and whose truncation criteria are detailed in [7].
Here the focus is on the Kirchhoff integral itself and on its physical
reading instead of its closed form solution. In particular, we highlight
that the KA integral for an fBm surface is proportional to a Symmetric
alpha-Stable (SαS) distribution and, moreover, in order to provide a
physical interpretation of this intriguing result we revisit the meaning of
the KA solution for both classical and fractal surfaces.
II. KIRCHHOFF SCATTERING FROM ROUGH SURFACES
Let us consider a source illuminating a rough surface that separates air
(or vacuum) from a homogeneous medium with complex relative
permittivity εr .
Concerning the scattering surface z(x,y), let us assume that the tangent
plane approximation holds irrespective of the geometry employed to
model it (criteria for the application of the KA for classical or fractal
surfaces can be found in [8], [9] or [5], [6], respectively). Accordingly, the
Kirchhoff approximation states that the mean square value of the
generic component of the diffuse field is proportional to
p (− u x u z ,− u y u z ), with p(a,b) defined as:

p(a,b ) =

exp{jat
(2π ) ∫∫
1

2

x

 1
 t
+ jbt y }exp− u z2Q
 uz
 2


dt x dt y ,


wherein Q(τ) is the surface structure function,

(1)

t = t x2 + t y2

and

u = (u x ,u y ,u z ) = k i − k s , being k i and k S the incident and scattering
propagation vectors, respectively, and their modulus k the wavenumber.
Assuming a classical description for the scattering surface (a stationary,
isotropic zero-mean, σ2-variance Gaussian stochastic process, with a
Gaussian autocorrelation function), by letting kσ >>1 we can easily get
the Geometrical Optics solution for the scattering, i.e. p(a,b) becomes the
probability density function (pdf) of the surface slopes and so the
scattered power density results to be proportional to the probability that
the local specular direction coincides with the scattering direction.
Conversely, assuming that the rough surface is modeled by an fBm
process, with Hurst coefficient H and incremental standard deviation s
[1, 2], we can state that the scattering integral expressed in (1)
represents the distribution of an isotropic bivariate SαS random
variable [10] with α=2H and dispersion coefficient proportional to the
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variance of the fBm surface slope as observed at the wavelength scale.
However, any attempt to interpret this result as the fBm counterpart of
the GO solution for regular surfaces does not hold, as no GO limit has
been used to obtain the fBm KA scattering pattern and, above all,
because fBm surface slopes are not SαS random variables, but they are
Gaussian.
Therefore, to give an interpretation of this result, the meaning of the
Kirchhoff solution has to be revisited even for regular surfaces.
Accordingly, for a classical model of surface, we can state that a
physical interpretation similar the one of the GO case can be given
without letting kσ >>1. In particular, by expanding the structure
function in MacLaurin series, we can read the integral in (1) as the
convolution between the surface slopes’ pdf and the local surface
scattering diagram.
This alternative formalization suggests us to give a novel interpretation
of the Kirchhoff solution: the overall rough surface can be seen as
composed of many rough surface elements large with respect to the
wavelength, with random Gaussian slopes and a proper scattering
pattern, so that the mean square value of the field scattered by the
overall surface is obtained by averaging the local scattering diagram
over the surface elements' slopes. In addition, even for kσ not large,
p(a,b) turns out to be positive and with unitary integral, so that it can be
seen as the pdf of the slopes of an equivalent rough surface whose GO
scattered power density is equal to the scattered power density of the
actual rough surface.
Let us now move to consider scattering from an fBm surface. In this
case a similar interpretation can be given to the Kirchhoff in scattering
integral, but now we have to note that in this case GO cannot be
achieved by decreasing the wavelength, because, due to the scaleinvariance properties of the fBm (i.e., self-affinity), as the observation
scale is reduced, finer and finer surface details appear, and the surface
never appears smooth at any observation scale. Accordingly, the only
way to obtain a smooth fBm surface is to let the surface fractal
dimension tend to 2 (D→2), i.e. expanding the Kirchhoff integration
kernel around D=2 (i.e., H=1), so that it can be read in terms of an
intrinsic two-scale behaviour of the scattering surface: the mean square
value of the overall scattered field is obtained by averaging the
scattering diagrams of rough surface elements over their (Gaussian,
according to the fBm model) slopes, as observed at a scale of the order
of the wavelength. Moreover, in agreement with the previous discussion,
the overall Kirchhoff scattering pattern of an fBm surface can also be
interpreted as the SαS probability density function of the slopes of an
equivalent rough surface whose GO scattered power density is equal to
the scattered power density of the actual fBm surface.
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III. CONCLUSION
In this paper we deal with the Kirchhoff solution for the scattering
relevant to both classical and fractal surfaces from a new viewpoint.
After some analytical manipulations of the Kirchhoff scattering integral
we conclude that, irrespective of the model employed to describe the
rough scattering surface, let it be classical or fractal, the scattered
power density can be seen as proportional to the probability density
function of the slopes of an equivalent rough surface whose GO
scattered power density is equal to the scattered power density of the
actual surface.
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RANDOM COUPLING MODEL FOR WAVE CHAOTIC CAVITIES
G. Gradoni(1), T. M. Antonsen(1), E. Ott(1)
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Abstract

The quest of a physical model for complex electromagnetic cavities is a vivid
topic in modern engineering. In this contribution, we present a derivation of the
random coupling model that describes the coupling of an external radiation into
and out of electrically large enclosures through apertures (ports). A connection
between deterministic and statistical theories is demonstrated in terms of cavity
admittance (impedance) matrix. Our model makes use of the wave chaos theory
to extend, and preserve, the classical modal description of the cavity field in
presence of irregular boundaries.
Index Terms −Admittance matrix, aperture, random matrix theory, quantum
and wave chaos, statistical electromagnetics.

I. INTRODUCTION
The study of aperture radiation inside electromagnetic enclosures has
been pursued since a long time ago. More recently, several efforts have
been made to model the field distribution inside complex enclosures.
Several investigators came up with successful statistical models, most
of them based on reasonable statistical assumptions driven by
phenomenology of mode-stirred reverberation chambers. So far, it
seems to be still necessary to relate the deterministic ``system
dependent’’ details of sources (sinks), such as apertures or antennas, to
the fluctuation law describing the disordered behavior of fields inside
irregular cavities.
In this contribution, we explain how this behavior can be tamed by
wave chaos theory. In particular, we derive a model where the
deterministic radiation admittance (impedance) of apertures (ports)
naturally appears in the fluctuating cavity admittance, along with a
random mode expansion describing the chaotic regime inside the cavity.
This regime occurs in presence of irregular boundaries. We solve the
boundary-value problem for an irregular, wave-chaotic, cavity by
involving physical concepts developed in the frame of the random
matrix theory for complex quantum mechanical systems.
A general formulation of the random coupling model (RCM) is presented
and discussed, showing a connection between deterministic and
statistical theories preserving the classical modal description. This is
shown to be valid for three-dimensional cavities with apertures of
arbitrary geometry, thus extending previous findings for isolated and
interconnected microwave billiards [1], [2].
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II. PHYSICAL CONSIDERATIONS
We investigated the rather canonical framework of an electrically large
cavity exchanging energy with the external environment through
apertures. We further assumed a cavity with boundary of arbitrary
irregular shape.
It is known, from quantum chaos explorations of particles in a confined
system with irregular convex boundaries, that motion trajectories
exhibit exponential divergence in phase space, i.e., two particles
originating from the same position with slightly different linear
momentum follow very different paths after a few bounces on the
boundary. This dynamic effect has an impact to the spectrum of
complex systems subject to chaotic regime, which can be modeled by an
unpredictable (random) Hamiltonian. In 1950, Eugene Wigner proved
that the spectrum structure of several different compound nuclei could
be reproduced by the eigenvalues of large random matrices with
properly fluctuating elements. This line of inquiry is nowadays well
established as the random matrix theory (RMT). About twenty years
later, Sir Michael Berry conjectured that in semiclassical chaotic
systems the particle wavefunction loses its ``unperturbed’’ distribution,
and it can be described by a superposition of plane-wave like solutions
of the Schrödinger equation with random amplitude, polarization, and
directions.
Our attack in deriving the random coupling model exploits both the
Wigner surmise and the Berry hypothesis. This is valid if the
dimensions of the cavity are much greater than the excitation
wavelength, whence the semiclassical regime holds, and the
propagation can be thought as made of rays whose trajectories are
chaotic. The field dynamics is extremely sensitive to the cavity
boundary, and the inner mixing regime rapidly destroys mode
topologies. We can thus expand the mode amplitude in random plane
waves, while preserving its resonant behavior, provided RMT is used to
generate mode wavenumbers. Here, we use eigenvalues of a random
matrix with Gaussian distributed elements (Gaussian Orthogonal
Ensemble). We call the associated eigenvectors ``chaotic modes’’, to
remark they are undistinguishable each other. The presented approach
is not phenomenological as the ensemble we invoke when using RMT
expresses the symmetry properties of the chaotic class a cavity belongs
to.
III. RANDOM ADMITTANCE MATRIX
In order to involve sources and sinks in the model of a chaotic cavity,
we first identify a suitable set of voltages and currents that are linearly
related, and that can be used to describe the interaction of the fields
within the cavity with radiations to and from the outside world. In case
of localized ports, this identification is straightforward and also
accessible in practice, while for apertures the transverse fields can be
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expressed as a superposition of a basis of modes es (x⊥ ) , viz.,

Et = ∑ Vs es (x⊥ );

H t = − ∑ I s n̂ × es (x⊥ ) ,

s

(1)

s

where n̂ is the outward normal to the aperture, hereafter n̂ ≡ ẑ for a
planar aperture in the plane xy . Then, RCM provides a model for the
linear relation between magnetic amplitudes I s and electric amplitudes

Vs that mimics the behavior of fields in the cavity I s = ∑ Ysscav' (k0 )Vs ' ,
s'

where Y (k0 ) is an element of the cavity admittance in k -space. The
derivation of the admittance is based on the following approach. First
one represents the cavity field in a complete basis of modes, and
calculates the excitation of these modes due to coupling to the fields (1).
Then one derives the formal expression for the cavity admittance that
involves the modes and their resonant frequencies. In particular, the
mode amplitudes are calculated by solving Maxwell’s equations with
boundary conditions of Eq. (1) on the aperture, and Et = H t = 0
elsewhere on the cavity boundary. Finally, by projecting fields onto the
basis functions for electromagnetic (em) and magnetostatic modes (ms),
yields
ε  ik0 wsnemwsem' n i wsnms wsms' n 
cav
Yss ' (k0 ) =
+
,
(2)
∑
k0 V ms 
µ n  k02 − kn2 V em
cav
ss '

which is exact, and where wsn(⋅) =

∫ d
aperture

2

x⊥ es (x⊥ )⋅ zˆ × hn(⋅) is the projection of

the n -th cavity mode onto the s -th aperture field mode, and V(⋅) is a
normalization factor for the cavity eigenfunctions.
At this point, according to the physical considerations discussed in the
previous Section, we let the random coupling hypothesis intervene in
Eq. (2). Specifically, we replace the exact eigenmodes with ``chaotic
modes’’ near the plane z = 0
2 N
ˆ cos θ j + k j ⋅ x⊥ ,
(3)
hn ⊥ = lim N →∞
∑ b j ⊥ cos kj ⋅ nz

N

j =1

(

) (

)

where b j ⊥ , θ j , and k j are random variables. Using Eq. (3), and according to
central limit theorem, for N → ∞ we find that wsnem becomes a zero mean
Gaussian variable. Furthermore, by diagonalizing the correlation matrix
wsn(⋅)ws(⋅)' n , and repeating the same procedure for the magnetostatic part,
yields the RCM formulation for the cavity admittance

Ycav  i Yrad   Yrad      Yrad  ,
1/2
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where the statistical part is expressed by the fluctuation matrix


i
ww
   2 n 2n
 n ( 0   n  i) ,


2
2
2
with α = k0 / (∆k2Q ) loss parameter, and ()  k() / k , and

ε d 3 k 2ik0
k
=
e (k )⋅ ∆ ⋅ es ′ (k⊥ )
Ysrad
s′ ( 0 )
µ ∫ (2π )3 k02 − k2 s ⊥

 k2  k2 ( k02  k2 )k2  (k  n) (k  n)
k k

   2   


 k2
k
k2 k02
k2


(5)

(6)
(7)

The decomposition theorem in Eq. (4) shows the connection between
(deterministic) radiation admittance and (fluctuating) cavity admittance
of the aperture. The modal description of the cavity is preserved
through Eq. (5), also emphasizing the role of distributed losses, and of
the chaotic behavior of the system through the mean spacing of modes.
The model predicts fluctuation laws in the range from superconducting
( α = 0 ) to semi-open cavies (
α ? 1 ). In the asymptotic case where α → ∞ ,
cav
rad
the magnitude of fluctuation tends to zero, and we get Y  Y , while

it is always true Ycav = Yrad , where Eq. (6) and Eq. (7) can be used.
IV. CONCLUSION
The random coupling model is derived for three-dimensional wave
chaotic cavities with arbitrary apertures. The fluctuating cavity
admittance matrix gets decomposed as the product of the radiation
conductance and a universal matrix given by the summation of chaotic
modes. The universal fluctuation depends on the chaotic class the
electromagnetic cavity belongs to, through the average spacing between
modes. Integral expressions are also found for the deterministic
conductance and susceptance matrix of the aperture.
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Abstract

The paper introduces two effective methods, based on the Linear Sampling
Method, to tackle the problem of focusing an electromagnetic field onto a target
point in unknown environments. Besides its theoretical relevance, the problem is
of interest in applications spanning from biomedical engineering to security
monitoring.
Index Terms − Electromagnetic focusing, Synthesis problems, Linear
Sampling Method, Antenna synthesis.

I. INTRODUCTION
The Linear Sampling Method (LSM) [1] is an effective approach to
retrieve the morphology (qualitative imaging) of an unknown object by
means of simple processing of the field it scatters, without requiring any
a priori information about the electromagnetic properties of the
scatterer or any approximation. Nowadays, thanks to its robustness
and low computational burden, it is well known in the inverse
scattering community also as a valuable initial processing step for
quantitative characterizations of unknown scatterers.
In this contribution we propose two different strategies based on the
LSM processing to tackle another electromagnetic inverse problem, i.e.
the synthesis of an array of antennas able to focus the radiated field
onto a target point located in unknown environments. Obviously,
although it requires that the antennas are able to sense the surrounding
environment, no quantitative imaging procedure of the unknown
scenario is involved. Both the proposed methods are based on the
physical interpretation of the LSM given in [2], which shows the analogy
between the linear inverse problem tackled by the LSM and the problem
of focusing an electromagnetic wave into a penetrable scatterer.
Moreover, it also takes advantage from a further insight, recently
provided in [3], on the characteristics of the total internal field induced
by LSM driven primary sources. Such an information allows then, by
means of a suitable approximation on the induced fields, to apply the
well known theory of pencil beams [3] to the problem at hand. Notably,
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such a second approach allows indeed to look for a constrained
focusing, i.e., it allows to enforce upper bounds on the level of sidelobes.
Of course, both approaches do not guarantee the solution optimality,
but, as shown by some numerical results, they can focus the field much
better than just applying the above cited theory of pencil beams to the
incident fields, (which just can work within the applicability of the Born
approximation).
Solving the focusing problem tackled in this communication has a great
impact on all those applications in which it is necessary to concentrate
the energy of a field into a given region, while taking into account
multiple interactions arising from the surrounding environment. This is
for instance the case of security monitoring (e.g., motion tracking) and
non-invasive medical treatments (e.g. hyperthermia).
II. FOCUSING APPROACHES
Let us consider the canonical 2-D scalar electromagnetic problem,
wherein an unknown possibly not connected scatterer, whose cross
section Σ is invariant along the z-axis, lies in the domain under test Ω
and it is probed by means of transmitting and receiving antennas
polarized along the target’s axis of invariance. The LSM tackles the
inverse scattering problem by solving an auxiliary inverse linear
problem relying on the far field integral equation (FFIE):
F [ξ ] =

∫Γ Es (θ , R )ξ (r s ,θ )dθ

= G (R, r s )

(1)

where ξ is the unknown function, F[•] : L2(Г) → L2(Г) is the far-field
operator [4], Г is the curve where the antennas are positioned, E s is the
scattered field due to the incident field E i , and G is the Green’s function
pertaining to the background scenario. By the sake of simplicity, a
homogeneous reference scenario is considered from now on, but the
approach can be extended in a straightforward fashion to any reference
scenario.
After sampling the region under test Ω with an arbitrary grid of points r s
and solving (1) for each of them , an estimate of the target’s shape is
achieved by plotting the energy of the (regularized) solution ||ξ||. In fact,
it assumes large values when r s ϵ Σ, and low values (with respect to its
overall dynamic range) elsewhere [2].
Both focusing approaches we are proposing rely on the linear
relationship between the incident and scattered fields, according to
which the scattered field F[ξ], defined by the first equality in eq.(1), can
be thought as generated from a probing incident field given by :

ψ i (r s , r ) = ∫ Ei (r,θ )ξ (r s ,θ )dθ
Γ

(2)

More precisely, as long as (1) can be solved in a sampling point r s, ξ
defines an incident field ψ i , whose corresponding scattered one F[ξ] is
the field radiated by an elementary source located in r s (i.e. the Green's
function G).
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Strategy I
The first way to exploit the LSM in the focusing problem we are
considering is based on its physical interpretation [2], according to
which the linear inverse problem defined through the FFIE (1) is
equivalent to focusing in the sampling point at hand the volumetric
current induced by the interaction between a suitable probing wave and
the target. Let us denote by J p (θ) the (known) sensing excitation of a
primary elementary source located on Г in the direction θ and E inc (r,θ)
the incident wave it radiates in Ω when no target is present. According
to (2) and to the linear relationship between the array excitations and
the incident fields, it is clear that the solution of the FFIE provides the
direct knowledge of the array excitations required to enforce the
scattered field F[ξ] on Г, that are given by :
J 'foc (r s ,θ ) = ξ (r s ,θ )J p (θ )

(3)

In fact, the primary sources (3) will give rise to the incident field (2),
which, by virtue of (1), correspond to a focusing in r s of the induced
volumetric currents and hence of the total field.
Strategy II
The second proposed focusing strategy relies on a further insight into
the LSM: while the incident field (2) depends on the unknown scatterer
through ξ, the scattered one does not, as it matches the field G (in L2 norm) regardless the nature of the scatterer. In particular, assuming
that equation (1) admits a solution, let us consider an incident field
equal to ψ i , so that the corresponding scattered field is a cylindrical
wave pattern in the whole space external to the sampling point r s at
hand. Then, the total field can be approximated as follows:
 j 2

−1  ~
Ψts (r s , r ) = Ψi (r s , r ) + F2D
Λ[r ]⋅ F2D − H 0 (kb r − r s )  ,
 4



(4)

wherein the second addendum at the right hand side is a low pass
version of zero order second kind Hankel function, F 2D denotes the
Fourier transform with respect to the spatial variable r, r is the spectral
variable, and Λ is a low-pass circular filter of radius |r|=k b· a s , a s being
the radius of the minimum circle enclosing the scatterer, as estimated
from LSM. Notably, expression (4) only makes sense when the sampling
point belongs to the scatterer. By using different sampling points r s ,
s=1,….S, the desired possibly focused field can be given by a linear
combination of a set of approximated fields (4) according to:
Ψt (r ) =

S

∑ As ⋅ Ψts (r s , r )

,

(5)

s=1

Then, we can apply the well known theory of pencil beams [4] to such
an approximated total field solving the following constrained convex
programming problem:
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Find the complex coefficients A s (s = 1,…,S) of the representation (5) such
to
(6)
Max ℜ{Ψt (r 0 )}
subject to
(7)
ℑ{Ψt (r 0 )} = 0
Ψ (r ) ≤ UB(r )
2

(8)

r ∈Ω

wherein UB denotes a mask function for the adopted constrains. Then,
if A 1 ,…,A S is the solution of such a problem, the solution of the overall
focusing problem will be given by:
J ''foc (θ ) =

S

∑ As ⋅ ξ (rs ,θ ) ⋅ J p (θ )

(9)

s =1

III. A NUMERICAL EXAMPLE AND CONCLUSIONS
Fig.1 reports the kind of focusing performances one is able to achieve by
using the first (a) and the second (b) proposed procedure, as well as the
focusing which is achieved when approximating the total fields with the
incident ones (c), i.e. adopting a backpropagation approach.
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FIG. 1 Normalized amplitude of the field focused in a target point, identified by
a cross marker, inside a rectangular scatterer (ε r =2.25, σ=5mS/m), embedded
in vacuum.

As it can be seen in Fig.1, the second LSM focusing approach (b)
provides a focused field characterized by the smallest target point
mismatch and a side lobes' amplitude which, as well as that
corresponding to the field focused by the first LSM procedure (a), is
lower than the one obtained by mean of backpropagation approach (c).
REFERENCES

[1]
L. D. Colton and R. Kress, Inverse Acoustic and Electromagnetic
Scattering Theory, Springer-Verlag, Berlin, Germany, 1992.
[2]
I. Catapano, L. Crocco, and T. Isernia, “On simple methods for shape
reconstruction of unknown scatterers,” IEEE Trans. Antennas Propagat., vol.
55, pp. 1431–1436, 2007.
[3]
L. Crocco, I. Catapano, L. Di Donato and T. Isernia, "The Linear
Sampling Method as a Way to Quantitative Inverse Scattering," IEEE Trans.
Antennas Propagat., vol.60, pp.1844-1853, 2012.
[4]
T. Isernia and G. Panariello, "Optimal focusing of scalar fields subject to
arbitrary upper bounds ," El. Letters , vol.34, no.2, pp.162-164, 1998.

ISBN: 978-88-907599-0-1

Poster Session I

504

Proceedings of the XIX RiNEm
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Abstract

In this study, a low cost, compact metamaterial-based sensor, operating in the
mid-infrared frequency range, is proposed. The sensor is able to detect the
presence of (in)organic compounds by absorption measurements. In particular,
the proposed sensor is designed to recognize the presence of water content in
biological samples. For this aim a new analytical model is developed useful to
describe the resonant behaviour of the sensor. Good agreement between the
numerical values, obtained through full-wave simulations, and the theoretical
ones, obtained by using the proposed model is achieved. Results confirm the
possibility to use the proposed structure as a sensor for water content
recognition in an high selective way. This sensor may find application in medical
diagnostics, in the detection of normal and cancer tissue by water absorption
measurements.
Index Terms − Metamaterials, bio-electromagnetic sensor, absorption
measurements, cancer tissue.

I. INTRODUCTION
Nowadays bio-electromagnetic sensors have assumed a crucial role in
many application fields, such as biological sensing and detection,
proteins analysis, cell membrane function [1,2]. In particular, sensors
based on absorption measurements, have a great importance in
biomedical applications. In fact, through absorbance measurements it
is possible to extract different information from the biological sample
under study, in particular the type of substance and its concentration.
It is well known that each material has a characteristic spectrum that
depends on the corresponding molecular structure [3]. The vibrational
states of a molecule describe changes in the sample at molecular levels,
leading to a particular sample spectral signature. Therefore, precise
measurements of such spectrum allow the identification of a specific
substance. These vibrational states can be probed in a variety of ways.
The most direct way is through infrared (IR) spectroscopy. In particular,
water exhibits different absorption peaks at such frequencies. New
methods to identify such vibrational transitions are necessary. For this
aim it is crucial to illuminate the sample in a selective way in order to
excite only specific resonant frequencies, without affecting the sensor
response by the absorption bands of other molecular species existing in
the sample under study. Exploiting water absorption properties, the
proposed research attempts to design a new selective filter suitable to
recognize different water content in biological matter. To address these
requirements we propose to use metamaterials, which exhibit several
interesting electromagnetic properties, suitable for such purposes [4].
The main target of this paper is to propose the design of a new
metamaterial-based sensor for water content detection in biological
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tissues. The rest of the paper is structured as follows. First, a
conceptual framework explaining the sensor behaviour is presented.
Next, an equivalent quasi-static circuit model, describing the sensor
resonant behavior is developed. Finally, as an application of the sensor,
the water content recognition in biological samples is presented in the
results paragraph.
II. THE COMPLEMENTARY SENSOR BEHAVIOUR
Absorption bands of water are related to molecular vibrations involving
various combinations of water molecule fundamental vibrational modes.
When an electromagnetic wave is transmitted through a medium
containing water molecules, portions of the electromagnetic energy are
absorbed by such molecules. This water absorption occurs
preferentially at certain characteristic frequencies, while the rest of the
spectrum is transmitted with minimal effects. Strong absorbance by
water occurs at IR frequencies. Therefore, evaluating such spectral
signatures (in terms of peak position, magnitude and amplitude width)
allows to study the water content in the compound under test.
To exploit such phenomena, it is necessary to illuminate the biological
compound in a selective way. For this purpose the metamaterial sensor
is designed to have its resonant frequencies tuned to the main water
absorption peaks in the IR spectrum. This can be done by using the
Complementary Split-Ring Resonator configuration (CSRR). The
material under test is placed not in direct contact to the sensor, but at a
certain distance from it. The system "sensor-sample" is, then, irradiated
by an IR electromagnetic field. When the resonance of the sensor is
close to that of the material under test, the sensor response will have
the same frequency positions, but its shape is greatly modified,
especially in terms of magnitude and amplitude width, because of the
water strong absorption.
III. THE QUASI-STATIC EQUIVALENT CIRCUIT MODEL
To design the sensor with its resonant frequencies tuned to specific
absorption peaks, the following equivalent quasi-static circuit model
must be used. The sensor consists in a metallic (e.g. silver in this case)
planar array of complementary resonating inclusions, as shown in
Figure 1a, where only the unit-cell is depicted. The structure is excited
by a TE-wave. According to [5, 6], the equivalent LC resonant circuit
describing the electromagnetic behaviour of the unit-cell is the one
reported in Figure 1b. In the following, we describe each of the terms.
The magnetic and electric reactive phenomena can be described as
follows: the total inductance can be written as the sum of two terms,
the kinetic one (depending on the metal electromagnetic properties) and
the geometric term, such as the gap and the square inductance (as a
function of the inclusion geometrical parameters).
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On the other hand, the total capacitance can be evaluated as the series
of the geometrical (square capacitance) and the additional capacitance.
Thus the resonant frequency is given by:
−1/2


Cgeom (l , w, t , g ) ⋅Cadd (l , w, t , g , ω p ) 
  Lgeom (l , w, t ) + Ladd (l , w, t , ω p , γ , ω ) 

Cgeom (l , w, t , g ) + Cadd (l , w, t , g , ω p ) 

In order to maximize the electromagnetic performance of the sensor, an
optimization process is necessary. In particular, by exploring the
relation linking electromagnetic and geometrical parameters with the
resonant frequency, it is possible to accurately define the resonance
positions and their bandwidth. In this way, the highest possible
selectivity and the same magnitude in terms of transmission coefficient
were obtained. Results are depicted in Figure 2.

1
=
f0
2π

FIG. 1 − (a) Metamaterial unit-cell: side length l1=880, l2=544, l3=760; strip
width w1=180, w2=200, w3=205; gap length g1=180, g2=80, g3=205; all
dimensions are expressed in nm. (b) Quasi-static equivalent circuit model

IV. RESULTS
A metamaterial-based sensor was designed by using the guidelines
presented in the previous section. The sensing platform presents
multiple resonant frequencies, tuned to ones of water molecule
vibrational modes, such as 50, 66, and 100 THz. As a result, the sensor
allows recognizing different water content in biological tissues. In the
simulated experiment, the sensing platform is illuminated by an IR
electromagnetic field and the output signal is revealed through a
detector placed after the sample. To describe the absorption behaviour
of water, water absorbance characteristics have been used. The
corresponding full-wave numerical results are shown in Figure 2, where
the sensor response without the biological compound and the
transmission coefficient for different water content are shown. The
results clearly reveal that the changes in the transmission coefficient
magnitude and amplitude width are significantly related to the
absorption rate of the hydrogen bonds of water molecules. Therefore, it
is possible linking the transmission coefficient bandwidth to the water
content in the biological sample. More specifically, the results
demonstrate that all the transmission peaks significantly absorb in a
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different way, in line with the absorption behaviour of water at such
frequencies.

FIG. 2 − Transmission coefficient for different water content in a tissue.

V. CONCLUSIONS
In this contribution, we have shown that a metamaterial-based
structure can be successfully used as a sensor working in the IR regime
to detect water content in biological compounds.
A new analytical circuit model of the metamaterial strutcure has been
proposed, leading to a good agreement (above 95%) between full-wave
numerical and analytical results. The sensor has been optimized in
order to obtain the highest selectivity performance. In addition, the
results of this research suggest that, starting from the magnitudes and
amplitude widths of the three water resonant peaks and their
combinations, it is possible to recognize the different water content in
the material under test. The proposed structure may find applications,
for example, in the recognition of an healthy tissue from a malignant
one through water content measurements.
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Abstract

We investigate and compare the characteristics of the fundamental guided mode
sustained by a subwavelength plasmonic slot waveguide for three types of
metals: gold, silver and aluminum. This is done in terms of mode effective index,
propagation length, confinement and, as the mode under study is quasi-TEM,
we also develop a transmission line model that can be employed in the design of
optical components making use of slot waveguides.
Index Terms −
integrated optics

plasmonics,

subwavelength

waveguide,

modal

study,

I. INTRODUCTION
By exploiting the properties of metals at optical frequencies, plasmonic
waveguides, which confine propagating electromagnetic energy in
structures of subwavelength dimensions, may be designed. As this is of
fundamental importance in the development of optical integrated
circuits, many types of waveguides have been proposed [1] and, among
these, the slot waveguide [2] seems to offer the best confinement of the
propagating mode in the cross-section which allows for higher
integration.
The symmetric slot waveguide (Fig. 1) is composed of a metallic film
embedded in a homogeneous dielectric which, in all our simulations, is
assumed to be silica with refractive index n = 1.44 . On the other hand,
for the asymmetric structure, the upper medium is supposed to be air,
having n = 1.
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FIG. 1 − Cross-section of the slot waveguide: symmetric structure (right) and
asymmetric structure (left). The reference system is also depicted.

II. MODE CHARACTERIZATION AND SIMULATION MODEL
As the structure is invariant along the propagation direction z (out of
plane, Fig. 1), we can assume a e −γz dependence along this direction with
γ = α z + jβ z , α z and β z being the damping and phase constants
respectively. The effective refractive index of the mode is defined as
neff = β z / k 0 , and the mode propagation length as the length for which
the mode power decays of 1/ e 2 , L p = 1/ 2α z .
We define the confinement factor Fc as the ratio between the power
within the w × t slot area and the total power carried by the mode:
w/ 2 t / 2

Fc =

∫ ∫E

x

(x, y)H *y (x, y)dxdy

− w / 2 −t / 2
+ ∞+ ∞

∫ ∫E

x

.
*
y

(x, y)H (x, y)dxdy

−∞−∞

Borrowing from microwave engineering, a characteristic impedance
model would be very useful for the design of plasmonic waveguide
components. From our analysis, we have noted that the fundamental
mode of the symmetric structure is a quasi-TEM mode, as the dominant
transverse field components E x and H y are at least three and four
orders of magnitude greater than the longitudinal ones, for the electric
and magnetic case, respectively. The electric field is tightly confined in
the dielectric region and E x is almost constant in the slot area.
Consequently, we can define an equivalent impedance Z o as the ratio of
+∞

an effective voltage V =

∫ E dx
x

+∞

and effective current I =

−∞

∫H

y

dy retrieved

−∞

by integrating the dominant field components E x and H y along the
horizontal ( y = 0 ) and vertical ( x = 0 ) symmetry lines of the structure,
respectively [3]. The integrals can be truncated at the simulation
domain dimensions as the fields are negligibly small at the boundaries.
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For the same reason, the effective current I corresponds to the
circuitation of H y as the integration path may be “closed” by integrating
along the simulation’s domain boundary where this component is
negligible.
To search for the modes sustained by the structure, we run a 2D
mode analysis in COMSOL Multiphysics which implements the Finite
Element Method (FEM). While the substrate is not dispersive, metals in
the optical regime present a plasmonic behavior. To take this into
account a Drude-Lorentz model [4] was adopted for the electric
permittivity of silver, gold, and aluminium. The metal film thickness is
assumed to be 50 nm in all simulations. The dispersion of the
fundamental mode is thoroughly investigated with respect to slot width
w and operation wavelength λ0 , for our three metals of choice.
III. RESULTS
In our wavelength range of interest, the slot dimensions are much
smaller than the wavelength, so, as no other higher order bounded
mode can propagate, the waveguide operates in the unimodal regime.

FIG. 2 − The effective refractive index (a) and propagation length (b) of the
2
fundamental guided mode for a symmetric 50 × 50 nm slot waveguide as a
function of free space wavelength; (c) mode confinement factor and (d) real
part of the equivalent characteristic impedance.
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Looking at the dispersion characteristics of the mode for a
50 × 50 nm 2 symmetric slot waveguide (Fig. 2), we can observe that at
longer wavelengths the mode becomes less confined and propagates
farther. A similar behavior is presented in the asymmetric case, but
conversely from a particular wavelength the mode becomes leaky. The
same happens for the dispersion behavior with respect to the slot width.
Physically, this behavior is related to the overlap of the mode profile
with the metal region as the ohmic losses grow proportionally to the
overlap.
Another interesting result to note is the fact that, at certain
wavelengths, the propagation length of the mode in the case of
aluminium is greater than the case of gold even if the ohmic losses are
significantly lower in the latter case. Depending on the application of
interest, this information can provide insight on the choice of the proper
metal to be employed.
IV. CONCLUSION
A thorough investigation on the mode characteristics of the plasmonic
slot waveguide is presented. The span of the characteristic impedance
with respect to the slot width is promising in terms of the design of
impedance matched plasmonic components.
In the asymmetric case, a cut-off wavelength/slot width for which
the mode becomes leaky exists. This feature may be exploited for the
design of plasmonic leaky-wave antennas.
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Abstract

An Ytterbium-doped Photonic Crystal Fiber (PCF) laser has been experimentally
assembled. The issue of splicing PCFs with conventional fibers has been
addressed, two solutions for splicing an air-clad Ytterbium-doped PCF with a
conventional one have been proposed, and their losses have been measured.
The performances of the laser have been evaluated.
Index Terms − Fiber Lasers, Large mode area fiber, Photonic Crystal Fiber,
Splicing.

I. INTRODUCTION
High and medium power applications of fiber laser are gaining interest
day by day in many different fields ranging from spectroscopy to
medicine, from monitoring and sensing to micromachining and material
processing [1]. The well-established fiber and doped fiber technology is
one of the keys to this success. In addition, the advent of Photonic
Crystal Fibers (PCFs) with their novel optical properties [2] has further
boosted this process. Photonic crystal fibers are a new class of optical
fibers in which the core can be either solid or hollow while the cladding
is formed by a distribution of air-holes running along the entire fiber
length. Large Mode Area (LMA) Double Cladding (DC) rare-earth-doped
PCFs seems to be particularly promising. In these fibers, the Yb-doped
inner core, with a LMA, is surrounded by a microstructured inner
cladding region, which is in turn surrounded by a ring of large airholes. Light from diode pumps having a poor beam quality is efficiently
coupled into the inner cladding region, where it is gradually absorbed in
the inner core, and thus leads to single-mode signal amplification and
lasing. The advantages of PCF technology, over more conventional DC
fibers with doped inner core and polymer outer cladding, are that it
allows the fabrication of very large single-mode cores, and that the
damage of the outer cladding due to the high fiber surface temperature
[3] is not a problem, since air-holes are used instead of polymers.
Double clad PCFs are known also as air-clad fibers [4]. Due to the
greatly enhanced index contrast, the air-clad can provide very large
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numerical apertures determined by the bridge-width in the air-clad. The
extremely high numerical aperture for the pump core/inner cladding
allows efficient pumping with inexpensive and high power broad area
emitting pumps. The large mode area for the single mode signal
facilitates high power levels while avoiding nonlinearities and providing
a good overlap between the pump guide and the signal guide area.
However high quality splicing of PCFs with traditional fiber devices may
be challenging and requires special attention to conserving optical
properties at the splice interface.
In this paper the experimental set-up of a PCF based laser is described
focusing on the issue of splicing the LMA air-clad Yb-doped fiber with
the output fiber of a commercial pump combiner. Two splicing
techniques are described and the laser performances are reported.
II. EXPERIMENTAL SET-UP
In Fig. 1 the experimental set-up of the laser is reported. A pig-tailed
laser diode emitting at 1064nm is used as seed laser. An isolator and an
optical circulator are inserted in order to protect the seed laser from
reflected light that is monitored by mean of an Optical Spectrum
Analyzer (OSA). The 915nm multimode pump light is coupled in the
PCF together with the 1064 nm radiation by a pump combiner. A
commercially available PCF has been used as active fiber, the DC135/15-PM-Yb. Where the 15 μm large polarization-maintaining core is
strictly single-mode, the inner cladding diameter is 135 µm, whereas
the outer cladding diameter is 280 µm. The described set-up is quite
simple, but it involves the issue of splicing the DC-135/15-PM-Yb with
the output fiber of the pump combiner which is a standard DC fiber
with core diameter equal to 5 µm.

FIG. 1 − Experimental set-up of the PCF laser. The 1064nm seed laser
radiation is combined with the pump one into a double cladding polarization
maintaining PCF.

First of all the two fibers to be spliced together have been stripped and
cleaved to high quality. The PCF is equipped with a standard single
layer acrylate coating. The coating has been removed with conventional
fiber stripping tools. All fibers have been cleaved with conventional high
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precision cleaver Fujikura FK-11-LDF. Air-clad features presents an
increased challenge for the cleaving procedure. In fact the air-clad is a
ring of closely spaced air holes, which, when cleaved, acts as an
efficient barrier for the shock wave associated with the cleave. Special
care has been taken to use an appropriate amount of tension. Using too
little tension results in no cleave occurring. Using too much tension,
results in a time delay between the cleaving of the outer and inner
cladding. In this case the inner cladding experiences too much stress
during cleave and glass debris can be seen at the facet.
In order to reduce splice losses between the 5 µm core standard DC
fiber and 15 µm core air-clad PCF, an intermediate LMA standard DC
fiber with 10 µm core has been used. Thus the critical splicing is
between the15 µm air-clad PCF and a 10 µm core DC fiber.
III. RESULTS
PCF splices are different from standard fiber splices as the core cannot
be seen through the side of the fiber and the power must be reduced to
avoid hole collapse. Typical splice powers are about 25% less than what
would be used for comparable solid fibers. However the lower splice
power increases the risk of low mechanical strength and when
optimizing the splice parameter, the goal is, therefore, to find the best
compromise between transmission loss and mechanical strength.
When splicing is performed between fibers of different mode field
diameter, there is a lower limit to the splice loss. We made the critical
splice with two different setting of the splice machine Fujikura FSM45PM-LDF. The results are reported in Fig.2.

