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PLENARY SESSION 
 

Tuesday, September 4th, 2018, 14:00-15:30 

 

Chairperson: Giuseppe Mazzarella 

 

Prof. Yang Hao 

School of Electronic Engineering and Computer Science 

Queen Mary, University of London 

 

“Nanoelectromagnetics at Microwave Frequencies and Beyond” 

Abstract: Classic electromagnetics has witnessed novel developments in 

recent years due to the emergence of novel materials and concepts such as 

metamaterials and transformation optics. The theory of near-field 

electromagnetism has enabled us to explore structures in sub-wavelength 

scales and opens up new possibilities of imaging, sensing and characterization 

of materials. In this talk, I will review our recent research activities related to 

nanoelectromagnetics applied to microwave frequencies and beyond. In 

particular, how novel electromagnetic modelling tools have been developed and 

applied for the development of device innovation. 

 

Dr. Francesco Bonaccorso 

Graphene Labs 

IIT Central Research Lab, Genova 

 

“Solution processed 2D-materials for printed electronics” 

Abstract: Graphene and other 2D crystals are emerging as promising 

materials to improve the performance of existing devices or enable new 

ones. A key requirement for flexible and printed electronics is the development 

of industrial-scale, reliable, inexpensive production processes, while providing 

a balance between ease of fabrication and final material quality. Solution-

processing is a simple and cost-effective pathway to fabricate various 2D 

crystal-based (opto)electronic devices, presenting huge integration flexibility 

compared to conventional methods. Here, I will present an overview of 

graphene and other 2D crystals for flexible and printed (opto)electronic 

applications, starting from solution processing of the raw bulk materials, the 

fabrication of large area electrodes and their integration in the final devices. 
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Prof. Alexander I. Nosich 

Institute of Radio-Physics and Electronics 

National Academy of Sciences 

Kharkiv, Ukraine 

 

“Periodicity matters: ultrahigh-Q resonances on the grating modes of 

large arrays of sub-wavelength scatterers” 

Abstract: This talk reviews the nature and history of the discovery of 

extremely high-quality natural modes existing on periodic arrays of many 

subwavelength scatterers. Thanks to these modes, infinite and large arrays can 

be viewed as specific periodically structured open resonators. These grating or 

lattice modes (GMs), like any other natural modes, give rise to the 

associated resonances in electromagnetic-wave scattering and absorption. 

Their complex wavelengths are always located very close to (but not exactly 

at) the well-known Rayleigh anomalies (RAs), determined only by the period 

and the phase shift between adjacent elements. This circumstance has long 

been a reason for their misinterpretation as RAs, especially in the 

measurements and simulations using low-resolution methods. On the 

frequency scans of the reflectance or transmittance, GM resonances usually 

develop as asymmetric Fano-shape double extrema. In the microwave range, 

GM resonances can spoil the performance of large phased-array 

antennas assembled on flat surfaces. In the optical range, GM resonances are 

found behind exotic phenomena such as “anomalous” transmission, reflection 

and absorption, giant Faraday, Kerr and Kerker effects, etc., and also behind 

the principle of operation of Distributed Feedback Lasers. If a grating is made 

of subwavelength-size noble metal elements, then collective GMs exist 

together with better-known localized surface-plasmon modes on individual 

particles. Their interplay can result in the effect of induced optical 

transparency. Thanks to high tunability and considerably higher Q-factors, the 

GM resonances can potentially replace the plasmon-mode resonances in the 

design of nanosensors, nanoantennas, and solar-cell nanoabsorbers. 
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Chairperson: Alessandro Navarrini 
 

Prof. Paul Goldsmith 

Jet Propulsion Laboratory, California Institute of Technology 

Pasadena CA 91109, USA 

 

“The Renaissance of Submillimeter Astronomical Spectroscopy” 

Abstract: High resolution spectroscopy is recognized as a powerful 
astrophysical tool.  For understanding many critical aspects of the formation 
and evolution of interstellar clouds and how new stars are formed within them, 
the most important spectral lines are at submillimeter wavelengths, 
corresponding to the terahertz frequency range between 300 and 6000 GHz, 
(0.3 to 6 THz).  In many astronomical situations, line widths resulting from 
Doppler shifts arising from gas motions can be significantly less than 1 
km/s.  Thus, extracting the full information available about the kinematics of 
gas in the source being observed requires resolution R = f /∆f ≥ 3×105.  This 
requires a heterodyne system, which can readily achieve the required 
frequency resolution.  Exploiting the wealth of ionic, atomic, and molecular 
transitions has been hampered by the nearly total absorption by the Earth’s 
atmosphere and the relatively low sensitivity of available detectors.  
The situation has improved dramatically over the last decade.  The 
development of the Heterodyne Instrument for Far Infrared (HIFI), on board 
the Herschel Space Observatory launched in 2009 encouraged a continuing 
technological transformation that includes vastly improved mixers, local 
oscillators, optics, and the development of focal plane arrays.  The data from 
Herschel have inspired improved laboratory measurements generating spectral 
line catalogs, quantum calculations, and measurements of collision rates and 
chemical reaction rates for key astrophysical species.  New observing platforms 
including the SOFIA airborne observatory and long-duration balloons flying at 
40 km altitude have resulted in a stream of data of ever-increasing frequency 
coverage and range and extent of sources observed. Anticipated ultra-long-
duration balloons and the possibility of space missions ranging from small 
satellites to a large-aperture major (Flagship) mission are generating great 
excitement about possible future observations. In this talk I will review the 
importance of high resolution spectroscopy and will briefly  highlight recent 
astronomical results, including high-sensitivity observation of water in 
collapsing cloud cores and the solar system and velocity-resolved large-area 
studies of Giant Molecular Clouds and nearby galaxies in the 158 micron fine 
structure transition ([CII]) of C+.  I will then turn to the technological 
developments that have made this dramatic progress possible, including 
detectors, local oscillators, and spectrometers.  I will conclude by talking about 
some possibilities for the future. 
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Dr. Federica Govoni 

INAF – Osservatorio Astronomico di Cagliari, Italy 

 

“Scientific involvement of the Italian radio astronomical community in 

national and international facilities” 

Abstract: The attention of the Italian radio astronomy is currently distributed 

across various word-class facilities which includes both single-dish radio 

telescopes, such as the Sardinia Radio Telescope, and radio interferometers, 

such as the Square Kilometre Array, its precursors (e.g. MeerKAT, ASKAP, 

MWA), and its pathfinders (e.g. LOFAR, APERTIF, GMRT). 

I will compare the strengths of single-dish radio telescopes to radio 

interferometers and I will show the research which is performed by the Italian 

community using these instruments. 

 

Dr. Tonino Pisanu 

INAF – Osservatorio Astronomico di Cagliari, Italy 

 

“The Front-Ends of the Sardinia Radio Telescope” 

Abstract: The Sardinia Radio Telescope (SRT), a challenging scientific project 

of the Italian National Institute for Astrophysics (INAF), is a new general 

purpose fully steerable 64 m diameter radio telescope designed to operate with 

high efficiency across the 0.3-116 GHz frequency range. The SRT is located 35 

km North of Cagliari, Sardinia, Italy, at about 600 m above the sea level. The 

telescope, equipped with an active surface, three first-light receivers and 

various backends, succesfully completed a six-month early science program in 

2016. Following the refurbishment of its active surface in 2017, the telescope 

is currently being recommissioned for its technical and scientific capabilities 

with the goal of opening it to the international community by the end of 2018. 

I will describe the SRT first-light instrumentation, in particular the three 

radioastronomy receivers, that were all developed by INAF: a double frequency 

L-P band (305-410 MHz, 1.3-1.8 GHz) coaxial receiver for the primary focus, a 

K-band (18-26.5 GHz) 7-beam multibeam receiver for the Gregorian focus and 

a single feed high C-band (5.7-7.7 GHz) receiver for the Beam Waveguide 

focus. Furthermore, I will describe the receivers planned to be built and 

installed on SRT during the next few years. 
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Chairperson: Stefano Selleri 
 

Mauro Messerotti 

INAF-Astronomical Observatory of Trieste, Loc. Basovizza 302, 34149 Trieste, 
Italy 
 

“Solar Radio Interferences on Radio Systems: A Direct Space Weather 

Effect” 
 

Abstract: The Sun is a source of broadband radio noise, which can reach quite 
high levels at different phases of the solar activity cycle. In particular, very 
intense solar radio bursts can significantly affect the quality of radio 
communications, e.g. in HF and UHF (mobile phones, radars), up to the 
interruption of services like satellite geolocation via GNSS in L-band. The 
Trieste Solar Radio System (TSRS) has played a key role in the detection of 
one of the first GNSS solar RFI published in literature. In this work, we briefly 
review the phenomenological scenario by focussing on the observational 
requirements for GNSS, which operate in the Right-Hand Circular Polarisation 
mode, and point out the need of a network of dedicated multichannel solar 
radio polarimeters for providing alerts and warning to enhance the quality of 
GNSS services and their resilience with respect to solar RFIs, a direct Space 
Weather effect on technological systems. 

 

Prof. Alain Sibille 

LTCI, Telecom ParisTech 

46 rue Barrault 75013, Paris, France 

 

“Statistical methods for joint antenna-radio channel modelling” 

Abstract: The description of the electromagnetic behavior of antennas needs a 

large amount of data to be complete, since it requires complex numbers for 

the radiated far field in all possible directions and polarizations, for all 

frequencies of interest and all antenna elements in case of arrays or multiport 

antennas, plus the full impedance matrix. In addition, since most of the time 

the radio channel linking the transmitting and receiving antennas in a wireless 

communication is not in free space, many propagation effects are involved and 

result in the particularities of the received signals. Finally, while it is often 

designed and measured in nearly ideal conditions (e.g. anechoic chamber) an 

antenna is rarely used in emptiness and its close environment does impact its 

performance, sometimes dramatically. While strong close disturbers can be 

taken into account at the design phase (such as a casing or a human head), 

variations in the effective impact of such disturbers can take place, which to 
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some extent can unpredictably affect the antenna characteristics. Deterministic 

methods can hardly take into account all the variabilities that occur in real life 

and would be much too expensive to implement and to use. The natural 

approach, widely practiced in other domains, is to resort to statistical 

descriptions, based on metamodels able to represent these variabilities with a 

limited number of parameters while achieving an adequate trade-off between 

accuracy and simplicity. The presentation will address these issues for joint 

antenna-channel modelling, giving some examples about the development and 

use of such methods. 

 

Prof. Ludger Klinkenbusch 

Technische Fakultät der Christian-Albrechts-Universität zu Kiel 

Kiel University 

“Scattering and Diffraction of Complex-Source Beams by Canonical 
Objects” 

Abstract: The presentation reviews recent advances in the application of 
complex-source beams (CSB) as incident fields in the context of scattering and 
diffraction by canonical objects like wedges, cones and sector-like structures. A 
CSB can be achieved by simply replacing the source coordinates in the Green’s 
function by suitably chosen complex numbers. Nearby the axis it then 
represents half of a Gaussian beam which – except of the waist – exactly 
satisfies the Maxwell or Helmholtz equations. The main advantages of using 
CSBs as compared to the commonly applied illuminating plane waves are a 
dramatically improved convergence of the resulting series expansions of the 
scattered far fields  and the opportunity to illuminate just the desired part of 
the canonical object, for example the tip of the cone. To achieve results 
comparable to the case of an incident plane wave a uniform CSB will be 
employed representing a full Gaussian beam. The uniform CSB will be located 
such that its waist where the field can be interpreted as a local plane wave 
interacts with the structure of interest, for example the tip. The outcomes can 
be used to extend the application of asymptotic methods like the Geometrical 
Theory of Diffraction (GTD) or the Uniform Theory of Diffraction (UTD). More 
generally, (uniform) CSBs can also be used as wave propagators in different 
applications where localized or beam-like fields are more suitable than 
omnidirectionally radiated fields or full plane waves. 
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Prof. Gabriele Gradoni 

School of Mathematical Sciences, and George Green Institute for 

Electromagnetics Research University of Nottingham 

University Park NG7 2RD  

United Kingdom 

 

“Wave Chaos for Electromagnetic Environment Modelling and Control” 

Abstract: The propagation of waves through real-life electromagnetic 

environments, e.g., structures, channels and media, involves multiple 

components and space-time scales. In particular, the modelling of high 

frequency fields poses computational challenges when the environment is large 

and irregular. Recently, it has been shown that wave interference driven by 

multiple reflections and scattering ignites collective phenomena whose physics 

is beyond the obvious, e.g., wave localisation, diffusion, and rogue states. This 

opens up new exciting modelling avenues to understand and design complex 

electromagnetic environments. Collective phenomena are universal in the 

sense they depend on system generic symmetries and can be predicted by 

chaos theory with a few global parameters. Based on this phenomenology, 

statistical methods have been successfully used to devise simulation tools that 

characterise the electromagnetic energy flow through large structures with a 

reasonable computational effort. A specific model, the random coupling model, 

which describes the high-frequency excitation of irregular environments, is 

derived and applied to cavity problems of practical interest. The derivation is 

outlined following the wave chaos theory paradigm, which brings together 

semiclassical analysis and random matrix theory. In a linear eigenvalue 

problem, semiclassics is used to replace exact eigenfunctions with putative 

modes made of a superposition of random plane waves, while random matrix 

theory is used to replace the exact spectrum of resonances with universal 

distributions of eigenvalues. The two prescriptions are motivated by field 

mixing, ray instability, and high modal overlapping: collective wave phenomena 

of systems whose underlying classical dynamics is chaotic. A few advanced 

applications are discussed in the context of wave control of energy diffusion 

and focusing in dynamic confined environments. Results are relevant in 

wireless channels in telecommunications, wavefront shaping in imaging and 

radars, reverberation chambers in electromagnetic compatibility, and 

microwave applicators in material processing engineering. 
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Abstract 
High-permittivity semiconductor nanoresonators recently demonstrated a huge 
potential for nanoscale nonlinear light sources by second and third harmonic 
generation. While achieving a high conversion efficiency has been the first 
milestone, directionality and control of the emitted light pattern will also be crucial 
for applications. In this work, we use numerical simulations to demonstrate the 
tunability of the directionality of the second harmonic radiation pattern generated 
in AlGaAs nanodisks by varying the polarization and angle of incidence of the 
pump beam. Our results show that this technique allows improving the collection 
efficiency of the second harmonic signal and selectively controlling the second 
harmonic emission angle. Our approach further demonstrates a novel scheme for 
all-optical angular measurements by background-free nanoscopic goniometry 
with high sensitivity. 

Index Terms  Dielectric nanoantennas, Nonlinear Optics, Second Harmonic 
Generation.  

 
I. INTRODUCTION 

  
Nanostructures based on high refractive index dielectric materials are 
receiving more and more attention in the nanophotonics field [1]. These 
structures offer unpaired characteristics such as negligible absorption 
loss in the visible and near-infrared wavelength range and both electric 
and magnetic Mie type resonances. Moreover, access to materials with 

strong second and third order nonlinear optical response provided a new 
approach for nonlinear optics at the nanoscale. Concerning second-order 
nonlinear optical effects, aluminum gallium arsenide (AlGAs) is emerging 
as a very promising material platform. In fact, AlGaAs is characterized by 
a high second-order nonlinear optical response, a large bandgap energy 
allowing two-photon absorption free operation in the near-infrared 
spectrum, and it is associated with a mature nanofabrication technology. 
In this context, our first numerical investigation of the potential of AlGaAs 
nanodisks for second harmonic generation (SHG) [2] have soon been 
followed by experimental characterization reporting record high SHG 
conversion efficiencies from nanoscale structures [3,4]. The richness of 
resonance types that govern the optical response of such nanostructures 

allows obtaining complex radiation patterns for the nonlinearly generated 
light. Careful engineering of these modes will pave the way towards 
nanoscale devices featuring controlled and dynamically tunable 
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nonlinear optical response. Our preliminary investigations showed the 
shaping of the SHG radiation pattern by engineering the nanodisk 
geometry and pump polarization state [4,5]. Demonstrations from either 
isolated nanodisks or dimers also featured generation of second 
harmonic (SH) with complex radiation patterns [6,7]. In this work, we 
conduct a detailed numerical characterization of the shaping of the 
radiation pattern of the SHG in AlGaAs nanodisks on a low refractive 
index substrate through manipulation of the polarization state and the 
directionality of the pump beam. We demonstrate the capability to 
dynamically change the directionality of the SH radiation pattern. Our 
results also inspire a new approach towards all-optical background-free 
angle sensor that could be of paramount importance in modern 
nanometrology setups. 
 
 

II. RESULTS AND DISCUSSION 
 
We consider an AlGaAs nanodisk with a radius of 220 nm and a height 
of 400 nm on a low refractive index substrate (n=1.6) as depicted in Fig. 
1(a). This structure is compatible with the AlGaAs-on-AlOx material 
platform for monolithic nanoantenna fabrication [3]. We use three-
dimensional electromagnetic simulations to characterize the linear and 
nonlinear response of the proposed structure [2]. The dispersion of the 
nanodisk material refractive index is modeled from experimental data 

and the nonlinear susceptibility tensor is 𝜒𝑖𝑗𝑘(2)=100 pm/V with i≠j≠k [3,4]. 

The pump beam is modelled as a plane wave at a wavelength of 1.6 μm, 
i.e. at the magnetic dipole resonance. Both electric field polarization and 
angle of incidence, θ, of the pump beam are defined with respect to the 
plane of incidence as shown in Fig. 1(a). The SH radiation pattern 
generated by our nanodisk is projected on a plane parallel to the 
nanodisk base in the backward direction and is shown as a function of 
the incidence angle, θ, in Figures 1(b,c) for either s or p pump beam 
polarizations. For a p-polarized pump beam, the radiation pattern does 
not show significant variations as θ is increased up to 45°. On the other 
hand, in the case of s-polarized incident electric field, SH emission along 
the normal direction occurs for θ larger than 10° and it is enhanced until 

 = 45°. Thus, as shown in Fig. 1(b,c), we achieve angular and 
polarization sensitive shaping of the SH radiation pattern. The SH power 
collected through a solid angle corresponding to a numerical aperture of 
0.85 is shown in Fig. 2(a). As it can be seen, SHG from s-polarized pump 
beam undergoes a strong enhancement, of a factor of 10, when the angle 
of incidence, θ, increases up to 45°. On the other hand, the SH 
enhancement is considerably reduced for p-polarized incident electric 
field. We also observe that the collected SH power increases 
monotonically as θ augments. This feature can be used to implement a 
sensor for the angle of the nanoparticle with respect to the pump 
propagation direction, i.e. a nanoscopic all-optical goniometer. By 
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applying a linear fit of the data for θ between 15° and 40°, we estimated 
a sensitivity of 0.15 (°)-1 for s-polarization and 0.04 (°)-1 for p-polarization. 
To perform angular measurements at angles smaller than 15°, the SH 
collected power is not a sufficient parameter. Thus we define the 
normalized intensity difference as Dθ = (Ia-Ib)/I, with I = (Ia+Ib)/2, where Ia 
and Ib are the measured intensity at one side, Ia, and at the center, Ib, of 
the SH radiation pattern in Fig. 1(b,c). Hence, Dθ represents the angular 
parameter, which is shown as a function of the angle of incidence, θ, and 
pump beam polarization in Fig. 2(b). For angles between 0° and 10°, Dθ 
and θ have a linear relation with a slope of 0.087 (°)-1 for s-polarization 
and 0.008 (°)-1 for p-polarization. 

 
 

FIG. 1  (a) Schematic representation of AlGaAs nanodisks on low refractive 
index substrate. The wavevector, k, and the electric field vectors for p, Ep, and 

s, Es, polarizations on the plane of incidence are shown. (b,c) SH radiation 
projected on a plane parallel to the nanodisk base in the backward direction, 
as a function of the angle of incidence of the pump, θ, from 0° to 45° for p and 

s polarized incident electric field respectively. The blue circle in (b,c) 
represents the NA = 0.85. 

 

 
 

FIG. 2  (a) Second Harmonic power collected in the backward direction 
through an area corresponding to an NA of 0.85 and (b) normalized intensity 

difference estimated from back focal plane images for s and p pump beam 
polarizations respectively. Proportionality constants of linear fit are reported 

next to the respective data. 

 
III. CONCLUSION 

 

We demonstrate active tunable angular emission of SHG from AlGaAs 
nanodisks on low refractive index substrate, compatible for fabrication 
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on the AlGaAs-on-AlOx material platform. Our results show a strong 
sensitivity of the SH response emission angle and power on both 
polarization and directionality of the incident pump beam. For an s-
polarized electric field of the pump beam, due to the reshaping of the SH 
radiation pattern, the collected SH power is enhanced by more than one 
order of magnitude while changing the angle of incidence from 0° to 45°. 
This feature can be used to realize an all-optical background-free 
nanoscopic goniometer with an estimated sensitivity up to 0.15 (°)-1 for 
angles between 15° and 40°. Our results represent a significant step 
towards the long-sought goal of controlling the nonlinear optical response 
of nanoantennas that will foster the development of active tunable 
nonlinear metasurfaces.  
 

ACKNOWLEDGMENT 

 
The paper has been made possible in the framework of the Erasmus 
Mundus NANOPHI project, contract number 2013 5659/002-001. 
 

REFERENCES 

 
 

[1] S. Kruk and Y. Kivshar, “Functional Meta-Optics and Nanophotonics 
Governed by Mie Resonances,” ACS Photonics vol. 4(11), pp. 2638-2649, Oct. 
(2017). 
[2] L. Carletti, A. Locatelli, O. Stepanenko, G. Leo, and C. De Angelis, “Enhanced 
second-harmonic generation from magnetic resonance in AlGaAs 
nanoantennas,” Optics Express, vol. 23(20), pp. 26544-26550, Oct. (2015). 
[3] V. F. Gili, L. Carletti, A. Locatelli, D. Rocco, M. Finazzi, L. Ghirardini, I. 
Favero, C. Gomez, A. Lemaître, M. Celebrano, C. De Angelis and G. Leo, 
“Monolithic AlGaAs second-harmonic nanoantennas,” Optics Express, vol. 
24(14), pp. 15965-15971, Jul. (2016). 
[4] L. Carletti, D. Rocco, A. Locatelli, C. De Angelis, V. F. Gili, M. Ravaro, I. 
Favero, G. Leo, M. Finazzi and L. Ghirardini, “Controlling second-harmonic 
generation at the nanoscale with monolithic AlGaAs-on-AlOx antennas,” 
Nanotech., vol. 28(11), pp. 114005, Feb. (2016).  
[5] L. Carletti, A. Locatelli, D. N. Neshev, and C. De Angelis, “Shaping the 
radiation pattern of second-harmonic generation from AlGaAs dielectric 
nanoantennas,” ACS Photonics, vol. 3(8), pp. 1500-1507, Apr. (2016). 
[6] D. Rocco, V. F. Gili, L. Ghirardini, L. Carletti, I. Favero, A. Locatelli, G. 
Marino, D. N. Neshev, M. Celebrano, M. Finazzi, G. Leo, and C. De Angelis, 
"Tuning the second-harmonic generation in AlGaAs nanodimers via non-
radiative state optimization [Invited]," Photononics Research, vol. 6(5), pp. B6-
B12, May (2018).  
[7] S. S. Kruk, R. Camacho-Morales, L. Xu, M. Rahmani, D. A. Smirnova, L. 
Wang, H. H. Tan, C. Jagadish, D. N. Neshev and Y. Kivshar, “Nonlinear Optical 
Magnetism Revealed by Second-Harmonic Generation in Nanoantennas,” Nano 
Lett., vol. 17(6), pp. 3914-3918, May (2017). 

http://iopscience.iop.org/article/10.1088/1361-6528/aa5645/meta
http://iopscience.iop.org/article/10.1088/1361-6528/aa5645/meta


5 

 

OPTIMAL SYNTHESIS OF SHAPED BEAMS FOR GENERIC FIXED 

GEOMETRY ARRAYS 

  
G. M. Battaglia(1), G. G. Bellizzi(1), T. Isernia(1,2), A. F. Morabito(1,2)  

  
 

(1) DIIES, Università Mediterranea di Reggio Calabria 
Loc. Feo di Vito, I-89124 Reggio Calabria, Italy 

(2) CNIT, Consorzio Nazionale Interuniversitario per le 
Telecomunicazioni 

{giada.battaglia, gennaro.bellizzi,tommaso.isernia, andrea.morabito}@unirc.it 
 
   

Abstract 
In this work we propose an innovative approach to the mask-constrained 
synthesis of shaped beams through fixed-geometry array antennas. The 
problem is cast as a (limited) number of convex programming optimizations and 
can deal with all kinds of arrays, including planar and conformal arrays. 

Index Terms  Antenna synthesis, Array antennas, Shaped beams. 

 
 

I. INTRODUCTION 
 

    The optimal synthesis of shaped beams by means of antennas array 
is a classical problem of interest from both a theoretical and applicative 
point of view [1-2]. Accordingly, it implies well-defined constraints on 
the far-field pattern, on the antenna geometry and structures, and on 
the feeding network. A popular approach has been given by Woodward 
and Lawson in [3] where the ‘shaped’ beam is conceived as the 
superposition of many ‘pencil’ beams which are steered, one by one, 
and then summed to achieve the desired shaping. Unfortunately, the 
synthesized pattern is restricted within the class of real patterns which 
are not exploiting all the available degrees of freedom of the problem [4]. 
Moreover, this method does not allow enforcing constraints on the 
amplitude in the side-lobe region.   
The ‘Spectral Factorization’ (SF) [1,5] is a very powerful method able to 
cast the beam synthesis problem in a computationally effective way as a 
mask-constrained one and it allows avoiding undesired limitations on 
the degrees of freedom. Interestingly, the approach is able to find all the 
different possible solutions to the problem at hand, so that the “more 
convenient” one can be selected according to some additional 
performance parameter. Unfortunately, the approach can only be 
applied to those cases where the far field can be written in terms of a 1-
D polynomial1. Such limitation does not allow, for instance, considering 
generic planar arrays or conformal arrays.  
A more general approach relies on the so-called ‘semidefinite relaxation’ 
framework which allows dealing with generic (fixed-geometry) arrays. 

                                                 
1 see [1] for more details. 
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On the other side, such approach suffers serious computational issues2 
and only one solution is eventually found, thus eventually omitting (see 
above) a number of potentially interesting solutions.  
In the attempt of overcoming the disadvantages of the above-mentioned 
methods, in the following section we propose a novel synthesis 
approach.   
 
 

II. RATIONALE OF THE PROPOSED APPROACH AND NUMERICAL RESULTS 
 
The far-field of a generic N-elements array can be written as: 𝐹(𝑟) =  ∑ 𝐼𝑛𝛹𝑛(𝑟)𝑁

𝑛=1    (1) 

wherein 𝑟 denote the coordinate spanning the observation space, Ψn(𝑟) 

the total field induced by the unitary excited n-th antenna in Ω when all 
the other antennas are off, and In (n=1,….,N) a set of complex excitation 
coefficients. 
    By the sake of simplicity, let us suppose the goal is to synthesize a 
‘flat-top’ [1] beam having a square amplitude lower than an upper-
bound function UB(𝑟) ∀𝑟ϵΩ (Ω is the region of interest) and being as close 

as possible to a constant A2 in the region ∀𝑟ϵΛ (so to minimize the 

intensity ripple in such a region and respect some lower bound as well). 
Moreover, let us consider a set of “control points” 𝑟i (i=1,…,L) located into 

Λ and, for a better understanding, let us focus on the case of L=2. Then, 
by introducing an auxiliary variable (say 𝜑), the problem can be cast in 
the unknowns, I1,...,In, as:  

   
 
 
 

ℜ{𝐹(𝑟1)} = 𝐴   (2) ℑ{𝐹(𝑟1)} = 0   (3) 

ℜ{𝐹(𝑟2)} =  ℜ{𝐹(𝑟1)}𝑐𝑜𝑠𝜑    (4) ℑ{𝐹(𝑟2)} =  ℜ{𝐹(𝑟1)}𝑠𝑖𝑛𝜑 (5) |𝐹(𝑟)|2 ≤ 𝑈𝐵(𝑟)   𝑟 ∈ Ω (6) 

Notably, for any fixed value of 𝜑, which has the physical meaning of 

phase shift between the fields at the two ‘control points’, constraints (4) 
and (5) enforce the equality of the corresponding field’s intensities, 
whereas constraint (6) allows enforcing arbitrary upper-bounds outside 
Λ. Constraints (2)-(5) are linear functions of the unknown whereas 
constraint (6) is a positive semi-definite quadratic form, so that the 
intersection of constraints (2)-(6) still defines a convex set in the space 
of the unknowns. The overall problem is cast as a convex programming 

(CP) problem. As such, for each 𝜑, the globally optimal solution of the 

problem can be efficiently determined via local optimization procedures. 

                                                 
2 The number of unknowns grows in a quadratic way with the antennas number [6]. 
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Then, exploring the space of the possible 𝜑 values, the “most 
convenient” solution (according to some criterion) (and the 
corresponding excitations), can be finally picked. One possible criterion 
amounts to minimize the ripple of the square amplitude of the field 
within Λ: Φ = min            φ {∫ [P(u) − P̅]2duu∈Λ } (7) 

where 

P(u) = |∑ InejnuN
n=1 |2 is the power pattern (8) 

and 𝑃 is its average value within Λ. 
Extension to larger target regions will require more control points and, 
of course, a higher computational complexity. Considering L control 
points and M sampling points for each of the L-1 auxiliary variables, the 
overall number of CP problems raises as M(L-1). Note however one can 
take profit of parallel computing. 
Exploiting a set of properly spaced control points where the field 
intensity has a given intensity, the proposed approach is similar in 
spirit to [3]. However, as all the available degrees of freedom are 
exploited, the proposed method removes the aforementioned limitation 
related to the Woodward-Lawson approach [4].  
 
In the following, the proposed procedure has been compared to the SF 
approach exploiting an equi-spaced array composed by 13 antennas 
with λ/2 inter-element spacing. As an example, we considered the 
synthesis of a flat-top shaped power pattern exploiting three control 
points. The mask, i.e., UB(u), is designed to enforce a maximum ripple 

FIG. 1  Flat-top power pattern synthesized 
through the proposed procedure (black line) and the 
approach introduced in [1] (red line), and adopted 
mask (dashed gray line. 
 

FIG. 2 – Two different excitation sets (real 
parts 2.a-2.c and respective imaginary parts 
2.b-2.d) synthesized by the proposed method 
which generate the same pattern of Fig.1. 
 

(a) (b) 

(c) (d) 
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equal to ±1 dB in Λ and different side-lobe levels outside (see Fig. 1). 
The far-field power pattern and the corresponding synthesized 
excitations are depicted in Fig. 1 and 2.(a)-(b), respectively.   
Notably, the proposed approach achieves performances equal to SF 
ones as adapted to the case of ripple minimization. As for the SF 
method, the proposed approach also has the capability to determine the  
different excitation sets satisfying the initial constraints. For example, 
Fig. 2 depicts two different excitation coefficient sets delivering the same 
far-field pattern reported in Fig.1.  
 
 

IV. CONCLUSION 

A new approach for a generic fixed-geometry array antennas radiating 
shaped beams lying in a given power pattern mask has been presented 
and assessed. A major advantage concerns the generality of the 
proposed approach. Besides its possible application to any kind of fixed-
geometry array, it can also deliver every desired beam shape (by 
properly modifying constraints (2), (4) and (5)). On the other side, 
particularly in case of larger target regions, it is of the utmost 
importance reducing as much as possible the overall number of CP 
problems, which can be done through a smart exploration of the phase 
shift’s space.  
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Abstract 
This communication deals with the optimal synthesis of sum or difference 
patterns radiated by an array of fixed geometry. The aim is to identify the most 
general class of arrays for which such problems admit an optimal real solution 
in the radiated far field, thus allowing their reduction to a linear programming 
problem. It is shown that an optimal real solution there exists if and only if the 
array layout is centro symmetric and the element patterns are either equal or, 
more generally, the patterns of symmetric elements are the complex conjugate of 
each other. Furthermore, the corresponding optimal excitations of symmetric 
elements are complex conjugate of each other as well, so that the number of 
unknowns is halved. Some numerical examples are provided to give an idea of 
the geometries to which the achieved result successfully applies. 

Index Terms  array synthesis, centro-symmetric arrays, linear programming 
sum and difference patterns,.  

 
 

I. INTRODUCTION 
 
The problem of the synthesis of the excitations of an array, of fixed 
geometry, radiating in some optimal fashion in a given angular sector 
and subject to arbitrary upper bounds for the side-lobe levels, is of 
interest in many contexts, from satellite communication to radar 
localization, for both civil and defense applications [1]. 
Among such kind of problems, there are relevant cases, such as the 
synthesis of sum patterns, for which the original problem can be cast 
into a convex programming (CP) ones [2], which, as well known, admit 
only one minimum, and therefore can be solved exploiting a local 
optimization algorithm. An important aspect of this formulation is that 
it holds whatever the geometry of the array, including non-uniformly 
spaced, linear and planar, arrays, circular arrays, and so forth. 
Moreover, it has been shown that, in the case of uniformly spaced, 
linear or planar, arrays of identical elements, the optimal synthesis of 
both sum and difference patterns can be further recast as a simpler 
(and computationally less expensive) linear programming (LP) problem, 
with a halved number of unknown [3], [4]. Interestingly, in [3], it has 
been shown that the above results also extend to non-uniformly spaced 
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arrays and nonrectangular boundaries, provided that the array layout is 
centro-symmetric. 
The aim of this communication is to identify the most general class of 
arrays for which such kind of synthesis problems can be reduced to a 
LP problem. We show that this class consists of all (and only) the arrays 
whose layout is centro-symmetric and whose element patterns are 
either all equal (so that an array factor can be defined) or, more 
generally, Hermitian symmetric with respect to the inversion center. The 
class of centro-symmetric arrays is obviously much wider than that of 
uniformly spaced, linear or planar, arrays, and includes those with 
elements located on concentric rings, on the arms of double spiral, or 
conformal arrays having, for instance, a cylindrical, bi-conical or 
spherical shape and so on. 
A numerical example is reported in this communication. Other 
examples will be presented at the Conference. 
 

II. FORMULATION OF THE PROBLEM 
 
To simplify the notation we will refer to the case of 1D arrays. The 
extension to 2D arrays is straightforward. 

Let us consider an array of N’ radiating elements. The radiated far 

field, E(, w), can be expressed as: 
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In Eq. (1) rn, wn and gn() are the position vector, the excitation (w is the 

excitation vector) and the element pattern of the n-th element,  the free 

space propagation constant, i() the unit vector along the observation 
direction, i the imaginary unit and “·” denotes the dot products between 
vectors. The summation in (1) includes the term of index n=0 when 
N’=2N+1; it does not include the term of index n=0 when N’=2N. 

Let us notice that the derivative of E(, w) has the same form as in 

Eq. (1), provided to replace gn() with: 
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Therefore, all the results found for sum patterns will hold for difference 

patterns as well, provided to replace gn() with g’n(). 
The optimal synthesis of a sum pattern consists of finding the 

excitations wn such to maximize |E(, w)| in a given direction =0, 

subject to given upper bounds |E(m,w)|≤cm, along the M directions, m. 
Now, it is easy to realize that this problem can be reduced to a LP 

problem if and only if an optimal real solution in the far field pattern 
there exists. Accordingly, we must determine necessary and sufficient 
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conditions under which the above problem admits a solution with real 
far field. 

Let us consider necessary condition first. If E(, w) is an optimal real 

field, then E(, w)=E*(, w), the asterisk denoting complex conjugation. 
Hence, from Eq. (1) we get: 
 

         irir 
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The last equality follows from the fact that summing from –N to N or 
from N to –N does not change the result and that n is a dummy index. 

Now, in order that two arrays can radiate the same field, it is 
necessary that the elements locations and patterns coincide. Regarding 
the first and last term in Eq. (3) as two distinct arrays, we must have: 
 

nn rr       (4) 

 

    *

nn gg      (5) 

 
Eq. (4) states that the array must be centro-symmetric with respect to 
the origin of the coordinate system; Eq. (5) states that the patterns of 
symmetric elements must be the complex conjugate of each other. Note 
that Eq. (5) can be assumed verified when all the element patterns are 
equal. Indeed, in this case Eq. (1) factorizes in the usual product of the 
element pattern by the array factor. As the phase of the element pattern 
does not influence the amplitude of the radiated field, it can assumed 
equal to zero, which makes Eq. (5) trivially satisfied. 

Concerning the sufficient condition, let us assume that Eq. (4) and 

(5) are satisfied. Denoting with w* the excitation vector whose n-th 

entry is wn*, from Eq. (1) we immediately infer that if w is a solution of 

the synthesis problem, then w* is a solution as well, being the 
corresponding fields the complex conjugate of each other. As the set of 
solutions is convex and the objective functional is real and linear, this 

implies that wopt=(w+w*)/2 is also a solution, to which a real radiated 

field does correspond. Notice that wopt is Hermitian so that we get the 
further result that the number of unknowns to be searched is halved. 

As final remark, it can be shown that if Eq. (4) and (5) are satisfied 

then g’n() in Eq. (2) satisfies Eq. (5) as well. Therefore, Eq. (4) and (5) 
are necessary and sufficient also for the optimal synthesis of difference 
patterns. 
 

III. NUMERICAL EXAMPLES 
 

As a numerical example, we have report the synthesis of a sum pattern 
radiated by an array of N’=40 infinitely extended current wires, oriented 

along the z-axis and uniformly spaced of half-wavelength (/2) along a 
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circle of radius a≈3 in the xy-plane. According to the above results, the 
excitations have been determined by solving the associated LP problem, 
by exploiting the linprog routine of MatLab (running on a laptop PC 
mounting an Intel I7-4710 MQ-2.5 GHz, as CPU and a RAM of 16 GB). 

Figure 1a reports the synthetized complex excitations (normalized 
real and imaginary parts), while Fig. 1b shows the power pattern, 
normalized to the maximum SLL upper bound, the imposed constraint 

mask and the direction of maximum, 0=250°. As foreseen, the 
synthetized excitations have a Hermitian symmetry and the 

corresponding power patter is maximum at 0 and completely fulfills the 
imposed mask.  

Finally, in order to show the advantages of the results provided in 
Section II, we have also determined the excitations by solving directly 
the CP problem (exploiting the fmincon routine of MatLab, and setting 
both the interior point and active set algorithms of this routine). It 
turned out that, while the synthetized excitations are, of course, exactly 
the same as in the LP case, the computation time was 28 s by CP vs 2.5 
s by CP, i.e. about 10 time larger in the CP case. Such computational 
cost is even more larger by increasing the radius a of the array (hence 

the number of elements), becoming at least 100 times larger for a>10 .  
 

  
FIG. 1  Circular array: (a) synthetized excitations; (b) radiated power          

pattern. 
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Abstract 
A full automatic procedure for the optimization of a linear slot array in SIW is 
presented here. A simplified analytical model for the minimization of back-
reflection and of the cross-polarized component of the total magnetic dipole 
moment of a single slot pair, etched on the top plate of the SIW, is derived. 
Suitable functionals are introduced for single slot pair optimization. The last part 
is devoted to the entire RHCP linear slot array optimization. 

Index Terms − antennas, linear slotted array, substrate integrated waveguide 
(SIW), circular polarization. 

 
I. INTRODUCTION 

 
Substrate integrated waveguides (SIWs) are a promising technology 

for the design of low-cost and low-profile planar electromagnetic (EM) 
devices at microwaves/millimeter waves [1], [2].  

Different approaches were developed for the analysis and design of 
SIW devices, mainly based on numerical techniques such as method of 
moments (MoM) [2]. An interesting field of application of SIWs is the 
design of very compact planar antennas, in which both feeding 
networks and radiating slots can be efficiently integrated in the same 
dielectric host. 

Here, the techniques developed for the automatic optimization of 
circularly-polarized radial line slot array (RLSA) antennas [3], together 
with the previous works on this topic [4-5], are profitably adopted and 
generalized for the design of compact linear arrays in SIW technology. 
For the analysis of such structures, an in-house MoM has been used 
[2], and an optimization loop, i.e. proper functionals and geometry-
based update rules, has been proposed. 

We present a procedure for fully automatic design of a right-handed 
circular polarized (RHCP) linear slot array for “last-mile” 
communications, characterized by a broad (narrow) pattern in the 
azimuthal (elevation) plane. Starting from single slot pair geometrical 
parameter optimization, a database is filled. 

The optimized set of slot pairs is then used for the definition of the 
“starting guess” for optimizing the entire RHCP linear array in SIW. 
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II. ANALYTICAL MODEL FOR SINGLE SLOT PAIR DESIGN AND OPTIMIZATION 
 
In this Section, a simplified analytical model is proposed for defining the 
relevant parameters for the optimization of linear array unit cell, i.e. a 

RHCP slot pair with centers in ( )1,2 ,0,x zP d d≡    and directed along 

1,2 1 2ˆ ˆ ˆsin cosθ θ ± u x z , as shown in Fig. 1. 

 

 
 

FIG. 1 − Geometrical parameters for single slot pair design and optimization. 

 
The slots can be considered as two equivalent magnetic dipole moments 

1,2 1,2 1,2ˆMM u . The waveguide is supposed to be fed by the fundamental 

TE10 mode, that exhibits a field distribution of the form 10 ˆ ˆx zh h h x z   , 

10 ˆyee y   [6], in which the minus (plus) sign applies to outward (inward) 

waves along z-direction [1]. As a starting point for the optimization, we 

imposed 1 2 / 4sθ θ θ π −   , and / 8x z gd d λ  . In order to optimize the 

slot pair positions and orientation for the linear array design, it is 
mandatory i) to reduce their back-scattering to the feeding point 

( 11 30S dB< − ) and ii) to ensure their RHCP polarization purity ( 0AR dB≈ ). 

The minimization of the back-reflection by a single slot pair requires 
the modal amplitude A10 of the back-reflected wave to be theoretically 
zero. By resorting to the reciprocity theorem [6] and by identifying with 

1 1 2 2ˆ ˆtot M M M u u  the total magnetic dipole moment of the slot pair, one 

can easily calculate A10. In order to cancel out the single slot pair back-

reflection to the feeding point, we have to satisfy 1 2
z zj d j dM e M eβ β− . 

Therefore, a functional G can be defined in order to minimize the slot 
pair back-reflection, namely ( ) 2

1 2/ zj dG M M e β , that should be optimized 

in order to obtain 1G  , 1G  . Also a set of update rules has to be 

defined in order to close the optimization loop. In particular, slots have 
to be enlarged/reduced of an amount ∆L with respect to their starting 
length Lc in order to adjust G , but also moved close/apart of an 

amount ∆Z in order tune G , hence ( ) ( ) ( )( )1 1 ,s s s
L cL L G Lχ

∆∆  ∆ − −  
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( ) ( )
( )

1

4

s
s s

z

G
Z Z χ

β


∆∆  ∆ −
 , in which a suitable set of damping factors Lχ∆ , zχ∆  

was introduced in order to ensure the algorithm convergence. 
In order to radiate right-handed circular polarization (RHCP), the 

cross-polarized LHCP of totM  has to be set equal to zero, that is 
*ˆ 0tot RH⋅ M p , being ( ),ˆ ˆ ˆ / 2RH LH jp x y . With some manipulations, one 

finds that 1 2
s sj jM e M eθ θ−  − . Also in this case, a proper functional H 

can be defined for rejecting the cross-polarized component of the total 

magnetic dipole moment, namely 
21

2

sjM
H e

M
θ− − . Since by definition 

G H , only the condition 0H   has to be achieved by modifying 

the slot pair orientation angle sθ  of an amount θ∆  with respect to the 

starting angle / 4sθ π . Hence, only one more update rule must be 

added to (1), namely 
( ) ( ) ( )1 / 2s s sHθθ θ χ

∆∆  ∆   , where the additional 

damping factor θχ∆  was introduced. Such functionals are used for 

filling a database of optimized single slot pairs of suitable lengths and 
then to generate the aperture distribution of the entire linear array in 
SIW. 
 

III. OPTIMIZATION OF THE ENTIRE LINEAR ARRAY IN SIW 
 
In order to design a full broadside linear slot array, a target uniform 
aperture distribution has to be imposed, namely 

( ) ( ) ( )/ 2 / 2A AA z z L z L  − −Η Η , in which ( )Η   is the Heaviside step 

function and LA is the linear array length. A global functional F can be 
profitably introduced to optimize slot pair positions and lengths in order 
to match the desired distribution to the actual co-polar component of 

the total magnetic dipole moment as 
( )ˆ

RH A
F

A M

⋅


M p
 [3], in which two 

average parameters are introduced, namely 
1

1/ pN

p nn
A N A


 ∑  and 

1
ˆ1/ pN

p n RHn
M N


 ⋅∑ M p , being Np the number of slot pairs. The 

following update rules of the global slot pair lengths Lc and positions Zc 
can be used to close the global optimization loop, namely 

( ) ( ) ( ) ( )( )1 1 1s s s s
c c l soL L Fχ η    −  

, ( ) ( ) ( )1 /s s s
c c zZ Z Fχ β    , in which other two 

damping factors lχ , zχ  were used, together with the spill-over efficiency 

soη . By assuming a RHCP linear slot array of length 220AL mm , at the 

design frequency 24.27f GHz , etched on the top plate of a SIW 

characterized by 0.5pind mm , period 2 1pinP d mm  , equivalent width 

6.5ea mm , and thickness 1.5h mm , we have found the results briefly 
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provided in Fig. 2, showing that a sectoral directivity pattern can be 
profitably designed for applications at microwaves. 
 

 
 

FIG. 2 − Directivity pattern in both directive and non-directive planes. 

 
IV. Conclusion 

 

In this paper, an automatic procedure for the design and optimization of 
a linear slot array in SIW has been presented. An optimization 
procedure to reduce back-reflection and cross polarized component of 
the total magnetic dipole moment of each single slot pair, etched on the 
top plate of the SIW, was derived. The results achieved by designing the 
entire linear array have shown the proposed approach effectiveness. 
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Abstract 
A broadband linearly polarized phased array comprising 16 radiating elements 
is presented. The system is designed to work on a 13 % bandwidth centered at 
3.1 GHz, therefore the single elements is based on the multilayer architecture. 
Since compactness and lightweight are a requirement, a low dielectric constant 
layer, either air or rohacell has been used. Actually, this layer allows both the 
reduction of the structure weight and the large bandwidth. 
Measurements show an active reflection coefficient lower than -10 dB over a 13 
% of bandwidth. 

Index Terms  wideband antenna, phased array, liner polarization array, 
multilayer architecture.  

 
 
 

I. INTRODUCTION 
  

In many of the most important modern applications, like communication, 
radar and surveillance systems the Electronically Scanned Array (ESA) 
architecture has gained popularity. 
This kind of antenna takes advantage of a large number of elements, 
which are appropriately fed and placed, in order to generate a steerable 
and reconfigurable pattern. 
If a broadband is a requirement, Vivaldi antennas could be a choice as 
an element. Anyway, it is bulky, prone to high mutual coupling, and 
difficult to pack close enough to have wide steering angles. Hence a 
multilayer patch antenna becomes an attractive choice even if a thicker 
antenna heavier than a single patch, and weight is usually required to be 
low as possible, [1]-[3].  
On the basis of the above considerations, the aim of this paper is to 
design a 4x4 linearly polarized phased array breadboard, working on a 
13 % bandwidth at 3.1 GHz with reduced weight. 

mailto:email@unica.it
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This paper is organized as follows: Section II shows the architecture of 
the designed structure while in Section III the comparison between 
simulated and measurements result are presented.  
 
 

II. PHASED ARRAY ARCHITECTURE 
 
The designed antenna is a multilayer 4x4 rectangular patch array 
composed of two RO4350B (εr=3.66, tan =0.031) layers in air, spaced by 
calibrated nylon hoses since their influence on the electromagnetic 
performances is negligible. 
The choice of a multilayer architecture allows to obtain a wideband 
behavior, as shown in the next section, moreover the use of a commonly 
available material allows to keep a low cost of manufacturing. 
 

 
 

Fig. 1 – Top and side view of the 4x4 rectangular patch phased array antenna. 

 
The presence of an air layer, although it increases the size of patches and 
the thickness of the whole array, reduces the weight of the structure and 
contributes to the bandwidth increasing 
 

 
 

Fig. 2 –Prototype of the designed antenna. 

 
In order to allow the beam steering each element has its own feeding 
point, through which receives the prescribed amplitude and phase. As a 
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consequence, 16 standard 50-Ω SMA connector has been used as is 
shown in Fig. 2, where the top and the bottom view of the array prototype 
are presented. 
 
 

III. COMPARISON BETWEEN MEASUREMENTS AND SIMULATION RESULTS 
 
The measurements have been carried out in a semi-anechoic chamber, 
where the transmitter antenna, a single multilayer radiating element, has 
been fed by the HP 83621 signal generator, while the receiving 4x4 

elements array has been connected to the HP 8510 B Network analyzer. 
A characterization of the antenna in terms of S-parameters has been 
carried out in order to check the bandwidth of antenna when the return 
loss is better than 10 dB. 
 

 
 
Fig. 3 – Comparison on the reflection coefficient between measurements (solid lines) and 

simulations (dotted lines). On the left the results of the corner elements have been show, while on 

the right are presented the ones of the central elements. 

 
Fig. 3 shows the comparison between the simulated and measured 
reflection coefficients at several ports. Considering the numeration in Fig. 
1, the plot on the left presents the response of the four corner elements: 
4, 1, 16 and 13 while the plot on the right presents the response of the 
four central elements: 7, 6, 11 and 10. Very good agreement is apparent, 
except for a slight shift towards lower frequencies in the measured results 
[4]. Despite the presence of the mutual coupling, which degrades the 
antenna performances, the measured bandwidth for the worst case, that 
is for the central elements, is 13.1 %.  
In addition, an analysis of the pattern has been carried out, both at 

broadside (=0) and at =30° pointing. Comparison between simulated 
and measured results are presented in Fig. 4. As it is shown measured 
results matches very well the simulated ones, especially close to the 
direction of maximum radiation. The larger error on the side and back 
lobes is due to multipath effects occurring in the semi-anechoic chamber. 
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Fig. 3 – Comparison between the array pattern at =0 (left) on both the E-plane (blue lines) and 

the H-plane (red lines) at 3.1 GHz and at =30° only on the E-plane, containing the direction of 

maximum radiation (blue lines). On both graphs dotted lines represent simulations results while 

the solid lines represent measured data. 

 
 

IV. CONCLUSION 
 

A wideband linearly polarized phased array comprising 16 multilayer 
rectangular patches has been proposed. Thanks to their architecture the 
structure presents a broadband behavior and a weight reduction. The 
measured results confirm behavior predicted by the simulations, and a 
return loss better than 10 dB over a 13.1 % bandwidth at 3.1 GHz for the 
worst case. Furthermore, an analysis of the patterns has been carried 
out, both at broadside and at a squint angle. 
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Abstract 

We describe the design and architecture of PHAROS2, a cryogenically cooled 
4-8 GHz Phased Array Feed (PAF) demonstrator with digital beamformer for radio 
astronomy application. The instrument will be capable of synthesizing four 
independent single-polarization beams by combining 24 active elements of an 
array of Vivaldi antennas.  

PHAROS2, the upgrade of PHAROS (PHased Arrays for Reflector Observing 
Systems), features: a) commercial cryogenic LNAs with state-of-the-art 
performance, b) a “Warm Section” for signal filtering, conditioning and single 
downconversion to select a ≈275 MHz Intermediate Frequency (IF) bandwidth 
within the 4-8 GHz Radio Frequency (RF) band, c) an IF signal transportation by 
analog WDM (Wavelength Division Mutiplexing) fiber-optic link, and d) a FPGA-
based Italian Tile Processing Module (iTPM) digital backend.  
 

Index Terms  Antennas, digital backend, down-conversion, Phased Array Feed 
(PAF). 

 
I. PHASED ARRAY FEEDS 

  
Phased Array Feeds (PAFs) are a key technology enabling the next major 
advancement in radio astronomy. In contrast to multi feeds, the elements 
of a PAF are densely packed (≈0.5 λ at the highest design frequency) and 
combined in weighted sums to form multiple independent beams. The 
beams and the antenna properties resulting from a PAF equipped with a 
digital beamformer can be optimized, using frequency-dependent 
weights, for each of the backend frequency channels (of order ≈1 MHz) 
leading to high antenna aperture efficiencies and low spillover losses for 
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all the synthesized beams over the entire band. The flexibility of a PAF 
allows achieving a complete coverage of the available radio telescope Field 
of View (FoV,) thus increasing the survey speed if compared to a single-
pixel feed.  
 

II. PHAROS PHASED ARRAY FEED 
 
PHAROS is a C-band cryogenically cooled low noise PAF with analogue 
beamformer designed to operate at the focus of a large single-dish radio 
telescope. Figures 1 and 2 show respectively, a schematic system diagram 
of PHAROS and a more detailed block diagram of the front-end. Views of 
the PHAROS PAF and of the dome-shaped vacuum window with array of 
antennas are shown in Fig. 3. A description of the instrument can be 
found in [1, 2]. PHAROS consists of a 220-element Vivaldi array cooled at 
≈20 K along with 24 low noise amplifiers (LNAs) mounted behind the 
antenna elements. The LNAs are cascaded with low-loss low-thermal 
conduction RF connections to the analogue beam former designed to 
operate at ≈77 K. The RF signals of the active elements are distributed to 
the beam formers by passive splitters, while the non-active elements are 
terminated into 50 Ω loads. Four beam former modules are available 
inside the cryostat, each with 13 RF inputs and 13 individually 
controllable phase and amplitude control units (PACs), along with 13  

 
FIG. 1   PHAROS system diagram. 

 

 
FIG. 2   PHAROS system diagram showing the analog beamformer components 
(including buffer amplifier, phase controls, amplitude controls and passive 
power adders). 