(b)
(a)
FIG. 2 −Comparison between the two different splicing methods used with the
splice machine Fujikura FSM-45PM-LDF.(a): standard fiber tapering technique
with partially collapsed holes. (b) Low power splice.

In Fig. 2(a) it is reported the result obtained by a standard fiber tapering
technique. The loss estimated by the splice machine is about 0.04dB,
but from the image it is clear that the holes are partially collapsed.
In Fig. 2(b) the splice obtained with reduced power is shown. The fiber
microstructure is substantially unchanged, the estimated loss is about
0.01 dB. In order to verify the actual value of splice loss, more test have
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been performed. The splice loss of Fig. 2(a) resulted to be 1.5 dB,
whereas the loss of the splice shown in Fig.2 (b) is 7 dB. This value is
considerably high and it must be considered that this splice shows very
low mechanical strength also. The splice of Fig. 2(a) demonstrated high
resistivity to mechanical strength test and it was selected as the most
appropriate. The laser performances are shown in Fig.3. The air-clad
fiber length was 15m. The pump power at 915nm was varied in the
range 0-9 W. A gain of 22 dB was obtained for a pump power of 9W.

FIG. 3 - Laser output power. The Yb-doped PCF DC-135/15-PM-Yb- is 15m
long and is pumped at 915 nm.

IV. CONCLUSION
The experimental set-up of a PCF laser has been presented. The
attention has been focused on the challenging issue of splicing PCFs.
Further activity might explore the possibility to improve the splice
quality and loss thus increasing the laser gain.
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Abstract

The need to simulate electromagnetic field in complex optical devices, such as
photonic crystal fiber, leads to use suitable numerical tools. Not always
commercial software products cover this need. A full-vector modal solver, based
on finite element method, has been updated and optimized for application to
photonic crystal fiber design. First the electromagnetic problem is explained,
paying attention to the numerical issues, such as fill-in, spurious solutions,
memory requirement, and showing the chosen solutions to these issues. Then
some tests have been displayed to prove the reliability of the solver, in particular
a rod-type photonic crystal fiber has been simulated to investigate the solutions
correctness and the performance in term of required memory space and
execution time. Finally the solver results have been compared with the results
obtained from commercial solver.
Index Terms − FEM, fill-in issue, full vector modal solver, photonic crystal
fibers.

I. INTRODUCTION
Photonic Cristal Fibers (PCFs), have a very elaborate design in term of
geometry and refractive index profile. The high number of PCF features,
make them suitable to an increasing number of applications, such as
sensors, communication, fiber lasers [1],[2]. Because of the high cost to
manufacture new and innovative optical structures, a preventive
simulated analysis is essential. Since the exact solution of the Maxwell
equations in the PCFs is nearly impossible, a numerical method must
be used. The Finite Element Method (FEM) is particular useful for this
purpose.
In this paper the FEM based full-vector modal solver, developed and
used at the Information Engineering Department of University of Parma,
is optimized, highlighting the performances in term of use of memory
and execution time. Comparative tests are shown in order to prove the
reliability of the solutions, with particular emphasis on PCF design.
II. THE NUMERICAL APPROACH
The modal analysis of the electromagnetic field in optical structures
starts from the well-known curl-curl equation:

ISBN: 978-88-907599-0-1

Poster Session I

517

Proceedings of the XIX RiNEm

(

)

∇ × p∇ × H − k 02 qH = 0

(1)

where H is the magnetic field, k 0 is the wavenumber of the vacuum, p is
the inverse of relative permittivity tensor, q the relative permeability
tensor. The 2D domain can be discretize with a triangular element
mesh. Considering the variational Rayleight-Ritz [3] approach, the edge
elements formulation has been chosen, in particular the T1.5
formulation proposed by Webb [4], which avoids the spurious solutions.
The FEM discretization leads to this generalized eigenvalues problem:

([T ] + n [S ]){h} = 0
2
eff

(2)

where [S] and [T] are large, sparse, symmetric and not positive definite
matrices, and the eigenvalues are the square of the effective index. A
good method to find only some particular eigenvalues, near an expected
value, is the Implicitly Restarted Arnoldi Method (IRAM), an evolution of
the Arnoldi method, implemented in the Arpack library [5]. IRAM spans
a basis of the Krylov subspace in witch are located the unknown
solutions. This operation involves a large number of resolution of linear
systems, whose matrices have the same attributes of sparsity and width
of the matrices [S] and [T]. A solid direct method of resolution is
important because iterative methods, in this particular problem, don't
reach convergence. The multifrontal method proposed by Duff and Reid
[6], implemented in the Harwell library, has been chosen. The main
issue of direct methods is the “fill-in” problem, which means that, after
factorization, system matrix loses its sparsity. So the primary aim is the
wise use of memory space, because the request of memory can rapidly
overcomes the hardware capacity.
To aim this the solver has been written in C programming language,
taking advantage of its good dynamical use of memory. In particular a
C-coded framework manages the memory, the assembly of FEM
matrices, the forcing of boundary condition and the interfaces with
some Fortran subroutine, Arpack and Harwell, used for the high
calculation efficiency. Furthermore some simple, but effective, tricks are
used to take down the request of memory. First, it’s important to delete
every spurious non-zero entries in the matrix assembly; second, to free
the workspace memory when no longer used; third, the run-time
knowledge of the FEM matrices dimension, give the ability to allocate a
sharper memory space respect the raw use of Harwell subroutines.
These choices allow more than 60% memory saving.
III. SOLVER TESTING
The developed full-vector solver can be applied to the real and complex
electromagnetic problems, implementing the Perfectly Matched Layers
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(PML), and has been provided with features important for PCF analysis.
In fact, it can simulate the structure bending, calculate the dispersion,
the overlap integrals of the field with the proper regions, and can
include Sellmeier equation.
For the first test, a rod-type, large mode area PCF has been
chosen. This PCF, used for lasers and amplifiers, has a double cladding
structure and the core is doped with ytterbium. The structure has been
solved over a 99618 nodes mesh shown in Fig.1(a), searching for the
Fundamental Mode (FM) effective index at various wavelengths. Then
the mesh detail has been, step by step, increased, reaching 499.367
nodes. As shown in Fig.1(b) the n eff curves converge to a stable value as
expected. This test has been performed on a 64-bit server, with Xeon
Quad Core 2.83 GHz processor and 8 GByte RAM. On this machine a
WMware hypervisor was installed.
In Table I it’s possible to see the performance in term of required
memory space and execution time, searching for different pools of
modes. A further test has been made on a step index fiber, with 10µm
core diameter, 1.456 core refractive index, 125µm cladding diameter
and 1.45 cladding refractive index. C-solver solutions, examining the
FM around the third window, have been compared with the one
obtained from COMSOL Multiphysics. The solutions has been
calculated over a 27386 triangular elements mesh, paying attention to
create with COMSOL a mesh the most similar to that used with the Csolver. Result are shown in Table II.
IV. CONCLUSION
The performed tests show that the developed solver achieves correct
solutions for the electromagnetic problem in optical devices, and
achieves excellent performance in term of required memory space and
execution time, allowing more thick meshes and more accurate
solutions. Thanks to this optimization the solver has been successfully
applied to the design of doped double cladding PCFs. Memory
requirement, caused by the fill-in, is still an open issue. To reach even
better performances it’s possible to investigate new FEM formulations,
and test other numerical methods to solve the algebraic system.
TABLE I – C-MODAL SOLVER PERFORMANCES
N° of Nodes
99618
199557
299508
399731
499367

Memory Space (MByte)
6 modes 8 modes 10 modes
380
386
394
914
925
945
1380
1400
1430
1920
1950
2000
2500
2530
2570
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Execution Time (m:s)
6 modes 8 modes 10 modes
0:26
0:27
0:29
1:28
1:30
1:35
2:30
2:36
2:44
3:56
4:04
4:10
6:10
6:20
6:34
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TABLE II – FM N EFF COMPARISON ON A STEP INDEX FIBER
λ(nm)
1500
1520
1540
1560
1580
1600

FM n eff (C-Solver)
1,45365717
1,45361464
1,45357218
1,45352980
1,45348750
1,45344531

FM n eff (Comsol)
1,45365760
1,45361507
1,45357262
1,45353024
1,45348796
1,45344577

(a)

|∆n eff |
4,3 ×10-7
4,3 ×10-7
4,4 ×10-7
4,4 ×10-7
4,6 ×10-7
4,6 ×10-7

(b)

FIG. 1 − (a) 99618 points mesh, on the rod-type PCF used for the test. (b) FM
n eff curves at the increase of the accuracy of the mesh on the rod-type PCF.
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Renewable Energies and Environmental Technologies,
Fondazione Bruno Kessler, via Sommarive 18, 38121 Povo (TN),
Italy
{lesina, vaccari, bozzoli}@fbk.eu
Abstract

A widespread approach in the FDTD analysis of dispersive media is the
Recursive Convolution (RC) method. In the Drude version it shows a not so good
accuracy in describing the electromagnetic field at the plasmonic resonance
frequencies. We propose here a modified RC algorithm which, by minimizing the
time truncation error, guarantees a better accuracy of the solution at parity of
memory requirements and number of time iterations. We test the modified RC
algorithm proposed by analyzing the behavior of gold and silver noble metal
nanospheres exposed to an optical plane wave with respect to the standard RC
approach and the analytical solution.
Index Terms − RC-FDTD method, Drude dispersion, plasmonics, Laplace
transform.

I. INTRODUCTION
We focus here on the explicit Finite-Difference Time-Domain (FDTD)
numerical solution method of the Maxwell's equations [1][2], with the
Convolutional Perfectly Matched Layer (CPML) boundary conditions
formulation [3]. To analyze Drude dispersive media, we start with the
Recursive Convolution (RC) traditional algorithm [4]. It time-discretizes
directly the convolution integral expressing the temporal non-locality
between the D and E fields. In order to minimize the truncation error,
we propose here to find a closed form solution of the Ampère-Maxwell,
and only after to proceed with the time discretization. We calculate
explicitly the kernel of such a closed form solution in the case of Drude
media, and show how it can be updated recursively with the same
memory requirements than the traditional RC scheme [4]. The
evaluation of some error parameters and the comparison of the fields
highlight a better accuracy of the proposed modified algorithm with
respect to the standard RC algorithm [4]. The test has been done for Au
and Ag noble metals [5], in the optical frequency range, and makes the
modified RC algorithm suitable for plasmonics.
II. THEORETICAL APPROACH
A closed form solution for the electric field E is found in the Laplace
domain. Going back to the time domain and developing the time
discretization we obtain a recursive expression for the electric field for
the FDTD method at parity of memory requirements, as shown in [6][7].
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III. SIMULATIONS
To test the modified RC algorithm previously proposed, we apply it to a
96 nm radius nanosphere, made of gold or silver, in a monochromatic
light beam. We have tested our modified algorithm for Au at λ=480 nm
and for Ag at λ=336 nm and λ=380 nm, i.e. the resonance wavelengths
evidenced through the extinction coefficient defined in [8]. We used a
NxNxN cubic Yee cell discretization, with N=200, to accommodate the
nanosphere. The cell edge (space step δ) amounts to 2 nm for a good
representation of the geometrical details. The time step was set to
δ/(2c 0 ), with c 0 the vacuum light velocity, to satisfy the Courant
stability condition [2] in three dimensions. We also used a total
field/scattered field (TFSF) source [2], placed 8 cells inward from the
outer boundary of the FDTD lattice, to create a plane wave linearly
polarized (along the z-axis), impinging along the positive y-direction on
the nanostructure. The FDTD lattice was completed with an extra layer,
15 cells tick, supporting the CPML boundary conditions [3] to simulate
an open to infinity surrounding media. We used a compact pulse
exciting signal, i.e. of finite duration and with zero values outside a
given time interval [9][10]. The signal duration is suitably chosen to get
spectral distribution results in the range 200-1000 nm, as obtained by
the Discrete Fourier Transform (DFT) which is updated at every FDTD
time iteration, until the excitation is extinguished inside the whole
numerical lattice. To get valid field values on that range with a single
program run, we included the correct dispersive media behavior in the
standard FDTD code by the above described modified RC algorithm. The
Drude parameters for Au and Ag were taken from the literature [5].
The numerical results have been compared with those from the
standard RC method [4] and with the analytical solution which we
obtained by implementing the method described in [8].
To evaluate the deviation from the exact solution we considered the
average error for each component

and the average error for the electric field module

(1)

(2)
where η= {x, y, z} indicates the Cartesian component, ξ={s,m}, and the
letters s, m, a denote standard, modified and analytical electric field.
The electric field, by means of the DFT, is expressed at the frequency of
interest and is normalized with respect to the incident electric field at
the same frequency. The values in Table I were obtained with 12000
time iterations simulations.
For the gold resonance are also reported the error parameters (1) and
(2) calculated for E x , E y , E z and |E| as a function of the simulation
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duration (overall number of FDTD iterations) for standard RC and
modified RC with respect to the analytical solution [8] (Fig. 1).
Moreover the better numerical accuracy is evidenced with a comparison
of the electric field for standard RC, modified RC and analytic solution
extracted from the lattice along one direction in x, y and z (Fig. 2, 3, 4).
In each figure the three components of the electric field (E x on the left,
E y in the middle and E z on the right) are represented: green for the
analytical solution, blue for the standard RC-FDTD method and red for
the modified RC-FDTD algorithm.
Table I - Modified (Standard) RC-FDTD Algorithm Deviation from the
Analytical Solution

FIG. 1 − Error parameters L ξ,η and
L ξ comparison for Au (λ=480nm).

FIG. 3 − E x , E y , E z comparison for
Au nanosphere (λ=480nm) along
the y axis.
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FIG. 2 − E x , E y , E z comparison for
Au nanosphere (λ=480nm) along
the x axis.

FIG. 4 − E x , E y , E z comparison for
Au nanosphere (λ=480nm) along
the z axis.
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IV. CONCLUSION
We proposed a modified Recursive Convolution algorithm for the FDTD
analysis of Drude dispersive media in the plasmonic resonance regions.
The algorithm has been evaluated by comparing its deviation from the
analytical solution for gold and silver nanospheres at the resonance
frequencies and evidencing an improvement with respect to the
traditional RC method.
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BROADBAND OPTICAL PARAMETRIC GENERATION IN LITAO 3
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F. Laurell(2), and C. De Angelis(1)
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Via Branze 38, 25123 Brescia, Italy
Department of Applied Physics, KTH-Royal Institute of Technology
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Abstract

We investigate theoretically and experimentally multistep parametric processes
in broadband optical parametric generators based on periodically poled 1 mol %
MgO–doped stoichiometric LiTaO 3 . We demonstrate that parametric collateral
processes may deplete or enhance spectral portions of the optical parametric
generation output, depending on pump pulse duration.
Index Terms − Nonlinear Optics; Parametric Generation; Quadratic Crystals.

I. INTRODUCTION
A wide range of applications, encompassing ultrafast spectroscopy, high
energy physics, frequency combs and remote sensing, spurs current
research on broadband optical sources in the infrared [1]. Coherent
ultra-broadband parametric gain suitable for ultrashort pulse
generation and amplification in such spectral region can be afforded by
quadratic frequency down-conversion in Quasi Phase-Matched (QPM)
materials operated close to their zero group velocity dispersion point.
Broadband optical parametric generation (OPG) has been achieved in
periodically patterned GaAs, KTiOPO 4 , LiNbO 3 , and, recently, LiTaO 3 ,
exhibiting a record (180 THz) gain bandwidth [2]. The spectral flatness
of the parametric gain curves is a feature almost as important as the
breadth of its spectral coverage. However, multistep quadratic processes
triggered by broadband OPG, such as sum-frequency generation (SFG),
often contribute to disrupting the flatness of gain profiles in QPM media
[2]. Here, we consider both theoretically and experimentally the impact
of multistep quadratic processes on broadband OPG in the pulsed
regime, in periodically poled LiTaO 3 .
II. CASCADED PROCESSES IN OPG
In a quadratic material, the optical pump at λ P excites parametric
generation in the infrared region (λ OPG ) via first order QPM. High-order
resonances of the QPM grating can simultaneously enable SFG between
the pump and specific components in the broadband OPG spectrum.
The SFG process (1/λ P + 1/λ S −> 1/λ SF ) subtracts energy from the OPG
band, carving a gain dip at λ S . This is the situation typically
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encountered in the experiments [2]. The deleterious effects of spurious
SFG processes on the parametric gain could in principle be alleviated
through more sophisticated QPM grating designs, yet this option
becomes ever more challenging as OPG spectra get wider. Alternatively,
instead of trying to remove the QPM resonances responsible for
upconversion, one could exploit SFG cascading to re-route power into
the OPG band via difference frequency generation (DFG). According to
the theory of quadratic cascading for non-degenerate frequency
upconversion [3], one can expect the direction of energy flow in the SFG
step to be reversible, even at perfect phase-matching, through a
suitable choice of the optical excitation, i.e. the input power at λ P .
III. THEORETICAL INVESTIGATION
To assess the impact of SFG cascading on broadband parametric
generation, we performed a systematic numerical analysis based on a
recently developed mathematical model [4], which can account
rigorously for all the spectral
components
and
multiple
interactions. We explored the
device response in the pulsed
regime
under
experimentally
viable conditions [2], referring to
OPG in a 1cm-long periodically
poled
nearly
stoichiometric
LiTaO 3 crystal, doped with 1
mol% MgO (PPMgSLT), with a
QPM period of 25 µm, operated at
temperature Τ = 80οC and pumped
close its zero-dispersion point
(λ P = 860 nm) by Gaussian pulses
at 1kHz, with peak intensities in
the range 1-10 GW/cm2 and
pulse durations ranging between
0.5 and 30 ps. We simulated OPG
from a classical Gaussian pump
Fig. 1 Simulated OPG response of a and a semiclassical pulse shot
1cm-long PPMgSLT device in the
noise of one photon per mode
presence of cascaded processes, with a
with random phase on each
Gaussian pump at λP = 860 nm of peak
intensity I = 7 GW/cm2. Input pulse spectral discretization bin. The
durations: a) 10ps and b) 0.7ps. OPG response was statistically
Output spectra (1D plots) and OPG evaluated over the ensemble of
signal evolution inside the device multiple simulations, performed
with different random noise
(contour plots) in decibels.
seeds. We typically used an
average of 30 realizations, which compares well with the experimental
conditions described in what follows. Fig. 1 illustrates key features of

ISBN: 978-88-907599-0-1

Poster Session I

526

Proceedings of the XIX RiNEm

the calculated response, considering OPG in PPMgSLT with a pump at
860 nm, with a peak intensity I P = 7 GW/cm2. In each picture, the
upper plot shows the ultra-broadband OPG spectrum (sweeping from 1
to 3.5 µm) at the device output, while the contour plot illustrates its
evolution in propagation (along z) in the QPM medium. Fig. 1a and b
concern two different pump pulse durations, amounting to 10 ps
and 0.7 ps, respectively. Fig. 1a refers to the situation generally
encountered in the experiments, where SFG induces localised dips in
the gain spectra. In this specific case the dips are located at 1.4, 1.5,
1.95 and 2.2 µm and represent the spectral signatures of two distinct
SFG processes occurring in the PPMgSLT device, namely: SFG between
λ P and λ S1 = 1.4 µm, generating a wave at λ SF1 = 533nm via 3rd-order
QPM; SFG between λ P and λ S2 = 1.95 µm, generating a wave at
λ SF2 = 600nm via 2nd-order QPM. The two processes affect also the gain
at the conjugate signal wavelengths: λ S1 * = 2.2 µm [ = λ S1 λ P /(λ S1 −λ P )]
and λ S2 * = 1.5 µm [ = λ S2 λ P /(λ S2 −λ P )], respectively. Fig. 1b shows the
simulation results obtained for the same device of Fig. 1a, when
pumped with Gaussian pulses of the same peak intensity, but with a
much shorter duration (0.7ps). As apparent from the output spectrum
of Fig. 1b, a gain enhancement now occurs at the very same spectral
locations (λ S1 , λ S2 , λ S1 *, λ S2 * ) where SFG was carving dips in the gain
curve of Fig. 1a. With short pulses, the OPG dips are indeed removed
by the onset of SFG cascading, which brings power back into the OPG
band by activating the DFG channel. The result points out to a crucial
role played by the pulses’ temporal walk-off on in the onset of SFG
cascading. As the pump pulse duration is decreased, the walk-off
among the spectral components involved in the SFG process increases.
Accordingly, as the components at λ P , λ SF and λ S lose their overlap
upon propagation, the SF wave begins to back-convert its power to λ P
and λ S , yielding an enhancement of the OPG output.
IV. EXPERIMENTS
Seeking experimental confirmation for the predicted cascading
phenomena, we investigated under varying pumping conditions the
response of ultra-broadband parametric generation in PPMgSLT
crystals. The samples used in the experiments were 500 µm−thick,
1 cm−long, z−cut substrates poled with a constant period of 25 µm. As
pump, we employed a tunable picosecond Ti:sapphire amplifier system,
consisting of a Nd:YVO 4 -pumped femtosecond source which seeded a
regenerative chirped pulse amplifier, delivering micro-joule pulses at
1 kHz with bandwidths of 2 nm, tunable from 820 to 900 nm. We could
vary the final pump pulse duration in the OPG experiments by
adjusting the group delay dispersion introduced by the final compressor
stage of the amplifier. The crystal was kept at 80 oC. At its output, we
recorded the signal spectra with a 0.55 m spectrometer (Horiba Jobin
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Yvon iHR550, PbSe detector) sensitive up to 4.8 µm, averaging over 900
pulses. In the experiments we explored the impact of the input pulse
duration on the output OPG spectra, while maintaining the peak pump
intensity constant. Key features of the observed response are illustrated
by Fig. 2, which compares measurements made with an input peak
intensity of 6 GW/cm2 for pump pulse durations of 6.1 and 1.7 ps (red
and black curves, respectively). The experimental results agree with the
theoretical expectations. The spectrum recorded with long pump pulses
(red curve in Fig. 2), bears the characteristic signature of SFG,
exhibiting a marked depletion of the OPG output at four signal
wavelengths (1.4, 1.5, 1.95 and
2.2 µm, highlighted by the
arrows in Fig. 2), which match
well the theoretical predictions
(Fig. 1a). On the other hand,
the short pump pulses (black
curve in Fig. 2), trigger SFG
cascading in the PPMgSLT
device, yielding a significant
enhancement of the OPG
Fig. 2 OPG spectra measured with a output at the same spectral
pulsed pump at 860 nm, with Guaussian locations
where
a
gain
pulse durations of 6.1 ps (red line) and reduction was apparent with
1.7 ps (black line), at 6 GW/cm2 in a 1 cm long pulses, as expected from
PPMgSLT crystal.
Fig. 1b.
V. CONCLUSION
In conclusion, we studied the interplay of multistep quadratic processes
with broadband OPG in quadratic QPM media in the pulsed regime. We
demonstrated the possibility to counteract the impact of spurious SFG
on the parametric gain by triggering SFG-cascading to channel energy
back into the OPG band.
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WIND FARM IMPACT ON PRIMARY RADARS
R. Tumolo, S. Immediata, G. Russo, M. D’Urso, L. Timmoneri
SELEX Sistemi Integrati S.p.A., Via Circumvallazione Esterna di Napoli,
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Abstract
The growing need for renewable energy sources has led to an increasing
massive utilization of wind energy. Each year new wind farms arise, consisting
of wind turbines (WT) bigger and bigger. Wind turbines are a very complex
source of radar clutter to characterize and have an impact on air traffic control
particularly difficult to mitigate. Wind turbines are often enormous structures,
able to either re-irradiate a significant portion of the radar energy, and, because
of blades motion, give rise to a Doppler effect very similar to that due to a flying
airplane. In this work the steps towards the development of suitable wind
turbine clutter mitigation techniques are presented.
Index Terms: clutter, Doppler, radar, wind farm, wind turbines

I.

INTRODUCTION AND MOTIVATION

It is claimed that the motion of WT blades affects the correct performances of
both military and civilian radars. This results in a number of adverse effects
including:
 radar blind zones: the echo may dominate and mask those originating
from aircraft resulting in a “radar blind zone” and missed detections;
 track seduction: the aircraft track may be seduced away from its correct
path due to an association with an echo originating from the wind farm;
 high false alarm rate: the echoes originating from the wind farm may
result in high rate of false reports in the vicinity of the farm.

II.

MATHEMATICAL MODEL

The WT is typically constituted by a tower, a nacelle and a rotor with the
blades [1]; the contribute pertinent to the tower and the nacelle can be
represented in the signal model simply by a constant value, since they can be
cancelled by the MTI or MTD devices thanks to their negligible motion in terms
of Doppler. To describe the contributions from the blades, every blade has
been supposed to be in the far field of the radar and assimilated to a linear
antenna. With reference to the geometry represented in Figure 1, the signal
backscattered by the blades is:

N

s (t ) =

∑


4π  L
2π ( n −1)   

R + cosϑ cos(ϕ + β )sin  α 0 +ωr t +
j ωc t −
 
N
λ  2
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L cos ϑ cos(ϕ + β ) sin  α 0 + ωr t +
  [ Eq.1]
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where: A is a scale factor depending on the RCS of each blade, L is the blade
length, N is the number of blades, ࣓ࢉ is the radian frequency of the
transmitted signal, ࣓࢘ is the blade rotation speed [rad/s], R is the distance of
the centre of rotation from the radar, λ is wavelength of the transmitted signal,
ϑ is the angle between the plane of blade rotation and the line of sight from
the radar to the centre of rotation (yaw anglw), ϕ is the elevation angle of the
centre of rotation of the blades with respect to the radar, α0 is an angle which
accounts for the initial position of the blades, β takes into account any
possible blade tilt with respect to the tower axis, fr is the frequency of blade
rotation (ωr = 2π fr).

y

z

α: initial position of
the blades at t=0 s

yaw

z

Az

x

y×

El

x

Figure 1: geometry of the radar Vs the WT position: (a) top view, (b) front view
The contribution of each blade is a phase term that accounts for the Doppler
shift due to the tangential speed of the tip of each blade and a sinc function
which accounts for the amplitude modulation introduced by the blades. Notice
that in Eq.1 RCS is assumed to be a constant but in section IV the
simulations are done considering several values (from 15dBsm to 24 dBsm).

III.

POSSIBLE SOLUTIONS

The Fine Doppler Maps (FDM) are able to maintain CFAR conditions in wind
turbine areas, while maintaining good Probability of Detection (PD) of real
targets with different doppler content. They operate at the MTD-output, and
compare the current echo pertaining to each cell (and for each filter) to a
background estimate for this specific cell, based on the previous scan from
that cell only.

Figure 2: Principle of operation of FDM
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The FDM process adapts the thresholds estimated filter by filter to avoid
detections by the blades. The single FDM cell is constituted by the number of
pulses whithin the Coherent Processing Interval (CPI) and a specific number of
range cells, and the maps are created according to the following algorithm (see
Fig. 2): calculation of the modules of each sample at each filter output;
selection of the average modulus of the samples belonging to the same range
whithin a fixed range window and to the same azimuth sector given by the CPI
length;by indicating with j the j-th CPI and with Nj and Nr the number of
pulses whithin it and the number of range cells included in the FDM cell
respectively, with MMTD the Nj x Nj MTD matrix, and with s(i) the Nj x Nr
received signal, the algorithm continues performing integration from scan to
scan through the formula:

c j (i ) = α M MTD s (i ) + β c j (i − 1)
Where i denotes the i-th scan,  denotes a real scalar defined in the interval
]0,1[, cj(i) is the value to be assigned to the fine Doppler cell at the i-th scan,
࢙ത(݅) is the Nj x 1 vector obtained by performing the average of the moduli of s(i).

IV.

PRELIMINARY RESULTS ON SYNTHETIC DATA

To assess the FDM performances in terms of blades and target PD, a scenario
with a single Wind Turbine (WT) in a single range cell has been chosen. A very
long observation time has been fixed and asynchronous target crossing over
the Cell Under Test (CUT), in the order of one thousand, has been considered.
More specificly, 1000 Montecarlo trials have been carried out, each of which
considers 301 radar scans wherein the WT is always present, the target, a
small class of airliners type Cessna 310B [3] with an rcs 4m2, occurs in the
same range cell only for the last scan. Generally H0 is the hypothesis
associated to a false alarm; in our case it refers to the detection of only wind
turbine. H1, as usual, is the hypothesis associated to the target detection.

Figure 3: Blade flashes and FDM Thresholds

Fig. 3 depicts the FDM threshold capability of adaptation to the blade flashes
that occur along the time of observation allowing the possibility to detect the
target when it is present.
Further simulations of both target and blades PD have been carried out for
different values of ) and blades RCS; in figure 4 the main results of such
simulations are shown.
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Figure 4: Target and Blades PD Vs 
ଵ

In Figure 4 it can be seen that to achieve a target PD of 96.2%, ) must be ≈ଶ,
and such a value corresponds to a blade PD of 3.35%.

V.

CONCLUSION

In this paper the importance of wind farms impact on primary radars has been
presented in terms of useful targets as well as WT clutter PD when FDM are
operative, and a comparison between these two performance parameters has
been done for different values of M and RCS of the blades. Since the
simulations have been carried out without any real radar data and in the
hypothesis of far field between radar and WT, which is not verified in the cases
of interest, the next step, in order to prove the effectiveness of the model used
in this paper, aims to acquire data from live recordings of radars in the vicinity
of wind farms. Furthermore, a more precise WT RCS characterization is
supposed to be done for providing the simulations with a more realistic model
of the return signal backscattered from a WT.
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EMBEDDED PHOTONIC SENSOR NETWORKS FOR LARGE ARRAYS
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P.Vinetti(1), M. D’Urso(1) and M. Dispenza(2)
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Abstract
A feedback control network based on photonic sensors has been exploited to
increase resiliency of large phased arrays for radar and space applications has
been proposed. The sensor network is embedded in the antenna array front-end
such to provide a a real-time control of the failures/calibration errors of system
components. The feedback system dynamically acts on the weights of the Beam
Forming Network thanks to accurate and effective synthesis methods, allowing
minimizing the mismatch between the actual pattern and the reference one.
Index Terms − radar systems, dynamic beamforming, antenna arrays, phased array,
photonic sensors, radar resiliency.

I.
INTRODUCTION
Phased array antennas and, particularly, active antenna front-ends
adopted for multifunctional radars, are high costs, very complex and
electrically large systems. The overall performances are affected by the
actual radiated beam, and a mismatch between the expected and the
actual aperture field distribution can lead significant performance
degradation
[1-2].
When
performance
degradation
becomes
unacceptable, system maintenance is mandatory, which implies
undesired temporarily interruption of the normal service.
This paper proposes a solution able to improve resiliency of array
systems, enabling the capability to dynamically adapt the system to
possible failures. The proposed method exploits an embedded non
invasive Photonic Sensors Network (PSN), properly integrated in the
radiating antenna front-end, and an adaptive beam-forming algorithm,
embedded in the array control unit. The PSN is made of electrically
small probes, aimed at continuously measuring the actual field on the
array aperture thus providing an estimation of failure or calibration
errors. Sensor data are properly processed and allow to determine the
actual status of the array front-end (beam diagnosis phase). A second
phase aimed at dynamically minimizing the mismatch between the
actual pattern and the reference one by acting on the weights of the
BFN is also implemented, if required (beam correction phase). Different
form previous contributions[3], the photonic devices proposed in the
paper are organized into a sensor network, able to detect the array
failures, and integrated into a control system able to mitigate pattern
degradations.
II.
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The system architecture is reported in Fig.1 (a). It is composed of two
main sub-systems: the PSN and BFN feedback control unit.
BFN Feedback control is the system component aimed at analyzing the
signals coming from the PSN and at applying possible corrections to the
BFN in order to mitigate the effect of undesired failures and/or
calibration errors. The feedback system can be tuned according to the
considered system, taking into account desired performances,
robustness, resiliency, and, moreover, the overall costs. The feedback
control unit is made of two main sub-blocks. The first one, the beam
diagnosis block, optically interrogates the photonic sensors embedded
in the array front-end, in order to estimate calibration mismatches or
components failures (status of the antenna front-end). In particular, it
polls the integrated photonic network to retrieve the field distribution
over the aperture. According to the required correction strategies
different levels of complexity can characterize the logic of the block:
diagnosis logics can concern direct comparisons between estimated field
distribution and the expected one (through binary marks as OK/KO).
More sophisticated logics can be adopted, based on specific test
sequences aimed at retrieving information about the type/features of
the anomalies, such as calibration errors, hardware component failures,
impedance mismatch, etc. The beam correction block (see fig.1 (a))
addresses the mitigation of the retrieved failures/calibration errors. It
contains effective algorithms able to synthesize the required patterns,
by properly mitigating the undesired effects of failures. More in details,
the beam correction block accomplishes a constrained BFN synthesis.
Constraints are represented by a binary mask which excludes element
failures from the synthesis, or bounds on the amplitude of the complex
weights. This problem can be solved by adopting Convex Programming
algorithms [4-5]. Note that, thanks to their convex nature, constraints
on the weights corresponding to failing elements can be easily inserted
in the adopted synthesis algorithm, particularly fast and effective
thanks to a joint use of convex programming algorithms and NUFFT
transforms, enabling to efficiently evaluate the array factor in case of
arbitrary lattices.
The PSN of the beam diagnosis block is based on Electro- Optic (EO)
techniques for field sensing [6]. The photonic sensor is an electrically
small, dielectric electromagnetic field probe, embedded into the array
element. The probe is made of a LiNbO3 crystal substrate, wherein an
optical circuit has been properly integrated to take advantage from the
crystal’s EO effect in order to modulate an optical carrier travelling
through it. A Mach-Zehnder interferometer has been realized in the
sensor optical circuit, according to [7]. Since such a device has to be
integrated into the antenna element, its design cannot be generalized to
any case and shall be optimized taking into account the specific
features of the array element. Indeed, the actual electromagnetic field
distribution inside the element, its physical properties and, possibly,
the manufacturing procedure of the radiating element impose
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limitations to size, positioning and installation approach of the photonic
device.
The physical dimensions of the designed and realized probe are 1mm
(width) x 3mm (length), which make it electrically small when compared
to free space wavelength at L, S and C-band. A Wavelength Division
Multiplexing (WDM) can be also added in order to simplify the
integration (as shown in Fig.1(a)).

(b)
(a)
FIG. 1 − (a) The proposed system architecture (b) TRM with the integrated
photonic sensor (green arrow indicating the region of the sensor deployment.

III.
SYSTEM VALIDATION
The proposed system has been validating in two steps. The first one is
aimed at validating the integration of the photonic network into the
active radiating element of the considered radar system. Note that, in
the considered system, the radiating element is a part of the
transmit/receive module (TRM) of a commercial C-band radar system.
The photonic sensor has been attached longitudinally under the
metallic central ridge of the active radiating element, together with its
(white) connecting fiber. Fig. 1(b) presents a picture of the integration
photonic devices in the TRM. The TRM with the embedded photonic
device has been tested with the extensive standard procedure, required
to qualify the fabricated module before the integration into the radar
system. For sake of brevity, this paper do not reports results of the tests
of the experimental validation of the integration. By the way, the
comparison between standard TRM module and modified one, i.e. with
the embedded photonic sensor, for both receiving (Rx) mode and
transmitting (Tx) mode, did not present significant differences.
The second step demonstrates the effectiveness of the proposed system
in mitigating the effect of failures. To this aim, a failure has been
introduced into the radar system, by switching off all the active modules
belonging to a specific array row: a number nearly equal to 3.2 % of the
overall number of elements has been assumed to be in failure. The
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array diagram in presence of failures is shown in Figs. 2, where the
compensated one, i.e. the array factor determined by applying the
synthesis procedure described above is also reported. Fig.2 also show
the pattern mask specifications.

(b)
(a)
FIG. 2 − Pattern comparison: reference (blue), uncorrected (black) and
corrected pattern (cyan line): (a) (v- cut), (b) u-cut.

IV.
CONCLUSIONS
An innovative system based on a proper designed photonic sensors
embedded in the antenna front-end has been proposed for on-site, realtime diagnosis and correction strategies. The system has been
effectively integrated into TRMs of real world radar, manufactured by
SELEX Sistemi Integrati S.p.A
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Abstract

The present work compares the results coming out from the following three Ion
Cyclotron antenna tools: HFSS, COMSOL Multiphysics and the TOPICA code. A
simplified flat antenna geometry, working at 30 MHz, is used as benchmark.
The comparison is carried out with respect to the scattering matrix and the RF
potentials, i.e., the line integrals of the electric field along the flux tubes of the
equilibrium magnetic field. Various operational configurations characterized by
different antenna-load clearance are considered.
Very good agreement can be observed among the codes for all the simulated
configurations in terms of scattering parameters. RF potentials also match as
regards to patterns, trends as well as absolute values.
Index Terms − computational electromagnetics, ICRH antenna, modelling.

I. INTRODUCTION
Ion Cyclotron (IC) heating in magnetic confinement devices for
thermonuclear fusion has proven to be an effective technique that
directly increases fast ion populations [1]. Antennas represent the most
critical part of the RF system due to the harsh environment they are
called to operate, so a reliable prediction of their behaviour is of
paramount importance in designing experiments and heating systems.
The electromagnetic performances of IC antennas are generally
expressed by means of two main parameters, i.e., coupled power and RF
potentials. The former is related to the antenna scattering matrix, while
the latter is given by the integrals of the electric field component parallel
to the equilibrium magnetic field along the magnetic field lines.
The aforementioned figures-of-merit can be computed by several
codes, each one adopting its own formulation and modelling of the
antenna load. Numerous authors have compared different antenna tools
in terms of coupled power, showing very good agreement between them
[2]-[4]. On the other hand RF potentials have been rarely compared and
sometimes their results are said to miss a perfect match [5].
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FIG. 1 − Flat antenna model; one half of the Faraday screen has been removed
to let the interior visible.