 

23 
 

     
FIG. 3   View of PHAROS instrument: left) during assembly, right) showing 

half-dome vacuum window and array of Vivaldi antennas. 

 
amplifiers to compensate for system losses.  The last stage of the 
analogue beam forming system is a 16-way Wilkinson combiner (with 
three unused inputs). Each analog beam former controls the weights of 
the amplitude and of the phase from 13 antenna elements to produce a 
single (compound) one-polarization beam.    
 

III. PHAROS2 
 

PHAROS is being upgraded to PHAROS2, a new PAF with digital 
beamformer. The latter re-uses part of the existing PHAROS hardware, 
including the cryostat and the array of Vivaldi antennas. PHAROS2 is 
under development in the framework of the SKA (Square Kilometer Array) 
PAF Advanced Instrumentation Program as a collaboration among the 
following institutions: the National Institute for Astrophysics (INAF, Italy), 
the Jodrell Bank Observatory (University of Manchester, UK), the 
Netherland Institute for Radio Astronomy (ASTRON, the Netherland), the 
Onsala Space Observatory (OSO, Sweden) and the University of Malta 
(Malta). In PHAROS2 a digital beamformer (at room temperature) replaces 
the four PHAROS analog beamformers.  
The main PHAROS2 capability will be the possibility of digitally forming 
four independent beams on the sky using 24 antenna elements, each 
beam covering an instantaneous IF bandwidth of ≈275 MHz across 375-
650 MHz [3]. We aim at completing and installing PHAROS2 on a large 
European single-dish radio telescope and carry out the technical 
validation of the instrument, including antenna efficiency optimization 
and multi-beaming scientific observations for demonstration of the 
adopted technologies that may find application in the SKA.  

The architecture of PHAROS2 (see schematic layout in Fig. 3) consists 
of three main blocks: a) the “PHAROS2 cryostat,” to be equipped with new 
LNAs and possibly a new vacuum window; b) the “Warm Section,” to be 
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located  in the primary focus receiver room, next to the cryostat; c) the 
“iTPM digital backend,” to be located in the backend room.  

The Warm Section (WS) is connected to the digital backend through 
analog WDM fiber optic links allowing to transport two IF signals over a 
single fiber.  

 

 
FIG. 4   Schematic diagram of PHAROS2. 
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Abstract 
At low frequencies, e.g., at S-band and X-band, the radome design for ground 
stations can be considered consolidated and a reasonable microwave 
transparency can be usually obtained with minimal compromises on the 
structure stiffness. Conversely, at high frequencies, e.g., at K-band and above, 
the two domains, electromagnetics and mechanics require a joint design to 
achieve best performance, especially when installations at environmentally 
extreme locations are required.  
This paper discusses the design and performance of a multilayer radome for a 
6.4-m ground station installed in Svalbard, at around 78° North, where the 
combination of high-speed winds and low temperature is particularly severe. 

Index Terms  Arctic regions, ground station, harsh environment, high 
frequency, induced field ratio, K band, Ka band, polar regions, multilayer 
radome, radome joint, radome panel, space frame radome.  

 
I. INTRODUCTION 

 
Satellites for Earth Observation (EO) missions, possibly launched at 
Polar orbits, thus benefiting from ground stations at Polar latitudes able 
to exploit all satellite passes, have been traditionally designed to operate 
downlink channels at S band (around 2 GHz) and X band (around 8 
GHz). New missions, e.g., the European Metop-SG from a cooperation 
between the European Space Agency (ESA) and the European 
Organisation for the Exploitation of Meteorological Satellites 
(EUMETSAT), and the American JPSS-1 from a cooperation between the 
National Aeronautics and Space Administration (NASA) and the 
National Oceanic, and Atmospheric Administration (NOAA), make use of 
higher frequencies, in particular the K band (around 26 GHz). Because 
of the Polar environment, the ground stations serving these missions 
practically always require a radome to protect the antenna against 
strong winds, low temperatures, and snow [1]. The most common 
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radome technologies suitable to protect medium-to-large reflector 
antennas are the multilayer (MLR), and the metal space frame (MSF) 
radomes, whose typical geometries are shown in Fig. 1, respectively [2].  
This paper presents the design and performance of a MLR radome for a 
6.4-m ground station installed in Svalbard, intended to provide 
adequate electromagnetic transparency from 25.5 GHz to 27 GHz, while 
operating at temperatures as low as around –45 °C, and winds as 
strong as 200 km/h (surviving threshold 280 km/h), thus allowing to 
serve both JPSS-1 and Metop-SG.  
 

II. ENVIRONMENTAL AND MECHANICAL ASPECTS 
 
A detailed environmental analysis of the installation site, shown in Fig. 
1, based on the statistics recorded from on-site weather stations, 
spanning several years, is used to derive adequate specifications for the 
robustness of the radome. In particular, the minimum temperature is –
46.3 °C, the maximum wind gust is 277 km/h, and the maximum wind 
speed averaged over 10 minutes is 173 km/h. It is calculated that a 
radome able to operate against winds as strong as 200 km/h will 
provide a ground station availability better than 99.99%. In addition, a 
design based on a MLR approach can be tuned to provide a survival 
threshold of around 280 km/h without catastrophic failures (i.e., 
accepting panel distortions but avoiding a collapse over the antenna). 
Finally, a proper MLR outer coating can also provide an adequate 
protection against rain and snow, with minimum maintenance cost and 
effort.  
 

III. RADOME DESIGN 
 
A MLR radome is composed by panels and joints, as shown in Fig. 2a. 
Panels usually comprises different layers of low- and high-dielectric 
constant materials, most typically foam and fiberglass, respectively (Fig. 
2b). The panels are tapered at the sides to form a joint, usually 
reinforced by metal nuts. The effect of the panel is normally quantified 
using the scattering parameters at plane-wave incidence, while joints 
are evaluated using the Induced Field Ratio (IFR) [3]. 
 

 
Fig. 1.  Aerial view of the communication complex (SvalSat), located in 
Svalbard at a latitude of around 78° N (credits of KSAT). 
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(a)                                             (b) 

Fig. 2.  MLR radome: (a) schematic view; (b) magnified side view of a panel. 

 

  
(a)                                                       (b) 

Fig. 3.  (a) Photograph of the ground station; (b) simulated normalized 
radiation patterns for an antenna elevation of 90 degrees, comparison between 
with (covered) and without (uncovered) radome, for both the co-polar (cpo) and 
the cross-polar (xpo) component. 

 
However, for brevity and to show the overall impact on the antenna 
performance, the entire ground station (Fig. 3a), with and without 
radome, is modelled using Ticra GRASP, and the changes on the 
radiation patterns are calculated. An example is shown in Fig. 3b, and 
it can be appreciated that the impact can be considered modest. 
The key point for achieving a good transparency, while maintaining the 
mechanical robustness required to withstand the condition outlined in 
Sec. II, is to provide a panel layering comprising two outer half-
wavelength stratifications, divided by an inner low-loss foam. This way, 
the thickness of the inner layer, strongly influencing the mechanical 
robustness, can be determined with minimum constraints on the 
electromagnetic design. At the same time, it is also vital to minimize the 
overall joint length, a factor where MLR radomes normally performs very 
well due to the large size of the panels. 
 

IV. MLR HYDROPHOBICITY 

 
The MLR radome is provided with an outer finishing, called gelcoat, able 
to provide an adequate hydrophobic response, with minimum (virtually 
no) maintenance. In particular, the hydrophobicity is measured 
calculating experimentally the contact angle of a water drop, using the 
optical device shown in Fig. 4.  

panel panel 

joint 

nuts 
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(a)                                        (b) 

Fig. 4.  Hydrophobicity measurements: (a) experimental setup; (b) magnified 
view of a water drop, contact angle highlighted by the red lines. 
 
The mean value is 91 degrees, with a standard deviation of 2 degrees. 
Therefore, this type of gelcoat provides a stable contact angle exceeding 
the hydrophobicity threshold, i.e., 90 degrees. It is pointed out that 
other special finishing can provide even higher contact angle (a 
proprietary treatment returned a mean value of 107 degrees), but 
normally these treatments have a limited life, in the order of 6-to-12 
months, thus requiring periodic (and costly) maintenance. 
 

V. CONCLUSION 
 
This paper presented some of the most important aspects related to the 
design and manufacturing of a radome for Polar ground stations, 
working at K band. The radome covers a 6.4-m reflector antenna, and a 
compromise between environmental, mechanical, electromagnetic, and 
maintenance specification is taken into account. 
It is pointed out that MLR radome can provide an optimized response to 
this compromise. The radome was installed in Summer/Autumn 2017 
in Svalbard, and start working with the satellite JPSS in Spring 2018. 
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Abstract 

This paper presents the application of the generalized Boundary Integral-
Resonant Mode Expansion (BI-RME) method to the analysis of arbitrarily-shaped 
waveguide components. The proposed algorithm is based on the segmentation 
and recombination technique, which permits to divide the component into 
homogeneously filled building blocks. Each block is analysed by the BI-RME 
method through the formulation of an integral equation converted into a linear 
eigenvalue problem, whose solution leads to the determination of a generalized 
admittance matrix (GAM). By cascading the GAMs, the frequency response of the 
whole component is finally obtained. Two examples demonstrate the capabilities 
of the proposed algorithm. 

Index Terms − BI-RME method, Segmentation technique. 

 
I. INTRODUCTION 

 
Even if the general-purpose numerical methods, such as the Finite 
Element Method (FEM) and the Finite Difference Time Domain (FDTD) 
methods, offer high flexibility, they typically require long computational 
times and large memory allocation [1]. The combination of the 
specialized algorithms with the segmentation technique are sometime 
preferred to reduce the computational burden especially in case of 
waveguide components filled with piecewise homogeneous materials. 
The numerical algorithm proposed in this paper adopts an approach 
similar to [2], but without using a mode-matching technique to combine 
the electromagnetic modal field representation of each building block 
(BB). In particular, simple Rao Wilton Glisson (RWG) basis functions [3] 
are used to represent the unknown electric and magnetic surface 
currents on the interconnecting surfaces between blocks, thus avoiding 
the limitation to use only some simple canonical shapes for the 
interconnecting surfaces. The component is preliminary segmented into 
homogeneously filled building blocks, and each block is analysed with 
the Boundary Integral-Resonant Mode Expansion (BI-RME) method in 
conjunction with the Ewald technique [4]. In fact, the Electric-Field 
Integral Equation (EFIE) resulting by imposing the appropriate 
boundary conditions is solved by exploiting the BI-RME representation 
of the Green’s functions [5]. This method leads to a wide-band and 
material independent generalized admittance matrix (GAM) for each BB, 
then cascaded in the frequency domain to retrieve the response of the 
whole component [6]. The analysis of two complex waveguide 
components demonstrates the effectiveness of the proposed algorithm. 
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(a) 
 

(b) 
 

(c) 
 

FIG. 1 - Generalized BI-RME approach for the analysis of inhomogeneous 
waveguide components: (a) Whole component; (b) Segmentation into 

homogeneous building blocks; (c) Arbitrarily shaped block enclosed in a box 
for the definition of the Green’s functions.  

 
II. OUTLINE OF THE ALGORITHM 

 
The waveguide component (Fig. 1a) is segmented into homogeneously 
filled building blocks (Fig. 1b). Each block is analysed by the BI-RME 
method, which provides its GAM representation. The GAM represents 
the relation between RWGs, defined on a triangular mesh on the 
interconnecting surfaces to represent the electric and magnetic 
unknown surface currents (Fig. 1c). To determine the GAM of an 
arbitrarily-shaped BB, an EFIE is formulated by imposing the electric 
wall condition on the BB surface. The electromagnetic field inside the 
block can be determined through the Green’s integrals which link the 
effect of electric (J) and magnetic (M) surface currents on volume surface 
SV. Subsequently, each block is closed into a fictitious external cavity 
resonator with a boxed shape (Fig. 1c) and the particular BI-RME 
representation of the Green’s functions [4] is exploited to represent each 
function as the sum of a frequency-independent quasi-static Green’s 
function of the box, and a modal correction term. Aiming at the 
calculation of the admittance matrix, the electric wall boundary 
condition must be enforced on the whole surface SV to determine the 
unknown currents J for a given surface excitation M. The resulting EFIE 
is solved by the Method of Moments discretizing the surface SV by using 
triangular patches, and representing the surface currents as sum of 
RWG basis functions. After some manipulations, the integral equation 
is converted into a linear eigenvalue problem and its solution leads to a 
wideband representation of the GAM. It is worth noting that the surface 
currents are not defined on the whole surface SV. In particular, J is not 
defined on the part of SV coincident with the cavity walls, since the 
electric wall condition is automatically satisfied on them. On the other 
hand, the magnetic current M (which represent the excitation of the BB 
at the interconnecting surfaces) is not defined on the part of SV bounded 
by a metallic surface. In case of boxed-shaped blocks, since this is the 
same shape of the external cavity, it is not necessary to enforce the 
boundary condition. Therefore, the GAM terms are simply obtained as 
the projection of the Green’s functions on the basis functions 
representing the surface magnetic current M [6]. Once the GAMs of all 
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the BBs (either arbitrarily shaped or boxed shaped) are calculated, the 
overall frequency response is obtained by cascading them along the 
lines discussed in [4]. More details about the theory and 
implementation of the method can be found in [4]-[6]. 
 

I. VALIDATION EXAMPLES 
 

Example 1 - A WR90 Riblet junction with compensation metallic post 
[7] is analysed to validate the proposed algorithm (Fig. 2a). For the BI-
RME analysis, the structure was segmented into twenty-two BBs. The 
number of electric and magnetic basis functions required for the 
analysis of all the BBs varied from 88 to 375 and from 248 to 1046, 
respectively. The computed scattering parameters are shown in (Fig. 2c-
d): in all cases, the agreement with HFSS simulation is fairly good. 
 
Example 2 - The second example is a four-pole dielectric-loaded filter 
[8] (Fig. 3a). For the BI-RME analysis, the structure was segmented into 
thirteen BBs. In this case, more basis functions were necessary due to 

the high dielectric constant of the cylindrical resonators (ϵr = 50). Both 

the passband and the wideband responses are in good agreement with 
HFSS simulation and with the data taken from [8], where a specialized 
method was used. 
 

  
(a) 

 

(b) 
 

  
(c) 

 

(d) 
 

FIG. 2 - A WR90 Riblet coupler with compensating capacitive posts: (a) Whole 
structure; (b) Segmented structure. Calculated frequency response compared 

with the HFSS simulation: (a) Coupling coefficients; (b) Matching and 
isolation. 
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(a) 

 

(b) 
 

  
(c) 

 

(d) 
 

FIG. 3 - Four-pole dielectric-loaded filter: (a) Whole structure; (b) Segmented 
structure. Calculated frequency response compared with the HFSS simulation 

and with the data taken from [8]: (a) Passband; (b) Wideband. 
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Abstract 

 
This paper presents an application of the powerful field modal expansion theory, 
to derive a mm-wave “open” cross-section Gaussian horn antenna starting from a 
standard closed cross section design. The proposed approach is based on the 
expansion of the open-structure field in the orthonormal basis of the closed 
structure. The calculation of an inner product between the closed- and open-
structures electromagnetic modes (commonly known as ‘‘overlap’’ integral) allows 
to mathematically evaluate the error introduced in the open structure and the 
quality of the mode matching in the obtained structure. The proposed methodology 
has been successfully tested by comparing FDTD simulation results between the 
closed and the open mm-wave TE11-Guassian converter.  

Index Terms - antenna, propagation, measurement, gap waveguide.  

 
I. INTRODUCTION AND MOTIVATION 

  

Waveguide devices at millimeter wavelength are of increasing interest in 
many applications. At frequencies above 100 GHz, the typical structure 
dimensions (in the millimeter or submillimeter range) make the 
manufacturing very difficult and expensive. In fact, due to the small size 
of the waveguides, the usual fabrication technique based on joining or 
brazing two or several parts, results in several drawbacks such as: 
increase of losses, local modification of metal/copper properties, 
increased breakdown probability and reduced power handling capacity. 
An attempt to overcome metal joint is represented by the gap waveguide 
technology [1] based on the band gap of a PEC and PMC surfaces facing 

each other at a distance smaller than l/2. However, since PMC surfaces 
may be difficult to realize, two simple PEC metal plates separated by a 

distance smaller than l/2 can be adopted, in order to relax the 
fabrication difficulties. This configuration still maintains band gap 
properties only for electric field parallel to the plates [2].  
In this work we study devices with an open cross section, S(o) (see Fig. 1), 
made of two halves with an infinite lateral extension of the gap. In 

practice, the gap has a height, g<<l/2, and a finite lateral extension.  
Starting from a ‘‘well-functioning’’ closed TE11-Gaussian horn converter, 
designed by the authors of ref. [3], we propose a very efficient method to 
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optimally convert the design into an equivalent open device having the 
same performances. The proposed method relies on the modal analysis 
of the device. In particular, we demonstrate that the fields of the open 
structure can be expanded in the orthogonal basis of the fields of the 
closed structures.  
A hybrid “overlap” integral between modes of the closed and open 
structures is defined and computed to check if the new open structures 
still meet the specification of the closed ones. 
The performances of the obtained open structure have been successfully 
verified by: 
- evaluating the above-mentioned hybrid overlap integral; 
- carrying out FDTD simulations in CST Microwave Studio [4], in order to 
compare the numerical reflection coefficient S11 of a closed and an open 
design. The simulated results demonstrate that we are able to optimally 
“open” the Gaussian horn antenna. 
 

II. OVERLAP COEFFICIENT DEFINITION 

 

The proposed method is based on the fact that the generic closed cross-
section structure can be represented by a proper discretization along the 
z axis as a cascade of junction.   If only one polarization is used an 
appropriate modification of the closed cross sections into an open one, 
would allow to preserve similar the modal contents of the original closed 
design and the derived open one. This circumstance can be verified 
rigorously by solving 2D eigenvalue problems on the original closed cross 
section and on the new derived open cross section and introducing a 
metric to evaluate the distance between the modes supported by the two 
structures (without performing time consuming 3D simulations). 
Assuming only the presence of the appropriate polarization, the field does 
not extend much in the open regions, where it exponentially decays. 
Therefore, it is possible to expand the field of the open transversal mode 
basis, 𝑒"

# , (said hereinafter “pseudo-modes”), in the orthogonal closed 
basis 𝑒"

$ of the closed structure, where the superscript (c) and (o) stand 
for closed and open cross section, respectively (and viceversa). Provided 
that the perturbation is small, the coupling matrix of the step junctions 
of the closed and open devices are similar as well as the overall scattering 

parameters derived from the coupling matrix ([S](o)»[S](c)); moreover, also 
the fields (mode profiles and relative amplitude) are preserved. In order 
to optimally derive an open design from the closed one, the gap needs to 
be cut in the wall such that its long dimension runs along the current 
line or along a region of the wall where the surface current Js is zero. 
Moreover, the gap orientation has to be chosen with respect to the 
polarization of the modal vectors in the modal content. Finally, the gap 
size g (see Fig. 1), in analogy to the behavior observed in Non-Radiative 

(NR) waveguides [2], [10], has to be sensibly lower than l/2. 
An inner product can be defined as an overlap coefficient between the 
transversal modes of two different structures, namely the open structure
 

 

 

 

                                                        

                                                      34 



 

populated by the pseudo-modes 𝑒%&
(()

 and the closed structure with its 

unperturbed modal content 𝑒*&
($)

: 

 

𝐶, = 𝑒%&
(() ∙ 𝑒%&

($) > ∫ 𝑒%&
(() ∙ 𝑒%&

($)∗23
343(5)∩3(7)

  (1) 

 

The notation underlines that, when the modes µ and n are “similar” in 

the sense that the µ mode is approximately equal to n mode, both are 
remapped as p. It is worth to note that the unity normalization of the 
transversal field vectors brings the values of Eq. (1) into the [0; 1] range: 
as the common sense suggests, if the two modes are actually identical, 
we obtain Cp=1, on the contrary Cp=0 means complete “mode 
orthogonality”. Therefore, the Cp value is a metric to evaluate how much 

the two transverse modal fields 𝑒%&
(()

 and 𝑒*&
($)

  overlap each other. This two-

dimensional “overlap” integral over the cross-section of the structure 
represents a useful and operative parameter that can be calculated by 
2D simulations. 
With the above remapping it can be demonstrated that Cp close to unit, 
for all the relevant modal content, will result in similar coupling matrix 
[W](o) and [W](c). 
The mode overlap integral-based design provides a simple methodology 
to “convert” a closed cross section design into an open one having same 
performances in terms of fields confinement and distribution. 
 

 
FIG. 1 - Geometry of the (a) simulated and (b) one-half back-to-back 
manufactured by micro-milling Open Gaussian-TE11 horn converter. 

 
III. NUMERICAL RESULTS 

 

In this section we test the proposed method combined with FDTD 
calculations on a Gaussian-TE11 horn converter used for launching 
accelerating mode in RF LINACs cavities [3]. 
Our strategy consists of firstly following the guidelines explained in Sec. 
II to derive the gap in the geometry and obtain open structures with 
unaltered functionality. Then, we calculate the Cp integrals in order to 
quantitatively verify that the modal content of the obtained open 
structure is similar to the closed one. Finally, we compare the |S11| on 
the horn aperture of the closed and the open structures obtained from 
FDTD simulations in CST Microwave Studio [4].  
Starting from the closed structure, it is possible to derive the gap by 
inserting the “gap plane” between the two halves. Figure 1 shows the
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resulting geometry of open Gaussian-TE11 horn. In particular, we include 

a gap plane having a gap size g = 0.4 mm » l/15.  For the TE11-Gaussian 
horn converter, considering that the relevant modal content is limited 

only to two modes, we computed the value of 𝐶89::
((),($)

 and 𝐶8<::
((),($)

 for two 

representative sections of the step model: the section at the smallest 
radius rmin =  1.5 mm and at the largest one rmax =  7.53 mm. Being 

𝐶89::
((),($)

»1 and 𝐶8<::
((),($)

»1 in each section of the step model, we can assert 

that [W](o)» [W](c). This demonstrates that the open structure still fulfills 
the same requirements of the closed one. 
Full wave simulations confirm this. In Fig. 2 (a) it is possible to observe 
that the Electric filed of the closed (bottom) and the open (top) Gaussian-

TE11 horn converter circular simulated in CST Microwave Studio, remains 
mostly unaltered, confirming that the opening cut is optimally operated. 
Figure 2 (b) shows the comparison between the simulated reflection 
coefficient |S11|for the closed and open structure. The similar trend 
demonstrates that the obtained matching of the open is not destroyed by 
the presence of the gap. 
 

 
                               (a)                                              (b) 
FIG. 2 - a) CST Electric field of the closed (bottom) and open (top) back-2-back 

Gaussian-TE11 mode converter (b) Reflection coefficient |S11| (dB) for the 
open and closed Gaussian horn 
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Abstract 
We deal with an optimized approach for implementing Non-Uniform Fast Fourier 
Transform (NUFFT) algorithms under a general and new perspective for 1d 
transformations. A case study of electromagnetic interest is carried out by 
applying the developed NUFFT to the radiation of a linear irregular array onto a 
set of regular spectral points. 

Index Terms  Non-Uniform FFT, interpolation windows, Kahan summation 
formula, aperiodic arrays  

 
I. INTRODUCTION 

Non-uniform Fourier transforms arise in many instances of applied 
electromagnetics [1, 2] to evaluate the “spectral” values corresponding to 
a given set of N sample data from/to non-uniform grids.  
For uniform samplings, a standard Discrete Fourier Transform (DFT) 
relates the samples. In this case, the FFT algorithm takes O(NlogN) 
operations. On the contrary, when the sampling is non-uniform in at least 
one domain, the FFT does not apply anymore.  
Algorithms overcoming this limitation [1, 2] are named Non-Uniform FFTs 
(NUFFTs), which rely on interpolation schemes designed to represent the 
“non-uniformly sampled” exponentials by “uniformly sampled” ones, so 
that the standard FFT can be used on an oversampled grid and the 
O(NlogN) complexity can be restored. The literature approaches mainly 
differ in the choice of the interpolating windows, which governs the trade-
off between accuracy and computational complexity and whose choice is 
critical in that the parameters enabling their correct usage may lead to a 
useless computational burden [3]. Here, we present a new approach for 
implementing a NUFFT algorithm using a general and new perspective to 
select the interpolation window for one-dimensional transformations. The 
attention is focused on the case of Non-Equispaced Data (NED) NUFFTs 
and the algorithm is applied to the radiation of a linear irregular array 
onto a set of regular spectral points. Here, some aspects of the approach 
are presented. The details can be found in [1]. 
 

II. THE NON-EQUISPACED DATA (NED) NUFFT PROBLEM 

The NED Non-Uniform DFT (NUDFT) of samples {𝑧𝑙}𝑙=1𝑀 , located at 

non-equispaced points {𝑥𝑙}𝑙=1𝑀  and evaluated on an equispaced grid, is 

defined as 

mailto:a.capozzoli@unina.it
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 �̂�𝑘 = ∑ 𝑧𝑙𝑒−𝑗2𝜋𝑥𝑙 𝑘𝑁𝑀𝑙=1 , 𝑘 = − 𝑁2 , … , 𝑁2 − 1     (1) 

 
To guarantee fast and accurate processing, the “non-uniformly 

sampled” exponentials 𝑒−𝑗2𝜋𝑥𝑙 𝑘𝑁, appearing in Eq. (1), require to be 
properly interpolated. The idea behind NUFFTs is to use “uniformly 
sampled” exponentials 𝑒𝑗𝑚𝜉 [1, 2] which is made possible by using the 
Poisson summation formula [1] leading to 

 𝑒−𝑗𝑥𝜉 = (2𝜋)−1/2𝜑(𝜉) ∑ �̂�(𝑥 − 𝑚)𝑒−𝑗𝑚𝜉𝑚𝜖ℤ , |𝜉| ≤ 𝜋/𝑐 ∀𝑥 ∈ ℝ   (2) 

 

where 𝜑(𝜉) is a window having compact support (−𝜋/𝑐, 𝜋/𝑐), 𝑐 is an 
oversampling factor and �̂�(𝑥) is its Fourier transform. To be of interest in 
a NUFFT implementation, �̂� must be essentially bounded to [−𝐾,𝐾], so 
as to ensure a finite summation in eq. (2).  

 
III. REPRESENTATION OF THE WINDOW FUNCTION AND ITS OPTIMIZATION 

For fixed values of 𝐾 and 𝑐, the determination of 𝜑 “minimizing” the 
representation error of 𝑒−𝑗𝜉𝑥 in Eq. (2) when a finite summation is 
considered is now in order. Since 𝜑 must be compactly supported and �̂� 
must be essentially compactly supported in [−𝐾, 𝐾], 𝜑 must belong to the 
space spanned by the Prolate Spheroidal Wave Functions (PSWFs) 
corresponding to the singular values of the Fourier transform operator 
before the “knee” [3]. The expansion coefficients 𝛾 onto the PSWFs are 

determined to optimize the error functional 
 Γ (𝛾) = ∫ ∫ 𝑑𝜉𝑑𝑥 |𝑒−𝑗𝑥𝜉 − √2𝜋𝜑(𝜉;𝛾)∑ �̂� (𝑥 − (⌊𝑥⌋ + 𝑚); 𝛾) 𝑒−𝑗(⌊𝑥⌋+𝑚)𝜉|𝑚|≤𝐾 |𝜋𝑐−𝜋𝑐𝑥𝑀−𝑥𝑀  , 

           (3) 
 

IV. THE NED-NUFFT ALGORITHM 
Using Eq. (2), Eq. (1) becomes 
 �̂�𝑘 = (2𝜋)−1/2𝜑(2𝜋𝑘𝑐𝑁 ) ∑ 𝑈𝑖⏟𝑆𝑡𝑒𝑝 1𝑐𝑁2 −1𝑖=−𝑐𝑁2 𝑒−𝑗2𝜋 𝑖𝑘𝑐𝑁⏟            𝑆𝑡𝑒𝑝 2⏟                  𝑆𝑡𝑒𝑝 3

      (4) 

 
where  
 𝑈𝑖 = ∑ ∑ 𝑧𝑙�̂�𝑙 𝑖+𝑐𝑚𝑁−𝜇𝑙𝑚𝜖ℤ𝑙𝜖ℤ ,       (5) �̂�𝑙𝑚 = �̂�(𝑐𝑥𝑙 − (𝜇𝑙 +𝑚)), 𝜇𝑙 = [𝑐𝑥𝑙] and the domains of definition of 𝑧𝑙, 𝜇𝑙 

and �̂�𝑙𝑚 have been extended so that 𝑧𝑙 and 𝜇𝑙 vanish for 𝑙 < 1 and 𝑙 > 𝑀, 
and �̂�𝑙𝑚 vanishes for 𝑙 < 1, 𝑙 > 𝑀 and for |𝑚| > 𝐾. The algorithm involves 
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three steps [1]: Step 1, i.e., the calculation of 𝑈𝑖, is an interpolation step; 
Step 2 can be performed by a standard FFT over 𝑐𝑁 points and Step 3 is 
scaling. 

 
V. KAHAN SUMMATION FORMULA 

It is worth noting that the performance of a method in terms of 
accuracy and speed must be evaluated following an appropriate 
professional implementation optimizing the use of the computing 
platform thanks to extremely sophisticated techniques [4]. To maximize 
the achievable accuracy, the developed NUFFT algorithm employs, just to 
show an example, the Kahan scheme [5] to perform summations, so 
keeping a separate running sequence to compensate floating point 
truncation errors in long summation sequences. 

 
VI. NUMERICAL RESULTS 

The numerical performance of the optimized NUFFT approach is here 
analyzed and compared with that of the Gaussian and Kaiser-Bessel (KB) 

literature schemes [1]. An extensive analysis, with typical values of 𝑐 and 𝐾, has been worked out [1]. For the sake of brevity, we report only the 

case with 𝑐 = 2 and 𝐾 = 6. For it, opt=9.98·10-8 and the value of (3) for the 

KB window is KB=8.15·10-7 providing an improved accuracy of more than 
one order of magnitude against the KB window. 

Considering now an aperiodic array comprising N elements located at 

the points {𝑥𝑘}𝑘=0𝑁−1, the array factor can be written as 
 𝑓(�̅�) = ∑ 𝑐𝑘𝑒𝑗𝑥𝑘𝑢𝑁−1𝑘=0 ,        (6) 
 

where �̅� = 𝛽𝑐𝑜𝑠𝜓 and 𝛽 is the wavenumber. If the array factor is 
computed at a regular set of M points in the �̅� variable, then the samples 
of 𝑓 can be computed via a NED-NUFFT [1]. The accuracy of the NUFFT 
algorithm on the calculation of the radiated pattern has been examined. 
To this end, an aperiodic array of 40 elements, synthesized by the 

algorithm in [6] for a choice of 𝑐 = 1.5 and 𝐾 = 1, has been considered. 
Fig. 1 illustrates the comparison between the array factor obtained by a 
Matrix-Vector Multiplication (MVM) approach [7] and that evaluated by 
the NUFFT algorithm, based on the Gaussian, KB and optimized 
windows, respectively. Fig. 1 also shows the differences between the 
reference pattern (MVM) and the NUFFT-evaluated patterns. It can be 
seen that even with significantly low values for 𝑐 and 𝐾, the accuracy of 
the optimized NUFFT appears to be very satisfactory, which is at variance 
with the other NUFFT implementations (see [1] too).  

 



 

40 
 

  

  
FIG. 1  Field radiated by the aperiodic array (solid blue line), as evaluated by 
a NUFFT (dash-dot red line), using Gaussian (up-left), Kaiser-Bessel (up-right) 
or optimized windows (down-left). Differences among the MVM evaluations of 

the field and those evaluated by the three compared NUFFTs (down-right). 

 
VII. CONCLUSION 

We have presented a novel NUFFT for which: 1) the performance is 
superior to that of currently available NUFFTs; 2) the accuracy reaches 
machine precision earlier than other NUFFTs; 3) even for low values of 𝑐 
and 𝐾, it is capable of yielding satisfactory results. We plan to extend the 
approach to 2D, also using parallelization on Graphics Processing Units. 
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Abstract 

When simulating electrically large complex structures such as Drift Tube Linac 

(DTL) cavities in 3D simulators, it is important to choose a model representa- 

tion that is a compromise between accuracy and time/resource cost. This 

paper presents an analytical method, based on Slater’s perturbation theorem, 

to obtain a fairly accurate 3D mesh to represent cylindrical structures. 

Index Terms – Slater’s theorem, RF cavities, FEM simulations. 

 
I. INTRODUCTION AND MOTIVATION 

3D simulators have becoming very useful nowdays to reduce the cost and 

delay of experimental tuning. When modeling complex structures in 3D FEM 

solvers the real structure is discretized in a finite number of mesh 

elements, usually tethraedrons. This results in an approximation of the 

real structure thus introducing a systematic geometric error when curved 

boundaries are present. 

In this paper we find an analytical relation between the (above) introduced 

geometric approximation and the error in the solution. As an example we 

consider a Drift Tube Linac (DTL) tank but the methodology is general.  

Fig. 1(a) shows a front view of a circular cavity. When representing the 

structure using a 3D simulator such Ansys HFSS [1] the mesh engine cre- 

ates a regular polygon mesh inscribed inside the cylindrical real structure. 

Whatever the mesh size/precision chosen, the real simulated volume will be 

lower than the real cylindrical volume. The more the mesh is coarse, the 

greater will be the geometrical error and thus the frequency and field error
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since the inscribed polygon fails to represent the real structure in a satis- 

factory and coherent way. Obviously, if the mesh density is increased, the    

real structure can be represented in a more accurate way and thus the sim- 

ulated results will be more accurate. 3D simulators allow users to set the 

beginning mesh density, but for complex structures it is not straightforward    

to choose between a coarse mesh that could lead to inaccurate results, and 

an overly accurate mesh that could cost in resources and simulation time. 

In this work we find an analytical relation, based on the Slater’s perturbation 

theorem, to predict the numerical error introduced by any local geometrical 

approximation. 
 

(a)        (b) 

Figure 1: (a) Front view of a simulated circular cavity. Red area is the differ- 

ence between real and simulated profile. (b) Circular sector of a cylindrical 

cavity. 

 
II.    MESH RELATED FREQUENCY ERROR 

In the above example, since the actual simulated volume is lower than the 
real one, an error is introduced in the simulated resonant frequency with 

respect to the real one ��. The frequency variation could be taken as an 
index of mesh quality. 

Figure 1(b) shows how a generic tetrahedron edge approximate the actual 
curved boundary.    The cross section area difference between the real cav- 
ity profile and the simulated one is highlighted in red where the edge AB 

approximates the real circumference arc; the quantity �, known as normal 

deviation angle1, can be enforced to be lower than a prefixed value to give a 

good geometrical approximation of the curved surfaces [1]. 

The objective is to find an appropriate value of � that corresponds to a mini- 

mum but computationally reasonable frequency shift from the real one. Fre-

quency shift ∆�� can be related to the difference in volume ∆� between real 

profile and simulated one by using Slater perturbation theorem [2]. From 

the theory we have 
 ∆��

��
�
� 	
���  �������∆�

� 	
��� � ��������

�
∆��  ∆��

�
 

 

 
(1) 

 
1The normal deviation angle is defined as the maximum angular deviation between the 
normals of the faceted triangles and the normals of the true surfaces they represent. 
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where � � �

�
� �
0�

2 � �0�
2���

�
 is the total stored energy inside the cavity, 

∆�� � �

�
� 
0�

2��
∆�

 is the time average of the stored magnetic energy removed 

and ∆�� �
�

�
� �0�

2��
∆�

 is the time average of the stored electric energy 

removed. Equation (1) can be approximated as 
∆� 
� 
≈ ∆�

�"
	
0�

2  �0�
2�. Inside a 

DTL cavity, the tank outer wall is interested by a predominance of magnetic 

field. So we obtain 
∆� 
� 
≈ �

�"

���∆#$%&'&(, where ∆#$ is the difference, referred 

to a circular sector, between real curved DTL cross section area and the 
discretized cross section, %&'& is a factor to consider the total circular cross 
section, and ( is the cavity length. From Fig. 1(b), after some geometrical 
calculations we can evaluate the removed area ∆#$. 
In the end we have 
 

∆��
��

≈

)�
2 	�  sin ��%&'&(

4�

��� 

 

 
(2) 

It is clear that (2) requires the knowledge of the field � at the point where 
the volume is subtracted, that is the cavity outer wall. However this value 
can be evaluated in a variational fashion, for example on an idealized 2D 
model with a known solution or even on the 3D model with the above 
mentioned local geometrical errors (thanks to variational considerations). 

 
III.   ESTIMATED ERROR AND NUMERICAL RESULTS 

 
In the following we test the formula (2) on a rotationally symmetric DTL 
without stems. However this is not strictly necessary. Thanks to the 
rotation symmetry both 2D and 3D simulations can be performed and in 
particolar we can use a very accurate mesh in 2D simulation to obtain a 
virtually error free reference simulation. As 2D simulator we use Superfish 
[3]. 
We consider a tank with the following specifications obtained using 
Superfish: 	� � 22.431 J, total stored energy inside the cavity; ) � 0.2605 m, 
cavity radius; � � 3719.38 A/m, average magnetic field on the cavity outer 
wall; ( � 7.52 m, cavity length; �� � 351.28 MHz, cavity operating frequency. 
Remembering that in magnetic zone a decrease in cavity volume 

corresponds to a frequency increase, choosing � � 10° so that %&'& �
89�

��
, 

from equation (2) we estimate/predict an error of ∆�� ≅ 560 kHz compared 
to the nominal frequency ��, so �� � ∆�� � 351.84 MHz. Choosing instead � �
5°, an error of ∆�� ≅ 137 KHz is estimated/predicted, so �� � ∆�� � 351.42 
MHz. 
Based on the above result we carry full wave 3D simulation in Ansys HFSS. 
Choosing � � 5°, an �� � 351.29 MHz is obtained. Choosing � � 10°, an �� �
351.70 MHz is obtained. Simulated frequency results are in good agreement 
with the values calculated with (2). 
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Fig. 2 shows accelerating field �� on the axis of the DTL structure, obtained 

with HFSS at different setting for � along with the reference field �� 
obtained in Superfish. The use of � � 5°, chosen by analytical calculations, 
allowed us to control the frequency error below 137 KHz and also 
determines an on axis field comparable between HFSS and Superfish. 

 

 
Figure 2: Comparison between ;< field curve obtained in Superfish and in 
HFSS for = � >° and = � ?<°. 

 

IV.   CONCLUSIONS 

 

In this work an analytical relation, based on the Slater’s theorem, to predict 
the numerical error introduced by any local geometrical approximation has 
been presented. The method allow to predict and control frequency error ∆�� 
by setting the simulator parameter called normal deviation angle, or �, by 
using a simple analytical formula. The study has been validated on a full 
size DTL tank model and the error prediction is quite accurate. Results in 
terms of frequency and field are presented, showing that numerically 
simulated values are in good agreement with reference ones within the 
requie frequency error. The user can set an appropriate value of � that 
guarantee a minimum reasonable frequency shift from the nominal 
frequency ��. By applying the method we predicted a required deviation 
angle of � � 5° to enforce an error lower than 137 KHz. 
The above settings, for the DTL tank 4 of project ESS, results in a mesh of 
more than 10 million of elements and a simulation time of 9 h and 41 m. 
Enforcing a finer mesh would result in an unnecessary longer simulation. 
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Abstract 

This paper describes the application of the meshless method to the analysis of 
waveguide eigenvalue problems. Both the cases of homogeneous and 
inhomogeneous waveguides is addressed, requiring a scalar and a vector 
implementation, respectively. The combination of the variational technique and 
the meshless method lead to a well-conditioned matrix eigenproblem, and its 
solution permits to obtain a large number of modes with high accuracy. Some 
examples demonstrate the effectiveness of the method. 

Index Terms − Meshless method, radial basis functions, variational method, 
waveguide modes. 
 

I. INTRODUCTION 
  

During the last decade, the scientific community has given a lot of 
attention to the Meshless Method [1]–[4].  When applied to the EM 
eigenproblems, the Meshless Method based on radial basis functions 
(RBFs) presents some limitations.  The first one is the critical dependence 
of the solution on the position of the collocation points, in particular on 
the boundary of the domain under study [4], and a low precision in the 
evaluation of the first eigensolution with the Dirichlet boundary condition 
[4].  In [5] a very simple and no-time consuming technique has been 
presented to overcome these issues, which is based on a randomized 
definition of the RBFs with a particular statistical distribution of the 
shape parameter.  Another problem of the Meshless Method with RBFs is 
that, in its original form based on the Point Matching technique, it leads 
to a non-symmetric eigenproblem and sometimes to singular matrices, 
thus making the problem potentially ill-conditioned [6].   

To overcome these drawbacks, in [7] the use of the Variational 
Formulation in conjunction with the Meshless Method has been proposed 
for the first time for the solution of homogeneous waveguides. Although 
in the simplified case of the scalar potential formulation, the Variational 
Meshless Method led to well-conditioned problems in various kind of 
geometries, also including sharp metal edges. In [8] the Variational 
Meshless Method has been extended to the more general case of 
inhomogeneous domains, considering rectangular waveguides filled with 
piecewise homogeneous dielectric, for which a vector formulation is 
required [9]. In section II the theory is briefly outlined, and section III 
reports numerical examples to demonstrate the effectiveness of the 
proposed method. 
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FIG. 1 − WR90 Cross section of a generic waveguide 

 
II. OUTLINE OF THE THEORY 

 
In Fig. 1 the generic cross section of a waveguide is presented. 
In the case of homogeneous domains [7] the functional is 
 

                               𝐼𝐼(Φ) =
12  ∬ (∇Φ ∙Ω  ∇Φ−  𝑘𝑘2Φ2)𝑑𝑑𝑑𝑑                        (1) 

 
where Φ is the Hertz-Debye potential and k is the wavenumber on the 
medium. In the case of the TM modes, the Dirichlet boundary condition 
must be imposed explicitly. 
In the case of inhomogeneous domains [8] the functional is 
 

                      𝐼𝐼(Φ) = ∬ (
1𝜀𝜀𝑟𝑟 ∇ ×𝐻𝐻��⃗ ∙Ω  ∇× 𝐻𝐻��⃗ −  𝜇𝜇𝑟𝑟𝑘𝑘2𝐻𝐻��⃗ ∙ 𝐻𝐻��⃗ )𝑑𝑑𝑑𝑑                        (2) 

 

where 𝐻𝐻��⃗  is the magnetic field, 𝜀𝜀𝑟𝑟 and 𝜇𝜇𝑟𝑟 are respectively the relative 
permittivity and permeability of the medium. In this case the divergence 

condition ∇ ∙ 𝐻𝐻��⃗ = 0 and the boundary condition on the PEC 𝑛𝑛� × 𝐻𝐻��⃗ = 0  
must be imposed explicitly for all modes. 
The Meshless Approximation with RBFs consists in substituting every 
generic scalar function f  (i.e. Φ, Hx, Hy, and Hz) as follow 
 

                                   𝑓𝑓(𝑥𝑥,𝑦𝑦) = ∑ 𝑎𝑎𝑖𝑖 𝑓𝑓𝑖𝑖(𝑥𝑥,𝑦𝑦)𝑁𝑁𝑖𝑖=1                               (3) 

 

where 𝑎𝑎𝑖𝑖 are unknown coefficients, 𝑓𝑓𝑖𝑖(𝑥𝑥,𝑦𝑦) are the RBFs used as basis. 

N  is the number of the collocation points. Each RBF is centered on a 
collocation point. During this activity the Gaussian RFBs have been used. 
By applying the RBFs substitution and extremizing the functional, (1) 

and (2) are transformed into a generic eigenproblem 𝐴𝐴 𝑎𝑎 = 𝑘𝑘2𝐵𝐵𝑎𝑎 where the 
matrices A and B are both real and symmetric. 
 

III. NUMERICAL RESULTS 
 
In this section, two numerical results are reported and discussed to 
validate the proposed technique. 
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FIG. 1 − WR90 rectangular waveguide (22.86_10.16 mm2) and the collocation 
points used for the analysis by the variational meshless method. 

 

   
 (a) (b) 

FIG. 2 − Error in the calculation of the cut-off frequency of a WR90 rectangular 
waveguide by the variational meshless method with 248 collocation points:  
(a) TE modes; (b) TM modes. 

 
All the simulations were run on a computer with an Intel Corei7-6700 
CPU @ 3.40 GHz (8 CPUs), and 16 GB of RAM.   
In Fig. 1 is shown a WR90 homogeneous waveguide simulated and the 
position of the collocation points. With 248 collocation points and less 
than 1 s of simulation the program gave 248 TE and 196 TM eigenvalues 
with the precision shown in Fig. 2  
The second example refers to the analysis of a shielded insulated image 
waveguide analized in [10]. The domain is shown in Fig. 5(a), where all 
the relevant dimensions and informations about the dielectric are also 
provided. The number of collocation points used to define the unknown 
is N = 570. The simulation needed 47 s to compute the initial matrices 
and the reported 33 cycles. In Fig. 5(b) the obtained dispersion diagram 
is shown and compared with the results given by ANSYS HFSS after a 
port only simulation with 696 triangles on the input port. 
 

   
 (a) (b) 

FIG. 5 − Shielded Insulated Image Guide: (a) Geometry of the structure (δ = 

1 mm, w = 2.25 mm, d = 0.5 mm, a = 13.5 mm, b = 8 mm); (b) Dispersion 

diagram calculated by the variational meshless method (gray circles) compared 
with the HFSS simulation (solid line). 
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IV. CONCLUSION 

 

In this manuscript a brief overview of the activities conducted by the 
Microwave Group of the University of Pavia in the field of the Meshless 
Method in conjunction with the Variational Approach have been reported. 
The developed theory has been applied to the solution of the guided 
modes in a shielded waveguide with both homogenous and 
inhomogeneous domains. Some numerical examples demonstrated the 
effectiveness of the proposed technique. 
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Abstract 
The analysis of a wide class of electromagnetic propagation, radiation and 
scattering problems can be readily carried out by means of suitable full-wave 
spectral domain formulations and the method of analytical preconditioning which 
allows us to transform the obtained integral equation in a matrix equation at 
which Fredholm/Steinberg theory can be applied. Hence, the convergence of the 
discretization scheme is guaranteed. Moreover, the choice of expansion functions 
reconstructing the physical behavior of the unknowns leads to a fast convergence. 
Unfortunately, the matrix coefficients are improper integrals involving oscillating 
and, in the worst cases, slowly decaying functions. Thus, the computation time 
rapidly increases as higher is the accuracy required for the solution. The aim of 
this paper is to show an analytical technique for the efficient evaluation of such 
kind of integrals even when high accuracy for the solution is required. 
 

Index Terms − Analytical technique, Improper integrals of oscillating and slowly 
decaying functions, Method of analytical preconditioning, Spectral domain.  

 
 

I. INTRODUCTION 
  

Spectral domain formulations are particularly suitable for the analysis of 
a wide class of electromagnetic problems ranging from the propagation in 
planar guides and waveguides or the radiation by planar antennas, to the 
scattering from cylindrical structures or planar surfaces involving 
homogeneous or stratified media, just to give some examples. In general, 
the obtained integral equation in the spectral domain does not admit 
closed form solutions, hence, numerical schemes have to be adopted. The 
fast convergence of such methods is a key point. When dealing with 
polygonal cross-section cylindrical structures or canonical shape planar 
surfaces, a well-posed matrix operator equation can be obtained by 
means of the method of analytical preconditioning [1]. It consists in the 
discretization of the integral equation by means of Galerkin’s method with 
a suitable set of expansion functions leading to a matrix equation at 
which Fredholm/Steinberg theorems can be applied. In the literature, it 
has been widely shown that this goal can be fully reached by selecting 
expansion functions reconstructing the physical behaviour of the fields 
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on the involved objects with a closed-form spectral domain counterpart 
[2], [3]. With such a choice, few expansion functions are needed to achieve 
highly accurate results and the convolution integrals are reduced to 
algebraic products. However, the obtained matrix coefficients are 
improper integrals of oscillating and, in the worst cases, slowly decaying 
functions to be numerically evaluated. The classical analytical asymptotic 
acceleration technique (CAAAT), consisting of the extraction from the 
kernels of their asymptotic behavior while the slowly converging integrals 
of the extracted parts are expressed in closed form, allows us to obtain 
faster decaying integrands without overcoming the most important 
problem of their oscillating nature. For this reason, the convergence of 
the accelerated integrals becomes slower and slower as the accuracy 
required for the solution is higher. On the other hand, by means of 
algebraic manipulations and a suitable integration procedure in the 
complex plane, the matrix coefficients can be expressed as linear 
combinations of proper integrals and/or improper integrals of non-
oscillating functions which can be accurately and quickly evaluated. 
Such a technique is very effective and drastically outperforms the CAAAT. 
 
 

II. PROPOSED SOLUTION 
 
The procedure outlined above can be readily shown by referring to a 
practical case. The analysis of the electromagnetic scattering from a zero-
thickness perfectly electrically conducting disk in vacuum shown in [3], 
formulated as integral equation in the vector Hankel transform domain 
for the surface current density and discretized by means of Galerkin’s 
method, leads to the numerical evaluation of the following integrals of 
oscillating and slowly decaying functions 
 

( ) ( ) ( ), 2 3 2 2 3 2 2 2
0 0

n

k h n k n h

dw
I J aw J aw

k w

+∞

+ + + +=
−

∫ ,     (1) 

 

where a is the radius of the disk, 0k  is the wavenumber in vacuum, ( )Jν ⋅  

is the Bessel function of first kind and order ν [4], n is the general 
cylindrical harmonic, while k and h denote the general test function and 
basis function indexes, respectively. For the sake of symmetry, it can be 
supposed k h≥ . Now, the functions  
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with { }1,2l∈ , where ( ) ( ) ( ) ( ) ( )1
1
ll

H J j Yν ν ν

+
⋅ = ⋅ + − ⋅  is the Hankel function of 

lth kind and order ν and ( )Yν ⋅  is the Bessel function of second kind and 
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order ν [4], are analytical in the regions of the complex plane z w jw= +  

delimited by the contours lC  sketched in Fig. 1. 

Hence, by means of Cauchy’s integral theorem it is possible to write 
 

( ) ( )
0

,

,

, 0

lim 0

l

n l

k h
R

Cr r

F az dz
→+∞

→

=∫� .        (3) 

 
FIG. 1 − Integration contours in the complex plane. 

 
Starting from the behavior for small and large argument of the Bessel 

functions of first kind and the Hankel functions [4], it is simple to 
conclude that the integrands in (3) have no singularity in 0z = , being 

k h≥ , while they decay asymptotically as 21 z  for 1l =  and ( )0 arg z π≤ < , 

and for 2l =  and ( )arg 0zπ− < ≤ . 

Therefore, by means of Jordan’s lemma, it is simple to rewrite formula 
(3), for 1l =  and 2l = , respectively, as follows 
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where the relations ( ) ( )jq jqJ ze e J zπ νπ
ν ν=  with q integer, and 

( ) ( ) ( ) ( )2 1j jH ze e H zπ νπ
ν ν

− = −  have been used [4]. 

By taking the difference between (4a) and (4b), and making the 

substitution 0 sinw k t= , it is simple to conclude that 

 

( ) ( ) ( ) ( ) ( ) ( )
0 2

,2 2

, , 0 02 3 2 2 3 2

0 0

sin sin
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π

+ + + += =∫ ∫   (5) 

 
for k h≥ , which are proper integrals of bounded continuous functions. 
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III. NUMERICAL RESULTS 
 

This section shows the efficiency of the presented technique. In Fig. 2 the 
ratio between the CPU time needed to fill the coefficients’ matrix as 
obtained by using CAAAT with respect to the presented technique is 

reported for 0 5k a =  by using 17 cylindrical harmonics to reconstruct the 

unknowns, as a function of the number of expansion functions used to 
reconstruct the radial behavior of each harmonic (N) and by changing the 
accuracy in the numerical evaluation of the integrals (R). In a first case, 
the CAAAT is applied by extracting only the first order asymptotic 
behavior of the integrands while, in a second case, the first order and 
second order asymptotic behavior of the integrands in (2b) are pulling out 
leading to 6 times faster converging integrals than the first case. Despite 
that, the proposed technique drastically outperforms the CAAAT in both 
the examined cases as higher is number of expansion functions used and 
as higher is the accuracy required for the solution. 

 
FIG. 2 − Ratio between the CPU time needed to reconstruct the solution as 

obtained by using CAAAT with respect to the presented technique with varying 
N and for different values of R. The CAAAT is applied by extracting only the 

first order (a) or the first order and the second order (b) asymptotic behavior of 

the integrand. 50 =ak , 17 cylindrical harmonics. 
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Abstract 

This paper investigates the consequences of aperture truncation and random 
element-excitation phase errors on the radiation performance of a moderate-sized 
array to be used as a preliminary antenna module for a large phased array radar 
belonging to ESA space-debris-detection projects. To take aperture truncation into 
account, the internal and the boundary elements are separately analyzed through 
a full-wave electromagnetic simulation software, revealing a significant gain 
reduction. Moreover, a Monte Carlo analysis is performed to investigate the effects 
of element excitation phase errors, revealing radar performance degradation such 
as sidelobe-level increase, gain reduction, and pointing inaccuracy.  

 

Index Terms  Array truncation, embedded element pattern, phased arrays, 
phase errors, surveillance radar 

I. INTRODUCTION 

The European Space Agency is developing a surveillance radar based 
on a phased array architecture under the Space Situational Awareness 
programme, aimed at the generation of a European space debris 
catalogue.  The system currently under development consists of a 
multi-array antenna architecture [1] where each single array has to scan 
a rectangular portion of the sky (Field of Regard). An optimization of the 
array lattice to minimize the total number of elements was carried out in 
previous works [1], [2], where a patch antenna was selected as elementary 
radiator. To calculate the array radiation pattern, the embedded element 
pattern was used in [2], simulating an indefinitely large array of patch 
elements. Although this approximation is quite accurate for large arrays, 
it may not for moderate-sized arrays, where edge effects due to the finite 
aperture can arise, degrading the radiation performance.  