This paper aims at filling this gap, presenting a comparison between
three different, widely used, IC antenna tools in terms of both scattering
matrix and RF potentials. A flat test antenna model, working at 30 MHz,
is used as benchmark and the load is simulated through a dielectric,
whose electromagnetic properties resemble the plasma behaviour.
II. BENCHMARK SETUP AND CODE DESCRIPTION
Antennas meant for working at IC frequencies (10-100 MHz) consist of
short-circuited current straps, hosted in boxed and protected by
conducting rods (Faraday Shield or FS) and a protruding frame
(limiters). In general FS bars are slightly rotated to be aligned with the
equilibrium magnetic field : it allows the reduction of the RF electric
field components parallel to
( ), which play a deleterious role during
IC plasma operations.
A simplified flat antenna model, without limiter tiles, has been used
for simulations (see Fig. 1). In place of the plasma load, a dielectric with
equivalent complex permittivity
has been used [6]. Five
different configurations with vacuum gap, namely the FS-dielectric
distance, ranging from 1 cm to 5 cm have been studied. Simulations
have been performed with three different codes: HFSS, COMSOL
Multiphysics and TOPICA.
The High Frequency Structure Simulator (HFSSTM) is a worldwide
used, commercial software, based on the Finite Element Method (FEM).
It’s a 3-D full-wave electromagnetic field simulator, which solves a weak
formulation of the partial differential equations. It automatically
generates an appropriate mesh, determined by the physics and refined
iteration-by-iteration during the simulation run.
COMSOL MultiphysicsTM is a 3-D FEM solver that looks very
promising for fusion research. Enhanced to manage multiphysics
problems, it allows great flexibility, letting the user introduce his
equations and model inhomogeneous, anisotropic and dispersive
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materials like cold plasmas [4]. Mesh has to be properly set by the user
and convergence is found acting on basis function order.
The TOrino Polytechnic Ion Cyclotron Antenna (TOPICA) code [7] is
among the most advanced IC antenna tools. The electromagnetic
problem is formulated by a set of multiple coupled integral equations,
enforcing field continuity at the interface between antenna and plasma
regions. A sparse algebraic system is finally derived applying a hybrid
spatial-spectral Method of Moments (MoM) based on triangular basis
functions. It can simulate dielectric, cold plasma and hot plasma loads.
III. RESULTS
The comparison of scattering parameters is reported in Fig. 2; due to
matrix symmetry only two out of four parameters have been reported.
As for RF potentials, a 0- phasing at the straps has been used.
The complete patterns, calculated at the plasma-dielectric interface, are
shown in Fig. 3a for a single configuration. In addition, the integrals of
the absolute value of
along the magnetic field lines have been
calculated 5 mm far from the launcher and their average values have
been compared in Fig.3b for all cases to give an overall picture.
IV. CONCLUSION
A benchmark between HFSS, COMSOL Multiphysics and the TOPICA
code has been carried out with a flat, dielectric loaded, 30 MHz, test
antenna in terms of scattering matrix and RF potentials.
There is an excellent agreement in terms of both module and phase
for all studied configurations. Also RF potentials are very similar,
though the match is not perfect. As a next step the comparison could be
performed using plasma-loaded, more complex, ion cyclotron antennas.

FIG. 2 − Module (a) and phase (b) of the scattering parameters S 11 and S 21 as
predicted by the codes for different FS-dielectric clearances.
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FIG. 3 − Comparison between the integrals of
along flux tubes at the
dielectric interface when vacuum gap = 3 cm (a) and between the mean values
of the integrals of
along flux tubes at 5 mm in front of the launcher for all
scenarios (b). All potentials are normalized to 1 MW of input power.
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Abstract
Recently, small magnetic radiators are becoming more and more important for a
large variety of applications involving the use of narrow transmission bandwidth
in wireless sensor networks, data tracking, or environment monitoring, where
they can be used not only in free-space conditions, but also inside complex
electromagnetic media. As a matter of fact, the antenna is an essential
component that impacts the efficiency of the transmission, the size of the device,
and the bandwidth operability. In this paper an analytical procedure is
introduced, that allows the design of magnetic antennas with arbitrary shape
and extremely reduced dimensions. Since the design procedure is analytical, it
can be efficiently applied to synthesize antennas in the free space, but also in
general media. Simulations and measurements exhibit a good agreement.
Index Terms − small antennas, magnetic antennas, narrow band
communications, wireless sensors

I.

INTRODUCTION

Narrowband communication devices are being implemented for a larger
and larger variety of applications, e.g. radio frequency identification
(RFID), wireless sensor networks (WSNs), electromagnetic sensing (EMS)
[1]. For these applications, the electromagnetic front-end (antenna,
matching circuits, connecting cables) should be miniaturized, even if
transmission properties should be optimized, to provide the maximum
radiating efficiency to the system.
In the last years our group has introduced wireless devices into
water, to sense the physical characteristics of the liquid, identify
singularities, and provide information about the position of anomalies
[2]. More recently, we have developed a new application that involves
displacement of micro-sensors inside glaciers and snowfields, to
monitor the wateriness and forecast avalanche events [3]. In all the
mentioned scenarios, the transmitter is embedded in a dissipative
medium, and the design of its RF part must take into account the
electromagnetic characteristics of the medium, as well as its
dimensions. For this reason, we have been working on the definition of
a miniaturized antenna geometry, as well as the identification of a
procedure for the design of radiators in lossy media [4]. In the following,
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an effective progress is presented. The technique is based on a multiconductor transmission lines approach; the matching impedance is
computed analytically, without any optimization procedure, by a multi
conductor model. The procedure can be applied to any antenna
geometry, even very complex ones, e.g., with fractal shape.
II.

ANTENNA DESIGN

The typology chosen for the mentioned application is the small magnetic
radiator, which is significantly efficient in lossy media, as the field
region is characterized by a wave impedance as small as the one of the
medium surrounding the antenna.
Unfortunately, small radiators are characterized by a narrow
transmission bandwidth that makes them unsuitable for standard
communications. In RFID and WSNs technology, this limitation does
not affect the performance of the system, as data are mainly
characterized by a limited bandwidth.
For all the mentioned reasons, we have proposed an efficient
magnetic antenna that allows the realization of small loop radiator, by
embedding the matching circuit inside the loop [4]. An example is
shown in Fig.1a, where the antenna is a standard circular loop and the
two curvilinear transmission lines are inserted in series, to cancel the
imaginary part of the impedance that can be measured at the loop
terminals.

a.

b.

c.

FIG. 1 − HFSS model of different antenna’s design. a. small loop matched
antenna. b and c: flower antennas with increased current path and smaller
diameter.

To reduce the dimensions of the antenna, allowing an extended
minimization of space occupation, more complex geometries have been
investigated. In this way, it has been possible to synthesize small
antennas, embedded inside circumferences having a radius down to
60% of a standard circular loop. To this purpose, a geometrical shape
similar to a flower, where the number of petals is optimized to increase
the current path, has been introduced, Fig. 1b,c.

ISBN: 978-88-907599-0-1

Poster Session II

2

544

Proceedings of the XIX RiNEm

III.

THE ANALYTICAL METHOD

The design of the antenna is affected by the coupling between the
radiating components (external loop, of any form) and the circuital ones
(stubs). Hence, the simplified procedure described in [5] must be
complemented by an iterative process or an optimization method. Sicne
the analysis of these antennas requires the application of full wave
methods, heavy computational resources and long running times
should be introduced. For this reason, a new design method has been
adopted that avoids the use of optimization techniques and converges in
maximum two steps. Initially, the geometry of the loop is chosen and for
that geometry the antenna impedance is calculated. Secondary, a multiwire transmission line model is introduced to evaluate the coupling
between the stubs and the loop. This model is used to compute the
impedances Z11, Z22, Z31 and Z32 of the circuit shown in Fig. 2, once the
length of the stubs has been determined.

FIG. 2 − Transmission line model. The stubs are fed at natural ports 1 and 2
and left open at the terminal ports. The passive transmission lines are shortcircuited at the feeding ports and left open at the terminal ports.

Once the parameters of the impedance matrix are known, the
antenna impedance can be easily derived as:
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∞
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where k, Z and L are the propagation constant, the characteristic
impedance and the length of the transmission line that interconnects
the loop to the stubs. By applying a simple inversion, one can calculate
the impedance of the radiating part that realizes the desidred Zant,
namely 50 Ω.
Following the presented method, several samples have been realized,
at different frequency carriers. For all cases, measurements of reflection
coefficient (antenna impedance), radiation pattern, were performed. Fig.
3a and Fig. 3b show two examples (simulations and measurements),
∞
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performed on antennas with 16 petals working respectively at 900 Mhz
and. Results exhibit a satisfactory agreement between simulated and
measured data.
4
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a.

b.

FIG. 3 − Simulations (continuous line) and measurement (dashed line) of the
antenna impedance (a) and antenna radiation pattern (b) for a sample with 16
petals working at 900 MHz.

IV.

CONCLUSION

The paper presents an improved design technique that allows the
realization of extremely compact magnetic antennas. Unfortunately, the
result usable bandwidth is extremely limited, but it is sufficient to
efficiently cover a number of applications.
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Abstract

An analysis technique is described for cylindrical frequency selective structures,
useful for antenna radome applications. The structures are made by freestanding conducting rectangular patches, or slots. Approximate relations are
employed to study in particular structures with many elements. A comparison is
reported with previous results given in the literature. The opacity, or
transparency, of the surface for a suitable frequency range is shown.
Index Terms − Antenna Radomes, Cylindrical Floquet modes, Electromagnetic
Scattering, Frequency Selective Surfaces (FSS).

I. INTRODUCTION
Frequency Selective Surfaces (FSS) have been an extensive research
topic since a long time [1],[2]. The case of Cylindrical Frequency
Selective Surfaces (CFSS), which may be of interest for antenna radome
applications, has been less studied in the literature [3],[4]. In the
present paper an analysis technique is described, particularly useful for
structures with many constitutive elements.
II. METHOD EMPLOYED AND RESULTS OBTAINED
Figure 1 shows the infinitely long cylindrical structure we have
considered. It may consist of free-standing conducting rectangular
patches, or of a perfectly conducting circular cylinder perforated with
axial slots. Patches or slots are located periodically along the
circumferential direction φ (T φ periodicity) and along the axial direction
z (T Z periodicity).
Because of periodicity, the scattered fields are computed by
analyzing the unit cell shown in Fig. 1b). Scattered fields are calculated
according to the procedure described in [4]: however, we have extended
this formulation for structures with a larger number of circumferential
patches/slots (e.g., more than 64). This improvement has been obtained
using approximated expressions of Bessel functions products [5],[6] and
symbolic calculations performed with Matlab, to avoid overflow and
underflow problems due to large-order and large-argument functions.

ISBN: 978-88-907599-0-1

Poster Session II

547

Proceedings of the XIX RiNEm

FIG. 1 − a) Cylindrical Frequency Selective Surface, made by conducting
patches or slots; b) relevant unit cell parameters.

For the case of free-standing conducting patches, a cylindrical wave
with TM polarization (E φ =0; H Z =0), generated by an electric line current
located on the cylinder axis, is considered. It is assumed w<l/10 and
w<λ/20 where λ is the wavelength of the incident field. With these
hypotheses the φ component of the electric surface current is
considered constant: consequently, only the z component of the electric
field and the φ component of the magnetic field are taken into account.
Being the structure under consideration periodical along φ and the z
axis, the scattered fields are written as infinite sums of cylindrical
Floquet modes. The amplitude coefficients of the cylindrical waves that
compose the scattered field depend on the surface current on the
conducting patch. This relation is found applying the boundary
conditions on the tangential component of the electric field, that should
be continuous at ρ=ρ 0 , and on the tangential component of the
magnetic field, that should be discontinuous at ρ=ρ 0 by an amount
equal to the induced current density J Z .
Finally, equating the total tangential electric field to zero on a strip
surface, an integral equation is obtained, where the unknown quantity
is the current distribution. This integral equation may be solved
numerically by using a method of moments technique. To obtain a
numerical solution, the current is expanded into seven entire domain
sinusoidal basis functions for narrow strips.
For the case of free-standing slots, a cylindrical wave with TE
polarization (E Z =0; H φ =0) generated by a magnetic line current located
on the cylinder axis is considered. The slot size is the same as for the
patch case and the conclusions for the field components are dual. For
the numerical solution, the electric slot field is expanded into seven
entire domain sinusoidal basis functions.
Figure 2 shows a comparison between a plot in [4] and our result
obtained with a Matlab code using the above-mentioned approximated
forms. Figure 3 is the same as Fig. 2, but with a larger cylinder radius.
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In both we can see that near l=0.5λ the CFSS does not allow the power
to flow out.

FIG. 2 − Ratio (dB) between radiated power measured away from the electric
line current, with and without the CFSS, with N =16 circumferential patches
and unit cell parameters: b =50 mm, T Z =100 mm, l =90 mm, w =4 mm.

FIG. 3 − Same as in Fig. 2, for N =250 circumferential patches, and unit cell
parameters: b =50 mm, T Z =55 mm, l =50 mm, w =4 mm.

The plot in Fig. 4 is related to a conducting cylinder periodically
drilled with axial slots. Near l=0.6λ the CFSS allows the whole
longitudinal magnetic field to flow out.
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FIG. 4 − Ratio between longitudinal magnetic field (magnitude) measured away
from the magnetic line current, with and without the CFSS, presenting 180 or
320 circumferential slots and: b =50 mm, T Z =100 mm, l =90 mm, w =4 mm.

III. CONCLUSION
The described technique is able to analyze cylindrical frequency
selective structures with a large number of elements, useful for antenna
radome applications. Further developments may concern the
application of the technique to different patch/slot geometries.
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MATCHING TECHNIQUES FOR EFFICIENT BROADSIDE RADIATION
IN 1-D PERIODIC PRINTED LEAKY-WAVE ANTENNAS
P. Baccarelli(1), S. Paulotto(2), and D. R. Jackson
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Telecommunications, 'Sapienza' University of Rome
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Abstract

Symmetric π-matching networks are presented for suppressing the open
stopband (OSB) and obtaining efficient broadside radiation in one-dimensional
(1-D) periodic printed leaky-wave antennas (LWAs). The elimination of the OSB
is achieved by matching the Bloch-wave impedance of the structure to a desired
(non-zero) value at broadside frequency. Three different matching conditions can
be applied. The effectiveness of the proposed techniques are demonstrated with
numerical simulation on real structures.
Index Terms − Broadside scanning, leaky-wave antennas, one-dimensional (1D) periodicity, open stopband.

I. INTRODUCTION
Printed periodic leaky-wave antennas (LWAs) are low-profile and
suitable for various scanning applications, where the main radiated
beam scans from the backward to the forward quadrants as the
frequency increases [1]. A fundamental problem of these antennas has
been the existence of an “open stopband” (OSB) in a narrow frequency
region around broadside [1,2]. Within this narrow angular region the
amount of the radiated power drops substantially and most of the
signal is reflected back to the source. Techniques to suppress the OSB
are thus of great importance, since they would enable a continuous
beam scan through broadside [2]. In this paper, the use of π networks
for matching the Bloch-wave impedance and eliminating the open
stopband at broadside is presented.
II.

Π-MATCHING

NETWORKS

In Figs. 1(a) and 1(b) network representations of the unit cell of
general 1-D periodic printed LWAs are shown, where a transmission
line of length  is followed by a two-port π-matching network. Let us
assume that the Bloch impedance looking into the π-matching networks
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is Z B1 . This impedance is transformed through a length of line  (with
propagation wavenumber k z and characteristic impedance Z 0 ) where  =
p − wπ , with p the period and w π the length of the π-matching network.
The transformed impedance is denoted as Z B2 . At the OSB frequency,
the π-matching circuits transform the impedance Z B2 back to Z B1 . In
principle, the OSB will be eliminated for any choice of Z B1 , though
ideally Z B1 is the value of the Bloch impedance for frequencies slight
below and above the OSB frequency (hence, the Bloch impedance will
not to vary much when the LWA scans through broadside) [2]. Consider
the symmetric π-matching networks shown in Figs. 1(a) and 1(b). After
some algebra, the condition for the transformation is obtained in terms
of capacitance C and inductance L' for the networks in Fig. 1(a) and
1(b), respectively, as follows:
1 1 + (ω L Z G ) 2 + j (∆Z B Z G ) (ω L Z G )
C=
2ω Z G (ω L Z G ) + j 0.5(∆Z B Z G ) (ω L Z G ) 2

(1.a)

1 − j 0.5 (∆Z B Z G )[1 (ωC ' Z G )]
L=
ω (1 + ω 2C ' 2 Z G2 ) / (ωC ' Z G ) − j (∆Z B Z G )

(1.b)

'

2ZG

where we denote the differences of the Bloch impedances as
∆Z B ≡ Z B1 − Z B 2 and the geometric mean of the Bloch impedances as
Z G ≡ Z B1Z B 2 . We require that the capacitance C and inductance L' given
by (1) be real-valued. This can happen in several different ways, which
are described below.
a.

Quarter-Wave Transformer

Here we require that  =
1, 2 , where λg = 2π k z is the
(2m −1)(λg / 4), m =
guided wavelength of the line. This condition implies that Z B 2 = Z 02 Z B1
(see Fig. 1), which also leads to Z G = Z 0 . The following relations are then
determined for both networks:
L(' ) = Z 0ω −1

C (' ) = (ω Z 0 ) −1

(2)

where the conditions on L and C' are needed to obtain real-valued
capacitance and inductance in (1). The inductance and the capacitance
in the π networks are unique and completely determined by (2); they
can be properly designed once the value of Z 0 and frequency are
specified. Furthermore, they do not depend explicitly on the Bloch
impedance Z B ; however, Z B is affected by the value of Z 0 .
b.

Half-Wavelength Transformer

In this case we=
have  m=
(λg / 2), m 1, 2 , which corresponds to
Z=
Z=
Z B , which implies Z G = Z B and ∆Z B =
0 . It follows that the
B2
B1
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capacitance and inductance from (1.a) and (1.b) are
=
C (2ω Z B ) −1 1+ (ω L Z B ) 2  (ω L Z B )

−1

−1

=
L' (2 Z B / ω )(ωC ' Z B ) 1 + (ωC ' Z B ) 2  ,

(3.a)
(3.b)

respectively. We note that the values of the inductance L and the
capacitance C' are arbitrary, and hence, the solution is not unique. For
a given L (C' ), (3) determines the solution for C (L' ), which depends
explicitly on the Bloch impedance, and hence will be real only for real
values of Z B .
c.

Perfectly Matched System

Here we assume that Z=
Z=
Z 0 , which implies Z G = Z 0 , and ∆Z B =
0.
B1
B2
In this case the length  of the line is arbitrary, even though it affects
the OSB frequency; the design equations are given from (3), where
Z B = Z0 .
III. DESIGN EXAMPLES AND DISCUSSION
Printed periodic microstrip LWAs, whose unit cell are shown in Figs.
1(a) and 1(b), have been optimized for eliminating the OSB following the
design cases b and c, respectively. The Bloch impedances (which are
almost real for the chosen unit cells) are shown in Figs. 2(a) and 2(b)
and present a quite flat behavior across the broadside frequencies f B =
5.29 GHz and 10.05 GHz, respectively, thus confirming the suppression
of the OSB [2]. Values of the elements of the π networks at the
broadside frequencies (where Z B ≈ 71 Ω and 50 Ω, for the case of Figs.
1(a) and 1(b), respectively) are obtained by simulating the relevant
discontinuities of width wπ with Ansys Designer and are reported in
Table I. Excellent agreement is observed between the design formulas
and numerical simulations (reported in bold font in Table I), which
validates the design approach based on simple π-matching networks.
Finally, the dispersion behavior of the phase and attenuation constants
around the broadside frequencies and the numerical radiation patterns,
not shown here for brevity, illustrate the desired continuous scanning of
the radiated beam through broadside for both the considered LWAs.
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FIG. 1 − (a) Network representation and relevant unit cell of a 1-D periodic
microstrip LWA loaded with long lengths of line folded as a u-stub. Dielectric
substrate: Arlon AD1000 (ε r = 10.35), thickness 0.762 mm. (b) Network
representation and relevant unit cell of a double-stub microstrip LWA.
Dielectric substrate: Rogers RT/duroid 5880 (ε r = 2.2), thickness 1.575 mm.

FIG. 2 − (a) Bloch impedance obtained by simulating with Ansys Designer 60
unit cells of the LWA as in Fig. 1(a). (b) Bloch impedance obtained by
simulating with Ansys Designer 30 unit cells of the LWA as in Fig. 1(b).
Legend: real part (solid lines) and imaginary part (dashed lines).
TABLE I
f B (GHz)
5.29
10.05

L ′ (nH):
(3.b)
-0.35
()
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0.35
()

C ′ (pF):
(3.a)
10.04
-()
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A CANONICAL PROBLEM IN MULTIBEAM ANTENNA SYNTHESIS
A. F. Morabito, L. Di Donato
LEMMA Group @ DIMET, Università ‘Mediterranea’ di Reggio Calabria,
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Abstract

The problem of the optimal synthesis of ‘four-color’ multi-beam antennas is
formulated and solved. The proposed approach exploits at best all the degrees
of freedom of the synthesis scenario at hand, and allows to formulate the design
problem as a convex programming optimization. The achievement of the
maximum feasible radiation performance is guaranteed in a large number of
applications of actual interest.
Index Terms − Antenna Synthesis, Aperture Antennas, Multibeam Antennas.

I. THE PROBLEM AT HAND AND THE BASIC IDEA
The next satellite services will offer multimedia applications
exhibiting higher and higher data rate performances [1]. To pursue such
a goal, an overlapped beam spot coverage of the Earth will be provided,
with high gain performances (such to guarantee adequate figures of
merit in terms of EIRP and G/T) on each beam. Moreover, a sufficiently
large isolation will be required amongst possibly interfering beams [1].
A canonical mission scenario is shown in Fig. 1, wherein the region
to be covered results hexagonally sampled into a number of circular
spots having a constant angular width and a constant center-to-center
spacing. Each beam has assigned a specific frequency sub-band and
polarization in order to avoid interferences amongst adjacent spots [1].
The ‘iso-frequency and iso-polarization’ spots are indicated by the same
color, and two different frequency bands and polarizations are adopted,
leading to the well known ‘four-color’ re-use scheme. Notably, by virtue
of the well known Four Color Theorem [2], four is the minimum number
of different channels which can be used in any re-use scheme.

FIG. 1 − ‘Four-color’ multibeam coverage of the Europe. The gain must be
maximized in the ‘*’ spot subject to sidelobe upper bounds in the ‘•’ spots.
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Once a mission scenario is defined, the problem can be formulated
as that of synthesizing one or more antennas able to maximize the
minimum directivity inside the coverage zone while ensuring an
adequate carrier-to-interference performance in the other beams (see
Fig. 1).
Recently, it has been shown that, whatever the choice of the final
antenna, the identification of a continuous aperture source fulfilling ‘at
best’ the required specifications allows to establish the ultimate
achievable radiation performances as well as a reference and a guide in
the synthesis of the actual radiating system [3].
Up to now, effective procedures have been developed for the
synthesis of circularly symmetric aperture fields able to fulfill (and
optimize) given far field performances [3]. In particular, the approach in
[3] provides a convex programming procedure for the fulfillment of
circularly symmetric directivity constraints and the ‘automatic’ discard
of superdirective fields. Notably, such a canonical result has been then
exploited in the optimal synthesis of (multibeam) sparse arrays, thinned
arrays, and clustered arrays [1],[3].
On the other side, considering the canonical multibeam scenario of
Fig. 1, for each color the nearest interfering spots are located just in six
equispaced angular directions (and those besides the nearest ones in
other well-defined directions). As a consequence, for a fixed elevation
angle, the imposition of a given sidelobe level constraint in all the
azimuthal directions goes well beyond the actual antenna requirements.
Saying it in other words, a circularly symmetric source tends, by
definition, to fulfill the mission requirements not only on the ‘iso-color’
regions but also on the non-interfering spots, which unnecessarily over
constrains the optimization problem.
Then, the basic idea proposed and developed herein is to solve the
above design problem by exploiting sources having, for each value of the
radial coordinate, an hexagonally symmetric behaviour in terms of
azimuthal angle. In fact, such an hexagonal symmetry, which will
however vary with the radial coordinate, will result in an hexagonal
symmetry of the far field in the azimuthal variable.
Such a kind of dependency will allow to enforce the radiation
constraints only where actually needed, i.e., just on the interfering
spots. Therefore, these sources will lead to the best possible exploitation
of the antenna synthesis degrees of freedom, and hence to the
achievement of the maximum feasible performance in terms of carrierto-interference ratio. Interestingly (see below), the final patterns will
result in a sort of ‘smart interlocking’ amongst the higher sidelobes and
the ‘iso-color’ regions. In the following, a convex programming strategy
able to identify in a fast and effective fashion the globally optimal
solution of such a canonical problem is outlined and tested.
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II. THE SYNTHESIS PROCEDURE
Basically, by exploiting the guidelines of [4], the approach amounts
to expand the aperture field in a suitable convenient basis, and then to
find the coefficients of this expansion in such a way to maximize the
directivity while guaranteeing the fulfillment of given upper bounds on
the sidelobes, or to maximize the separation amongst main beam and
sidelobes for a given beamwidth.
In the latter case, reasoning by the sake of simplicity for the beam
pointing at boresight, the problem can be formulated as:
Maximize:
Re[E(θ=0)]

(1.a)

Im[E(θ=0)]=0

(1.b)

|E(θ,ϕ)|2≤UB(θ,ϕ)

(1.c)

Subject to:

wherein E denotes the far field distribution as a function of the
elevation and azimuthal angles θ, ϕ, while the ‘upper bound’ mask UB
takes into account the actual location of the iso-color beams, and the
reference phase of the field is fixed to 0 in the target direction.
By so doing, the problem is reduced to a convex programming
optimization, and hence, unless the constraints are so strict to prevent
the existence of a solution, the fast achievement of its global optimum
(which is unique) is guaranteed.
As far as the choice of the basis function of the aperture field is
concerned, any (complete) expansion enforcing an ‘hexagonally
symmetric’ azimuthal behavior (as defined above) can be used. In this
work, as they allow both a closed-form expression for the far field and
some control of radial variations along the aperture, we use the TE 6n
propagation modes (with n=1, ..., N) of a circular waveguide having a
radius equal to that of the aperture at disposal. Therefore, our
continuous aperture field E AP defined over an aperture of radius a is
written as:
N
 Mn
ρ 

E AP (ρ ,ϕ ) = ∑ ∑ [Am cos(6nϕ ) + Am+Mn sin(6nϕ )]J 6n  Φ 6n,m  
a 

n=0  m=1

(2)

wherein ρ and φ respectively denote the radial and azimuthal
coordinates spanning the aperture, J x is the Bessel function of first kind
and order x, Ф X,m is the m-th root of the derivative of J x , 2M n is the
number of unknown coefficients in the basis J 6n (which must be chosen
according to the number of degrees of freedom of the radiated field), and
N+1 corresponds to the number of exploited TE 6n modes.
III. AN EXAMPLE OF PERFORMANCES
With reference to the optimization problem 1(a-c), an example of the
achievable performance is shown in Fig. 2, where the same parameters
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as in [1] have been used. By the sake of understanding, the location of
the iso-color beams have also been reported in Fig. 2.b.
As it can be seen, the higher sidelobes are located midway amongst
the iso-color beams, whereas, instead, the radiated field fulfills all the
given constraints. Therefore, advantage is taken from azimuthal
variations, which would have not been the case with circularly
symmetric sources.

(a)

(c)

(b)

(d)

FIG. 2 − Synthesis results: power pattern plotted in the spectral plane (a) and
along the main cuts (c); corresponding real aperture field distribution (d);
achieved multibeam Europe coverage (b).
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MODIFIED U-SLOT PATCH ANTENNA WITH LOW CROSSPOLARIZATION FOR BROADBAND APPLICATIONS
S. Costanzo, A. Costanzo
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costanzo@deis.unical.it
Abstract

The basic U-slot shape usually adopted for enhancing the bandwidth response
of a microstrip patch antenna is properly modified in this work to significantly
reduce unwanted cross-polarization effects. A wideband impedance matching is
obtained by introducing a proper anular gap around the feed probe, in order to
compensate for the large inductive reactance due to the presence of a thick
substrate. A compact P-band prototype with a 15% bandwidth is realized and
experimentally tested.
Index Terms − Broadband antennas, compact antennas, U-slot antennas.

I. INTRODUCTION
The U-slot patch antenna configuration provides a useful single-layer
structure to achieve broadband and/or multi-band features [1]. The
basic idea is to exploit the reactive cancellation between the U-slot
capacitance and the feed inductance, as well as the additional U-slot
resonances to obtain a broadband frequency response. Several studies
exist in literature which confirm the possibility to achieve impedance
bandwidths in the range 10%-40% for both linear and circular
polarization, with a larger frequency band in the presence of an air or
foam substrate. The antenna behavior is strongly sensitive to the
variations of different parameters describing the U-slot geometry and
the substrate features. A significant attempt to establish design criteria
for the standard U-slot patch configuration are provided in [1], where
empirical formulas are presented on the basis of an accurate analysis of
all structure resonances and their relations with the geometry
parameters. However, design rules proposed in [1] give an approximate
tool which may not work in all situations, and provide only a good
starting point for successive optimizations to be performed for achieving
the prescribed broadband features. Starting from the insight study of
the antenna behavior described in [1], the original U-slot geometry is
properly modified in this contribution to accomplish for a wideband
response, but strongly reducing cross-polarization effects due to the
complex combination of antenna and slot modes. These unwanted
resonant modes are faced in [1] by imposing a specific constraint on the
ratio between the U-slot vertical and horizontal arms, thus limiting in
various cases the achievable bandwidth. Further problems arise in
those applications, such as P-sounding radar, which require thick
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substrates to satisfy the bandwidth requirements while guaranteeing at
the same time the antenna compactness. In these cases, reliable design
criteria do not exist, as the empirical formulas provided in [1] have
limited applications to electrically thin substrates. In this contribution,
the cross-polarization effects of the standard U-slot patch antenna are
avoided by introducing a modified U-shape slot which minimizes the
paths of unwanted currents. Furthermore, the problem of large probe
inductance due to the presence of thick substrates is accurately faced
by adopting a proper anular gap around the feed probe to reach a good
impedance matching in the broadband frequency range. Experimental
results on a compact P-band prototype are discussed to illustrate the
validity of the proposed approach.
II. ANTENNA CONFIGURATION
The antenna configuration proposed in this contribution is illustrated in
Fig. 1. The basic U-slot geometry is properly modified to improve its
bandwidth features, but reducing at the same time the high cross-polar
radiation often present at some frequencies within the operating range
[1]. As discussed in [1], antenna and slot modes combinations give rise
to undesired x-directed currents which produce a high cross-polar
component unless the ratio between the vertical arm C and the
horizontal arm D does not satisfy a specific criterion. This means that
bandwidth requirements cannot always be satisfied while guaranteeing,
at the same time, a low cross-polar effect.

y
x

FIG. 1 − Layout of modified U-slot antenna.

As illustrated in Fig.1, the U-slot arms are properly shaped to
minimize the paths of unwanted x-directed modes. In particular, a cut
is realized along the horizontal U-slot direction, thus reducing the
extent H t of the new horizontal arm. To have a better tuning of the
operating bandwidth, unequal lengths are chosen for the two U-slot
vertical arms. As a further variation with respect to the original U-slot
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design [1], a proper anular ring is introduced to compensate for the
large probe inductance due to the presence of thick substrates, which
could prevent the impedance matching.
III. DESIGN OF COMPACT P-BAND PROTOTYPE
Empirical formulas presented in [1] are adopted to have a starting point
of the original U-slot antenna dimensions, by imposing a center design
frequency fo = 450 MHz and an operating bandwidth of about 15%,
useful for P-sounding radar. A foam substrate having thickness equal to
60 mm is assumed, with an upper thin layer (0.762 mm) of dielectric
DiClad870 (ε r = 2.33) adopted uniquely for robustness reasons, to better
support the U-shaped slot. Design rules proposed in [1] give a U-slot
patch configuration (‘Design 1’) whose dominant dimensions are
reported in Table I.
TABLE I – REFERENCE U-SLOT PATCH CONFIGURATIONS
Configuration
Name
Design 1
Design 2

Patch Width W
[cm]
49.26

Patch Length L
[cm]
27.50

36.10

26.12

The simulated return loss (Fig. 2(a)) shows a reduced bandwidth of
about 5.7% with respect to the imposed constraint, thus requiring an
optimization refinement to obtain the ‘Design 2’ configuration reported
in Table I. A larger bandwidth of about 11% is obtained in this case, but
lower again with respect to the prescribed goal of 15%. Furthermore,
when approaching to the frequency band extremes, a crosspolar field
level in the H-plane comparable to the copolar component is produced
(Fig. 2(b)), as yet observed in [1], thus indicating a reduction of the
effective useful bandwidth.

(a)

(b)

FIG. 2 − Simulated return loss (a) and field pattern (b) of U-slot configurations
in Table I.

To overcome the limits of standard U-slot structure, the modified layout
of Fig. 1 is considered, and accurate design formulas, taking into
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account for all geometrical parameters, have been developed. A full
description of the design rules will be provided in a future extended
version of the work, as well as in the conference presentation. The final
dimensions of P-band prototype with the layout of Fig. 1 are reported in
Table II, and the realized structure is shown in Fig. 3.
TABLE II – DIMENSIONS OF P-BAND
MODIFIED U-SLOT ANTENNA
Parameter
Lg
Wg
D
E
C
C1

Dimension
[cm]
33.50
33.50
15.60
1.80
21.80
18.15

Parameter
L
W
F
Wt
G
R2

Dimension
[cm]
24.34
23.11
1.80
0.50
5.92
3.50

FIG. 3 − Photograph of P-band prototype.

The antenna has been tested into the Microwave Laboratory at
University of Calabria, in terms of both return loss and radiation
pattern measurements. A bandwidth of about 15% has been
successfully obtained, and the wideband response is also confirmed by
the radiation features, with a crosspolar component properly below the
copolar field.

(a)

(b)

FIG. 4 − Measured return loss (a) and field pattern of Modified U-slot antenna.

IV. CONCLUSION
A modified U-shaped slot patch has been proposed in this work to
guarantee a broadband response with low cross-polarization levels. A Pband prototype has been designed and tested to validate the approach.
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ACQUIRED THROUGH A HELICOIDAL SCANNING
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Abstract
A near-field – far-field transformation with helicoidal scanning for elongated antennas,
which allows the evaluation of the antenna far field directly from a nonredundant number of data without interpolating them, is here proposed. It relies on a nonredundant
sampling representation of electromagnetic fields and employs a flexible source modelling suitable for long antennas to determine the number of helix turns. Instead, the number of data on each turn is fixed by the minimum cylinder rule, as in classical cylindrical
scan, in order to reduce the computational effort and simplify the mechanical scanning.
Numerical results assessing the effectiveness of the proposed technique are shown.
Index Terms  antenna measurements, direct near-field – far-field transformation,
helicoidal scanning, nonredundant representations of electromagnetic fields.

I. INTRODUCTION
Helicoidal scanning techniques exploiting continuous and synchronized movements of the positioning systems of the probe and antenna under test (AUT)
have been proposed [1-3] to significantly reduce the measurement time. They
are based on the nonredundant sampling representations of electromagnetic
(EM) fields [4] and employ optimal sampling interpolation (OSI) formulas to efficiently recover the data required by the classical cylindrical near-field – farfield (NF–FF) transformation [5] from the acquired helicoidal ones. A direct NF–
FF transformation with helicoidal scanning for volumetrical antennas, which
allows the evaluation of the antenna far field directly from a nonredundant
number of NF data without interpolating them, has been recently proposed [6].
Unfortunately, this last is not suitable for elongated antennas. In fact, the
adopted spherical source modelling does not allow to consider measurement
cylinders with a radius smaller than one half the AUT maximum size and this
reflects in an increase of the error due to the scanning surface truncation.
Aim of this work is to develop a direct NF–FF transformation with helicoidal scanning tailored for elongated antennas. To this end, the AUT is considered as enclosed in a cylinder ended in two half spheres (Fig. 1), a shape suitable to deal with long antennas, but which remains quite general and contains
the spherical modelling as particular case.
II. NONREDUNDANT SAMPLING REPRESENTATION ON A CYLINDER
Let us consider an elongated AUT enclosed in a surface  formed by a cylinder
of height h' ended in two half-spheres of radius a ' and a nondirective probe
scanning a proper helix lying on a cylinder of radius d in the NF region (Fig. 1).
The spherical coordinate system (r, , ) is used to denote an observation point
P. According to [4], when dealing with the representation on a curve C, it is
convenient to adopt a proper analytical parameterization r = r () for describing
C and to introduce the “reduced voltage” V () =V () e j ( ) , where V is the probe
voltage and  () is a proper phase function. The error, occurring when V () is
approximated by a bandlimited function, is negligible as the bandwidth ex-
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z

ceeds a critical value W [4] and, accordingly, it can
be effectively controlled by choosing a bandwidth
equal to  'W , where  ' > 1 is the bandwidth enlargement factor. The bandwidth W and parameterization
 relevant to a generatrix, and the corresponding
phase function  are [3]:

d


h

h'
x

y

2a'

FIG. 1  Helicoidal scan.

W =  ' / 2 ;

 = (  ') R1  R 2 + s1' + s 2' 

 = (  2) R1 + R 2 + s1'  s 2' 

(1)
(2)

where  is the wavenumber, ' is the length of the
curve C ' , intersection between the meridian plane
passing through P and , R1,2 are the distances from
P to the tangency points P1,2 on C ' , and s1',2 are their
arclength coordinates. As shown in [3], it results:
1/2

 ' = 2(h ' + a') ;

R1,2 = ( z  h '/ 2)2 + d 2  a' 2 

a'd + R1 ((h '/ 2)  z )
s1' = a'sin1 
 ;

R12 + a' 2

 a' d + R 2 ((h '/ 2) + z )

(4)
s 2' = h' + a'   sin1 



R 22 + a '2

(3)

According to [3], the helix is obtained by projecting on the cylinder a
proper spiral wrapping . The helix step is equal to the sample spacing
 = 2 (2N "+ 1) needed to interpolate the voltage along a generatrix. Note that
N" = Int(  N ') + 1 , where Int(x) denotes the integer part of x, N ' = Int (  'W ) + 1 ,
and  > 1 is an oversampling factor [4]. The projection is obtained via the
curves at  = const [3]. Thus, the equations of the helix, when imposing its
passage through a point Q0 of the generatrix at  = 0 , are: x = d cos(  s ),
y = d sin(  s ), z = d cot [ ()] , wherein  is the parameter describing the helix,
s is the  value at Q0 , and  = k  , with k =  2 = 1 (2N "+ 1) . A nonredundant representation on the helix is then got by choosing the optimal parameter
 to describe it equal to  /W times the arclength of the projecting point on
the spiral wrapping  and the phase function  coincident with . Moreover,
W is  /  times the length of the spiral wrapping  from pole to pole [3].
According to the above results, the voltage at P on the generatrix at  can
be recovered via the following OSI expansion [3]:
n0 + q

V (n ) N (   n ) DN "(   n )

n =n  q +1

V (( ),  ) =

(5)

0

where n = n ( ) = (s ) + k + n  = 0 + n  , 2q is the number of the retained
samples V (n ) , n 0 = Int [(  0 )/  ] , N = N"  N ' , and D N"() , N () are the
Dirichlet and Tschebyscheff sampling functions [4]. The samples V (n ) could
be retrieved [3] via an expansion along the helix, similar to (5), thus allowing
the reconstruction of the voltage at any point on the cylinder. However, the
proposed direct NF–FF transformation avoids the explicit interpolation of the
nonredundant acquired data to recover those required by the classical one [5].
III. THE DIRECT NF–FF TRANSFORMATION TECHNIQUE
According to [5], the cylindrical wave expansion coefficients a and b of the
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AUT field are related to: i) the two-dimensional Fourier transforms


2

 V
 0

1,2

I  ( ) =

1,2

(, z ) e  j e j z d dz

(6)

of the probe voltage for two sets of measurements (the probe is rotated by 90°
' of
' , dm
in the second set); ii) the wave expansion coefficients cm ,dm and cm
the field radiated by the probe and the rotated probe, when used as transmitting antennas. Once the modal coefficients have been determined, the FF components of the electric field can be evaluated by using the FFT [5].
By taking into account (5), the integrals (6) can be rewritten in the form:
2



V 1, 2 (n,  ) e j  DN "((z )  n )Q ((z )  n ) e j  (z ) e j  z d z  d
(7)




n Nr 0
1,2
where Nr is the set of indexes of all considered NF turns, V (n,  ) are the
reduced voltages samples at the intersection points between the generatrix at
 and the scanning helix, and Q = N , if (z )  n  q  , or Q = 0, otherwise.
Let us first consider the integration over z. For any fixed , it results

I 1,2 ( ) =





zf

z

Gn  ( ) = DN ''((z )  n ) N ((z )  n ) e j  (z )e j  z d z

(8)

i

where z i = z (n + q  ) and z f = z (n  q ) . Thus relation (7) can be rewritten as

I 1,2 ( ) =



2

n Nr 0

V1,2 (n ,  ) Gn  ( ) e j  d

(9)

This last involves an integration over  that can be efficiently solved via the
FFT, provided that the number of the voltage samples on each helix turn be always the same and equal to the smallest integer MH , product of powers of 2,
3 and 5 equal or greater than 2 [Int (  ' max ) +1] , 2 max being the AUT maximum transverse dimension. In such a way, the samples lying on the helix at
m = m  = 2m/MH with m = 0,…, MH 1 are all aligned. Accordingly, we get:
2

2
V1,2(n ,  )Gn  ( ) e j  d =
MH
0



MH 1

 V 1,2 (m,n ,m )Gn (m ) e j (2 m M )
H

(10)

m =0

where m,n = n ( m ) = (s ) + k  m + n  . The summation can be efficiently
performed via a direct FFT algorithm.
It is worth noting that the Gn  (m ) ’s can be precalculated for given sets of
antennas, since they depend only on the measurement cylinder radius and on
the AUT modelling. Moreover, it is convenient to use this method to evaluate
only the FF samples needed to reconstruct the antenna pattern via the farfield OSI expansion in [7]. It is so possible to evaluate the antenna far field in
any cut plane directly from the helicoidal NF data without interpolating them.
IV. NUMERICAL TESTS
The following simulation refers to a uniform planar array of /2 spaced elementary Huygens sources, polarized along the z axis and covering a zone in
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the plane y = 0, formed by a rectangle ended in two half-circles ( being the
wavelength). The rectangle sizes are: 2a ' = 14 and h' = 46 . An open-ended
WR-90 rectangular waveguide, at the frequency of 10 GHz, is chosen as probe.
The helix wraps a cylinder with radius d = 14 and height h = 160. Figures 2
and 3 show the FF pattern reconstruction in the principal planes obtained by
using the proposed direct helicoidal NF–FF transformation. As can be seen,
the exact and recovered fields are practically indistinguishable, thus assessing
the effectiveness of the technique.
Note that the number of used samples is 20 213, significantly less than
that (34 668) needed by the classical cylindrical scanning and the helicoidal
NF–FF transformation technique [8].
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FIG. 2  E-plane pattern. Solid line: exact. FIG. 3  H-plane pattern. Solid line: exact.
Crosses: recovered via the direct helicoidal Crosses: recovered via the direct helicoidal
NF–FF transformation.
NF–FF transformation.
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Abstract

Dedicated Short Range Communications (DSRC) is a novel short- to mediumrange wireless protocol designed for automotive use. The DSRC signals are
circularly polarized and allocated in the 5.8 GHz band. This communication
describes the development of a monolithic and compact microstrip antenna with
left-hand circular polarization intended for the On-Board Unit (OBU) equipment
of a DSRC system. The 0.773λ 0 x 1.16λ 0 fabricated prototype exhibits a
circularly-polarized gain of about 5.52 dBi with an Cross Polarization
Discrimination (XPD) greater than 10 dB.
Index Terms − Left-Hand Circularly Polarized (LHCP), Dedicated Short Range
Communication (DSRC), Microstrip Antenna.

I.

INTRODUCTION

Circularly polarized waves have many advantages for short-range
communication. They can be used to reduce the interference due to
reflections and allow a polarization match independent of the antennas
angular orientation. For example, the electronic toll collection (telepass)
is based on the wireless communication standard known as Dedicated
Short-Range Communications (DSRC), which may employ circularly
polarized antennas.
The standard [1] specifies the antenna requirements for the On-Board
Unit (OBU) and for the Road-Side Unit (RSU) of a DSRC system. In this
communication, we report on the development of a microstrip patch
antenna suitable for integration on a circuit board. The antenna is
realized in a monolithic configuration with a reduced total height and
area. According to the standard [1] the antenna should have a 20 MHz
bandwidth [5.795-5.815 GHz] and a unidirectional radiation pattern
with a main lob width of 70° in the vertical plane. For the OBU a
reduced size and a low cost are mandatory furthermore a Cross
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Polarization Discrimination (XPD) greater than 10 dB in boresight
direction and greater than 6 dB within the -3 dB area are required for
the OBU.
In literature there are several examples of circularly polarized antennas
in the 5.8 GHz range that satisfying the conditions dictated by the
standard, but these are often not monolithic structures [2] and therefore
not suitable for series production. On the other hand, simpler
configurations, require the use of antenna array to meet the
characteristics required by the standard [3]. The small size patch
antenna are less studied at 5.8 GHz [4], besides this often have
suspended patch and ad hoc feeding networks with power divider and
branch coupling lines [5] - [6]. A circularly-polarized miniaturized
monolithic antenna compliant to the DSRC standard has not been
proposed so far [7].
II.
ANTENNA LAYOUT
The DSRC circularly polarized antenna is designed and realized on
Arlon 450, a substrate with relative permittivity ε r =4.5 and
tanδ=0.0035. The Arlon substrate has the same permittivity of the
standard FR4, but exhibits a very stable behavior at 5.8 GHz and a
better loss tangent.
The antenna proposed is a slot coupled patch antenna, which uses a
two-layer configuration in which the layers are both Arlon 450 with
different height, h 1 =0.015λ 0 and h 2 =0.030λ 0 respectively.
The use of two layers with the same permittivity allows to replace the
second substrate region with two substrates of thickness h1. This
involves a cost reduction in the case of mass production of the antenna.
The
antenna
has
been
designed
with
total
size
of
0.773λ 0 x 0.773λ 0 x 0.045λ 0 . The feeding microstrip line is realized on
the 0.015λ 0 thick layer to be with a 50Ω characteristic impedance, while
the radiating patch on the 0.030λ 0 one. The layout and antenna
parameters are shown in Fig. 1.
TABLE II – ANTENNA PARAMETERS
Dim
L1
L2
l1
l2
ws
wf
lf
h1
h2
S

[ λ0 ]
0.201
0.190
0.104
0.112
0.032
0.029
0.0735
0.015λ 0
0.030λ 0
0.773

Description
Resonant Length 1
Resonant Length 2
Slot-1 length
Slot-2 length
Slot width
Microstrip width
Microstrip end
Substrate height
Substrate height
Substrate dimensions

(b)

(a)
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3.8
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1.57
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FIG. 1 − (a) Antenna layout: patch (continuous line), slot in the ground (dashed
line), and feeding microstrip (dotted line). (b) Antenna parameters

The microstrip feed line and the slotted ground plane are etched on the
opposite sides of the first substrate and the feeding structure (strip and
slot) is assembled to be centered below to an almost square patch
printed on the second substrate. The common ground plane has a cross
slot with slightly unequal slot lengths inclined with respect to the
microstrip feed line with an angle of 45°. For ease of fabrication and
assembly, the ground plane has been replicated on the 0.030λ 0 thick
substrate, but the two grounds form electrically a single metal layer.
III.

OPTIMIZATION AND EXPERIMENTAL RESULTS

The antenna has been optimized by means of numerical simulation [8]
with the target to achieve circular polarization at 5.8 GHz. The CP is
obtained exciting two orthogonal modes with equal magnitudes and in
phase quadrature. Different patch lengths, L 1 and L 2, and slot lengths,
l 1 and l 2, are used to balance the mode amplitudes as well as to control
their phase difference. The stub length l f was adjusted to match the
antenna.
For ease of connectorization it was decided to increase the 0.015λ 0 thick
substrate of 2 cm along the 𝑦 axis achieving a layout with total size of
0.773λ 0 x 1.160λ 0 (4 x 6 cm). The measured and simulated |S 11 |and
Input Impedance are shown in Fig. 2. The simulation results are in good
agreement with the experimental characterizations.

(b)

(a)

FIG. 2 − (a)|S11|: Experimental (continuous line) and simulations result
(dashed line).Vertical lines show the DSRC band. (b) Input impedance on a
Smith Chart.

The gain measurement confirms the simulation and a good XPD below
10 dB in boresight direction is achieved. The measured gain patterns,
with the test antenna rotated at 0°, 45° and 90° degree, are reported in
Fig. 3.
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(a)

(b)

FIG. 3 − (a) Measured (dashed line) and simulated (dotted line) gain pattern
for three different cut angles 0°, 45° and 90°. (b) Polarization ellipse for the
electric field in the boresight direction (on the patch antenna axis).

IV.

CONCLUSIONS

In this paper a compact monolithic DSRC patch antenna has been
studied
and
optimized
by
simulations.
The
experimental
characterization confirms a gain of 5.52 dBi. The circularly polarized
antenna exhibits a good XPD compatible with the DSRC standards.
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Abstract

Based on recently-proposed Ultra-Wide-Band planar antenna configurations
having strips in suitable rhombic shapes, innovative configurations of printed
arrays are presented and tested for typical multifunctional applications (radar,
communications, sensing) ranging from C to K bands. By means of advanced
parametric analyses, the radiative features are analyzed to design single
structures and then arrays with small and large number of elements. Attention
is paid to low-cost, compact and light-weight solutions, also accounting for
realization issues. Stimulating performances are observed in terms of matching
and radiation patterns, as a function of frequency and of phase shift.
Index Terms − Multifunction radar arrays, Planar printed antennas, Ultrawide-band applications.

I. INTRODUCTION
Among the various applications of Ultra-Wide-Band (UWB) systems,
noteworthy attention has recently been devoted to multifunction arrays,
capable to perform several tasks in the same radiating structure
(involving, e.g., radar surveillance, communication links, remote
sensing, etc.). In some cases, thousands of radiating elements could be
required, so that new versatile and low-cost antenna solutions are
envisioned [1],[2]. Printed technology usually enables for a number of
desirable advantages, such as manufacturing simplicity and economy,
compactness, flatness, conformability, etc.
For typical applications ranging from C to K bands, very low-cost,
simple and flexible configurations of printed UWB elements have
recently been proposed, based on printed strips suitably arranged in
rhombic shapes [3]. On this ground, the design and the performance of
new variously-sized planar array configurations are investigated here.
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II. PRINTED RHOMBIC-SHAPED ELEMENTS
New simple and low-cost UWB printed antenna configurations have
recently been proposed and tested by the authors [3], based on sets of
printed dipoles with different lengths, forming approximately rhombic
shapes. The central patch is the longest and can suitably be fed at its
ends with coaxial probes, whilst the side patches have smaller
dimensions and are parasitic. In the configuration of Fig. 1, two
orthogonal structures are placed on different substrates of a three-layer
grounded structure, able to accomplish compact dual polarization.

4 cm

4 cm

FIG. 1 − 3D view (left) and top view (right) of the basic topology of the antenna
printed element for the UWB arrays, based on a rhombic alignment:
two rotated sets of strips (the central ones are properly fed through probes)
placed on two levels of a three-layered structure to provide dual pol.

The antenna operational performances in terms of return loss,
efficiency and radiation patterns are strongly affected by the choices of
the various geometrical and physical parameters involved (dimensions
and locations of the various strips, layers’ parameters, etc.). Moreover,
with fine-tuning of the pair of probes on the opposite sides of each main
strip and proper selection of the phase shift between the feeders, it is
possible to achieve a direct control of the current configuration excited
on the lines, thus suitably influencing the directional features of the
radiated beam.
A solution for the single radiating dual-pol element, aimed at
operating in the 5-25 GHz range, has been analyzed and designed
numerically, using mainly “CST Microwave Studio” in conjunction with
specific optimization tools. An outcome that shows the wide-band
behavior of the return loss in the desired frequency range is presented
in Fig. 2(a). An example of the radiation patterns with gain features for
different frequencies is given in Fig. 2(b). A lateral shielding of the single
radiating elements can be implemented through metallic side walls,
thus enabling a reduction of adverse effects related both to possible
launching of surface and leaky waves in the layered structure and to
mutual element coupling in the array environment.
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FIG. 2 − Behaviors of the rhombic-shaped printed antenna of Fig. 1.
Ports 1 and 2 feed the upper element; ports 3 and 4 feed the lower element.
(a) Return loss |S 11 | (dB) vs. frequency f (GHz); (b) Directional gain in polar
form vs. θ on the principal elevation plane φ = 0° at different frequencies in the
operational bandwidth 5-25 GHz, with the ports 1 and 2 exciting an E-field
along the θ direction: 5 GHz (blue line), 10 GHz (green), 20 GHz (red).

In the design process, attention has been paid to the use of simple
commercially-available dielectric substrates in order to strongly reduce
the costs of large array implementation through well-established
manufacturing techniques for printed circuits (PCB).
III. ARRAY PERFORMANCES
Based on the element topology previously optimized and on the relevant
radiation features achieved, different analyses have been led to obtain
information on the scanning-beam features of variously-sized arrays. To
this aim, the radiation pattern of an array of 140x140 elements has
been computed first with an array-factor approximation, for diverse
values of the pointing angle of the main beam, depending on the
selected phase shift between adjacent elements of the array. The gain at
the main lobe direction is fairly regular (around 50 dBi), and the sidelobe levels are rather reduced (about 20 dB below the main lobe). The
same quantities have been computed for different pointing elevation
angles of the main beam. Effects related to grating lobes can be present
in connection of the element spacing as phase shift and frequency are
varied in a quite wide range.
In order to properly evaluate the element coupling effects in an array
environment without approximations, the performances of both 1D and
2D arrays made of a smaller number of elements have been analyzed by
means of a full-wave CAD implementation of the overall structure.
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Demonstrative features of a linear array of 3 adjacent cells are
reported in Fig. 3. In Fig. 3(a), the radiation patterns on the two
principal planes are shown when the three upper or the lower sets of
patches are fed in phase. The patterns are quite regular and a fan beam
is obtained, as typical of these linear arrays. The relevant coupling
amount among cells has also been analyzed: in Fig. 3(b), the magnitude
of the active reflection coefficients, as a function of the frequency for all
in-phase elements, shows that a good input matching is achieved in
this array configuration as well. The matching and scanning capabilities
of this array have then been evaluated in terms of the frequency and of
the phase shift for pointing angles on the elevation plan until about 45°.
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FIG. 3 − Linear array of 3 adjacent elements as in Fig. 1: directive gain in polar
form on the principal elevation planes φ = 0° (solid lines) and φ = 90° (dashed
lines) at 5 GHz: beam pointing at broadside for in-phase fed upper elements
(black lines) and lower elements (gray lines). (b) Magnitude of the active
reflection coefficient (dB) vs. frequency f at the middle cell of the array (black
line) and at one side cell (gray line), with the three lower elements fed in phase.

IV. CONCLUSION
Original types of UWB planar arrays based on rhombic-shaped printed
dipoles have been investigated for radar, communication and dual-pol
sensing applications. In the design process, practical implementation
aspects have been considered, such as the choice of low-cost dielectric
layers commonly used in PCB technology and the most appropriate
feeding. The proposed topology is characterized by quite inexpensive
reproducibility, compactness, high modularity and scalability.
REFERENCES
[1]
J. J. Lee, “Ultra wideband arrays,” in Antenna Engineering Handbook, J.
L. Volakis, Ed. McGraw-Hill, 2007.
[2]
W. Wiesbeck, G. Adamiuk, and C. Sturm, “Principles of UWB antennas
basic properties and design,” Proc. IEEE, vol. 97, no. 2, Feb. 2009.
[3]
S. Mazzocchi, G. Valerio, M. Zucca, M. Ciattaglia, A. De Luca, and A.
Galli, “A new multifunctional UWB planar antenna based on printed dipoles in
rhombic configuration,” Proc. EuCAP, Apr.11-15, 2010, Barcelona, Spain, 3pp.

ISBN: 978-88-907599-0-1

Poster Session II

574

Proceedings of the XIX RiNEm

SENSING-ORIENTED DESIGN METHODOLOGY
FOR PASSIVE RFID ANTENNAS
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“Tor Vergata” University, Via del Politecnico 1, 00133 Rome
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Abstract

RFID passive tags are nowadays starting to be considered more than simple
labeling devices: by properly analyzing the two-ways communication link it is
possible to collect information about the state of a tagged object, without any
specific embedded sensor or local power supply. A design methodology is here
proposed to simultaneously account for the opposite requirements of sensing
and communication. The method is based on a proper representation of the
antenna response to varying boundary conditions over an impedance chart that
permits to identify the theoretical limit of the design and to fully shape the
response of the tag.
Index Terms − RFID Sensor, optimization, design chart

I. INTRODUCTION
The possibility to use passive tags as sensing devices of objects, people
and environment is nowadays one of the most interesting and
challenging application of passive UHF Radio Frequency Identification
(RFID) technology. Many different employments have been already
envisaged and experimented that demonstrated the feasibility of the
idea but, at the same time, the limitation of the actual design
methodologies [1]. The rationale of the tag-as-sensor is based on the fact
that, since the tag’s input impedance and gain depend on the
surrounding environment, any of its physical or chemical variation
could affect the tag’s performance and be remotely detected by the
reader. The generality of this basic principle potentially allows any
passive tag to be used as a sensor of “effective” permittivity changes
with respect to reference condition. However, this class of devices
should be able to properly track the evolution of the phenomena under
observation, being for example monotonic, single valued and sensitive
enough at least in the most critical ranges. Communication and sensing
features demand for opposite requirements, since the sensitivity of the
tag-as-sensor to the variation of the process under observation is
usually paid in terms of a worsening of the power scavenging
capabilities and hence of the read distance.
Since there is no decoupling from the operative and structural point of
view between antenna and sensor, the traditional design procedures
have to be revisited or even rethought in order to handle, at the same
time, both sensing and communication needs. In this paper the
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optimization problem is formalized in terms of the shaping of the tag’s
response to the change of the observed process by means of convenient
matching charts that permit to understand the physical limitation of
the sensing capability and to set up a proper global design. The
feasibility of the method is evaluated by an example concerning the
sensing of objects with time-varying permittivity.
II. METHOD
RFID platforms exploit a two-way communication link: a direct one,
wherein the key-issue is the scavenging of power at the chip’s port so
that the tag may activate and perform actions, and a reverse link
wherein the tag transmits its data to the reader by changing its
reflectivity through impedance modulation. Generally, the direct link
imposes the bottleneck of the whole tag-reader communication and it
limits the maximum read range. The parameter that represents the tag’s
scavenging features is the realized gain G τ = Gτ, e.g the gain of the tag’s
antenna scaled by the mismatch to the RFID IC. A trade-off solution to
the sensing-communication problem is to observe the state of the object
Ψ(t) (chemical/physical process in evolution) through a measurable
quantity whose variation is not necessarily associated to a worsening of
the communication performance. Such an indicator should be optimally
a parameter of the reverse-link such as the backscattered power which
is however orientation- and position-dependent. If some degradation
can be accepted, the Analog IDentifier (AID) [1] is also a convenient
metrics since combines both the direct and the reverse links to provide
a sensing information independently on the reader-tag position and
orientation as well as on the interaction with the surrounding
environment.
Due to the small size of the UHF tag’s antenna, there are very few
degrees of freedom in shaping the gain: the direct and reverse links
could be therefore analyzed in term of the only input impedance by
considering the power transmission coefficient τ(Ψ) and the AID(Ψ).
These parameters are usefully expressed [2] in terms of normalized
input impedance r a = R A /R IC , x a = X A /X IC , with Z IC = R IC +jX IC the RFID
chip’s impedance and Q = |X IC |/R IC the chip quality factor:

A chart of {AID, τ} isolines can be produced so that the communication
and the sensing characteristics of the tag are expressed over a same
plane (Fig.1). The point (1,-1) corresponds to the perfect matching
condition between antenna and IC, for which AID = τ = 0dB. The
eccentricity of the ellipses depends on the quality factor Q of the
microchip. The AID-τ diagram can be considered as a kind of Sensing
Smith Chart, in which the role of the frequency is replaced by the
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process realization. Each process in evolution from an initial to a final
state, involving a modification of input impedance, can be hence traced
over such a plane by a sequence of couplets [r a (Ψ ), x a (Ψ )] describing
an oriented curve (Ψ)=r a (Ψ)i+x a (Ψ )j ∈ ℜ2.
To preserve a stable readrange of the tag during the
whole
evolution
of
the
process, it is required that
τ[Ψ] > τ min . For instance the
choice τ min =3dB will permit
not to degrade the read
range below the 30% of its
maximum
value
corresponding for example to
the initial (or final) state of
the
process.
Above
Figure 1 : Iso-line of constant AID and τ on
constraint
enforces
the
normalized antenna impedance plane.
vector
(r a ,x a ) to belong to
the
shadowed
elliptical
region in Fig.1. Moreover, the same condition will fix the maximum
variation of AID, in the specific: 5dB<AID[Ψ ]< 2dB as observed by the
intersections between the isocurves. In general, the path
(r a ,x a ) can
totally, partially or even not belong to such an area: only the process
dynamics inside the shadowed ellipse will be observed by the radio
sensor. The slope of the curve [Ψ] with respect to the r a -axis will affect
the sensitivity of the tag’s response to the process’ evolution.
The design procedures has to confine
(r a ,x a ) inside the τ[Ψ] > τ min
region. Once defined an ideal response curve
0 [Ψ], fully compliant
with the specific requirements, the geometrical parameters {p 1 ,p 2 ….p n }
of the tag can be optimized by minimizing the following error function
by means of any kind of optimization methods, e.g. Genetic Algorithms,

III. NUMERICAL EXAMPLE
The method is demonstrated over a simple tag for the wireless
monitoring of the filling level of a perspex box containing sugar (Fig.2)
[1]. The first guess for the tag-as-sensor is a simple half-wave dipole
@870MHz. The considered RFID IC has impedance Z IC = 17-j190Ω and
the corresponding {AID, τ} chart is shown in Fig.2 (left). The
communication performances are preserved by enforcing the constrain
τ min =-1dB (less than 10% reduction in the read range). Accordingly, the
maximum variation of the AID could be at most ΔAID = 1-(-2dB) = 3dB.
The simulated impedance response of the tag
A [Ψ] lies outside the
useful area, it exhibits a non monotonic profile and hence it is not
suited to sensing and neither to communication; an impedance T-match
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adapter is thus added to reshape the curve (Fig.2 left). The form factor
{a, b} of the T-match is optimized with the aim to move the tag’s
response (now denoted as
B [Ψ]) inside the shadowed region τ > 1dB
and to achieve a monotonic profile.

Figure 2: Left) {AID,τ} chart. In grey the area corresponding to τmin=-1dB. Right) AID and
τ profiles versus the filling level h[mm].

Fig.2 (right) shows the corresponding AID and τ profile versus the
sugar’s height for the optimized tag with a=13mm, b=20mm. As
expected, the power transfer coefficient is nearly unchanged during the
process evolution, while the AID undergoes variation of about 3dB. This
means that the reader will be able to monitor the level of the sugar with
0.3dB/cm sensitivity of the AID and with negligible variation of the read
range.
IV. CONCLUSION
The design of RFID radio sensors can be optimized by jointly
considering communication and sensing features. The optimization can
be guided by using innovative nomograms able to represent the key
parameters of the direct and the reverse link. The proposed
methodology can be also applied to the backscattered power and similar
sensing-communication charts can be produced. Other application
examples will be discussed during the Conference.
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Abstract

A new localization method for UHF-RFID smart shelves is presented, with
reference to a pharmacy drawer for drug storage. Exploiting RSSI (Received
Signal Strength Indicator) information during drawer opening and closing
movements, tagged item location is estimated. During drawer movements, the
relative position of tag and reader antenna changes, allowing for uncorrelated
RSSI measurements. Measurements in a real scenario are carried out with
commercial tags and reader antennas. Location performance is presented in
terms of the probability of making a correct decision, when the drawer is
subdivided into two regions.
Index Terms−Smart shelves, UHF RFID, localization.

I. INTRODUCTION
RFID technology has been recently employed in retail and
pharmaceutical industries to get automatic real-time inventory, tracking
of misplaced items and unattended billing at cashiers [1]. It can be used
in many applications such as Item Level Tagging (ILT) with smart
shelves, proximity point readers or conveyor belts. In addition to
classical solutions with HF-RFID systems that exploits the near-field
inductive coupling, UHF-RFID systems have been developed. Thanks to
the EPC-Global Class1 Gen2 standard, UHF-RFID systems allow for
easy-fabrication, low-cost, scalability and simultaneous multiple-tag
detection. In addition to UHF-RFID systems employing reader and tag
antennas operating in the far-field region, Near-Field (NF) UHF-RFID
systems have been also designed [2]. In this paper, a localization
method for UHF-RFID smart shelves is presented with reference to
applications such as pharmacy drawers or hospital drug cabinets [3].
Starting from measurements in a drawer with drug boxes, a location
algorithm has been developed, and it is described in Section II. The
main idea is to exploit RSSI (Received Signal Strength Indicator)
measurements during the drawer opening and closing operations, to
locate tagged items through a linear classification algorithm.
Localization capability in terms of percentage of correct decision
probability is shown in Section III.
II. THE LOCALIZATION METHOD
The new localization method for RFID smart drawers is illustrated with
reference to a measurement campaign in a real scenario. A 86x44 cm2
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wood drawer has been filled with 42 empty drug boxes of different size
(Fig. 1). Each box has been tagged with an UPM Raflatac Rafsec G2 tag
[4]. The employed reader is the CAEN RFID R4300P ION model [5]. The
reader input power has been set to 500mW and it is able to detect up to
100 tag/sec. The reader antenna (WANTENNAX007 CAEN RFID [5]) is a
linearly polarized antenna, with a gain of 8dBi. Tagged boxes inside the
drawer have been subdivided into two regions (named as region A and
region B in Fig. 1) and RSSI measurements have been carried out for
different positions of the reader antenna along the drawer sides (a
polarization matching condition between reader and tag antennas has
been considered). A 3D scatter-plot of measured RSSI values is shown
in Fig. 2. For a given tagged box, each point corresponds to three RSSI
measured values (each one corresponding to a different position of the
reader antenna with respect to the drawer).

FIG. 1 − A 86x44 cm2 drawer with 42 tagged empty drug boxes and a linearly
polarized reader antenna.

(a)
(b)
FIG. 2 − Scatter-plot of measured RSSI values for three different reader
antenna position during its movement along (a) the drawer short side and (b)
the drawer long side.

In particular, Fig. 2a represents measured RSSI values for three
different antenna positions during its movement along the drawer
shorter side; the point clouds related to tags in region A (blue circle) and
region B (red circle) are partly overlapped, so indicating that it is not
possible to distinguish among tagged boxes located in region A and
those located in region B. On the other hand, if the antenna moves
parallel to the longer side of the drawer (Fig. 2b), the point clouds are
clearly separated, and this shows that localization of tagged items is
possible.
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III. ALGORITHM DESCRIPTION
The proposed classification method exploits a conventional algorithm
with linear discriminating analysis (LDA), which uses six reference tags.
Two different arrangements for the reference tags have been considered:
tags aligned along the longer size, in the middle of the drawer (Fig. 3a);
tags aligned at the boundary between regions A and B (Fig. 3b).

(a)
(b)
FIG. 3 − Drawer scenario with 42 tagged empty drug boxes: (a) reference tags
aligned along the longer size of the drawer, in the middle, and (b) reference
tags aligned at the boundary between the two regions.

For each tagged box, a number of RSSI samples are collected during the
drawer movement (drawer shift with respect to the reader antenna).
Then, such RSSI samples have been averaged on a proper number of
time sub-intervals, in such a way to get the same number of decision
variables at the classifier for all tagged items. For a scenario as that in
Fig. 3, with reference tags aligned along the longer size in the middle of
the drawer (Fig. 3a), the decision probability matrix P = pij is shown in

{ }

Fig. 4a. Each column represents the number of tags actually belonging
to i-region and classified as belonging to the j-region (normalized with
respect to the number of tags belonging to the i-region). So, the diagonal
terms represent the correct classifications, while the others are
associated to misclassified tags. If three mean RSSI values are employed
at the classifier (and for a uniform tag distribution in the two regions),
the total correct decision probability is around P C =78% for the above
test case. For the configuration with reference tags aligned along the
boundary between the two regions (Fig. 3b), the decision probability
matrix is represented in Fig. 4b and the total correct decision
probability is around P C =94%. To test the reliability of the above
performance, different random distributions of tagged items inside the
drawer have been considered. The mean correct decision probability PC
has been recalculated as soon as a new scenario has been tested. A
number of eighteen test cases has been considered, allowing for a
convergence of the PC value. After initial fluctuations, the PC assumes
a limit value of around 77% for the configuration with reference tags
aligned along the longer size of the drawer, and a limit value of around
95% when the reference tags are aligned at the boundary between the
two regions.
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(a)
(b)
FIG. 4 − Correct decision probability related to the drawer scenarios in Fig. 3:
(a) reference tags aligned along the longer size of the drawer, in the middle and
(b) reference tags aligned at the boundary between the two regions.

IV. CONCLUSIONS
A new localization method for UHF-RFID smart shelves has been
presented. By exploiting the collection of RSSI samples during drawer
opening and closing movements, tagged item location can be identified.
The proposed method represents a valuable alternative to localization
approaches that use a set of reader antennas distributed along the
drawer sides, as it reduces cost and complexity of the whole RFID smart
shelf. System performance has been shown in terms of correct decision
probability of tagged item position, with reference to a scenario with two
classification regions. Work is in progress to test the proposed method
for a random orientation between tags and reader antenna (polarization
mismatching). Guidelines for choosing the proper number of
classification regions and reference tags will be also provided.
ACKNOWLEDGEMENT
The author would like to thank CAEN RFID for the technical support
and for providing the devices used during the measurement campaign.
REFERENCES

[1]
C. R. Medeiros, J. R. Costa, and C. A. Fernandes, “RFID Reader
Antennas for Tag Detection in Self-Confined Volumes at UHF”, IEEE Antennas
and Propagation Magazine, Vol. 53, No. 2, pp. 39-50, April 2011.
[2]
F. Fuschini, C. Piersanti, L. Sydanheimo, L. Ukkonen, and G.
Falciasecca, “Electromagnetic Analyses of Near Field UHF RFID Systems”,
IEEE Transactions on Antennas and Propagation, Vol. 58, No. 5, pp. 17591769, May 2010.
[3]
http://www.mepsrealtime.com.
[4]
http://www.tags.co.kr/UHF/STM/3001107_SD2.pdf.
[5]
http://www.caenrfid.it/rfid.

ISBN: 978-88-907599-0-1

Poster Session II

582

Proceedings of the XIX RiNEm

EQUIVALENT IMPEDANCE RETRIEVAL OF PLANAR SURFACES
BY OPEN RESONATOR TECHNIQUE
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Abstract

The use of an open resonator system with an optimized coupling transition to
the feeding waveguide is proposed in this work to accurately characterize the
equivalent impedance of planar surfaces from return loss measurements. A
modeling circuit derived from a complete modal expansion is adopted to optimize
the coupling as well as taking into account for the cavity losses. Two application
contexts are considered as validation examples, namely the complex permittivity
retrieval of thin substrates and the phase response characterization of
microstrip reflectarrays. For both applications, successful K-band experimental
results are presented.
Index Terms − Dielectric characterization, open resonator, reflectarray phase
response characterization.

I. INTRODUCTION
The accurate modeling of dielectric and impedance features is an
essential need for the efficient design of microstrip circuits and
antennas. The increasing demand for miniaturization and highfrequency operation strongly imposes the accurate characterization of
low-loss thin dielectric surfaces, both in the form of simple laminated
substrates, as well as in more complex configurations of microstrip
grids to be used for reflectarray/transmitarray structures. Open
resonator methods give the most powerful tool to accurately retrieve the
equivalent impedance properties of low-loss thin dielectric surfaces. In
the standard resonator approach, approximate empirical formulas are
adopted to obtain the surface impedance characterization from the
knowledge of measured resonant parameters, such as the frequency
shift and the cavity quality factor. Information from different sample
thicknesses and/or positioning are generally adopted to increase the
accuracy in the surface parameters extraction, which is performed in
terms of a transcendental equation having multiple roots [1]. In this
work, an equivalent circuit formulation is adopted to accurately model
the open resonator behavior in the presence of the test surface. On the
basis of a complete modal analysis as proposed in [2], the adopted
circuit approach leads to optimize the coupling between the cavity and
the exciting waveguide, while including, at the same time, a proper
modeling of the cavity losses, which gives a significant improvement
when compared to the traditional open resonator approach [1].
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II. EQUIVALENT CIRCUIT FORMULATION
The open resonator system adopted for the equivalent impedance
characterization is illustrated in Fig. 1(a). It consists of a spherical
mirror of radius Ro, which is used to produce a Gaussian beam
impinging on the grounded test surface at a distance l. A feeding
rectangular waveguide of standard height b is adopted for the cavity
excitation, and a transition is properly designed to optimize the
coupling with the cavity.

(a)

(b)

FIG. 1 − (a) Open resonator system and (b) equivalent circuit for the
impedance characterization of planar surfaces.

At this purpose, the approach proposed in [2] is adopted, which is
based on a complete eigenfunctions analysis leading to the equivalent
circuit of Fig. 1(b). The relative circuit parameters, accurately defined in
[2], properly model the cavity losses, thus leading to an accurate
characterization of the open resonator behavior in the presence of the
unknown test surface, whose equivalent impedance Zs can be easily
derived from return loss measurements performed at the waveguide
input, under empty and loaded cavity conditions. As a matter of fact,
the insertion of the test surface sample produces a shift in the resonant
frequency of the cavity, from which the impaginary part of impedance
Zs can be retrieved. At the same time, an amplitude reduction of the
reflection coefficient is obtained in the presence of the test sample,
which in turns is related to the real part of impedance Zs. In the
following paragraphs, a more detailed description of the impedance
reconstruction method is provided for two specific application contexts,
namely the complex permittivity retrieval of thin dielectric substrates
and the phase response characterization of microstrip reflectarrays.
III. APPLICATION EXAMPLE: DIELECTRIC CHARACTERIZATION
The insertion of a grounded dielectric substrate having complex
permittivity ε = ε’–jε’’ leads to an equivalent impedance Zs, easily
expressed as:
Z S = jZ d tg (k d h − φG )
(1)
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where Z d and k d give the characteristic impedance and the propagation
constant of the dielectric slab h, while φG is the phase shift caused by
the impinging Gaussian beam [3]. Equation (1) can be easily splitted
into its real and imaginary parts, which are related to the unknown
terms ε’ and ε’’. From the return loss measurements, the information
relative to the resonant frequency shift and the loaded quality factor are
derived, which are used to retrieve the imaginary and the real parts of
impedance Zs, respectively. In the final stage, the complex permittivity
is reconstructed from the above information [3]. To test the validity of
the proposed approach, a K-band open resonator system is designed,
with a waveguide-to-cavity transition properly dimensioned for
optimizing the coupling on the basis of the equivalent circuit in Fig.
1(b). A standard dielectric substrate Diclad 527, whose nominal
parameters are reported in Table I, is used as test example.
TABLE I – NOMINAL AND RETRIEVED DIELECTRIC PARAMETERS (DICLAD 527)
h [mm]
0.762

ε’
(Nominal)
2.55

tan δ
(Nominal)
0.0018

ε’
(Retrieved)
2.535

tan δ’
(Retrieved
0.002

The measured return loss with empty and dielectric loaded cavity is
shown in Fig. 2, and the relative frequency shift and amplitude
reduction are used to properly retrieve the dielectric parameters (ε’,
tanδ) reported in Table I.

FIG. 2 − Measured return loss with empty and dielectric loaded resonator.