In this paper, the array truncation analysis is refined and the 
simulation results are compared with [2]. Moreover, to the effect of 
random phase errors on the element excitation is also studied, which had 
not been addressed in [1], [2]. 

II. ARRAY TRUNCATION ANALYSIS 

The analysis of truncation effects for finite arrays of patches has been 
extensively discussed in [3]. In this paper, this effect has been evaluated 
by using ANSYS HFSS simulation tool. To introduce in first instance such  
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 (a) (b) 
FIG. 1 – Array element distribution: (a) total aperture size; (b) portion of the array 
edge simulated on HFSS for evaluation of truncation effect. 

 
effects, the edge elements (i.e., the elements at the border of the array, 
Fig. 1a) have been simulated surrounded by some other more internal 
neighbor elements, Fig. 1b). The radiation patterns of the internal and 
edge elements are used together with the array factor to calculate the 
effect of the array truncation. In particular, two array factors are 
generated, namely AFint and AFedge, which take into account only the 
internal and only the edge elements, respectively (Fig. 1a). Assuming 
E0_int and E0_edge are the electric field generated by the internal and edge 
elements, respectively, the electric field E, of the overall array, can be 
obtained by 

 edgeedge_0intint_0 AFAF  EEE  (1) 

Therefore, the radiation intensity of the overall array results 

 0
2

2rK  E  (2) 

where r is the observation distance and η0 is the characteristic impedance 
of vacuum.  

 
 (a) (b) 

FIG. 2 – H-plane (a) and E-plane (b) radiation pattern of the array considering 
all identical elements (black line) and specific elements for the array edge (gray 
line). The insets show a close-up view around the main beam. 
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The normalized array radiation pattern with no truncation effects 
(infinite array) and with truncation effects (truncated array) are depicted 
in Fig. 2a and Fig. 2b, for the H-plane and E-plane, respectively. The 
differences around the main lobe can be appreciated in the insets, 
revealing a maximum gain reduction of 0.32 dB.  

III. PHASE ERROR ANALYSIS 

Phase errors are treated in a number of previous works (e.g., [4]), and 
a simple way to evaluate them is to consider the excitation phase of each 
element in the array as a Gaussian random variable Φerr with zero mean 
and standard deviation σerr. The array factor, in case of uniform 
amplitude tapering, can be written as: 
 

  
n

rnerr )ˆjkexp()jexp(AF ur  (3) 

where k = 2π/λ is the wave number, rn is the vector radial position of the 
nth element of the array and ûr is the unit vector of the pointing direction. 
A MATLAB routine has been run 10 000 times recalculating the AF given 
such a random distribution of phase errors, obtaining a Monte Carlo 
analysis, with the possibility to work out some interesting statistical 
quantities regarding gain reduction, sidelobe level variation, and pointing 
error. To test the array performance in an extreme-case scenario, 30° 
phase errors were assumed. Since 99.7% of the values of a Gaussian 
random variable fall below 3σ from the mean value, it is reasonable to set 
3σerr equal to 30°, i.e. σerr equal to 10°. Fig. 5 shows a result of a Monte 
Carlo analysis obtained with MATLAB iterations, where the red curve 
represents the ideal array factor. Table I presents some statistical results 
on the principal array performances, which better permits to appreciate  
 

 
 

FIG. 3 – Monte Carlo analysis of the broadside array radiation pattern with 
normally distributed random phase errors.  
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TABLE I - MONTE CARLO STATISTICS AFTER PHASE ERRORS. 
 

Statistical quantity Quantity Standard deviation Maximum value 

Pointing Error 0° 1.15° 3.61° 

Gain reduction -0.13 dB 0.009 dB -0.17 dB 

Sidelobe level -17.46 dB 0.23 dB -16.24 dB 

 
the effect of phase errors. In particular, the pointing error is expected to 
be less than 2.3° with a probability of 95.45%, which, due to the large 
distances of the target objects, may result into unacceptably large 
naccuracies in the estimation of the position of the debris. As regards the 
gain, such phase errors lead to an average reduction of 0.13 dB with 
small variations around this value. Finally, the maximum sidelobe level 
is also affected by random phase errors, with an average value 
of -17.46 dB, very close to the ideal array case, and variations within 
0.46 dB from the mean value with 95.45% probability. 

IV. CONCLUSION 

In this paper, the finite size of a phased array for ESA space debris 
radar as well as the inaccuracies of the phase excitation of the array 
elements have been investigated. Results from the array truncation 
analysis showed a significant degradation of the radiation pattern, 
especially in the E-plane. The element excitation phase errors have been 
studied through a Monte Carlo analysis for an extreme-case scenario. 
Results showed a degradation of the array radiation performances, with 
limited gain reduction and sidelobe level increase, and with non-
negligible pointing error. However, such effects could also be considerably 
mitigated in a more realistic scenario where a proper phase-monitoring 
system is adopted. 
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Abstract 
Breast cancer is the most widespread disease among women around the world. 
In recent years, the interest toward the use of microwaves and mm-waves for 
diagnostic and screening purposes has been growing. These frequencies in 
principle give the possibility of making a diagnosis without risks and involving 
low cost instrumentation. Past dielectric characterizations of human breast 
samples have shown that a significant difference is present between healthy 
and malignant tissues, and that a reasonable penetration depth is possible for 
detecting a cancer of some millimeters, even in the mm-wave frequency range. A 
fundamental step toward the development of these systems is the test phase on 
breast phantoms. In this paper, the dielectric characterization of easy-to-produce 
and cheap mixtures mimicking the dielectric properties of human breast healthy 
tissues up to 50 GHz is presented. Similar mixtures are currently used for 
ultrasound breast phantoms, and so far they have been unexplored in the 
radiofrequency regime. All measurements have been compared to the data 
derived from the dielectric characterization of human breast samples, and the 
good agreement between them shows that they could be an excellent alternative 
to the current tissue mimicking materials. 
 

Index Terms − Breast cancer detection/screening, breast phantoms, dielectric 
properties, early diagnosis, mixtures, mm-wave imaging system, tissue-
mimicking materials.  

 
I. INTRODUCTION 

  
Breast cancer is the main cause of death among women in 
industrialized counties [1]. The range of diagnostic tools for breast 
cancer detection is wide, and the most common is the X-ray 
mammography. However, the research for new diagnostic methods is 
growing, because of its limitations (in particular, the woman exposition 
to ionizing radiations). 
A promising alternative is the use of radiofrequencies. In this frequency 
range, indeed, several campaigns of dielectric characterization on 
human breast ex-vivo samples were performed at microwave [2] and 
mm-wave frequencies [3]–[5], and all of them have shown that the 
dielectric difference between healthy and neoplastic tissues is suited to 
build an imaging system based on the detection of the energy 
backscattered by the anomaly. 
Different prototypes working at microwave [6]–[9] and mm-wave [10] 
frequencies have been proposed. In particular, mm-waves have been 
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proposed to achieve a satisfying resolution for early diagnosis, while 
maintaining a penetration depth in the order of 4 cm below the skin, 
especially for breast with an high fat content [10]. 
A fundamental step in the development and optimization of this type of 
system is represented by the test phase using realistic breast 
phantoms. To this aim, several solutions have been proposed for 3-D 
printing technology and not, however the high costs and the risks of the 
proposed materials are pushing the research of different mixtures. 
In this paper, starting from blends currently used for ultrasound breast 
phantoms [11]–[13], composed by deionized water, sunflower seed oil, 
dishwashing liquid, and a safe and low cost gelling material, i.e., 
gelatin, an easy-to-produce and cheap mixture mimicking the dielectric 
properties of human breast healthy tissues, is presented. For the first 
time, these mixtures are characterized up to 50 GHz. 
The main point is to control the dielectric variations of the produced 
mixtures changing the percentages of water and oil, without 
compromising the mixture capability. Indeed, different human tissues 
are composed by various percentage of water, which in turn represent a 
major driver for the dielectric properties of the tissues themselves. In 
particular, the realization of healthy tissues with a large percentage of 
adipose content, which require a high quantity of oil in the preparation 
and thus minimum quantities of water, represents one of the most 
interesting challenges. 
 

II. EXPERIMENTAL CAMPAIGN 

 
The method of dielectric spectroscopy used for performing all 
measurements is based on a commercial (Keysight) open-ended coaxial 
probe, suitable for measurements on liquid and semi-solid materials, in 
a wide frequency band from 0.5 GHz to 50 GHz and from -40°C to 
220°C. The measurement setup is shown in figure 1, and it is the same 
used in [3]-[5].  
 

  
FIG. 1 − Measurement setup. 
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The mixture preparation is reported in [14]. 
According to the different percentages of adipose content characterizing 
human breast healthy tissues, it is possible to divide them in three 
different categories of density ([3]-[5]): 

- Adipose content ≥ 80% are indexed as Low density tissues; 
- Adipose content from 20% to 80% are indexed as Medium density 

tissues; 
- Adipose content ≤ 20% are indexed as High density tissues. 

 

      
(a)                                                        (b) 

FIG. 2 − Comparison of the dielectric properties of human healthy breast 
tissues (dotted lines [5] and of the produced mixtures. 

 

The dielectric properties for the three categories, as reported in [5], 
derived from ex-vivo samples, were compared with the dielectric 
properties of the prepared mixtures. The results are shown in fig. 2 (a) 
and (b) for the real and imaginary part, respectively.  
 

III. DISCUSSION AND CONCLUSION 

 
In this paper, the dielectric characterization in the frequency range 0.5-
50 GHz of three cheap and easy-to-produce mixtures mimicking the 
dielectric behavior of human healthy breast tissues was presented.  
The mixtures presented are composed by deionized water, sunflower 
seed oil, dishwashing liquid, and a gelatin. The investigated blends for 
the first time have been characterized up to 50 GHz. The final aim of 
this work is the creation of a realistic breast phantom to test imaging 
systems, including prototypes working in the mm-wave frequency 
range. Results show that by carefully changing the percentages of water 
and oil it is possible to have a strict control of the resulting dielectric 
properties for the produced material.  
Good agreement between the average values derived from the dielectric 
characterization of women ex-vivo samples and the produced materials 
is achieved both for real and imaginary part. 
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Abstract 
This paper reports some recent advancements of the SIEM Unit of Genoa in the 
development of a microwave imaging system for brain stroke detection. In the 
proposed approach, the inverse scattering problem is solved by using a 
quantitative inversion procedure based on an inexact-Newton/conjugate-gradient 

scheme in �� Banach spaces. Numerical and experimental results obtained with 
a preliminary experimental setup are reported. 

Index Terms − Microwave imaging, inverse problems, Banach spaces, brain 
stroke detection.  

 
 

I. INTRODUCTION 
 
Microwave imaging has been considered for a long time as a very 
promising tool in biomedical applications [1]. Recently, this imaging 
modality has been proposed for brain stroke detection and very 
interesting results have been already reported in the scientific literature 
[2]–[4]. In this framework, this paper reports some recent results obtained 
by the SIEM Unit of Genoa in the development of a low-cost and portable 
imaging system for brain stroke detection. In particular, the inverse 
scattering problem is formulated in terms of integral equations, which 
are quantitatively solved by an efficient inversion procedure exploiting the 

regularization properties of the �� Banach spaces in conjunction with a 
nonlinear inexact-Newton/conjugate-gradient inversion scheme. 
Moreover, a preliminary measurement setup is also described and a first 
experimental result is reported.  
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II. OUTLINE OF THE MATHEMATICAL FORMULATION 
 
With reference to a two-dimensional configuration (characterized by 
complex dielectric permittivity �����, � ∈ 	, and immersed in a coupling 
medium with complex dielectric permittivity �
) under time-harmonic 
transverse-magnetic incident conditions, the ill-posed nonlinear inverse 
scattering problem can be formulated in terms of the following operator 
equation that combines the so-called data and state equations [5]  

���� = ���� + ����� − ���������� = ������,  ∈ 	�
� (1)

where �� and �� are the z-components of the total and incident electric 

fields, 	�
� is the observation domain, � = �� − �����/�
 is the unknown 

contrast function (���� being a known reference dielectric profile, e.g., a 

healthy or homogeneous head), and ��/��∙��� = " �∙��#�$����, #�%#
& ,  ∈

	/	�
�, $��� being the inhomogeneous Green’s function for the dielectric 

distribution ����. 

Such inverse problem is solved by means of a quantitative iterative 

procedure performing a regularization in �� Banach spaces. In particular, 
the algorithm is composed by two nested loops. In the outer one (Newton 
steps), the non-linear problem is linearized around the 'th estimate of 
the solution �( by means of the Fréchet derivative �(

# of the operator �. 

The obtained linear equation, �(
#ℎ( = �� − ���(�, is solved in regularized 

sense by using a truncated conjugate-gradient method in Banach spaces 
[5], which is based on the following iterative update formula  

ℎ(,*+� = ,-�,��ℎ(,*� + .*%*
∗ �,   %*

∗ = −�(
#∗,���(

#ℎ(,* − 1(� +  2*��%*��
∗  (2)

where 1( = ���(� − ��, ,� is the duality map of ��, 3 is the Holder conjugate 

of 4, �(
#∗ is the adjoint operator of �(

#, .* = arg min;<=>�(
#,-�ℎ*

∗ + .%*
∗ � − 1(>

�

?
, 

and 2*�� = >�(
#∗,���(

#ℎ* − 1(�>
?

?
/>�(

#∗,���(
#ℎ*�� − 1(�>

?

?
. The current estimate 

of the solution is then updated with �(+� = �( + ℎ(,*@  (A@ being the iteration 

at which the inner loop is stopped). The outer loop is initialized with a 
starting guess �= and it is stopped when a proper termination criterion is 
satisfied. 
 

III. NUMERICAL AND EXPERIMENTAL RESULTS 
 

The developed inversion procedure has been firstly tested by using 
realistic numerical head models. An example of the obtained results, 
concerning the AustinMan 3D phantom shown in Fig. 1(a), is reported in 
the following. An ellipsoidal model of hemorrhagic brain stroke (semi-

axes: BC� = 1.5 cm, HC� = 2 cm, and �C� = 1.5 cm; complex relative dielectric 
permittivity: �� = 56 − K53 at 600 MHz) has been inserted at position �� =
�12, 17.7, 16.5� cm. The head is immersed in a 70% glycerin/water mixture. 
N = 20 antennas (modeled as z-polarized Hertzian dipoles) are equally
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distributed on an elliptic line surrounding the head (semi axes: B&PQR
=

9.5	cm, H&PQR
� 11.5	cm) at a height T � 16.5	cm. Each antenna acts 

sequentially as transmitter and the remaining U � 19 ones are used to 
collect the z-component of the scattered field. The scattered-field data 
have been computed by using the gprMax open-source FDTD software 
and they have been corrupted with an additive Gaussian noise with 

NVW � 25	dB. A two-dimensional elliptic investigation domain at the same 
height of the antennas has been considered in the inversion procedure 
(semi-axes: B& � 8	cm and H& � 10.5	cm; discretized into V� � 1741 square 
subdomains of side 4.4 mm). The healthy head is used as reference 
dielectric profile. The inner and outer loops are stopped when a maximum 
number of 100 iterations is reached or when the normalized difference 
between the residuals on the data in two subsequent steps falls below 
1%. The reconstructed distribution of the relative dielectric permittivity 
(difference between the retrieved and reference profile) obtained at 600 

MHz (for the optimal value of the norm parameter 4 � 1.4) is shown in Fig. 
1(b). As can be seen, the stroke is correctly detected and sized.  
 

 
 (a) (b) 

FIG. 1 − (a) Three-dimensional head model and (b) reconstructed distribution 
of the real part of the relative dielectric permittivity. 

 
A preliminary experimental setup has also been designed in order to 

test the developed inversion procedure with real data. A simplified 
cylindrical phantom with circular cross section, filled with a 
glycerin/water mixture simulating the average dielectric properties of the 

human head (i.e., ��
Z[ � 50 � K17 at 600 MHz) has been considered. A 

cylindrical inclusion with dielectric properties simulating blood (i.e., 

��

\��� � 60 � K11 at 600 MHz) has been inserted in the tank (Fig. 2(a)). Ad-

hoc designed cavity-backed antennas, shown in the inset of Fig. 2(a), 
have been used to perform the measurement in N � 16 positions equally 
distributed on a circumference surrounding the tank. A layer of matching 

medium (��

 � 50 � K17 at 600 MHz) has been put between the antennas 

and the structure. The parameters of the inversion procedure are the 
same as in the previous numerical results. An example of reconstructed 
distribution of the relative dielectric permittivity obtained at 630 MHz is 
shown in Figure 2(b). In this case, too, the developed approach is able to 
correctly locate the inclusion.  
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 (a) (b) 

FIG. 2 − (a) Experimental setup and (b) reconstructed distribution of the real 
part of the relative dielectric permittivity. 

 
IV. CONCLUSION 

 
Some recent results obtained by the SIEM Unit of Genoa in the 
development of a microwave imaging system for brain stroke detection 
have been reported in this paper. An inexact-Newton/conjugate gradient 

inversion procedure in �� Banach spaces has been developed for solving 
the underlying inverse scattering problem. The approach has been 
validated by using both numerical and real data obtained with a 
simplified preliminary experimental setup.  
 

ACKNOWLEDGEMENT 

 
The present work is partially supported by Compagnia di San Paolo, Italy. 
 

REFERENCES 

 
[1] O. M. Bucci and E. Bucci, “Electromagnetism, nanotechnologies and 
biology: New challenges and opportunities,” URSI Radio Sci. Bull., vol. 2012, no. 
341, pp. 10–21, Jun. 2012. 

[2] P.-H. Tournier et al., “Numerical modeling and high-speed parallel 
computing: New perspectives on tomographic microwave imaging for brain 
stroke detection and monitoring,” IEEE Antennas Propag. Mag., vol. 59, no. 5, 
pp. 98–110, Oct. 2017. 

[3] A. Zamani, A. M. Abbosh, and A. T. Mobashsher, “Fast frequency-based 
multistatic microwave imaging algorithm with application to brain injury 
detection,” IEEE Trans. Microw. Theory Techn., vol. 64, no. 2, pp. 653–662, Feb. 
2016. 

[4] L. Crocco, I. Karanasiou, M. James, and R. C. Conceição, Eds., Emerging 
electromagnetic technologies for brain diseases diagnostics, monitoring and 
therapy. Springer International Publishing, 2018. 

[5] C. Estatico, S. Gratton, F. Lenti, and D. Titley-Peloquin, “A conjugate 
gradient like method for p-norm minimization in functional spaces,” Numer. 
Math., vol. 137, no. 4, pp. 895–922, Dec. 2017. 

 

 

 

 

                                                           64 

y
 (

m
)

x (m)

-0.08

-0.04

 0

 0.04

 0.08

-0.08 -0.04  0  0.04  0.08
-10

-5

 0

 5

 10

 15

∆ε
r



 

65 

 

SYNTHESIS OF TARGET-CONFORMAL FIELD INTENSITY PATTERNS  

FOR HEAD & NECK HYPERTHERMIA TREATMENT  

  
Gennaro G. Bellizzi(1,2), Lorenzo Crocco(2) 

(1) DIIES, Università Mediterranea di Reggio Calabria, Italy 
(2) CNR-IREA,  Napoli, Italy 

gennaro.bellizzi@unirc.it, crocco.l@irea.cnr.it 
 

  
Abstract 

This work presents an assessment of the clinical potential of a recently proposed 

synthesis approach to plan hyperthermia treatments, the multi-target focusing via 
constrained power optimization. This method pursues, via convex programming, 

a uniform target-conformal shaping of the specific absorption rate distribution, 

while avoiding hot-spots in normal tissue. This capability allows a tight control of 

the administered heating and is crucial for large and irregularly shaped target 

volumes. The study is concerned with the planning of the treatment of some 
challenging patient models and its results indicate an average gain of 0,8°C on 

the median temperature, as compared to the case in which the synthesized field 

intensity is focused in one point of the target region, rather than conformed to it. 

 

Index Terms − Hyperthermia Treatment Planning, Shaping, Target Conformal 
Heating, Sim4Life.  

 
I. INTRODUCTION 

Hyperthermia is an anti-cancer treatment that consists in raising 
the tumor temperature up to 40-44°C for 60-90min. Its related benefits, 
in combination with radio- and chemo-therapy, have been demonstrated 
through clinical trials [1]. In delivering the treatment, it is essential to 
selectively convey the energy in the target region, while preserving healthy 
tissue from occurrence of “hot-spots”. To this end, given the impossibility 
of performing direct temperature measurements, the treatment has to be 
properly planned, through electromagnetic and thermal simulations. 

Hyperthermia treatment planning (HTP) aims at synthesizing, 
based on patient-specific models, the complex excitation coefficients of 
the applicator (typically a phase array), in order to uniformly shape the 
specific absorption rate (SAR) over the target volume, while avoiding heating 
of healthy tissues. In fact, it has been shown that optimizing SAR is not 
only suitable to enforce the sought temperature distribution (the ultimate 
HTP goal), but possibly even more robust than directly optimizing the 
temperature pattern, owing to uncertainties on thermal tissue properties. 
However, despite many approaches have been proposed, the possibility 
of uniformly shaping SAR distribution over an extended (possibly 
irregular) target volume is still an open issue. In fact, such a synthesis 
goal is not achieved by available synthesis strategies, which aim at “just” 
focusing the SAR into a given point within the target volume. 

Recently, the so called multi-target focusing via constrained power 
optimization (mt-FOCO) has been proposed to address such a need [2].  
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This method achieves a sharp loco-regional power deposition control by 
properly extending the FOCO focusing approach [3] to the shaping 
problem, while preserving the remarkable advantages of standard FOCO 
(e.g., optimization via convex programming and control over hot-spots).  

In this work, we present an initial assessment of the clinical 
potential of mt-FOCO as compared to FOCO, in a study concerned with 
actual HTP of head and neck (H&N) cancer treatment. It is worth noting 
that the H&N site is highly suited for such a purpose, as patient specific 
HTP is mandatory for regular clinical practice [1]. 
 

II. MULTI-TARGET FOCUSING VIA CONSTRAINED POWER OPTIMIZATION 

 

Let 𝛺 denote the target volume and let N be the number of 
(monochromatic) electric sources constituting the applicator. Denoting 
with 	𝜱$ 	= 𝛷',$𝒊' + 𝛷+,$𝒊+ + 𝛷,,$𝒊𝒛 the total electric field induced by the 

unitary excited by n-th antenna in 𝛺 when the other antennas are off, the 
overall field in a generic point 𝑟 ∈ 𝛺 can be expressed as: 

𝑬 𝑟 = 𝐼$𝜱$ 𝑟

2

$34

 (1) 

where 𝐼$(n = 1 …N) are the complex excitations and 𝑬 = 𝐸'𝒊' + 𝐸+𝒊+ + 𝐸,𝒊,. 

Assuming that one field component is dominant and considering, 

for the sake of simplicity, two control points, i.e., 𝑟64 and 𝑟67  arbitrary 

located into the target volume (rather than just one target point as done 
in FOCO), mt-FOCO is cast as: 

 

For each point of a sufficiently dense grid of sampling points of 𝜙 ∈
[−𝜋, 𝜋], determine 𝐼$ such to: 

maxℜ{𝐸𝒊 𝑟64 } (2.a) 

Subject to:  

ℑ 𝐸𝒊 𝑟64 = 0 (2.b) 

ℜ 𝐸𝒊 𝑟67 = ℜ 𝐸𝒊 𝑟64 𝑐𝑜𝑠𝜙 (2.c) 

ℑ 𝐸𝒊 𝑟67 = ℜ 𝐸𝒊 𝑟64 𝑠𝑖𝑛𝜙 (2.d) 

𝑬 𝑟
𝟐
≤ 	𝑀𝐹 𝑟 							𝑟 ∈ 𝛺	/𝛱(𝑟6)	

(2.e) 

  

where 𝜙 is an auxiliary variable encoding the phase shift between the 
fields in the control points and the degree of freedom on the phase in 𝑟64 

has been used to cast SAR maximization in this control point in terms of 
a linear function of the unknown coefficients. In (2), constraints (2.c)-

(2.d) enforce the uniformity of the field at target points, while 𝑀𝐹(r) is a 

non-negative arbitrary function enforcing patient-specific constraints on 

the power deposition outside the chosen target volume Π(rS). 

For any fixed value of ϕ, problem (2) is cast as the maximization of 
a linear function in a convex set, which corresponds to a CP problem [3]. 
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As such, mt-FOCO is able to determine the globally optimal solution by 
solving different CP problems and then a-posteriori picking the most 
convenient one, e.g., the one maximizing the SAR into the target volume. 
Interestingly, such a global search is intrinsically parallel. Moreover, 
when the number of control points is limited, it can be pursued in an 
enumerative fashion, whereas more effective strategies are required when 
the number of control points increases.  

Note the assumption that one component is dominant is not 
mandatory, as, in the general case, the same concept as above can be 
developed, by relying on the vector FOCO formulation [4]. Of course, this 
entails an increase of computational burden. Finally, it is worth noting 
that mt-FOCO provides a general tool to deal with shaping problems. As 
such, it can be applied to electromagnetic and ultrasound waves in 
applications as different as high-focused ultrasound, far-field pattern 
shaping, RFID design and energy harvesting. 
 

III. EXPERIMENTAL RESULTS 
To assess the clinical potential of mt-FOCO, a dataset obtained 

using the clinical HTP procedure [5], consisting of three 3D patient’s 
models planned for treatment with the HYPERcollar3D [6] has been 
considered. The HYPERcollar3D is a ring-shaped phased array of 20 
patch antennas operating at 434MHz. As 12 amplifiers are available for 
the clinical treatment, 12 out of 20 antennas are selected. A water bolus 
fills the space between the applicator and the patient to enhance 
electromagnetic coupling and avoid undesired heating at the patient’s 
skin [6]. The treatment was evaluated through the temperature 
distribution simulated using the Penne’s Bio-Heat equation, achieved by 
adjusting SAR to a maximum of 44°C in normal tissue. Electromagnetic 
and thermal tissues parameters have been assigned according to [5]. The 
water bolus, external and internal air boundary conditions have been 
modelled as a mix of convective and Neumann boundary conditions [5].  

As standard hyperthermia treatment quality parameter for the 
comparison, we assumed the T50 prediction, defined as the iso-
temperature volume that covers 50% of the target volume, when the 
maximum temperature reached in healthy tissues is 44°C. For head and 
neck hyperthermia, T50 correlates to a good treatment outcome. 

Figure 1 shows a cut view along sagittal coronal and transverse 
planes of the temperature distribution obtained with both FOCO and mt-
FOCO for the three considered patient models. In patient A, the T50 
raises up to 40,2°C to 41,5°C by means of FOCO and mt-FOCO, 
respectively. Analogously, T50 for patients B and C increases up to 
39,9°C and 40,4°C (FOCO) and to 41,0°C and 40,5°C (mt-FOCO), 
respectively.  
 

IV. CONCLUSION 
The results of this preliminary study show that, for the patient 

models at hand, mt-FOCO outperforms FOCO, with an average T50 
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improvement of 0,8°C. According to the CEM43 model, these results 
correspond to a thermal dose increased by a factor of 4 for patients A and 
B. Hence, this confirms the importance of basing HTP on the shaping of 
the field intensity, rather than simply focusing it in one point. 
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FIG. 1 − Off center cut views of the temperature distribution obtained by 

means of FOCO and mt-FOCO. Target area is in green. 
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Abstract 

This contribution introduces a novel approach for in-vivo estimation of electrical 
properties of biological tissues based on the solution of an inverse scattering 
problem from total field phaseless measurements and on an innovative use of 
morphological maps derived by magnetic resonance imaging or other medical 
imaging techniques. This issue is relevant in different medical applications, 
ranging from hyperthermia treatment planning to dosimetry. A preliminary 
numerical example of the proposed mapping is given dealing with a realistic 
anthropomorphic head and neck model. 
 

Index Terms - electrical properties, inverse scattering problem, phaseless data, 
segmentation.  

 
I. INTRODUCTION 

 
The knowledge of the electrical properties (EPs) of biological tissues, 

namely, conductivity and permittivity, has an intrinsic interest for its 
relevance in different biomedical applications, such as cancer detection, 
hyperthermia treatment planning (HTP) [1] and electromagnetic 
dosimetry [2]. Indeed, the accuracy of the assumed electrical model plays 
a key role on actual in-vivo performances of the therapy and the 
estimation of field exposition.  

Nowadays, the electrical model is built according to the morphological 
information derived by the segmentation of medical images, e.g. obtained 
through magnetic resonance imaging (MRI) or computed tomography 
(CT), and by associating to each tissue of the images the electromagnetic 
parameters measured in ex-vivo condition. Several ex-vivo EPs databases 
exist in literature, which are also on-line available, but unfortunately 
there is no certainty about their reliability with respect to the EPs 
exhibited by tissues in-vivo conditions [3].  

For this reason, this contribution aims at introducing an innovative 
and low-cost approach for in-vivo estimation of specific patients’ EPs. In 
particular, the mapping is pursued by performing a microwave (MW) 
tomography and by solving the related inverse scattering problem from 
phaseless total field measurements [4,5]. In several areas of applied 
science, the phase distribution of the scattered fields is often too 
corrupted by noise or are not available phase measurement. As a 
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consequence, it is of great importance to develop approaches that process 
only amplitude data, as they can also imply the design of more simple 
and cheap experimental setups.  

As second innovative aspect, the approach benefits in an original way 
from the patient specific spatial priors extracted from MRI or CT in order 
to partially overcome the well-known difficulties corresponding to the 
solution of phaseless inverse scattering problem as well as the reduced 
spatial resolution of MW imaging.  

Throughout the paper we consider the canonical 2D scalar problem 
(TM polarized fields) and we assume and drop the time harmonic factor . 
 

II. IN-VIVO ESTIMATION VIA PHASELESS INVERSE SCATTERING PROBLEM 

AND MRI/CT BASED PROJECTION 
 
Let us encode the EPs of the targets in the contrast function 𝜒(𝒓) 	=

	𝜖((𝒓)/𝜖*(𝒓)	– 	1, wherein 𝜖(	and 𝜖* are respectively the complex 
permittivities of the tissues and the coupling medium, and denote with 
	𝒓 = (𝑥, 𝑦) a generic point belonging to the investigation domain Ω. This 
latter is probed by means of a set of antennas located in 𝒓𝒕 on a closed 
curve 𝛤, while the resulting scattered fields are measured by receiver 
antennas also located in 𝒓𝒓 on 𝛤. The equations describing the scattering 
problem are [4]:  
 

𝐸3(𝒓𝒓	, 𝒓𝒕) = 𝐸4(𝒓𝒓	, 𝒓𝒕) +𝒜7[𝑊(𝒓, 𝒓𝒕)] 
(1) 

𝑊(𝒓, 𝒓𝒕) = 𝜒𝐸4(𝒓, 𝒓𝒕) + 𝜒𝒜4[𝑊(𝒓, 𝒓𝒕)] 
(2) 

where 𝐸4, 𝐸3 and 𝑊 are the incident field, total field and contrast source 
induced in the scatterer, respectively, and	𝒜; and 𝒜< are a short notation 
for the integral radiation operators. As well-known, the problem is non-
linear and it is also ill-posed due to the properties of the involved operator 
𝒜7 [4]. Moreover, these difficulties are further worsened when, as the case 

at hand, only phaseless total field measurements |𝐸3|> are available [5]. 
Very many different approaches have been developed in literature in 

order to partially take on such difficulties. In the following we consider 
the single step approach in [5], wherein the unknowns 𝑊 and 𝜒 are 
simultaneously estimated by minimizing a non-linear functional, i.e.: 

 

Φ(𝑊, 𝜒) =@‖𝑊 − 𝜒𝐸4 − 𝜒𝒜4[𝑊]‖CD>
‖𝐸4‖CD>3

+@‖|𝐸3|> − |𝐸4 +𝒜7[𝑊]|>‖CD>
‖|𝐸3|>‖CD>3

 

(3) 
wherein the illumination and spatial dependences are neglected for the 
sake of brevity. Due to the strongly non-linearity of the problem, the 
functional (3) is non-quadratic. Moreover, due to the huge number of the 
involved unknowns, gradient-based minimization schemes could be 
trapped in local minima.  
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In order to avoid the occurrence of false solutions and simplify the 
complexity of the inverse scattering problem, some priori information on 
𝜒 can be exploited. To this end, the proposed approach introduces an 
innovative representation basis conveniently derived from the 
segmentation of the MRI or CT images, which allows to restrict the 
dimensionality of the unknown space and to fall into the right attraction 
basin. Accordingly, the contrast function 𝜒 is projected into a ‘tissue 
space’, i.e.: 

𝜒(𝑟) = @ �̂�G
H

GIJ
𝒯G(𝑟) 

(4) 
where N is the number of tissues arising in the MRI images and 𝒯G	is a 
basis function which assumes non-zero values only in those pixels 
belonging to the considered tissue. By using representation (4) into 
minimization of Φ (3), the actual unknowns of the problem become the 
coefficients �̂�G, which represent the EPs corresponding to the n-th tissue. 
The inverse scattering problem is hence turned into a parameter 
estimation problem, wherein only a single (complex) parameter is looked 
for in each different tissue. By so doing, the number of unknown 
parameters is strongly reduced to 𝑁, and this results in a strongly 
reduction of the ill-posedness and non-linearity. 

Note that the tissue projection (4) represent a general approach to deal 
with in-vivo estimation of patient specific EPs and it can be used in 
conjunction with other different and well assessed inversion techniques. 
 

III. NUMERICAL VALIDATION 
 

In order to assess the capability of the proposed in-vivo EPs 
estimation, a preliminary numerical example dealing with a transversal 
slice of an anthropomorphic 3D head and neck model is provided. The 
model is derived by merging the morphological information gathered from 
a high-resolution voxel-based anthropomorphic phantom [6] with the 
results from ex-vivo tissue dielectric spectroscopy [7]. In particular, on 
the basis of the results in [3], these values have been increased of about 
25% for permittivity and 30% for conductivity. Moreover, in order to 
consider a more realistic scenario, the EPs in each voxel of the model 

have been perturbed by a ±10% uniformly distributed random 
fluctuation.  

The data have been simulated by using a full wave forward simulator 
based on the method of moments and corrupted with a random Gaussian 
noise with a given SNR. In particular, a set of incident fields radiated by 
30 line sources evenly spaced on a circumference with radius of 0.3 m 
has been considered. Following [1], the working frequency is f=434GHz, 
while the matching medium has permittivity 78 and conductivity 0.04 
S/m. The subdomain has been discretized in 64 × 64 cells of size 0.2295 
m. 
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In figures 1(a)-(b) are reported the permittivity and conductivity 
values of the retrieved profiles corresponding to different SNR and the 
different tissues. As it can be seen the estimation of the EPs is extremely 
accurate, thanks to the basis representation (4) which is composed of just 
eight functions. The obtained mean square error with respect to the 
actual complex permittivities values are about 0.00018, 0.00041 and 
0.0032, respectively for SNR=70 dB, 60 dB and 50 dB. Note that 30 line 
sources correspond to a number of independent data, which is less than 
the actual degrees of freedom of the original problem [5]. 

More details and other examples will be given at the conference, 
together with an assessment of a recently introduced hyperthermia 
treatment planning technique. 

 

 
                                (a)                                                     (b) 

FIG. 1 - In-vivo estimation of head and neck EPs: Retrieved values of (a) permittivity 
and (b) conductivity corresponding to different SNR. 
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Abstract 
This communication reports a first experimental assessment of the use of 
microwave tomography for monitoring thermal ablation for cancer treatments. In 
particular, the monitoring of a controlled microwave thermal ablation experiment 
on ex-vivo bovine liver sample is presented. The results confirm the capability of 
microwave tomography of providing information on the performed treatment. 
 

Index Terms  Microwave imaging, microwave ablation, image guided therapy.  

 
I. INTRODUCTION 

  
Thermal ablation (TA) is a cancer treatment consisting in the induction 
of coagulative necrosis of tumour cells by local heating, which can be 
achieved by using various sources (radio-frequency, ultrasound, 
microwaves). Thanks to its minimal invasiveness, TA is gaining 
importance in clinical practice. However, its beneficial effects would be 
significantly improved if treatment delivery would be paired with 
imaging tools, able to monitor the evolution of the ablated tissue in real-
time. Currently, the temperature in the region under treatment is 
monitored by local thermometric probes, which, besides being invasive, 
can only provide local measurements. Moreover, “standard” clinical 
imaging modalities (such as computed tomography or magnetic 
resonance imaging) suffer limitations, either related to cost or the 
unhealthy side-effects for the patient and operator. This motivates the 
interest in alternative techniques. 
Recently, microwave tomography (MWT) was proposed as a low-cost and 
portable modality to monitor the overall thermal ablation treatment [1], 
enabled by the temperature-dependent changes occurring in the 
dielectric properties of tissue during the treatment [2]. In [3], a first 
feasibility study concerning the use of MWT as a tool to monitor 
changes of tissue dielectric properties (and therefore of temperature) 
during thermal ablation was presented. Based on the positive outcomes, 
a first experimental campaign aimed at validating the idea has been 



 

74 

 

carried out. This communication presents the initial results of this 
proof-of-concept study. In particular, the experiment was concerned 
with the microwave thermal ablation (MTA) of ex-vivo bovine liver tissue, 
under laboratory-controlled conditions. A time domain processing was 
adopted to analyze the measured data, confirming the great potential of 
MWT as a non-invasive tool to monitor TA. 
 
 

II. EXPERIMENTAL SET-UP AND MEASUREMENT PROTOCOL 
 
The experimental set-up was composed by two independent devices.  
The first device is aimed at performing the ablation experiment. This 
was carried out with a commercial MTA apparatus inserted in an ex-

vivo specimen of bovine liver, delivering to the applicator an average net 
power of about 60 W at 2.45 GHz (CW) for a time of 8 minutes. Such a 
protocol (power and time) was chosen in order to achieve an ablated 
zone completely included in the tissue sample [4]. 
The second device performs the monitoring task via MWT. To this end, a 
Vivaldi antenna was connected to a vector network analyzer (VNA) to 
measure the antenna’s reflection coefficient (S11) in the 1–4 GHz 
frequency band, sampled over 201 points. The MWT antenna, 
positioned at a distance of about 1 cm from the (raw) liver surface, was 
moved along a line orthogonal to the shaft of the applicator (Fig. 1). 
Measurements were carried out in 13 positions, ranging from -3 cm to 3 
cm, with respect to the applicator’s axis, which was positioned at the 
zero of the assumed reference system, as shown in Fig. 1. 
MWT measurements were performed before the ablation (untreated 
tissue, taken as “reference” condition) and after completion of the MTA 
procedure. At the end of the experiment, the specimen was sectioned 
along the coronal plane, i.e., the plane coplanar with the shaft of the 
applicator, to allow visual inspection of the ablated zone. In the coronal 
plane (XY in Fig. 1), the typical ellipsoidal-shaped thermally coagulated 
area can be appreciated. In the transverse plane, (YZ), i.e., the plane 
orthogonal to the shaft of the applicator, the thermal lesion has 
typically a circular shape. From the visual inspection, the ablated area 
has been gauged to a radius of 23 mm, while 4 mm of tissue remained 
untreated. Moreover, a shrinkage effect, that is, a contraction of 7 mm 
in the central area of the sample, was also observed [4,5].  



 

75 

 

      (a)       (b) 
FIG. 1  (a) 2D Geometry of the experiment (coronal plane). The red circles 
denote the positions of the MWT antenna. Distances are in centimeters. (b) 

Inspection of the tissue specimen after MTA treatment. 
 

 
III. PROCESSING OF THE DATA  

 
The possibility of using MWT to monitor the evolution of MTA relies on 
the changes in the dielectric properties of tissue during the treatment 
[2]. As such, a “simple” differential processing the MWT data collected at 
various time instants (e.g., before and after ablation) should be in 
principle sufficient to achieve the sought information, and in particular 
to image the boundary between treated and untreated tissue. In 
practice, treatment outcomes are not so straightforward, since the 
change in dielectric properties of tissue is not the only phenomenon 
occurring during ablation. As a matter of fact, as highlighted by the 
visual inspection, the treatment may induce a deformation of the 
sample [5], which obviously influences the differential data. 
In order to cope with this issue, the data measured by the MWT system 
were pre-processed. In particular, the (differential) time-harmonic 
signals measured for each MWT antenna position were converted into 
time domain via 1-D Inverse Fourier Transform (IFT) and windowed. 
Such a windowing had to be such to filter out the contribution of the 
MWT antenna ringing, that of the air-liver interface, and the effect of the 
deformation of the liver surface. Moreover, it had to avoid the 
occurrence of replicas due to the limited bandwidth. Taking into 
account these constraints, the time window in the presented experiment 
was set to about 0.45 ns, which corresponds to about 1 cm in liver. 
Note this window can be shifted in time to inspect the specimen at 
different depths. Finally, the windowed signal (in time domain) was 
converted to frequency domain (via FFT) and fed into a tomographic 
algorithm based on the truncated singular value decomposition [3].  
By means of the above procedure, the tomographic reconstruction 
shown in Fig. 2a was obtained. In this image, the origin of the reference 
system is located at the quota of the MWT antenna, so that the top of 
the image corresponds to the position of the untreated liver surface. 
This result allows appraising the treated-to-untreated boundary, which, 
in agreement with visual inspection, is located at about 1 cm from the 
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original surface (instead of 1.1 cm, given by 7mm due to shrinkage 
effect plus 4 mm of tissue remained untreated). It is interesting to 
observe how the tomographic image obtained from the windowed data 
after ablation (shown in Fig.2b) does not give a meaningful result, thus 
showing the relevance of performing both the difference of the signals 
and the time-domain preprocessing. 

 
  (a)            (b) 

 
FIG. 2  Tomographic reconstructions obtained with (a) differential data; (b) 

post-treatment data 

 
 

IV. CONCLUSIONS 

 
The results of an experiment aimed at validating the use of microwave 
tomography to monitor microwave thermal ablation treatments have 
been presented. The initial outcomes herein described confirm the 
potential of the technique and have also highlighted the need of suitable 
preprocessing strategies, required to achieve data that can be properly 
handled by means of tomographic algorithms.  
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Abstract 

Bone tumors can be treated via in situ hyperthermia employing novel magnetic 
biomaterials. In this work, magnetic hydroxyapatite and poly-ε-caprolactone 
scaffolds are investigated. The non-linear temperature dependence is included, 
moreover a Cole-Cole model is proposed to describe the frequency response of 
material magnetic susceptibility and to assess their use as therapeutic tools. 
Employing proper magnetic, dielectric and thermal properties for scaffold and 
tissues, in this work the effectiveness of magnetic induction hyperthermia 
against Osteosarcomas and Fibrosarcoma is investigated through an in silico 
model. The strength and frequency of external magnetic field were tuned to 
increase temperature above 43°C for at least 60 min in each tumor region 
without affecting healthy bone tissue.  

Index Terms  bone tumors, cole-cole model, hyperthermia, magnetic 
nanoparticles.  

 
 

I. INTRODUCTION 
  

Hyperthermia treatment is widely recognized as a powerful clinical 
tool against tumors [1]. The aim of this therapy is to selectively rise 
tumor temperature above 42.5 °C for a time sufficient to cause protein 
aggregation and denaturation, inducing cytotoxicity, then altering 
tumor blood flow and microenvironment, causing cancer cells death [1]. 
Electromagnetic (EM) energy can be employed to increase cancer tissue 
temperature, as investigated by Fan et al. exploiting microwave (MW) 
irradiation of pathologic bone tissue [3].  Bone cancers are a wide class 
of neoplasms estimated to afflict 3 cases a year per 100’000 persons, 
between 10 to 20 years, with survival rate from 30% to 40% [1]. Such 
lesions cause pain, chronic inflammation, discomfort and movement 
limitations, even pathologic fractures in affected patients [3]. Among 
bone tumors, bone-forming, i.e. Osteosarcoma (OS), and cartilage-
forming, i.e. Fibrosarcoma (FS), are most diffuse one [3]. Hence, in this 
work they are considered as target of the hyperthermia treatment. 
Anyway, the MW treatment [2] determines an 8% recurrence rate and 
several pathological fractures after surgery. This implies that grafts or 
the use of bone scaffolds to withstand tissue regeneration should be 
employed in clinical practice [2], [3]. This orthopedic oncology neediness 
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lead to the development of functional magnetic biomaterials to 
withstand healthy bone healing while allowing in situ hyperthermia via 
power dissipation under the action of an external time-varying magnetic 
field [4]. Innovative scaffolds biomaterials, able to perform in situ 
hyperthermia of bone tumor, are based on magnetic nanoparticles 
(MNPs), which are embedded in traditional bone tissue materials [4]. 

The aim of this paper is to investigate major influence parameters for 
in situ hyperthermia treatment of bone tumors exploiting magnetic 
scaffolds.  
 

II. MAGNETIC PROPERTIES MODELING AND BIO-HEAT EQUATION 
 

The power per unit volume dissipated by magnetic scaffolds can be 
described as suggested by Roseinzweig [5]: 

 

2

0 ''MP fH    (1) 
 

where μ0 is vacuum permeability in Hm-1, f is the frequency of the 
applied alternating magnetic field, H is its strength in Am-1 and χ’’ is 
the imaginary part of material magnetic susceptibility. This last term 
has been traditionally evaluated using Debye model [5], as for the 
ferrofluids case. Anyway, recently it was demonstrated that a Cole-Cole 
scheme [5] allows a more appropriate description of experimental 
heating curves [5]. Therefore, the complex magnetic susceptibility, χ(ω), 
of both magnetic hydroxyapatite and poly-ε-caprolactone scaffolds can 
be written as [5]: 
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where χ’ is the magnetic susceptibility real part, ω is the angular 
frequency and γ is the so-called Cole-Cole exponent, which can be 
assumed equal to 0.75 [5]. The characteristic Néel relaxation time τ 
follows the definition given in Ref. [4]. Moreover, in this model, the pre-
exponential constant τ0 is assumed to be a decreasing function of 
temperature [6]. Finally, the equilibrium susceptibility, χ0, is assumed 
inversely dependent from system temperature [5], [6]. From the solution 
of Maxwell equations in the frequency domain, the computed EM power 
is inserted in the Pennes equation to determine the spatio-temporal 
distribution of temperature in tissues [7]. 

 

III. SIMULATIONS 
 

Osteosarcomas and Fibrosarcoma affect mainly long bones extremities 
[2]. Therefore, in this paper, the case of a magnetic scaffold implanted 
in distal femur after surgical intervention is analyzed (Fig. 1). The 
software COMSOL Multyphisics is employed, especially Magnetic Fields 
and Heat Transfer Modules (COMSOL inc., Burlington, MA). 
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FIG. 1  A scaffold implanted after long bone tumor surgical treatment is 

analyzed. A transverse section of bone, residual cancer tissue, fracture gap 
and scaffold are considered, with radius rb, rt, rl, rs respectively.  

 
A homogenous uniform external magnetic flux density field B0(t) is 
assumed applied along the z-axis. The orthopedic implant has a radius 
of 5 mm. Nearby the scaffold, there is a region where new bone forms to 
heal surgical fracture, its radius was set to 0.1 mm. For both OS and 
FS, tumor radius was varied between 1 mm to 5 mm. 
 

IV. RESULTS 

 
The non-linear dependence form temperature of material magnetic 
properties causes the magnetic field to vary with time, implying a 
stationary condition for the heating phenomenon (data not shown). 
Temporal and spatial distribution of temperature is qualitatively similar 
for both bone cancers. Therefore, as an example, in Fig. 2 it is shown 
T(r,z) in the case of a OS, with rt = 0.5 mm, when a 30 mT and 293.15 
kHz is applied. 

 
FIG. 2  2D temperature distribution after 85 min of exposure to the eternal 

magnetic radiofrequency field.  

 
Finally, the volume averaged temperature increase in tumor region was 
monitored to assess if the lethal threshold of 43 °C was overcome for 
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more than 60 min [1]. From Fig. 3, it can be noticed that the magnetic 
hydroxyapatite is the most performant biomaterials for in situ 
hyperthermia of bone tumors. Finally, an efficient treatment can be 
devised for both OS and FS. 
 

 
FIG. 3  Mean temperature in the tumor region as a function of time. Both 

scaffolds material performances are reported with varying rt.  
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Abstract 

Breast cancer places fifth as a cause of death from cancer, especially among 
women. However, screening techniques have increased the success rate of 
medical therapies. Based on the well-known limitations of the most commonly 
used screening methods, microwave imaging has been proposed as an 
alternative solution. By detecting the dielectric discontinuities in the tissues, 
microwave imaging systems are able to detect malignant lesions, without 
exposing the patient to ionizing radiations. With respect to the actual microwave 
prototypes, the novel system proposed in this paper works at an higher central 
frequency, i.e. 33.25 GHz, and with a bandwidth of about 13.5 GHz. These two 
values determine a higher achievable resolution, which would make it possible 
an early-stage cancer detection. However, at these frequencies the propagation 
medium is particularly challenging in terms of loss and penetration depth. 
Consequently, the beam-forming algorithms used to form the image play a 
crucial role to obtain optimum results even in a lossy medium. 
In this paper, the feasibility study of a system based on a mm-waves multi-
static radar architecture is presented, focusing the attention on the comparison 
between two different beam-forming algorithms. 
 

Index Terms − Biomedical applications; breast cancer detection; 
beamforming; link budget; microwave and mm-wave imaging. 

 
I. INTRODUCTION 

  
Breast cancer is one of the most common type of tumor among women. 
However, the continuous development of diagnostic devices and imaging 
techniques have allowed to achieve increasingly accurate and early 
diagnosis [1]. The most used imaging technique is X-ray mammography, 
but its drawbacks prevent its use on a large scale for screening 
applications. For this reason, microwave imaging has been recently 
proposed as a complementary imaging technique [2]–[5]. Indeed, 
microwave systems make use of non-ionizing radiations, are available at 
relatively low-cost, and are suitable for an operator-independent 
implementation, thus allowing for a possible periodic screening of a 
large fraction of the population. Different system architectures have 
been proposed, and they all rely on the dielectric contrast between 
normal and tumorous breast tissues [6], [7]. However, all of them share 
similar operational frequencies, not exceeding a few GHz, and 
consequently in some cases they prevent achieving an early detection, 
because of the reduced image resolution [2], [8]. The use of higher 
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frequencies, in the mm-wave range, envisaged by a number of works, 
would yield to better spatial resolution and to the downscaling of many 
components, but unfortunately at the cost of an higher signal 
attenuations inside breast tissues [9]–[11]. Therefore, an accurate 
feasibility study, on the grounds of recent experimental results on the 
dielectric properties of breast tissues up to 50 GHz ([12], [13]), is very 
important to assess the potentials of such an approach. In particular, a 
key point is the represented by the beam-forming algorithms, which are 
fundamental to obtain optimal image even for lossy media. 
This paper presents a multi-static radar architecture for breast cancer 
detection working at a central frequency of 30 GHz. 
 

II. MULTI - STATIC RADAR ARCHITECTURE 
 

In the design of a new imaging system for breast cancer detection 
based on mm-waves, it is fundamental to increase as much as possible 
the Signal-to-Noise ratio (S/N) to compensate for the large propagation 
losses. For this reason, in the present work a multi-static radar 
architecture is considered.  

The multi-static radar architecture considered in this paper is based 
on a 2-port Vector Network Analyzer (VNA) (or on a dedicated 
transceiver), an array of M antennas, and a 2:M switch matrix, either 
electro-mechanical or integrated, to connect the VNA ports to the 
antennas. The working principle is named Synthetic Aperture Focusing 
(SAF) technique and it is explained in [MIO MTT]. A sketch of the 
proposed system is shown in Fig. 1. The circular (conformal) layout 
appears to be the best solution for breast cancer imaging. 

 

 
FIG. 1 − Sketch of the multi-static radar architecture. 

 

III. FULL-WAVE MODELS AND IMAGE ALGORITHMS 

 
Full-wave simulations were carried out using the Ansys EM solver 
HFSS. Open-ended WR28 waveguides, with a mono-modal bandwidth of 
13.5 GHz [26.5 – 40] GHz, were used as radiators. The complete 
simulated models are described in [9].  
Given the large importance of image reconstruction algorithms for this 
type of applications, two different approaches were implemented to 
evaluate different possibilities. In particular, the performance obtained 



 

83 
 

with standard DAS beam-forming was compared to that achieved by F-
DMAS [14], i.e. a non-linear beam-forming algorithm developed for 
ultrasound B-mode imaging, which derives from the DMAS beam-
former introduced for breast confocal microwave imaging in [15].  
The image reconstruction procedure is described in [16]. 
 

 
FIG. 2 − Reconstructed image for circular configuration using: DAS beam-

forming (left); F-DMAS beam-forming (right). Color scale in dB. 

 
IV. RESULTS AND CONCLUSIONS 

 
Fig. 2 shows the image reconstructed with both the approaches. 

Target 1 (T1) refers to the tumor on the central x = 0 mm axis, Target 2 
(T2) refers to the off-axis one. For T1, resolutions are: δR = 8.1mm and 
δL = 3.4mm (DAS); δR = 6.4mm and δL = 2.3mm (F-DMAS). For T2, 
resolutions are: δR = 5.1mm and δL = 3.7mm (DAS); δR = 4.4mm and 
δL = 2.4mm (F-DMAS). 

In this paper some preliminary results of a feasibility study of a new 
mm-wave imaging system for breast cancer detection are discussed. A 
full-wave model, implementing the dielectric properties of breast tissues 
(normal and tumorous) experimentally derived from ex-vivo samples, 
were implemented, and two different image reconstruction algorithms 
(DAS and F-DMAS) were compared, showing the possibility to image 
targets at a depth of 4 cm. 
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Abstract 
In this paper, a portable RFID reader operating at the frequency of 2.45 GHz is 
described: it exploits the Monopulse RADAR technique with the added capability 
of electronic beam-steering. This architecture has already demonstrated its 
effectiveness in multiple tags accurate localization in harsh electromagnetic 
indoor environments, detecting the angular position of the tags, and, with a 
simple algorithm based on the received signal strength, to fast estimate the 
distance of the tags from the reader with centimeter-level accuracy. This work 
has been developed within the framework of the Regional Operative Project 
“HABITAT” and is part of a research presented in [1]. Thanks to this simple and 
light reader, long-term people habits and ambient occupancy in typical indoor 
scenarios can be accurately monitored in almost real time.  