IV. APPLICATION EXAMPLE: REFLECTARRAY CHARACTERIZATION
The phase response of reflectarray elements can be characterized by
inserting a periodic array of identical radiators into the open resonator
system of Fig. 1(a). Due to the small thickness h of the usually adopted
substrates, and assuming neglecting dielectric losses, an equivalent
known inductance can be considered to represent the slab, whose
parallel with an L,C circuit modeling the reflecting grid gives the
unknown equivalent impedance Zs. From the knowledge of the cavity
resonant frequencies in the presence of the array grid, parameters L,C
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are derived by applying the resonant conditions of the equivalent circuit
in Fig. 1(b). The procedure is then repeated for different size of the
reflectarray element to fully characterize its phase response [4]. The
outlined approach is tested on a K-band reflectarray grid of variable size
patches (Fig. 3(a)). Resonant frequencies are measured for different
values of the patch side D, and the equivalent circuit of Fig. 1(b) is
applied to reconstruct the phase response in Fig. 3(b), where an
excellent agreement can be observed with results coming from Ansoft
Designer simulations.

FIG. 3 − (a) K-band open resonator system and (b) reconstructed phase
response vs patch side D.

V. CONCLUSION
A simple equivalent circuit approach has been adopted to accurately
predict the behavior of open resonator systems loaded with planar
dielectric surfaces. The equivalent impedance of the test surface is
easily derived from the resonant information included in the return loss
measurements. Successful K-band experimental validations on complex
permittivity
reconstruction
and
reflectarray
phase
response
characterization have been discussed.
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Abstract

This paper presents some results concerning the design of wireless links for
power transmission developed at the Electromagnetic Laboratory of Lecce. More
in detail, a system for far-field communications using a rectifying antenna
(rectenna) and one for near-field communications using inductively coupled
resonators are presented. In both cases experimental results are given and
discussed.
Index Terms − Wireless Power Transmission; Rectenna; Inductive Power
Transmission; Implantable Biomedical Devices.

I. INTRODUCTION
The basic idea of Wireless Power
Transmission (WPT, [1]) is to
wirelessly transmit power, thus
representing an enabling technology
for the development of energyautonomous systems. Two main
strategies can be identified for
implementing WPT, depending on
whether the wireless link uses
resonant systems coupled by their
far- or near- electromagnetic (EM)
FIG. 1 − Photographs of the UHF
field.
In the first case (far-field
rectenna.
communications)
a
rectifying
antenna (rectenna) consisting of an antenna and a rectifier is used to
receive the EM wave and to convert it into DC power [2]. While, in the
second case (near-field communications) electrically or magnetically
coupled systems are used [3].
In this paper some experimental results referring to the two above
described WPT strategies are presented. More specifically, a compact
rectenna working in the UHF (Ultra High Frequency) band and an
inductive link using planar resonators will be presented.
The paper is structured as follows: a brief description and experimental
results of the UHF rectenna and of the inductive link are given in
section II and III, respectively. Finally, some conclusions are drawn in
section IV.
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II.

UHF RECTENNA

Some photographs of the UHF
rectenna are given in Fig. 1.
The rectifier is a full-wave
bridge rectifier which consists
of four Schottky diodes in a
bridge configuration (the diodes
are
1N
6263
of
ST
Microelectronics, see Fig. 1b). A
capacitor of 1 µF in shunt
configuration with the load has
been also used. The aim of this
capacitor is to block the RF
signal with respect to the load.
As for the antenna, it consists
of two crossed bowties loaded
with an annular ring (see Fig.
1a). The substrate is a 1.6 mm
thick FR4 laminate with a
FIG. 2 − Measured conversion
relative permittivity of 3.7 and a
efficiency of the UHF rectenna.
loss tangent of 0.019. From
full-wave simulations this antenna exhibits a gain higher than 3 dB
over the entire frequency range of interest (i.e., [860, 950] MHz).
Measurements of the RF-to-DC conversion efficiency of the proposed
rectenna were performed by using a Software-Defined Radio (SDR)
platform. More specifically, in order to generate the microwave signal
incident on the rectenna, the software toolkit GNU-Radio and a
Universal Software Radio Peripheral (USRP) were used (see Fig. 1d); the
USRP was equipped with a FLEX900 daughterboard which supports
operating frequencies in the range of [750-1050] MHz [4]. Experimental
data were taken for different values of: the resistive load, the power
density and the frequency of the microwave signal incident on the
antenna. Data collected this way have been used to calculate the RF-toDC conversion efficiency according to the following definition:
2
η RFtoDC = POUT ,DC S RF AG = (V DC
R LOAD )(1 S RF AG )

where S RF is the power density incident on the antenna, V DC is the DC
output voltage, R LOAD is the resistive load. A G is the geometric area of
the antenna (∼72 cm2). Corresponding results are summarized in Fig. 2.
Figure 2a shows the conversion efficiency measured at 866 MHz; it can
be seen that a maximum of about 65% was measured with an incident
power density of 60.5 µW/cm2 and a resistive load of 992 Ω. Figure 2b
shows results obtained by varying the frequency of the signal generated
by the USRP; it can be noticed that values greater than 60% were
obtained over the entire operating frequency range of the FLEX900
daughterboard (i.e., [750, 1050] MHz).
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FIG. 3 − Proposed Inductive link: a., b. configuration assumed in full-wave
simulations for the two resonators; c.,d. photographs of the realized
resonators, e. setup adopted for scattering parameters measurements.

III. INDUCTIVE LINK FOR POWER TRANSMISSION
In this section results referring to a 500 MHz inductive link for
powering implantable biomedical devices are presented. The proposed
wireless link consists of two planar resonators: a primary resonator that
is connected to a power source and operates outside the body and a
secondary resonator that is placed inside the body and it is connected
to an implanted device (see Fig. 3a). Photographs of the realized
resonators are given in Figs. 3c and 3d; the occupied area is
110x115 mm2 for the primary resonator and 30.4x30.4 mm2 for the
secondary resonator. Each resonator consists of two segmented spiral
loops realized on the top and bottom face of a low-cost FR4 substrate
(ε r =3.7, tan(δ)=0.025) with a thickness of 1.6 mm. More in details,
referring to applications that use devices implanted under the skin to a
maximum depth of 1 cm, the parameters of the secondary resonator
were optimized by considering the resonator inserted in a stratified
medium consisting of the following three layers: a first layer of skin, a
second layer of fat and a third layer of muscle (see Figs. 3a-3b). In order
to experimentally evaluate the performance of the proposed inductive
link in the presence of human tissues, we used minced pork [5]. In fact,
in the frequency range of interest minced pork exhibits values of electric
parameters very close to the ones corresponding to the human skin and
muscle [5], [6]. The experimental setup adopted for measurements is
illustrated in Fig. 3e; the secondary resonator was placed inside minced
pork at a depth d 1 =1 cm, while the primary resonator was placed at a
distance d 2 =2 cm with respect to the minced pork surface (the overall
distance between the two resonators was 3 cm). Corresponding results
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FIG. 4 − Comparison between simulations
and measured data obtained for the
inductive link illustrated in Fig. 3.

are given in Fig. 4 and
compared with numerical
data calculated by using the
stratified
medium
illustrated in Fig. 3a. It is
evident that they are in a
good agreement (port 1 and
2 are connected to the
primary and the secondary
resonator,
respectively).
From measurements, the
value calculated at 500 MHz
for the S 21 parameter is of
about -23 dB.

IV. CONCLUSION
In this paper two wireless links for power transmission applications
have been presented: a system using an UHF rectenna and an
inductive link for powering implantable biomedical devices. In both
cases experimental results have been reported and discussed
demonstrating that the systems here presented are optimum candidates
to be used in near- and far-field communications, respectively.
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TIME-MODULATED ARRAYS FOR NEXT GENERATION COGNITIVE
RADIO SYSTEMS – POTENTIALITIES AND ENVISAGED SOLUTIONS
P. Rocca
ELEDIA Research Center @ DISI, University of Trento
Via Sommarive 5, Povo 38123 Trento, Italy
paolo.rocca@disi.unitn.it
Abstract

The potentialities and opportunities offered by time-modulated arrays as
antenna systems for cognitive radio applications is analyzed and discussed in
this paper. The easy reconfiguration of the radiation characteristics and the
possibility to exploit the self-generated harmonic radiations for multiple channel
communication purposes are obtained by simply controlling the on-off switching
sequence modulating the static array excitations. The optimization of the
radiation features are achieved by means of a customized optimization
procedure based on an evolutionary strategy.
Index Terms − Cognitive radio, MIMO systems, Reconfigurable arrays,
Switching strategy, Time-modulated arrays.

I. INTRODUCTION
Nowadays, there is a growing interest in the design and synthesis of
wireless antenna systems for cognitive radio (CR) [1] able to first sense
the electromagnetic environment and then reconfigure the radiation
characteristics to operate according to the desired/requested
functionality. Such systems are based on the idea of software-defined
radio which exploits smart antenna devices equipped with radiofrequency (RF) switches [2] able to rapidly adapt to the scenario at hand
and to provide both nulling as well as beam-forming capabilities within
the available frequency band. One of the key advantages is the ability to
quickly reconfigure the antenna front-end completely via software.
In this framework, there has been recently a renewed interest
towards time-modulated arrays (TMAs) which are antenna systems
controlled by means of a set of RF switches included in the beam
forming network which are used to modulate, through a periodic time
sequence, a classical phased array architecture. One of the main
advantages of TMAs is the use of time as an additional degree of
freedom in the design process. The idea, firstly conceived in [3], has
been then significantly extended over the years both from the
theoretical [4], methodological [5], applicative [6], and experimental [7]
viewpoint. Such an interest is also due to the advances in the last few
years in the realization of fast RF switches [8] and the introduction of
efficient strategies for the reduction of the harmonic radiations [9], the
so-called sideband radiation (SR) [4], caused by the on-off periodic
commutations of the switches.
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On the contrary, it has been also observed that the SR can be
suitably exploited to generate independent beams at the harmonic
frequencies [10]. Such beams can be used to transmit the information
over different channels or to receive multiple signals from different
directions as in MIMO receiver. Both applications are enabled by the
use of TMAs and can be exploited in CR systems. In this paper, the
reception of multiple signals by means of a single TMA is presented and
discussed.
II. MATHEMATICAL FORMULATION
Let us consider a time-modulated linear array (TMLA) with N isotropic
sensors and uniform inter-element spacing d . The on-off behavior of
the RF switches is described by the rectangular pulse functions U n (t ) ,
n = 1,..., N of period T p which modulate the complex static excitations

I n = An e jφn , n = 1,..., N , being An and φn the amplitude and phase
weights, respectively. It turns out that the n -th is on when U n (t ) = 1 and
is off when U n (t ) = 0 . By assuming T p >> T0 = 1 f 0 where f 0 is the
antenna working frequency, each U n (t ) can be expanded into a Fourier
series [3]. Accordingly, the array factor turns out being composed by an
(ideally) infinite number of harmonic terms spaced in the frequency
domain by ω p = 2π T p [4]. Mathematically, it is described by the
following relationship
F (ϑ,t ) =

+∞

∑e

h = −∞

jhω pt

Fh (ϑ ) =

+∞

∑e

h = −∞

jhω pt

N

∑I

n =1

n

unh e jβd (n −1)u

(1)

where Fh (ϑ ) is the array factor of the pattern generated at the h harmonic with β the free-space wave-number and unh the Fourier
coefficients associated to the n -th rectangular pulse functions.
When a set of S signals impinge on the antenna from different
directions ϑi , i = 1,...,S and with strength si , i = 1,...,S , it is possible to
optimize the pulse sequence U n (t ) , n = 1,..., N such that the
corresponding Fourier coefficients generate S harmonic beams, each
one having a maximum in the direction of one signal while nulls in the
directions of arrival of the others. Accordingly, it is possible to define a
suitable functional to be maximized [11] which allows to maximize the
signal to noise plus interference ratio (SINR) on each harmonic channel.
III. NUMERICAL RESULTS
As a representative example, let us consider a TMLA made of N = 20
elements with half-wavelength inter-element spacing (i.e., d = λ 2 ) and
uniform amplitude excitations An = 1, n = 1,..., N . Two signals S = 2
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with equal power (i.e., s1 = s2 ) impinge on the antenna from directions
s1 = 50[deg] and s2 = 30[deg] . By considering the proposed approach
[11], signal i = 1 is received with the beam generated at the carrier
frequency ( h = 0 ) and signal i = 2 with the first superior harmonic beam
( h = 1 ). Figure 1 reports the pulse sequence achieved at the end of the
optimization process [Fig. 1(a)] and the values of the phase weights [Fig.
1(b)] used to steer the beam at h = 0 towards the direction of signal
i = 1 . Differently, the shaping and the steering of the beam at the first
harmonic are obtained by means of the optimized on-off sequence (h=1 Fig. 2). It is possible to observe that the two generated beams are
characterized by a peak value in the direction of the corresponding
signals and deep nulls towards the signal received on the other
harmonic. Moreover, also the sidelobe level of the two beams is kept
low, in this case below − 25dB , according to the adopted optimization
strategy [11]. This allows to reduce the effect of noise or other undesired
signals. Finally, Fig. 3 shows the behavior of the SINR during the
optimization process. At convergence, the SINR achieved on the two
channels is close to 32dB with an increment of more than 10dB with
respect to the initial solution.

(a)

(b)

FIG. 2 − Radiation patterns at h=0
and h=1 obtained by controlling the
antenna with the pulse sequence and
phase weights reported in Fig. 1.

FIG. 3 − Behavior of the SINR
throughout the optimization process.

FIG. 1 − Optimized pulse sequence (a) and values of the element phases (b).
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IV. CONCLUSION
In this paper, the use TMAs as antenna systems for cognitive radio has
been discussed and possible solutions envisaged. A representative
example regarding the reception of multiple signals at different
harmonic channels has been studied and a preliminary result reported
to show the effectiveness of the approach.
Although further investigation are certainly required and
experimental validation needed, TMAs seem to be a potential candidate
for a class of future communication and radar systems where the fast,
easy, and efficient reconfiguration of the radiation features is required
and where the use of multiple channels can provide an added values to
improve the robustness and effectiveness of the wireless system.
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ARRAY DESIGN IN THE CORRELATION DOMAIN: A NEW PARADIGM
F. Viani
ELEDIA Research Center @DISI, University of Trento
Via Sommarive 5, I-38123 Trento, Italy
federico.viani@disi.unitn.it
Abstract
A new paradigm for the design of antenna arrays is proposed in which the
constraints and objectives are formulated in the “autocorrelation domain” rather
than in terms of pattern features. Such an approach is motivated by the known
relations between the radiating properties of antenna arrays and the
autocorrelation of the associated weighting sequences. Thanks to such a
property, the introduced framework enables the exploitation of already
developed sequences with known correlation features coming from combinatorial
theory. Moreover, it enables the formulation of new design problems which do
not require the evaluation of array patterns for their solution. A preliminary
example is reported to point out the potentialities of the proposed correlationdomain paradigm.
Index Terms− Linear Arrays, Array Synthesis, Autocorrelation.

I. INTRODUCTION AND MOTIVATION
The problem of designing arrays with prescribed radiating features
represents a fundamental challenge in applied electromagnetics since
its origin [1]. A vast number of techniques have been developed to tackle
this problem depending on the available degrees-of-freedom, the
expected performances, and the geometries at hand [1]. Despite these
large differences, most existing design techniques share the approach of
evaluating the figures of merit of the array through the computation of
its radiated pattern [1]-[4]. Accordingly, many array design techniques
require several array factor computations to achieve the final design
[3][4], thus resulting in computationally expensive procedures.
Nevertheless, some alternatives to the above guideline can be
considered as well. Indeed, it is known that the radiating properties of
an array can be inferred or estimated starting from the knowledge of the
autocorrelation of the associated “weighting sequence” [5]-[7]. Such a
property, which has been mainly employed to derive analytical designs
for thinned arrays [5]-[7] starting from binary sequences with known
autocorrelation [8], has actually a much wider range of applicability as
it does not depend on the thinned nature of the arrangement at hand
[7]. In fact, one could observe that evaluating an array in the correlation
domain, as it is done in radioastronomy applications thanks to the Van
Cittert-Zernike theorem [9][10], could allow classical design problems to
be solved by exploiting “autocorrelation synthesis” approaches already
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developed in code theory, cryptography, and combinatorics [5][6].
Moreover, the formulation of array constraints in the correlation domain
could enhance the computational efficiency of array optimization tools
thanks to the reduced complexity (proportional to N log (N ) , N being the
size of the problem) in the figures-of-merit computation.
Accordingly, a new paradigm is proposed in this work for the synthesis
of antenna arrays through formulation of the design constraints in the
correlation domain instead of the radiation domain. The proposed
approach can be applied to arbitrary design targets/constraints,
provided that they are suitably transformed according to the provided
guidelines. A preliminary example concerning the design of a thinned
arrangement is presented to assess the features and potentialities of the
proposed paradigm.
II. SYNTHESIS PROBLEM IN THE CORRELATION DOMAIN
Consider a linear array of N equally spaced isotropic elements with
complex-valued weights wn (n=0,…,N-1) whose array factor is equal to
N −1

F (u ) = ∑ w n exp(2πjndu )
n =0

(1)

where d is the lattice spacing in wavelengths, and u is the direction
cosine [1]. Thanks to the fact that [7]
2

 q 
F
(2)
 = A (q ), q = 0,..., N −1
 dN 
where A(q) is the autocorrelation function of the weighting sequence,
which can be computed as
N

A (q ) = ∑ w n w (n +q ) mod N
n =1

(3)

(“mod” standing for the modulus operator), it turns out that the array
synthesis problem can be formulated in the correlation domain as
follows
Array Synthesis Problem – Given the target tolerance ε, the
array size N, and the lattice spacing d, find wn (n=0,…,N-1)
such that
N

Ω = ∑ A (q ) − AT (q ) < ε
q =1

where

2

 q 
AT (q ) = FT 
(4)
 , q = 0,..., N −1
 dN 
is the target autocorrelation and F T (u) is the target array factor. It is
worth remarking that the above formulation can be seen as a “power
synthesis” one, as the phase of F T (u) is neglected. Moreover, although
only a set of pattern samples are actually enforced during the synthesis
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[see Eq. (4)], suitable methods exist to estimate the “error” in the
pattern domain without requiring the computation of F(u) [6]-[8].
III. APPLICATION TO GA-BASED THINNED ARRAY SYNTHESIS
Without loss of generality, let us consider the design of a N=90 thinned
array (i.e., wn ∈ {0,1}) with a prescribed three-level autocorrelation
function A T (q) in order to achieve a desired sidelobe level, as detailed in
[6]. Accordingly, the following target autocorrelation is assumed
for q = 0
 K

AT (q ) =  L
for Q values of q
(5)
L −1
otherwise

where K is the number of non-zero w n values, and L is the “high
autocorrelation level” which is assumed by A T (q) in Q points [8].

(a)

(b)

FIG. 1− Example of Correlation-Domain Design - Behaviour of the normalized
matching function during the GA evolution (a) and final autocorrelation (b).

Since no known sequence exists which comply with (5), a Genetic
Algorithm (GA)-based procedure is considered [11][12] to minimize Ω
according to the above problem formulation. Towards this end, the
following parameters have been assumed: a population of size P equal to
50, a cross-over rate equal to 0.9, a mutation probability equal to 0.01,
and a number of GA generations equal to I=300.
The plots of Ω as a function of the GA iteration i [Fig. 1(a)] indicate that
the procedure is able to converge to the desired three-level correlation
[K=6, L=1 - Fig. 1(b)] in less than 100 iterations, each one requiring the
computation of P × N log (N ) operations. On the contrary, the design of a
thinned array using the same methodology but formulated in the
“pattern domain” [12] with about N=90 elements would require more
than 500 iterations each one having a complexity of about P × U log (U )
operations, U>>N being the number of pattern samples required to fully
characterize the array [12]. Such a result points out the capability of the
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proposed correlation-domain formulation to significantly improve the
numerical efficiency of array synthesis techniques.
IV. CONCLUSIONS
The problem of array synthesis is solved with a new paradigm. The
fundamental idea, which is enabled by to the relationships between the
array factor and the properties of the array weighting sequence, is to
formulate the synthesis objectives in terms of correlation instead of
pattern features. Such a choice is motivated by the fact that (i) it
enables the use of previously synthesized sequences with known
correlation properties, and (ii) it allows the computationally efficient
solution of new design problems formulated in such a transformed
domain. The discussed preliminary example remarks the potentialities
of the proposed paradigm over classical formulations.
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SENSORS: FROM DETECTION TO ALERT
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Abstract
In this paper, we describe the experimental work and present an
algorithm for vehicle and human detection using seismic sensors. For the vehicle
detection, we propose a real-time algorithm able to calculate an adaptive
threshold in order to lower the false alarm probability. For the human detection,
instead, when the persons moving over ground, they generate a succession of
impacts. Even in noisy environments, statistical measures of the seismic
amplitude distribution, such as kurtosis, can be used to identify a footstep.
Index Terms − Detection, Seismic, Median Filter, Moment Statistic.

I. INTRODUCTION
Modern battles are increasingly being fought in complex urban
environments. Surveillance in these areas is very difficult to perform using
traditional stand-off sensors. An approach with growing popularity is to use
large numbers of the ground sensors distributed (or unattended) in the area of
interest. These sensors are typically very resource limited both in terms of
processing capability and battery life. Consequently many traditional
approaches to detection, classification, and tracking need to be reconsidered
in this environment. In this paper we will describe a vehicle-human detection
algorithm which provides robust performance under these conditions which is
also general enough to be applicable to a wide variety of sensor domains and
environmental conditions.

II.

VEHICLE DETECTION ALGORITHM FOR THE ACOUSTIC-SEISMIC SENSOR

Previous research has demonstrated that acoustic and seismic background
noise can be highly non-stationary and non- Gaussian [1]. Given the wide
variation in noise background and target signatures, it’s clear that we need a
very robust detection algorithm that can quickly adapt to changing conditions.
A common approach is to use an order statistic constant false alarm rate (OSCFAR) detection algorithm. One advantage of this approach is that it can be
very efficiently implemented using a median filter. The data was collected
using a SM-7 10 Hz Geophone with a minimum sample rate of 64 samples for
second. We collect data in continuous snippets. We then calculate the median
of the absolute value of each snippet. The median filter provides additional
robustness against non-Gaussian data as well as being computationally
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efficient [2]. The median of each snippet is then used in a secondary running
median filter. This gives us an estimate of the noise background. An additional
running median filter is also performed on the deviation between the current
snippet median level and the long term noise estimate. This gives us an
approximate measure of the mean and standard deviation of background
distribution. We can then use these estimates as a basis for a CFAR detector.
Estimation of the mean and standard deviation allows the use of a CFAR
detector. We choose between the two hypothesis H0 = no target present and H1
= target present using

mn − b

H1
>
<
H0

Tσ

(1)

where mn is the median of the absolute value of the nth snippet, b is the
current background estimate, T is a user defined threshold (typically 3.0), and
finally, σ is the median deviation of the background. To reduce false alarms we
further require 3 snippets to exceed the detection threshold before declaring a
detection event. Moreover, the algorithm is robust against the unexpected
“spike” false alarm.

III.

HUMAN DETECTION ALGORITHM FOR THE SEISMIC-ACOUSTIC SENSOR

A footstep signature is caused by the impact on the ground. Each footstep
has a characteristic shape that can be used to distinguish it from other noise.
The most striking feature of the footstep when comparing time series data for
footsteps to other seismic signatures is the series of sharp "spikes" generated
by each impact. This differs from the random noise induced by the winds over
the ground and from vehicle noise. We make recognize the footstep signal
considering a statistical measure of the amplitude of the signature, the
kurtosis. Kurtosis is ratio of the 4th to 2nd moment of the amplitude
distribution of the signature. For each snippet, composed from N samples of
data, the kurtosis is calculated:

 ∑ ( xi − µ )4

Kur =  i
N −1









 ∑ (xi − µ )2
 i

N −1









2

where µ is the computed mean over N samples. The kurtosis value compared
for a sample sequence is much higher in the presence of impulsive events than
it is in the presence of Gaussian or sinusoidal signatures [3]. Note that the
method depends only on the shape of the signature and not the amplitude.
When the vehicle is close to the sensor, the vehicle signature dominates, and
the kurtosis is ~3, while as the vehicle moves away the kurtosis increases [3].
The kurtosis itself varies with target, time and distance and its value for
vehicles and background noise the kurtosis is low. in the human detection,
the Kurtosis threshold value, in order to declare the detection has been fixed
at 6.5 [3].
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IV.

EXPERIMENTAL RESULTS

This section will demonstrate the algorithm presented in previous sections.
The field test consisted of vehicle and personnel pass-bys closed (two meters)
at two sensors on the paved road. The seismic signals acquired with 44.100
sample/sec are showed respectively in Fig. 2a and in Fig.4a. After, these
signals have been sampled with a sampling frequency of 64 Hz because this
value is a good compromise between accuracy (low false alarm) and power
consumed (due at processing of data acquired). The data have been collected
in continuous snippets, each of duration of half second and analyzed 5
snippets at time. In this situation, the threshold will update every 5 snippets
that is every 2.5 second. The block diagram of the algorithm for the vehiclehuman detection is showed in Fig.1.

FIG. 1 − Block diagram of the algorithm for the vehicle-human detection.
An example of the detection process is show in Fig. 2-3. In particular, in Fig.3a
shows the estimated background noise level and the noise threshold for
vehicle detection while in Fig. 3b the relative kurtosis function varying the
number of samples for second. The final detection result is shown in Fig.2b
where the red lines represent the human detection while the black linen that
for the vehicle. The results demonstrate that, although a few sample for
second, the algorithm present only two false alarm (at 130). Fewer than 64
sample for second the algorithm manifest numerous false errors while,
increasing the number of the samples, the performance improves at the
expense of the higher power consumption.
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FIG. 2 − (a) Geophone signal during the transit of the vehicle and the
personnel and (b) the relative detection by the algorithm presented.
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FIG. 3 − (a) Background estimate and dynamic threshold for the vehicle
detection and (b) the trend of the Kurtosis chancing the sample rate for the
human detection considering a seismic signal.

V. CONCLUSIONS
We have demonstrated a robust, low power detection algorithm, for
personnel and vehicle that operating under realistic conditions. The
power consumption could easily be reduced at the cost of a slight drop
in probability of detection. The use of the median filters increases the
robustness of the detectors under highly non homogeneous conditions.
A walker can be detected by computing the kurtosis of the seismic
signature. Future research will include the possibility to use a cadence,
that can also be computed from the signature, and used in combination
with kurtosis to detect footsteps in the seismic record.
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DIGITAL MULTIPLE BEAMS RADARS
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A. Buonanno(1), P. Vinetti(1), M. G. Labate(1), M. D'Urso(1), M.
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Abstract

Phased array radar is very important in modern radar development, and subarray clustering for digital multiple beams is a fundamental enabling technology
in phased array radar. Full digitization of each antenna T/R module in large
phased array radar is typically impracticable, and digitization at sub-array level
can provide digital beamforming capability to address high performance
requirements of modern multifunctional radar. The paper discusses a novel
approach to effective design the antenna front end of a MFC radar.
Index Terms  radar systems, phased array, digital beamfoming.

I. INTRODUCTION
Electronically scanned phased array radar [1] technology comprising
several thousand RF T/R modules and associated RF Beam Forming
(BF) is employed in the present generation of high performance military
radars. In some cases these radars are further enhanced by a level of
digital beamforming at subarray level. This level of digitisation can
provide a number of advanced spatial processing features such as
adaptive digital beamforming, adaptive angle estimation and space-time
processing against clutter. This has a number of key challenges that
make it unrealisable at present. The first is the cost of thousands of
digitisers, another is processing the huge data rate that would come off
of such an array and another is the distribution of thousands of local
oscillator feeds. The middle ground then is to employ, ‘high levels of
digitisation’. ‘High levels of digitisation’ allows extra spatial digital
processing capabilities such as multiple beam clusters and wideband
LFM waveform processing. At this high level of digitization the array
aperture is sampled adequately to achieve acceptable low sidelobes for
offset beams and LFM beam correction. This paper firstly reviews the
issues and benefits of various levels on digitisation in a Digital Array
Radar for airport Surveillance and Monitoring. Element level digitisation
provides for total flexibility of digital beamforming. It would provide for
any number of simultaneous multiple beams to be formed in any
desired look direction. It also provides for considerable flexibility of
beam shape. No RF phase shifting is required to ‘steer’ beams as all
beamforming is provided within the DSP. Such complete flexibility is,
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however, not generally an essential requirement for radars. Apart from
anything else, if the transmit energy is shared over a number of
simultaneous beams, then the power per beam is proportionally less.
The benefits provided by a high level of digitisation are discussed in the
following bullet.
 Ability to generate a cluster of beams: scanning the search volume
with a cluster of beams and simultaneously processing each beam
provide a significant speed improvement. This mode does of course
suppose that an appropriately broad transmit beam is employed to
cover the beam cluster. Although this can result in less transmit
power per angular sector, some radar modes are time limited
rather than power limited.
 Implementation of wideband LFM (stretch) operation without the
need for analogue RF time delay units. In present wideband LFM
radars, RF Time Delay Unit (TDUs) are employed at element level to
prevent the beam from squinting. TDU’s are large an expensive.
Digitising with sub-array enables LFM correction in the DSP.
 Ability to employ complex spatial angle estimation techniques, e.g.
adaptive monopulse, super-resolution, maximum likelihood
algorithms. These angle estimation techniques allow also coping
with jammers by enabling adaptive BF.
The further degrees of freedom provided by per-element digital control
enable expansion on radar function and performance, but they impose
heavy requirements on digital processing in terms of wider bandwidths
and higher dynamic ranges of analog to digital conversion chain. This
processing need is commonly met with expensive, high throughput
architectures that trade off scalability for functionality due to current
technology limitations and/or restrictions imposed by the architecture
itself. This work proposes a novel synthesis approach to the design of
the antenna front-end for Multifunctional (MFC) radar, allowing a
significant reduction of active T/R modules by means of a proper
thinning procedure and, simultaneously, enabling the introduction of a
proper digitisation level by means of an effective clustering into subarray of the antenna, taking into account practical implementation
constraints.
II.

APPLICATION TO MULTIFUNCTIONAL RADAR

The design of a MFC radars operating into the short-medium range (up
to 110 km) devoted to Air Traffic Control (ATC) and weather forecast
missions has been considered. Naturally, dealing with MFC systems,
where different independent functions are integrated into single
equipment, makes the operational scenario, to deal with, significantly
variable on the basis of the considered mission and, accordingly, the
design of the overall system more complex. On the other side,
concentrating more capabilities into a unique apparatus allows a
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reduction of the cost of the final product if compared to two separated
solutions. Furthermore, it reduces the number of systems deployed on
the area (i.e. airport) and managed by the competent authorities,
providing remarkable benefits in terms of logistics and maintenance.
The proposed MFC radar is based on a full Active Electronically
Scanned Array (AESA) architecture, and the design of the antenna
front-end has been accomplished by an innovative approach based on
the steps described in the following.
The Antenna front-end design procedure is detailed in the following.
A baseline architecture is determined by pattern specifications. A full
planar array, with elements half wavelength spaced, is dimensioned by
matching the power pattern specifications (beamwidth, side lobe level
and power). A thinning procedure is applied on the full array in order to
refine the baseline solution and reduce the overall number of elements.
Thinning is applied by taking into account transmission (Tx) pattern
specifications (which provides typically less degree of freedom in pattern
generation – isophoric excitation). Fig. 1(a) illustrates the results of
thinning on the full array: white pixel refer to switched off elements,
while black ones refer to active. A 1D clustering is introduced in order
to group T/R modules into sub-array. As showed in Fig. 1(b) clustering
operates onto the azimuth dimension. Clustering strategy takes into
account the power of the signal received by the sub-array, in order to
ensure the proper dynamic to the related Analog-to-Digital Converter
(ADC). Once given the sub-array clustering the Rx power pattern
synthesis aimed at reducing quantization lobes (grating lobes arising
from sub-array architecture) is faced by means of a synthesis based on
a proper convex formulation [2], which ensure optimal solution by
means of local optimization.
The above approach has allowed a reduction of 22.5% (thinned antenna
has nearly 10.000 elements against nearly 12.500 elements of the full
array). The radiating performance of the final array is comparable with
that of the baseline solution and, accordingly, it ensures the required
antenna performance for the considered applications. Fig. 2(a) and fig.
2(b) show the 2D power pattern of the synthesized Tx beam and the
reference broadside Rx beam, respectively. It’s worth noting that, since
a sub-array architecture has been introduced, scanning the angular
region requires analog RF phase correction for the generation of a
reference beam. Fig. 3 shows the elevation cut of the power with the Tx
beam and the simultaneous 10 Rx beams.
III. CONCLUSIONS
A novel approach for the design of a complex large AESA antenna for
MFC radars has been proposed. The approach has demonstrated to be
effective in reducing the number of TRMs by a proper thinning
procedure and in clustering into sub-array the array enabling a digital

ISBN: 978-88-907599-0-1

Poster Session II

605

Proceedings of the XIX RiNEm

BF capability, taking into account power pattern specifications and
signal power issues of the ADC chain.

(b)

(a)

FIG. 1 – Antenna layout: (a) Thinned antenna layout; (b) Clustering layout.

(a)

(b)

FIG. 2 – Antenna layout: (a) Tx isophoric beam; (b) Rx reference beam.

FIG. 3 –Beams in the elevation plane: Tx and the 10 simultaneous Rx beams.
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Abstract

Fractal geometry is widely recognized as the most suitable instrument for
describing shape of natural surfaces. The fractional Brownian motion is widely
used for the description of the second order statistics of natural surfaces. In
many applications, the backscattered field is of interested (instead of its
averages); this computation needs appropriately describing the properties of
surfaces as required by the correct representation and of the backscattered.
Therefore, it arises the needs for the synthesis of fBm surfaces. In this paper we
propose an innovative physical based approach for determining the conditions
under which a Weierstrass-Mandelbrot predictable process can be considered
as an appropriate a convenient spectral sampling of an fBm whenever the
surface description its backscattered electromagnetic field are in order.
Index Terms − Electromagnetic scattering, fractals.

I. INTRODUCTION
The use of fractal geometry improved the electromagnetic scattering
models and the relative instruments for radar image interpretation [1][2]. In particular, the fractional Brownian motion (fBm), a continuous,
not differential stochastic regular process, described in terms of the pdf
of its increments, is diffusely adopted in conjunction with the most used
electromagnetic scattering methods, allowing the evaluation of the
second order statistics of the field scattered by fractal surfaces [2].
In many applications, a first order statistical description of the
electromagnetic field scattered by a fractal surface is required.
Therefore, several synthesis techniques of fBm surfaces have been
proposed, based on different approaches (displaced interpolation,
spectral synthesis, wavelet methods and so on [3]). One of the most
efficient techniques is based on the use of Weierstrass-Mandelbrot (WM)
functions as spectral synthesis functions. In fact, a WM function is a
predictable stochastic process that allows an easy and controllable
modeling of deterministic and stochastic processes, as a function of few
physical parameters [2].
The choice of the appropriate WM parameters for the representation of
an fBm process with assigned roughness, is still an open problem. In
this paper we propose a physical approach for determining all the
synthesis parameters. In particular, we focus our attention on the
parameter that governs the frequency spacing between the surface
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tones, which is crucial for determining the minimum number of WM
tones for describing an fBm process, and whose evaluation is still object
of scientific discussion. In Section 2 we introduce the fBm and WM
functions and we present the metric, and the physical criterion for
determining the minimum distance under which WM and fBm
processes can be considered indistinguishable. In Section 3 we present
the results and the synthesis problem for the backscattered field
evaluation.
II. FRACTAL SURFACES
The fBm is a regular process defined in terms of the pdf of its
increments. In particular, a stochastic process z(x,y) is an fBm surface
if, for every x, y, x', y', it satisfies the following relation [2]:

Pr{z (x, y ) − z (x ′, y ′) < ζ } =

1
2π sτ H

ζ

∫ exp(−

−∞

ζ2
)dζ ,
2s 2τ 2 H

(1)

where τ is the distance between the points (x,y) and (x',y'), Pr stands for
“probability” and the two parameters that control the fBm ar the Hurst
coefficient H (0<H<1), related to the fractal dimension D by means of the
relation D=3-H and the standard deviation s, measured in m1-H, of the
surface increments at unitary distance.
A mathematical WM is a superposition of infinite sinusoidal tones with
periods spaced by an irrational factor. Natural surfaces exhibit a fractal
behavior in a wide but finite range of scales. Therefore, a physical WM
[4] can be obtained by using the 2-D band-limited (i.e. with a finite
number of tones, P) WM function z(x,y):
P −1

[

]

z (x, y ) = b ∑ C pν −Hp sin k 0ν p (x cosψ p + y sin ψ p ) + φ p .

(2)

p=0

The WM is described in terms of five parameters. The amplitude scaling
factor b and the Hurst coefficient H can be classified as the intrinsic
parameters, because they define the roughness of the surface. The
fundamental tone wavenumber k 0 , the highest tone wavenumber k max
and the irrational frequency scaling factor ν are the extrinsic
parameters, dependent on the observation system. In remote sensing
applications, the extrinsic parameters are determined by the properties
of the sensor. In the radar case, the highest scale that contribute to the
field is given by the illuminated area, and it determines the k 0 value; the
scales under fractions of wavelength give a negligible contribution to the
field-surface interaction, and this set the k max value.
The frequency factor ν value set the number of tones used to describe
the surface. The closer to 1 its value is, the higher the number of tones
needed to represent the surface. The choice of the ν value is crucial for
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determining the WM properties and, as a consequence, the properties of
the corresponding scattered field. In literature, to the author’s
knowledge, the choice of the frequency factor value is still an open
problem.
III. PHYSICAL MODELS FOR FRACTAL SAMPLING
A significant equivalence between the WM and fBm processes was found
in the spectral domain. The fBm exhibits the typical power law
spectrum [4], and the spectrum of the WM process is evaluated by
applying the Wiener – Kintchine theorem [2]. The spectral powers of
these two stochastic processes were compared in concentric annular
regions of radii (k p ν-0.5, k p ν0.5). It was proved that, for every ν value, the
power of the fBm and the WM processes coincides if the amplitude
factor b is appropriately evaluated as a function of the fBm spectral
parameters and the ν value [2]. The obtained relation is an integral
condition, that ensures that the power obtained by integration of the
power-density spectrum associated to the two processes is the same.
For every ν value, an appropriate b value that allows to fulfill this
condition always exists. As an example, in Figure 1, the spectra of WM
and fBm processes with the same fractal parameters (s=0.01, H=0.8)
are compared for two ν values. This comparison reveals that the
equivalence of the power is not sufficient for determining the
equivalence of the two processes. In the graphs of Fig. 1 it is evident
that the local spectral difference falls off for decreasing ν values.
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FIG. 1 − Spectral comparison between fBm (purple line) and WM (blue line) for
ν =e/2 (left) andν =e/2.717 (right).

In this paper, we propose to define the distance between the two
processes as the absolute difference between the fBm and the WM
spectra, integrated in the bandwidth of interest. Once this norm has
been defined, it is possible to define a distance threshold under which
the two processes can be considered undistinguishable. Such a
procedure allows the evaluation of the minimum ν value, that will be
function of the surface roughness and the required precision.
It turns out that tens WM tones are needed to represent an fBm with
precision of the order of the surface overall amplitude. In terms of
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scattered field, it means that we need hundreds of thousands of modes
to represent the field, and this is unacceptable for numerical
computation of the scattered field with general purpose computers.
Anyway, the electromagnetic field scattered from a fractal surface is an
integral of contributions coming from different parts over the whole
surface. Therefore, different criteria can be adopted for the sampling of
the field. In this case, we work in the space domain, where we can easily
define the difference between the processes as the distance between the
radar cross sections. Hence, our idea is to employ reliability of the
backscattered field as a measure for similarity of the surface
representations. The resulting number of tones turns out to be reduced
by one order of magnitude, with an exponential decrease of the number
of modes needed for representing the backscattered field. The presented
method is the first physical approach for determining the sampling of
fBm surfaces by means of WM functions.
IV. CONCLUSION
In this paper an innovative physical approach for synthesis of fBm
surfaces and their backscattered field is presented. It is shown that the
synthesis procedure are firmly linked. The surface synthesis is
performed in the spectral domain. The power law spectrum of the fBm
is the target function, the WM tones are the synthesis functions and a
distance criterion was appropriately defined. The proposed procedure
allows the evaluation of the minimum frequency spacing parameter that
allows the required precision with the minimum complexity. The same
rationale (definition of target and synthesis functions and of a proper
metric) has been performed in the spatial domain for comparing the
electromagnetic field scattered by fBm and WM surfaces.
The proposed approach provides the solution for the a very efficient
representation of a fractal surface, that holds details at any scale,
whenever a reliable evaluation of its backscattered filed is of interest.
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Abstract

A sub-array processing (SAP) technique for the localization of conductive buried
objects is proposed. A Direction of Arrival (DoA) approach is implemented by
using two different methodologies: a bearing algorithm based on the
conventional MUltiple SIgnal Classification (MUSIC) implementation is compared
with a Kernel-based technique, such as Support Vector Machines (SVM). An
array of sensors is considered and partitioned in sub-arrays. A dominant DoA is
found for each sub-array. By triangulating the DoAs, a crossing pattern is
derived and it is statistically processed in order to estimate the object position.
Index Terms − Buried object detection, sub-array processing, direction of
arrival estimation.

I.

INTRODUCTION

Localization of buried objects is a very important topic in near-surface
probing applications [1]. Many techniques have been proposed for the
solution of the electromagnetic inverse scattering problem by buried
obstacles. Methods based on Born, Rytov [2], or Kirchhoff [3]
approximations, microwave-holography algorithms [4], diffraction
tomography techniques [5], and stochastic approaches (as the SVM and
Markov chains [6-7]) can be employed. The use of neural networks has
been also introduced, showing good performances [8]. In this context,
we followed the Direction-Of-Arrival (DoA) technique proposed in [9], by
performing a comparison between MUSIC and SVM approaches.
By assuming that the field backscattered by cylinders buried in
the ground behaves like a narrowband source, and that the objects are
placed in the far zone of the antennas, the received field can be
considered as a plane wave. In order to localize also objects placed close
to the air-ground interface, the array can be partitioned in sub-arrays,
so that for each sub-array the far-field condition is fulfilled. Applying
DoA methods, a dominant DoA for each sub-array can be found and, by
triangulating the whole set of DoAs, a crossing pattern can be obtained,
showing the object location. Since the backscattered signal is supposed
to be affected by zero-mean Gaussian noise, some sparse crossings,
determined by false DoAs, are also present. They are removed by using
a statistical procedure [9]. Finally, the cylinder position is estimated.
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II.

OUTLINE OF THE APPROACH

A set of M PEC PEC circular cylinders is considered, having radii 𝑎𝑚 and
buried at depths ℎ𝑚 (m=1,…,M PEC ) in a homogeneous half space
characterized by a relative dielectric permittivity 𝜖𝑟 (Fig. 1). The cross
𝑐
𝑐 ).
, 𝑧𝑚
sections of the cylinders are centered at (𝑥𝑚
The scenario is
illuminated by a plane wave and the scattered electric field is measured
by means of 𝑁𝑎𝑟𝑟𝑎𝑦 antennas uniformly spaced along the air-ground
interface. The distance between two adjacent antennas is denoted as 𝑑.

FIG. 1 − Geometrical configuration.

The Cylindrical Wave Approach (CWA) [10] is used to numerically
compute the electric field scattered by the cylinders and propagated
back to the antennas through the air-ground interface.
The collected electric field samples are processed in order to
extract information about the location of the cylinder.
The following model is used for the estimation of the DoAs of 𝑀
waves on a sub-array of 𝑁 antennas
𝑦1
𝑠1
𝑛1
⋮
⋮
𝐲 = � � = 𝐀 � � + � ⋮ � = 𝐀𝐬 + 𝐧
(1)
𝑦𝑁
𝑠𝑀
𝑛𝑁
where 𝑠𝑚 (𝑚 = 1, … , 𝑀) are the outputs of the first element of the subarray assumed as reference, 𝑛𝑖 (𝑖 = 1, … , 𝑁) are the output noises of subarray elements, the steering matrix is 𝐀 = [𝐚(𝜃1 ) 𝐚(𝜃2 ) ⋯ 𝐚(𝜃𝑀 )] being
𝑡
𝑎(𝜃) = �1, 𝑒 −𝑗𝑘𝑑 sin 𝜃 , … , 𝑒 −𝑗𝑘(𝑁−1)𝑑 sin 𝜃 � the steering vector ((∙)𝑡 denotes
transposition and 𝑘 = 𝜔(𝜖𝑟 𝜖0 𝜇0 )0.5 is the wavenumber in the hosting
medium), and 𝜃𝑚 (𝑚 = 1, … , 𝑀) are the DoAs of the impinging waves. The
covariance matrix is computed, defined as 𝑹 = 𝐸{𝐲𝐲 𝐻 } = 𝐀𝐑 𝑠𝑠 𝐀𝐻 + 𝐑 𝑛𝑛 ,
being 𝐑 𝑠𝑠 = 𝐸{𝐬𝐬𝐻 } and 𝐑 𝑛𝑛 = 𝐸{𝐧𝐧𝐻 } the source and noise correlation
matrices and (∙)𝐻 the Hermitian transposition.
The MUSIC algorithm [12] extracts information about the DoAs by
exploiting the properties of noise eigensystem, i.e., the (𝑁 − 𝑀)
eigenvectors corresponding to the smallest eigenvalues. In particular, it
results that the quantity [𝐚𝐻 (𝜃)𝐄𝐄𝐻 𝐚(𝜃)], being 𝐄 the subspace spanned
by the noise eigenvectors, vanishes for 𝜃 = 𝜃𝑚 . DoAs are obtained by
computing the “peaks” of the MUSIC pseudospectrum 𝑃(𝜃) given by:
(2)
𝑃(𝜃) = [𝐚𝐻 (𝜃)𝐄𝐄𝐻 𝐚(𝜃)]−1
The SVR method [13] computes the DoAs by using Support Vector
Machines [14], which are trained by considering a set of 𝐿𝑡𝑟𝑎𝑖𝑛 samples
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of the input/output values of the mapping (i.e., 𝐿𝑡𝑟𝑎𝑖𝑛 values of the DOA,
𝑙
𝜃�𝑚
, 𝑙 = 1, … , 𝐿𝑡𝑟𝑎𝑖𝑛 , with the corresponding values of the covariance
matrix, 𝐑𝑙𝑡𝑟𝑎𝑖𝑛 , 𝑙 = 1, … , 𝐿𝑡𝑟𝑎𝑖𝑛 ). In particular, the 𝑚th DOA is computed as
𝐿𝑡𝑟𝑎𝑖𝑛

𝛼𝑙′ ,

𝑙
𝜃𝑚 = � (𝛼𝑙 − 𝛼𝑙′ ) 𝜓�𝐳𝑡𝑟𝑎𝑖𝑛
, 𝐳� + 𝑏

(3)

𝑙=1

where 𝛼𝑙 ,
and 𝑏 are parameters obtained during the training stage, 𝐳
𝑙
and 𝐳𝑡𝑟𝑎𝑖𝑛 are arrays containing the elements of the covariance matrices
of the training samples and of the current measured values,
respectively, and 𝜓 is a Gaussian kernel.
A triangularization algorithm is applied to all the DoAs found by
sub-arrays. The DOA crossings are modeled by Poisson distributions
and a testing procedure is employed in order to extract the window set
belonging to the scatterer. The cylinder-axis coordinates are estimated,
by averaging the crossing coordinates in the scatterer region.
III.

NUMERICAL RESULTS

An example of the results provided by the previously described
approach is reported in the following. A single metallic cylinder of
radius 𝑎 = 𝜆 (being 𝜆 the free-space wavelength) is buried at depth
ℎ = 2.5𝜆 in a medium characterized by 𝜖𝑟 = 9. The center of the cylinder
has an offset of 𝑧 = 2.5𝜆 with respect to the center of the receiving array.
A set of 𝑁𝑎𝑟𝑟𝑎𝑦 = 51 antennas is used to collect the scattered electric field
and it is partitioned into 17 sub-arrays composed by 𝑁 = 3 elements.
The electric field values computed by the CWA have been corrupted by a
Gaussian noise with zero mean value and variance 0.25. The SVM is
trained by using 𝐿𝑡𝑟𝑎𝑖𝑛 = 180 uniformly-distributed DoAs and by setting
the hyper-parameters [14] to 𝐶 = 100, 𝜖 = 10−6, and 𝛾 = 0.5. The falsealarm probability is set equal to 10−6 and the region of interest is
divided in square windows of side 𝜆/2.
Figs. 2(a) and 2(b) show the DoAs (represented as the directions of
the plotted lines) and the crossing patterns provided by the two
considered approaches (MUSIC- and SVR-based ones, respectively). As
expected, in both cases the DoA lines intersect near the center of the
cylinder. The crossing are more crowded near the cylinder. The relative
localization errors are comparable for both the approaches (𝑒 = 0.41
MUSIC-based one and 𝑒 = 0.47 for the SVR-based one).
IV.

CONCLUSION

In this work a sub-array procedure for the estimation of the position of
buried conductive cylindrical objects is considered. The localization
problem is solved by employing a DoA estimation approach. A statistical
technique is applied for the extraction of the coordinates of the objects.
Two different bearing algorithms are implemented and compared, based
on MUSIC and SVM methods, respectively. Future research activities
will be devoted to the extension of the procedure to lossy media.
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(a)

(b)

Fig. 2 − DOAs and crossing patterns for (a) MUSIC and (b) SVR.
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GNSS REFLECTOMETRY FOR EARTH’S SURFACE MONITORING
EXPLOITING AN OPEN-LOOP APPROACH
Y. Pei(1), S. Yi(1), J. Zhou (1), R. Notarpietro(1), P. Savi(1), M. Pini(2)
(1) Politecnico di Torino, Dip. di Elettronica e Telecomunicazioni
(2) Istituto Superiore Mario Boella
Corso Duca degli Abruzzi 24, 10129 Torino, Italy
riccardo.notarpietro@polito.it
Abstract - In the framework of the regional Italian project SMAT-F1, an experimental
campaign using small aircraft flying an area above Vercelli (Piedmont, North Italy) was
performed to remotely sense rice fields’ flooding state by applying Global Navigation Satellites
System Reflectometry (GNSS-R) technique. Both direct and reflected GPS signals (the latest
exploiting a bistatic configuration) where collected by the receivers mounted on the aircraft.
The reflected signal was processed using Delay Doppler Maps and Delay Waveforms (DM) to
evaluate Signal to Noise Ratio (SNR) in order to investigate the correlation with soil moisture.
Final results not only indicated high spatial correlation between powers measured considering
two close specular tracks observed from two GPS satellites, but also shown great agreement
between processed SNRs and the surface conditions, including flooding or not, fields or
boundaries.
Index Terms − GNSS reflectometry, Soil moisture, Delay Doppler Maps.

I.

INTRODUCTION

As it is well known, Global Navigation Satellite Systems (GNSS) signals, commonly
processed for navigation purposes, can also be used to characterize media where they
propagate in. Applications can be found for the remote sensing of the atmosphere - for
example the total integrated wet part of troposphere, its three/four dimensional
distribution using tomographic algorithms - or the extraction of very accurate and high
resolved atmospheric refractivity vertical profile using the GNSS Radio Occultation
technique (see [1] for an overview). Moreover, the reflected and scattered GNSS signals
have potential to remotely sense the Earth’s surface, considering the so-called GNSS
Reflectometry (GNSS-R), where a GNSS receiver can be used in a bistatic
configuration. The technique is becoming more and more important from the last
decades, although it needs refinements and further validation in many cases. This paper
presents an analysis on GNSS reflected signals measured on rice fields for flooding
detection considering an open loop approach for the processing of row data collected by
a fully software GPS receiver.
II.

DESCRIPTION OF THE SYSTEM AND OF THE MEASUREMENT CAMPAIGN

During the regional SMAT-F1 project [2], GNSS signals were collected after reflection
and scattering from rice fields and used to monitor the fields’ flooding status. A
prototype based on a Software Defined Radio solution was developed, using a
navigation software receiver, the NGene Software receiver, developed by NAVSAS
group of Politecnico di Torino [3]. The instrument is highly reconfigurable, since it
collects raw I and Q IF samples of the incoming signals (both for the direct and the

ISBN: 978-88-907599-0-1

Poster Session III

617

Proceedings of the XIX RiNEm

reflected one). A sampling frequency of 8.1838 MHz is used, giving about 8 samples
per C/A code chip. The architecture is shown in Fig.1.

FIG. 1 − Architecture of software defined radio.

During a measurement campaign on May 2011, an experiment was performed by flying
over an area above Vercelli (Piedmont region, North Italy). The receiving system was
placed on board a small aircraft in order to track reflections from rice fields. Since rice
fields were flooded during that month, they were a perfect scenario to study reflection
phenomena.
The receiving system consists of two antennas; one pointed toward the zenith was able
to receive direct RHCP (Right Handed Circular Polarization) GPS signals used for
positioning purposes. The other antenna was pointing in the nadir direction and was
used for receiving reflected signals. The geometry of reflections was analyzed and all
the satellites with elevation lower than 33° were discarded, since below this elevation
the specular reflections did not enter inside the half power beamwidth of the LHCP
nadir looking antenna. On board the aircraft, a video camera was placed to see which
fields were really flooded during the acquisition. The panoramic view extracted from
the video was superimposed on Google Maps, together with the specular reflection
points.
The RHCP data were processed using the NGene software receiver to give the positions
of the aircraft and of the GPS satellites. These positions were further used to calculate
the positions of specular points (a spherical flat Earth was considered). The reflected
LHCP raw data were instead processed by generating Delay Doppler Maps and Delay
Waveforms to evaluate Signal to Noise Ratio (SNR) using an “open loop” approach.
Delay Doppler Maps (DDM) are the output of the autocorrelation between received
signal and local replica of GPS C/A code in both delay (range) and Doppler frequency
domain. A Delay Waveform (DW) is a row of the DDM (extracted considering a
constant Doppler frequency). In a closed loop receiver (like the NGene one), the DW
containing the correlation absolute maxima is used to derive the peak value and the
values associated to the previous and the following autocorrelation lags. These are
enough for tracking purposes and to allow the receiver to compute the final position.
We instead preferred to look for and to store the entire autocorrelation function (the
entire DW raw) for each millisecond of data (which is the GPS C/A code length).This
DW raw is characterized by a certain Doppler shift and is the one containing the peak of
the autocorrelation function. In the next millisecond, only autocorrelations evaluated for
the nearest Doppler shifts are computed, avoiding the evaluation of the entire DDM.
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This is something similar to an “open loop” approach, which makes available the entire
autocorrelation function and not only its peak, which is automatically identified in the
closed loop approach. In future operations, this open loop approach will be necessary to
remotely sense other characteristics of the surface, such as wind over sea or sea state,
considering reflections above oceans [4].
Usually, single DDMs and DWs generated from a period of GPS C/A code (1 ms)
cannot be used to detect the reflected signal power, since this signal power is too
attenuated by the surface, and SNR is consequently too low. Therefore, several
summations (incoherent integration) are needed in order to reveal the real signal shape
and to eliminate the fading noise effects. After a few experiments and comparisons, a
final incoherent integration over 500 ms time intervals has been chosen to process the
whole data set. Therefore, a set of continuous SNR values was obtained every 0.5 s.
Such data can be exploited to evaluate average surface condition (soil moisture).
III.

RESULTS

During the planned flight measurement campaign, reflections of signals transmitted by
several GPS satellites were observed. Using the method described in the previous
section, the total data set acquired during the experiment was processed. For each
available satellite, and with a 0.5 s sample time, a SNR value related to the reflected
power is recorded. Aircraft positions derived by processing the navigation data (using
the NGene Software Receiver) were interpolated for each sample time, and the
corresponding specular points were computed and georeferenced. At each specular
point position was associated the SNR evaluated considering the open loop approach.
An example of the results obtained is shown in Fig. 2 and Fig. 3.

FIG. 2 − Total SNR results during the whole flight from satellite 5, 8 and 26. Black curve
indicates the flight track. See Fig.3 for the details related to red rectangular zoom.

In order to show some further details, SNRs recorded in the area included in the red
rectangle in Fig. 2 are given in Fig. 3. Here SNRs related to reflected signals from two
different satellites (8th and 26th) were georeferenced and shown on a Google map. Dark
(blue) color corresponds to dry fields while light (red) colors are associated with high
humidity fields (flooding ones). First of all, it has to be noticed the high spatial
correlation between the two tracks since they are close to each other and are expected to
have similar behaviors of SNRs. Moreover, SNR values seem to have good correlation
also with the flooding state of the fields. In the image at the bottom of Fig. 3, the picture
taken form video camera is superimposed on Google map. In this case, sun glitters
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allows recognizing flooded areas. Finally, these results also showed a high sensitivity
with boundaries between two flooded fields.

FIG. 3 − Specular reflection point tracks with SNR from satellite 8 and 26 superimposed on
Google Maps (top and center) and on an image taken by the video camera (bottom)

IV.

CONCLUSIONS

The result of this measurement campaign is encouraging, since it gives an accurate SNR
output which seems to be very sensitive and coherent with the surface’s soil moisture
changes. Moreover, this experiment allows us to implement the possibility to extract the
entire autocorrelation function related to the reflected signal in an “open loop” fashion,
which will be necessary for measuring other parameters than the soil moisture. Future
work is needed to improve the remote sensing algorithms necessary to derive
geophysical information of the surface around the specular point.
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ELECTROMAGNETIC DIAGNOSTICS
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Dept. of Electrical and Information Engineering, University of
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Abstract

In this paper we propose a mission concept, called Lunar Interferometric
Radiometer by Aperture Synthesis (LIRAS), which addresses the high-resolution
mapping and vertical sounding of the Moon sub-surface for planetary analysis
and studies. This is done by taking advantage of the antenna aperture
synthesis technique applied to a multi-frequency microwave passive payload.
The final objectives of this study are to demonstrate the technical feasibility of
the LIRAS project and then, with the aid of microwave simulations of Moon soil
behavior and the synthetic antenna aperture, to present its preliminary design.
Index Terms − Interferometry, remote sensing of the Moon, microwave
radiometry, synthetic aperture radiometry.

I. INTRODUCTION
There is nowadays a renewed and growing interest in returning to the
Moon. The current target of the envisaged lunar missions is to establish
a permanent presence in order to start a new era of Moon exploration
and exploitation. To pursue this aim, some products of interest such as
the characterization of the surface microwave (MW) emissivity, the subsurface thermal properties and the anomalies of regolith layer, can help
the space mission designers to choice lunar sites where focus their
attention. Satellite MW radiometry can represent a tool to satisfy these
requirements exploiting the advantage of being a passive instrument.
This work aims to describe the Lunar Interferometric Radiometer by
Aperture Synthesis (LIRAS) mission concept that takes advantage from
the Soil Moisture and Ocean Salinity (SMOS) mission for earth
observation purposes [1], [2]. The paper is organized into four sections:
Section II briefly describes the basic concept of the LIRAS system
design, Section III presents the LIRAS L-band imaging simulator and
Section IV where conclusions are drawn.
II. PRELIMINARY PAYLOAD DESIGN
The LIRAS mission is devoted to the design of a small satellite at an
orbit height of about 100 km, with a revisiting time period less than one
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Lunar month and equipped with two multi-frequency MW radiometers:
a high-resolution synthetic aperture radiometer and a real aperture
radiometer. For sub-surface sounding purposes the envisaged
frequencies are at 1 GHz and 3 GHz, whereas for near-surface probing
two frequencies at 12 GHz and 24 GHz are foreseen [3]:
1) Sub-Surface Sounding Payload (SS-PL): the S and L-band channels
will be implemented through a Y-shaped interferometric array with
three arms less than 2.5 m long, obtaining spatial resolutions less
than 5 km at surface, penetration depth within the first 5 m in the
lunar sub-surface and an imaging swath of at least 100 km.
2) Near-Surface Mapping Payload (NS-PL): the Ku and K-band channels
will be implemented through nadir pointing real-aperture corrugated
conical horn antennas with a spatial resolution less than 20 km.
Heritage has been considered for the design process. The SS-PL has
been designed sizing its equipment on SMOS Microwave Imaging
Radiometer using Aperture Synthesis (MIRAS) payload [1]. For the NSPL preliminary baseline design the ESA's European Student Moon
Orbiter (ESMO) mission has been considered, since one of the possible
scientific payloads embarked by ESMO is a real aperture multifrequency radiometer: Microwave Radiometric Sounder (MiWaRS) [4].
III. LIRAS IMAGING SIMULATOR
The design of the aperture synthesis L-band radiometer, that
establishes the maximum size of the payload, has been obtained with
the aid of the Matlab® simulation tool. Since the LIRAS spacecraft orbit
is a Moon frozen orbit, a performance trade-off has been carried out in
order to optimize both number of receivers and inter-element spacing to
meet performance requirements throughout the entire orbit [5]. For
simulations following “worst-cases” have been considered: (a) a
minimum height of 70 km; (b) a maximum height of 130 km.
Simulations have been carried out by considering MIRAS
operational parameters, listed in Table I, and under the hypothesis of
identical receiver pre-detection sections, absence of spatial
decorrelation effects and computing the radiometric resolution
considering baseline redundancy effects [6].
The minimum number of receiving antenna elements has been
identified as 10 Lightweight Cost-Effective MW receivers (LICEF) on
each side of the Y-shaped array, whose minimum baseline, d, equals
0.8λ. This choice differs from the spacing which has been selected for
MIRAS, where single antenna receiving elements are spaced 0.89 λ [1].
TABLE I - OPERATIONAL PARAMETERS USED FOR THE SIMULATIONS.
Symbol
f0
B
T REC
G
Tb

Quantity
central frequency
bandwidth
equivalent receiver noise temperature
equivalent gain of LICEF antennas
Uniform target brightness temperature scene
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The advantages of a smaller spacing are: (1) larger swath width and
(2) larger alias-free field of view. The swath may be defined as:
λ
 FOV 
(1)
swath = 2 ⋅ H ⋅ tg 
∝H⋅
D
 2 
where H is the orbital height and FOV is the field of view of the
instrument, directly proportional to wavelength ( λ ) and inversely
proportional to minimum baseline (D). Concerning the second point,
since discrete sampling produces spatial periodicity, it can be proven
that sampling frequencies above the Nyquist frequency limit, which is
λ/3 for hexagonally shaped sampling grids [7], produce periodically
overlapping instantaneous FOVs. The spacing d = 0.8λ = 16.99 cm
derived from simulations meets the spatial resolution requirement for a
configuration of 30 LICEF receivers in worst case (H = 130 km) by
providing optimum FOV extension, reducing the aliased area and still
providing enough physical space to accommodate LICEF receivers
whose diameter is equal to 16.5 cm = 0.78λ.
The radiometric resolution ∆T calculated by simulating tool is:
 Tsys  Asyn
ΔT = 
(2)

 2Bτ  NAe
where B is the system bandwidth, τ the integration time, T sys the
system noise temperature, A syn the synthesized equivalent area and N
and A e parameters depending on number and physical dimensions of
the LICEF antennas. According to mission requirements, ∆T shall be
maintained within 0.5 K. Since the spacecraft experiences large height
variations during its orbital time [7], both spatial and radiometric
resolutions can be maintained for the same antenna configuration only
by means of digital signal processing of the final data product (Fig. 1a).

FIG. 1 – (a) Simulation of the Array Factor, or AF, for a Y-shaped array using
Rectangular (left) and Triangular weighting function (right). Radiometric
resolution is progressively improved at the expense of spatial resolution using
increasingly tapered functions. (b) Spacecraft deployed configuration.

The data-rate calculation assumes that the instrument is capable of
quantizing each pixel with 10 bits: the dynamic of T b values emitted by
the Moon in the low MW frequency region extends from ca. 90 K to 360
K and is quantized according to radiometric resolution at 0.5 K steps.
According to satellite velocity ( v = 1.58 ⋅103 m/s) and τ, the data-rate is:
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DR =

2 ⋅ N bit ⋅ N V
τ

(3)

where N V is the number of non redundant samples which may be
calculated as N V = 6N el 2 + 6N el + 1 for a Y-shaped thinned array.
IV. CONCLUSION
Some major advantages of the performed studies may be synthesized as
follows. 1) The heritage based and simple design considerations allow
designing a system characterized by a low amount of novel elements. 2)
The aperture synthesis principle adopted in LIRAS requires to deploy
single one-piece antenna arms [Fig. 1b]. With respect to SMOS payload
three-tiled antenna arms configuration the LIRAS deployment system
provides implicit robustness. 3) The antenna configuration has been
optimized in terms of component number and mass budget in a way
allowing to accommodate a further real aperture radiometer. 4) The real
aperture radiometer provides data products which both may be
considered as ancillary data to the interferometric measurements,
complementing in depth measurements with near surface sounding and
representing also a “stand-alone” scientific product.
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Abstract

This paper presents a severe weather event that occurred in Northwestern Italy
observed from space by the ©COSMO SkyMed X-band radar developed by ASI.
The study presents a methodology to detect water surfaces, as well as areas in
which heavy rain is present. The methodology is based on a combined use of
electromagnetic scattering models and image processing techniques and uses
also ancillary data, such as optical images, land cover maps and a digital
elevation model (DEM).
Index Terms − Synthetic Aperture radar, propagation, surface scattering,
flood mapping.

I. INTRODUCTION
When X-band SARs are used to monitor severe weather events, in which
both heavy precipitation and flooded areas are present in the observed
scenario, the attenuation of the radar signal due to precipitation implies
that the microwave radar signature of rain can be similar to that of
water surfaces, so that the discrimination among permanent water
bodies, flooded areas and areas affected by significant rainfall is not
easy and may need to use ancillary data, as well as a certain amount of
supervision [1].. The shadowing effects due to the topography, as well as
the possible presence of wet snow that absorbs X-band radiation
further complicate the classification of a SAR image aiming at detecting
floods.
This paper presents a case study regarding a recent severe weather
event that occurred in Northwestern Italy and caused 6 casualties in
the city of Genoa; heavy rainfall occurred in some areas of the Liguria
and Piedmont regions from November 3, 2011 till November 8, 2011
and numerous flash floods were reported. The event was monitored by
using a number of CSK images provided by the Italian Space Agency
(ASI) within the framework of the OPERA project.
This study presents a methodology to detect either permanent water
bodies or flooded areas, as well as areas in which heavy rain is present.
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II. THE AVAILABLE DATA
©Cosmo-SkyMed (CSK) was programmed to continuously monitor the

Northwestern Italy event starting from November 4, 2011 until
November 8, 2011 and the images were promptly delivered to the
OPERA team. Among the large number of CSK data that have been
analyzed, Fig. 1 shows those acquired on November 5, 2011 at 05:15
UTC and on November 8, 2011 at 05:21 UTC, in Spotlight mode, at
horizontal polarization and with an incidence angle of 37.5° and 43.2°,
respectively. In the left panel of Fig. 1, the inland large dark areas
correspond to zones affected by attenuation of the radar signal, while,
in the right panel, the dark areas in the upper left part of the CSK
image likely correspond to snow, while some small flooded areas near
the Po River are also present (see the zoomed images in Fig. 1). It can be
noted that the radar return of all the aforementioned regions is very
similar, thus confirming that the classification of a SAR observation of a
severe weather event may be a difficult task. The CSK data have been
calibrated and geocoded by means of the ENVI/SARSCAPE© software
and the SRTM DEM to derive the backscattering coefficient σ0. Besides
the DEM, as ancillary data we have also used a Land Cover map derived
from the European Corine Land Cover project and a Landsat-7 (L7)
optical image. As for the former, the level-1 legend has been considered
to discriminate between a limited set of macro-classes, such as
agricultural areas (mainly bare at the time of the event), urban
settlements and forests. The L7 image was taken on November 24, 2011
and was downloaded from the U. S. Geological Survey website
(http://glovis.usgs.gov/). Both the L7 image and the land cover map
have been co-registered with the CSK imagery and a pixel size of 10 m
has been chosen for all the co-registered data. A MODIS image was also
used to verify the presence of snow.
III. THE METHODOLOGY

Both water surfaces and areas affected by the attenuation of the radar
signal caused by intense rain are characterized by low backscatter (i.e.,
appear dark in the SAR imagery, see Fig. 1). Actually, it is well known
that the presence of wind or of vegetation emerging above the water
surface tends to increase radar backscattering, thus complicating the
detection of inundated pixels. For this case study, phenomena of large
increase of σ0 due to the presence of floodwater were not detected, so
that we have limited ourselves to search for low backscatter (dark)
areas. We have firstly applied a segmentation algorithm based on
mathematical morphology, such as that proposed in [2], in order to
divide the SAR image into separate objects that are homogeneous with
respect to pixel intensity. Then, the mean value of σ0 has been
computed for each object and compared to the outputs of the
electromagnetic scattering models developed by the Tor Vergata
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University of Rome for agricultural areas (bare soil has been assumed in
this case) and for forests [3-4]. For agricultural areas we have searched
for objects whose mean σ0 was less than a threshold value derived from
model simulations under flooded conditions (see [5]), obtained by
replacing the soil with a semi-infinite layer having the dielectric
constant of water and a negligible roughness.
Once the dark areas in a SAR image have been identified, considering
the characteristics of the landscape in Northern Italy, they can in
principle belong to the classes of “water bodies”, “heavy rain”,
“shadowing”, or “wet snow”. Here we focus on the method we developed
to automatically discriminate between the first two classes, that
represents the most difficult task, while shadowing can be identified
through a local incidence angle (θ l ) map that we have derived from the
DEM as done in [6], while snow might be identified through information
about the freezing level, or by computing the Normalized Difference
Snow Index from an optical image in clear sky conditions close in time
to the SAR ones.
First of all, we have made the simple hydraulic consideration that
standing water is generally present in flat regions, so that only areas in
which θ l is not very different from the nominal one (θ) can be flooded.
Areas in which there is intense rainfall can be hardly detected if θ l is
very large (and different from θ), because the small backscattering can
be in principle ascribed either to rain or to topography. Consequently,
dark objects with large θ l adjacent to areas of heavy rain have been
associated to the class “heavy rain”, while isolated dark objects with
large θ l have been considered affected by shadowing. Dark objects lying
in forested and also urban areas have been associated to the class
“heavy rain”, since in this case floodwater tends to increase σ0.
Among objects having θ l similar to θ, to discriminate between “heavy
rain” and “water surfaces” we have taken into account the shape of the
objects, which are expected to be different for atmospheric targets (rain
cells) and surface targets (flooded land). To this aim we have processed
the optical L7 image by a K-means clustering algorithm in order to
single out the different objects that are present in the scenario. Then,
an edge detector such as the Sobel filter has been applied to identify the
boundaries of the agricultural fields. The edge detector has been also
applied to the outputs of the map of dark areas produced by the
segmentation of the SAR images and by the comparison with the model
outputs. Basing on the idea that flooded areas have generally the shape
of the land objects under dry conditions, we have labeled as water
surfaces the dark areas whose edges match the boundaries of the
agricultural fields identified through the K-means algorithm. Fig.2
shows the results of our methodology applied to the CSK images of
November 5 and November 8, 2011.
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FIG. 1 - CSK images acquired on November 5 (left panel) and November 8 (righ
panel), 2011.

FIG. 2 - Results of the classification of the images shown in Fig. 1. Blue: heavy
rain, cyan: water surfaces (permanent water bodies or flooded areas), yellow:
shadowing, white: possible snow cover, brown: dry conditions, black: no data.
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Abstract

A polarimetric model to observe metallic targets at sea in polarimetric Synthetic
Aperture Radar (SAR) data is proposed. The model gives an understanding of
the different symmetry properties that characterize sea surface with and
without metallic targets in terms of the correlation between like- and crosspolarized channels. Experiments undertaken over C-band Single Look Complex
(SLC) RADARSAT-2 SAR data confirm the soundness of the approach.
Index Terms − Polarimetry, SAR, ship detection.

I. INTRODUCTION
Synthetic Aperture Radar (SAR) observation of metallic targets, i.e.
ships and oil rigs, at sea relies on the fact that their backscattered
signal causes a bright spot over SAR images. However, the information
provided by the sole backscattered intensity, collected by a singlepolarization SAR, is not generally sufficient to effectively observe
metallic targets. To conceive more effective observation techniques, the
interest towards polarimetric approaches is very much increased,
supported also by new high-performances polarimetric SARs, e.g. the
ones operated on-board of the ALOS, RADARSAT-2, TerraSAR-X and
COSMO-SkyMed missions.
In order to reduce false alarms, recently, promising results have been
obtained by employing physically-based polarimetric techniques [1].
However, these algorithms often are quite complex to be implemented
operationally and the choice of a suitable threshold is a non-trivial
issue.
In this study, a new physically-based approach is proposed to
observe man-made metallic targets in polarimetric SAR data. The
approach exploits the intrinsic symmetry properties that characterize
sea surface with and without metallic targets. Symmetry is a powerful
concept that applies in various scientific areas such as quantum
mechanics and crystallography. It has also applicative relevance in
electromagnetics, in antennas and scattering [2]. At more basic level,
symmetries in electromagnetics include those in the Maxwell equations
(e.g. duality and reciprocity [2]), those in geometric symmetry (e.g.
rotation, reflection, translation, similarity [2]), and combination of
these. An important symmetry property that characterizes natural
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background scenarios is reflection symmetry [2]. Sea surface, being a
distributed natural scene, is expected to satisfy reflection symmetry.
When dealing with man-made metallic targets, being complex and manmade structures, they are expected to break reflection symmetry.
In this study, the correlation between like- and cross-polarized
scattering amplitudes is exploited as a measure of the departure from
the reflection symmetry. Hence, first the sensitivity of the proposed
indicator to metallic targets at sea is investigated; then, a simple and
very effective technique is proposed to observe targets at sea in
polarimetric SAR data.
II. METHODOLOGY
The most logical way to deal with polarimetric scattering from a
distributed and depolarizing target is by using the second-order
products of the scattering matrix [3]. This can be accomplished by using
the covariance matrix that, under the backscatter alignment (BSA)
convention and when reciprocity holds, is given by:

,

(1)

<.> stands for ensemble average and S pq is the generic the scattering
matrix elements with {p, q} = {h, v}. C is a 3 × 3 Hermitian semi-definite
positive matrix which consists of 9 independent parameters and has
real and non-negative eigenvalues and orthogonal eigenvectors. Up to
now, no hypothesis has been made on the scattering system but the
linearity and the reciprocity. Therefore the 3 × 3 covariance matrix (1) is
obtained. However, the number of independent parameters is reduced
when symmetry properties are satisfied. This is the case of naturally
distributed scenarios that generally satisfy reflection symmetry [4]. It
can be shown that a distributed scene, which satisfies this symmetry
property, is characterized by the following covariance matrix:

,

(2)

It should be noted that a direct consequence of reflection symmetry is
that the correlation between like- and cross-polarized scattering
amplitudes vanishes:
,
(3)
Hence, the modulus of the correlation between like- and cross-polarized
scattering amplitudes r:
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,

(4)

is the natural norm to measure the departure from the reflection
symmetry case. When r tends to 0, the observed scene is characterized
by the symmetry property and (2) applies, while for larger r values,
departure from reflection symmetry is achieved and (1) applies.
It is now important to read reflection symmetry in marine physical
terms. Sea surface, being a natural distributed target, is expected to
satisfy reflection symmetry. As a matter of fact, r ≈ 0 should apply.
When dealing with man-made metallic objects, due to their complex
shape that consists of plane, dihedral, and trihedral structures, as well
as dihedral corner reflectors and thin wires, reflection symmetry is not
expected to be still satisfied, therefore, r values significantly larger than
the free sea surface one are expected.
III. EXPERIMENTS
In this section, the physical consistency of the proposed polarimetric
model and the effectiveness of the polarimetric target detection
approach are investigated. Actual polarimetric Single Look Complex
(SLC) SAR data, acquired by the C-band RADARSAT-2 satellite mission,
are considered.
A meaningful experiment, accomplished over a dual-polarimetric HHHV SAR data related to the acquisition of 13 May 2011 at 16:40:10 UTC
(Product ID: PDS 01780080, image ID: 133029), is shown and
discussed. The SAR data has been acquired off the Taranto coast, Italy.
The incidence angle ranges between 30° and 37°. The squared modulus
related to an excerpt of the HH-polarized SLC SAR data is shown in
Fig.1 (a), where 3 targets, labeled as T1 to T3, are present. Large
marine-related features are also visible (see bright strips in Fig.1(a)) that
make target detection a very challenging task. First, the sensitivity of
the model to sea surface with and without targets is investigated by
evaluating r (4) within region of interests (ROIs) belonging to the three
targets (T1-T3) and to sea surface (not shown). r values are listed in
Table 1. It can be noted that sea surface and targets call for completely
different and well-distinguishable (roughly two order of magnitude) r
values. This implies that sea surface is well described by (2) while
targets call for (1). Since targets and sea r values are well-separated and
no feature associated with the marine strips is present in the r image, a
fixed empirical threshold (equal to 0.002) has been employed to obtain
the logical true-and-false binary output of Fig.1(c). It can be noted that
all the targets have been correctly observed and no false alarm is
present.
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FIG. 1 − RADARSAT-2 dual-polarimetric SLC SAR data related to the
acquisition of 13 May 2011 at 16:40:10 UTC. (a) Excerpt of the HH-polarized
squared modulus SAR data. (b) r-based filter’s output.
TABLE I - R VALUES MEASURED WITHIN THE ROIS OF FIG.1(A)
ROI

Target

Sea

1
2
3

0.5323
0.1850
0.4568

0.005
0.003
0.007

IV. CONCLUSION
A polarimetric model is proposed that gives an understanding of the
symmetry properties of sea surface with and without targets in terms of
the correlation between the like- and cross-polarized channels of a dualpolarization radar. The model’s sensitivity is verified against actual
dual-polarimetric C-band RADARSAT-2 SAR data. Then, a simple and
very effective technique is proposed to observe targets at sea.
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Abstract

New generation space-borne SAR sensors are acquiring images at very high
resolution and their statistics, in many actual situations, do not match with
those predicted by the fully developed speckle model. Most of the models for
non-fully developed speckle are based on the concept of interference between
scatterers within the radar resolution cell. The approach proposed in the present
paper provides the analytical dependence of the number of scatterers on surface
roughness and sensor parameters. The illuminated surface is represented here
using fractal geometry.
Index Terms − Electromagnetic scattering, fractals, Synthetic Aperture Radar.