Index Terms − Monopulse RADAR, RFID reader, tags selection, tracking old 
people.  
 
 

I. INTRODUCTION 
  

Over the last few years, with the growing availability of low-cost and 
low-power wireless sensor networks, there has been an ever-increasing 
trend to include innovative wireless technologies in living spaces in 
order to create Smart Spaces and allow different Internet of Things (IoT) 
operations. 
Moreover, in the last decades, the average age of the population is rising 
and, as a consequence, also the number of retired people is significantly 
increasing and their monitoring to detect as soon as possible any kind 
of disease or issue related to the age is becoming a matter of urgency; 
it’s demonstrated that the early detection of disorders such as 
Alzheimer’s disease or other types of senile dementia, can be 
accomplished by analyzing the movements and the behavior of high-risk 
patients [2]. 
In this work we show how this operation can be performed by a simple 
and light-weight reader operating at 2.45 GHz. 
 
 

II. READER ARCHITECTURE 
 

The reader has been presented for the first time in [3], for the 
detection of fixed tags in hostile electromagnetic environments.  
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Fig. 1 shows the photographs of the prototype and its hardware 
architecture. 

 

(a) (b)

reflector/ground

W

L

feed line

Slots for antennas insertion

9 cm

7 cm

          

FIG. 1 − Reader prototype: in the left, (a) circuit back view and (b) antennas 
layout; in the right, the adopted solution to include the smart object in 

everyday environments (a lamp, in this case). 

 
Through the electromagnetic/circuital design of a reflection-type 

phase shifter [4] (Fig. 1(a)), given by a meandered branch-line coupler 
whose inner ports are loaded by nonlinear reflective loads (two series 
varactors), a continuous tuning of the excitation phase of a couple of 
planar antennas can be obtained. An additional meandered rat-race 

coupler makes available a couple of array ports: the sum (Σ) and the 

difference (∆). In this way the Monopulse RADAR principles (based on 

the combination of the Σ- and ∆-enhanced radiation patterns 
information) is exploited while scanning both the patterns. As radiating 
elements, two planar flag-shaped dipole antennas are adopted (Fig. 
1(b)): the double-sided topology allows to obtain a smooth transition 
from the balanced antenna port to the unbalanced microstrip circuitry, 
without any additional balun. 

This architecture has demonstrated its effectiveness in indoor 
environments where both the tag-reader distances are not too big (up to 
5 m) and clutter or fast fading effects must be faced. In [3], accuracies 
of few centimetres are feasible up to 3 m-distance. 
 
 

III. MOVING TAGS LOCALIZATION 
 

In order to add the capability of the reader to track the movements 
of tagged people in a bi-dimensional area, additional data processing 
has been included. Of course, a preliminary calibration is still needed, 
but it can be very simple thanks to the high accuracy of the angular 
position measurement previously described. Under the hypothesis of 

static channel, only three measurements of the maximum Σ RSSI 
received from the tag are performed: indeed, the room is sectored into 
three radial reading zones, where the tag is placed at a reference 
distance. 
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After the calibration and the real-time measurement of the received 
RSSI signals, the distance d of the tag from the reader is given as: 
 

 0 R(P P )

10 nd 10

−

⋅=  

(1) 

 
where P0 and PR are the maximum values of the RSSI received at the 

Σ port during calibration at one meter and in real-time, respectively, 
whereas n is the path-loss exponent [5]. 

The overall time required for a single-measurement is 200 ms (40 
steps), including the initial overhead for tags ID acquisition and 60 ms 
dedicated to the dialogue with each tag. 

As an experiment, the reader has been placed in a real office 
scenario with an estimated path-loss exponent of n=2; the 
corresponding measured results are reported in Tab. I for the first 
position of the reader, considering the average of 10 successive 
measures.  
 

 
 
 

 
 

FIG. 2 − A typical everyday life environment where the measurements took 
place (Expo Sanità, Bologna, 18-20 April 2018). 

TABLE I:  MEASUREMENTS IN THE OFFICE SCENARIO (N=2) 
 

Point 
Actual 

Position 
(x0;y0) 

Measured 
Position 
(xm;ym) 

Distance 
Reader-

Tag 

Percentage 
Error 

Point #1 (5.15;1.50) (5.85;1.25) 1.75 13.86% 
Point #2 (2.45;1.20) (3.10;0.55) 3.79 33.70% 
Point #3 (3.35;0.60) (3.56;0.50) 2.77 6.83% 
Point #4 (4.55;0.90) (4.66;0.90) 1.75 2.37% 
Point #5 (5.75;2.00) (5.96;1.99) 2.02 3.45% 

All the coordinates and distances are expressed in meters. 
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From Tab. I inspection, it is easy to notice that the highest errors 
occur for both higher reader-tag distances and in proximity to the 
calibration zone boundaries (points #1 and #2).  

As a further experiment, a real tracking of a tagged person in the 
same office has been carried out: excellent agreement with actual track 
is achieved in real-time, in case of reader-tag Line of Sight (LoS). 
 
 

IV. CONCLUSION 
 

In this work, a portable microwave reader realizing real-time 
movement analysis has been presented to identify the positions of 
people moving in an indoor environment considering a static channel. 
The effectiveness of the reader operations has been demonstrated by 
detecting the tags’ position even in harsh electromagnetic areas, with 
the possibility to early diagnose specific age-related diseases strictly 
connected to the repetition of particular movements. 
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Abstract 
The paper presents an integrated radar tile for X/Ka band digital beamforming   
(DBF)   space-borne   Synthetic   Aperture   Radar   (SAR) receiver. The system is 
a low-cost, lightweight, low-power consumption, and dual-band (X/Ka) dual-
polarized module ready for the next-generation spaceborne SAR missions.  

Index Terms − Digital beamforming (DBF), dual-band, dual-polarized, 
synthetic aperture radar (SAR) 

 
I. INTRODUCTION 

DIFFERENT project [1] proposes a multi-static SAR based on formation 
flying small satellites to solve the existing problems of traditional SAR 
systems. DIFFERENT is an abbreviation for “digital beamforming for 
low-cost multistatic spaceborne SARs”.  The objective of the DBF-SAR 
system  is to achieve a low cost, lightweight, low-power  consumption,  
and dual-band (X/Ka) dual-polarized module for the next-generation 
spaceborne  SAR system  in Europe. In [1] a general description of the 
SAR system were provided. In this paper the integration of all 
subsystems in a complete radar tile will be presented and discussed. 
The radar tile has been realized using an innovative 15 layers stack-up 
where all involved components have been integrated together. 
 

II. RADAR ARCHITECTURE 
Antennas are integrated in a RF board that accommodates also 60 
MMICs (Monolithic Microwave Integrated Circuit) chips. The function of 
each RF MMIC unit is to down-convert the received V- and H-polarized 
signals to an intermediate frequency (IF) band, generating 60 output 
channels (48 at Ka-band and 12 at X-band). The RF board can be 
divided in 12 tiles, each of them generates five output channels (4 at 
Ka-band and 1 at X-band).  The tile is the fundamental functional unit 
of the SAR array. The output down-converted signals are routed to an 
ADC board where are processed in the digital back-end block. Finally, 
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digitized data corresponding to each channel and polarization are 
weighted and combined in the DBFN implemented in six digital boards.  
This paper deals with the design, manufacturing, and testing of a single 
radar tile, demonstrating the correct operation of the whole systems 
composed by several components integrated in an advanced PCB stack-
up. Fig. 1 (a) shows the architecture of the proposed radar tile. Each tile 
accommodates: 

• one H-polarized X-band antenna; 

• one V-polarized X-band antenna; 

• eight Ka-band (two in elevation, four in azimuth) dual-polarized 
antennas.  

• two MMIC chips at X band (for V and H polarized signals); 

• four  MMIC chips at Ka band (two for V and two for H polarized 
signals); 

• two local oscillator distribution networks for the two bands ( X 
and Ka). 

Each X-band antenna is connected to a single MMIC chip, the signal is 
down-converted using a 9.6-GHz local oscillator (LO) signal. Each Ka-
band chip is connected to four Ka-band antenna elements. The signal 
from every antenna element are summed on-chip and then down-
converted using an off-chip LO signal of 35.75 GHz. In this way every 2 
× 2 Ka-band antennas is actively combined in the tile to form a single 
channel. 
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(b) 
 

FIG. 1 − (a) Digital beamforming synthetic aperture radar (SAR) architecture; 
(b) 15 Layers Board Stack-up 

 
III. MANUFACTURED RADAR TILE 

Fig. 1 (b) shows the proposed stack-up used to design the radar tile. 
The technology used in this work is based on an advanced multilayer 
PCB technology, which includes fifteen layers of metallization. Laser 
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cavities are carved between layers L1 and L3 to accommodate the MMIC 
chips.  

 
Fig. 2 Integration of the antennas in the 15 layer stack-up of a single tile. 

 

Ka band antennas are dual-polarized stacked patches 
electromagnetically coupled to the feeding lines via dedicated slots (Fig. 
2). The driven patch has been integrated in the layer L11 of the stack-
up. A slot in the ground layer L10 is used to couple the patch with the 
feeding stripline printed in L9. Connection between microstrips in the 
top L1 layer and feeding strips in L9 is obtained using the quasi-coaxial 
vertical transitions. Two orthogonal parasitic dipoles and a patch are 
added near the driven patch to improve the radiation patterns. The X-
band antenna is realized with a pair of cross-dipole antennas printed on 
layers L13 and L15 proximately coupled to a driven dipole printed on 
L11. Fig. 3  shows the the manufactured radar tile. 
 

 

 
(c) 

 
Fig. 3 Manufactured tile: (a) Antenna side (b) Chip side. (c) architecture of the 

manufactured tile. 

 
IV. MEASUREMENTS 

Manufactured board (Fig. 3) has been tested with two set of 
measurements:  direct antenna characterization measuring S-
parameters and radiation patterns; Antenna+chip characterization 
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realized illuminating the board with horn antennas and measuring the 
IF signal of the six output channels. The purpose of the measurements 
is to demonstrate the correct operation of the whole system composed 
by several components integrated in the proposed 15 layers stack-up. 
Fig 4 shows the Measured S-parameters and gain of the Ka band 
antennas. Fig. 5 (a) shows the measurement setup used to measure the 
conversion gain of the Ka-band chip as shown in Fig. 5 (b). Similar 
results have been obtained for the X-band case. 
 

 
 

 
Fig. 4(a) Measured S parameters of the Ka-band antenna;  (b) Normalized gain 

of the Ka-band antenna at 35.75 GHz, 

 
IF output: Agilent E4448A 

Spectrum Analyzer 50 GHz

RF signal source: R&S 
SMF100A Microwave Signal 

Generator

LO signal source: R&S signal 
generator SMR60 

Voltage Source

Horn Antenna

 
(a) 

 
(b) 

Fig. 5 (a) Measurement setup at Ka-band; (b) Measured conversion gain of the 
Ka-band receiver vs. RF input power. Continuous line: current prototype; 

dashed line: on wafer measurement. 
 

V. CONCLUSION 
In this work an integrated radar tile for X/Ka band Synthetic Aperture 
Radar Instruments were presented.  The tile has been realized as a 
single integrated component, comprising a dual-band dual-polarized 
sub-array, related feeding and distribution networks and  MMICs. A 
more detailed account of the system and of measurements will be given 
in the course of the presentation. 
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Abstract 
This paper deals with the theoretical derivation of an electromagnetic (EM) model for the 
bistatic radar cross section (RCS) of ship targets. In particular, here we focus on the 
modelization of the double scattering contributions arising from the interaction between 
the ship hull and the sea surface. The overall scattered EM field is derived under the 
Kirchhoff approximation and the Geometrical Optics solution. Closed-form expressions for 
the scattering matrix and the radiation integral are provided. Numerical results show the 
role of the acquisition geometry and ship orientation on the bistatic RCS. 

Index Terms  Electromagnetic scattering, geometrical optics, radar cross 
section, ship detection.  

 
 

I. INTRODUCTION 
  

In this work, we analytically evaluate the bistatic radar cross section 
(RCS) of a ship, under the Kirchhoff Approximation (KA) and geometrical 
optics (GO). Taking cues from [1], where a rigorous theoretical framework 
has been developed for modeling the backscattering RCS of buildings in 
urban scenarios, we extend the previous results to the most generic 
bistatic configuration. Specifically, a ship in open sea is represented as a 
parallelepiped lying over a rough surface [1]. The GO approximation 
allows us to clearly distinguish the different contributions arising from 
multiple bounces between the sea surface and the ship hull. In 
particular, here we focus on the double-bounce contributions (i.e., sea-
to-hull, and hull-to-sea), since they turn out to be the most relevant ones 
[1]. Furthermore, the material composition of the ship, as well as the 
geometry of acquisition, the ship orientation, sea state, polarization of the 
incident and reflected electromagnetic (EM) waves are accounted for. 
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II. BISTATIC RCS MODEL OF THE SHIP TARGET 
 
In this paper, we consider the same geometry and symbols reported in 
[1], and aim at extending the backscattering RCS model in [1] to generic 
bistatic configurations. The ship target is modeled as a parallelepiped 
with smooth dielectric surfaces, lying on a rough sea surface, modeled as 
a two-dimensional (2-D) zero mean isotropic Gaussian stochastic process 
with standard deviation σ, and auto-correlation function ρ(∙). The 
transmitter position is described by the radar look angle θ, while the 
receiver position by the look angle θs and the azimuthal angle φs. In the 
framework of the KA-GO approach, and assuming an incident plane 
wave, the scattered EM field can be expressed as [1], [2]: 
 [𝐸𝑠ℎ𝐸𝑠𝑣] = 𝑗𝑘 𝑒𝑗𝑘𝑟4𝜋𝑟 [𝑆ℎℎ 𝑆𝑣ℎ𝑆ℎ𝑣 𝑆𝑣𝑣] [𝐸0ℎ𝐸0𝑣]∬ 𝑒𝑗(𝑘𝑖−𝑘𝑠)∙𝑟′ 𝑑𝑟′𝐴0⏟            𝐼𝐴0

 

 
where all the symbols are defined in [1]. The single scattering 
contribution arising from the ship deck is a plane wave propagating in 

the specular direction �̂�𝑠,𝑡𝑜𝑝 = − sin 𝜃 �̂� + cos 𝜃 �̂�. Its evaluation is 

straightforward and omitted here. The scattered field is fully described by 
the scattering matrix 𝑆 accounting for the material composition of the 

surface and the scattering integral 𝐼𝐴0 accounting for the surface 

roughness. Analytical closed-form expressions for 𝑆 and 𝐼𝐴0 are reported 

in Table I and Table II for the ship-sea and sea-ship reflections, 
respectively. 
 

III. NUMERICAL RESULTS 
 

In this section, numerical results of the model presented in the previous 
section are reported. The dimensions of the simulated ship target are 250 
x 30 x 10 m3. We considered a sea surface with Douglas sea-state equal 
to 2, corresponding to standard deviation equal to 0.1 m and root mean 

square (rms) slope 𝜎√2|𝜌′′(0)| equal to 0.073 [3]; sea water dielectric 

constant is evaluated via the Klein-Swift model with sea salinity 35 ppm, 
and temperature 19 °C. Figure 1 shows the bistatic RCS as a function of 
φs for φ = 0° (long side of the ship facing the transmitter), φ = 15°, φ = 
30°, and φ = 45° for linear co-pol HH, VV, and cross-pol HV channels. It 
is worth noting that larger values of the aspect angle φ will give similar 
results due to the symmetry of the ship target.  Contributions from the 
different ship sides are clearly visible as local peaks of the RCS. The ship 
orientation dictates the angular position of such peaks. Co-pol channels 
give similar results in the considered scenario. Finally, it is demonstrated 
that, for a large range of ship orientations, the backscattering acquisition 
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geometry (where φs = 90°) represents the most favorable configuration for 
ship detection applications in multistatic systems, such as GNSS-R [4]. 
 

IV. CONCLUSION 
 
In this paper, an analytical model for the bistatic RCS of ship targets has 
been presented and analyzed in numerical results. The KA-GO solution 
has been exploited for the derivation of closed-form expressions of the 
scattered EM field. For the sake of mathematical tractability, the ship 
target has been modeled as a parallelepiped with smooth dielectric 
surfaces, while a 2-D Gaussian stochastic process has been introduced 
for the sea surface roughness. In this paper, we focused on the double-
bounce scattering contributions ship-sea and sea-ship, thus neglecting 

the higher-order triple-bounce term. The numerical analysis has 
emphasized the impact of the ship orientation and acquisition geometry 
on the RCS. It is demonstrated that, for a large range of ship orientations, 
the backscattering acquisition geometry represents the most favorable 
configuration for ship detection applications in multistatic systems, such 
as GNSS-R [4]. 
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Table I – Double Scattering Contribution (ship-sea) 
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Table II – Double Scattering Contribution (sea-ship) 
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                           (a)                                                     (b) 
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FIG. 1 –  RCS of a ship target at 1.5 GHz as a function of φs for (a) φ = 0°, 
(b)  φ = 15°, (c) φ = 30°, (d) φ = 45°. 
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Abstract 
In this paper the delay and sum (DAS) algorithm has been used as imaging 
technique for a MIMO step frequency (SF) radar system. The DAS has been 
applied to analytical, simulated, and measured data both in the absence and in 
the presence of a wall between the antenna and the target. By applying the 
Fermat principle and antenna calibration this technique was able to accurately 
reconstruct the position of targets behind a wall. 
 

Index Terms  delay and sum, reconstruction algorithms, through the wall 
radar imaging systems  

 
I. INTRODUCTION 

 
Through-the-wall radar imaging (TWRI) systems allow police, fire 
personnel and defense forces to detect, identify and track subjects inside 
buildings [1]. At the same time, they can also be used to track older adults 
inside their home in the ambient assisted living (AAL) context [2]. 
Generally, these systems utilize a time-division multiplexed (TDM) 
multiple-input, multiple-output (MIMO) array of antennas and are based 
on frequency modulated continuous wave (FMCW) [3], ultra-wideband 
(UWB) [4] or stepped frequency (SF) radars [5].TWRI systems apply 
algorithms on the acquired data in order to reconstruct an image of the 
building interior. In this paper, the delay and sum (DAS) algorithm will 
be applied to analytical, simulated and measured data and the 
potentiality and limits of this technique will be evaluated. 
 

II. RADAR SYSTEM AND SCENARIOS 
 
Fig 1 (a) shows the SF radar structure. The system utilizes e vector 
network analyzer (VNA) that measures the S21 scattering parameter 
between a transmitting and a receiving section. A power amplifier (PA) in 
the transmitting channel and a low-noise amplifier (LNA) in the receiving 
one are used to achieve the required dynamics. A couple of switches are 
used to select sequentially a transmitting and a receiving antenna.  
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FIG. 1  SF radar structure. 

 
To test the DAS algorithms, a typical scenario has been implemented.  
For the analytical technique 27 point sources and 1 or 2 point scatterers 
have been considered.  
Concerning the numerical solution a typical scenario has been 
implemented inside the electromagnetic CAD Microwave studio by CST 
(see Fig. 2a). Two truncated waveguide antennas, operating in the 1-3 
GHz band, with their centers at a distance of 36 cm, are moved in the 

cross range direction by 7.5 cm steps (/2 at the center frequency of 2 
GHz) at 27 positions. A cylindrical metallic target is placed 200 cm far 
from the array plane and a wall with a thickness d = 15 cm and real 
relative permittivity equal to 4 has been placed between the two.  
An experimental set up has been also realized. It uses as radiating 
element two truncated waveguides (WR 430) operating between 1.7 and 
2.6 GHz. The two waveguides, whose centers are at a distance of 46 cm, 

are moved at 6 cm steps (/2 at center frequency) at 31 positions and 
801 frequency points are measured with the VNA. The considered 
scenario is constituted by a water tank, simulating the human body, and 
a metallic post placed behind a 25 cm thick brick wall located 80 cm far 
from the antenna (Fig. 2b). 
 

                
 (a)    (b) 

FIG. 2  Simulated (a) and measured (b) scenarios. 

 
III. RECONSTRUCTION TECHNIQUES 

 
The implemented reconstruction technique is the delay and sum 
algorithm [6]. In this technique, the domain under study is divided in 

square pixels (i.e. 1 cm  1 cm) with (i,j) coordinates and the pixel 
intensity is evaluated as: 
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 𝐼(𝑖, 𝑗) = |∑ ∑ 𝑺𝟐𝟏(𝑙)𝑒𝑗2𝜋𝜆 𝑑(𝑘)𝑁𝑓𝑟𝑒𝑞𝑙=1𝑁𝑝𝑜𝑠𝑘=1 𝑒𝑗2𝜋𝜆 𝜏𝐷|  (1) 

 
where d(k) is the transmitting antenna-pixel-receiving antenna distance, 𝑁𝑝𝑜𝑠 is the number of antennas and 𝑁𝑓𝑟𝑒𝑞 the number of frequencies. 
For taking into account the refraction caused by the wall, the Fermat 
principle of least time [1] has been implemented. 
 

IV. RESULTS 
 
For the considered bandwidth (B = 2 GHz) and antenna number (NA=27) 

placed at distance d= /2, the Radar theoretical resolution in range is  

r = c/2B = 7.5 cm and in angle is  = 1/(NA-1) = 0.04 rad. Fig. 3a shows 
an image reconstruction achieved by applying the DAS algorithm to 
analytical data for a point scatterer placed in central position, 1 m far 
from the antenna array. The 3 dB widths are 8 cm in range (Fig. 3b) and 
6 cm in cross-range (Fig. 3c) very close to the 7.5 and 4 cm theoretical 
values.  
Fig. 4a shows the DAS reconstruction for the scenario in Fig. 2a. In these 
simulations, for taking into account the electrical distance between the 
waveguide excitation point and the antenna plane, a calibration 
procedure has been applied. The estimated delay 𝜏𝐷 is then inserted in 
(1). The strong reflection of the wall is well evidenced. By applying the 
DAS only in the region around the scatterer, its shape is evidenced and 
located at a distance of 2.22 m. Finally, the further application of the 
Fermat principle allows a better definition of the target shape and location 
(2.07m). 
 

     
 (a)  (b) (c) 

FIG. 3  DAS with analytical data for the EM problem. 

 

    
 (a)  (b) (c) 

FIG. 4  DAS with simulated data for the EM problem. 
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. 

Measurements have been performed on the scenario depicted in Fig. 2b. 
In this case, the effect of the wall has been masked by applying a time 
gating on the measured data. The achieved reconstruction with the DAS 
algorithm is reported in Fig. 5. The figure shows that the DAS is able to 
correctly position the two targets. 
 

      
 (a)  (b) (c) 

FIG. 5  DAS with measured data for the EM problem. 

 
V. CONCLUSION 

 

The DAS algorithm has been tested on analytical, simulated and 
measured data. By calibrating the antennas and applying the Fermat 
principle the target reconstruction and positioning is very accurate. 
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Abstract 
Techniques for contactless detection of small movements claim a wide range of 
applications in both communication as well as biomedical contexts. A 
configuration based on the use of a Software-Defined Radar platform is 
described in this work to offer a flexible, low-cost and compact solution for 
breathing rate monitoring in health-care and safety usage. A Doppler radar 
configuration, based on a quadrature receiver and fully implemented via 
software, is described. Some experimental results are also illustrated to prove 
the effectiveness of the proposed approach. 

Index Terms  Breath detection, Doppler radar, Software-Defined Radar. 

 
 

I. INTRODUCTION 
  

The possibility to monitoring breathing and heart rate through the use 
of microwave Doppler radar has already been indicated since the 70s 
[1], by showing the effectiveness of such non-invasive measurements, as 
compared to contact sensors methods, in preserving the physiological 
integrity of the human subject. In the 2000s, different types of Doppler 
radars, based on laboratory test equipment or custom hardware on 
printed/integrated circuits, have been developed to implement 
physiological sensors. An alternative, flexible and low cost solution can 
be obtained through the use of an SDR transceiver. This leads to 
implement a multi-function radar, known as Software Defined Radar 
(SDRadar) [2], composed by RF hardware modules fully reconfigurable 
via software. A SDRadar system allows to realize most of the basic 
operations (e.g. modulation, demodulation, filtering and mixing) by the 
simple use of programmable software modules, instead of specific 
hardware components, thus leading to a faster and cheaper 
development and manufacture, as compared to conventional custom 
radars [3]. 
 
 

II. CW DOPPLER RADAR FOR RESPIRATORY SENSING 
 
The CW Doppler radar architecture for respiratory sensing is based on 
the simplest Doppler radar topology. The architecture based on the 
quadrature receiver is illustrated in Fig. 1. 
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FIG. 1  Block diagram of quadrature receiver CW Doppler radar. 

These systems typically transmit a CW narrow band signal, which is 
reflected off a target and then demodulated in the homodyne or 
heterodyne receiver. In the presence of a single target subject to 
alternate motions, two parameters can be identified which characterize 
the motion, namely:  

 𝑥(𝑡), which describes the object oscillatory motion; 

 𝑑0, giving the target range, around which the object oscillates. 
A monochrome CW signal is to be transmitted, so the following 

modulator I/Q components should be fixed: 𝐼𝑇𝑋(𝑡) = cos[2𝜋𝑓IF𝑡 + 𝜃IF(𝑡)] (1) 𝑄𝑇𝑋(𝑡) = sin[2𝜋𝑓IF𝑡 + 𝜃IF(𝑡)] (2) 

where fIF is the intermediate frequency and θIF(t) gives the signal 
generator phase noise. The I/Q components, applied to different 
modulator arms, are subject to mixing, filtering, sum and amplification 
operations, which shift their signal spectrum from the intermediate 
frequency fIF to the carrier frequency (fc - fIF) for up-conversion 

operation. The backscattered I/Q components, received from the radar, 
keep the same form of the transmitted ones, but they are attenuated of 
a factor L and delayed of a ‘round trip time’. After the down-conversion 
operation of this signal, the transmitted and received I/Q components 
are multiplied and filtered; then, it is possible to extract the received 
signal phase from the following equations: 

𝐼𝐵𝐿𝑃𝐹(𝑡) = 𝐴2 cos [− 4𝜋(𝑓𝑐 − 𝑓𝐼𝐹)𝑑0𝑐 − 4𝜋(𝑓𝑐 − 𝑓𝐼𝐹)𝑥(𝑡)𝑐 + ∆𝜃𝑇𝑋(𝑡)] (3) 
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𝑄𝐵𝐿𝑃𝐹(𝑡) = 𝐴2 sin [−4𝜋(𝑓𝑐 − 𝑓𝐼𝐹)𝑑0𝑐 − 4𝜋(𝑓𝑐 − 𝑓𝐼𝐹)𝑥(𝑡)𝑐 + ∆𝜃𝑇𝑋(𝑡)] (4) 

Assuming a transmitter residual phase noise ΔθTX(t) = 0, the motion 
parameters are easily isolated from phase as follows: 

�̅�(𝑡) = 𝑑0 + 𝑥(𝑡) = −arctan [𝑄𝐵𝐿𝑃𝐹(𝑡)𝐼𝐵𝐿𝑃𝐹(𝑡) ] 𝑐4𝜋(𝑓𝑐 − 𝑓𝐼𝐹) (5) 

Under the hypothesis that the middle value of signal 𝑥(𝑡) is null in the [𝑡0, 𝑡1] acquisition interval, it is possible to finally reconstruct the target 
motion by the following expression: 

𝑥(𝑡) = �̅�(𝑡) − 1𝑡1 − 𝑡0 ∫ �̅�𝑡1
𝑡0 (𝑡)𝑑𝑡 𝑡 ∈ [𝑡0, 𝑡1] (6) 

 
III. RESPIRATORY ACTIVITY MONITORING THROUGH SDRADAR 

 
In this work, a configuration based on the use of SDRadar is proposed 
for the monitoring of human respiration. The radar is essentially 
realized on the transceiver SDR NI USRP 2920, directly interfaced to a 
PC for data acquisition and processing. Two standard transmitting and 
receiving antennas, namely a omni-directional dipole in transmission 
and a strong near field Impinji A0303 in reception, are adopted. The 
transceiver include an IQ modulator and demodulator, on the TX and 
RX channels, respectively. The IQ components of the transmitted signal 
are generated through LabVIEW code. At the receiver, the IQ 
components, extracted from the demodulator, are acquired on the PC 
using LabVIEW software. The block diagram shown in Fig. 2 reproduces 
the modular architecture realized in LabView. The measurement setup 
has been arranged by including a rigid support for the antennas to be 
placed in the proximity of the monitored subject, as shown in Fig. 3. 

Im

Re

Im

Re

Im

Re



 
FIG. 2  Software-side architecture. 

Measured data revealed the system ability to detect the abdominal 
movements due to the respiratory activity; however, to smooth the data 
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oscillations, a filtering has been implemented in Matlab environment 
through a mobile average window (Fig. 3 (c)). The detected movement 
looks very regular, by highlighting an abdominal shift of about 3 mm 
(Fig. 3(c)), with a frequency of 30 breaths/min (Fig. 3 (d)), during the 
normal respiratory activity. 

 

  
(a) (c) 

  
(b) (d) 

FIG. 3  Subject position in relation to the antennas: (a) frontal view; (b) side 
view. Detected movement during the normal respiratory activity: (c) time-

domain; (d) frequency-domain. 

 

 
IV. CONCLUSION 

 

An innovative SDRadar Doppler platform has been proposed and 
implemented as alternative multipurpose solution to the use of 
punctual sensors for respiratory activity monitoring. Experimental 
validations have been performed to prove the accurate detection 
capability of the proposed system.  
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Abstract 
Microwave radars represent an interesting solution to monitor the internal 
structure of the snowpack because the measurements are practically 
instantaneous, non-destructive, and can be remotely controlled to improve the 
safety of the operators. In particular, an innovative radar architecture based on 
two receivers can deliver, at the same time, the depth and the dielectric 
permittivity of the snowpack, this latter directly related to the physical parameters 
of the snow, such as the density. These parameters are fundamental to provide 
an accurate forecast for the avalanche formation as well as for estimating the 
snowmelt for hydrological purposes. 
This paper presents the validation of the dual-receiver radar architecture for 
snowpack monitoring. Preliminary experimental results are also presented. 

Index Terms − FMCW radar, multi-receiver architecture, snow avalanche, 
dielectric permittivity, monitoring, and stratigraphy. 
 

I. INTRODUCTION 
  

Snow avalanches are a persistent risk for several mountain regions, with 
manifold potential impacts. For example, in the Alpine countries, 
avalanches threaten the safety of residents (around 20 millions), winter 
tourists (20 million per year, accounting for a 30 B€ turnover), and 
transalpine traffic (100 million metric tons of goods per year) [1]. Cost-
effective countermeasures inevitably require avalanche forecasting tools. 
Such forecasting, however, at present still relies largely on manual 
snowpack analysis. Although very precise, manual analysis also exhibits 
several disadvantages. Indeed, it is very time consuming (in the order of 
one hour or more) and its applicability is limited to areas where it can be 
undertaken within reasonable safety margins for the operators. 

For these reasons, solutions based on the use of microwaves, where 
the internal structure of the snowpack can be analyzed almost 
instantaneously, non-destructively, and automatically without the 
presence of the operators, if required, can provide a valuable alternative. 
Different radar systems have been proposed, but they cannot determine 
simultaneously the snowpack depth and the dielectric properties of the 
snowpack itself without auxiliary aids [2]–[4]. In particular, for dry snow 
the dielectric permittivity is related to the snow density, a fundamental 
parameter for the models used to forecast avalanches. 
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II. DIELECTRIC / PHYSICAL PROPERTIES OF THE SNOW 
 

At microwave frequencies, the dielectric permittivity of dry snow is a 
function of the snow density [5]. In particular, a widely accepted 
approximation assumes that the imaginary part of the permittivity is 
negligible, and that the relative real part ε' can be described according to 
a one-to-one relationship between the real part itself and the snow 
density [5]. Dry snow is a typical condition during the winter season. For 
example, in Alpine regions, at altitudes where avalanches are mostly 
triggered (2000 m or higher), snowpacks are normally characterized by 
dry snow from December to February or March. Standard densities 
ranges from around 90 kg/m3 to around 450 kg/m3. This means that ε' 
can be expected to range around from 1.2 to 1.8, according to [5]. 
 

III. RADAR ARCHITECTURE 
 

The system architecture is shown in Fig. 1 for an upward-looking 
installation, thus for a system intended to be buried into the ground 
before the winter season, and remotely controlled.  

 

FIG. 1 − Radar architecture schema showing the transmitter (tx) and the two 
receivers (rx1 and rx2) installed at ground level under a snowpack with 

thickness D. Drawing not to scale. 
 

The radar comprises one transmitter and two receivers. Each 
transmitter-receiver works as a standard Frequency Modulated 
Continuous Wave (FMCW) radar, thus delivering the time of flight from 
the transmitter to the snow-air interface and back to the receiver. In 
particular, the time of flight is directly related to the wave speed v into 
the medium. For dry snow, the relative real part of the dielectric 
permittivity ε', as explained in Section II is:  

v ~ c / √ε'              (1) 

where c is the speed of light. When two receivers are used, as shown in 
Fig. 1, the following system can be imposed: 

             Ti = di / v          (2) 

where Ti for i=1,2 are the times of flight from the transmitter to the 
receivers, and di for i=1,2 are the propagation distances from the 
transmitter to the receivers. The propagation distances can be written as: 

          di
2 = (2D)2 + si

2          (3) 

tx rx1 rx2ground

air

Dd1/2 d2/2

s1 s2 – s1

snow
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where D is the snow thickness, and si for i=1,2 are the horizontal 
distances between the transmitter and the first and second receiver. 
Manipulating (2)–(3) it is obtained: 

        Ti
2 = ((2D)2 + si

2) / v2         (4) 

which represent a system of two equations and two unknowns, the snow 
thickness D and wave speed v, and in turn the density, using (2) and [10].   
 

IV. NUMERICAL VALIDATION 
 

The performance of the system is validated using full-wave simulations 
(using Ansys HFSS). The numerical model consists of one transmitting 
antenna and two receiving antennas (WR340 open-ended waveguides in 
the frequency range 2.2 – 3.2 GHz). The antennas radiate into a medium 
of variable thickness D and dielectric permittivity ε'. Particularly, D varies 
from 0.5 m to 1 m, while according to Section II ε' varies from 1.2 to 1.8. 

The scattering parameters of the receiving antennas calculated by the 
full-wave solver are used to calculate the FMCW beat frequency for each 
receiver. Then, the beat frequencies are processed to obtain D and ε' using 
the equations described in Sec. III. Results for s1 = 30 cm and s2 = 100 
cm are shown in Table I, obtaining errors better than 15% for all cases. 

 

TABLE I - RELATIVE ERRORS δε'/ε' AND δD/D (IN BRACKETS) OBTAINED IN THE FULL-

WAVE SIMULATIONS FOR DIFFERENT SNOWPACKS. 
 D(m) 

0.5 0.6 0.7 0.8 0.9 1 

ε' 

1.2 5% [2%] 5% [3%] 6% [2%] 8%[<1%] 4% [2%] 11%[2%] 

1.5 3% [3%] 5% [2%] 7% [1%] 4% [2%] 5%[<1%] 4% [2%] 

1.8 6% [1%] 7% [1%] 4% [2%] 3% [2%] 7%[<1%] 1% [4%] 

 

V. EXPERIMENTAL RESULTS 
 

The proposed radar architecture was validated in a real field test. The 
experimental site is located in the Italian Alps (Valle d’Aosta, 45°40'30" N 
7°19'35" E, a. 2500 m). The inclination of the slope approaches 30 
degrees, and it is an historical critical site for the avalanche formation, 
which threatens part of Pila Ski Resort. The experiment took place in 
March 2017, and the setup is shown in Fig. 2. 

It comprises a vector network analyzer (VNA) from Keysight (FieldFox 
N9916A) used to generate the FMCW signal and to receive the 
backscattered echo, three open-ended WR340 open-ended antennas, 
working from 2.2 GHz to 3.2 GHz, and three coaxial cables to connect the 
antennas with the VNA. The antennas are mounted on a wooden rail. 
After the radar measurements, a manual snowpack analysis took place 
by professional chartered AINEVA (Italian Interregional Association for 
Snow and Avalanches) experts. To benchmark the achieved results. 
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FIG. 2. EXPERIMENTAL SETUP FOR THE OUTDOOR VALIDATION. 

 

The results of the manual snowpack analysis returned a snow depth 
D = 1.11 m and density ρ = 253 kg/m3 (ε' = 1.46, v = 2.48·108 m/s). On 
the other hand, the FMCW signal processing provided T1 = 4.57 ns and 
T2 = 4.68 ns. This returns D = 1 m and ρ = 216 kg/m3 (ε' = 1.39, v = 
2.54·108 m/s). Consequently, the error with respect to the nominal values 
is better than 10% and 15% for the snow depth and density, respectively. 
 

VI. CONCLUSION 
 

This paper presented the working principle and the optimization strategy 
of a novel FMCW radar architecture for snowpack monitoring. The 
performance of the system was validated using full-wave simulations. 
Experimental results performed on real conditions during a field test were 
shown, returning maximum errors better than 15% with respect to the 
nominal values obtained after a manual analysis of the snowpack. 
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Abstract 
In order to prevent harmful impacts for spacecraft, deriving from the presence of 
space debris, several surveillance programs of the space environment have been 
started in recent years. The Sardinia Radio Telescope is a new comer in such a 
scenario, but it has already shown its potential. However, since the original 
receiving chain was not optimized for the reception of the echoes scattered from 
space debris, some modifications have been performed to upgrade the telescope 
and make it suitable for these types of observations. 

Index Terms − Space Debris, Sardinia Radio Telescope, Bi-static Radar  

 
I. INTRODUCTION 

  
Space debris represent an increasing problem for the ongoing space 
operations and they are the primary reason of the space environment 
pollution [1]. The monitoring of the known objects, as well as the 
detection of new ones, is essential to prevent the risk of collision between 
debris and spacecraft. Radar measurements are often used to detect 
debris in the Low Earth Orbit [2]. In the last few years, the Sardinia Radio 
Telescope (SRT), a fully steerable wheel-and-track 64-m dish located in 
Sardinia (Italy) has been employed, as a receiver, in a bistatic radar 
system for space debris monitoring purposes in beam parking mode, 
using the P band (410 MHz) receiver [1, 3]. Clearly, the SRT P-band 
receiver has been conceived for radioastronomy observations, and it was 
not provided with a space debris-dedicated receiving chain, nor a 
dedicated back-end. To fill this gap, we have made an effort in two 
directions: first, we have designed and realized a tailored receiving system 
for space debris detection, then we have developed a specific algorithm to 
provide the pointing schedule for the SRT both in beam parking and in 
tracking mode. 
The design of the receiving system included: the upgrade of the P band 
receiver, installed on the primary focus of SRT [4], and the 
implementation of a performing back-end and, contextually, the 
development of the down-conversion system. 
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FIG. 1 − SRT and detail of P band receiver in primary focus. 

 

II. UPGRADE OF THE P-BAND RECEIVER 
 
The SRT (see Fig. 1) has recently shown its potential in the detection of 
relatively small objects orbiting near Earth. With its 64 meter dish, 
composed by a total of 1008 aluminum panels, the SRT is the second 
world largest radio telescope equipped with an active surface system [5]. 
The front-end used for the first experiments on the space debris was the 
cryogenic P band receiver [1] (Fig. 1), operating between 305 and 410 
MHz. In this early configuration (Fig. 2) the two channels at the output of 
the receiver (one for each polarization), were simply combined and sent 
to a spectrum analyzer. 
Although the experiment described in [1] can be considered a success, 
the data processing was poor, due mainly to the limitations of the 
spectrum analyzer, i.e. the slow frequency sweep for low Resolution 
Bandwidths, thus preventing real time data saving. For these reasons, 
the choice of a brand new back end was a key point of the upgrade. The 
P band is a spectral region largely used for radio communication services 
that can reduce the useful bandwidth and heavily compress the dynamic 
of the receiver. While radio-astronomical observations use very large 
bandwidths, radar signals are narrowband. 
 

 
FIG. 2 − Schematic of the receiving chain in the early space debris detection 

experiments. 
 

For this reason the receiver block has been modified by inserting in the 
chain a Band-Pass Filter (BPF) (centered at 410 MHz with a 15 MHz 
bandwidth) to increase the signal to noise ratio, to mitigate the Radio 
Frequency Interferences and to remove the image frequency interference, 
as shown in the schematic in Fig. 3.  
The 410 MHz signal, amplified and filtered inside the first block of the 
chain, is then down-converted to an Intermediate Frequency (IF) at 30 
MHz in order to fit the frequency of the dedicated back end. The output 
signal is further filtered with a BPF centered at 30 MHz with a 5 MHz 
bandwidth. The mixer chosen for the down conversion works in the 
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bandwidth 100-2000 MHz, with an isolation between the L-R ports of 
about 52 dB, and an isolation of about 35 dB between the L-I ports. Since 
the signals scattered from the debris could be very weak, an amplifier has 
been placed in the final part of the down conversion block. The main 
features of the amplifier are: an overall gain of about 40 dB, a noise figure 
of about 3 dB, and an output power at 1 dB compression point of about 
17 dB. In order to avoid the compression point, a wideband (up to 6 GHz) 
digital step attenuator has been inserted before the amplifier, with a 
maximum attenuation of 31.75 dB, and a 7 bit parallel control interface 
that allows to change the signal level in order to take into account the 
variable size of the debris. 
 

 
 

 

FIG. 3 − Schematic of the new and upgraded P band receiving chain and photo 
of the down-conversion block and back end. 

 

The IF signals go through a digital platform based on two Red Pitaya 
boards [6], one for each polarization. Each orthogonally polarized signal 
is sampled individually with an ADC, with a resolution of 14 bits and a 
sampling frequency of 125 MS/s. Once the data are digitized, they are 
sent to the Xilinx Field Programmable Gate Array (FPGA) installed on the 
board and then properly processed. After the down-conversion, the signal 
is filtered with a decimating digital filter in order to remove the 
unnecessary band and to minimize the output data rate. At this stage, 
since the signal is mixed with a local oscillator generated by a DDS (Direct 
Digital Synthesizer) implemented in the FPGA, it is composed of complex 
samples that are then sent to the PC. This base-band complex signal is 
stored and subsequently (or simultaneously) a Fast Fourier Transform 
(FFT) is applied to the data in order to break up the signal in several sub-



112 

 

bands. The FFT engine could be implemented in the FPGA as well, 
however the number of spectral points would be limited by the available 
memory on the FPGA, thus we opted for the implementation of the 
transform in the CPU/GPU boards. 
To detect and possibly track the debris, the SRT must be pointed and 
driven by a schedule, that contains the azimuth and elevation 
coordinates of the object. The schedule is generated by an algorithm that 
takes in input the observation epoch, the Two Line Element (TLEs) of the 
debris, the geographical coordinates of the radio telescope, the duration 
and time steps of the tracking.  
The proposed system has been experimentally validated for the first time 
the 29 March 2018: at 7:56:03 UTC with SRT pointing at 29.93° in 
azimuth and 24.38° in elevation, the Doppler echo of the Tiangong-1 has 
been received with a Doppler shift of -8.1 KHz (the value predicted by our 
algorithm was -7.812 KHz) and a SNR of 42 dB (the value predicted by 
our algorithm was 45 dB). The spectrograms of the observations and the 
details of the bistatic radar transmitter will be shown during the 
conference.  
 

III. CONCLUSION 
 

The research field related to the monitoring of space debris is becoming 
more and more attractive. The SRT is moving its first steps in this area 
and has already shown its capabilities. In this work, we have designed 
and implemented a hardware and software upgrade of the SRT receiving 
chain, in order to optimize the use of the radio telescope as a receiver for 
space debris monitoring and tracking. 
 

ACKNOWLEDGMENTS 

Work supported in part by “Sardegna Ricerche” under contract 
RICERCA_1C-172 (grant number CUP F21I17000130006) in partnership 
with Nurjana Technologies S.r.L.  
The authors would like to thank the staff of the Astronomical Observatory 
of Cagliari (INAF) for the support in the system assembling and testing.  
 

REFERENCES 

[1] G. Muntoni et al., “Space Debris Detection in Low Earth Orbit with the 
Sardinia Radio Telescope”, Electronics, 6(3), 59, August 2017. 
[2] M. Grassi et al., “Enabling Orbit Determination of Space Debris Using 
Narrowband Radar”, IEEE Trans. Aerosp. Electron. Syst., 51, pp. 1231–1240, 
April 2015. 
[3] T. Pisanu et al., “SRT as a receiver in a bistatic radar space debris 
configuration”, Proc. SPIE, 9906, August 2016. 
[4] G. Valente, et al., “The Dual Band L-P Feed System for the Sardinia Radio 
Telescope Prime Focus”, Proc. SPIE, 7741, 27 June 2010. 
[5] A. Orfei, et al. “Active surface system for the new Sardinia Radiotelescope”, 
Proc. SPIE, 5495, Astron. Struct. Mech. Technol., 2004. 
[6] www.redpitaya.com 



113 
 

TWO-SCALE MODEL FOR THE EVALUATION OF SEA-SURFACE 

SCATTERING IN CIRCULAR POLARIZATION  
  

G. Di Martino(1), A. Di Simone(1), A. Iodice(1), D. Riccio(1), G. Ruello(1) 
  

(1) Department of Electrical Engineering and Information 
Technology, University of Napoli Federico II 
Via Claudio 21, 80125 Napoli, Italy 

{gerardo.dimartino, alessio.disimone, iodice, dariccio, ruello}@unina.it 
 

Abstract 
In this paper we propose a polarimetric two-scale model for the evaluation of scattering 
from the sea surface. The surface is composed of slightly rough facets, for which the small 
perturbation method can be applied, considering appropriate sea-surface spectra. The 
facets are randomly tilted, so that the model takes into account both random variations of 
the local incidence angle and random rotations of the local incidence plane around the line 
of sight. Using the proposed model, the scattering matrix is analytically evaluated and is 
used to derive the elements of the polarimetric covariance matrix for circular polarization. 
The behavior of covariance matrix elements as a function of the wind speed is analyzed. 

Index Terms  Electromagnetic scattering, circular polarization.  

 
 

I. INTRODUCTION 
  

Analytical models for the evaluation of electromagnetic scattering from 
the sea surface play a key role in the frame of many remote sensing and 
radar applications. In particular, polarimetric models can be used to 
support a wide set of maritime remote sensing applications [1], e.g. 
estimation of wave spectra and retrieving of wind speed and direction. In 
the last years, the use of signals of opportunity transmitted by Global 
Navigation Satellite Systems (GNSS) is fostering the development of new 
sea surface remote sensing applications [2]. To deal with these signals, 
which are usually circularly polarized, it is necessary to introduce 
polarimetric electromagnetic models suitable for the evaluation of the 
elements of the circular polarization covariance matrix [3]. 

In this paper we present a polarimetric two-scale model, following the 
rationale of [4]. The ocean surface is subdivided in slightly rough facets, 
whose roughness is described by an appropriate sea spectrum. Scattering 
from the facets is evaluated via the Small Perturbation Method (SPM). 
The facets are randomly tilted so that the model takes into account both 
random variations of the local incidence angle and random rotations of 
the local incidence plane around the line of sight. Once the elements of 
the covariance matrix for linear polarization are evaluated, an 
appropriate polarimetric basis change is applied to obtain the 
expressions of the elements of the covariance matrix for circular 
polarization. Note that here we focus only on the backscattering case. The 
obtained expressions show that the backscattering contribution of the 
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sea surface is especially weak for the right-hand-transmit/right-hand-
receive (RR) configuration, or, equivalently, for the left-hand-
transmit/left-hand-receive (LL) one. 
 
 

II. POLARIMETRIC TWO-SCALE MODEL 
 
The scattering model is based on a two-scale description of the sea 
surface, i.e. large-scale variations with superimposed small-scale 
roughness. The large scale-roughness is approximated using rough 
facets, large with respect to the wavelength and small with respect to 
sensor resolution, whose local slopes along x (azimuth) and y (range) are 
equal to a and b, respectively. The facets present a small-scale roughness 

described by the function 𝛿(𝑥, 𝑦). 
Large-scale and small-scale roughness are modeled as independent 

stochastic processes. In particular, azimuth and range slopes are 
independent identically distributed zero-mean σ2-variance Gaussian 
random variables, i.e., a, b ∼ N(0,σ2). With regard to the small-scale 
roughness, it is of paramount importance to select a model able to 
adequately describe the sea surface roughness, in terms of its power 
spectral density (PSD) W(kx,ky). The Elfouhaily omnidirectional spectrum 
provides an accurate description for the case of partially developed sea 
[1]. At the Bragg resonant wavenumber in L band Elfouhaily spectrum 
presents a power-law fractal behavior with a Hurst parameter Ht=0.75 [4], 
and its behavior as a function of the local wind is practically the same of 
the modified Pierson-Moskowitz (PM) omnidirectional spectrum [1]. Due 
to its simpler expression, in this paper we use the PM spectrum. 

The geometry of the problem is illustrated in Fig. 1. The facet random 

tilt gives rise to a random rotation  of the local incidence plane and to a 

drift of the local incidence angle 𝜃𝑙, where  and 𝜃𝑙 can be expressed as 
functions of the global incidence angle 𝜃, of x-slope a, and y-slope b [4]. 
The PTSM takes into account both these effects. The elements of the 
scattering matrix of the randomly-tilted randomly-rough facet can be 
evaluated using the first-order SPM and can be expressed as follows: 
 

 
FIG. 1 – Geometry of the problem. 
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𝑆𝑝𝑞 = 𝑘2 cos2 𝜃𝑙𝜋 𝜒𝑝𝑞(𝜃𝑙 , 𝛽)𝛿(0,2𝑘 sin 𝜃𝑙)    (1) 

 

where 𝛿(𝑘𝑥, 𝑘𝑦) is the Fourier transform of 𝛿(𝑥, 𝑦), p and q are the 

polarizations of incident and scattered fields (vertical or horizontal), 

respectively; 𝜒𝑝𝑞 are the elements of the matrix 

 𝜒(𝜃𝑙 , 𝛽) = 𝑅2(𝛽) ∙ (𝐹𝐻(𝜃𝑙 , 𝜀) 00 𝐹𝑉(𝜃𝑙 , 𝜀)) ∙ 𝑅2−1(𝛽)  (2) 

 

wherein 𝑅2(∙) is the unitary rotation matrix, and FH and FV are the Bragg 

coefficients for horizontal and vertical polarization, respectively [4], 
depending on the sea water relative permittivity 𝜀. Therefore, the entries 
of the covariance matrix of the single facet can be written as follows: 
 〈𝑆𝑝𝑞𝑆𝑟𝑠∗ 〉𝛿 = 𝐴𝑘4 cos4 𝜃𝑙𝜋2 𝜒𝑝𝑞(𝜃𝑙, 𝛽)𝜒𝑟𝑠∗ (𝜃𝑙 , 𝛽)𝑊(0,2𝑘 sin 𝜃𝑙)  (3) 

 
wherein 〈∙〉𝛿 stands for statistical mean with respect to the random 
variable 𝛿 and A is the area of the facet projected on the azimuth-ground 
range plane. In the hypothesis that the returns from the facets can be 
considered uncorrelated and for small values of the facets’ slope, the 
covariance matrix of the whole surface can be obtained from the one of 
the single facet averaging over the surface slopes a and b, after a second-
order expansion around a=0 and b=0 [4]. In particular, the covariance 

matrix elements will be function of the 𝐶𝑘,𝑛−𝑘𝑝𝑞
 Taylor series expansion 

coefficients, whose expressions are reported in [4]. 
We want now to evaluate the PTSM expression of the covariance 

matrix elements for circular polarization. Therefore, we apply an 
appropriate change of polarimetric basis [3]. We are interested in the 
following diagonal elements of the covariance matrix for circular 
polarization: 
 { 4〈|𝑆𝑅𝑅|2〉 = 〈|𝑆ℎℎ − 𝑆𝑣𝑣 + 𝑗2𝑆ℎ𝑣|2〉 = 〈|𝑆ℎℎ|2〉 + 〈|𝑆𝑣𝑣|2〉 − 2Re{〈𝑆ℎℎ𝑆𝑣𝑣∗ 〉} + 4〈|𝑆ℎ𝑣|2〉4〈|𝑆𝑅𝐿|2〉 = 〈|𝑆ℎℎ + 𝑆𝑣𝑣|2〉 = 〈|𝑆ℎℎ|2〉 + 〈|𝑆𝑣𝑣|2〉 + 2Re{〈𝑆ℎℎ𝑆𝑣𝑣∗ 〉}                                        

(4) 
 

Substituting the elements of the covariance matrix in (4) we obtain 
 {〈|𝑆𝑅𝑅|2〉 = 𝑢∗𝑓𝑠[|1 − 𝛽𝑟|2 + 𝑓𝑅𝑅𝜎2]〈|𝑆𝑅𝐿|2〉 = 𝑢∗𝑓𝑠[|1 + 𝛽𝑟|2 + 𝑓𝑅𝐿𝜎2]    (5) 

 
where 𝑢∗ is the wind friction velocity, 𝑓𝑠 depends on W(kx,ky) and on 𝐹𝑉(𝜃, 𝜀), 𝛽𝑟 is the ratio between 𝐹𝐻(𝜃, 𝜀) and 𝐹𝑉(𝜃, 𝜀), and 𝑓𝑅𝑅 and 𝑓𝑅𝐿 depend 

on 𝑓𝑠 and on the 𝐶𝑘,𝑛−𝑘𝑝𝑞
 Taylor series expansion coefficients. 

According to the expressions in (5), 〈|𝑆𝑅𝑅|2〉 depends on the difference 
between the horizontal and vertical Bragg coefficients and, therefore, the 
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backscattering of the sea surface in this polarization is very low. 

Conversely, 〈|𝑆𝑅𝐿|2〉 is related to the sum of the Bragg coefficients, thus 
maximizing the return from the sea surface, and minimizing potential 
even-bounce contributions, e.g. due to the presence of ships. Equation 
(5) highlights the dependence on the large-scale roughness, through the 

mean square slope  and the linear dependence on the friction velocity 𝑢∗. Both these quantities can be related to the wind speed at the height 
of 10 m [1]. In support of the presented discussion, in Fig. 2 we present 
the graphs of (5) for two different values of wind speed. 
 

 
(a)      (b) 

FIG. 2 – Sea NRCS as a function of the incidence angle for RL (red solid line) and 
RR (blue dashed line) polarizations. Wind speed: 2 m/s (a), 20 m/s (b). 
 
 

III. CONCLUSION 

 

A polarimetric two-scale model for the evaluation of scattering from the 
sea surface has been presented. Circular polarization covariance matrix 
elements have been also evaluated in closed form. Extension of the model 
to the bistatic case, which is of interest in GNSS reflectometry, is ongoing. 
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Abstract

We introduce a novel method for flood mapping through Sentinel-1 ground range
detected images. The work introduces two novelties. As first, the input products,
since  no  applications  using  these  products  has  been  so  far  presented  in
literature.  Secondly,  a  new  unsupervised  methodology,  based  on  the
exploitation  of  opportune  layers  combined  in  a  fuzzy  decision  system,  is
presented. Experimental results showed that our method is able to outperform
the  most  popular  classification  techniques  in  terms  of  standard  assessment
parameters.

Index  Terms  classification;  flooding;  fuzzy  systems;  natural  disasters;
synthetic aperture radar 

I. INTRODUCTION

 
Floods  are  among  the  most  frequent  natural  hazards  in  the  world,
causing high damages to people, infrastructure, and economies. The UN
estimated that more than the 50% of the total population affected by
weather-related  disasters  is  involved  in  flood  issues.  Floods  are
particularly critical in developing countries, where deficient prevention
activities  and  scarce  urbanization  planning  make  these  phenomena
more  serious.  However,  also  the  “developed  world”  is  frequently
interested by catastrophic flood events. As an example, in US more than
225 people  were killed and more than 3.5 billion dollars in property
were damaged by heavy rainfall and flooding each year between 1993
and  1999.  In  general,  effective  response  to  floods  requires  the
availability of a map of the affected area in a short time.

Synthetic aperture radar (SAR) sensors represent an important tool
for rapid flooding mapping due to their all-weather and all-time imaging
characteristics,  ensuring  the  imaging  of  the  Earth  surface
independently  from  illumination  and  weather  conditions.  However,
information  extraction  from  SAR  acquisitions  is  typically  considered
challenging by end-users, also due to the lack of dedicated algorithms
implemented in some available software suites. As a result, they often
prefer  to  operate  with  optical/multispectral  sensors.  In  fact,  in  this
case, beyond the possibility to handle images that can be immediately
interpreted for visual inspection, very consolidated techniques for the
extraction of the flooded area exist, just think to the exploitation of the
normalized difference water index (NDWI) by McFeeters  [1].  However,
despite their ease of use and popularity among end-users, multispectral
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data are often not  suitable  for  emergency  due to  their  sensitivity  to
weather and illumination conditions.

As aforementioned, the usage of SAR data allows for overcoming this
limitation. In this work, we introduce a double innovation. The first is at
product level, since we exploit Sentinel-1 ground range detected (GRD)
products,  i.e.  detected images pre-processed by ESA. These products
are today still scarcely employed in the SAR literature, despite they are
raising a great interest among end-users because they are available for
cloud processing within the Google Earth Engine platform.
The second innovation is methodological.  We propose two processing
chains providing maps with increasing resolution. Chain-one is based
on the analysis of  a single  GRD product.  It  exploits  classic  Haralick
textural features and the output is a low resolution map obtainable in
few minutes. Chain-two is based on change detection between pre- and
post-event scene situation. Its output is a map with the full resolution
of the input GRD products.

II. METHODOLOGY

Chain one workflow is depicted in Fig. 1. It takes as input a standard
Sentinel-1  GRD  (10-meter  spatial  resolution).  Moderate  3×3
multilooking  is  applied  for  speckle  reduction.  This  brings  the  image
resolution to 30 meters. 

FIG. 1  Flood mapping using the single Sentinel-1 GRD product.

After multilooking, histogram clip is performed to compensate the
presence of highly reflecting targets  [2]. Texture processing consists in
the calculation of  classic  Haralick features  [3].  These layers feed the
fuzzy decision system assigning automatically the classes “Flood” and
“No  flood”  basing  on  the  calculated  membership  degree.  Permanent
hydrography, otherwise indistinguishable from flooded areas, should be
externally masked out. The method is fully unsupervised and does not
require the application of thresholds. 

The change-detection chain is depicted in Figure 3. In this case, the
input  is  a  couple  of  calibrated  and  coregistered  Sentinel-1  GRD
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products  representing  the  pre-  and  the  post-event  scene  situation.
Standard despeckling is applied to enhance the contrast between water
and land features (here, the refined Lee filter is applied). 

Filtered  images  are  subject  to  cross-calibration  using  the  variable
amplitude level equalization introduced in [2] in order to ensure that the
same  object  in  different  images  exhibit  the  same  reflectivity.  Then,
cross-calibrated  images  are  used  to  compute  a  change  index  map
which, together with the post event image, is used as input layer for the
fuzzy decision system.
The output map has ten-meter spatial resolution, i.e. the full resolution
of the input GRD products, neglecting possible losses due to the applied
despeckling. The method is fully unsupervised.

FIG. 2  Workflow for flood mapping using change-detection.

III. EXPERIMENTAL RESULTS

The proposed methodology has been applied to several test cases taken
from  the  Copernicus  Emergency  Management  Service  database,  in
which ground truths as well as masks for the permanent hydrography
are available. The obtained results are reported in Table I and Table II
for  the  single  image  processing  and  for  the  change-detection  chain,
respectively. They are fully satisfying, since allowed for obtaining high
accuracy  with  respect  to  the  available  ground  truth  with  negligible
impact of false alarms. 

TABLE I – COMPARISON BETWEEN THE PROPOSED SINGLE IMAGE PROCESSING AND

POPULAR LITERATURE METHODS FOR SAR IMAGE SEGMENTATION

Dataset Proposed k-mean SVM Threshold
DR FA DR FA DR FA DR FA

Ballinasloe 94.5 4.69 78.2 15.8 66.6 3.36 58.7 3.14
Selby 92.1 1.00 86.0 14.2 91.5 2.13 78.7 1.22
Poplar Bluff 96.2 7.33 91.7 15.7 92.2 5.00 63.7 1.30
Jemalong 91.2 13.3 65.4 21.0 64.6 5.00 33.1 4.31
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TABLE II – COMPARISION BETWEEN THE PROPOSED CHANGE-DETECTION PROCESSING

AND POPULAR LITERATURE METHODS FOR SAR IMAGE SEGMENTATION

Dataset Proposed k-mean SVM Band ratio
DR FA DR FA DR FA DR FA

Ballinasloe 98.6 6.60 59.1 21.9 64.6 3.94 96.6 6.45
Selby 91.8 2.40 90.2 21.2 90.5 3.39 95.7 29.5
Poplar Bluff 84.1 11.1 69.6 11.4 49.0 3.53 49.5 6.28
Jemalong 93.6 12.3 49.5 9.04 66.9 6.11 81.3 12.4

A  comparison  with  several  literature  methods  has  been  also
implemented. We obtained that the proposed methodology outperformed
all of them in terms of the adopted classification quality indicators.

IV. CONCLUSION

In  this  work,  we  presented  a  new  methodology  for  unsupervised
mapping of flooding areas introducing innovation both at product and
at  processing/methodological  level.  In  fact,  we  exploit  pre-processed
Sentinel-1 ground range detected products which are still poorly used
in  the  SAR  literature.  They  constitute  the  input  for  two  successive
processing  levels  with  increasing  computational  burden,  giving  as
output  event  maps  with  increasing  resolution.  Both  the  processing
levels are fully unsupervised and threshold-free thanks to the adoption
of  fuzzy  classification  rules.  The  obtained  results  showed  that  the
proposed  methodology  outperforms  the  past  literature  in  terms  of
standard classification quality indicators.
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Abstract 
In this paper we present a novel technique to enhance the spatial resolution  of 
microwave earth observation measurements collected by meso-scale sensors. 

The proposed rationale is based on an Lp-penalization approach with a variable 
p exponent, ranging in the interval [1.2,2]. This allows taking benefits of the 
advantages of methods operating in both Hilbert and Banach spaces. 
Experiments are undertaken considering the microwave radiometer and refer to 
both simulated and actual data. Results demonstrate the benefits of the 
proposed approach in reconstructing abrupt discontinuities and smooth 
gradients with respect to approaches in Hilbert and Banach spaces. 

Index Terms −  Inverse Problems, Microwave Remote Sensing, Resolution 

Enhancement. 

I. INTRODUCTION 
  

Measurements collected by a microwave probe can be considered as a 
low-pass filtered version of the geophysical parameters of interest 
weighted by the system function. Hence, when one attempts at 
reconstructing the geophysical parameter of interest, an inverse 
problem is to be addressed. The latter is typically ill-posed since it 
comes from a direct problem that is, in general, governed by a Fredholm 
integral equation of the first kind with a smooth kernel. In this study we 
refer to microwave radiometers, that are instruments designed for a 
broad number of Earth Observation (EO) applications. Their low spatial 
resolution limits their use when dealing with regional-scale studies, so 
that resolution enhancement techniques must be invoked [1]. From a 
mathematical point of view, this implies that the above mentioned 
inverse problem that arises when retrieving the geophysical parameters 
of interest is also undetermined since one attempts to reconstruct the 
geophysical parameter on a finer resolution grid. In literature such 

problem is mainly addressed by solving an Lp-norm minimization  
problem with p=2 (Hilbert space) and p=1.2 (Banach space)  [2]. 
In this work we present a novel approach, based on the idea of using a 
variable p exponent, ranging in the interval [1.2,2]. The proposed 
algorithm adapts the p exponent to the region of the image to be 
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reconstructed in order to exploit the benefits and avoid the drawbacks 
of both the constant exponent p=2 and p=1.2 methods. 

II. BRIEF THEORETICAL BACKGROUND 

To perform the resolution enhancement of radiometer data, the ill-
conditioned and underdetermined linear problem A x = b must be 
solved, where A is the matrix containing the projected antenna patterns 
related to the radiometer measurements, the unknown vector x stands 
for the brightness temperature TB and b is the measurement vector. To 
solve this problem regularization methods must be invoked and 

constraints on the signal to be reconstructed must be imposed. The Lp-
norm regularization methods that constrain the reconstructed solution 
to belong to Hilbert (p=2) and Banach (p=1.2) spaces have already been 
covered in previous papers [2] - [4].  

Lp-norm minimization method with variable p exponent is based on the 
idea that the p exponent is no longer fixed value; indeed it is a function 
p(t): Ω → [1, ∞]. The k-th iteration of the iterative method of the gradient 
method using the variable p exponent is given by : 

where JLp(•) and JLq(•) are the duality maps (that link elements of a normed 
space with the elements of its dual space) re-adapted to variable p case 
Jr is the duality map of the constant p case and q is the Hölder 
conjugate of p, i.e., 1/p + 1/q = 1. Note that a key issue consist of 
properly re-defining the concept of the p-norm when p is variable. 
Further details can be found in [5]. 

III. RESULTS 

Simulated measurements refer to SSMI-like measurements, whose 
spatial resolution in 69 km, related to a rect-like reference field. In Fig. 
1, the reconstructed fields at enhanced spatial resolution (1 km pixel 
spacing) are shown for the Hilbert (red line), Banach (yellow line) and 
variable p exponent (purple line) methods. Although all the methods 
succeed in reconstructing the reference field at 1 km spatial grid, the 
variable p method allows to wipe out the oscillations due to the Gibbs 
phenomenon (that typically occurs when p=2 is adopted), and allows to 
reconstruct fairly the top of the rect-like signal where the p=1.2 method, 
indeed, exhibit large  
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FIG. 1 − Reference field (blue dotted line) and reconstructed fields obtains 

using gradient method in Hilbert (p = 2, red dotted line), Banach (p = 1.2, 
yellow line) and variable p exponent (purple line). 

FIG. 2 − (a) SSM/I 19.3 GHz H-polarized brightness temperature field. The 

white dotted line shows the along-scan transect selected for our study. (b) 
Enhanced spatial resolution reconstructions of the selected transect obtained 
by using gradient method in Lp spaces. The blue dotted line is the reference 
field, obtained by a linear interpolation of the measured TB on a finer grid. 

oscillations. In Fig. 2, experiments undertaken on actual SSM/I 
measurements refer to the 1998 V-polarized brightness temperature 
field collected at 19.35 GHz. A transect that includes portions of 
Northern Africa, Sicily and Italian peninsula is considered (see Fig. 2 
(a)). It can be noted that both  abrupt (land/sea interface) and spot-like 
(small islands) discontinuities are present. 
The reconstructions at enhanced spatial resolution related to the 
selected transect are shown in Fig. 2 (b). To evaluate the quality of the 
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reconstructions, we used as reference field the real measurement (64 
samples) linearly interpolated to a finer grid in order to achieve the 
same dimensions of the solutions (1400 samples). Again, variable p 
exponent method performs best in reconstructing the actually 
brightness profile. 

VI. CONCLUSION 

A novel approach to enhance the spatial resolution of microwave data 
has been presented. The reconstruction of the brightness field on a finer 

resolution grid is achieved using gradient method in Lp spaces. The 
innovative theoretical rationale consists of exploiting a variable  p 
exponent in order to bridge the gap between the Hilbert and Banach 
space methods. To the best of our knowledge, this it the first time that 
resolution enhancement techniques in variable exponent Lebesgue 
spaces are used for the improvement of microwave radiometer data.  
Results obtained using both simulated and actual radiometer data show 
the superiority of the variable p exponent method with respect to Hilbert 
and Banach methods. 
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Abstract 

This study concerns the evaluation of the impact of the radio channel on 
beamforming performance in Multi-User indoor environment at mm-Wave band of 
70GHz, using both wideband measurements and Ray Tracing simulations.  
 

Index Terms  Millimeter wave, radio propagation, multi-user 
MIMO/Beamforming, Ray Tracing, SDMA. 

 
I. INTRODUCTION 

Electromagnetic propagation at mm-Wave frequencies is dominated by 
few multipath components [1]-[3]. In presence of limited multipath 
richness and low Signal-to-Noise-Ratio, multi-antenna communication 
schemes can be used to implement beamforming (BF) solutions [3-4] to 
compensate for the high propagation losses and take advantage of the 
directional properties of the channel. In order to be compliant to the 
forthcoming 5G wireless systems, BF must be adaptive [5] and then, in a 
crowded Multi-User (MU) scenario, the beam-steering procedures should 
be optimized, aiming at boosting the received signal strength at each 
user, while reducing the undergone interference. Unfortunately, current 
beam-scanning techniques are likely to be time consuming and 
inadequate for a MU scenario. Such problems are studied in this 
manuscript through 3D directional channel measurements and Ray 
Tracing (RT) simulations [8] for a small-office environment in the 70GHz 
band. Results show that the considered RT model is reliable enough to 
reproduce the general BF performance and also to assist the beam-
searching routine, therefore potentially reducing the computational 
overhead. 
 

II. CONCEPT OF WORK 
Multiuser indoor BF is investigated in this study through the double-
track approach sketched in Figure 1, based on both simulated (in blue) 
and experimental (in red) data. Both radio channel propagation and MU-
BF validations have been achieved. Practically, Signal-to-Noise-and-
Interference-Ratio (SINR) distributions are addressed in the following not 
only to compare real measured radio channel versus RT simulations in 
terms of BF results, but also for a novel assessment of the related system-
level performance, in MU indoor environment, where the RT supports the 
BF decision-making. Part of the results are already included in [9], and 
are omitted in this paper, for sake of simplicity. 
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FIG. 1  Logical block scheme describing the adopted methodology for the 

analysis and assessment of MU-BF capabilities. 

 
III. MEASUREMENTS AND SIMULATIONS 

The measurement scenario is a small office where 6 Receiver (Rx) and 2 
transmitter positions (Tx1 and Tx2 in the following) are considered. All 
Tx-Rx links are in Line-of-Sight (LoS), with no people around [8]. The 
measurements have been performed with a custom mm-Wave M-
sequence-based Channel Sounder developed at TU Ilmenau, which 
exploits an UWB signal up-converted up to 70GHz with more than 4 GHz 
of bandwidth. The Tx/Rx antennas are cylindrical horn antennas with 
Half-Power-Beam-Width=15° and a maximum gain of 20dBi, and have 
been mounted on rotating positioners at both link ends.  
 

IV. BEAMFORMING SYSTEM SIMULATIONS 
System-level simulations take into account all the possible combinations 
of NAU active users (NAU=2,3 or 4) in the small-office environment, 
systematically. Each “Rx drop” includes a different arrangement of the 
NAU Rxs over the 6 possible locations [8] and involves a Beam Search 
performed all over the angular discrete sets, to achieve the best BF 
solution (e.g. 2 or 3 or 4 beams), according to a Space Division Multiple 
Access (SDMA) scheme (named ‘Best-SINR BF’), which is an interference-
aware, cooperative beam-search solution that maximizes the SINR values 
for all the active users [9]. In a MU scenario, a high aggregate throughput 
represents a major goal for an effective BF technique, but at the same 
time, unbalanced SINR distributions should be also avoided. So a 
“fairness principle” in the SDMA has been implemented to balance the 
SINR values among users, also. 
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V. RESULTS 

The SINR statistics results are shown in Figure 2, where the RT-based 
SINR CDFs (dotted lines) are shown to match quite well the 
measurement-based SINR CDFs (solid lines) for 2, 3 and even 4 active 
users. The root-mean-square-error (RMSE) between the RT-based BF 
simulations and the measurement-based BF simulations is about 3dB, 
generally. By increasing NAU the RMSE raises slightly by 1-2dB, only, and 
is always kept below 5dB. All of this confirms that RT represents a valid 
multidimensional radio channel model, and also a reliable tool for the 
statistical evaluation of beamforming schemes exploiting 
multidimensional propagation characteristics. 

 
FIG. 2  SINR CDF comparison between measurements and RT simulations 

with NAU= 2, 3 and 4 for Tx2, according to Best-SINR BF scheme. 
 

Furthermore, RT has been tested to support the BF Beam Search task, 
as outlined in the blue track in figure 1. In fact, RT channel information 
are exploited to pilot the BF decision, totally (RT-driven) or partially (RT-
assisted), and then, the related MU-BF system-level results are compared 
to the measurement-only MU-BF evaluations. Then, results are reported 
in Table I, where the solution of RT-assisted BF provides a mean error of 
about 3-4 dB, with respect to the exhaustive BF search based on the 
measured radio channel. Moreover, the overall search domain for the best 
BF beams choice for the active users is reduced by a factor of at least 
x150 and x17700, for NAU=2 and 3, respectively, with a proportional 
dramatic reduction of beam-searching time. 

 

Table I: RT-driven and –assisted BF versus measured-based BF. 
SINR Errors statics are reported for 50th and 90th percentiles.  

NAU Tx 

RT-driven BF RT-assisted BF 

50th percentile 
Error 

90th percentile 
Error 

50th percentile 
Error 

90th percentile 
Error 

2 
Tx1 6 dB 14 dB 4 dB 6 dB 

Tx2 4 dB 9 dB 3 dB 5 dB 

3 
Tx1 6 dB 14 dB 3 dB 6 dB 

Tx2 6 dB 14 dB 4 dB 6 dB 
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VI. CONCLUSION 

In this work, multi-user beamforming is investigated in a small indoor 
mm-Wave environment. Measurement and simulation analysis shows 
that the signal-to-interference ratios decreases for bigger number of 
users, to an extent that the resort to space-division-multiple-access alone 
for reliable high-speed communications might be doubtful. Anyway, the 
Best-SINR scheme (i.e. an exhaustive-search algorithm selecting the 
beam-steering solution maximizing the signal-to-interference ratio) yields 
overall fair performance. However, the use of such a solution could be 
impractical due to the long time required by the exhaustive beam-
searching phase, especially in joint bidirectional-beamforming case. If 
accurate localization of the mobile users is available, Ray Tracing can be 
used as a real-time and/or off-line tool (e.g. database, lookup table) to 
retrieve the directional characteristics of the radio channel (e.g. Channel 
State Information) and restrict the search domain in order to speed-up 
the beam-searching phase. Results show that such a solution gives good 

results, with an average degradation in terms of SINR of about 3-4 dBs 
compared to a truly exhaustive search, but with a processing time orders 
of magnitude lower. 
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Abstract 

The work presents the progress on the realization of the communication system 
realized for atmospheric monitoring probes. The realization of a link based on the 
Long Range (LoRa®) technology to connect and exchange data between the probes 
and the base station located on the ground is the potential adopted solution. After 
a brief description of the whole project, the realization of the first prototypal 
transmission system using Adafruit® Feather 32u4 LoRa Radio RFM95 
embedded modules is described. First propagation measurements and results are 
presented.  

Index Terms  LoRa, atmospheric probes, propagation measurements, 
electromagnetic measurements, LoRa measurements, Internet of Things, IoT. 

 
I. INTRODUCTION 

  
As part of the Horizon 2020 Innovative Training Network Cloud-
MicroPhysics-Turbulence-Telemetry project (ITN-COMPLETE), a new 
kind of ultralight radio probe with an embedded processor, capable of 
floating in stratocumuli clouds is being developed. The probes must have 
a fluid-dynamic behavior to allow them to “float” inside warm clouds after 
been released. They must be equipped with a set of sensors and low power 
consumption techniques must be implemented in order to allow them to 
float as longer as possible making ensuring in this way a deeper study of 
warm clouds [1]. The probes are based on a preliminary feasibility study 
presented by Bertoldo in 2016 [2]. They acquire information about the 
surrounding atmosphere characteristics and send them to a receiver 
located on the ground with a dedicated communication link.  

In this work the communication system is briefly presented and some 
preliminary results about its realization are reported. 
 

II. LORA™ BASED COMMUNICATION SYSTEM 
 
LoRa® technology uses a proprietary Chirp Spread Spectrum (CSS) 
technique to encode information, achieving low power properties and long 
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communication distances. This modulation scheme allows to improve the 
receiver sensitivity by the type of modulation itself and accomplishing 
high tolerance to misalignments in frequency between the transmitter 
and the receiver. The chirp pulses used in LoRa® modulation allow 
frequency offsets, equivalent to have timing offsets, between the receiver 
and the transmitter, increasing in this way the robustness against 
channel degradation mechanisms such as Doppler Effect, fading and 
multipath. The reached distances greatly depend on the environment and 
obstacles, however LoRa® provides better link budget than other similar 
communication standards. These are the main reasons why the LoRa® 
technology can be chosen as a communication system for the 
atmospheric monitoring probes. 
 The first realization of the communication system is based on the 
module Adafruit® Feather 32u4 LoRa Radio RFM95. It is an embedded 
module, which contains a LoRa® transceiver RFM95 and an ATmega32u4 
microcontroller. The chip has 32 kB of flash memory and 2 kB of RAM 
memory. The radio module can be powered using 3.3 volts either by using 
a micro USB or an external battery. Among its main features, there are 
the small size (51 mm x 23 mm x 8 mm) and the lightweight (5 g), which 
are fundamental for the radio probes. Moreover, the operative frequency 
range is 868-915 MHz, including the band around 868 MHz allowed by 
the European laws, and the transmitted power ranges between 5 dBm to 
20 dBm, thus theoretically allowing to reach distances of a tenth of 
kilometers. This fact is again a basic point for the choice of this chip. 
 

   
 

FIG. 1  Adafruit® Feather 32u4 LoRa Radio RFM9 on the left and LoRa 
Radio RFM9 transceiver module on the right. 

 
 Both, the transmitter placed on the final working prototypes of the 
radio probes, and the receiver located on the ground, will be equipped 
with the RFM95 transceiver module. The module will be controlled with 
an Arduino© microcontroller, since the microcontroller of the Adafruit® 
Feather 32u4 LoRa Radio RFM9 can be programmed with the same 
libraries of Arduino©, which is the basic chip of the final realization of 
the system according to the design specifications. 
 

III. MEASUREMENTS 
 

The first preliminary measurements were made using a single transmitter 
and a receiver located in different positions. Both of them are properly 
programmed. The transmitter is capable to work with a power supply that 
can be either a USB cable connected to a PC or a battery. It transmits a 
set of packets (NPACKET=200) with a predefined transmitted power (PTX=5 
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dBm), at the frequency of 865 MHz with a spreading factor in order to 
have a channel bandwidth of 125 kHz. The receiver is connected to a PC 
in order to count the number of correctly received packets, make 
measurements about RSSI, SNR and log other information. At the same 
time, next to the receiver, a spectrum analyzer is equipped with the same 
antenna of the receiver in order to measure also the received power values 
as far as possible, since the noise floor of the instrument is significantly 
higher with respect to the sensitivity of the Adafruit® Feather 32u4 LoRa 
Radio RFM9.  

The spectrum analyzer parameters are reported in the Table I. We 
believe that they can be used as a reference to define a procedure for 
electromagnetic measurements on LoRa® technologies. 
 

Table I – Spectrum analyzer parameters for LoRa© measurements 

 
Center frequency (CF) 865 MHz 

Resolution bandwidth (RBW) 10 kHz 

Video bandwidth (VBW) 30 kHz 

Sweep time 5 ms 

Span  500 kHz 

Measurement mode Max hold 

 
Preliminary results of the measurements are reported in the 

following Table II and Table III, where comparisons between the measured 
path losses and the free space path losses are reported as well. 

For all the measurements, the SNR ranged from +8 at shorter 
distances to -6 at the longest. The negative values of SNR “indicate the 
ability to receive signal powers below the receiver noise floor” as reported 
on the official application note on LoRa™ Technology released by 
Semtech© [3], and it happens when the range of the communication link 
is increased. 

The RSSI of the packets decreased with distance; however, the 
majority of the packets were received. For most of the cases, the 
percentage of packet losses was 0%, while in few cases <1%. Only in the 
last test, where the separation distance was larger than 800 meters, the 
percentage of losses reached 4%. At that distance, the Spectrum Analyzer 
did not measure the received power since the value is below its noise 
floor. The receiver module correctly received the packets. 
 

Table II – Preliminary results for indoor measurements 

 

POSITION # 
DISTANCE 

[m] 
SNR  
(dB) 

RSSI 
[dBm] 

LOST 
PACKETS 

(%) 

Received 
power 

(Spectrum) 
[dBm] 

Measured 
losses 
[dB] 

Free 
space 

path loss 
[dB] 

Difference 
[dB] 

1 15 8 -55 1 -35,03 40,03 54,71 14,68 

2 29,4 8 -71 0 -54,74 59,74 60,55 0,81 

3 41,6 8 -75 0 -54,4 59,4 63,57 4,17 

4 57,2 7 -93 1 -75,37 80,37 66,33 -14,04 

5 13,3 8 -69 0 -52,63 57,63 53,66 -3,97 

6 32,2 8 -85 0 -68,99 73,99 61,34 -12,65 

7 27,7 7 -93 0 -77,82 82,82 60,03 -22,79 
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Table III – Preliminary results for outdoor measurements 

 

POSITION # 
DISTANCE 

[m] 
SNR  
(dB) 

RSSI 
[dBm] 

LOST 
PACKETS 

(%) 

Received 
power 

(Spectrum) 
[dBm] 

Measured 
losses 
[dB] 

Free 
space 

path loss 
[dB] 

Difference 
[dB] 

1 122 8 -82 0 -69,25 74,25 72,91 -1,34 

2 170 7 -87 1 -71,13 76,13 75,79 -0,34 

3 376 1 -90 1 -78 83 82,69 -0,31 

4 616 -1 -132 1 -85 90 86,98 -3,02 

5 839 -6 -140 4 

Below noise floor of SA, 
impossible compute losses 

with received power 
measurements 

89,66  

 

 
IV. CONCLUSIONS AND OUTLOOKS 

 
A possible realization of the communication system based on the LoRa® 
technology is described and some preliminary measurements presented. 
Particularly detailed measurements will be made in harsh environmental 
conditions (e. g. rain, fog, drizzle…) in order to simulate a set of possible 
environmental conditions that can be found inside a warm cloud. A set 
of prototypes of radio probes will be realized to make further 
measurements with the final star topology network. 

The work presents also a possible configuration for the Spectrum 
Analyzer to make measurements with LoRa™ technology. 
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Abstract 
Preliminary results on an electromagnetic wave propagation experiment at E 
and D band are presented. The research activity is a collaboration between 
Politecnico di Milano and the Huawei European Microwave Centre in Milan, 
which has installed short (325 m) terrestrial links operating at 73, 83, 148 and 
156 GHz, and connecting two buildings in the university main campus. The 
experiment aims at investigating and predicting rain attenuation taking 
advantage of ancillary data collected by a collocated laser-based disdrometer. 

Index Terms  5G mobile networks, electromagnetic wave propagation, 
measurement, terrestrial links.  

 
 

I. INTRODUCTION 
  

The evolution of wireless communication systems is more and more 
moving towards the use of higher frequency bands due to the need of 
mobile service providers to support the always increasing data rate and 
traffic demand [1]. The Fifth Generation (5G) mobile network is expected 
to employ the millimeter-wave portion of the spectrum, for both 
backhauling links and radio access (from 26 GHz, up to the optical 
range), in order to accommodate much higher data rates [1]. 

Unfortunately, electromagnetic (EM) waves being considered for 5G 
systems are subject to strong propagation impairments, induced by fog, 
gases and precipitation. Among them, rain plays the most relevant role: 
it is of paramount importance to investigate rain attenuation, which is 
greatly dependent on the operational frequency and on the rain drop 
dimension, i.e. on the so called Drop Size Distribution (DSD) [2]. 
This contribution describes a joint research activity on EM wave 
propagation involving Politecnico di Milano and the Huawei European 
Microwave Centre in Milan, which has installed full-duplex terrestrial 
radio links connecting two buildings in the university main campus. 
The links operate in the E (73 and 83 GHz) and D (148 and 156 GHz) 
bands and are 325-m long. The D-band link, installed in November 
2016, is the first outdoor radio hop deployed worldwide to explore the 
use of such a band for fixed service in Europe. 
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II. SYSTEM ARCHITECTURE 
 
The left side of Fig. 1 shows the transceivers installed on the rooftop of 
Building 20 of Politecnico di Milano (bottom: E-band, top: D-band), 
connecting Buildings 14 and 20 in the main university campus (path 
length L = 325 m). On the right side of Fig. 1 is the table reporting the 
main system specifics. 

 

     

Parameter D-band E-band 
Bandwidth 250 MHz 250 MHz 
Transmitter power + 5 dBm + 10 dBm 

Receiver sensitivity -67 dBm -71 dBm 

Antenna gain 34 dBi 40 dBi 
Wave polarization Linear vertical Linear vertical 

Carrier frequencies 148 and 156 GHz 73  and 83 GHz  

Atmospheric fade 
margin 

15 dB 36 dB 

Path length 325 m 325 m 

 
FIG. 1  Link transceivers (left) and associated system parameters (right). 

 
EM wave propagation data have been routinely collected since 

February 2017 by sampling the received power, PRX (dBm), every 3 and 
5 seconds, for the E band and the D band, respectively. Both links 
transmit power PTX are kept stable by an AGC (Automatic Gain Control) 
algorithm. Besides the propagation data derived from the link 
transceivers, a collocated laser-based disdrometer measures the 
number of rain drops, as well as their falling velocity and size (from 
which the rain intensity R can be accurately derived).  
 

III. RAIN ATTENUATION: MEASUREMENTS AND PREDICTIONS 
 

Gases cause quite a limited attenuation on EM waves in the E and 
D bands (roughly up to 0.5 dB and 1 dB, respectively). Indeed, we have 
focused our research activities on quantifying the much higher 
attenuation caused by rain on the experimental links (AR). To this aim, 
as a first step, we have identified and isolated rain events by jointly 
processing the time series of PRX (from the link) and R (from the 
disdrometer). As an example, the blue line in Fig. 2 shows the rain 
attenuation (in dB) measured on the 29th of June 2017 (left side), while 
the right side of the figure reports the concurrent rain rate measured by 
the disdrometer. 

Besides the rain attenuation derived from PRX, Fig. 2 also reports AR as 
estimated using recommendation ITU-R P.838-3 [3] (red line in Fig. 3): 
 

ITUR
R RA L kR L       (2) 
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In (2), R is the rain rate obtained from the disdrometer, k and  are 
coefficients that depend on the operational frequency f, the wave 
polarization (linear vertical) and link elevation (0° for the considered 
terrestrial link). According to (2), the path attenuation is calculated by 
assuming that the rain intensity is constant along the link, given its 
short path length.  

    

 
FIG. 2  Left side: sample rain attenuation event (blue line for the D band, 148 

GHz, 29th of June 2017); right side: associated rain rate (disdrometer). 

 
AR is actually not only function of the precipitation intensity R, but 

also of the shape and size of the rain drops [2]. This information is 
typically provided in terms of the Drop Size Distribution (DSD), which 
indicates the number of rain drops with given diameter D contained in 
1 m3. More specifically, the DSD is defined as (mm-1 m-3): 
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In (3), ni is the number of raindrops whose diameter falls in the i-th 

class (with mean diameter 0.125 mm ≤ Di ≤ 8 mm), Di = 0.125 mm 
represents the width of each drop-size class, S = 4560 mm2 is the 
disdrometer sampling area, T = 60 seconds is the instrument 
integration time, v(Di) (m/s) is the terminal velocity of rain drops, 
measured by the disdrometer as well. Starting from the DSD, the 

specific attenuation R (dB/km) (as well as AR) at frequency f is a 

function of the wavelength  and of the forward scattering coefficient 
Re[S0] [4], calculated using the T-matrix approach [5] and the axial ratio 
defined by Beard and Chuang in [6]: 
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The rain attenuation estimated using this more complex approach is 
indicated with the black line depicted in Fig. 2. 
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The two approaches outlined above to predict AR provide quite different 

results: the trend of the three curves is similar, but DSD
RA  is a much 

better estimate of AR than ITU
RA . More in detail, it is worth pointing out 

how the peak rain rate exceeding 30 mm/h has actually quite a limited 
impact on the links: notwithstanding the high rain intensity, AR is only 
slightly higher than 1 dB. This value is well estimated using DSD data, 

while the ITU-R-based approach strongly overestimate AR, as the k and  
coefficients are independent of the drop dimension. This is actually 

expected, given the marked dependence of R and the DSD: especially at 
high frequency, small (e.g. D around 0.5 mm) and large (e.g. D around 3 
mm) drops definitely have a different impact on EM waves, which the 

information on the DSD allows to weight properly in calculating R (see (4)). 
 

IV. CONCLUSION 
 

This contribution presented a research activity exploring the use of E- 
and D-band terrestrial links in the near future 5G mobile networks. 
Data extracted from four links operating at 73, 83, 148 and 156 GHz 
(path length L = 325 m) were processed to investigate the strong 
impairments induced by rain. AR was derived from the received power 
level, and afterwards predicted taking advantage of the data collected by 
a collocated laser-based disdrometer. Preliminary results pointed out 
the wet antenna effect on the measured attenuation, as well as the 
usefulness of DSD data to take in due account the different impact of 
small and large drops on the EM wave. Future work will include 
extending the collection and processing of the propagation data to at 
least a full year, investigating and mitigating the wet antenna effect, and 
further processing to derive rain rate and rain attenuation statistics to 
be submitted to the Study Group 3 (‘Radiowave propagation’) of ITU-R.  
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Abstract 

A ray tracing prediction tool with advanced implementations such as diffuse 
scattering and vegetation attenuation, is validated vs. mm-Wave frequencies 
measurements in urban environment at 26GHz and 38GHz. This is one of the 
first investigations at these frequencies in outdoor scenario. Simulations are 
compared with measurements in terms of path loss in two different urban 
scenarios. Results show that the contribution from non-specular components in 
non-line-of-sight conditions is determinant to achieve a good prediction accuracy 
at these frequencies and that the excess loss due to vegetation cannot be 
neglected. To sum up, the prediction accuracy is good and simulations are 
generally able to track the measurements behavior. 

Index Terms  Radio propagation, Channel Modeling, Ray tracing, Diffuse 
Scattering, Vegetation, mmWave. 

I. INTRODUCTION 

Millimeter wave frequencies are being considered for the fifth generation 
(5G) wireless communications, due to the availability of free bandwidth 
to accommodate high data rate and the possibility to implement 
advanced techniques such as beamforming and Massive MIMO [1]. In 
particular, the band between 26GHz and 38GHz, also known as Ka 
band, has attracted some attention as a candidate for urban micro-cells 
and therefore some effort has been spent in characterizing the 
propagation at these frequencies [2], [3]. Ray Tracing propagation 
models, able to simulate the multipath characteristics of the 
propagation channel, can be very useful for channel modeling, e.g. to 
help the parametrization of pathloss models, and for other applications. 
In this work a state-of-the-art ray-tracing tool with advanced features 
[4], [5] is used to predict pathloss (PL) and is validated and tuned vs. a 
vast outdoor measurement campaigns. 

II. RAY-TRACING ENHANCED FEATURES 

Large environments need to be considered for outdoor urban 
propagation modeling. Ray Tracing (RT) prediction with large input 
databases including large urban areas and vegetation description may 
result in impractically large computation times. From the propagation 
point of view, only the buildings and obstacles in proximity to the Tx-Rx 
area or in line of sight conditions to the terminals will provide a 

mailto:email@unica.it
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significant contribution to propagation [6]. Based on this idea we 
implemented an automated selection of “active” buildings, based on 
three geometrical criteria: 1. buildings inside the prediction area, 
defined as the area encompassing all the receiver positions; 2. buildings 
in an area between the transmitter and the receivers, defined by a set of 
ellipses having as foci couples of terminals; 3. prominent buildings not 
yet selected, defined as those “seen” by either the transmitter or one of 
the receivers under a view angle larger than a given threshold. 
Furthermore, an additional feature is added to account for the excess 
loss for rays intersecting vegetated areas. Two models for vegetation loss 
have been implemented: the well-known Weissberger model [7] and a 
simple specific-loss model [dB/m]. Typical values of specific attenuation 
can be found in the literature [8]. 

III. MEASUREMENT SCENARIOS 

Measurements were carried out in Shanghai (China) in two different 
scenarios: The Tengfei office park and the Shanghai Jiao Tong 
University (SJTU) campus. In both cases the BS were elevated and 
employing a directional antenna, while the mobile terminal was an 
omnidirectional antenna at street level (1.5m). 
 

  
FIG. 1  Aerial pictures of the two measurement scenarios: (a) Tengfei 

scenario; (b) SJTU scenario. 

In Tengfei  (Fig. 1 (a)) the transmitting antenna is placed on a lift 
platform at 4 different heights: 5m, 10m, 14m and 17m. The mobile 
terminal follows multiple routes both in line-of-sight (LOS) and non-LOS 
(NLOS) conditions, and two measurement frequencies are considered: 
28GHz and 38.6GHz. In the SJTU scenario (Fig. 1 (b)) carrier frequency 
is 26GHz, buildings are surrounded by abundant vegetation, the BS is 
placed on top of a low building at 10m height whil receivers are always 
located in NLOS conditions with the direct link blocked either by 
buildings or vegetation. 
 

(a) (b) 
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IV. RESULTS 

In Tengfei scenario a total of 95 out of 243 buildings are discarder by 
applying the selection algorithm presented in Section II and therefore 
simulation time is cut down from 137 to 70 minutes (for a single 
frequency and BS height alue) without any loss in terms of prediction 
accuracy. In SJTU, 63 out of 231 buildings are discarded, saving 11 
hours of simulation time in this much more time consuming scenario, 
due to the presence of vegetation and to the more complex building 
shapes. Also in this case there is no prediction accuracy loss. 

Fig.2 shows an example of the simulated PL compared with 
measurements at 28GHz and 38GHz for BS height of 10m. The results 
clearly show the importance of diffuse scattering to have a realistic 
prediction in deep NLOS positions where, as it seems, most of the power 
propagating to the receiver comes from non-specular contributions. 

  

FIG. 2  Comparison of measurements with simulations with and without 
scattering in Tengfei scenario @ 28GHz (a) and 38 GHz (b) for hBS = 10m. 

Fig.3 (a) presents simulation results when vegetation is included or not 
in the SJTU scenario and a comparison between the two vegetation 
models. As expected, not including vegetation leads to a significant 
underestimation of the PL. Also the use of the Weissberger model 
generates an underestimation and therefore we conclude that the 
specific loss model is more suitable for such scenario at 26 GHz. 

 
FIG. 3  Comparison of measurements and simulations with and without 

vegetation in SJTU scenario (a) and comparison between measurements and 
simulations with different excess vegetation loss models in SJTU scenario (b). 

(a) (b) 

(a) (b) 
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As a further investigation we tested different values of the specific 
attenuation coefficient α, starting from α = 2dB/m up to α = 5dB/m. As 

shown in Fig.3 (b), the best RMSE is achieved between 3 and 4dB/m. 

V. CONCLUSIONS 

This paper presents the validation of a RT software against Ka band 
measurements in two outdoor scenario, a modern office complex and a 
campus, to assess the prediction capabilities and the improvements 
achieved thanks to the new implemented features. A speed-up 
technique aiming at reducing the size of the input environment 
database has been applied to save computation time which is decreased 
by almost 50% at no cost in terms of simulation accuracy. Results show 
that non-specular contributions are decisive to achieve realistic 
prediction in NLOS conditions and higher values of scattering 
coefficients are found with respect to previous studies at lower 
frequencies. Therefore, more specific studies are required to better 
understand diffuse scattering at mm-Waves in outdoor scenarios. 
Vegetation penetration loss has also been modeled to deal with the 
highly vegetated SJTU scenario and a specific loss of approximately 3-4 
dB/m is found to give good results in the considered case. 
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Abstract 

 
In this paper, the performances of a reverberation chamber were analyzed both 
using numerical simulations and through e wide set of measurements. Two 
stirring techniques were implemented: source stirring, using the multiple 
monopoles stirring technique, and most traditional stirring technique, the 
mechanical stirring, obtained by a single rotating paddle. The statistical analysis 
of the insertion loss parameters and of the electromagnetic fields allowed us to 

get the most significant indicators of the analyzed reverberation chamber. Apart 
a similar field uniformity in the working volume, the source stirring method 
provides a more diffused energy w.r.t. mechanical stirring, quantified by a 
lower Rician K factor.“ 

 

Index Terms − reverberation chamber; source stirring; mechanical stirring. 
 

I. INTRODUCTION 
  

Reverberation Chambers (RCs) are resonating cavities where the 
electromagnetic field is stirred to achieve the proprieties of uniformity, 
depolarization and isotropy (ergodicity). On the principle, there are two 
possibly way to perform the stirring actions: 

• Mechanical stirring actions, based on the variation of the boundary 
conditions; it can be based on using one or more rotating paddles [1] 
or moving [2] and vibrating [3] chamber’s walls; 

• Source stirring actions, based on the variation of the coupling between 
the source(s) and the chamber’s resonating modes. Since 1991 
alternative ways to stir the electromagnetic fields inside the working 
volume of the RC were presented [4] [5], and more recently a source 
stirring techniques based on an array of fixed antennas placed on RCs’ 
walls was presented [6]. 

In this paper the analysis of a wide set of full wave numerical simulations 
is presented to obtain the main RC parameters, simulating and 
measuring the chamber performances using both mechanical and source 
stirring techniques. For the first stirring action, a single rotating paddle 
was considered, whereas for the second one an array of monopoles fed 
two at time was considered. The results of full wave numerical 
simulations were compared to the statistical analysis of a wide set of 
experimental measurements. 
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Section II presents the scenario and the corresponding numerical model 
implemented at the full wave simulation code; at this scope, a commercial 
tool, CST Microwave Studio, was used. Section III shows the results 
related to the Insertion Losses (IL); in particular the Quality factor and 
the Rician K-factor are reported. Section IV contains the electromagnetic 
field analysis and consequently the calculation of the homogeneity 
according to the standard [7]. 
 

II. SCENARIO 
 

The RC is a resonating cavity made by galvanic steel having quasi-cubic 
dimensions (1.0 m × 0.9 m × 0.8 m). The first eigenmode of the chamber 
has the cutoff frequency at f0 = 225 MHz, therefore we focused in the 
frequency range from 3 times f0 to 6 times f0. Figure 1 (right) depicts the 
scenario for the source stirred reverberation chamber: the transmitting 
antennas are two monopoles inserted in two of the 120 holes present in 
the chamber’s walls. As regards the mechanical stirring (Figure 1 left) 
action, the two transmitting antennas are replaced with a disc-cone 
antenna, and a Z-folded metallic paddle is used to stir the 
electromagnetic field inside the cavity. The monopoles’ length (75 mm) is 
chosen to well match them at central frequency of the range 3f0 – 6 f0.  
 

          
FIG. 1 − Scenario for the mechanical (left) and source (right) stirring. 

 
For both stirring action 100 different configuration are taken into 
consideration: 100 different holes position for the first scenario and a 
stirring angle step of 3.6° for the mechanical stirring. 
For the numerical simulations, the chamber was modeled using CST 
Microwave Studio [12]. The workstation used for these simulations has 
two CPU Intel Xeon E5640 2.66GHz, 24GB of RAM and a GPU Nvidia 
Quadro FX1800 - 768MB and using the Time Domain solver, each 
simulation stood for about one day (26 h).  
 
 

III. INSERTION LOSS ANALYSIS 
 

The quality (Q) factor of the RC was computed according to the standard 
[7]. From the comparison between the two graphics of Figure 2, it can be 
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seen that the average values of the quality factor, calculated for both 
stirring actions are similar. 
For the measurement, in the lowest frequency range the quality factor 
behavior is dominated by the effect of the antennas, and Q increases as 
the square of the frequency.  

 

 
FIG. 2 − Quality factor simulated (up) and measured (down) 

 
The Rician K-factor is defined as the ratio of signal power in dominant 
component over the (local-mean) scattered power [8]. The lower is this 
value, the better in the stirring action. 

 
 

FIG. 3 − Rician K-factor simulated (left) and measured (right) 
 

Both in simulations and in measurement the source stirring technique 
exhibits an enhanced behavior; it can be explained considering that the 
changing of the position and the polarization of the transmitting 
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monopoles strongly makes variable the receiving antenna’s illumination, 
so reducing the direct component. 
 
 

IV. ELECTRIC FIELD UNIFORMITY 
 

Table I reports the standard deviation, calculated according to [7] in the 
8 vertices of the working volume, defined 10 cm far from the chamber’s 
walls at the frequency of 1.35 GHz. Mechanical stirring technique 
exhibits lower values, of in all cases the standard deviation is lower than 
the limit of 3 dB defined by the standard.  

 
TABLE I - IV. ELECTRIC FIELD UNIFORMITY 

 

 measured simulated 

 
 ���	[dB] ��� [dB] ��� [dB] ��� [dB] ���	[dB] ��� [dB] ��� [dB] ��� [dB] 

MS  2.3 2.1 2.9 2.9 2.2 2.0 2.8 2.9 

SS 2.9 2.5 2.6 2.6 2.7 2.5 2.4 2.5 
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Abstract 

An efficient technique to correct the positioning errors in the near-field – far-field (NF–FF) trans-
formation with planar wide-mesh scanning (PWMS) is developed and experimentally vali-
dated. It is based on a nonredundant sampling representation of the voltage measured by 
the scanning probe obtained by considering the antenna as enclosed in an oblate ellipsoid. 
An iterative technique is applied to retrieve the NF data at the points fixed by the sampling 
representation from the acquired nonuniformly spaced ones. Once the uniform PWMS data 
have been recovered, those needed by the classical plane-rectangular NF–FF transformation 
are efficiently evaluated by using an optimal sampling interpolation algorithm. 
 

Index Terms − Antenna measurements, NF–FF transformations, nonredundant repre-
sentations of electromagnetic fields, PWMS, positioning errors compensation. 

  
I. INTRODUCTION 

  

A nonredundant plane-rectangular (PR) near-field–far-field (NF–FF) transformation 
using the innovative planar wide-mesh scanning (PWMS) has been recently devel-

oped [1] by applying the nonredundant sampling representations [2] to the voltage 

detected by the scanning probe and considering the antenna under test (AUT) as 
enclosed in an oblate ellipsoid. It allows a remarkable measurement time saving 

with respect to that adopting the PR scan [3], since its sampling grid is charac-

terized by meshes becoming larger as their distance from the scanning plane 
centre increases (Fig. 1). The AUT far field is got by applying again the PR NF–FF 

transformation, whose input data are accurately reconstructed via fast optimal 

sampling interpolation (OSI) expansions from the acquired PWMS samples. Un-
fortunately, due to an inaccurate control of 

the positioners, it could be impossible to ac-

quire the NF (uniform) samples at the points 
fixed by the representation, even if the posi-

tions of the actual collected (nonuniform) 

samples can be accurately read by optical 
devices. Since a direct reconstruction from 

nonuniform samples is not advisable, a suit-

able strategy [4] is to recover the uniform 
samples from the nonuniform ones and then 

determine the NF data needed for the trans-

formation via an efficient OSI expansion. An 
iterative technique, converging only if a bi-

unique correspondence linking each uni-

form sampling point to the nearest nonuniform one exists, has been used to re-
cover the uniform samples in a PR grid [4]. Another approach, that doesn’t suffer 

from this drawback, uses the singular value decomposition (SVD) method to re-

trieve the uniform PWMS samples from the positioning errors affected ones [5], 
but requires that the uniform samples retrieval can be subdivided in two inde-

pendent 1-D problems to avoid a huge computational effort. 

 
 

FIG. 1 − PWMS for a quasi-planar AUT. 
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Aim of this work is to properly apply the iterative technique to the correction 

of known positioning errors in the NF–FF transformation with PWMS and to 
experimentally assess the effectiveness of the so developed procedure. 

 
II. NONREDUNDANT SAMPLING REPRESENTATION ON A PLANE FROM PWMS SAMPLES 
  

Let us consider a quasi-planar AUT, enclosed in an oblate ellipsoid Σ with major 

and minor semi-axes equal to a and b, and a nondirective probe scanning a plane 

at distance d from the AUT centre, assumed as origin of the Cartesian coordinate 
system (x, y, z) and of the spherical one (r, ϑ, ϕ). Another reference system   (x ', y', z ') 
with the origin 

  
O ' at the scanning plane centre (Fig. 1) is also introduced. Since 

the voltage V measured by this probe has the same effective spatial bandwidth of 
the AUT field, the nonredundant representations [2] can be applied to it. Hence, a 

proper parameter ξ must be used to describe any curve on the plane, and a 

suitable phase factor   e
− jψ (ξ ) must be extracted from the voltages 

 
Vy

 

and 
 
Vx  

acquired by the probe and rotated probe. The so introduced “reduced voltage” 

   V (ξ) =V (ξ) e jψ (ξ )  is spatially quasi-bandlimited to 
 
Wξ  and can be controlled by 

choosing a bandwidth 
  
χ 'Wξ , with 

 
χ ' >1  [2]. The bandwidth 

 
Wξ , the parameter ξ, 

and the function ψ relevant to a radial line, as the   x ' (or 
  
y ') axis, are [1]: 

 

  

Wξ =
2βa

π E
π
2

ε2( ) ; 
  

ξ =
π
2

E sin−1u ε2( )
E π/2 ε2( )

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

; 

  

ψ = βa v
v

2 −1

v
2 − ε2

−E cos−1
1− ε2

v
2 − ε2

ε2
⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥ (1) 

 
where β is the wavenumber, E(�|�) is the elliptic integral of second kind,   

ε = f /a  
is the eccentricity of the ellipsoid, 2f is its focal distance, and 

  
u = (r1 − r2)/2f , 

  
v = (r1+ r2)/2a , 

  
r
1,2

 being the distances from the foci to the observation point P. 

To factorize the 2-D interpolation algorithm into 1-D OSI expansions along 
lines, it is necessary to use the same parameter ξ or η given by (1) for describing 

all lines parallel to the x' or y' axis, respectively. Accordingly, it results [1]:  
 

  

V ξ(x'),η(y')( ) =  e− jψ (x ',y') G η,ηm,η,M,M"( ){
m =m0−p +1

m 0+p

∑ V ξn,ηm( )e
jψ (xn' ,ym' )

G ξ,ξ
n
,ξ,M,M"( )

⎫
⎬
⎭

n =n0−q+1

n0+q

∑
 (2) 
 
where 

  
2q × 2p is the number of retained samples,

   
m 0 = Int η/Δη( ) , 

  
n 0 = Int ξ/Δξ( ) , 

 

  
η

m
=mΔη = 2πm (2M"+1)  ;  

  
M"= Int χM '( ) +1 ;

  
  
M ' = Int χ 'Wη( ) +1 ;  

 
η = p Δη  (3) 

  M = M "−M ' ; 
 
Wη =Wξ ;

  
ξ
n
= nΔξ = nΔη  ;

  
ξ = qΔξ  (4) 

 
χ > 1  is an oversampling factor controlling the truncation error [2], Int(x) the inte-

ger part of x, and 
  
G α,α

k
,α,L,L"( ) = ΩL

(α − α
k
),α[ ]DL" α − α

k
( )  the OSI function, 

  
D

L" α( )  and 
  
Ω

L
(α,α ) being the Dirichlet and Tschebyscheff sampling functions [2]. 

Relation (2) allows to accurately recover 
 
Vx  and 

 
Vy  at the points needed by the 

PR NF–FF transformation [3]. The related formulae in the adopted reference sys-
tem, when the probe is an open-ended rectangular waveguide, are reported in [6]. 

 
III. UNIFORM SAMPLES RETRIEVAL 

  

Let us assume that the PWMS samples are not evenly spaced and that there is a 

biunique correspondence linking each of the Q uniform sampling points to the 
nearest nonuniform one, so that it is convenient to apply the iterative technique. 