I. INTRODUCTION
Synthetic Aperture Radar (SAR) single look images present the wellknown phenomenon of speckle, due to the fact that a resolution cell is
usually larger than the wavelength λ of the incident electromagnetic
field. The speckle phenomenon is usually described as a stochastic
process and the received signal is modeled as the coherent sum of the
returns coming from independent scatterers randomly distributed in the
resolution cell [1]-[3]. According to this model, the key parameter for the
statistical characterization of the speckle is the number of independent
scatterers per resolution cell N. As a matter of fact, under the
hypothesis of N>>1, the central limit theorem can be applied thus
obtaining a Gaussian complex circular field, with a Rayleigh distributed
amplitude and a phase uniformly distributed in [0,2π]. In this case the
speckle is defined as fully developed. For low resolution SAR sensors,
whose resolution cell area is of the order of tenth of square meters (very
large compared to the centimeter wavelength), the Rayleigh amplitude
model (or, equivalently, the Exponential intensity model) well matches
actual data. Note that this model is very attractive because only the
knowledge of the mean square value of the cell return is required for
speckle description, regardless of an accurate characterization of the
scatterers.
However, with the increasing availability of space-borne very high
resolution SAR data, for which the hypothesis of a resolution cell size
much larger than the wavelength cannot be safely assumed, the
statistics of SAR images can depart from those predicted by the
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Rayleigh model. In the past decades the K-distribution has been
positively used to model the statistical behavior of SAR images as a
function of the number of scatterers per resolution cell [3]. However, in
this case a comprehensive physical and statistical characterization of
the scatterers is required to describe the speckle phenomenon.
In this paper we present a new model for the speckle, well-suited for
SAR images of natural terrain. It is based on a physical description of
the scatterers in the resolution cell. In particular, a relation between the
number of equivalent scatterers per resolution cell and the physical
properties of the surface and of the sensor is provided. The illuminated
surface is modeled as a fractional Brownian motion (fBm) process [4].
II. SPECKLE STATISTICAL MODEL
Most of the models available in literature describe the return from a
resolution cell as the coherent sum of N electromagnetic returns [2]-[3]:
,

(1)

where
is the contribution due to the i-th scatterer. Hence, the field
E is a function of the number N of scatterers and, according to this
value, the speckle can be Exponentially or K-distributed. In particular,
the Exponential distribution can be regarded as a particular case of the
K-distribution for N>>1 [3]. Whenever the hypothesis of a large number
of independent scatterers per resolution cell is no longer valid, we have
to face the problem of studying the coherent sum of a finite number of
fields. As a matter of fact, while in the Exponential case no
characterization of the scatterers is necessary, conversely in the Kdistribution case the number of independent scatterers per resolution
cell is needed in order to obtain the expression of the speckle pdf [3].
III. SURFACE MODEL
The use of an adequate model for the description of natural surfaces is
crucial to gain a reliable modeling. To this purpose, it has been
demonstrated [4]-[5] that the use of the fBm is quite appropriate. A
stochastic process z(x,y) is an fBm surface if, for every x, x’, y, y’ it
satisfies the following relation:
,

(2)

where τ is the distance between the points (x,y) and (x',y') and the two
parameters that control the fBm behavior are the Hurst coefficient H
and the topothesy T [m] [4]. In this case the structure function can be
inferred directly from the incremental process characterization (2):
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.

(3)

IV. ELECTROMAGNETIC CHARACTERIZATION OF SPECKLE
The SAR image is the superposition of the reflectivity function γ(•),
weighted by the overall (i.e., including the focusing) unit response g(•):
. (4)
The function g(•) is assumed to be negligible outside an area A
centered around (x 0 ,y 0 ), here defined as the “resolution cell” [2]. The
reflectivity function γ(x,y) can be expressed as the product of a
polarization factor S - dependent on soil complex permittivity and
reasonably assumed constant within a resolution cell - and a (two-way)
propagation factor
, which accounts for the phase
contributions coming from the points of the resolution cell located in
position
. Here,
is the
electromagnetic propagation vector, so that
[m-1] [1], and
R is the distance of the sensor from the origin of the reference system.
In order to move toward the simplified model (1), we can subdivide
the resolution cell into smaller domains, each representing a single
“equivalent scatterer”, so that returns pertaining to a single domain are
correlated, whereas returns from different domains are uncorrelated. To
obtain a proper evaluation of the equivalent scatterer size, we define the
scatterer radius
as the distance between the two generic surface
points (x,y) and (x',y') such that the correlation between returns from
the two points, i.e.,
,

(5)

falls below a given threshold, say e-t, with t of the order of unity. It is
straightforward to verify that the required value of
is such that:
.

(6)

The structure function (3) can be used into (6), thus obtaining the
following dimension for the equivalent scatterers:
.

(7)

Finally, we can evaluate N as the ratio between the cell area and
. In Fig.1 N is plotted as a function of T assuming the parameters of
the Cosmo-SkyMed high resolution SAR sensor, i.e. a resolution cell
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area of 1 m2, a wavelength of 3.1 cm and a look angle of 30°. As shown
by the graph the number of scatterers per resolution cell is below 10 in
some practical situations. Note that the range for T and H has been
chosen in accordance to typical values of natural surfaces [4].
V. CONCLUSION
A novel approach for the characterization of the equivalent scatterers
within a SAR resolution cell has been presented. The provided results
can be used for the statistical description of speckle in high resolution
SAR images and for data simulation purposes.
N
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T

FIG. 1 − Plot of N as a function of T [m] assuming the Cosmo-SkyMed
parameters reported in the text of the paper.
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CONTRAST SOURCE BAYESIAN COMPRESSIVE IMAGING BY A
MINIMUM NORM FORMULATION
G. Oliveri
ELEDIA Research Center @DISI, University of Trento
Via Sommarive 5, I-38123 Trento, Italy
giacomo.oliveri@disi.unitn.it
Abstract

The problem of imaging sparse dielectric profiles from scattered field data is
solved by means of a new multi-task Bayesian Compressive Sensing (MT-BCS)
approach under the contrast-source-inversion (CSI) formulation. The proposed
strategy is devoted to a twofold objective: on the one hand, to effectively exploit
the a-priori knowledge on the sparseness of the objects of interest, and, on the
other hand, to suitably manage the complex nature of the unknowns during the
solution process. Towards this end, a minimum-norm current expansion is
adopted. A set of preliminary numerical results are reported to assess the
features of the arising method.
Index Terms− Multi-Task Bayesian Compressive Sensing (MT-BCS),
Microwave Imaging, Minimum-Norm Currents.

I. INTRODUCTION
The problem of retrieving the dielectric features of sparse objects located
in inaccessible domains starting from non-invasive electromagnetic
measurements at microwave frequencies is gathering an increasing
attention from the methodological viewpoint [1]. Indeed, since in many
practical cases unknown profiles can be assumed as “sparse” in a
suitable expansion basis [1]-[3], several techniques have been
introduced in the last years to effectively solve such problems [1]-[4].
In this framework, Compressive Sensing (CS) strategies have been firstly
proposed to effectively solve imaging problems within Contrast-SourceInversion (CSI) framework [5][6] in a “sparseness-regularized” sense (i.e.,
exploiting the a-priori knowledge of the sparseness of the solution
during the retrieval process) [1]. Because of the features of the
associated formulations [5]-[8], algorithms able to overcome the
limitations of classical L 1 -regularized CS techniques, namely Bayesian
Compressive Sensing methodologies (BCS) [1]-[4][9], have been
investigated, and their performance have been compared with those of
deterministic and stochastic imaging methods [1]. Thanks to their
effectiveness and accuracy, these approaches have then been extended
to Contrast-Field-Inversion formulations [2][3] as well as to other CSI
problems [4].
Nevertheless, these techniques share a common limitation which can
significantly affect their accuracy. Indeed, BCS strategies require the
discretized unknown (i.e., the “contrast source” coefficients in the CSI
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case) to be real-valued. Accordingly, state-of-the-art BCS imaging
approaches are formulated so that the real- and imaginary-parts of the
unknown current coefficients are treated as independent (i.e., stored in
two separate real-valued vectors). Unfortunately, such a strategy
neglects the complex nature of contrast sources (i.e., the relationships
among the location of non-zero entries of the real and imaginary parts
of the unknown currents).
This work is aimed at presenting an innovative formulation for the
sparse two-dimensional CSI problem which is able to effectively manage
the relations between the real and imaginary part of the unknown
contrast sources. Towards this end, a minimum-norm current
expansion will be employed to reformulate the unique imaging problem
into two correlated ones, which are subsequently solved by means of a
multi-task Bayesian Compressive Sensing (MT-BCS) strategy [9]. The
features of the arising approach are preliminarily validated through a
set of numerical experiments.
II. PROBLEM FORMULATION AND PROPOSED APPROACH
Consider a set of V time-harmonic incident transverse-magnetic (TM)
waves Iv (r) (v=1,…,V) impinging on an investigation domain D which
contains a lossless sparse object modeled through the contrast function
τ(r)=ε(r)-1 ( r ∈ D ) (ε(r) being its dielectric permittivity) embedded in a
lossless background with wavenumber k. In this scenario, the scattered
field F v (r)=E v (r)-Iv (r) complies with the “data” equation
Fv (r m ) = −k 2 ∫ g(r m ,r ' )J v (r ' )dr ',
rm ∈O
(1)
Ι

where r m (m=1,…,M) is the position of the m-th measurement probe, O is
the observation domain, J v (r ) = τ (r )E v (r ) is the (unknown) contrast
source, E v (r) is the total field, and g(r,r’) is the 2D Green’s function [1].
To solve (1) starting from the knowledge of F v (r m ), its discretized version
(using a suitable expansion basis of size N [1]) is firstly computed as
F v = GJ v
v = 1,...,V
(2)
where F v ∈ C M and J v ∈ C N are the complex-valued field and
current vectors, and G is the Green’s matrix [1] which is processed
according to singular value decomposition (SVD) to yield [6]
G = UΨV H
(3)
Ψ being the diagonal matrix storing the singular values ψ n , (n=1,…,N).
MN

The minimum-norm current distribution J v = VΨT−1U H F v , obtained
by substituting the thresholded version of (3) (Ψ T being the “truncated
Ψ” where the ψ n below a threshold have been removed) into (2) is then
used compute the “real” and “imaginary” scattered fields as
MN

F v ℜ = Gℜ J v
v = 1,...,V
(4)

MN
=
Gℑ
F
J

v
 v ℑ

{
{
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By recasting the (2) in a Bayesian framework, the following split
formulation is finally obtained



ℜ Ĵ v = arg max ℘ J v F v ℜ 


 Jv

v = 1,...,V
(5)



 ℑ Ĵ v = arg max ℘ J v F v
 Jv
ℑ 




which can be solved by taking into account the relationships between
ℜ{J v } and ℑ{J v } through the MT-BCS formulation described in [4][9].

{ }

(

)

{ }

(

)

{ }

{ } has been computed, the discretized version

Once Ĵ v = ℜ Ĵ v + jℑ Ĵ v

of τ (r ) can be evaluated by using the “state equation” as shown in [1].
III. PRELIMINARY NUMERICAL VALIDATION
For the numerical experiments, a 3λ-sided D has been subdivided in
N=324 cells and illuminated by V=27 plane waves coming from θ v =2π(v1)/(V-1), and M=27 equally spaced probes have been employed to collect
the data within O (i.e., circle of radius 3λ). The plots of the retrieved
profiles when dealing with two squares with τ=1.0 [Fig. 1(a)] show that
the proposed approach [“MT-BCS” - Fig. 1(c)] overcomes the state-ofthe-art method [“ST-BCS” - Fig. 1(b)] introduced in [1] in terms of
accuracy, achieving a satisfactory fidelity despite the low SNR (Fig. 1).
The improved quality of the reconstruction is also confirmed by the
corresponding total error ξTOT = ∫ τˆ(r ) − τ (r )dr [∫ (τ (r ) + 1)dr ] which is

[

]

resumed in Fig. 2 for different SNR and τ values. Indeed, thanks to the
considered formulation, the proposed algorithm outperforms that in [1]
whatever the noise level and contrast of the reference profile.

(a)

(b)

(c)

FIG. 1− Comparative Assessment - Actual (a), ST-BCS (b), and MT-BCS (c)
retrieved contrast when SNR=10 [dB].

IV. CONCLUSIONS
An innovative MT-BCS approach is proposed to image sparse dielectric
profiles taking into account the a-priori information on the complex
nature of the unknown contrast sources during the inversion process.

ISBN: 978-88-907599-0-1

Poster Session III

639

Proceedings of the XIX RiNEm

Towards this end, a minimum-norm-current expansion is adopted. A
set of preliminary results is presented to show the effectiveness of the
introduced algorithm with respect to state-of-the-art BCS approaches.

FIG. 2− Comparative Assessment – Behavior of ξ tot as a function of τ for
different SNR values.
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Abstract

The MagnetoEncephaloGraphy (MEG) inverse problem consists in the estimate of
the cerebral current dipole distribution generating the induction magnetic field
measured by a MEG device. In this work, a nouvelle approach to solve the MEG
inverse problem under the hypothesis of a sparse solution is presented. This
approach solves a recursive sequence of constrained weighted ℓ 1 -minimization
problems. The weights used for the next iteration are computed from the values
of the current solution acting, de facto, as an "auto-regularization" of the problem
that improves the accuracy of the source estimate. The proposed method is
tested on extensive simulation and on real MEG data.
Index Terms − MEG, inverse, ℓ 1 norm optimization, neuronal activity.

I.

INTRODUCTION

Magnetoencephalography (MEG) [1] is a noninvasive technique for
mapping brain activity by recording the magnetic field produced by
electrical currents naturally occurring in the brain.
The MEG inverse problem consists in estimating the cerebral
current distribution that produces the magnetic field measured outside
the scalp. The problem is generally ill posed and ill conditioned.
Under suitable conditions (e.g. during a task), we can suppose that
the recorded signal is due to the contribution of few brain regions which
can be modeled by a sparse representation of current dipoles. Under
this hypothesis it is possible to assume that the solution is obtainable
by solving a suitable ℓ 1 -minimization problem,[3]. However, illconditionedness makes the computed solution prone to uncorrectness:
this forces the adoption of regularization schemes.
II.

METHODS AND RESULT

The procedure to solve the MEG inverse problem can be divided into
several step.
The first step is the definition and discretization of the source
domain together with the estimation of the MEG sensor spatial
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configuration. In this work, a standard anatomical model is used, [6], in
which a set of sources lying on the normal to the cortical surface is
defined. The sources are modeled as current dipoles with known
position and unknown orientation and amplitude. The sensors
configuration is taken from the MEG system operating at the Institute
of Advanced Biomedical Technologies [8].
The second step is the definition of the lead field matrix, described
as follows. The contribution to the field due to the cortical current
dipoles and to the eddy current on the scalp surface is treated as
described in [9] and a linear relation (Eq. (1)) between source intensity
and measured magnetic field is obtained:

B = LJ

(1)

Let be: B ∈ Rn: array of magnetic field amplitude values measured at
a given instant; L ∈ Rn,m: the lead field matrix; J ∈ Rn,m: array of
unknown current dipoles amplitude. In this work, according to the MEG
system and head model used, n=139 and m=19998. The problem is
obviously ill posed. The reciprocal of the condition number is near 10-38.
The problem is also ill conditioned.
The third step consists in the choice of the problem solver. In this
work, the basis pursuit approach is chosen, since under the hypothesis
of sparse solution it is possible to search for the correct solution despite
ill posedness of problem [4]. In practice, the basic problem has the
following form (Eq. 2):

min
x∈ℜ m

J

1

subject to

B = LJ

(2)

J 1 = Σ im=1 J i is the definition of ℓ 1 norm and J i is the i-th
component of dipole amplitude array.
The solution is computed by a primal-dual minimization algorithm.
In this work, in order to mitigate the ill conditionedness of the problem,
the algorithm described in [10] was adopted.
The algorithm consists in solving a recursive sequence of problems
as described in Eq. (3), where the weighting matrix Wl used for the
actual iteration are computed from the inverse values of the previous
solution.
l
(3)
min W J 1 subject to B = LJ
where

x∈ℜ m

This approach, de facto, acts as an "auto-regularization" of the
problem that improves the accuracy of the source estimate.
We tested the proposed method on extensive simulations, evaluating
the average value and standard deviation of Dipole Localization Error
and Spatial Dispertion as suggested in [2]; and on real MEG data
recorded during non painful electric stimulation of right median nerve.
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The results of the inverse problem solution via reweighted ℓ 1 -minimum
norm (rew l1 min norm) are compared with sLORETA (sLOR) [5], and
standard ℓ 1 -minimum (l1 min norm) norm approaches. Figure 1 shows
the normalized amplitude for the sources active at 35 ms after
stimulation; while in Table I responses of the simulation are reported

FIG. 1 − Representation of estimated current dipole amplitude on the cortex
surface by: (a) Reweighted ℓ 1 -minimum norm algorithm; (b) ℓ 1 -minimum norm
algorithm; (c) sLORETA. Values scales are normalized to somatosensory peak
value for a better comparison.
TABLE I Method

DLE [cm]

SD [cm]

rew l1 min norm

0.67+/-0.06

0.12+/-0.06

l1 min norm

1.0+/-0.8

5+/-8

sLOR

1.4+/-1.0

2+/-1.2

As shown in Fig.1(a) and Fig.2(b) the main Activation Area (AA) is
localized on the left somatosensory area in all cases, as expected.
III.

CONCLUSION

Benefits obtainable from the use of ℓ 1 -minimum norm approach,
instead ℓ 2 -minimum norm approach, in presence of sparse ill posed
problem are well known [4], [10]. The main intent of this study is to
evaluate the effective improvement obtainable by the application of this
tools to the MEG inverse problem, or generally to heavily ill conditioned,
and ill posed, magnetic inverse problem resolution. The replacement of
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problem (2) with (3) guarantees, as expected (see Table I), a better result
in term of definition and localization of cerebral activation area. The
obtained results show an effective improvement of the estimate, also for
real data. The next steps will be to relax sparsity solution hypothesis, so
to extend the proposed method also on non properly sparse solution(as
in the case of the study of the resting state or more complex tasks), and
to further investigate ℓ 1 -minimum norm algorithm potentiality.
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INTERNATIONAL SPACE STATION: A NUMERICAL ANALYSIS
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Abstract

A numerical investigation of the electromagnetic pollution produced inside a
model of a module of the International Space Station (ISS) by a radar UWB is
shown. In particular, the work investigates possible narrowband interference
and the level of the background noise introduced by an UWB radar because
these phenomena may decrease the QoS of existing wireless networks and
apparatus. This study is part of the project “Non Invasive Monitoring by Ultra
wide band Radar of Respiratory Activity of people inside a spatial environment”
(NIMURRA) which refers to a feasibility study of a ultra wide band (UWB) radar
applied to the breath activity monitoring of astronauts.
Index Terms − Electromagnetic pollution, UWB, NIMURRA, Optical
Geometric, ISS.

I. INTRODUCTION
The project NIMURRA is focused on the development of a new kind of
UWB radar for the monitoring of the breathing of people inside the crew
quarters of the International Space Station (ISS). In fact, rest and sleep
have been consistently reported as being of poor quality in microgravity,
both by American astronauts and Russian cosmonauts [1], [2] but up to
now only few studies have addressed the combined action of
microgravity and rest on respiration and chest wall. An UWB radar,
placed on the cabin wall at the level of the nipples and the umbilicus,
i.e non-contacting, is able to retrieve physiological parameters of both
cardiac and breathing activity.
The work here shown concerns a numerical investigation of the
electromagnetic pollution produced inside a model of a module of the
ISS by an UWB source.
II. GEOMETRICAL MODEL
Starting from information gathered in different publications and
documents [3],[4], it is estimated the size of this container to be about
1m x 1m x 2m, its sides are partially occluded by the racks hosted in
the node. Because of the complex structure of the walls, it is not
possible to make a realistic model of the crew quarters suitable to be
used with geometrical optics, therefore an approximated model has
been used consisting of a box having walls partially made of perfect
electric conductors as shown in Fig. 1. The centre aisle is modelled with
a rectangular box 6137.2 mm long, and cross-section 2133.6 mm high
and 2133.6 mm width. The walls are flat and perfectly conducting even
though some appendages can be introduced somewhere to simulate the
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presence of some equipments. A section of the modelled environment is
shown in Fig.1.

FIG. 1
shown.

GO model of the CQ and isle. Positions of UWB antennas are also

This model, although very simple, is from an electromagnetic point
of view as a worst case because it does not have any loss (that is not
possible in the real case) and gets worse the cavity-like behaviour of the
aisle. The absence of furniture makes the reflection of the signals more
strong than that of furnished case [5].
III. ELECTROMAGNETIC MODEL
The source of the field is a Vivaldi antenna, modelled separately by
means of a method of moments. The Vivaldi antenna is a kind of UWB
antenna which is often used in UWB radar systems, UWB
communication systems and so on. The Vivaldi antenna has a lot of
good radiation performances including end-fire radiation pattern, UWB
voltage standing wave ratio, low profile and light weigh.
This antenna is not optimized for the whole frequency band used in
this computation.
Inside the geometrical optics model, this antenna is modelled as a
point source emitting a set of spherical harmonics. The number of
harmonics depends on the frequency but it is sufficiently large to allow
the point source to radiate more than 99.9% of the radiated power at
each frequency. The EIRP radiated at each frequency is set to -41.5
dBm in agreement with the FCC rules.
A miniaturized drop-shaped dipole antenna, instead, is used for an
analysis of the field in time-domain.
IV. NUMERICAL RESULTS
From a numerical standpoint the above described model has a big
computational charge because of the largeness of the environment (i.e.
the number of observation points), the number of spherical harmonics
and the number of high-order reflections to be considered. For this
reason, the first investigation concerns the choice of the suitable
number of reflections and the suitable spatial resolution. Simulation for
5, 7 and 9 reflections have been performed at frequency 2.4 GHz and for
spatial resolution of λ/2, λ/4 and λ/8 (i.e. the field is calculated at
points of a grid with mesh λ/2, λ/4 and λ/8, respectively). This
calculation is used for evaluating the maximum significant number of
reflections and the suitable density of field points. To this purpose, the
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near E-field is computed inside a cell of dimension 5λ × 5λ (i.e. to reduce
the computation time) and the average E-field on this cell is calculated.
All cases computed by varying the field points density and the
number of reflections are shown in Table I.
From Table I it is apparent that as the spatial resolution moves from
λ/2 to λ/8 the differences among the average E-fields are negligible.
Instead, as regards the choice of the number of reflections, it can be
seen that from 5 to 7 reflections, the average E-field has increased of
about 25%, while in going from 7 to 9, the field remains unchanged. For
this reason, the spatial resolution was set at λ/2 in order to save
computational time and memory, while the number of reflections was
set to 7.
TABLE I - COMPARISON OF AVERAGE E-FIELD IN THE CELL, FOR DIFFERENTE
NUMBER OF REFLECTIONS
5 REFLECTIONS
Average Field in the cell
Spatial Resolution
(5λ × 5λ)
(V/m)
Lambda/2
0.0012966
Lambda/4
0.0012932
Lambda/8
0.0012951
7 REFLECTIONS
Lambda/2
0.0016942
Lambda/4
0.0016942
Lambda/8
0.0016911
9 REFLECTIONS
Lambda/2
0.0017191
Lambda/4
0.0016593
Lambda/8
0.0016478

Figure 3 shows the E-field (in dBV/m) in the geometrical model for three
different cut planes at 2.4GHz. It is apparent the maximum magnitude
is near the point source, while outside the black circle is always less
than -40 dBV/m. Figure 4, instead, shows the three component of Efield in time-domain in point P,shown in fig. 3 and located at 3.8 meters
from the antenna.
I.

CONCLUSION

A numerical investigation of the electromagnetic propagation inside a
model of a module of the ISS with annexed crew quarters has been
shown. Calculations were performed at two different frequencies and
with a different number of reflections. Numerical results show that a
number of 7 reflections is sufficient to obtain accurate calculation
because the discrepancy with respect to 9 reflections is less than 2%.
The average field (average on a surface of 5λ × 5λ) instead is not
sensitive to the density of the field points provide that the mesh is less
than λ/2. The field inside the model results to be lower than -40dBV/m
when the EIRP of the antenna is -41.5 dBm, which is the maximum
allowable EIRP for FCC rules.
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FIG. 3 E-Field, computed with 7 reflections, for three different plane at 2.4GHz
with a spatial resolution of λ/2.

FIG. 4 Time-domain behavior of the electric field components in P when drop
dipole is used. The impulse signal used to feed the antenna is also shown.
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Abstract

The aim of the paper is to assess the robustness of a recently proposed criterion,
for the optimal choice of the operational conditions in Magnetic NanoParticle
Hyperthermia (MNPH), against the uncertainty on the knowledge of the thermal
properties of the exposed tissues. In particular, the uncertainty on the induced
temperature rise due to a rough knowledge of the thermal properties is
analytically evaluated and the obtained results are compared to those
numerically computed in the case of tumors hosted in a homogeneous healthy
tissue.
Index Terms − Magnetic nanoparticle hyperthermia, Pennes bioheat equation,
optimization criterion, uncertainty analysis.

I. INTRODUCTION
MNPH is an emerging modality of hyperthermia, which achieves the
selective heating of the cancerous tissue, above a therapeutic threshold,
by inserting into it magnetic nanoparticles (MNP) and applying a
radiofrequency magnetic field (MF). Currently, one of the main
challenges in MNPH is to maximize the Specific Absorption Rate (SAR)
of the used MNP in order to achieve the therapeutic heating of the
tumor and the desired spatial selectivity of the treatment with an
amount of MNP as small as possible. Since the SAR depends on the
amplitude and frequency of the applied MF, say H and f, as well as on
the MNP core size, say d, SAR can be optimized by properly setting the
values of such parameters. An effective optimization criterion to get this
has been recently proposed [1] and its effectiveness numerically tested.
The aim of this paper is to assess the robustness of the criterion against
the uncertainty on the knowledge of the thermal properties of the
irradiated tissues. In particular, the uncertainty on the induced
temperature rise due to a rough knowledge of the thermal properties is
analytically evaluated and the obtained results are compared to those
numerically computed in the case of spherical tumors hosted in
homogeneous healthy tissue.
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II. OPTIMIZATION CRITERION
Since the goal of hyperthermia is to selectively heat the tumor, the
starting point of the criterion is to describe the thermal balance within
the irradiated tissues. Here, we exploit the Pennes Bioheat equation [1]:


∇ ⋅ k ( r ) ∇T ( r ) − cb w ( r ) T ( r ) − Tb + pmet ( r ) + p ( r ) = 0

(

)

(

)

(1)

where T is the induced temperature field, k the thermal conductivity, w
the blood perfusion rate, c b the specific heat capacity of blood, T b the
temperature of blood (T b =37 °C), p met the metabolic heat generation rate
and p the heat generation rate due to the applied field (the dependence
on the position vector r expresses spatial inhomogeneity). The term p(r)
in Eq.(1) can be conveniently expressed as follows:
p( r ) =

pm h 2 ( r ) / 2 + peσ ( r ) e 2 ( r ) / 2

(2)

where p m and p e are the spatial averages of the magnetic and electric
power densities dissipated respectively into the tumor (due to the MNP
and the MF) and over the irradiated region (due to the induced Electric
Field, EF), while h, e and σ are well-defined, dimensionless, functions
taking into account the spatial non uniformity of the MF, of the EF and
of the electric conductivity of the exposed tissue. Moreover, it is
reasonably assumed that a constant temperature T=T b is kept at
boundary of the irradiated region (boundary condition). From Eq.(1)-(2),
it follows that T(r) can be controlled and shaped by properly setting the
values of p m and p e , which, due to the linearity, can be easily estimated
through a linear inversion, once the desired temperature constraints
have been assigned.
Since p m and p e depend on H, f and d, the proposed criterion
determines the optimal values of H, f, d, and the corresponding
minimum MNP-concentration, C min , to be supplied, by firstly estimating
p m and p e such that T(r) meets the assigned constraints. In particular,
we require that T(r) is larger than the therapeutic threshold all over the
tumor and smaller than a safety threshold outside a transition region
containing the tumor, whose extension represents the desired level of
spatial selectivity. Once p m and p e have been evaluated, the optimal
values of H, f, d and C min are determined by exploiting the relations
existing among these quantities and the estimated p m and p e [1].
III. UNCERTAINTY ANALYSIS
As described in Section II, the application of the criterion requires the
knowledge of the thermal parameters, k and w, of the irradiated tissues,
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which is unavoidably affected by uncertainty. Therefore, the induced
temperature rise is affected by uncertainty which has to be estimated in
order to assess the effectiveness of the criterion. To this end, we assume
that k ∈ k 0 (1+δ k ) and w ∈ w0 (1+δ w ) where k 0 and w0 are the expected
values of k and w, while δ k and δ w are the relative uncertainties.
Denoting with T 0 , T k , T w the induced temperature fields for k=k 0 and
w=w0 , k=k 0 (1+δ k ) and w=w0 , k=k 0 and w=w0 (1+δ w ) respectively, from
Eq.(1) one has:


∇ ⋅ k0 ∇T0 − cb w0 ( T0 − Tb ) + pmet + p = 0

(

)





(1 + δ k ) ∇ ⋅ ( k0 ∇Tk ) − cb w0 (Tk

(3)

− Tb ) + pmet + p = 0

(4)



∇ ⋅ k0 ∇Tw − (1 + δ w ) cb w0 ( Tw − Tb ) + pmet + p = 0

(

)

(5)

where the values of p m and p e appearing in the term p of Eq. (3)-(5) are
estimated for k=k 0 and w=w0 . By multiplying both sides of Eq.(3) once
by (1+δ k ) and an another by (1+δ w ) and subtracting the two equations
so obtained from Eq.(4) and (5) respectively, one gets:




(1 + δ k ) ∇ ⋅ ( k0 ∇δ Tk ) − cb w0δ Tk + δ k ( cb w0 (T0 − Tb ) − pmet − p ) = 0

( (

)





∇ ⋅ k0 ∇δ Tw − (1 + δ w ) cb w0δ Tw − δ w ∇ ⋅ k0 ∇T0 + pmet + p = 0

(

)

)

(6)
(7)

where δΤ k = Τ k −T 0 and δΤ w = Τ w −T 0 . Finally, by summing Eq.(6) and (7),
with δ k =δ w =δ , and taking Eq.(3) into account, it results:

( (

)





∇ ⋅ k0 ∇δ T − cb w0δ T − δ ( pmet + p ) + δ ∇ ⋅ k0 ∇δ Tk − cb w0δ Tw = 0

(

)

)

(8)

where δΤ =δΤ k +δΤ w is the uncertainty on the induced temperature rise
when δ k =δ w =δ, in the worst case of δ k and δ w having the same sign. As
can be seen from Eq.(8), δΤ satisfies the same thermal problem of the
temperature rise T 0 −T b , except for the last term, which, for small δ, can
be neglected as compared to the term δ(p met +p), being of higher order in
δ. Accordingly, for the linearity of the problem, it results δΤ=δ(T 0 -T b ).
IV. NUMERICAL ANALYSIS
To test the reliability of the obtained expression for δΤ, we have
performed a numerical analysis considering as test case a spherical
tumor of radius 7.5 mm located at the center of a cylindrical healthy
tissue of radius 50 mm. The tissue is assumed homogeneous with
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FIG. 1 − (a) Isothermal curves of the temperature field induced over the
irradiated tissues; (b) radial profile of temperature in the plane containing the
tumor center.

k 0 =0.6 W/m/°K, w0 =1 kg/m3/s and p met =1 kW/ m3 [1]. As first step of
the analysis, by using the proposed criterion, we have estimated the
values p m and p e such that the resulting temperature field, T 0 (r), meets
assigned constraints, which are T 0 (r)≥42°C all over the tumor (red circle
in Fig. 1a) and T 0 (r)≤39°C outside the transition region (blue circle of
radius 15 mm in Fig. 1a). The isothermal lines of T 0 (r) are shown in Fig.
1a, together with the estimated p m and p e . As can be seen, the
temperature constraints are completely fulfilled. As second step, by
using the estimated p m and p e as heat source, we have computed the
induced temperature fields assuming a relative uncertainty δ=10% on
both the above values of k 0 and w0 . The obtained radial profiles of
temperature, in the plane containing the tumor center, are shown in
Fig. 1b (dashed red lines) together with the expected temperature
profile, T 0 , (black line) and the profiles of T 0 +δΤ (dashed green lines),
with δΤ given in Section II. As can be seen, there is a satisfactory
agreement between the predicted and the numerically computed profiles
of uncertainty, which proves the goodness of the analytical estimation of
δΤ. Moreover, as foreseen, δΤ is proportional to the relative uncertainty,
δ, which proves the robustness of the proposed optimization criterion.
V. CONCLUSION
In this paper the robustness of a proposed optimization criterion in
MNPH has been assessed against the uncertainty on the knowledge of
the thermal parameters of the involved tissue. Both analytical and the
numerical results have shown that the criterion is very robust having
an error on the estimated temperature rise which is proportional to the
relative error on the thermal parameters.
REFERENCES
[1]
G. Bellizzi and O. M. Bucci, “On the optimal choice of the exposure
conditions and the nanoparticle feature in magnetic nanoparticle
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MICROWAVE TREATMENT OF TUFF-STONES. STRUCTURAL ANALYSIS
B. Bisceglia (1), E. Avallone (2), A. Buonerba(3), E. Caliendo(2),
F. Chiadini(1), A. Grassi(3), L. Incarnato(2), A. Scaglione(1), L. Guerriero(4)
Department of Electronic and Computer Engineering,
University of Salerno, Via Ponte Don Melillo, Fisciano (SA), Italy
{bbisceglia*fchiadini*ascaglione}@unisa.it
(1)

Department of Industrial Engineering,
University of Salerno, Via Ponte Don Melillo, Fisciano (SA), Italy
{eavallon*lincarnato}@unisa.it emiliacaliendo@virgilio.it
(2)

Department of Chemistry and Biology
University of Salerno, Via Ponte Don Melillo, Fisciano (SA), Italy
{abuonerba*grassi}@unisa.it
(3)

(4)

Dipartimento di Restauro e Costruzione dell’Architettura e
dell’Ambiente, II Università di Napoli
luigi.guerriero@unina2.it
Abstract

Non destructive and non invasive techniques are irreplaceable in order to
preserve and to restore cultural heritage objects in its structure and shape.
Microwave (MW) non invasive disinfestation methods allow to intervene on the
heritage goods with no alteration of the state of preservation. It is important to
demonstrate that the MW treatment does not alter the structure of the goods,
since this can influence its physical, chemical and mechanical properties.
Aim of this work is to investigate about alterations of the structure of tuff-stones
after MW disinfestation.
The effects have been investigated by several techniques, such as X-ray
diffraction, infrared spectroscopy and thermogravimetric analysis. The results
show that the structure is not much influenced by MW treatment.
Index Terms − Tuff-stones, microwaves, disinfestation, works of art.

I.

INTRODUCTION

Historical structures are valuable documents that present the
achievements of the past in terms of architectural, constructional
technologies and functional systems. It is essential to keep their
authenticity and to provide their survival for posterity [1].
Stone decay takes many different forms: physical and chemical
mechanisms are considered the main factors. Living organisms also
contribute to the decay of stone and similar materials and their study
presents numerous features of interest [1].
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Stone-cleaning processes often involved harsh acidic treatments.
Damaged architectural stone was either replaced or repaired with little
regard to the materials’ compatibility with the stone, appearance
matching, or the durability of the treatment. The unsuitability of many
of these treatments encouraged research efforts to develop new
materials and procedures for the preservation of stone [2].
Electromagnetic waves can be used for diagnostic and conservation
of works of art [3]. Some important results are available in literature
considering the whole interval from X-rays up to radiofrequencies
paying particular attention to non-invasive and transportable
instrumentation [4].
MW-treated and untreated yellow and grey tuff specimens collected
from ancient buildings located in the environs of Salerno (Nocera
Inferiore) have been characterized by means of different experimental
techniques, in order to establish whether such a treatment could
induce structural modification that might impair durability of such
materials. Preliminary analysis have been also carried out on mortar
specimen and baked clay.
II.

MATERIALS AND METHODS

Isotropic exposure of the samples was carried out in an aluminum
made cubic (120 cm side long) reverberating enclosure equipped with
two rectangular (90 x 20 cm) mode stirrers rotating at different
velocities (0.4 and 1.1 rps respectively).