By applying (2), each of the known Q nonuniform reduced voltages samples 

   
V τk,σj( )  is expressed in terms of the Q unknown ones 

   
V ξ

n
,η

m
( ), so getting the lin-
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ear system 
 
B x = c, where 

 
B

 
is a  Q ×Q  sized sparse matrix, x is the vector of the 

unknown uniform samples, and c is that of the known nonuniform ones. This 
system can be effectively solved as follows. By splitting 

 
B  in its diagonal part 

 
B

D
 

and nondiagonal part Δ , multiplying both the members of the system 
 
B x = c by 

  
B

D

−1

 and rearranging the terms, the following iterative scheme is obtained:  
 

   
x

(μ)
= B

D

−1
c −B

D

−1Δx (μ−1)
= x

(0) − B
D

−1Δx (μ−1) (5) 
 
where   x

(μ)  is the uniform samples vector got at the 
 
μth  iteration. Note that, in the 

hypotheses done on the distribution of the nonuniform samples, the amplitude of 

each element on the main diagonal of 
 
B  is different from zero and larger than the 

amplitudes of the other elements on the same row or column, so that the neces-

sary conditions [4] for the convergence of the iterative algorithm are satisfied. By 

rewriting (5) in explicit form, it results: 
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where
 

 

  

i
0
=

m if σ
m

≥ η
m

m −1 if σ
m

< η
m

{
 

;

       

s
0
=

n if τ
n
≥ ξ

n

n −1 if τ
n
< ξ

n
{  (7) 

 
IV. EXPERIMENTAL ASSESSMENT 

 
The experimental validation of the developed procedure has been performed via 
the plane-polar NF measurement facility available at the UNISA Antenna Charac-

terization Lab. In this facility, the probe is mounted on a vertical linear positioner 

and the AUT on a turntable, whose rotation axis is orthogonal to the linear posi-
tioner. The measurement of the NF data, which would be acquired by a PR scan-

ning system or by a PWMS one, is made possible due to the presence of another 

turntable, placed between the positioner and the probe (an open ended WR90 rec-
tangular waveguide). In fact, this last turntable allows to keep the probe axes al-

ways parallel to the AUT ones as required in these scans. The AUT is a vertically 

polarized dual pyramidal horn situated on the xy-plane and working at 10 GHz. 
The horns apertures are 

 
8.9cm×6.8cm sized and their centers are 26.5 cm apart. 

An oblate ellipsoid with a = 18.6 cm and b = 6.3 cm has been adopted to shape 

the AUT. The nonuniform PWMS samples have been collected in a circle of radius 
110 cm on a plane 16.5 cm distant from the AUT, by imposing that the distances 

in ξ and η between the positions of the nonuniform samples and those of the 

corresponding uniform ones are random variables with uniform distributions in 

 (−Δξ/3,Δξ/3) and  (−Δη/3,Δη/3). 

The amplitude and phase of 
 
Vx  along the line at 

  
y '  = 3.6 cm, retrieved from 

the nonuniform PWMS samples by the iterative procedure, are compared in Figs. 
2 and 3 with the directly measured ones. As can be seen, despite the severe values 

of the positioning errors, the reconstructions are very accurate save for the zones 

characterized by very low voltage levels. The FF patterns in the E- and H-planes, 
recovered from 2 209 nonuniform PWMS NF data, are compared in Figs. 4 and 5 

with those (references) obtained from the 
 
105×105 PR NF data directly acquired 

on a  140cm ×140cm square. The FF patterns attained without using the iterative 
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approach are also shown in the same figures. As can be seen, they appear severely 

worsened, thus further assessing the effectiveness of the developed approach. 
 

  
FIG. 2 − Amplitude of 

 
Vx  along the line 

  
y '

 

= FIG. 3 − Phase of 
 
Vx  along the line 

  
y '  

 
= 

3.6 cm. –––- measured. + + +   retrieved from 3.6 cm. –––- measured. � � � �  retrieved from 

the nonuniform PWMS samples.  the nonuniform PWMS samples. 

 

   
FIG. 4 − E-plane pattern. –––- reference. + + +  FIG. 5 −  H-plane pattern. –––- reference. + + +  

obtained from the nonuniform samples. −−−  obtained from the nonuniform samples. −−−  

directly obtained from the nonuniform sam- directly obtained from the nonuniform sam- 

ples without using the iterative technique. ples without using the iterative technique. 
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Abstract 

Near-field data are used as diagnostics tool to reconstruct the aperture field 
distribution of conformal array antennas and identify any defective element. The 
Matrix Method is used for the detection of faulty elements in large conformal 
arrays antennas. The problem of inversion and regularization of the resulting 
matrix is addressed. A new sampling method is proposed and successfully 
compared, in terms of computation time, with other existing approaches. 

Index Terms  Conical Array, Conformal array, Matrix method 

 
I. INTRODUCTION  

Full array diagnostics is a fundamental tool to identify array antennas failures 
as an accurate diagnosis allows a fine tuning of active arrays. The use of near 
field data on planar surfaces for arrays diagnostic is a widely used approach. 
Usually, the estimation of the array excitations is based on the Backward 
Transformation Method (BTM) [1], which exploits the high computational 
efficiency offered by the Fast Fourier Transform (FFT). However, it can be used 
only in the case of planar arrays, so that other techniques must be applied for 
other configurations. The method adopted in this work is based on the 
evaluation of the excitation coefficients through the inversion of the linear 
system relating them to the measured data on the scanning surface. The above 
approach, referred in the following as Matrix Method (MM), has been proposed 
in a number of papers [2]. However, at the best of our knowledge, actual 
literature studies are applied, with a numeric realistic solution, only to planar 
arrays. Particular attention is devoted to solve the linear system deriving from 
the MM. Several techniques are used and compared, in terms of computation 
time, for a large number of elements. Generally, the number of measurements 
is greater than the number of array elements, giving an overdetermined system. 
So, a new matrix sampling technique is experimented to reduce the problem 
complexity. The results of all methods are compared, in the case of a conical 
array, by analyzing both computation time and accuracy. 
 

II. Matrix Method and relative solution 
The total electromagnetic field of an array is a linear combination of the fields 
radiated by the elementary sources, namely: 

 
where αe is the excitation of the eth element, N is the number of antenna 
elements, rc gives the position of the elementary source, while rs represents the 
position of the observation point on the near field surface. The measurements 
are assumed to be performed within the near field region of the array, but in the 
far field of each element. The expression (1) can be written in matrix notation 
as: 

(1) 
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where E is the probe voltage measurement at the point rs and A is the matrix 
whose components are determined from the radiated field of each element. The 
retrieval of the excitation coefficients requires the solution of the following linear 
system:                                                                                                                

 
 

Observe that system (2) is usually overdetermined, and, anyway, due to the 
presence of noise in the measured data and errors in the model caused by the 
not exact knowledge of the radiation pattern of each element, a solution 
generally does not exist and a generalized solution must be looked for. Other 
problems can also arise,  such as a possible ill-conditioning of the matrix caused 
by the lost of useful data due to the finite dimension of the scanning surface 
(the so-called truncation error), and the oversampling which introduces rows 
having some degree of linear dependence in the system. A stable inversion 
algorithm was obtained by introducing a regularization strategy for the ill-
conditioned matrix. Apart from the direct inversion of matrix A, namely the back 
slash operator in MATLAB (mldivide), several methods can be used to perform 
the solution of (2). One method is based on the Singular Value Decomposition 
(SVD). The procedure results from linear algebra which says that any M x N 
matrix [A] (M > N) can be decomposed into the following product : [A] = [U][W][V]T 

where [U] is an MxN orthogonal matrix, [W] is a diagonal (NxM) matrix whose 
elements wii (the singular values) are positive or zero, and [V] is an NxN 
orthogonal matrix. This decomposition of matrix [A] is always possible, whatever 
its condition number, even when [A] is singular. The algorithm is slow, but 
stable, it is robust and does never diverge, and a solution of the kind: 
 

[α] = [V][W]-l[U]T[E]                                           (4) 
is always possible. 
When the matrix is singular, the Truncated Singular Value Decomposition 
(TSVD) can be used to regularize the ill-posed problem [3]. TSVD has been widely 
used for inversion. The method of truncation determines the quality of the 
solution. Several approaches have been proposed for truncation, taking into 
account the improvement of the condition number. Recently, some 
sophisticated algorithms have been applied to the problem in order to reduce 
the computation time of SVD. We commonly wish to find the best rank-k 
approximation to the original matrix A with rigorous error control. The problem 
to approximate a given M x N matrix by another matrix of rank k which is much 
smaller than N and M can be solved, avoiding the prohibitive times of SVD, by 
sampling the matrix according to a natural probability distribution. In [4], a 
randomized algorithm to find the description of rank k is reported. The 
algorithm samples a small number of rows (or columns) of the matrix, it scales 
them approximately to form a small matrix S and compute the SVD of S, which 
is a good approximation to the SVD of the original matrix. 
A further robust way to solve problem is based on the use of CVX, a package for 
specifying and solving convex programs [5]. Another possibility, to overcome the 
slowness when the dimensions of the problems increase, is to use an iterative 
regularization methods, such as Landweber method [6]. The procedure is 
applied in [7], where it is compared with BTM. 

 

(2) 

(3) 
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In the next paragraph, some of the cited methods are applied to solve the 
problem of finding fault elements in a conical array and compare the results 
with a new way to apply the sampling method of matrix. 

 
IV. Preliminary results 

In the following, some preliminary results for the problem outlined in the 
previous paragraphs are reported. An array of 72 columns, each one having 8 
elements, and arranged on a truncated cone is considered. The cone has an 
aperture angle equal to 8°. The distance between the elements is equal to 17.5 
mm, while the angle between the columns is equal to 1.67°. The angle covered 
by the array is 120°. The distance between the vertex of the cone and the first 
element is equal to 1185 mm. Elementary dipoles are assumed as radiating 

elements. The acquisition surface is a cylinder with a radius ρ= ar=2+6, where 
ar is the minimum diameter enclosing the antenna, and the considered 
frequency is 9.5GHz. A Taylor amplitude distribution is used along the z-axis, 
as well as in the azimuthal direction. In (Fig. 1) the z component of the field on 
the cylindrical scanning surface is reported for several azimuthal angles. 

 
FIG. 1  Near Electromagnetic Field as function of z for several azimuthal 

angles on the acquisition surface. 
 

The synthetic near-field data are used to simulate the reconstruction of possible 
faults in the array elements. As test case, we consider the described conical 
array with the 32th column switched off. We apply four methods to invert the 
matrix A with dimensions Mr= number of observation points for Nc= number of 
radiating elements; they are described in the follows: 

1. Back slash MATLAB division 
2. SVD in economic version 
3. Sampled Matrix plus economic SVD 
4. CVX 

In Fig 2 (a), the computation time of the first three methods is reported as a 
function of number of element of matrix A. The CVX data are reported under 
Fig. 2(b) because the range is out of  scale. The matrix dimensions vary from 
910656 to 14043456. In Fig. 3, the on-off coefficients for one elements fault (a) 
and one row fault (b) are reported. 
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(a) (b) 

FIG. 2  Computation time. 

 

 
 

 

 
 

 

 
 
 
 

(a) (b) 
 

FIG. 3   Reconstructed coefficients in the case of one element (a) or 32th column 
(b) switched off. 
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Abstract 
The characterization in the Far-Field regime of a radio telescope is an essential 
step to provide accurate astronomical results. This step represents a challenging 
task for array with large size and operating in a complex environment. Nowadays, 
several electromagnetic tools capable to simulate array configurations are 
commercially available. In this paper, the experimental validation of the 
electromagnetic model implemented in FEKO is shown for LOFAR LBA-outer array 
in the Near-Field regime. To this end, measurements acquired by means of an 
UAV-based system have been employed.  

Index Terms  antenna characterization, array radiation pattern, 
electromagnetic model validation, aperture array radio telescope.  

 
I. INTRODUCTION 

  
LOw Frequency ARray (LOFAR) is an International radio telescope 

consisting of several array stations distributed over Europe [1], see Fig. 
1-a). Each LOFAR station is composed of (i) a High Band Antenna (HBA) 
array working in 120 – 240 MHz frequency band and (ii) a Low Band 
Antenna (LBA) array working between 30 and 80 MHz. LBA array is in 
turn composed of 46 antennas distributed within an approximately 
circular area featuring a diameter of 30 m (known as LBA-inner array) 
and of 48 antennas again randomly distributed within a diameter of 85 
m (known as LBA-outer array). This paper will concern LBA-outer array.  

To provide accurate astronomical results, the characterization in the 
Far-Field (FF) regime of an antenna array (taking into account the 
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coupling effects among antennas and the surrounding environment) is a 
fundamental step. Commercial tools based on full-wave solvers can be 
potentially employed for this purpose. However, an experimental 
verification of the numerical model is recommended in order to assess its 
accuracy and reliability. A procedure to validate the Electro-Magnetic 
(EM) model by using a system based on an Unmanned Aerial Vehicle 
(UAV) has been developed by the authors. Such a system has been 
employed in several measurement campaigns permitting to characterize 
both a single embedded element and a full array [2]. In all cases, the 
agreement between simulated and measured data is better than 0.5 dB.    

In this paper, the Near-Field (NF) experimental validation method 
proposed for LBA-inner array [3] has been applied to the LBA-outer array 
whose distribution of antennas is illustrated in Fig. 1-b).  

 
FIG. 1  a) Picture of a LOFAR station in The Netherlands; b) Distribution of 

LBA-outer array antennas (ideal UAV trajectories are also indicated as 
continuous lines). 

 
II. MEASUREMENTS CAMPAIGN ON LBA-OUTER ARRAY   

 
The UAV-based system employed during the measurement campaign on 
the LBA-outer array, considered hereafter, mounted a horizontal dipole 
as test source emitting linear polarized signals. LBA-outer antennas 
under test consist of two orthogonal dipoles featuring dual linear 
polarization: a dipole oriented along the North-East direction, the other 
one along the South-West direction. Linear UAV trajectories (height about 
100m) were carried out in the E-plane and H-plane for one polarization 
of the LBA-outer array. Positions of the UAV-mounted source were 
measured using an on-board differential GNSS system. During each 
flight, a continuous-wave RF signal is transmitted by the test source and 
it is received by the antennas under test. Complex voltages received by 
each antenna are then individually measured by the telescope recording 
system as a function of the curvilinear abscissa providing a NF scan. The 
same experimental configuration (including both the UAV and LBA-outer) 
has been simulated using FEKO, a commercial software tool that 
performs a full-wave analysis by means of the method of moments. 
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Simulated NF scans have been evaluated for a decimated UAV position 
series along the considered trajectory [3]. 
 

III. NF EXPERIMENTAL VALIDATION OF THE EM MODEL  

 
In this section, the NF model validation for the LBA-outer array is 

presented. Measured and simulated NF scan for a linear flight in the 
array E-plane has been considered for this purpose.  

At single embedded antenna level, normalized amplitudes of the NF 
scans have been evaluated for all antennas composing the LBA-outer 
array. Figure 2-a) shows the comparison between simulated and 
measured normalized NF scan for antennas 9, 34, and 43 at 32 MHz 
frequency. Weighted Differences (WDiff) [4] between simulated and 
measured normalized amplitudes have been computed for each antenna 
as a function of the curvilinear abscissa (see bottom panel of Fig. 2-a)). 
The distribution of the WDiff averaged values has been computed in order 
to summarize the receiving properties of all the antennas. Such a 
statistical analysis turns out to be a reliable diagnostic tool to verify the 
overall antenna pattern measurement performance.  

 
FIG. 2  a) Comparison between simulated (red curves) and measured (black 

curves) normalized amplitudes at 32 MHz; b) distribution of the WDiff 
averaged values at 32 MHz.  

 
The histogram reported in Fig. 2-b) shows a main distribution centred 

around zero: about 77% of the LBA-outer antennas have the WDiff 
averaged values inside 0.12 dB (indicated with a red arrow in Fig. 2-b)), 
whereas only three antennas have the WDiff averaged values outside two 
times the half width of the distribution.  

At full-array level, Figures 3- a) and –b) show the measured and 
simulated NF scans focused on the zenith direction (corresponding to the 
LBA-outer array center) at 32 and 70 MHz frequencies, respectively. 
Individual simulated and measured NF scans have been summed 
together [3]. The agreement between simulated and experimental data 
turns out to be really satisfactory, below 0.5 dB as shown in the WDiff 
panels of Fig. 3. 
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FIG. 3  Normalized LBA-outer array NF scans at: a) 32 MHz and b) 70 MHz. 

 
IV. CONCLUSION 

 
The UAV-mounted test source makes in-situ characterization of radio 
telescopes based on low-frequency aperture arrays possible. Analysis of 
the LOFAR LBA-outer array data shows differences between simulated 
and measured NF scans within ± 0.5 dB both at single antenna and at 
full-array level. The experimental results have validated in NF regime the 
EM model, which in turn can be used to predict the FF array pattern. 
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Abstract
Toraldo Pupils can improve the angular resolving power of an optical instrument beyond the

classical diffraction limit (hence the term “super-resolution”) using a filter consisting of finite-

width concentric  coronae with  different  amplitude and phase transmittance.  Toraldo  Pupils

represent a viable approach to achieve super-resolution on antennas and radio telescopes. In

this work we present a summary of the electromagnetic simulations and laboratory tests of a

prototype optical module based on a Toraldo Pupil that has been field-tested on the Medicina

32-m radio telescope.

Index Terms – Astronomical Optics, Diffraction, Super-resolution, Telescopes

I. INTRODUCTION

 

One  of  the  fundamental  properties  of  filled-aperture  telescopes  is  their  angular

resolution, i.e., their ability to separate points of an object that are located at a small

angular distance. Apart from other effects which can be either cancelled or mitigated

(e.g.,  aberrations  and  “seeing”),  the  diffraction  of  electromagnetic  (EM)  waves is

generally considered to be a fundamental limit for any imaging device. The concept of

super-resolution (SR) refers to various methods for improving the angular resolution of

an optical imaging system beyond the classical diffraction limit. In optical microscopy

several techniques have already been developed with the aim of narrowing the central

lobe  of  the  illumination  Point  Spread  Function  (PSF).  However,  microscopy  SR

techniques  cannot  be  easily  applied  to  astronomical  instrumentation,  and  thus  few

efforts have been made to overcome the diffraction limit of filled-aperture telescopes. 

Variable transmittance pupils represent one  viable approach to achieve SR in

Radio Astronomy. Toraldo di Francia suggested in 1952 [1] that the classical limit of

optical  resolution  could  be  improved  interposing  a  filter  consisting  of  finite-width

concentric annuli of different amplitude and phase transmittance in the entrance pupil of

an optical system, now also known as Toraldo  pupils (TPs, hereafter). In this work we

present a summary of the most recent results obtained in the context of the “Pupille

Toraldo” (PUTO1) project, which is devoted to a more complete analysis of TPs and

how they could be used to implement SR on a radio telescope. During the first part of

this project we have performed both EM numerical simulations [2] and laboratory tests

[3] at a frequency of 20 GHz that have confirmed and expanded the first measurements

carried out in the microwave range [4]. 

1 http://www.ifac.cnr.it/PUTO/index.htm
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Fig. 1 FEKO simulations at  20 GHz  showing the (normalized) field amplitude at the

focus of the collimator without (left panel) and with (right panel) TP. The collimator is

illuminated by the same corrugated feed horn of the K-band receiver at Medicina.

II. TP OPTICAL MODULE: EM SIMULATIONS AND TESTS 

Following these initial experimental tests we have then designed [5] and tested in the

laboratory [6] an optical module based on simple TPs that we planned to mount on the

Medicina 32-m radio telescope2. The current design is based on a two-lens collimator

placed after the Cassegrain focus and before the receiver dewar (see Fig.1). The first

lens of the collimator generates an image of the primary reflector which is then brought

to a subsequent focus by the second lens. The TP is placed at the image of the entrance

pupil where it can modify the incident wavefront. 

The EM simulations of the optical module were conducted using the commercial

software  tool  FEKO.  In  the  most  recent  simulations,  the  3D model  is  analyzed  in

transmission rather than in reception. In this model the source was a corrugated  feed

horn identical to that employed in the K-band receiver operating on the Medicina radio

telescope. The results are schematically shown in Fig.1, where the SR effect is visible as

the narrower PSF at the focus of the collimator. We then improved the EM model by

effectively including the antenna optics in the EM simulation. This was performed by

using the equivalent parabola to simulate the Medicina Cassegrain telescope (smaller in

size  but  with  same  focal  ratio).  Figure  2  shows  that  while  we  achieve  the  correct

illumination of the reflector with the basic collimator optics (left panel),  we note an

anomalous illumination when the TP is applied (right panel). This incorrect illumination

is a consequence of the fact that the presence of the TP within the collimator would

require a different, optimized feed horn (see Sect. III).

III. LABORATORY AND FIELD TESTS 

The two-lens collimator has been extensively tested in the anechoic chamber of the

Osservatorio  Astrofisico  di  Arcetri  (Firenze)  [6].  During  these  measurements  we

illuminated the collimator with the same corrugated feed horn as the one employed on 

2    http://www.med.ira.inaf.it/ 



Fig. 2 FEKO simulations at 20 GHz with the equivalent parabola illuminated by the K-

band feed-horn through the two-lens collimator,  without (left  panel) and with (right

panel) the TP applied. The figure shows the (normalized) surface current distribution on

the antenna. The inset in the left panel shows the expected far-field antenna pattern.

Fig. 3 Left panel. Laboratory setup showing the two-lens collimator, illuminated by a K-

band corrugated feed horn. The focus fields are sampled with a an open waveguide.

Right panel. Gaussian-beam propagation in the collimator. 

the K-band receiver at Medicina, while the fields at the focus of the collimator were

sampled using a waveguide probe (see left panel of Fig. 3). The results from these tests

were quite consistent with the FEKO simulations shown in Fig. 1. However, when the

open waveguide at the focus is replaced by the corrugated horn (to simulate the real

detection process with the K-band receiver, as shown in the right panel of Fig. 3), the

significant mismatch between the PSF at the focus of the collimator and the expected

fields on the aperture of the horn completely “washes out” the SR effect when the TP is

present. This mismatch is the reason of the anomalous illumination of the reflector in

the right panel of Fig. 2.

In March 2018 we finally field-tested the two-lens collimator on the Medicina

antenna. The collimator was mounted externally on the dewar of the K-band receiver

(see Fig.  4) and then we performed two main series of tests:  (i) after  mounting the

collimator we had to find the new focal position by executing focus scans on point

sources, which allowed to optimize the position of the subreflector (see Fig. 3); (ii) then

we carried out cross-scans on the point sources, and compared the measured antenna

beam with the results obtained without the collimator. During these measurements we

used both astronomical point sources and a geostationary satellite (Eutelsat Ka-sat 9a). 
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Fig. 4 Left panel. Mounting of the collimator at the Cassegrain focus of the Medicina

antenna.  Middle panel.  The collimator mounted on the dewar of the K-band receiver.

Right  panel.  Example  of  almost  identical  antenna beam-patterns  obtained during an

azimuth scan without (top) and with (bottom) the collimator, but with no TP applied.

The raw horizontal scale is not corrected for the different elevations. The vertical scale

is raw antenna temperature.

These tests showed that the satellite signal was very difficult to use for focus and

pointing  scans,  especially  with  a  new  optical  system to  be  checked.  However,  the

pointing astronomical sources were strong enough to determine the new focus position

with the collimator mounted on the receiver and the cross-scans showed that the antenna

beam was basically identical with and without the collimator (see the right panel in Fig.

4). When the TP was applied to the collimator it was not possible to make a reliable

measurement of the antenna beam, due to the mismatch with the receiver feed-horn, as

previously shown during our laboratory tests. An ad-hoc receiver and feed horn should

be used to fully exploit the SR effect.
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Abstract 
In this paper, a new valid angle criterion is proposed within the framework of 
planar near-field measurement techniques. 

Index Terms Near field measurement techniques, Valid angle criterion. 
 

I. INTRODUCTION   
In this paper planar near-field measurement techniques are addressed. 
While in principle by exploiting the Plane wave formalism, the radiation 
pattern can be perfectly evaluated from measurements collected over an 
infinite aperture located in near zone of the antenna, in practice the 
finiteness of the observation domain introduces errors in the resulting 
evaluation [1]-[2]. The valid angle concept is a commonly used rule-of-
thumb for predicting the region of validity of the calculated far-field 
pattern in according to observation domain and aperture antenna size 
and their distance. However, it is based on simple asymptotic arguments 
which often lead to erroneous estimations. Accordingly, in this 
contribution, a new valid angle criterion is proposed and compared to the 
previous one. The new criterion is worked out by studying the eigen-
spectrum properties of the relevant radiation operator [3]. It is shown that 
measurement aperture and the distance (from the antenna under test) 
can vary according to a hyperbolic law. Finally, previous analysis allows 
us to obtain an expression of the radiation pattern in terms of the 
singular functions that can be exploited to avoid the truncated Fourier 
transform computation. This procedure appears more robust against the 
noise with respect the one based on Fourier transform and allows to 
estimate the valid angular region also in presence of the noise. 
 

II. TRUNCATION ERROR 

Consider a linear antenna whose aperture field 𝐸𝑎 is directed along its 
direction of invariance, the y-axis. The current is supported over the 
interval 𝑆𝐷 = [−𝑎, 𝑎] (see Fig. 1)  and embedded within a homogeneous 
host medium with wavenumber k. In order to estimate the radiation 
pattern of such an antenna, the only y component of the electric radiated 
field,  𝐸(𝑥𝑜 , 𝑧𝑜), is measured over the interval 𝑂𝐷 = [−𝑋0, 𝑋0] parallel to SD 
and located at a distance 𝑧𝑜 in near-zone. The radiated field 
measurements can be used to predict the radiation pattern by invoking 

the plane waves spectrum (PWS) formalism. Indeed, the PSW 𝑓(𝑘𝑥) of 𝐸𝑎, 
is related to 𝐸(𝑥, 𝑧𝑜) by 𝑓(𝑘𝑥) = ∫ 𝐸(𝑥, 𝑧𝑜)𝑒𝑗(𝑘𝑥𝑥+𝑘𝑧𝑧)∞−∞ dx       (1) 

mailto:mariaantonia.maisto@unicampania.it


162 

 

and the far field is related to 𝑓(𝑘𝑥)  by 𝐸(𝑟) ≅ 𝑓(𝑘𝑥) 𝑘𝑧√𝑗𝑘𝑘√2𝜋𝑟 𝑒−𝑗𝑘𝑟.                                                                     

In practice, the observation domain OD is bounded. Therefore, (1) must 
be truncated. This truncation causes errors while evaluating the 
radiation pattern. The concept of the valid angle is a commonly used rule-
of-thumb for predicting the region of validity of the calculated far-field 
pattern according to the size of the measurement aperture and the 
radiating system.  This is based on asymptotic reasonings and 
establishes that the radiation pattern can be considered reliable for 

angles lower than 𝜃𝑣𝑎𝑙𝑖𝑑 that is 𝜃𝑣𝑎𝑙𝑖𝑑 = tan−1 (𝑋0−𝑎𝑧𝑜 ).                                       

Despite its simplicity, the VA approach is mainly a qualitative criterion 
not explicitly linked to the truncation error. Moreover, it appears too 
restrictive. To address these deficiencies, in the next section we analyse 
the truncation effect under the light of the radiation operator singular 
spectrum. 

 
 

FIG. 1  Geometry of the problem 
 

III. NEW VALID ANGLE CRITERION 
Consider the operator linking the aperture field 𝐸𝑎(𝑥) and the near field,  𝐸(𝑥𝑜 , 𝑧𝑜). It can formally be expressed as  𝒜: 𝐸𝑎  ∈ 𝐿2(SD) → 𝐸(𝑥𝑜 , 𝑧𝑜) = 12𝜋 ∫ ∫ 𝑒𝑗(𝑘𝑥(𝑥−𝑥𝑜)−𝑘𝑧𝑧𝑜)𝑘−𝑘 𝐸𝑎(𝑥)𝑑𝑥𝑑𝑘𝑥𝑆𝐷 ∈ 𝐿2(OD)  (2) 

with 𝐿2 the set of square integrable. Note that since the field is usually 
probed at a distance 𝑧𝑜 greater than the wavelength 𝜆, the integration 
interval in (2) is confined to the visible domain. In order to evaluate 𝑋0 to 
be used in the radiation pattern estimation, the problem be cast as the 
determination of the measurement interval size which guarantees a 
negligible field energy outside OD. In order to get some insights from the 
previous point of view it is useful to introduce the singular value 
decomposition of 𝒜. Note that the singular system is dependent on the 

observation domain size. Accordingly, let {𝑢𝑛(𝑥, ∞), 𝜎𝑛𝑢, 𝑣𝑛(𝑥𝑜 , ∞)}𝑛=0∞  and {𝑢𝑛(𝑥, 𝑋0), 𝜎𝑛𝑏 , 𝑣𝑛(𝑥𝑜 , 𝑋0)}𝑛=0∞  be the singular systems of 𝒜 when the 
observation domain  is unbounded and bounded respectively. In 

particular, in [4], it is shown that 𝜎𝑛𝑢 exhibit a step-like behaviour, in fact 

they are constant to 1 till their index reaches the critical value 𝑁𝑢 = 2𝑘𝑎𝜋  

beyond they decay exponentially towards zero. As concern 𝑢𝑛(𝑥, ∞) they 
are the Prolate Spheroidal Wavefunctions 𝜙𝑛. Moreover, in [4], it is proved 
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also that 𝜎𝑛𝑏 exhibit the same step-like behaviour as before, with the only 
difference that now the  knee occurs in correspondence to the index 𝑁(𝑋0) = 2(𝑅𝑚𝑎𝑥−𝑅𝑚𝑖𝑛)𝜆 , with 𝑅𝑚𝑎𝑥 = √(𝑋0 + 𝑎)2 + 𝑧𝑜2 𝑅𝑚𝑎𝑥 = √(𝑋0 − 𝑎)2 + 𝑧𝑜2. 

Hence, the main effect due to observing the near field over a finite 
observation domain is to reduce the number of significant singular values 

from 𝑁𝑢 to 𝑁(𝑋0) but not their magnitudes. Accordingly to the above 
conclusions, the energy of 𝐸(𝑥𝑜 , 𝑧𝑜)  outside OD can be estimated as  ‖𝐸‖ℛ−𝑂𝐷2 ≅ ∑ |〈𝐸𝑎, 𝑢𝑛(𝑥, ∞)〉|2 − ∑ |〈𝐸𝑎, 𝑢𝑛(𝑥, 𝑋0)〉|2𝑁(𝑋0)𝑛=0𝑁𝑢𝑛=0                           (3) 

with 〈 〉 denotes the scalar product. In order to make the energy outside 
negligible, the first step is to choose 𝑋0 such that 𝑁𝑢 ≅ 𝑁(𝑋0). Of course 
equality in (3) can never be achieved with finite measurement apertures. 
Therefore, we must content to determine the minimum 𝑋0 for which 𝑁𝑢 −𝑁(𝑋0) = 𝛼 < 1. This means that to observe the field on the entire x-axis 
should give at most one degree of freedom more with respect to the 

bounded interval. It easily follows that 𝑋0 solves the following equation  𝑋02(1−𝜂)2𝑎2 − 𝑧𝑜2𝜂(2−𝜂)𝑎2 = 1                                                                           (4) 

with 𝜂 = 𝛼 𝜆4𝑎 . The question arising is how to choose 𝛼. It is evident that 

as 𝛼 increases also 𝑋0 increases. Hence 𝛼 should be chosen according to 
the required valid angle. In order to link such parameter to the valid angle 

consider 𝑢𝑛(𝑥, ∞) and 𝑢𝑛(𝑥, 𝑋0), It is evident that if lim𝛼→0 𝜎𝑛𝑏 = 𝜎𝑛𝑢, then also lim𝛼→0 𝑢𝑛(𝑥, 𝑋0(𝛼)) = 𝑢𝑛(𝑥, ∞). Accordingly for little value of 𝛼, the following 

approximation holds 𝑢𝑛(𝑥, 𝑋0(𝛼)) ≅ 𝜙𝑛(𝑥,𝑐𝑏)𝜎𝑛𝑏  with 𝑐𝑏 = 𝑎𝑘 (1 − 𝜋𝛼2𝑘𝑎) = 𝑎�̅�. By 

spanning the aperture field in terms of 𝑢𝑛(𝑥, 𝑋0(𝛼)) and performing its 
Fourier transform we obtain the following expression for the PWS 𝑓(𝑘𝑥)   ≅ ∑ 〈𝐸, 𝑣𝑛(𝑥𝑜 , 𝑋0)〉 𝑗𝑛√2𝜋𝜎𝑛𝑏𝑎�̅�.𝑁𝑢𝑛=0  

𝜙𝑛(𝑘𝑥𝑎�̅�,𝑐𝑏)𝜎𝑛𝑏                                            (5) 

The (5) allows to introduce the new valid angle criterion. In fact, for 𝑛 ∈[0,1 … , 𝑁𝑢] the 𝜙𝑛s in are mostly concentrated within the interval |𝑘𝑥| ≤ �̅�. 
Therefore, it is within this frequency interval that (5) works well in 
approximating 𝑓(𝑘𝑥) . Accordingly, the valid angular region is bounded by 

the following valid angle 𝜃𝑣𝑎𝑙𝑖𝑑𝑛𝑒𝑤 = sin−1 (1 − 𝜋𝛼2𝑘𝑎). Note that the (5) provides 

a method to compute the radiation pattern without requiring to Fourier 
transform the measured field. In principle, if series (5) were not truncated 
at 𝑁𝑢 it would allow to obtain 𝑓(𝑘𝑥) even beyond 𝜃𝑣𝑎𝑙𝑖𝑑𝑛𝑒𝑤 . However, since the 

step-like behaviour of 𝜎𝑛𝑏s, for 𝑛 > 𝑁𝑢 the coefficients 〈𝐸, 𝑣𝑛(𝑥𝑜 , 𝑋0)〉 become 
vanishingly small and hence more corruptible by noise. 

IV. NUMERICAL RESULTS 

In Fig. 2, the normalised amplitude of 𝑓(𝑘𝑥)  as a function of the 
observation angle is shown for a triangular aperture. In figure, the two 
vertical dashed lines identify the corresponding angle valid region. The 

black line refers to the interval [−𝜃𝑣𝑎𝑙𝑖𝑑 , 𝜃𝑣𝑎𝑙𝑖𝑑] and the violet line to [−𝜃𝑣𝑎𝑙𝑖𝑑𝑛𝑒𝑤 , 𝜃𝑣𝑎𝑙𝑖𝑑𝑛𝑒𝑤 ]. In particular, for this example the 𝜃𝑣𝑎𝑙𝑖𝑑  returns 68°, while 

the new valid angle is larger and equal to 73°. As can be seen in the top 
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panel of the figure, in absence of noise the two curves (blue and yellow 
lines) are in agreement with the analytical one (red line) within the 
corresponding valid angles. However, the new valid angle criterion allows 
to identify a larger region than the valid angle one inside which the 
estimated PWS can be considered reliable.  This becomes more true as 
the measured field is corrupted by additive Gaussian noise. Indeed, the 
bottom panel of Fig. 2 shows the same curves as before but now the 
measured field is corrupted by additive Gaussian noise with 𝑆𝑁𝑅 = 10𝑑𝑏. 
As it can be appreciated while the blue line is again in agreement with 
the analytical one within [−73°, 73°], the yellow line is more affected by 
the noise also within [−68°, 68°].  This is because the equation (5) retains 
only the more relevant expansion coefficients, those less corruptible by 
the noise. Accordingly, this introduces a regularization step that it is not 
performed within the truncated Fourier transform procedure. This makes 
the last approach more affected by the noise. 

 
 

FIG. 2  Normalised amplitude of 𝑓(𝑘𝑥) in db of a rectangular aperture with 𝑎 = 3𝜆,. The 

red dotted-dashed line refers to the 𝑓(𝑘𝑥) evaluated analytically, the blue line to the one 
evaluated by (5) and the yellow dotted line to the plane wave spectrum evaluated by 
truncating the Fourier transform. In a) the measures are noise free while in b) are 
corrupted by additive Gaussian noise with SNR = 10db. The parameters are 𝛼 = 0.5, 𝑧𝑜 =3𝜆. 𝑘 = 2𝜋𝑚−1 and 𝑋0 = 10,46𝜆. 
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Abstract 
A novel approach for fast antenna certification is presented. The proposed 
Measurements-by-Design (MbD) technique allows to accurately estimate both 
near- and far-field patterns of the antenna under test (AUT) exploiting a suitably 
generated over-complete basis and a very limited number of measurements. 
Numerical results are shown to assess the proposed technique. 
Index Terms  Antenna measurement, near-field pattern, near-field to far-
field transformation (NF-FF), orthogonal matching pursuit (OMP).  
 

I. INTRODUCTION AND MOTIVATION  
With the fast advent of the fifth-generation (5G) communication 

systems and the unprecedented need for mass production of 
unconventional radiating systems, fast, reliable, and cost-effective 
antenna measurement/certification is becoming very attractive [1]-[5].  
Many antenna testing techniques rely on near-field and/or compact 
range measurements [4]. However, standard strategies require a large 
number of measurement points and, consequently, a long acquisition 
time [4]. Many efforts have been devoted towards a reduction of the 
required field samples exploiting a-priori knowledge on the antenna 
under test (AUT). Within this context, several compressive sensing (CS)-
based approaches [5], [6] have been proposed to address antenna 
measurement as a sparse recovery problem.  
In this paper a novel antenna measurement strategy is presented. The 
idea behind the proposed Measurements-by-Design (MbD) strategy is to 
generate a redundant over-complete basis able to represent the field 
radiated by the AUT with a reduced set of near-field samples. Towards 
this end, a-priori information coming from a preliminary uncertainty 
analysis [7] is exploited to provide reliable reconstructions of the 
radiated pattern also in presence of non-negligible deviations due to 
manufacturing tolerances or errors. 
 

II. MATHEMATICAL FORMULATION 
With reference to the geometry sketch in Fig. 1, let us consider a 

planar array of  yx NNN   elements located in  nnn yx ,r , 

Nn ,...,1 . The near-field distribution of the AUT is measured over the 

planar surface   with dimensions  LW   and placed at height H  (Fig. 

1). 
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FIG. 1  Geometry of the antenna array and of the planar near-field 
measurement set-up. 

 
A set of P classes of uncertainty that can potentially deviate the 

radiation features of the AUT from the nominal ones is identified 
exploiting the a-priori knowledge on the radiating system and a suitable 
uncertainty analysis [7]. For each identified p-th class, a set of pK  full-

wave simulations is carried out by considering a variation of the 
uncertainty parameter within the estimated bounds. Each time the AUT 
near-field distribution is measured over a dense grid of T equally-spaced 
positions    ttt yx ,r  (Fig. 1), yielding the following set of radiated 

fields 

 p
k
pp Kk ,...,1;  EE ; Pp ,...,1  (1) 

where   TtE t
k
p

k
p ,...,1;  rE  is the k-th realization of the AUT pattern. 

The singular value decomposition (SVD) is then applied to each p-th set, 
i.e.,  

 





pI

i

i
p

i
p

i
pp

1

vuE  ; Pp ,...,1  (2) 

where  i
pu  and i

pv  are respectively the left and right singular vectors, .  

being the transpose operator, and i
p  are the singular values. In order 

to regularize the solution, a truncation is applied to Eq. (2) in order to 
keep the pp IQ   first singular values. The first pQ  left singular vectors 

represent a basis able to describe the AUT near-field under the p-th 
cause of uncertainty at the noise level accuracy. An over-complete basis 
can be then straightforwardly obtained as the union of the P SVD-
generated bases, i.e.,  

 p
i
p

P
p Qi ,...,1;1   uΨ . (3) 

Once the over-complete basis of 



P

p

pQQ
1

 vectors is generated, it is 

possible to retrieve the pattern of the AUT starting from a set of (noisy) 



 

167 

 

measurements taken at    meas
m

meas
m

meas
m yx ,r , TMm  ,...,1  (Fig. 

1) through the following procedural steps: 
1. From the   QT   matrix Ψ  derive the  QM   sub-matrix 'Ψ  by 

selecting the M rows corresponding to measurement locations; 
2. Apply the orthogonal matching pursuit (OMP) algorithm [8] to solve 

the following linear system 
χΨΓ ' . (4) 

where   MmE m ,...,1;ˆ  rΓ  contains the noisy samples and  

 Qqq ,...,1;  χ  is a sparse vector of expansion coefficients. 

3. Use χ  to estimate (though the full dictionary Ψ ) the near-field 
pattern of the AUT over the dense grid of T points belonging to  . 

 
III. NUMERICAL VALIDATION 

To preliminary assess the proposed MbD methodology an exhaustive 
set of numerical experiments has been carried out. The considered 
antenna is a planar array of 2 yx ll -spaced 60N  microstrip 

patches printed on a dielectric substrate of thickness 019.0h , 
relative permittivity 7.4r  and loss tangent 014.0tan   (Fig. 1). 
Supposing a row-wise feeding of the radiators, the first class ( 1p ) of 

uncertainties affecting the AUT is an error in the magnitude of the 
excitations of each row. Moreover, a second class ( 2p ) considers a 

shift of the excitation phases from the broadside ones. An over-complete 
basis of 40Q  atoms has been generated considering a uniform lattice 

of 2 -spaced 16814141 T  points [    2020  LW , 7H  - 
Fig. 1]. The estimation of the near-field has been performed by 
exploiting a set of   2555 M  5 -spaced samples in Ω (Fig. 1). 

  
(a) (b) 

FIG. 2  Numerical Assessment ( 60N , 7H , 1681T , 25M , 

40SNR dB) - (a) Actual and (b) estimated near-field distribution radiated by 
the AUT. 

 

Figure 2 shows the actual [Fig. 2(a)] and retrieved [Fig. 2(b)] near-field 
when considering a partial failure of the excitations of the third row of 
the AUT. As it can be observed, despite the presence of noise on 
measurements ( 40SNR dB) a very accurate estimation of the near-
field pattern is yielded. Standard near-field-to-far-field (NF-FF) 
transformation has been applied to the retrieved near-field distribution. 
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The result is shown in Fig. 3, where the far-field pattern obtained from 
the retrieved solution [Fig. 3(b)] verifies a very high matching with the 
actual one [Fig. 3(a)] also in the far side-lobes region. 

  
(a) (b) 

FIG. 3  Numerical Assessment ( 60N , 7H , 1681T , 25M , 
40SNR dB) - Far-field pattern computed through NF-FF transformation 

starting from the (a) actual and (b) retrieved near-field AUT distribution. 
 

IV. CONCLUSIONS 
A novel approach for fast antenna  testing has been proposed in this 

work. The developed MbD strategy is based on the generation of an over-
complete basis able to accurately model the near-field distribution 
radiated by the AUT. Reliable near-field and far-field estimations are 
yielded exploiting a very limited number of measurements, allowing a 
fast AUT qualification for time- and cost-efficient mass production. 
Future works will be devoted at experimentally assessing the proposed 
MbD methodology. 
 

REFERENCES 
[1] P. Rocca, G. Oliveri, R. J. Mailloux, and A. Massa, “Unconventional 
phased array architectures and design methodologies - A review,” Proc. IEEE, 
vol. 104(3), pp. 544-560, Mar. 2016. 
[2] G. Oliveri et al., “Co-design of unconventional array architectures and 
antenna elements for 5G base stations,” IEEE Trans. Antennas Propag., vol. 
65(12), pp. 6752-6767, Dec. 2017. 
[3] Y. Qi et al., “5G over-the-air measurement challenges: overview,” IEEE 
Transactions Electromagn. Compat., vol. 59(6), pp. 1661-1670, Dec. 2017. 
[4] D. Slater, Near Field Antenna Measurements. New York: Artech House, 
1991. 
[5] M. D. Migliore, “A simple introduction to compressed sensing/sparse 
recovery with applications in antenna measurements,” IEEE Antennas Propag. 
Mag., vol. 56(2), pp. 14-26, Apr. 2014.. 
[6] A. Massa, P. Rocca, and G. Oliveri, “Compressive sensing in 
electromagnetics - A review,” IEEE Antennas Propag. Mag., pp. 224-238, vol. 
57(1), Feb. 2015. 
[7] N. Anselmi, L. Manica, P. Rocca, and A. Massa, “Tolerance analysis of 
antenna arrays through interval arithmetic,” IEEE Trans. Antennas Propag., 
vol. 61(11), pp. 5496-5507, Nov. 2013. 
[8] T. T. Cai and L. Wang, “Orthogonal matching pursuit for sparse signal 
recovery with noise,” IEEE Trans. Inf. Theory, vol. 57(7), pp. 4680-4688, Jul. 
2011. 



169 
 

AN EPIDERMAL CONFIGURABLE ANTENNA SYSTEM FOR THE 

MONITORING OF BIOPHYSICAL PARAMETERS  
  

C. Miozzi(1), G. Marrocco(1) 
  

(1) University of Roma “Tor Vergata”, Via del Politecnico 1, 00133, 
Roma, Italy 

 
  

Abstract 
Skin sensors based on Radiofrequency Identification enable non-invasive 
monitoring of human physiologic parameters. To speed up the experimentations 
of new sensing modalities and their possible applications, a general-purpose on-
skin oriented board is here described. A 3 cm by 3 cm flexible Kapton layer hosts 
a miniaturized open-loop antenna tuneable in the worldwide UHF RFID band 860-
960 MHz, a microchip with internal ADC and pads for interconnecting external 
sensors and a battery for data-logging mode. When working in Battery Assisted 
Passive mode it can be read up to 1.5 m and hence the wearer can automatically 
upload the stored data in mobility. The device is preliminarily experimented in the 
measurement of the skin temperature and moisture on clothes. 

Index Terms  Flexible Electronic, Skin sensor, Radiofrequency Identification. 

 
 

I. INTRODUCTION 
  

The measurement of biophysical parameters (temperature, sweat index 
and pH) directly detected onto the human skin can enable fast and non-
invasive health monitoring procedures. The recent progress in epidermal 
electronics [1] and the consolidating Internet of Things technologies for 
healthcare [2] are currently stimulating the development of a new class 
of biocompatible skin-worn devices as an effective and low-cost booster 
for personal diagnostics and wellness. The wireless connectivity of the 
epidermal sensor with external nodes can be efficiently provided by the 
Radio-Frequency Identification (RFID) technology that permits to 
minimize the complexity of the required electronics.  
 

                                       
(a)                                         (b)                

FIG. 1  Layout of the RFID skin board: (a) main side with the antenna traces 

and (b) opposite side with replicated pads. Main sizes in [mm]. 
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As the worldwide interest for skin electronics is continuously 
increasing, a general-purpose epidermal RFID board could ease the 
experimentation of new epidermal sensors, like a lab on skin [3]. In this 
perspective, we propose here a small-size flexible RFID antenna on a 
shaped open-loop layout, working in the UHF band (860-960 MHz). The 
device is suitable for on-skin placement, includes expansion ports for 
additional sensors and enables data-logging capability. Some examples 
of continuous monitoring of skin temperature and clothes moisture are 
reported.  

 
 

II. SKIN ANTENNA LAYOUT 
 
On-skin RFID data-loggers have to be considered as disposable devices 
and hence the complexity of the involved electronics has to be minimized. 
Currently the only available all-in-one RFID microchip with sensor-
oriented features and capability to store the measured data into an 
internal memory is the AMS-SL900A IC [4]. This IC provides a native 
internal temperature sensor and a 10-bit ADC for sampling external 
sensors. However, this IC cannot be connected to a closed conducting 
path and, accordingly, conventional impedance matching techniques like 
the T-match and the Loop- or Slot-match cannot be used. With reference 
to Fig. 1, the selected antenna comprises a larger vertical trace, where 
the IC will be interconnected and whose width and gap position have been 
optimized to match the input resistance of the chip. The meander line 
portion is used to move the null of the current so that the two vertical 
traces will host equal-verse currents. A further degree of freedom is a 
tuning inductor inserted in series with the chip to change the working 
frequency of the antenna, e.g. to compensate specific placements over 
different parts of the body. Finally, the board is provided with some 
expansion pads for the interconnection of a battery and additional 
sensors. For improved general use, the terminals are also replicated in 
the opposite side of the substrate by means of via holes. 
 

            
(a)                                                      (b) 

FIG. 2  (a) Surface current of the epidermal antenna at 868 MHz and (b) 
numerically evaluated realized gain for two values of the tuning inductors. 

  
Fig. 2a shows the surface currents onto the antenna when it is placed 

over an homogeneous box model of human body (𝜀𝑟 = 55.1, 𝜎 = 1.02 𝑆/𝑚). 

Null of current 
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The actual combination of the inductor and the meander line length 
induces the required current pattern so that the antenna can be 
considered as a miniaturized folded dipole, in spite of the lower open 
termination. The realized gain for two values of the tuning inductor 𝐿𝑡 ={30, 40} 𝑛𝐻 are shown in Fig. 2b for application in the two extreme 
boundaries of the UHF RFID band.  

The expected read distances in BAP mode are 1.4 m (EU) and 1.5 m 
(US), by assuming an 𝐸𝐼𝑅𝑃 = 3.2 𝑊 (𝐸𝑈), 4 𝑊 (𝑈𝑆). They are suitable for an 
automatic data download from the device as the user walks across a door 
that was equipped with an interrogating module. 

 
 

III. PROTOTYPES AND PRELIMINARY TEST 
 

A prototype (Fig. 3a) of the skin RFID sensor board was fabricated by 
etching a copper laminated Kapton substrate (50 𝜇𝑚 thickness). A 3 V 
lithium coin battery was connected in series to the chip throughout a 
ferrite bead (Murata) to enforce a proper rejection of the RF component 
versus the chip DC port that will otherwise upset the chip. The resulting 
device is flexible and can be then embedded into a fabric plaster for 
healthy and comfortable application onto the skin and easy removal.  

The realized gain 𝐺𝑅 was measured by the turn-on method when the 
antenna was placed over two different parts of the body that are the chest 
and the rib cage of a female volunteer (Fig 3b). Despite some frequency 
shift and attenuation, probably due to the different electromagnetic 
behaviour of the considered body positions, the peak values (−17.5 𝑑𝐵𝑖 <𝐺𝑅 < −15.5 𝑑𝐵𝑖) are comparable with the simulation (−15.5 𝑑𝐵𝑖). 

 

               
(a)                                                        (b) 

FIG. 3  (a) Front and rear sides of the RFID Epidermal Sensor Board prototype 

with battery mounted onto different faces and (b) measured realized gain when 
it was placed onto both chest and rib cage of a volunteer. 

 
The RFID skin board was preliminarily demonstrated in the 

measurement of the skin temperature and the moisture of an underwear 
cloth. For this purpose, the chip was placed face front the skin and coated 

with an ultra-thin biocompatible film (22 𝜇𝑚 thickness) for sanitary 
reason, while the battery was soldered in the opposite side. Two 
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additional copper electrodes were moreover soldered to the expansion 
ports on the opposite side. The handheld reader to activate the data-
logger and download the data was a CAENRFID qIDmini, emitting 150 
mW power. An example of measured temperature profile is shown in Fig. 
4a and refers to the plaster attached onto the chest of a female volunteer, 
wearing winter clothes, who moved in the outdoor (13°C for 8 minutes) 
and then come back inside a university lab (25°C). Finally, Fig. 4b shows 
the change of surface resistance of a cloth which was artificially 
humidified with physiologic solution by means of a vaporizer to simulate 
human sweat production. 

 

  

(a)                                                           (b) 

FIG. 4  (a) Temperature profile moving from outdoor to indoor environment. (b) 
Surface resistance of a cloth that was humidified by physiologic solution. 

 
 

IV. CONCLUSION 
 
The proposed epidermal radio-board can be used to test many kinds of 
sensors suitable to the comfortable monitoring of physiologic parameters 
in several modalities. The possibility to host a battery could enable a 
continuous registration of parameters in mobility. The tool is useful for 
both biomedical applications and diagnostics, as well as to characterize 
the insulating performance of special clothes, but could be even used in 
battery-less mode for instantaneous, short-range data download. 
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Abstract 

This paper presents the application of the phase-based SARFID technique to 

locate static tags with respect to a UHF-RFID reader carried by an Unmanned 

Grounded Vehicle (UGV). The UGV can autonomously move inside a complex 

indoor environment avoiding obstacles being remote-controlled by humans. The 

knowledge of the reader antenna trajectory is achieved through a Simultaneous 

Localization and Mapping (SLAM) procedure. The 3D tag position can be estimated 

with centimeter error by employing the SARFID technique with two reader 

antennas. Differently from other localization techniques, neither reference tags 

(anchor tags), nor large phased array antennas are required. 

Index Terms  Passive UHF-RFID system, UHF-RFID localization, Unmanned 
Ground Vehicles, RFID retail applications 

 
I. INTRODUCTION 

 
The UHF-RFID technology represents a low-cost and easy-deployable 

solution to combine localization and tracking of tagged items with real-
time inventory, in several scenarios such as warehouses, libraries, 
hospitals and stores. Several techniques were proposed to develop UHF-
RFID localization systems, exploiting both amplitude and phase of the tag 
backscattering signal measured at the output of the reader coherent 
receiver. The main goal is to obtain a spatial resolution comparable with 
the size of the tagged item. Satisfactory performance can be obtained with 
phase-based methods [1], which are more robust with respect to the 
multipath propagation phenomena that are typical of a crowded indoor 
scenario. Multiple reader antennas can be employed to increase the 
available amount of data to be processed [2]. Alternatively, the relative 
motion between reader antenna and tags can be exploited to locate 
moving tagged items with respect to a fixed reader antenna [3]-[4], or fixed 
tagged items by employing a moving reader antenna, through a Synthetic 
Aperture Radar (SAR) approach (SARFID method). The antenna motion 
can be created through a handling system [5], or by mounting the 
antenna on board of a drone  [6].  

In this paper, the authors propose the employment of the SARFID 
localization method to locate static tagged items in retail scenarios, by 
employing a moving UHF-RFID reader on board of an Unmanned 
Grounded Vehicle (UGV). The UGV is remote-controlled and can self-
localize trough a SLAM algorithm. Thus, the 3D UGV/reader antenna 

mailto:andrea.motroni@ing.unipi.it,
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trajectory can be known with centimeter order error in an indoor scenario 
allowing for the SARFID method application. 
 

II. THE RFID-BASED UGV-PLATFORM 
 

The UGV platform employed in the experimental setup (Fig. 1a) was 
the Pioneer 3-AT manufactured by MobileRobots. The robot uses a micro-
controller to interface with the motors and to manage the odometry 
update and the obstacle detection, using the sonar sensors. In order to 
obtain a satisfactory environment map, the Hokuyo LRF (UTM-30LX) was 
mounted on the top plate of the original platform. The data from the whole 
sensor payload (IMU, LRF, and sonar) were integrated into a state-of-the-
art SLAM [7] algorithm based on a Rao-Backwellized particle filter [8], 
thus the UGV was able to avoid obstacles and localize itself with 
uncertainty of the order of few centimeter. 

The Impinj Speedway Revolution R420 UHF-RFID reader was 
integrated on the UGV with two circularly polarized RFID antennas 
(WANTENNAX019 by C.A.E.N. RFID). In accordance with the sampling 
theorem, the UGV/reader has not traveled a distance larger than λ/4 [4] 
when collecting consecutive tag readings. The wireless pilot of the reader 
was realized through the Wi-Fi module Vonets VAP11G-300. 

 

 
(a) (b) 

FIG. 1 – (a) Schematic setup of the measurement scenario with the Pioneer 3-AT 
robot equipped with the RFID reader and the sensor payload for the SLAM 
algorithm. Infrared markers are used to measure the “ground truth” position of 
the antennas. (b) Measurement scenario with commercial UHF-RFID inlay tags. 

 
III. LOCALIZATION METHOD AND EXPERIMENTAL ANALYSIS 
 

When a reader antenna moves in front of tagged items on a shelf 
according to a rectilinear trajectory (e.g. along the x-axis of Fig. 1b) or a 
planar one (e.g. on the xy-plane), it is possible to perfom a mono-
dimensional or a bi-dimensional localization, respectively, with an error 
of centimeter order. To obtain an accurate estimation of the third 
coordinate (3D localization), the reader antenna should also change its 
height (z-coordinate) along the path.  Alternatively, two reader antennas 
at different heights on the UGV can be profitably used. Indeed, each 
reader antenna measures a different relative phase history being at a 
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different distance from the tagged items. By multiplying the 3D matching 
functions obtained from the SARFID method, a new 3D matching 
function can be extracted from which an accurate estimation of the z-
coordinate is possible. The proposed localization method was tested in an 
indoor office environment (Fig. 1b). Thirty-eight UHF passive RFID tags 
were placed in the environment within a volume of 7 m × 5 m × 1.5 m 
and with arbitrary orientation. Different tag typologies with Monza R6 
chip (sensitivity of -22.1 dBm) were employed. The antenna #1 was placed 
at a height of z1=1.25 m, and the antenna #2 at z2=0.75 m. The UGV ran 
several trajectories on the xy plane, and the RFID system collected phase 
samples from all the tags in the scenario (f0=867.5 MHz, PTX=26 dBm, 
average spatial sampling among consecutive readings of 5 cm). 
Fig. 2 depicts the 3D matching function projection on the xz-plane of the 
estimated y-coordinate using data from antenna #1 (a), from antenna #2 
(Fig. 2b) and by multiplying the matching functions (Fig. 2c). The actual 
tag position is [xtag, ytag ztag]=[-0.58, -0.58, 1.00] m and the synthetic 
aperture lengths are Dx=1.51 m and Dy=0.78 m along the x- and y-
directions, respectively. By considering a single antenna with linear 
trajectory, the main lobe along the z-axis can be very wide (Fig. 2a), or a 
secondary lobe can appear (Fig. 2b), depending on the distance of the 
trajectory heights from the tagged item. Both cases determine an 
uncertainty in the z-coordinate that can be solved by multiplying the two 
matching functions as shown in Fig. 2c. The 3D localization errors are 
described in Table I. 
 

 
                  (a)                               (b)                              (c) 
FIG. 2 - 3D matching functions projection on the xz-plane of the y-coordinate 
estimates, obtained by processing data measured (a) at antenna #1, (b) at 
antenna #2, or (c) by multiplying the matching functions obtained from antenna 
#1 and antenna #2. The red dashed line denotes the projection of the reader 
antenna trajectory on the xz-plane.  
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TABLE I – LOCALIZATION ERROR 

Employed 
Antenna 

 x-coordinate 
error (cm) 

y-coordinate 
error (cm) 

z-coordinate 
error (cm) 

 #1 1 12 33 

#2 1 12 17 
#1 and #2  1 5 16 

 
IV.  CONCLUSION 

 
In this paper, the phase-based SARFID localization technique for 

UHF-RFID passive tags was applied in a realistic indoor scenario where 
the tagged items are static, and the reader was moved by a UGV. By 
performing a planar trajectory of the UGV it is possible to combine the 
matching function obtained from the data measured at the two reader 
antennas to determine an accurate 3D tag position.   
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Abstract 
The aging of polymer-based objects (tires, cable harness, paints, gaskets) may 
appear as the formation of surface defects like cracks and scratches. An early 
detection of such signs may support the Predictive Maintenance in the Industry 
4.0 paradigm of critical polymeric devices before the occurrence of a severe 
damage. Inkjet printed Space Filling Curves (SFC) are here proposed as an 
artificial electric skin, suitable to be integrated with an RFID tag, at the purpose 
to detect and remotely transmit the presence of small aging signs of a surface. 
Thanks to the particular properties of the Gosper SFC, the size and space 
resolution of the skin can be easily controlled by few parameters. 
 

Index Terms − Electronic Skin, Material Aging, Printed Electronics, RFID 
technology.  

 
 

I. INTRODUCTION 
 

Polymers are increasingly being used in a wide variety of applications 
where reliability in long-term service in harsh environments is required. 
These materials are usually greatly involved in aerospace and automotive 
industries, including civil buildings and infrastructures. The main cause 
that can lead to a failure during the service is the physical or chemical 
aging of the materials that could compromise its integrity with 
catastrophic results. One of the major aging effect [1] [2] is the generation 
of superficial cracks on the polymer. Accordingly, a regular and hopefully 
automatic monitoring of the object's health status could extend its 
lifetime preventing unexpected faults. Currently, there are several cracks 
detection techniques that usually require cumbersome measure methods 
and a highly trained operator to collect and interpret data. 
This contribution introduces a new idea for the wireless identification of 
aging signs over plastic surfaces and some preliminary experimental 
examples. The method is based on an ink-jet printed electronics skin, 
enveloping the object like a tattoo and connected to an integrated RFID 
antenna. The alteration of such a skin, due to aging of the surface, will 
be detected by the RFID microchip transponder and then backscattered 
to the reader. 
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II. GOSPER SKIN CIRCUITS 
 

Without loss of generality, the defect to be detected are here modeled as 
a linear crack, of length l, over the object surface (assumed, for the sake 
of simplicity, to be planar). A possible family of electrodes to achieve a 
detection skin is that of Space-filling curves (SFC) [3] [4], that map a 
multi-dimensional space into the one-dimensional domain. A space-
filling curve acts like a thread that passes through portions of the space 
so that every point is visited only once. The filling density on the surface 
can be controlled by the selection of the iteration (order) parameter. It can 
be proved that the minimum length of the detectable crack can be defined 
as space resolution S(N) and expressed as: 
 𝑆𝑆(𝑁𝑁) =

4𝑟𝑟√3√7𝑁𝑁+1 (1) 
 

where r is the radius of the circle enveloping the Gosper island. We 
consider here the Peano-Gosper curves (Fig. 1) as possible detectors of 
surface defects since, thanks to their rotational construction, they have 
the property to uniformly and quickly improve the spatial resolution with 
respect to the Hilbert curve. The Gosper SFC also possesses the capability 
of surface tessellation so that several Gosper Islands can be placed one 
close to another (Fig. 2) in order to widen the area to be monitored. The 
interrogation of the resulting skin is implemented by connecting the two 
terminals of each island to the anti-tampering port of an RFID tag. The 
occurrence of a crack (or more in general of a defect) will not only be 
identified, by even localized in a macro-region depending on the 
responding tag with the altered anti-tamper bit. 

  

  
 

FIG. 1 Hilbert and Gosper Space-
Filling Curves of some orders. The red 
lines indicate the maximum segment 
that is not crossed by the curves; such 
segment can be considered as the 
lower-bound length of a crack that 
would not interrupt the line. The blue 
segment is the radius of the circle 
enveloping the SFC. 

FIG. 2 Pictorial example of how several 
Gosper Islands can be mutually 
displaced in order to fill a large surface. 
The red '0' indicates the anti-tamper bit 
in the response of the second tag 
detecting the occurrence of a damage 
in the island n.2; in other words, the 
condition lcrack>S(N) has occurred for 
that island. 

r 
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III. GOSPER SKIN RESISTANCE 
 

A possible fabrication of the space-filling RFID skin involves the 
conducting inkjet printing process thanks to its capability to produce 
complex shapes and to deposit ink even onto non planar surfaces. The 
DC conductivity of the self-sintering ink is σDC≃1∙107S/m [5]. In a 
preliminary test the printing substrate is the PVA coated PET Mitsubishi 
Paper Mills (Thickness 135μm). Fig. 3 shows some single-pass printed 
Gosper curves of increasing order such to be limited within 8.5cmX8.5cm 
square. The critical issue is the non-uniform spread of the deposited ink 
droplets inside and outside the main trace so that, in high order SFC 
(closes lines), they may produce a change of the input DC resistance of 
the curve, measured at the two terminals. Tab. 1 resumes the measured 
DC input resistance, by a Fluke meter, in case of a continuous line (RSC) 
as well as in case it was interrupted in the middle (ROC) by a small cut. 
Due to the intrinsic ink loss, the short-circuit resistance increases (nearly 
doubles) along with the order of the curve, i.e. for overall longer traces. 
With reference to the NXP UCODE G2iM+ chip, the tampering circuit is 
considered closed (alarm flag = 0) when the port resistance is RSC<2MΩ, 
while instead the circuit is considered interrupted (alarm flag = 1) when 
RSC>20MΩ. Accordingly, the measured resistances in Tab. 1 show that 
all the considered Gosper curves can be suitable to interconnection with 
an RFID tag. 
 

  

 
 

TABLE I – MEASURED DC INPUT RESISTANCE AT THE GOSPER SFC IN CASE OF 

SHORT-CIRCUIT CURVE AND OPEN-CIRCUIT LINE. 
 

Order (n) Length [m] RSC [kΩ] ROC[MΩ] 
2 0.60 0.7 >2000 
3 1.40 1.6 >2000 
4 3.86 3.6 >2000 

 

IV. EXPERIMENTAL VALIDATION 
 

The overall wireless sensing skin (order n=3), is finally integrated (Fig. 4) 
with a meander line dipole, made by a thin wire conductor, embedding 
the anti-tamper chip NXP UCODE G2iM+. Fig. 4 shows also the realized 
gain of the skin (in two operative conditions). The SFC acts as a parasitic 
element that electromagnetically interacts with the MLA antenna 
depending on its status thus affecting its impedance and radiation 
pattern. The resonant frequency of the tag shifts from 921MHz, in 
absence of the skin, to 899MHz when the skin is connected to the anti-

FIG. 3 Some inkjet-printed Gosper SFCs, with a trace 250µm of increasing 
orders, over a PET substrate (left). Magnified photo of the n=4 curve (right). 
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tampering port of the chip, and the peak of the gain decreases of 0.5dB. 
Finally, when the Gosper curve is broken in the middle by a 86μm 
scratch, the induced current reshapes and the resonance frequency of 
the tag moves to 903MHz. Overall, being PC=-17.5dBm the power 
sensitivity of the chip, the status of the skin might be read up to 10m in 
case of an interrogation power EIRP=3.2W at the peak condition. 
 

 
 

V. CONCLUSION 
 

We have presented the idea and a preliminary experimentation of a 
defect-detecting printed skin to monitor the aging of surface by means of 
the RFID platform. The Gosper curve looks an interesting option to 
control the size and the space-sensitivity of the skin by means of few 
parameters. Despite of the modest quality of the used low-cost inkjet 
printing, the achieved resistance of the printed trace is low enough to let 
the anti-tamper chip to discriminate an open circuit skin (a surface 
defect) from a short circuit case (healthy surface). 
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Abstract 
The paper describes a time-modulated compact antenna array suitable for 
future 5G IoT applications. Each antenna is selectively activated in order to 
localize tagged objects, randomly distributed in harsh electromagnetic 
environments, in almost real-time. The system positively exploits a well-known 
property of the time-modulation technique: the simultaneous radiation at both 
the carrier frequency and the sideband harmonics created by the superposition 
of the nonlinear switches driving (or modulation) frequency. Despite their 
architectural simplicity, these arrays are potential candidate for modern 
wireless applications because of their ease of reconfiguration. This paper shows 
some results of a two-element array for localization purposes. 

Index Terms − Antenna arrays, nonlinear circuits, localization, time 
modulation.  

 
 

I. INTRODUCTION 
  

The use of time-modulation has been introduced in [1] where the time 
represents a fourth degree of freedom. In a time-modulated array (TMA) 
system, each antenna port is controlled by a nonlinear switch, whose 
role is to activate/deactivate the corresponding radiating element 
through a periodic driving sequence. From Fig.  1 (a), the signal period TM 
and duty cycle τ become additional optimization parameters, thus 
providing an almost infinite multi-dimensional design space in which 
the proper control sequence has to be chosen. The nonlinear radiating 
circuit regime is given by the superposition of the carrier radio-
frequency (f0) and the modulation frequency (fM) used to periodically 
drive the switches. Hence, TMAs are able to radiate power at the 
sideband harmonics (f0±hfM: h=1,2,…), too. The extreme simplicity of the 
TMA architecture, which avoids the use of complex phase shifters, 
makes these arrays very attractive for modern scenarios where sideband 
radiation can be exploited: these applications range from direction 
finding [2], to wireless powering [3], and cognitive radio [4] scenarios. 

Despite their simplicity, TMAs need an accurate and multi-domain 
design platform, consisting of the combination of Harmonic Balance-
based circuit techniques and full-wave solvers [5]. In this paper, some 
experimental data of a two-element TMA array to localize RF-ID tags are 
provided [3]. 
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II. TMA RADIATION AND LOCALIZATION TECHNIQUES 

 
We assume a linear array of N antennas operating at the carrier 
frequency f0, with nonlinear switches biased by periodic rectangular 

pulses Uk(t), with period TM=1/fM and duration τk (k = 1, 2, …, N). The 
inclusion of time through the ON/OFF switching in the excitation 
mechanism leads to a time-dependent array-factor definition: 

 
 

0 M

N 1 N 1
j 2 (f hf )tj k Lcos j k Lcos

k hk h

k 0 h k 0 h

AF( , t) U (t) e e u e AF ( )
− ∞ − ∞

+

= =−∞ = =−∞

= = =∑ ∑ ∑ ∑πβ ψ β ψψ ψ  (1) 

 
where a uniform amplitude excitation condition is considered, L is the 

element spacing, β is the free-space phase constant, and ψ is the angle 
between the alignment direction and the direction of field evaluation. 
The Fourier expansion of (1) (ukh are the corresponding complex 
coefficients) provides harmonic components of the array-factor, which 
justify the sideband radiation phenomenon, i.e., the radiation at the 
carrier harmonics f0±hfM, with h=0,1,2,…. Therefore, it allows the use of 
Fourier expansion complex coefficients as design parameters. 
 

    
 (a) (b) 

FIG.  1 − (a) Photo of the two-monopole TMA prototype including the 
dimensions in millimetres. (b) Excitation pulses waveforms suitable for 

localization purposes. 

 
 

A system of two-element array of planar monopoles, as shown in Fig.  

1 (b), has been realized on Taconic RF60A (εr=6.15, thickness=0.635 
mm) operating at 2.45 GHz and properly operated with the bias 
sequence shown in Fig. 1(a) [3], where d represents a tuning parameter 
for varying the pulse duty-cycle. The two switches are two Schottky 
diodes. Namely, the Skyworks SMS7630-079. In the present case, they 
are periodically driven with the sequences of Fig. 1(b), with period TM= 

40µs (i.e., a modulation frequency fM = 25 kHz). 
The sideband radiation can be favorably exploited in this case for a 
f0=2.45 GHz carrier where the two elements are excited in phase 
(because of the real nature of the corresponding Fourier coefficient u0k), 

thus providing the standard Sum (Σ) radiation pattern; simultaneously 
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for the h=±1 harmonics, where the two dipoles, still in resonant 
condition, are out-of-phase because of the driving sequence of Fig.  1 (b), 

a Difference (∆) radiation pattern takes place. The tuning of the ∆ using 

the duty cycle d independently of Σ gives more freedom for solution-
finding (u0k is real). Fig.  2 (a) shows the result of a first simulation 
carried out by following the procedure described in [5]. The scanning 
plane is the dipoles horizontal plane (xz-plane) hence the scanning 

angle is the elevation (θ). 
 

 

  
 (a) (b) 
FIG.  2 − (a) Simulated � and � radiation patterns, showing the tuning 

capability of the Difference by acting on parameter d. (b) Measured 

multiharmonic � and � radiation patterns for d=0% and d = 30%. 

 

 

III. MEASUREMENTS 
 
For the measurements, a microprocessor TI MSP430 is used to drive the 
diodes with waveforms of the kind of Fig.  1 (a). As a first test, the TMA of 
Fig.  1 (b) is connected to a signal generator providing the 2.45 GHz 
signal, and is placed in front of a TDK horn antenna connected to an RF 
spectrum analyzer. Fig.  3 reports the received spectra when the link 

direction θ is 0°, 30°, and 45° and the tuning parameter d assumes the 
0% and 30% values.  
 

 
FIG.  3 − Measured multi-harmonic spectra for different θ directions and d 

values. 
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It is clearly visible the sideband radiation phenomenon (limited to the 
first lateral harmonics f0±fM in the figure), but also its dependency on 
both the link direction and the pulse duty-cycle: in fact the signal 

received by the ∆ pattern at f0±fM increases with increasing values of θ  if 
the biasing signals have duty-cycle=50% (d=0%), whereas it decreases if 
the duty-cycle is increased (d=30%), as confirmed by inspection of Fig.  2 
(a), too. 

As a second test, the measurement of the Σ and ∆ radiation patterns 
for d=0%, 30% is carried out. The results are shown in Fig.  2 (b) and 
they reveal a good agreement with the predictions of Fig. 2(a). 
 

 

IV. CONCLUSION 

 

In the localization of crowded RF-ID tags, radiation patterns as those of 
Fig.  2 can be extremely useful. By considering the backscattered 
Received Signal Strength Indicator (RSSI) from each illuminated tag, 

received both by the Σ and the ∆ patterns of the TMA, the Maximum 
Power Ratio (MPR) figure of merit can be built as the difference between 

ΣRSSI(dB) and ∆RSSI(dB) [6]. The sharp positive peaks of the MPR patterns 
would guarantee high precision in the detection of tags. And this can be 
easily obtained with a very simple time-based architecture, rather than 
traditional phased-arrays [6]. 
 
 

REFERENCES 

 
[1] H. E. Shanks and R. W. Bickmore, “Four dimensional electromagnetic 
radiators," Canadian J.l of Physics, 37, 3, 1959, pp. 263-275. 
 

[2] A. Tennant e B. Chambers, “A Two-Element Time-Modulated Array With 
Direction-Finding Properties", IEEE Ant. and Wirel. Prop. Lett., 6, 2007, pp. 
64-65. 
 

[3] D. Masotti, A. Costanzo, M. Del Prete and V. Rizzoli, "Time-Modulation 
of Linear Arrays for Real-Time Reconfigurable Wireless Power Transmission," 
IEEE Trans. Microw. Theory Techn., 64, 2, Feb. 2016, pp. 331-342. 
 

[4] P. Rocca, Q. Zhu, E.T. Bekele, S. Yang, A. Massa, "4-D Arrays as 
Enabling Technology for Cognitive Radio Systems," IEEE Trans. Antennas 
Propag., 62, 3, March 2014, pp.1102-1116. 
 

[5] D. Masotti, P. Francia, A. Costanzo, V. Rizzoli, "Rigorous 
Electromagnetic/Circuit-Level Analysis of Time-Modulated Linear Arrays," 
IEEE Trans. Antennas Propag., 61, 11, Nov. 2013, pp.5465-5474. 
 

[6] M. Del Prete, D. Masotti, N. Arbizzani, A. Costanzo, "Remotely Identify 
and Detect by a Compact Reader With Mono-Pulse Scanning Capabilities," 
IEEE Trans. Microw. Theory Techn., 61, 1, Jan. 2013, pp.641-650. 



 
 

RADIO FREQUENCY SENSORS BASED ON CHIPLESS RFID 

TECHNOLOGY  
  

F. Costa(1), S. Genovesi(1) , S. Terranova(1) , G. Manara(1) 
  

(1) Dipartimento di Ingegneria dell’Informazione, University of Pisa 
Via Caruso 16, 56122 Pisa, Italy 

filippo.costa@unipi.it 
  

Abstract 
Chipless sensors are entirely passive devices whose electromagnetic signature 
is intelligible in time or frequency domain. The variations of the electromagnetic 
response of these devices can be used to sense environmental parameters at a 
very limited cost and with a minimum environmental impact. The most relevant 
configurations for designing environmental sensors are described and the main 
benefits and drawbacks of this technology are discussed. 

Index Terms − Chipless RFID; Humidity sensors; RFID; Sensors. 

 
I. INTRODUCTION 

 

Low cost wireless sensors are extremely appealing in pervasive sensor 
networks [1]. The typical configuration of commercial sensors consists 
of an electronic circuit in which a component induces a certain 
variation of an observable quantity (frequency shift, phase delay) as a 
result of the interaction with external environmental parameters such 
as humidity, temperature, etc. The transducer consists of a material 
which is frequently referred as a Functional Material [2] or a Chemical 
Interactive Material (CIM) [3]. The transduction phenomenon is usually 

monitored at low frequencies or in DC throughout a measurement of 
currents and voltages. Sensors are usually wired and are interrogated 
by a direct access to the circuit [4]. The main limitations are the finite 

lifetime of the battery, which requires periodic maintenance, and the 
cost that, although modest, is not lower than 20-30 USD.  

Nowadays, another class of sensors, cheaper than the 
abovementioned ones, is emerging on the market: the RFID-based 
sensors. The advantage of RFID-based sensors relies in the absence of 
any battery, which can be a huge benefit in terms of maintenance and 
cost.  

The most challenging approach to sense the environment wirelessly is 
to use an entirely passive device, i.e. without any electronic circuit. In 
this case, the information is embedded in the electromagnetic footprint 
of a resonator and the sensing is carried out by detecting the changes in 
the electromagnetic response of the device. Indeed, as every 
electromagnetic device, the radio frequency response of these tags 
depends on the electric or magnetic changes of nearby substrates or 
particles and on the variation of the surrounding environment. If these 
variations are suitably controlled and isolated, an indirect measurement 
of several environmental quantities (or mechanical changes) can be
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extracted from the measured backscattering spectrum [5], [6]. This 
category of sensors is named chipless RFID sensors [7]. This technology 
is very appealing for designing very low cost, green and embedded 
sensors.Also, it is worth noting that, due to the absence of any electronic 
circuit, chipless RFID sensors are potentially suitable for hazardous 
environments. However, one of the main limitations is that the reliable 
reading of the sensor can be achieved only under specific conditions. In 
recent years, the analysis of techniques for the design of chipless RFID 
sensors has attracted increasing interest. Different environmental 
parameters can be monitored by exploiting the interaction of CIMs with 
resonators [8]. Inkjet printing can be also efficiently exploited for the 
fabrication of chipless sensors [9]. Two main paradigms can be used to 
sense the change in the electromagnetic response due to external 
phenomena: time domain [10] or frequency domain [11] sensing. 
Frequency domain sensor seem to be the most promising option. 

II. FREQUENCY DOMAIN CHIPLESS SENSORS 
 

Two examples regarding a frequency domain humidity sensor,based 
on a CIM are shown in Fig. 1. There, the CIM is realized by a thin 
dielectric layer and by silicon nanowires in the examples reported in 
Fig.1a and in Fig.1b, respectively.  
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Fig. 1. An inkjet-printed humidity sensor based on the properties of periodic 
surfaces (a). Measured normalized reflection coefficient at four different 
humidity levels (b). Resonance frequency of the sensor as a function of the 
relative humidity level measured in a climatic chamber (c). A humidity sensor 
based on silicon nanowires (d). Measured normalized reflection coefficient at 
different humidity levels (e). Resonance frequency of the sensor as a function of 
the humidity level for three different sensors (f). 

The sensor in Fig.1a consist of a periodic pattern printed on a single-
side coated transparency PET film (NB TP 3GU100 Mitsubishi paper)
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placed on a grounded cardboard substrate of 3 mm [9]. The pattern is 
realized with a silver nanoparticle ink through a piezoelectric inkjet 
printer (Brother DCP-J152W). The paper substrate with the coating layer 
acts as a CIM, since it is sensitive to humidity variations. The variation 
of the properties of the thin layer leads to a resonance shift of the 
frequency response of the resonator. As shown in Fig.1b, a variation of 
the Relative Humidity (RH) level of the surrounding environment 
produces an alteration of the electric permittivity of the CIM with a 
consequent downshift of the deep nulls of the tag response in the 
frequency spectrum. The sensing mechanism of the tag is based on 
controlling RH variations through the frequency shift of the 
backscattered spectrum. This is due to the fact that the paper absorbs 
the moisture of the external environment, thus increasing its electrical 
permittivity. The characterization of the sensor was carried out in an 
ad-hoc designed climatic chamber consisting of a plastic box. The 
electromagnetic response of the tag was measured at the desired time 
intervals by a dual polarized horn (Flann DP240), connected to a two 
ports VNA. The humidity inside the box was controlled with a feedback 
system driven by a Matlab code. A commercial humidity sensor was 
used to monitor the RH level inside the box. This system was able to 
automatically control the RH level inside the box according to a humidity 
profile and a timetable chosen by the user. During the RH controlled 
cycle, the electromagnetic response of the chipless tag is collected at the 
predetermined rate. The RH level within the climatic chamber was 
increased from 60% to 90% in steps of 10% and then decreased. To test 
the moisture absorption time of the tag, each humidity level was kept 
constant for 15 minutes. The measurements of the tags were carried out 
at intervals of 10 seconds. In order to clearly visualize the shift of the 
resonance peak as a function of the variation of the RH level, the 
resonance frequency of the resonator with respect the observation time 
has been plotted in Fig.1c. In the same Fig.1c, the level of humidity 
inside the climatic chamber as a function of the observation time, is 
superimposed. It is apparent that a rapid variation of the resonance 
frequency is observed with the alteration of the RH level. The response 
time is in the order of a few seconds and the absorption of the humidity 
is evidently a reversible process. 

To avoid the application of a CIM over the entire resonator, it is 
possible to place the functional material in the position where the 
electric field is maximum in the resonator, in order to maximize the 
frequency variation of the tag response [12]. An example of this second 
kind of sensors, where a single resonator is loaded with Silicon 
Nanowires, is depicted in Fig.1d. The variation of the tag response as a 
function of humidity changes is shown in the same figure. In order to 
assess the reproducibility of the fabrication process, a set of different 
resonators loaded with the same material has been characterized. 
Fig.1e shows the frequency shift of the resonance, measured with 
respect to the humidity level for three different samples of the sensor. It 
is shown that the maximum error in the estimation of the humidity level 
is 10 %. 
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III. CONCLUSIONS 
 

 

A synthetic description of the operating principles brief overview of 
chipless RFID sensor technology has been presented. Attention has 
been focused on frequency domain sensors. 
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Abstract 

 
The performance of passive RFID tags operating at UHF band, in terms of reading 
range and read rate, are usually measured or calculated by assuming free-space 
propagation and local plane wave illumination conditions. In this paper, a 
practical scenario that does not meet the above assumptions has been analysed. 
In particular, the RFID signal propagation and tag detection inside a guiding 
structure has been here considered, where the electromagnetic wave impinging 
on the tag is a specific propagating mode related to guided structure size. 
 

Index Terms  Cylindrical structures, guided propagation, Radio Frequency 
Identification 

 
I. INTRODUCTION 

 
Radio Frequency Identification (RFID) systems have been largely used for 
logistic, retail and pharmaceutical applications and they are typically 
subdivided into two main groups, on the basis of the operative frequency 
band: High Frequency (HF, 13.56MHz) and Ultra High Frequency (UHF, 
865-928 MHz) RFID bands. HF RFID systems are employed for short-
range applications (e.g. proximity identification and payments) and they 
are based on inductive coupling between coils. On the other hand, UHF 
RFID systems are used for both near-field and far-field applications such 
as localization, sensing and Item Level Tagging (ILT) applications [1], [2]. 
Generally, different performance parameters are used to estimate the tag 
detection by means of numerical results, so that the entire RFID system 
can be properly designed. As an example, the magnetic field distribution 
is typically considered for HF RFID systems, while the Power Transfer 
Efficiency and the Modulation Efficiency are among the key-parameters 
considered for UHF RFID systems [2]-[4]. It is worth mentioning that, in 
some specific scenarios, the RFID signal propagation model must be 
accurately defined in order to obtain a reliable tag detection estimation 
[3]-[6]. For instance, the ray model typically used for long-range UHF 
RFID systems can not be applied for near-field UHF RFID applications, 
since the main requirements are not satisfied [1]. 
In this framework, a particular application in which tag detection 
requires a specific model consists of tags placed inside closed structures 
that can be approximated with rectangular or cylindrical waveguides. 
This is the case of ventilation and sewage pipes shown in Fig. 1 which 
may be modeled with metallic waveguides [5]. For identification or 
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sensing purposes, a UHF RFID tag may be placed inside the pipes, 
attached to the internal surface. However, the tag is not illuminated by a 
plane wave, as typically considered for free-space applications, but the 
electric and magnetic fields assume a specific distribution on the basis of 
the pipe size and operating frequency, i.e. the propagating mode. 
In this paper, the analysis concerns the detection of a dipole-like tag 
placed inside a cylindrical metal pipe. The issue of detecting RFID tags 
inside guided structures have been already addressed in the past [6], [7]. 
However, preliminary theoretical considerations supported by both 
numerical and measured results are here discussed to create a more 
accurate coupling and propagation model. Numerical results have been 
obtained by means of CST Microwave Studio®. 
 

       
(a)      (b) 

FIG. 1  (a) ventilation pipes may be considered as an example of circular 
and rectangular metal structures. (b) The UHF RFID tag can be attached 
to the metal pipe for identification or sensing purposes, inside or outside 
the pipe. 
 

II. NUMERICAL AND EXPERIMENTAL RESULTS 
 
In Figure 2a, an example of circular waveguide is shown, where an Inlay 
UH100 (LAB-ID) tag is placed inside. Specifically, the electric field 
distribution on the transversal section of the guided structure is depicted 
at the frequency of 866.5MHz, which is the central frequency of the ETSI 
UHF RFID band (865-868 MHz). It is worth noting that the fundamental 
mode is excited, i.e. the TE11. The propagation of the fundamental mode 
in a cylindrical waveguide at ETSI UHF RFID band is allowed if the value 
of the radius a is between 101mm and 132mm. However, for higher 
values of a, at a fixed operating frequency band, higher order modes can 
propagate in the cylindrical structure, so changing the electric and field 
distribution on the transversal plane. For this analysis, a cylindrical 
metal structure with radius a=120mm and L=1000mm has been 
considered. 
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(a)       (b) 

FIG. 2  (a) Approximated cylindrical pipe model used for the numerical 
analysis. (b) Electric field distribution on a longitudinal section when the 
cylindrical waveguide is terminated on a short circuit. 
 
To model the tag detection inside a guided structure, preliminary tests 
have been carried out. In particular, to demonstrate that the power 
collected by a dipole-like UHF RFID tag is proportional to the electric field 
distribution inside a waveguide, the cylindrical structure has been 
terminated on a shorting metallic plate, thus obtaining a stationary wave 
distribution along the longitudinal axis of the waveguide (Fig. 2b). By 
means of a full-wave analysis, the simulated coupling (S12 parameter) 
between an UH100 Inlay (LabID) tag model and the fundamental mode 
(TE11) has been evaluated as a function of the distance of the tag antenna 
from the short-circuit termination. As expected, a typical stationary 
distribution is obtained, as represented in Fig. 3.  
This result has been experimentally validated by placing a UH100 Inlay 
(LabID) tag inside a metal cylindrical structure with radius a=120mm, at 
a distance D from the shorting metal plate (Fig. 3). The Impinj Speedway 
R420 reader has been used to collect Received Signal Strength Indicator 
(RSSI) values by increasing the distance D. 
 

 
FIG. 3  Normalized simulated coupling between the fundamental mode 
and the dipole-like tag (dashed curve) and normalized measured RSSI 
(markers) as a function of the distance D. 
 
The simulated coupling (S12 parameter) and the measured RSSI values 
are plotted in Fig. 3 as a function of the distance D. The two curves are 
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in a good agreement, also with respect to the electric field distribution 
shown in Fig. 2b. It should be noted that the distance between two 
consecutive minima of the tag-mode coupling is near to 30cm, which is 
close to half the guided wavelength of the fundamental mode propagating 
in the pipe. This confirms that the signal propagation inside metal 
structures can be used to create an accurate theoretical model of the 
detection of UHF RFID tags when placed inside those objects 
approximated by guiding structures. 
 

III. CONCLUSION 

 

The detection of UHF RFID tags can be estimated by means of signal 
propagation models, typically based on ray models. However, in specific 
scenarios, other models must be taken into account. As an example, the 
detection of a tag placed inside metal structures approximated by 
waveguides or coaxial cables is strictly related to the propagating mode, 
which, in turn, depends on the geometrical characteristics of the guided 
structure. Aims of this work is to create an exhaustive model to predict 
the tag detection when placed inside a cylindrical waveguide. 
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Abstract 
This paper proposes the design and experimental validations of a 6.78 MHz IR-
WPT with one conformal transmitter (Tx) and a couple of receiver (Rx) coils, 
suitable for powering implantable devices. This work is part of a research paper 
which will be presented at the International Microwave Symposium (IMS) 2018 
[1]. The Rx coils are arranged in such a way that quasi-constant dc-output voltage 
and conversion efficiency are obtained, regardless of the receiver rotation, with 
respect to the transmitter. A 3-D miniaturized receiver, consisting of two elliptical 
coils wrapped around a capsule and orthogonal to each other, is faced to a 
conformal transmitter designed to maximize the magnetic flux in the receiver 
region. In order to avoid dark areas for energy transfer, due to unknown capsule 
rotations, each Rx coil is connected to one rectifier and the dc output ports are 
series-connected. 

Index Terms  Implantable device, IR-WPT, Inductive Powering, Class-E 
rectifier. 

 
 

I. INTRODUCTION 
  

In recent years, the problem of wireless powering implants has been 
addressed with increasing interest [2], but several issues related to 
system reliability are still under investigation, for both near-field 
(reactive) and far-field (radiative) implementations. In this study, a near-
field inductive powering system at 6.78MHz for an implanted capsule is 
designed with the goal of being insensitive to the Rx rotation, which is 
usually unknown. Previous attempts to solve this problem are available 
in the literature [3], but miniaturization constraints, necessary for 
implantable devices, are not addressed. 
High efficiencies have been demonstrated in [4], in particular for short 
distances between the coils. However, most proposed links are optimized 
for static and known positions, rarely taking into account possible 
movements or misalignments. Indeed, when the coils rotate, the shared 
flux varies significantly and thus the output power and voltage. 
To realize almost constant output dc- voltage and power, for any possible 
receiver rotation, a 3-D configuration at the Rx side is adopted. It consists 
of two orthogonal coils wrapped around an ellipsoid plastic capsule; each 
one is connected to its own rectifier circuit and their dc outputs are 
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series-connected. In this way a reduced output voltage ripple is obtained 
for any possible Rx rotation, ensuring continuous powering of the 
implant. The system design, from the Tx coil to the Rx dc-load, is carried 
out by means of EM/nonlinear co-simulation. The experimental results, 
firstly performed for several distances in open air, confirm that the 
proposed solution allows to remotely provide the minimum required dc-
power and voltage to energizing the implantable device, independently of 
its rotation with respect to the transmitter. 
 
 

II. PROJECT IMPLEMENTATION 

 

A large transmitter is optimized to maximize the shared flux, and thus 
the kQ [5], in the direction of the miniaturized Rx receiver axis location. 
The optimized geometrical parameters are: h, 𝑤1, 𝑤2 and are chosen in 
such a way to obtain a conformal coil adaptable to be lean on the human 
body, for example the abdomen, to energize an implantable device in the 
digestive tract. The Rx side consists of a 3-D structure with orthogonal 
coils wrapped around an ellipsoid plastic capsule of fixed dimensions (see 
Fig. 1(b)).  

 
 
 
 
 
 
 
 
From the EM simulations of a set of RF-to-RF links, one for any possible 
rotation (a 0° rotation corresponds to one coil facing the transmitter and 
the other one orthogonal to it), the associated equivalent circuits 
parameters of Fig. 1(a), including the losses, are derived and are listed in 
Table I. While the self-inductances are unchanged, the coupling 
coefficients clearly show the different operating conditions of each Rx coil 

with respect to its position: for a 0°-rotation the 𝑘12 is maximum but  𝑘13  
is negligible, while for a 90°-rotation the coupling coefficients are almost 
interchanged. A first idea could be to series connect the two Rx coils, but 
this would simply shift the problem of zero-coupling to other rotations, 

where 𝑘12 and 𝑘13 have the same absolute value with opposite signs, 

FIG. 1  (a), circuit equivalent of the RF-to-dc link; (b), picture of the realized 
prototype. Two orthogonal coils are wrapped around an ellipsoid plastic capsule 
with major and minor axes of a1 = 24mm and a2 = 18mm mm, respectively. 
The other dimensions are: h = 52mm, w1 = 78.54mm, w2 = 12mm and d = 5 
cm to 7 cm with a 1 cm step. 
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leading to an almost zero-coupling. This is shown in Fig. 2 where the 
coupling coefficients of the series connected coils [6], are plotted against 
rotation for several distance d. 
  

 

 

 
A suitable receiver topology can be realized by connecting each Rx coil 
with its own rectifier and by connecting in series the dc outputs. In this 
way, large output voltage variations and zero-zones are avoided. A class-
E rectifier, shown in Fig. 1(a), is connected to the Rx coil through an LC 
filter, in order to guarantee a sinusoidal input current. The rectifiers 
outputs share the same low-pass filter.  
A first prototype, resulting from the multi-circuit optimization, that is 
from the Tx input port to the dc output, is built and a photo is reported 
in Fig. 1(b). The final component values are listed in Table I: the 
resistances representing the coils losses are verified using an RLC meter.  

 
TABLE I – PROTOTYPE COMPONENTS VALUE  

 

 
 

Finally, the 𝜂𝑡𝑜𝑡, defined as in [7], is tested over rotations for various 
distance d and the results are displayed in Fig.3. 
 

 
 

III. CONCLUSION 

FIG. 2  Coupling coefficients values of the RF-to-RF link for various rotations. 

FIG. 3  𝜂𝑡𝑜𝑡 predicted and measured for increasing Tx-Rx distances: 

diamonds are measurements (Vs = 10V). 
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The design and experimental validation of a 6.78 MHz IRWPT, suitable 
for implantable applications, has been presented. A couple of 
miniaturized Rx coils are wrapped around a capsule orthogonal to each 
other, while a large conformal transmitter (Tx) is used. To solve the 
problem of dark zones, occurring when the capsule rotation is casual, the 
received power from each coil is rectified separately and the dc outputs 
are combined in series. The validation of the prototype, optimized for a 
reference Tx-to-Rx of 5 cm, is carried out in open air, for different 
distances and it is shown that a voltage source of 10V is sufficient to 
remotely provide the dc power to activate an implantable device. 
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Abstract 

Bessel-beam launchers with wideband features are required to generate focused 
pulses in the near field. In this work, we demonstrate the capabilities of backward 
cylindrical leaky waves, supported by a planar wideband device, of generating 
nondiffracting beams and pulses at microwave frequencies. The structure 
consists of a metallic radial waveguide whose upper plate is replaced by an 
annular metal strip grating. The period of the strips is designed so that the 
structure supports a fast backward spatial harmonic, as required to focus a 
Bessel beam in the near field. Experimental results confirm the wideband focusing 
features of this class of devices, as well as the unprecedented capability of 
generating X-waves in the microwave range.  

Index Terms − Bessel beams, leaky waves, near-field focusing, X-waves.  

 
I. INTRODUCTION 

In radiometry, medical imaging and diagnostics as well as secure 
communications and military applications, short microwave pulses can 
be used to improve the inherently low resolution dictated by the operating 
wavelength. In spite of their relatively large spectral content, such pulses 
commonly suffer from diffractive spreading as they propagate away from 
the source. Therefore, the generation of focusing pulses would allow for 
the design of more efficient devices.  

In this context, nondiffracting waves [1] have recently gained much 
attention, since they represent solutions of Helmholtz equation which do 
not undergo diffractive spreading in the near-field region. As a matter of 
fact, the nondiffractive behavior is maintained up to a distance commonly 
known as the nondiffractive range (NDR) [1]. The most known 
representatives of nondiffracting waves are Bessel beams and X-waves, 
being the latter obtained through polychromatic superposition of the 
former. Along with the peculiar nondiffractive nature, Bessel beams 
exhibit a transversely localized character (see Fig. 1), while X-waves are 
longitudinally localized. Even more interestingly, both Bessel beams and 
X-waves possess the so-called self-focusing property (i.e., the capability 
to reconstruct themselves if an obstacle obstructs their axis of 
propagation [1]). 

While Bessel beams have been extensively generated both in the very 
high (i.e., optics) and lower (i.e., mm-waves and microwaves) frequency 
range, the microwave generation of X-waves is substantially unexplored. 
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This is mainly due to the scarce realizations of wideband Bessel-beam 
devices in the microwave range (see, e.g., [2, 3] and refs. therein). 

In this work, we propose a novel planar radiator, based on low-cost 
commercial components and fed by a simple 50-Ohm coaxial probe. The 
structure is designed to support a backward cylindrical leaky wave 
capable of efficiently generating Bessel beams from 15 GHz to 21 GHz, 
thus showing an operating bandwidth greater than 30%. A portion of this 
fractional bandwidth is then used to generate a focusing pulse. A 
thorough theoretical analysis allows for designing the device with almost 
arbitrary focusing features. Experimental results obtained by means of a 
manufactured prototype are presented to corroborate the concept. 
 

II. FOCUSING FEATURES OF BACKWARD CYLINDRICAL LEAKY WAVES 

The radially periodic leaky-wave antenna (RP-LWA) has been shown to be 
a simple and low-cost solution for the generation of focused beams within 
a wide frequency band [3]. Indeed, as extensively discussed in [2], 
backward cylindrical leaky waves (CLWs) allows for generating both 
Bessel beams and X-waves. 

 A ray interpretation can be used to explain the focusing capabilities 

of backward CLWs. As shown in Fig. 1, when a RP-LWA of radius ap is 
excited in the center, an outward Hankel wave propagates in the 

structure. If the grating is designed so that the n=-1 Floquet harmonic is 
excited, the backward nature of the leaky wave allows for recovering the 
inward Hankel-wave aperture distribution, which is required to focus 
energy along the propagating axis [2, 3]. Interestingly, the value of the 

phase constant (-1) of the backward CLW is related to the axicon angle 

0 through the relation sin0=|-1|/k0, with k0=2/  being the 
operating wavelength. The axicon angle (and, in turn, the phase constant 
of the CLW) is an extremely important design parameter governing the 

spot-size S and the nondiffractive range of the Bessel beam, which are 

given by the relations S = 4.81csc0, and zndr = apcot0, respectively. 

 
FIG.1 − (Left) Ray interpretation of the focusing capabilities of a radially-
periodic leaky-wave antenna. (Right) Top view of the fabricated prototype. 
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III. DESIGN OF THE WIDEBAND BESSEL-BEAM RADIATOR 

As mentioned, a backward CLW can be excited by a RP-LWA. We set 
here the period p for the metal strip grating equal to10 mm and a slot 
width w = 4 mm. To avoid higher-order modes propagation, the thickness 

t of the dielectric slab (r=2.2) is set to 3.14 mm. An aperture radius 

ap=14 cm is chosen to grant an efficiency around 94% [2, 3].   
A dispersive analysis, developed by means of an in-house efficient 

method-of-moments code, is used to characterize the backward CLW 
supported by the RP-LWA [3], which shows a normalized phase constant 

-1/k0 of about -0.4 at 18 GHz (see Fig.2 (a)). In the frequency range 15-21 

GHz, the normalized phase constant -1/k0 changes from -0.15 to -0.75, 

corresponding to an axicon angle varying from 0 = 50° to 9° (see Fig. 2(a)). 
Since the axicon angle is frequency-dispersive (cone dispersion) the zndr 

and the S are also expected to change with frequency, as confirmed by 
the experimental results reported next. 

 
FIG. 2 − (a) Numerical (black line) and estimated (from experimental data, 

blue circles) phase constant and NDR (red line) of the CLW. (b)-(d) 
Measured 2-D near-field maps of |Ez|. (e)-(g) Intensity of the focused pulse 

at three different time instants. 
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IV. EXPERIMENTAL RESULTS 

A prototype has been fabricated and characterized (see Fig. 1). Near-field 
2-D maps of both the longitudinal and transverse (not shown) 
components of the radiated electric field over the xz plane have been 
measured up to a distance of 31 cm, corresponding to the theoretical zndr 
at 18 GHz (see Figs. 2(b)-(d)). Experimental results are in good agreement 
with the numerical dispersion analysis, confirming the expected 
frequency-dispersive character of the backward leaky wave. All the 
components of the field (not reported here for space limitations) presents 
a well-defined nondiffracting behavior, following, within the NDR, the 
radial profile predicted from the relevant Bessel function [3]. 

The wideband capability of the device (S11 reported in [3]), can 

profitably be used to generate an X-wave, i.e., a localized field distribution 
along both the transverse and the longitudinal axes. The 2-D maps 
reported in Figs. 2(e)-(g)) show the pulse obtained by using a fractional 
bandwidth of 10% within the available 34% impedance bandwidth. Three 
different time instants are considered, equal to 0.27, 0.8, and 1.3 ns (see 
Figs. 2(e), 2(f) and 2(g), respectively). As clearly visible, the pulse 
maintains its collimated behavior while propagating away from the 
launcher aperture. As rigorously outlined in [2], larger fractional 
bandwidths allow for improving the localized nature of the energy over 
the longitudinal z-axis. This aspect and further insights on the peculiar 
nondiffracting features of the leaky-wave-based pulse, supported by an 
extensive experimental campaign, will be presented at the conference.  
 

V. CONCLUSION 

A radially-periodic leaky-wave antenna fed by a simple source, 
supporting a fast backward cylindrical leaky wave, has been proposed for 
generating nondiffracting beams over a wide bandwidth. Thanks to the 
traveling-wave nature of the approach, the capabilities of this class of 
devices of generating localized pulses (i.e., X-waves) have been 
experimentally demonstrated for the first time in the microwave range. 
The use of larger fractional bandwidths will enable the generation of 
extremely short nondiffractive pulses at microwaves, a feature of 
paramount importance that can open unprecedented possibilities for a 
wide class of applications. 
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Abstract 
Localized beams and pulses, such as Bessel beams and X-waves exhibit 
remarkable focusing features in the near-field region. We discuss here novel 
figures of merit for evaluating spatial resolutions of these limited-diffractive, 
limited-dispersive solutions of wave equation. Specific attention is devoted to the 
design of planar millimeter-wave launchers, thoroughly addressing the radial 
wavenumber dispersion that notably affects the propagation of such pulses. The 
presented results can help in the application-oriented design of X-wave launchers 
in the microwave and the millimeter-wave range. 

Index Terms  Bessel beams, localized pulses, X-waves, millimeter waves, near-
field focusing.  

 
I. INTRODUCTION 

 
In applications such as wireless power transfer, chip-to-chip 
communications, medical imaging, just to mention a few, it is worth to 
efficiently focus energy at millimeter waves to benefit of both their non-
ionizing character and their short wavelength. 

In this context, localized waves, especially Bessel beams and their 
polychromatic counterpart, i.e., X-waves, are gaining increasing attention 
in the millimeter-wave community due to their remarkable focusing 
features [1]. In optics, several designs of Bessel-beam and X-wave 
launchers have been proposed, and the first experimental realizations 
date back to the end of the ‘80s and the end of the ‘90s, respectively (see 
[1] and Refs. therein). 

However, Bessel beams with different polarizations have been 
experimentally generated only few years ago (see, e.g., [2-4]), while the 
first experimental evidence of X-waves in the microwave range has been 
reported few months ago [5]. Unfortunately, in the millimeter-wave range 
possible realizations are currently under investigation [6]. One of the 
main reasons for this temporary lack is due to the non-negligible 
wavenumber dispersion that notably affects any microwave radiator 
based on radial waveguides [6]. Indeed, the almost negligible 
wavenumber dispersion exhibited by the device presented in [5] is paid 
at the expense of a bulky non-planar design, based on a conical dielectric 
lens. Conversely, the possibility to develop fully-planar, low-profile near-
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field focusing systems would represent a technological breakthrough in 
millimeter-wave applications. In the following, we will show that, under 
precise assumptions, such devices can be profitably designed. 
 

II. THEORETICAL ASPECTS 
 
X-waves can be obtained as a spectral superposition of Bessel beams with 

the same axicon angle  [1] over a certain frequency bandwidth Δω 
(throughout the paper, we consider only X-waves with a uniform 
frequency spectrum, without loss of generality). 

Specifically, Bessel beams are localized only along the transverse axis 
and maintain their transverse spot size Sρ up to the non-diffractive range 
zndr = ρap cot θ [1], where ρap = dap/2 is the aperture radius. In addition, 
X-waves are also localized along the longitudinal propagating axis (see 
Fig. 1). However, the longitudinal spot size Sz is narrow as long as a 
considerable fractional bandwidth (FBW) is guaranteed [6]. Therefore, to 
obtain a focused X-wave, an ideal X-wave launcher must show a weakly-
dispersive behavior in the frequency band of interest. This requirement 
is fulfilled either by radial line slot array (RLSA), or by periodic leaky 
radial waveguides (PLRW) as recently shown in [4] and [7], respectively. 

 
Fig. 1  A radial waveguide is able to generate Bessel beams over a wide 

frequency range. When it is fed by a monochromatic (resp. polychromatic) 
source, the device generates transversely localized Bessel beams (resp. 

localized pulses in both longitudinal and transverse directions). 
 

III. CONFINEMENT CRITERION 
 

As shown in [3], when an X-wave launcher exhibits a weakly-dispersive 
behavior, the radial and longitudinal spot-sizes of the resulting X-wave 
are still well-approximated by the ideal, non-dispersive case. Following 
the theoretical analysis developed in [3], we introduce the longitudinal Cz 

and the transverse C confinement ratios as the ratios between S and 
dap, and Sz and zndr, respectively. Then, by using also the assumptions of 
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limited wavenumber dispersion and uniform frequency spectrum, closed-
form expressions for the confinement ratios are obtained, namely 

0,1

2

ap ap

csc 2sin
,   ,

2 ( / ) cos FBW( / )
z

j
C C

 
     

          (1) 

where j0,1=2.405 is the first null of zeroth-order Bessel function of the 

first kind, and  is the operating wavelength. Hence, we define the 
following figure of merit, as a suitable measure of the overall confinement 
of an X-wave 

1         if max( , ) 1

    elsewhere.

z

z

z

C C
C

C C






  
           (2) 

The resulting X-wave will be localized along both the transverse and the 

longitudinal axis if and only if Cz<1. Furthermore, analytical expressions 
(not shown here for brevity) to obtain the boundaries for either only 
transverse or only longitudinal confinement can easily be found by 

requiring C and Cz less than 1, respectively. 
 

IV. NUMERICAL RESULTS 

 

In Fig. 2(a), Cz is represented as a 2D function of  (over the y-axis) and 

ap/over the x-axis, assuming FBW=20%. Such a bandwidth is easily 
achieved by radial waveguides [6,7]. The dark region represents operating 
points where the pulse will not result confined, whereas the yellow lines 
define the boundaries for the only transverse and only longitudinal 
confinement. 

 
 

FIG. 2  (a) Cz as a 2D function of of  and ap/, assuming a fractional 
bandwidth of 20%. (b)-(f) Intensity of the resulting X-wave with parameters as 

indicated by the respective labels, i.e, p1, p2, p3, p4, p5. 
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By performing a numerical simulation, colored dots on the contour plot 
in Fig. 2(a), labelled as p1, p2, p3, p4, p5 are representatives of X-waves 
generated with an FBW=20%. 

As shown in Fig. 2(b)-(f), at each point of the contour plot of Fig. 2(a) 
an X-wave satisfying the expected confinement conditions is associated. 
In particular, pulses in p1 and p2 (see Figs. 2(a)-(b)) are confined on both 
directions, since they are obtained with parameters in the light region of 
Fig. 2(a), whereas pulses in p3 and p4 are confined only along the 
transverse and longitudinal directions (see Figs. 2(d) and 2(e)), 
respectively. Finally, a pulse in p5 (see Fig. 2(f)) is not confined at all, since 
it lies in the dark region and below both the boundaries of transverse and 
longitudinal confinements. 
 