FIG. 1 − MW exposure system

A 2.45 GHz, 2 kW CW magnetron, powered by a switch-mode power
supply, was used to provide microwave energy. This system allows the
magnetron to work at different power levels ranging from a few watts to
2 kW. The measurement of the power incident on and reflected from the
reverberating chamber is performed using a dual directional coupler
connected to a dual channel power meter. (Fig. 1)
Tuff samples were collected from ancient buildings in the
surrounding area of Salerno (Italy) and afterwards shaped as cubic
specimen (l=5 cm) by mean of a power saw.
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The samples were MW treated with an Incident Power (measured at
the Input port of reverberation chamber) of 400÷900 W for 60÷180 sec.
In order to evaluate the chemical composition and the effect of the
MW treatment on crystal structure thermogravimetric measurements,
FT-IR and X-ray diffraction analysis were carried out on the untreated
and treated tuff samples. The variation of the aesthetical properties
induced by the treatments was verified by colorimetric analysis.
Moreover water capillary sorption, total water absorption by total
immersion and uniaxial compression strength test have been performed
in order to check both transport properties and durability of tuff
samples.
III.

RESULTS AND DISCUSSION

X-ray patterns indicate no detectable differences in crystalline phases
for treated and untreated tuff samples (both yellow and grey), thus the
MW
treatment
did
not
induce
any
crystal
modification.
Thermogravimetric analysis, along with FT-IR investigation, confirmed
that the MW treatment did not induce any structural breakdown. FT-IR
spectra are reported in Fig. 2.

FIG. 2 − FT IR spectra of tuff samples
(grey: 700 W, 9 min; yellow: 500 W, 3 min)

Colorimetric analysis showed that following the MW treatments, tuff
samples did not change their aesthetical properties.
Transport properties (Fig. 3, water capillary sorption) revealed just a
slight difference in the water uptake for treated yellow tuff, which could
be ascribed to the more porous nature of the stone.
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FIG. 3 − Curves of water capillary rise vs square root of time
relative to yellow and grey tuffs

IV.

CONCLUSION

No relevant modifications can be relieved between treated and untreated
samples.
MWs constitute a good tool for non destructive art and archeological
disinfestation work. The exposure of samples validate expectant
potential application of MW non invasive techniques. These data are
useful in order to obtain treatment protocols.
REFERENCES
[1]
E. Doehne and C. Price, “Stone Conservation: An Overview of Current
Research”, 2nd Ed., The Getty Conservation Institute, L.A. 2010.
[2]
M. Bacci, “Exploitation of the entire electro-magnetic spectrum in art
conservation studies”, 35th International Conference on Infrared, Millimiter
and Terahertz Waves, Rome, Italy, September 5-10, 2010.
[3]
B. Bisceglia, R. De Leo, S. Von Gratowski, V. Meriakri and A.P. Pastore,
“Innovative systems for cultural heritage conservation. Millimeter waves
application for non-invasive monitoring and treatment of works of art”,
Journal of Microwave Power and Electromagnetic Energy, 45(1)36-48, 2011.
[4]
Ö. Özaka and H. Böke, “Properties of Roman bricks and mortars used
in Serapis temple in the city of Pergamon”, Mterials Characterization 60(2009)
995-1000.

ISBN: 978-88-907599-0-1

Poster Session III

656

Proceedings of the XIX RiNEm

Signal Transduction on Enzymes: the Effect of
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Abstract

Protein functions and characteristics can highly differ from physiological
conditions in presence of chemical, mechanical or electromagnetic stimuli. In this
work we provide a rigorous picture of electric field effects on proteins behavior
investigating, at atomistic details, the possible ways in which an external signal
can be transduced into biochemical effects.
Index Terms − signal transduction, molecular simulations, enzymes,

microwaves

I. INTRODUCTION

Under physiological conditions, proteins, enzymes and peptides
spend most of their life-time in the native conformation, facilitating
their biological functions. Several authors have demonstrated, through
molecular dynamic simulations, that microwave electromagnetic (EM)
fields may excite macromolecular vibrational modes and alter protein
conformation, even including denaturation and stability [1].
Similarly from experimental side, it is demonstrated that
nanosecond Pulsed Electric Fields (nsPEFs) with intensities up to
several MV/m, can interact with proteins and genetic materials [2].
nsPEFs are signals whose frequency spectrum extends well in the
microwave region with a quite large bandwidth, similarly to what
happens to ultra-wideband technology signals. Due to their particular
frequency content, nsPEF, may solicit on proteins a coupling with
different frequencies in the microwave region.
In this context it seems appropriate to study the EM signal
transduction on proteins through the approach based on molecular
simulations. As a case study we have selected SOD enzyme, an
important defense in nearly all cells, which has been widely investigated
both theoretically and experimentally, even in presence of EM
perturbation, in a wide range of frequencies [3], [4]. Our idea is to
theoretically study the sensitivity of SOD enzyme to different EM
stimuli, in particular 1 and 2.45 GHz continuous wave (CW) and a
Gaussian pulse centered at 2.45 GHz with a bandwidth of 2 GHz,
resulting in a pulse duration in time of less than 8 ns, with the
perspective to possibly act on SOD activity in a controlled and efficient
way.

ISBN: 978-88-907599-0-1

Poster Session III

657

Proceedings of the XIX RiNEm

II. MODELS AND METHODS
We carried out molecular dynamic simulations of a single SOD
enzyme in water using GROMACS package [5]. The simulated system
consisted of a rectangular box (7-nm side), in which we placed a single
SOD enzyme, 10480 Single Point Charge (SPC) water molecules and 9
sodium counterions resulting in a typical density of 1000 kg/m3.
Trajectories were propagated up to 80 ns in a NVT ensemble using an
integration step of 2 fs, fixing the SOD centre of mass. The temperature
was kept constant at 300 K. We introduced different signals, two
continuous waves (1 GHz and 2.45 GHz) and a complete pulse (see Fig.
1), each with two different intensities of 109 and 108 V/m. The timesignal of Fig. 1 is obtained considering a gaussian pulse in the
frequency domain with central frequency equal to 2.45 GHz and
bandwidth of 2 GHz. In classical simulations the magnetic field force is
several order of magnitude smaller than that of the electric component
[1], so hereinafter only electric field will be considered.
To evaluate the structural properties of SOD we adopted the
Covariance Matrix Method. Diagonalization of the 3x3 Covariance
Matrix provides the eigenvectors, which represent the directions along
which the overall system fluctuates with a positional mean square
fluctuation given by the corresponding eigenvalues. Since polarization
effects are expected in exposure conditions, we have also taken into
account the dipole moment of the whole enzyme. Time courses of the
observables were first numerically filtered through an Hamming passband filter, with the low cut-off frequency of 500 MHz and the high one
of 5 GHz. Then the average periodogram was calculated over 10
segments of the trace. Regarding the gaussian pulse, spectrograms were
adopted to represent how the spectral density of a signal varies with
time.
III. RESULTS
In Fig. 3 we present a comparison between the unexposed simulation
(panel A) and the {2.45 GHz, 109 V/m} CW exposed simulation (panel B).
It appears quite clear that high exogenous electric field, even with
duration of few nanoseconds, can alter SOD native conformation,
inducing a sharp stretching along the electric field direction (in our case
the x-axis in the external coordinate system). The CW signal at {1 GHz,
109 V/m} produces the same result, conversely, neither CW signals at
lower intensities≤ ( 10 8 V/m) nor the pulse, produced evident
modifications in SOD geometry during the 60 ns trajectories (data not
shown). In its native state SOD enzyme possesses a dipole moment of
about 80-120 Debye. Dipole moment is a good observable to study
polarization effect induced by the exogenous field, even at those
intensities not affecting other observables. The spectral representation
of dipole moment can, in principle, clarify the entity of signal
transduction, as confirmed by the density spectra profiles shown in Fig.
4 for 108 V/m and pulsed signals. We can observe a sharp effect at 1
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and 2.45 GHz even for such a lower intensity. Surprisingly the 109 V/m
Gaussian pulse seems to exhibit a similar behavior to those of the 108
V/m, with a peak at 2.45 GHz about 20 dB below the one of almost 106
Debye2/Hz, due to the {2.45 GHz, 109 V/m} signal. This mismatch can
be explained considering that only for a small fraction of the total
simulation time (60 ns) the signal is on (Fig. 1), hence providing a duty
cycle of about 14%. Therefore the representation via the density power
spectrum may be misleading. A possible alternative analysis is the
signal representation via a spectrogram. In Fig. 5 we show two
spectrograms for unexposed and exposed (to the pulse) conditions: in
panel A we can appreciate the native spectra components possessed by
SOD enzyme, while in panel B the high components around 2.45 GHz
are pronounced mainly within the first ten ns. Moreover it is quite
evident that the signal pulse is able to increase the frequency content of
the SOD enzyme spectra even below the 2.45 GHz, since as it was
expected, due to its wide frequency band, it is able to solicit the protein
vibrational modes which are in the frequency range of [0.5-1.5] GHz.
IV. CONCLUSIONS
Molecular dynamics simulations are a useful tool to investigate the
interaction of EM fields with enzyme molecules. Classical observables
like covariance matrix and dipole moment are able to provide
information on major effects as denaturation or large conformational
changes. Nonetheless signal transduction of the fields into the
molecular system is still detectable for field intensities, which do not
induce relevant molecular variations, when using a proper spectral
analysis. Finally more sophisticated time-frequency techniques seem to
be the best approach for investigating such a transduction for short
nanosecond pulses.
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CHARACTERIZATION OF A MICROWAVE THERMAL ABLATION PROCESS
M. Cavagnaro(1) , S. Franco(1), V. Lopresto(2) , R. Pinto(2)
DIET, Sapienza University of Rome
Via Eudossiana 18, 00184 Rome, Italy
cavagnaro@die.uniroma1.it
(1)

(2)

UT BIORAD, ENEA Casaccia Research Centre,
via Anguillarese 301, 00123, Rome, Italy
vanni.lopresto@enea.it
Abstract

Experimental measurements and numerical simulations are conducted with the
aim of developing a numerical tool able to predict the very high temperature
increases found in microwave thermal ablation procedures. Measurements of
the temperature increase close to the microwave antenna have been performed.
Measured data have been compared with numerical results obtained solving the
bio-heat equation (BHE). The influence of the liquid refrigerating the antenna is
put into evidence.
Index Terms − ablation procedures, numerical simulations, measurements.

I. INTRODUCTION
Microwave (MW) thermal ablation is a therapeutic technique used to
remove un-healthy tissue by way of a high temperature increase
provoked by the absorption of an electromagnetic field at microwave
frequencies. Thermal ablation is obtained when the temperature of the
target tissue increases up to about 60 °C [1]. The most recent
applications of microwave thermal ablation are the treatment of
tumours, and in particular, of liver tumours.
In microwave thermal ablation therapies, an antenna is inserted into
the body up to the target area. Then, the antenna is fed with microwave
power, with values up to 100 W for about 10 – 20 minutes. At the end of
the treatment, an ablated area, defined as the area of tissue where
temperature exceeded 60 °C, with a radial extension from the antenna
up to about 5-6 cm can be obtained [2]. Numerical simulations can be
used to design the microwave antenna, as well as to support the
development of clinical protocols. Simulations solve the electromagnetic
problem, governed by the Maxwell’s equations, and the thermal one,
defined by the bio-heat equation (BHE) [2]. However, measurements are
needed to validate numerical data.
In this work, recent developments on the modelling of a microwave
thermal ablation procedures will be presented. In particular, in previous
works the dielectric properties of ex-vivo liver tissue have been
measured as a function of the temperature [3]. Moreover,
measurements of the temperature close to a microwave ablation
antenna have been performed, considering several values of the
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radiated power. This paper focuses on the numerical model of the
ablation procedure, taking into account the experimental results, and
considering the antenna cooling system. Numerical and experimental
results will be compared in order to evidence the limits of the
electromagnetic and thermal models.
II. METHODS AND MODELS
The experimental set-up (Fig. 1) is realized confining the liver tissue
into a plastic box to help reproducibility of the positioning both of the
microwave antenna and the considered sensors. The antenna is a asymmetric coaxial dipole with a mini-choke [2], and it is equipped with
an internal cooling system: water, from a thermostatic bath at
controlled temperature, circulates into the antenna up to the choke
section, with a constant velocity. The antenna was supplied with a
continuous wave signal at 2.45 GHz from a MW power generator (HS
Amica, HS Hospital Service S.p.A., Rome, Italy). A two-channels power
meter (Agilent E4419B, Agilent Technologies Inc., Santa Clara, CA, USA)
was used to monitor, through a dual-coaxial directional coupler (Narda
3022, Narda Microwave–East, Hauppage, NY, USA), the powers supplied
to and reflected by the MW ablation antenna. Measurements of the
temperatures close to the radiating antenna have been performed using
a two channels fibre-optic thermometer (Luxtron 712, Luxtron Corp.,
Santa Clara, CA, USA) and a four-channels thermocouple thermometer
(TC Misure e Controlli s.r.l., Turin, Italy) positioned orthogonally with
respect to the antenna axis. Measurements of the dielectric properties
were performed using an open-ended coaxial probe (Agilent 85070E,
Agilent Technologies Inc., Santa Clara, CA, USA) connected to a vector
network analyser (HP 8735C, Hewlett Packard Corp., Palo Alto, CA,
USA), remotely controlled by a dedicated software running on a
personal computer, through a general-purpose interface bus.
Simulations have been performed solving the electromagnetic
problem by way of the Finite Difference Time Domain (FDTD) method,
and the thermal problem by way of an FD solution of the BHE [4].

FIG. 1 − Experimental set-up for the measurements of temperature during a
microwave ablation procedure.
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The codes exploit the cylindrical symmetry of the problem. They
have been validated with reference to ablation procedures against
numerical and experimental data [2], [4]. In this paper, besides the code
which implements the standard BHE [2], [4], a code implementing the
BHE modified in order to take into account the mechanisms of water
vaporization [5] will be used. The quantities numerically evaluated are
the temperature as a function of time, and the thermal lesion
dimension, defined as the area where the tissue temperature exceeded
60 °C. Particular care has been devoted to the evaluation of the
influence of the antenna cooling system on the obtained results.
III. RESULTS
Fig. 2 shows temperature increments obtained close to the antenna tip
at 5 mm distance from the antenna surface, for 20 W radiated for 10
min. The values measured by the Luxtron and thermocouple probes are
reported together with the data simulated considering the standard and
the modified BHE. An optimum agreement can be noted between the
measured data and those simulated with the modified BHE.
Finally, fig. 3 shows the temperature increments evaluated at 5 mm
from the antenna surface, in a section close to the antenna cooling
system. From the figure it can be noted that, as expectable, the main
parameter governing the heat exchange between the antenna and the
surrounding tissue is the temperature difference between the liquid
(Tliq) and the tissue (Tset-up) and the convection coefficient (H).
IV. CONCLUSIONS
In this paper the characterization of a microwave ablation procedure
is considered, with particular emphasis on the development of a
Luxtron
Thermocouple
BHE standard
BHE modified
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FIG. 2 − Temperature increments measured and simulated during a microwave
ablation procedure (20 W, 10 min).

ISBN: 978-88-907599-0-1

Poster Session III

663

Proceedings of the XIX RiNEm

10
Tset-up 18; Tliq 10; H 374
Tset-up 18; Tliq 5; H 374
Tset-up 18; Tliq 15; H 374
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FIG. 3 − Effect of the cooling system on the numerically evaluated
temperature increases.

numerical tool to be used in the design of the antennas and in the
definition of clinical protocols.
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Abstract

In this paper a periodic network for wireless power transmission applications is
presented. More in detail, the system here proposed consists of N inductively
coupled LC unit cells. By using an artificial transmission line approach, useful
design equations are derived and discussed. It is demonstrated that the
wireless power link here presented exhibits a pass-band characterized by
negative values of the phase propagation constant (i.e., a double negative passband). Comparisons with experimental data are also reported, thus validating
the proposed analytical model.
Index Terms − Wireless Power Transmission; Inductive Coupling; Artificial
Transmission Line; Double Negative Media.

I. INTRODUCTION
In the last years several studies have been dedicated to the use of
inductively coupled systems [1-6] for wireless power transmission
(Wireless Resonant Energy Link-WREL).
Traditionally, these systems are investigated by using a coupled mode
theory [3]. More recently, some CAD procedures based on a network
approach have been proposed [4, 5].
It has also been noted that, by using further resonators as relay
elements, it is possible to extend the range for WREL [6]. The resulting
typical coil resonator system is shown in Fig. 1, where it is possible to
observe a cascade of inductive coils, each loaded with a capacitor,
placed along a line. However, this arrangement closely resembles those
used in magneto-inductive waveguides [7, 8] where the split-ring
resonator is a metallic loop loaded by a small bulk capacitor. It was
shown [7, 8] that an array of such loops can act as waveguides
propagating magneto-inductive (MI) waves within a narrow band around
the element’s resonant frequency.
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In this paper, a WREL consisting of a periodic network with inductively
coupled unit cells is considered and analyzed by using an Artificial
Transmission Line (ATL) approach [9-10]. Some useful design formulas
are derived and discussed. In particular, it will be demonstrated that
the analyzed WREL exhibits a double-negative (DNG) pass-band.
The paper is structured as follows: in section II the WREL system here
considered is presented and analyzed by using an artificial transmission
line approach; some circuital simulation results and experimental data
are also given. Some conclusions are drawn in section III.

FIG. 2 − Schematic representation of the
periodic network analyzed in this paper. a.
Cascade of N inductively coupled LC unit
cells, b. unit cell representation using a
generic series impedance and shunt
admittance, c. equivalent circuit of the unit
cell; LM is the mutual inductance (LM=ML).

FIG. 1 − Photograph of the
type of WREL system
analyzed in this paper: the
first and last resonators are
coupled via relay elements
(synchronous resonators).

II.

ANALYTICAL APPROACH AND RESULTS

The periodic network here proposed for WPT applications is
illustrated in Fig. 2a; it consists of N identical unit cells. In the
frequency range where the unit cell phase-shift is much smaller than
2π, the network acts as an ATL which is a transmission line described
by an effective phase propagation constant and characteristic
impedance ( β eff d = − ZY , Z 0,eff = Z Y ). Referring to the unit cell shown in
Fig. 2a and to the corresponding equivalent circuit illustrated in Fig. 2c,
it can be derived:

(1 − M )
φ unit _ cell = β eff d = 2
M




 1
Z

0,eff = ωL 2 M (1 − M ) 
ˆ2

 f


 1



 fˆ 2 − 1



f
, fˆ =
, f0 =


− 1


f0

1
2π 2 LC (1 − M )

.

(1)

It is evident that βeff assumes imaginary values for frequencies above
f 0 . Furthermore, from transmission line theory it can be shown that the
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propagation along the line is equivalent to the propagation in a medium
with constitutive parameters given by:
µ eff =


Y
1
Z
1 
.
=− 2
= L(1 − M )1 − 2  , ε eff =
ˆ
jω
jω
ω ML
f 


(2)

Eq. (2) shows that the propagation along the ATL is equivalent to the
propagation in a medium with negative values of both the electric
permittivity and the magnetic permeability (i.e., a Double Negative-DNG
medium) for frequencies below f 0 , whereas it is equivalent to the
propagation in a medium with negative values of the electric permittivity
for frequencies above f 0 . As a consequence, f 0 is an upper bound for the
propagation along the ATL: the propagation is allowed only for
frequencies below f 0 and it is characterized by negative values of β eff .
In order to verify results
obtained by using the ATL
approach and summarized in
(1)
and
(2),
some
measurements and circuital
simulations
have
been
performed.
The
analyzed
system is the one of Fig. 1,
which
consists
of
5
inductively
coupled
resonators. Each resonator is
a loop loaded by a lumped
capacitor. Referring to Fig. 2,
the system is equivalent to
an ATL consisting of 4 unit
cells. As for the unit cell
parameters, loops have a
diameter of 74 mm and a
mutual distance of 70 mm,
thus resulting in a value of
79.6 nH and of 6.94 nH for L
and L M
(i.e., M=0.044),
respectively.
The
loading
capacitor has a capacitance
of 132 pF. Fig. 3a compares
FIG. 3 − Validation of the ATL analytical
results obtained for this
model by means of comparisons with
system by using the ATL
measurements (a.) and circuital
approach
with
simulations (b.).
measurements; it can be
noticed
that
a
good
agreement has been obtained, considering that the ATL model is
lossless. The system has been also investigated by means of circuital
simulations; corresponding results are illustrated in Fig. 3b. More in
detail, Fig. 3b compares analytical and circuital results obtained for the
transmission coefficient of a WREL consisting of 56 unit cells (N).
Referring to Fig. 2, the unit cell parameters are: 2C=33 pF, L=169.2 nH,
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M=0.1. A perfect agreement has been obtained in the upper part of the
bandwidth where the unit cell phase shift is much smaller than 2π.
III. CONCLUSION
A Wireless Resonant Link (WREL) consisting of a cascade of N identical
unit cells has been considered and analyzed by using an artificial
transmission line approach. It is demonstrated that the use of
inductively coupled resonators as unit cell results in a WREL with a
bandwidth characterized by negative values of the phase propagation
constant. Experimental and circuital results validating the proposed
analytical approach have been also reported.
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Abstract

The front-end injection systems of the FERMI@Elettra linac [1] produce high
brightness electron beams that define the performance of the Free Electron Laser
(FEL). The photoinjector mainly consists of a radiofrequency (RF) gun and of two
S-band RF structures which accelerate the beam. Accelerating structures
endowed with a single feed coupler cause deflection and degradation of the
electron beam properties, due to the electromagnetic field asymmetry. Presently,
a dual feed coupler is adopted to symmetrize the coupler field. In this paper, a
new type of single feed structure with movable short circuit is proposed. It has
the advantage of having only one waveguide input, and the dipolar component
of the coupler field is reduced. With the racetrack geometry, the quadrupolar
component is reduced as well.
Index Terms − Travelling wave linear accelerator, single feed with movable
short, racetrack geometry, coupler asymmetry, electron beam dynamics.

I. INTRODUCTION
The two FERMI@Elettra [1] accelerating sections of the injector work at
2.998 GHz and operate with a 16 MeV/m gradient. The main challenge
in the microwave design of such structures is that of obtaining a high
gradient of acceleration without degrading the beam emittance, which is
a constrained parameter in FELs. The couplers of the accelerating
structure have field asymmetries that are responsible for the deflection
of the electron beam [2-3]. Such asymmetries can be reduced by using
dual feeding or a dual feed with the racetrack geometry [4]. In this
paper we evaluate the performances of a new type of single feed coupler
endowed with an adjustable short-circuit on the opposite side. The
latter approach provides the same field magnitude distribution as that
of the dual feed structure. The results of the microwave design with
Ansoft HFSS [5] are shown.
II. BEAM DYNAMICS IN THE COUPLER
A travelling wave accelerating structure is endowed with two couplers,
the input and the output coupler (Fig. 1), used for feeding the structure
and for collecting the residual power, respectively.

*

Now working at Paul Scherrer Institute (PSI), Switzerland.
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FIG. 1 − Single feed travelling wave accelerating structure.

The couplers introduce a field asymmetry. The longitudinal electric field
can be decomposed into multipoles, where the monopole is the
accelerating mode, while the other modes (such as the dipole and the
quadrupole mode) are unwanted and cause degradation of the beam
quality. In a first-order approximation, the electric field of the coupler is
given by [2]:
∆E d 

 ∆ϕ d 
(1)
E z =  E z,0 +
x  exp j
x
2a 

 2a 
which expresses the accelerating field in presence of the dipole field.
The Panofsky-Wenzel theorem [3] shows that the electron beam receives
a transversal kick. The transversal momentum (Δp ┴ ) is given by:

∆p ⊥ = j

q

l

ω ∫0

∇ t E z dz

(2)

where q is the electron charge, ω is the angular frequency, l the coupler
length. The transversal dynamics of the particle can be evaluated by
substituting (1) into (2), obtaining:

q ⋅ E z , 0 ⋅ l  ∆ϕ d
∆E d


∆p x =
cos(
)
+
sin(
)
ϕ
ϕ
(3)
RF 
RF
 2a
2
aE
ω
z ,0


where ∆ϕ d is the phase gradient of E z , and ∆E d is the amplitude
gradient, both quantities averaged along the z-axis of the coupler taking
into account the transit factor [2]; φ RF is the RF phase.
The field asymmetry can be evaluated by measuring the variation of the
electric field along the coupler midplane. Assuming that the dipole field
is predominant and varies as a cosinusoidal function of the azimuth
angle φ , the contribution of the dipole can be evaluated as follows:
∆E d E z (x = a) - E z (x = -a)
, ∆ϕ d = ∠E z (x = a) − ∠E z (x = −a)
=
E z,0
E z (x = 0, y = 0)

(4a)

where E z,0 is the magnitude of the E z field at x=0, y=0.
On the contrary, if the quadrupole field is predominant and varies as
cos(2φ ) , the quadrupole contribution can be evaluated as follows:
∆E q
E z,0

=
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The general multipole decomposition is performed by expanding the
amplitude and the phase of the field component E z in the midplane.
This gives the following Fourier coefficients C kmag (referred to the
magnitude of E z ) and Ckarg (referred to the phase of E z ):

C

mag
k

1
=
2π

2π

∫E
0

z

l  jkφ

 φ , r = a, z =  e dφ
2


(5a)

2π

1
l

∠E z  φ , r = a, z = e jkφ dφ
C =
∫
2
2π 0

Eqs. (4) and (5) are related as follows:
4 ⋅ C1mag
, ∆ϕ d = 4 ⋅ C1arg − ∠E z (x = 0)
∆E d /E z,0 =
E z (x = 0, y = 0)

(5b)

arg
k

4 ⋅ C mag
2

(

)

(6a)

(

)

(6b)

, ∆ϕ q = 4 ⋅ C arg
− ∠E z (x = 0)
2
E z (x = 0, y = 0)
Such values can be easily calculated from the simulation results.
∆E q /E z,0 =

III. MICROWAVE DESIGN AND EVALUATION OF THE PERFORMANCES
This section shows the different coupler geometries that have been
studied and analyzed. The proposed solutions are the following:
1.
2.
3.
4.
5.

Single feed
Dual feed
Dual feed with racetrack
Single feed with movable short-circuit
Single feed with movable short-circuit and racetrack

Movable
short-circuit
FIG. 2 − Dual feed (a) and Single feed with movable short-circuit (b).

Fig. 2 shows the difference between dual feed (2a) and single feed with
movable short (2b). The advantage of the solution “Single feed with
movable short”, is that of providing a dipole-free coupler field avoiding
the power splitter. In fact, although traditional dual feed structures can
be well designed, they can have a dipole field, due to the phase and
amplitude differences produced by the waveguide path existing between
the power splitter and the input couplers windows.
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The design of the single feed with movable short-circuit has been
performed with Ansoft HFSS [5], by iteratively changing the short circuit
position to minimize the dipole component, matching the coupler at
each time, by changing the coupler dimensions. Table I summarizes the
results achieved for the four structures.
TABLE I – RESULTS OF THE ASYMMETRIES

∆E d /E z,0
∆φ d
∆E q /E z,0
∆φ q

Single
feed

Dual
feed

Dual feed
racetrack

Single feed with
movable short

6%
0.6°
1.2%
0.1°

0
0°
1.6%
0.12°

0
0°
-0.01%
0.12°

0.01%
0.6°
2.3%
0.13°

Single feed with
movable short +
racetrack
0.01%
0.6°
0.01%
0.12°

Column 5 shows that the magnitude gradient of the dipole electric field
is strongly reduced in the case of symmetric coupler with one waveguide
input. Column 6 shows that both the magnitude gradient of the dipole
electric field and the magnitude gradient of the quadrupole electric field,
are strongly reduced in the case of single feed input with movable short
and racetrack.
IV. CONCLUSION
This paper shows that a single feed coupler with movable short-circuit
can provide the same performance as a dual feed structure, with
reference to the electric field amplitude. The dipolar component of the
electric field magnitude is therefore reduced. The racetrack geometry
can be applied to the single feed with movable short, reducing the
quadrupolar component as well.
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Abstract

FAST (Fusion Advanced Studies Torus) is a compact tokamak with high toroidal
magnetic field (8.5 T) and plasma current (up to 8 MA), proposed as a Satellite
Tokamak for accompanying the International Thermonuclear Experimental Torus
(ITER) programme. The project foresees an Ion Cyclotron Resonance Heating
(ICRH) able to couple a RF power of 30 MW in the 60 – 90 MHz frequency range
with six antennas. Each antenna consists of eight straps arranged in a four
rows by two columns array. Its performances can be simulated with a good
accuracy, using a commercial code as HFSS, replacing the magnetized plasma
with a high permittivity dielectric. Salty water solution can advantageously be
used as dummy load. The relevant parameters of the FAST ICRH eight straps
antenna have been carefully evaluated in a large range of straps’ loading by
varying the distance between straps and dummy load. Power handling
capability (given a maximum voltage sustainable in the cables), mutual coupling
between straps and RF potentials have been studied.
Index Terms − FAST, ICRH antenna, RF potentials.

I. INTRODUCTION
In FAST the ICRH power produces a fast ion population with energy
above the half MeV range allowing to investigate α-particle behaviour in
burning plasmas [1]. The high RF power in pulsed regime (pulse lengths
up to 150 s every 2 h) will be coupled to the plasma by means of six
antennas located in different equatorial ports of the machine. The
antenna performances have been investigated by means of the HFSS
code substituting the actual load, namely a highly magnetized plasma,
with a salty water tank positioned at changeable distance from the
straps. The maximization of the antenna performances corresponds to
the minimization of mutual coupling between straps as well as RF
potentials [2]. The latter, responsible of the impurity production, are
computed by the integrals of the value or of the absolute value of the RF
electric field components parallel ( ) to the magnetic field lines in front
of the antenna.
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II. DESCRIPTION OF THE HFSS MODEL WITH SALTED WATER DIELECTRIC
The maximum voltage sustainable is 38 kV for a rigid coaxial cable with
characteristic impedance Z 0 = 30 Ω, inner radius r a = 60.6 mm and
outer radius r b = 100 mm, assuming a standard dry air breakdown field
of 2.42 MV m-1 and a safety factor of 2. The FAST ICRH antenna
structure, shown in Fig.1a, consists of a single cavity containing eight
straps (length = 275 mm, width = 140 mm, thickness = 8 mm, relative
distance = 280 mm), short strip lines terminated on a background
plane, arranged in four rows. They are protected against disruptive
plasma interactions by a Faraday Shield (FS), not shown in the figure,
made of 28 conducting bars, with rectangular cross section (2 x 1.5)
cm. A dummy load able to simulate the peculiar plasma electric
characteristics is a salty water solution with conductivity 0.5 Ω-1 m-1.
The relative permittivity of this solution has a real part kd’= 81 and a
imaginary part kd” = 120. The salty solution, contained in a plexiglass
tank with wall thickness Lp = 2 cm, assures the absorption of the whole
RF power also in a tank with limited depth. In addition, by properly
changing antenna-dielectric distance, it is possible to verify the
performances of the RF system in plasma-like loading conditions as
pioneered by [3]. The water tank (Fig. 1b) is as wide as the antenna
cavity and Ld = 22 cm deep. A vacuum layer (thickness Lw) is
interposed between the straps and the dielectric slab. The simulations
have been carried out by using a flat geometry for the antenna mouth,
by setting the characteristic impedance of the eight coaxial cables (P1 to
P8 are the input ports of the HFSS model) to Z 0 = 30 Ω and by varying
Lw in the range 10 – 250 mm. Dipole phasing (0,п) is preset between
the two columns of four straps.

FIG. 1 − a) ICRH antenna structure. b)Layout of the salty water contained in a
plexiglass tank with thickness Lp and positioned in front of the straps.

III. SIMULATION RESULTS
The first consideration concerns the geometrical asymmetry between
central and outer straps which produces in the whole considered
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frequency range, a different reflection for each group of straps, as
shown in Fig. 2. The reflection decreases with the frequency and, as
consequence of this asymmetry, it is lower for outer straps.

FIG. 2 − VSWR of eight straps for Lw = 45 mm and Z 0 = 30Ω.

The coupling efficiency of the launcher can be expressed by g mini , which
is the conductance in a voltage anti-node of the standing wave for all
the straps (i=1,..,8). Optimizing the power coupled by a single straps for
a given maximum voltage (V maxi ) corresponds to maximizing g mini :
2
(1)
Pi = 0.5 × g min i ×Vmax i
where
1
g min i =
(2)
VSWRi × Z 0
Given a a V max = 38 kV the value of P i , slightly higher for outer straps,
is represented against Lw in Fig. 3. A different procedure to evaluate P i
consists in setting the maximum intensity of electric field (E max = 12.65
kV/cm) corresponding to V max in the matched transmission line
between strap and matching system. For Lw = 70 mm the P i , computed
from Eq (1) and (2), is about 0.95 MW while imposing E max the mutual
coupling effects in the antenna array are taken into account and P i
decreases to 0.7 MW . So it is relevant to investigate the entity of vertical
coupling (between straps of the same column) and horizontal coupling
(between straps on the same row) considering for outer and central
straps the related cross terms of the 8 x 8 scattering matrix.

FIG. 3 − Maximum power coupled determined by gmin i .
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The toroidal coupling for outer and central straps is respectively about
-20.5 dB and -21.5 dB independently from the distance Lw, while the
poloidal coupling, comparable for outer and central straps, undergoes
an excursion between -18 dB and -28 dB increasing Lw from 10 mm to
250 mm. RF potentials, normalized to 1 MW of power coupled,
computed at 5 mm in front of the launcher for Lw = 45 mm, are
reported respectively in Fig. 4 as a function of poloidal position. Peak
values are located at the top and bottom of the antenna.

FIG. 4 − RF potentials at f = 75 MHz: a) integrals of
b) integrals of absolute
at 5 mm in front of the straps.

IV. CONCLUSION
Power handling capability, entity of mutual coupling and preliminary
analysis of RF potentials for the FAST ICRH eight straps antenna array
in front of a salty water dielectric hav been successfully performed. To
increase the P max over 5.6 MW, a modification of the antenna design will
be necessary in order to reduce the mutual coupling and to minimize
the reflection.
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Abstract
In this contribution, we review some research activities recently developed at
“Roma Tre” University in the field of metamaterials. In particular, we present
several innovative devices with intriguing and unconventional features, working
at both microwave and optical frequencies.
Index Terms  Metamaterials, cloaking, non-Foster elements, nano-antennas.

I. INTRODUCTION
In this paper, we review our most recent results in metamaterial (MTM)
research. In the first section, we present an overview of different MTMbased devices operating at microwave frequencies, whereas the second
section is devoted to the applications in optics.
II. MICROWAVES
A. Annular MTM lens for broadband shortened horn antennas
High-directivity horn antennas are typically heavy and rather bulky.
The availability of compact horns with gain performances comparable to
regular and optimum horns, would represent a remarkable achievement
in the field. Here, we report on a shortened horn antenna loaded with
an annular MTM lens [1]. Thanks to the phase-compensation enabled
by the lens, the broadside gain is comparable to the one of a two-times
longer optimum horn (see Fig.1)

FIG. 1  (a) 3D gain pattern at 6 GHz; (b) broadside gain vs frequency.

B. Self-filtering horn antennas
In order to reduce the noise captured by a receiving horn antenna for
satellite applications, we have designed a MTM-inspired filtering module
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consisting of a double-sided omega particle printed on a dielectric slab
(Fig. 2(a)) and placed at the horn throat. The radiating performances of
the proposed antenna are comparable to the ones of a regular horn
radiator in the pass-band of the filtering module (Fig. 2 (b)).

FIG. 2  (a) Geometrical sketch; (b) matching properties vs frequency.

C. Reduction of the blockage effect and enhanced antenna co-siting strategies
In a recent work [3], we have analyzed the possibility to apply the
mantle cloak technique to reduce the observability of receiving
antennas. We consider the case of two dipoles resonating at slightly
different frequencies placed in close proximity (λ0/10 at 3 GHz).
Impedance matching and radiation pattern of each dipole are seriously
affected by the presence of the other antenna in the near-field region
(Fig. 3(b)). Electrical and radiative features are restored by covering
each antenna with a proper mantle cloak (Fig. 3(c)).

FIG. 3 - (a) Two half-wave dipoles resonating at slightly different frequencies
covered with a proper mantle cloak; (b) 3D gain pattern in the uncloaked
scenario; (c) 3D gain pattern in the cloaked scenario.

D. Linear-to-circular polarization transformer
We have recently proposed a polarization transformer [4] (Fig. 4(a))
consisting of a circular metallic screen with a sub-wavelength aperture
through which two sets of connected circularly polarized electrically
small antennas are placed. This structure has been used to close an
open-ended circular waveguide in order to transform linear polarization
into a circular one. Matching and polarization properties are reported in
Figs. 4(b) and 4(c), respectively
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FIG. 4  (a) Geometrical sketch; (b) Matching and (c) polarization properties vs frequency.

E. MTM-inspired antenna loaded with non-Foster elements
We have also proposed the use of Non-Foster active circuits to increase
the operation bandwidth of MTM-inspired components. In [5] we have
demonstrated a 7 times improvement of the operation bandwidth of an
electrically small SRR-loaded monopole antenna by loading the SRR
with a proper active circuit. Actual implementation with commercial
elements and the matching properties are reported in Fig. 5.

FIG. 5 - (a) SRR-loaded monopole antenna and active non-Foster circuit used; (b) matching
properties of the SRR-loaded monopole antenna in the unloaded case and in the loaded case.

III. OPTICS
A. Broadband optical horn nano-antenna
We have proposed the new concept of an horn nano-antenna working at
near infrared frequencies [6]. The antenna consists of an Ag-air-Ag
nano-transmission line terminated in a tapered horn. This antenna is
matched and radiates efficiently over a broad frequency range (Fig. 6),
making it suitable for application in different fields (optical wireless
communications and energy harvesting).
B. Optical cloaking
We have recently proposed a scattering cancellation based cover [7-8]
working at optical frequencies, constituted by a periodic arrangement of
core-shell nano-particles. The cover, used to cloak a cylinder (Fig. 7a)
consists in 117 core-shell nano-spheres organized in 9 columns of 13
elements. The core of the sphere is made of silica and the shell of silver.
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FIG. 6  (a) 3D gain pattern at 200 THz; (b) matching properties vs frequency.

FIG. 7 - (a) Dielectric cylinder (εr = 2) covered by an arrangement of core-shell
nano-spheres; (b) scattering cross-section of the object.
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