I. CONCLUSION 
 
A useful figure of merit has been derived in analytical form to suitably 
establish the confinement properties of X-waves. The validity of the 
proposed theoretical analysis is corroborated by numerical simulations, 
and allows for defining precise guidelines for the design of fully-planar 
millimeter-wave radial waveguides fed by polychromatic sources. These 
devices are expected to represent a technological breakthrough in near-
field focusing applications in the millimeter-wave range. 
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Abstract 
In this work the design and Selective Laser Melting (SLM) manufacturing of high 
performance filters operating in Ku/K bands is reported. An Additive 
Manufacturing (AM) oriented architecture has been exploited to enhance the 
manufacture quality.  Subsequently a device which integrates  bend, twist and 
filter functionalities is presented. The component has been successfully 
manufactured exploiting the free-layout capabilities of AM process.  

Index Terms − Additive Manufacturing, Selective Laser Melting, Stop-Band 
Filters, Integrated Component. 
 

I. INTRODUCTION 
  

The design of antenna feed systems for SatCom applications and earth 
or astrophysical observations requires, nowadays, to take into account 
more and more demanding requirements in terms of electromagnetic 
performances and mechanical constraints. Classical electromagnetic 
architectures are often not feasible for this goal or their realization 
would require an expansive and complex manufacturing if standard 
machining processes (e.g. milling, electrical discharge machining, etc.) 
are exploited. In this framework, Additive Manufacturing (AM) 
technologies are potential solutions to overcome these limitations 
thanks to their high integration level characteristics and reduced waste 
and costs. According to ASTM definition, AM includes different 
technologies which are based on joining selectively materials (metals, 
polymers or ceramics) in opposition to subtractive manufacturing 
methodologies. In the microwave field, the most applied AM process are 
the Stereolitography (SLA) and Selective Laser Melting (SLM). The latter 
is particularly suitable for manufacturing antenna feed chains, since it 
produces parts directly in metal. Unfortunately, the actual SLM 
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readiness level is not sufficient mature to guarantee a priori the 
realization of devices with high performances. For this reason, although 
the exponential growth of publications on this topic in the last decade, 
further investigations are mandatory. In this contest, the realization of 
microwave filters, that are key components of any electromagnetic 
system, is particularly interesting since their intrinsic sensitivity to 
manufacture tolerances makes their realization particularly 
cumbersome. As a natural continuation of [1], in this work an AM-
oriented architecture of the composite step-stub is discussed and 
exploited for the SLM realization of high order filters. Subsequently, a 
set of integrated filters which merges an H-plane bend and 90-deg twist 
functionalities is presented. 
 

II. STEP/STUB COMPOSITE FILTER 
 
According to the sensitivity analysis presented in [1], a composite stub-
step configuration is more stable to manufacturing uncertainties than 
the usual iris solution. For this reason in [1] some prototypes have been 
SLM manufactured showing good results in terms of rejection but not 
excellent return loss performances. This fact is related to the part 
orientation in the SLM building machine, which is not coincident with 
the laser axis one to avoid cracks in the realization of the straight stubs. 
According to the studies reported in [2], the stubs metallic walls become 
self-supporting if they are tilted by an angle greater than 35 degree. 
Then the composite step-stub architecture has been modified leading to 
a slanted version (see Fig. 1). In order to verify the concept, a sixth-
order stop-band filter has been designed. The operative frequency bands 
is the same of that one presented in [1], while  more stringent electrical 
requirements have been considered in terms of isolation (50 dB in the 
stop-band ([17.5,21.2] GHz), while the requirement on the return loss 
has been maintained to 30 dB in the pass-band ([12.5,15] GHz). SLM 
prototypes in both AlSi10Mg and Ti6Al4V alloys have been 
manufactured each with two different external shapes (see Fig. 2). In 
one case, it traces the filter internal profile, in the other it has been 
optimized in order to avoid supporting structure even for the external 
part. The comparison between the measured and simulated scattering 
parameters is reported in Table 1. If the silver plating of the internal 
channel is not applied, the equivalent electrical resistivity ρ is equal to 
300 µΩcm and 8 µΩcm for the Al- and Ti- based alloys, respectively. On 
the contrary, after silver plating of the Al-based prototype, ρ reduces to 
20 µΩcm. The measured results confirm the conceived AM-oriented 
architecture confirming that the optimization of the external profile 
reduces the mechanical stress and, subsequently, permits to enhance 
the manufacture quality. 
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Figure 1 Classical step-stub composite sixth-order architecture (left) and relevant AM-oriented 
version (right) based on slanting the stubs to achieve self-supporting structures. 

   

 

Figure 2 Two sets of prototypes of the sixth-order filter manufactured exploiting the AlSi10Mg 

and Ti6Al4V alloys. The two sets differ on the external shapes. On the left, it traces the internal 

profile; on the right, it has been conceived to avoid supporting structures. 

 

 
III. INTEGRATED FILTER 

 
Classical feed chain architecture for dual band - dual polarization 
systems make use of symmetric orthomode junction, which, 
consequently, requires the use of suitable recombination networks to 
recombine signals with the same polarization. These networks are 
formed by different components such as filters, bends and twists [3]. 
The realization of these components in different single blocks present 
some drawbacks. From an electromagnetic point of view, the contact 
regions of different device can generate passive intermodulation 
products and choke flanges are necessary in the case of high power 
systems. From a mechanical point of view, the screws and pins used for 
their connection drive the overall device dimensions. The free-layout 
feature of Additive Manufacturing technologies can be exploited to 
overcome these problems. This idea has been verified by designing a 
Ku/K curved filter which integrates at the same time a 90 degree bend 
(in the H-plane) and the twist functionality. This subsystem has been 
designed to exhibit a return loss greater than 30dB in the pass-band 
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[12.5, 15] GHz and an isolation greater than 60 dB in the stop band 
[17.5, 21.2] GHz. In order to maximize the power-handling capability of 
the filter and reduce the sensitivity to manufacturing errors, a ninth-
order step-stub configuration has been considered. For comparison, a 
classical single-blocks implementation would then require an H-plane 
bend with radius 50 mm and a twist with length 80mm. These values 
have been chosen according to the return loss specification. In the 
integrated filter, instead, the bend and twist functionalities have been 
obtained by rotating the stubs and deforming the common waveguide. 
First, a curvature radius R of 50 mm has been considered, and then 
further miniaturization has been obtained reducing R to 40 mm and 30 
mm. The latter is the lowest feasible value of R according to the ninth-
order filter length. These three prototypes have been SLM manufactured 
in AlSi10Mg alloy and tested. The overall performances compared to the 
simulated ones are reported in Table 2. The results are quite good 
confirming the applicability of SLM for complex and integrated radio-
frequency devices. 
 

Table 1 Comparison between measured and simulated sixth-order filters. 

Parameter Simulation Prototypes Fig. 2a Prototypes Fig. 2b 
  AlSi10Mg Ti6Al14V AlSi10Mg Ti6Al14V 

Return Loss (dB) 

[12.5,15] GHz 

≥30 ≥25 ≥27 ≥27 ≥30 

Transmission Coefficient (dB) 

[17.5,21.2] GHz 

≤ -54 ≤ -52 ≤ -52 ≤ -52 ≤ -52 

 

Table 2 Comparison between simulated and measured integrated filter. 

Geometry Curvature Radius 
 R=50 mm

Curvature Radius  
R=40 mm

Curvature Radius 
 R= 30 mm 

 Simulation Measurement Simulation Measurement Simulation Measurement

Return Loss (dB) 

[12.5,15] GHz 

> 30 > 20 >25 >25 >22 >21 

Insertion Loss (dB) 

[12.5,15] GHz 

≤ 0.17 

(ρ=12 µΩcm) 

≤ 0.2 ≤ 0.15 

(ρ=12 µΩcm)

≤ 0.15 ≤ 0.13 

(ρ=12 µΩcm) 

≤ 0.16 

Rejection (dB) 

[17.5,21.2] GHz 

>60 >60 >60 >60 >60 >60 
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Abstract 
The substrate integrated waveguide (SIW) technology offers high performance 
compared to other planar technologies. However, SIW components are larger 
and bulkier. While there are some techniques that can be used to reduce the size 
of the components, they tend to increase electromagnetic losses. This paper 
presents a study on the quality factor of cavity resonators based on different 
compact SIW technologies. A technique to reduce the losses of compact resonator 
topologies is also introduced. A two-pole bandpass filter is shown as an 
example of practical implementation of this technique. The results of the study 
are validated with the measurement of some physical prototypes. 

Index Terms − Cavity resonators, half mode SIW, quality factor, resonator 
filters, substrate integrated waveguide (SIW). 

 
 

I. INTRODUCTION 
  

The new generation of wireless telecommunication systems has 
increased the performance requirements for microwave devices. In this 
context, the substrate integrated waveguide (SIW) technology [1] is ideal 
for the design of high frequency components. Compared to other planar 
technologies, SIW offers very low power losses and complete 
electromagnetic shielding, although with a larger component size. In 
order to reduce the footprint area, multiple solutions have been 
proposed. In particular, the half-mode SIW (HMSIW) [2] achieves a 50% 
of size reduction by removing half of the top metallization is removed 
along the central symmetry plane of the structure. The drawback of this 
technology is the loss of the electromagnetic shielding and a reduction 
in performance due to parasitic radiation effects. 

An important component that is used as the base building block of 
other, more complex devices is the microwave resonator. The main 
figure of merit used to classify the performance of resonant cavities is 
the unloaded quality factor (Qu), which is inversely proportional to the 
power loss of the device. This work shows a comparison of the quality 
factor for different compact resonator topologies based on the SIW 
technology, and presents a possible solution to improve their 
performance. 
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FIG. 1 − Different compact SIW resonator topologies: electric field distribution 
for the fundamental resonant mode. (a) Square SIW resonator; (b) Half-mode 

SIW resonator; (c) Quarter-mode SIW resonator; (d) Eighth-mode SIW 
resonator; (e) Shielded quarter-mode SIW resonator.  

 
II. STUDY OF THE RESONATORS 

 
The study has been carried out using the commercial EM simulator 
software Ansys HFSS. All the components have been designed on a 
reference Taconic CER-10 substrate (εr = 10, tan δ = 0.0035, 
thickness 1.27 mm) and tuned to have a resonant frequency of 
f0 = 4 GHz. The first resonator to be analyzed is the standard square 
SIW cavity (Fig. 1a). There are two main power loss contributions: 
conductor losses given by the electrical current on the metallic walls of 
the structure, and dielectric losses in the substrate material. Thick 
substrates with low dielectric loss tangent are required to maximize the 
quality factor. The square SIW cavity achieves a quality factor Qu = 223 
with a side length l = 17.79 mm. 

The size of the device can be decreased using the half-mode 
technique [2]. When part of the top metallization is removed, the 
capacitive effect along the discontinuity can be approximated as a 
magnetic wall. By placing this virtual boundary condition along the 
symmetry axis of the fundamental resonant mode, a smaller cavity with 
the same resonant frequency can be obtained (Fig. 1b). The drawback of 
the new topology is the presence of a large open side that acts as an 
additional radiating power loss contribution. For this reason, the 
half-mode resonator has a quality factor Qu = 79. In order to lower 
radiation losses, the substrate thickness should be reduced. However, 
as a tradeoff, this leads to an increase of conductor losses. 

The resonant mode field distribution of the half-mode structure 
presents an additional symmetry axis along the middle of the device. 
Another half of the top metal layer can be removed, obtaining the 
quarter-mode SIW resonator (Fig. 1c). Aside from the additional size 
reduction, this topology presents a slight decrease in radiation which 
translates in an increase of the quality factor, reaching Qu = 106. 

The quarter-mode structure presents another symmetry axis along 
its diagonal. By using the same procedure as before, the eighth-mode 
SIW resonator is obtained (Fig. 1d). The radiating fields of the two open 
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(a)    (b)    (c) 

FIG. 2 − Prototypes and frequency response of the resonators: (a) Standard 
SIW resonator; (b) Classical quarter-mode SIW resonator; (c) Shielded 

quarter-mode resonator. 

 
sides partially cancel each other out, further lowering the overall power 
dissipation. The quality factor of this topology is Qu = 115. 

While the structures derived from the half-mode technique offer high 
miniaturization levels, they all suffer from higher losses. Partial 
electromagnetic shielding can be obtained by placing a row of metallic 
vias near the open boundaries of the device. The resulting topology is 
called shielded quarter-mode SIW resonator (Fig. 1e). While this 
technique leads to a slight increase of the size of the component, it is 
effective in reducing radiation losses. Using the reference substrate, the 
component achieves a quality factor Qu = 160. 
 
 

III. PROTOTYPE RESONATORS AND FILTER MEASUREMENT 
 
The results of the study have been validated by fabricating and 
measuring physical prototypes of the resonators. The unloaded quality 
factor of the devices is extracted from the reflection coefficient 
bandwidth, compensating the external coupling effects [4]. The pictures 
and frequency responses of the prototypes are shown in Fig. 2. The 
small shift in frequency of the open structures is due to some slight 
over-milling of the components. The measured values of the unloaded 
quality factors are the following: Qu = 167 for the canonical square SIW 
resonator; Qu = 72 for the normal quarter-mode structure; Qu = 124 for 
the shielded quarter-mode cavity. In all cases, the measured quality 
factors are around 25%-30% lower than in the simulations, mainly due 
to the additional losses provided by the microstrip. The relative 
performance between the different resonators confirm the effectiveness 
of the partial shielding to reduce the losses of the open cavities. 

Finally, the shielded quarter-mode SIW topology has been used as 
the base for the design of a two pole bandpass filter, shown in Fig. 3a. 
The distance between the cavities sets the internal coupling. The filter 
operates at a central frequency of 4 GHz, with a 9% fractional 
bandwidth. A physical prototype has been created, and the 
measurement results presented in Fig. 3b show good agreement with 
the simulations. 
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 (a) (b) 

 

FIG. 3 − (a) Two-cavity bandpass filter based on shielded quarter-mode SIW 
resonators (dimensions in mm: w1 = 21.6, w2 = 10.8, a1 = 0.6, a2 = 0.6, 

b1 = 16.7, b2 = 5.9, c = 2.15, d = 1.5, s = 2.7, l = 3.485, as = 0.6, bs = 4.95, 
ws = 0.63, substrate thickness 0.635 mm); (b) Frequency response of the filter. 

 
IV. CONCLUSION 

 
The study shown in this paper demonstrates how partially open SIW 
resonator topologies offer significant component size reduction, at the 
cost of lower performance caused by the introduction of radiation 
losses. This problem can be mitigated by placing a partial 
electromagnetic shield structure near the open boundaries of the 
component. A bandpass filter has been shown as a practical application 
example for the shielded resonator topology. Simulation results have 
been tested with the creation and measurement of physical prototypes. 
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Abstract 
A two-wall corrugated rectangular waveguide is proposed in this work to realize 
a simple and compact pulse compression system. The electromagnetic field 
inside the corrugated waveguide is analyzed to determine the dispersive 
equation and the relative compression ratio. Numerical simulations are 
discussed to prove the effectiveness of the proposed configuration. 

Index Terms  Microwave pulse compression, corrugated waveguides.  

 
 

I. INTRODUCTION 
  

Microwave compressors are typically adopted in those applications 
requiring ultrahigh power, such as in relativistic electronics, and/or the 
generation of wide bandwidth pulses, as for high range resolution radar. 
The simplest way to achieve microwave pulse compression is to adopt a 
waveguide dispersive line operating close to its cutoff frequency, where 
a large group velocity difference (strong dispersion) can be observed over 
a wide frequency range. As a first attempt, conventional regular 
waveguides have been investigated in literature, due to their relative 
compactness and ease of realization. However, it was found that, in 
order to achieve high compression factor, very large waveguide length is 
required, leading to high losses, and thus to low efficiency. More 
sophisticated waveguide configurations can be considered to obtain 
better performances. For example, helically corrugated waveguides have 
been investigated in literature to generate multigigawatt RF radiation [1] 
and high compression ratio [2].In the present work, a simpler 
configuration is considered, which is basically a rectangular waveguide 
having corrugations at two opposite sides. The proposed structure is 
able to produce high pulse compression with relatively short length, 
thus overcoming disadvantages related to standard rectangular 
waveguides, but preserving the simplicity and ease of fabrication 
features. The performance investigation of the proposed rectangular 
corrugated waveguide is realized by first characterizing the 
electromagnetic field inside the structure, thus deriving the dispersion 
equation and the relative slow-wave propagation constant. Numerical 
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simulations are then performed to demonstrate the pulse compression 
capabilities of the proposed structure. 
 

II. THEORY 
 

The corrugated rectangular waveguide proposed in this work is 
shown in Fig. 1. 

 
 

FIG. 1  Configuration of corrugated rectangular waveguide. 

 
Assuming the hybrid Longitudinal Section Electric (LSE) mode, the 

electromagnetic field inside the waveguide can be described in terms of 
Hertzian potential [], and the following dispersive equation can be 
written: 

     .222

xo kk            (1) 

where: 

            .2222   xno kk          (2) 

n being the propagation constant relative to n-th mode. 

In the case of slow waves ( = jq), from combination of expression (1) 
and (2), we obtain: 

     .222 qn                 (3) 

Then, applying the boundary conditions on the air-corrugation 
interface, the following transcendental equation is obtained: 
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Finally, the solution of eqs. (3) and (4) gives the propagation 
constant in the rectangular corrugated waveguide, namely: 
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From eq. (5) the group velocity can be computed as: 
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Now, the compression of a frequency-modulated pulse into the 
corrugated waveguide can be modeled by the propagation of a wave 

packet through a dispersive medium, with n = n () given by eq. (5). 
The propagating wave can be so expressed as: 

    .)(),(
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Let us assume as input signal uo(t) = u(z =0, t) a rectangular pulse of 

duration o. The maximum pulse compression occurs at the waveguide 
termination L, namely the distance at which all waves meet each other, 
which is given as: 

     .ovL            (9) 

The term v into eq. (9) is defined as: 
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where vg1, vg2 are the group velocities of the start and end frequencies, f1 
and f2, of the microwave pulse. 

Taking into account the medium losses, the final expression of the 
compression ratio K is given as: 
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 being the loss factor, and f = f2-f1. 
 

 
III. NUMERICAL RESULTS 

 
To assess the proposed approach, numerical simulations are 

performed within X-band on the corrugated structure of Fig. 1, whose 
dimensions are given as: a = 17.5 mm, d = 20.5 mm, p = 3 mm, s = 11 
mm, t = 1 mm, L = 30cm. 

All parameters characterizing the dispersive behavior of the 
corrugated waveguide, as outlined in Section II, are numerically 
computed by assuming the above values. In particular, the expected 
dispersion curve is illustrated in Fig. 2(a), where the comparison with 
the rectangular waveguide without corrugations is also reported. The 
same comparison is illustrated in Fig. 2(b) for the compression ratio, by 
demonstrating the strong enhancement achieved with the proposed 
corrugated structure. 
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As a final validation, the compression effect is highlighted by 

assuming a rectangular pulse of duration o = 5e-8 s, as given by eq. (9) 
with f1 = 9.3 GHz and f2 = 9.5 GHz. The output signal computed from 
eq. (7) shows the expected compressed behavior, as illustrated in Fig. 3. 

 
 
 
 
 
 

 

 

 

(a)       (b) 

FIG. 2  Dispersion curve (a) and compression ratio (b). 
 

 
FIG. 3  Output (compressed) pulse. 

 
IV. CONCLUSION 

 

A corrugated rectangular waveguide has been presented in this work to 
realize a high-ratio pulse compression system, with a compact and low-
cost dispersive structure. Numerical simulations within X-band  have 
been performed to highlight the proper compression feature. 
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Abstract 
In this paper a 3D-printed microwave microfluidic sensor is presented. The sensor, 
a square substrate integrated waveguide (SIW) cavity with a meandered pipe 
inside, has been entirely printed by additive manufacturing technology using a 
photopolymer resin. Through the two open ends of the inner pipe, fluids under test 
can be injected and their electrical properties determined from the shift in the 
cavity’s resonant frequency and from the changes in the quality factor. 
Index Terms  Additive manufacturing, 3D printing, microfluidic sensor, 
permittivity measurement, substrate integrated waveguide (SIW) technology. 

 
 

I. INTRODUCTION 
  

The additive manufacturing technology is increasingly gaining 
interest in many areas of science and engineering [1]. Among others, the 
features of 3D-printing technology are suitable to realize new classes of 
microwave sensors, based on architectures difficult to implement by 
standard manufacturing techniques. 

This paper describes a 3D-printed microfluidic sensor based on a 
substrate integrated waveguide (SIW) cavity [2]. The innovative aspect in 
this work consists in 3D-printing a multi-folded micro-pipe which is 
directly embedded in the dielectric substrate during the printing phase. 
Moreover, the variation of the infill factor of the cavity is exploited: the 
structure has been left empty as much as possible in order to decrease 
the dielectric loss of the cavity, with a consequent increase in the quality 
factor [3]. 

This sensor exploits the variation of the resonance frequency of the 
SIW cavity's fundamental mode and the change in its quality factor to 



 

218 

 

determine the electrical properties of the liquid injected in the micro-pipe. 
The proper design of the micro-pipe geometry allows to tailor easily the 
variation of SIW cavity frequency response through the implementation 
of fully 3D topologies, thus optimizing the sensitivity of the microfluidic 
sensor.  

The preliminary design of this microfluidic sensor was presented 
in [4]: in this paper, that idea has been extended by reducing the infill 
factor and by reporting measurements and corresponding extracted 
material properties of various sample fluids. 
 

II. DESIGN OF THE 3D-PRINTED SIW SENSOR 
 

In Fig.1a the microfluidic architecture is shown, which consists of a 
SIW cavity with a multi-folded pipe embedded in its substrate. The pipe 
exhibits two open ends through which the liquid is injected, with a 
consequent change of the substrate’s effective permittivity and thus a 
variation of the resonance frequency of the device. 

The dimensions of the SIW cavity, reported in the caption of Fig.1a, 
have been specifically chosen to operate in the lower portion of the ultra-
wide band (UWB) frequency band. Depending on the fluid injected in the 
pipe, the resonance frequency spans from a maximum value of 3.8 GHz, 
defined by the fluid with lowest dielectric permittivity (air, in our case), to 
a minimum value of 3.32 GHz, defined by the fluid with the highest 
permittivity of interest (distilled water in this proof-of-concept case). 
 

III. FABRICATION OF THE 3D-PRINTED SIW SENSOR 
 

The substrate, with the pipe and the via holes, has been fabricated by 
a FORM 2 SLA printer, using a photopolymer resin provided by FormLab, 
Clear FLGPCL02. After the printing, aluminum tape has been laid on top 
and bottom faces and steel screws have been put in the vias. In Fig.1b is 
reported a photograph of the prototype without the metal layers.  

   
 

(a) (b) 
 

FIG. 1  3D-printed microfluidic sensor: (a) geometry of the proposed structure 
(dimensions are in mm: a = 20, b = 5.9, c = 12.25, d = 3.2, p = 2, p’ = 0.5, 
s = 6, w = 48.5, x = 20.5, y = 8.5, z = 32.4 and substrate thickness t = 6);  

(b) photograph of the cavity. 
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Since the material used for the substrate is not intended for 
microwave applications, its electrical properties have to be determined 
prior to the design of the sensor. Using the waveguide technique, we 

extracted a dielectric permittivity r = 2.73 and a loss tangent 

tan = 0.017 for the resin Clear FLGPCL02. 
 
 

IV. MEASUREMENTS 
 

In order to compute the loss tangent of the fluid injected in the pipe, 
we need to calculate the unloaded quality factor of the cavity (𝑄𝑇𝑂𝑇), which 
can be seen as the parallel of the quality factor related to the liquid 

injected in the pipe (𝑄𝐿), and the one of the dielectric substrate (𝑄𝐷): 
 

 
LDTOT QQQ

111
  (1) 

 

 Firstly, using the procedure described in [5], we calculate 𝑄𝑇𝑂𝑇 and 𝑄𝐷 in the simulation case, and from (1) we find 𝑄𝐿. Then, passing to 
measurement case, we keep 𝑄𝐿 fixed and we calculate 𝑄𝐷 as the quality 
factor of the cavity measured with empty pipe. Finally, substituting these 
two values in (1), we extract the unloaded quality factor of the measured 
cavity. 
 As for the dielectric permittivity calculation, we use the 
electromagnetic fields theory and we write that: 
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where res  is the cavity’s resonant wavelength, resf  is the cavity’s resonant 
frequency, '  is the real part of the dielectric permittivity of the material 
in the cavity and tg  is the loss tangent. 

For simplicity we call A the factor in the brackets at the 
denominator of (2). If we plot this parameter as function of the shift in 
the cavity’s resonance frequency, we notice that they have a rational 
dependence (Fig. 2). Thus, from the resonance frequency’s shift we 
calculate A and then, using the previously calculated loss tangent, we 
extract the dielectric permittivity of the fluid under test.  

Finally, as shown Table I, the results obtained from the electric 
characterization using our extraction procedures are in very good 
agreement with the nominal ones obtained with the coaxial probe 
reference method. 
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TABLE I – COMPARISON BETWEEN LOSS TANGENT AND DIELECTRIC PERMITTIVITY 

VALUES FOUND USING THE PROPOSED METHOD AND THE ONES EXTRACTED WITH THE 

COAXIAL PROBE METHOD 

 

Liquid Nominal tan Extracted tan Nominal r Extracted r 

Ethanol 0.94 0.84 7.5 8.9 

Water 0.21 0.21 73.2 64.7 

Isopropanol 0.66 0.65 4.4 5 

 
V. CONCLUSION 

 

A novel microfluidic sensor has been proposed, based on a multi-
folded pipe embedded in a SIW cavity and manufactured by the cheap 
and fast additive manufacturing technology of 3D printing. A prototype 
has been created and its performance has been successfully verified with 
the analysis of four fluids (air, isopropanol water and ethanol). 
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FIG. 2  Simulated values and fitting function of A versus the frequency shift, 

and experimental validation examples of water, ethanol and isopropanol. 
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Abstract 
The present research is focused on presenting a new class of battery-less 
wireless sensors based on the harmonic radar concept, which are intended to 
produce low environmental footprint, being fabricated by using a paper 
substrate. Manifold aspects of the new proposed transponders are investigated: 
manufacturing technology, harmonic generation, antenna and sensor design. 
Some simple yet robust architectures are identified and some preliminary results 
are shown. In particular, a one-bit harmonic tag and a harmonic-based crack 
sensor are reported. All the described circuits are designed to operate in the low-
GHz range, but can be tuned to reach higher or lower operating frequencies. 

Index Terms  Circuits on paper, crack sensor, flexible electronics, frequency 
doubler, harmonic radar, slot antenna. 

 
 

I. INTRODUCTION 
In the near future a large number of everyday objects will be equipped 
with electronics, so that they could provide useful services and 
information, make autonomous decisions and assist people during their 
habitual actions [1]. Short-range wireless sensors are already finding 
application in several fields, ranging from the monitoring of biological 
parameters in medicine, to the measurements of mechanical quantities 
in industrial applications, robot guidance and quality control in supply 
chain. Consequently, such an approach, involving the use of billions of 
hardly traceable sensors distributed in the environment, is imposing a 
deep re-thinking of the next generation electronic apparatuses. 
This research is dedicated to the development of a particular class of 
zero-power wireless sensors relying on the harmonic radar principle. 
Thanks to the adoption of highly-scalable, simple and robust 
architectures, the proposed solutions are intended to be suitable for 
large-scale mass production. All the proposed sensor tags are designed 
to be fabricated on a paper substrate, to reduce their environmental 
footprint and ease their integration with the hosting objects. 
 

II. ONE-BIT HARMONIC TAG ON PAPER 

The performance of a one-bit harmonic transponder has been firstly 
evaluated. The proposed tag is manufactured on paper by using the 
copper adhesive tape technology [2]. According to this technique, 
standard photolithography is applied to a foil of copper adhesive tape 

mailto:paolo.mezzanotte@unipg.it
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and the obtained metal pattern is stuck on the hosting paper substrate 
via a sacrificial layer. The parameters of the equivalent composite 
substrate, including both paper and the adhesive layers interposed 
between each copper layer and paper are as follows: ϵr=2.55, tanδ=0.05. 
and h =0.37mm; the conductivity of the metal traces corresponds to 
that of the bulk copper, namely σcu =5.8×107 S/m). 
 

 
              (b) circuitry side              (c) antenna side 

FIG. 1  Harmonic radar based system: (a) block diagram (after [3]) and (b)-(c) 
prototype of the harmonic tag on paper. Overall tag area: 7.5 × 6.5 cm2 [4]. 

 
The architecture of the utilized harmonic system is illustrated in Fig. 

1(a). The reader transmits a sinusoidal signal with a frequency 
f0=1.2GHz and has its receiver tuned to 2f0=2.4GHz to gather the 
second harmonic power generated by the transponder. The double-layer 
transponder, shown in Fig. 1(b)-(c), consists of an input antenna at f0, a 
frequency doubler and an output antenna at 2f0. All these three 
elements are designed to be matched to an impedance of 50Ω, to ease 
the eventual introduction of additional circuits and sensing blocks.  

The harmonic antenna system consists of two nested proximity-fed 
orthogonally-placed tapered annular slots [4]. This arrangement has 
been preferred for its compactness and low mutual coupling between 
radiating elements. Interestingly, the metal surface between the two 
slots is used as the ground plane for the other components of the tag in 
microstrip technology. A study about the impact of tapering on the slot 
performance is reported in [5]. The two antennas, matched to a 50Ω 
impedance through circular disc stubs, are well matched, as shown in 
[4] and feature a mutual coupling below −25dB at both frequencies of 
interest. Moreover, they are linearly polarized and show a maximum 
gain at their broadside direction of about 3dBi. 

) ( a 
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The developed frequency doubler relies on a single lumped 
component (the low-barrier HSMS-2850 Schottky diode from 
Broadcom), whereas all the other circuit components are implemented 
as distributed elements on paper. Besides the afore mentioned non 
linear component, the circuit includes an input and output matching 
network and a harmonic filter. An interdigital capacitor with a floating 
ground plane (number of digits = 5, digit length = 0.8mm, digit width = 
0.2mm, digit gap = 0.15mm) is implemented in the output network. The 
latter structure was also useful to test the pitch and consistency of the 
adopted technology. The doubler is optimized for power levels in the 
order of −13dBm, where it achieves a conversion loss of 15.7dB. 

The complete prototype was tested in a wireless indoor experiment, 
demonstrating a coverage of at least 4 meters, insensitive to tag-to-
reader rotations (transmitter EIRP 16dBm). 
- 
 

III. HARMONIC-BASED CRACK SENSOR 
The proposed architecture for harmonic tags was used to implement a 
zero-power wireless crack sensor [6],[7]. Fig. 2(a) illustrates the block 
diagram of the presented transponder. As in the previous case, the 
reader interrogates the tag. Here, however, the reply depends on the 
sensor status: if the tag is intact (“intact status”), no second harmonic 
is generated, as the signal gathered by its input antenna is short-
circuited by the stub at the input of the doubler (which is a quarter-
wave open-circuited stub). On the other hand, if a crack event occurs 
(“cracked status”), the input stub is torn off and a second harmonic is 
generated by the tag and detected by the reader. The detection of a 
second harmonic is interpreted by the reader as an alarm. 

 (a) (b) 

FIG. 2  Crack sensor: (a) schematic and (b) prototype on paper [7]. 

 
The manufactured prototype shown in Fig. 2(b) is target for f0 = 
2.45GHz and weighs only 3 grams. A wireless experiment [6] 
demonstrates an operating range of the sensor from 1 to 5 m for a 
transmitted power EIRP of 25dBm. Since the system is based on an 
alarm logic (i.e., the second harmonic is generated only in presence of a 
“crack” event), the system can work in the presence of multiple nodes, 
without requiring any modification at the reader side [7]: when the tag 
population is in quiescent condition no second harmonic is received by 
the interrogating reader, while if one or more of them is cracked, an 
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alarm is generated, thus configuring a simple yet versatile system for 
crack sensing. It is worth noticing that sensor is disposable and should 
be replaced after any crack event. 
 

IV. CONCLUSION 

Some low-power and long-range wireless transponders, based on the 
harmonic radar principle, have been presented and discussed. In 
particular, a one-bit harmonic tag and a disposable crack sensor have 
been reported. The antenna topology and the frequency doublers have 
been optimized to guarantee high compactness and low-power 
operation. The tags have been manufactured by applying the copper 
adhesive laminate technology to a flexible and recyclable substrate. A 
minimal amount of lumped components is also adopted. The proposed 
tags rely only on the power provided by the interrogating signal of the 
reader for their operation, meaning that no battery is required on-
board. This has a very positive impact on their environmental footprint, 
weight and cost. Consequently, harmonic-based wireless transponders 
have proved to be an interesting and solution for low-power and low-
cost applications in the IoT framework. 
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Abstract 

This work presents a smartphone-based approach for colorimetric dipstick 
analysis. This approach is target-independent and is able to work under 
different lighting conditions. The system consists of an Android App and a 
colorimetric reference system printed on a physical support. The App acquires 
the image containing the dipstick and the colorimetric reference, equalizes colour 
distortions and returns the chemical value of the analyte. The measurement of 
the concentration of nitrates in the water has been considered. The proposed 
system delivered good results also acquiring the test strips under various 
environmental illumination conditions and represents a new and reliable 
approach for bio-sensing applications. 
 

Index Terms  Colorimetric measurement, Smartphone, point-of-care, general 
purpose analysis, diagnostics. 
 

 
I. INTRODUCTION 

 
Paper-based colorimetric test strips (Fig. 1) are powerful diagnostic tools 
that allows to do point-of-care (POC) analyses and low-cost colorimetric 
diagnostic assays [1].  
 

 

FIG. 1  Paper-based colorimetric test strips. 
 

Typically, the analysis is done by naked eye comparing the colour taken 
by the test strip with a reference scale. Evaluation made by human 
perception is generally accurate even if some diagnostic errors may 
occur as the colours might be perceived differently due to the varying 
lighting conditions. In order to reduce this kind of errors, some digital 
devices to assist the interpretation of the diagnostic results have been 
introduced. Digital photography, digital scanners and smartphones 
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have been utilized to study the effects of light and colours on the 
chemistry of solutions [1]. In particular, in the last few years, several 
studies have been carried out on the realization of systems for the 
automatic reading of the test strips using smartphone technologies [2]. 
Smartphone-based diagnostic analysis involves few problems related to 
the variability of the acquisition environment and to the variety of 
software/hardware components of the available devices. Up to now, to 
solve these problems two main approaches have been adopted [2]. In 
first one, the target values are digitally compared with the colours that 
the test strip can assume [3]. In second one, the target values are 
acquired in a totally controlled environment [4]. Both of them have 
limitations. The first one is target-dependent, hence it requires a 
different reference system for each chemical parameter to be analysed. 
The second one requires external devices or physical supports to be 
applied to the smartphone. Here, a new approach is proposed that use 
the combination of an Android App and a colorimetric reference system 
to equalize the distortions independently of the target to be analysed. 
 
 

II. THE IMPLEMENTED SYSTEM 
 
The system is composed of a mobile App and a target-independent 
colorimetric reference system, shown in Fig. 2. The App captures the 
image of the test strip and the reference system. Then, App uses the 
reference colours to equalize the colour distortions and estimate the 
chemical value of the analyte. 
 

  

FIG. 2  Colorimetric equalization chart. 

 

 

III. EXPERIMENTAL 
 

In order to test the implemented system in the present work the 
concentration of nitrates in the water have been measured. 
The standard solution of the nitrate was obtained by dissolving 0.41g of 
potassium nitrate (KNO3) in 50 ml of water (H2O) obtaining a solution 
with a concentration of 5000 mg/l. Starting from this solution 20 
different standards with different concentrations were created using a 
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dilution process, from a minimum of 5 mg/l up to a maximum of 500 
mg/l. For the tests the Quantofix Nitrate-Nitrite test strips were used. 
The test was performed using the procedure indicated by the test strip 
reading method: the reactive strip is immersed in the test tube 
containing the concentration to be analysed, after sixty seconds the 
strip and the reference system are acquired by the software application 
in order to process the results.  
By using this procedure all dilutions created were analysed twice in 
order to create two calibration curves and then a mean calibration 
curve. In Fig. 3a, the polar diagram (C, H) is shown with the values of 
the equalized colours obtained for each dilution in the two separated 
calibrations. In Fig. 3b, the polar diagram (C, H) containing the mean 
calibration values is shown. 
 

  
(a) Calibrations. (b) Mean calibration. 

 
FIG. 3  Polar diagram (C, H) of the calibration. 

 

The equalized colour of each dilution was compared with each value of 
the mean calibration curve using the Delta E 94 distance in order to see 
the precision of the mean calibration curve. In the Tables I and II are 
shown the results of this test. Using the same method, five unknown 
samples were also analysed and the Table II show the results obtained 
with our system. 
 
 
Table I - Recalculation of each calibration using the mean calibration as 

reference system (from 0 to 150 mg/l). 

Concentrations [mg/l] 0 5 10 15 20 25 50 75 100 125 150 

Calibration 1 0 5 5 15 20 25 50 75 100 125 125 

Calibration 2 0 5 10 15 20 25 50 75 100 150 150 
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Table II - Recalculation of each calibration using the mean calibration as 
reference System (from 175 to 500 mg/l). 

Concentrations [mg/l] 175 200 225 250 275 300 350 400 450 500 

Calibration 1 175 150 200 200 275 250 300 350 350 500 

Calibration 2 225 275 225 275 300 350 450 450 500 500 

 
 
 

Table III - Results of the analysis of the unknown samples using the 
calibration as reference system. 

Real [mg/l] Calculated [mg/l] 

150 125 

400 350 

25 25 

100 100 

75 75 

 
 

IV. CONCLUSION 
 
In this work a general purpose mobile instrumentation for colorimetric 
dipstick analysis based on smartphone technologies has been 
presented. The proposed system is very simple being composed of an 
Android application and a colorimetric reference printed on a physical 
support. All the tests performed on nitrates in water confirm the 
effectiveness of the system implemented in removing the distortions of 
the colour space due to the uncontrolled environmental illumination 
conditions.  
 
 

REFERENCES 
 

[1] S. F. Cheung, S. K. L. Cheng, and D. T. Kamei, “Paper-based systems 
forpoint-of-care biosensing,” Journal of Laboratory Automation, vol. 20, no. 4, 
p. 316–333, 2015. 
[2] Z. Geng, X. Zhang, Z. Fan, X. Lv, Y. Su, and H. Chen, “Recent progress 
in opticalbiosensors based on smartphone platforms,” Sensors, vol. 17, no. 11, 
2017. 
[3] S. D. Kim, Y. Koo, and Y. Yun, “A smartphone-based automatic 
measure-ment method for colorimetric ph detection using a color adaptation 
algorithm,” Sensors, vol. 17, p. 1604, Jul 2017. 
[4] Y. Jung, J. Kim, O. Awofeso, H. Kim, F. Regnier, and E. Bae, 
"Smartphone-based colorimetric analysis for detection of saliva alcohol 
concentration," Appl. Opt.  54, 9183-9189 2015. 



 

229 

 

DESIGN OF AN IN-BAND PUMPED DYSPROSIUM-DOPED ZBLAN 

FIBER AMPLIFIER OPERATING AT 2.9-3.2 MICRON 
 

M. C. Falconi(1), D. Laneve(1), M. Bozzetti(1), T. T. Fernandez(2), 
G. Galzerano(2), F. Prudenzano(1) 

 
(1) Department of Electrical and Information Engineering, Politecnico 

di Bari, Via E. Orabona 4, Bari 70125, Italy 
(2) Istituto di Fotonica e Nanotecnologie - CNR, Department of 
Physics, Politecnico di Milano, P. Leonardo da Vinci 32, Milano 

20133, Italy 
francesco.prudenzano@poliba.it 

  
  

Abstract 
A Dy3+-doped ZBLAN glass fiber is designed in order to amplify optical signals in 
the 2.9-3.2 µm wavelength range, via in-band optical pumping. An accurate 
theoretical model, based on the rate equations for the rare earth populations and 
the power propagation equations for the optical beams, is employed along with 
measured spectroscopic and optical parameters. By tailoring the amplifier 
configuration in terms of fiber length and dopant concentration, an optical gain 
as high as 14 dB or a noise figure as low as 5 dB are obtained at 2.94 µm 
wavelength for an input pump power of 1 W at 2.7 µm wavelength. 

 
Index Terms  dysprosium, fiber amplifier, middle infrared, ZBLAN glass.  

 
 

I. INTRODUCTION 
  

In the last years, optical amplification in the middle infrared (Mid-IR) 
wavelength range has attracted much interest due to the increasing 
need of light sources with high brilliance at wavelengths longer than the 
conventional ones, i.e. 1.3 µm and 1.55 µm. Free space optical 
communication, exploiting the 4.5 µm, 9 µm and 12 µm transmission 
windows of earth atmosphere, is one of the most interesting 
applications. Its main advantages are the wide bandwidth, the low 
power, the lightness and the license-free spectrum [1], [2]. Another 
important application is chemical and biological sensing, due to the 
efficient interaction of Mid-IR light beams with gas molecules, biological 
tissues and air/water contaminants. In fact, strong vibrational 
resonances in the Mid-IR are exhibited by many organic molecules due 
to the presence of C-H, C-O and C-N chemical bonds. Other 
applications of Mid-IR light beams include medical surgery, diagnostic 
investigation, and automotive. 
There are several glasses whose spectroscopic characteristics are 
suitable for the fabrication of rare earth-doped fiber amplifiers operating 
in the Mid-IR. Chalcogenide glasses are very promising since they 
exhibit many useful properties such as transparency at very long 
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wavelengths, beyond 15 µm, high refractive index and capability to host 
very high rare earth concentrations. However, chalcogenide technology 
is not yet mature and needs further refinement [3]-[7]. Conversely, 
tellurite [8], [9] and fluoride glasses [10], [11] are host materials with a 
higher feasibility level and are widely used in the 2-3 µm wavelength 
range. 
In this work, an accurate theoretical model of an in-band pumped fiber 
amplifier based on a Dy3+-doped ZBLAN glass is developed and 
numerically solved to investigate its performance in terms of optical 
gain and noise figure. Realistic values for spectroscopic and optical 
parameters are employed. 
 
 

II. NUMERICAL RESULTS 
 
The model is based on the rate equations for the rare earth populations 
and the power propagation equations for the optical beams. Population 
inversion can be achieved by optically pumping the device at 2.6-2.8 µm 
wavelength. The dysprosium ions are modeled as a two energy levels 
system. The interaction between light and rare earth is taken into 
account by means of absorption, stimulated emission, radiative and 
nonradiative decays. Amplified Spontaneous Emission (ASE) is included 
too. The parameters employed in the simulation are the following: level 
2 radiative lifetime τ2 = 13.7 ms, nonradiative decay rate from level 2 R21 
= 1539 s-1, optical fiber loss α = 0.9 dB/m. Fig. 1 shows the schematic 
of the device. 
Fig. 2(a) illustrates the optical gain G of the Dy3+-doped ZBLAN fiber 
amplifier as a function of fiber length L and dopant concentration NDy. 
The input pump power is Pp0 = 1 W, the input signal power is Ps0 = 1 
µW, the pump wavelength is λp = 2.7 µm and the signal wavelength is λs 
= 2.94 µm. The maximum achievable optical gain is about 14 dB. 
Moreover, long fibers with lower dopant concentrations provide 
performance similar to that of short fibers with higher dopant 
concentrations. 
Fig. 2(b) illustrates the noise figure NF of the Dy3+-doped ZBLAN fiber 
amplifier as a function of fiber length L and dopant concentration NDy, 
for the same parameters of Fig. 2(a). The calculated noise figure values 
are between 5 and 6 dB, with longer fibers exhibiting a worse 
performance. Therefore, a proper trade-off between optical gain and 
noise figure is necessary. 
In order to improve the performance of the amplifier, i.e. to increase the 
optical gain or to lower the noise figure, an optimization technique such 
as the particle swarm algorithm could be used. 
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FIG. 1  Schematic of the Dy3+-doped ZBLAN fiber amplifier. 

 

 
 

FIG. 2  (a) Optical gain G (in dB) and (b) noise figure NF (in dB) of the Dy3+-
doped ZBLAN fiber amplifier as a function of fiber length L (in cm) and dopant 
concentration NDy (in ppm). Input pump power Pp0 = 1 W; input signal power 
Ps0 = 1 µW; pump wavelength λp = 2.7 µm; signal wavelength λs = 2.94 µm. 

 
III. CONCLUSION 

 

A Dy3+-doped ZBLAN fiber amplifier operating by means of in-band 
pumping was theoretically modeled and its performance in terms of 
optical gain and noise figure was investigated. Simulation results show 
that, by choosing a suitable combination of fiber length and dopant 

concentration, an optical gain as high as 14 dB or a noise figure as low 
as 5 dB can be obtained at 2.94 µm wavelength, for an input pump 
power of 1 W at 2.7 µm. In order to further improve the performance of 
the amplifier, an optimization technique such as the particle swarm 
algorithm could be exploited. Possible applications of the proposed 
device include, but are not limited to, free space optical communication, 
medical surgery and chemical/biological sensing. 
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Abstract 

Optical Wireless Networks on-Chip are promising solutions to overcome problems 
of miniaturization and energy consumption in a multicore on-chip environment. In 
this paper, the optical wireless channel is modeled through a ray tracing 
approach, and the relationship between the optical antennas gain and the 
communication range in the on-chip propagation environment is investigated. 

Index Terms  Channel Modeling, Ray Tracing, Optical Wireless Networks on 
Chip 

I. INTRODUCTION 

Parallel computation through multi-processors architectures is likely to 
be a point of no return to cope with the increasing request for greater 
computation efficiency [1]. Nevertheless, the physical interconnection of 
many cores currently undergoes several technological impairments, to 
the extent that wireless network on chip are being investigated as a 
promising solution [2]. In this work, on-chip wireless connections at 
optical frequencies are studied by means of a ray-tracing approach, and 
the impact of path-loss on the communication distance is investigated for 
different positions and radiation properties of the antennas. 

II. OPTICAL WIRELESS NETWORKS ON CHIP 

Although multi-processor chips are widely acknowledged as a promising 
solution for high-performance computing, prospects towards kilo-cores 
architectures might be seriously thwarted by interconnects issues, e.g. in 
terms of complexity, high latency and power consumption [2]. These 
limitations heavily affect electrical network on chip (NoC), as well as 
optical NoC (ONoC), although to an overall lesser extent [3]. Wireless 
networks on-chip (WiNoC) have therefore gained consideration [2] as an 
effective way to overcome the bottleneck of the physical interconnection 
between many cores. To overcome the difficulties in antenna integration 
and energy consumption that obviously rise at UWB/millimeter 
frequencies, optical WiNoC (OWiNoC) have been recently proposed [3], to 
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combine the advantages of both ONoC and WiNoC. A crucial aspect of the 
optical link design is path-loss assessment, which is expected to be a 
heavy impairment at so large frequency. In spite of the tiny chip size, on-
chip wireless communications at optical frequency are likely to occur in 
far-field conditions, e.g. up to distances by far greater than 100λ. 
Numerical solutions like FDTD are therefore almost impractical, whereas 
Ray Tracing (RT) can be relied on [4], with noticeable savings in memory 
and CPU time. The antenna radiation patterns are then calculated by 
FDTD [3], while the link can be modeled using RT. 

III. RAY TRACING FOR OWINOC 

The on-chip wireless channel is commonly sketched as a layered 
structure (Fig. 1a), where a plane dielectric slab including the 
transmitting (TX) and the receiving (RX) antennas is bounded by two 
different media on the upper and on the lower side. The electromagnetic 
properties of the materials are considered through their refraction index 

(values in Fig. 1a refer to wavelength 0=1.55 m). Planar interfaces are 
assumed perfectly smooth and infinitely wide at this stage of the work: 
wave propagation consists then of multiple reflections occurring in the xz 
plane (Fig. 1b). 

 
FIG. 1  (a) Layered propagation environment; (b) Example: direct and double 

reflected rays between TX and RX 

Therefore, the electromagnetic field radiated to the RX after n bounces (2 
reflections are for instance shown in Fig. 1b) can be expressed as: 

 

   
nj r

n 0n n

n

e
E E

r
 (1) 

being β=2πn0/λ0 the wave number, rn the overall length of the ray, Πn the 

product of the n reflection coefficient, and 0nE the TX antenna “emitted 
field” in the direction of departure of the ray (θd in Fig. 1b). It is worth 
mentioning that the path length rn can be regarded as the distance 
between the RX and an “nth virtual transmitter” (VTX in Fig. 1b) that is 
the ‘mirror’ image of the TX (if n=1) or of the (n-1)th VTX (otherwise) with 
respect to the reflecting plane (image principle). In the considered layered 
scenario, closed-form analytical expressions for the VTXs locations can 
be easily achieved, meaning that the computation of both rn and the 
incident angles (θi in Fig. 1b) are straightforward. Then, the (Fresnel) 
reflection coefficients (and therefore the value of Πn) are also immediately 

available. Finally, 0nE  is computed as: 
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where η=120π, PA is the overall transmitted power, g(θd) and  dp  are 

the antenna gain and polarization vector in the direction θd. As previously 
mentioned, the power PA and the 2D angular description of the antenna 
gain and polarization, required by the RT engine as input data, are 
obtained by using the FDTD. Assuming the same antenna at the RX side 
for the sake of simplicity, the same input information can be exploited to 
transform the impinging fields into the corresponding received power, 
once the ray directions of arrival (θa in Fig. 1b) have been evaluated. 

IV. RESULTS 

The RT model has been tested for the double interface Si-SiO2-Air with a 

layer thickness ranging from 4 m up to 10 m, and for different positions 
of the TX and the RX within the layer. Moreover, different antennas 
patterns with increasing gain value have been considered at the TX/RX 
side, assuming an RX sensitivity of -20 dBm and PA = 0 dBm. 

 

FIG. 2  RT modeling of the in-layer propagation (layer thickness=4 m, TX-
RX middle placed, isotropic radiators) 

Fig. 2 shows that a guiding effect (i.e. a greater received power compared 
to a fully homogeneous case) can be highlighted up to a breakpoint (BP) 
distance, which is strictly related to the layer width (the thinner the layer, 
the smaller the effect) and to the positions of TX-RX with respect to the 
lower interface (the closer the position, the weaker the effect). The guiding 
effect before the BP is mainly due to the overall constructive interference 
between the received field contributions. Beyond the BP, interference 
turns to become destructive, resulting in a received power weaker 
compared to the reference homogeneous case. 
Besides the obvious beneficial effect of the layer, which acts as a guide, 
our analysis shows that the link performance is also affected by its width 
and by the antenna gain and position. This is shown in Fig. 3, where the 
maximum link distance, corresponding to a received power equal to the 
RX sensitivity, is plotted against the antenna gain for different TX-RX 
positions. If the gain is too low, a large amount of power is lost because 
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of the large refraction losses of the rays far from grazing incidence, 
whereas the guiding effect is simply not triggered for gain values 
corresponding to an excessively narrow radiation lobe. 

 

FIG. 3  Link distance vs. antenna gain for different layer thickness: (a) 6 m; 

(b) 10 m. 

In both cases, the link distance turns out to be impaired, to an extent 
which also depends on the layer thickness (Fig. 3a and 3b) and on the 
TX-RX positions within the layer (different curves in each figure). 

V. CONCLUSIONS 

Electromagnetic propagation for optical wireless network on-chip has 
been investigated using a ray-tracing approach. Assuming a layered 
layout for the optical wireless channel, which seems reasonable for multi-
core chips grown in a multilayered structure, results show that the 
maximum link length does not increase simply increasing the antenna 
gain, but also depends on the thickness of the layer and the position of 
the antennas in the layer. This requires a strong interaction between the 
e. m. link and the electronic layout designers to find the optimum balance 
among the whole set of design parameters. 
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Abstract 
The aim of the present work is to demonstrate that hollow core fibers can be 
successfully used as sensors for proteins such as streptavidin. After a 
functionalization of the silica surface, a layer of biotin was deposited on the 
fiber core inner surface. The fiber was than infiltrated with a solution containing 
streptavidin and a red shift of the fiber transmission spectrum was 
experimentally observed. 

Index Terms  Fiber optics sensors, Biological sensing and sensors, 
Microstructured fibers. 

 
 

I. INTRODUCTION 
  

Photonic Crystal Fibers (PCF) represent a good platform for the 
development of sensitive and cheap sensors for the detection of protein 
and DNA sequence [1]. The holes running along the fiber allows the 
infiltration of biological substances and for biological layers to attach on 
the air-dielectric interfaces. In addition, the presence of a hollow core 
can further increase the infiltration feasibility and the sensor 
sensitivity.  
Recently, the possibility in using hollow core PCFs (HCPCF) based on 
inhibited coupling waveguiding for label-free DNA detection have been 
numerically investigated [2]. The sensing is based on the molecular 
interactions between the surface of the dielectric glass composing the 
fiber and the target sequence resulting in a generation of a biological 
layer which modifies the transmission properties of the fiber. 
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The same mechanism can be exploited for protein detection. In this 
work, we experimentally investigated the feasibility of a streptavidin 
sensor [3] based on a silica Hollow Core Tube Lattice Fiber. 
Experimental results show a spectral red shift in the near infrared 
region of about 20 nm of the fiber transmission spectrum after 
infiltration with of a 0.1 mg/mL solution of streptavidin.   
 
 

II. FIBER PROCESSING FOR RECOGNITION ELEMENTS 
 
Fig. 1a) shows the cross section of the fiber used in the experiment. 
Eight silica tubes placed in a circular shape compose the geometry of 
this tubular lattice HCPCF. The spectrum of the propagation loss 
consists in an alternation of high and low loss regions [4], [5].  
The spectral location of the high loss regions has a strong dependence 
on the thickness tsi of the silica tubes according to the following formula 
[4]: 
 

22
1si

m

t
n

m
    

 
where n is the silica refractive index and m is an integer number. In the 
analyzed fiber the thickness of the silica tube is tsi=610nm, while the 
tube radius is rext=6.8um.  
In order to guarantee the immobilization of the streptavidin to silica 
surface, a proper treatment of the fiber to immobilize a layer of biotin 
has been carried out [1]. In this way, the streptavidin can be 
immobilized on silica surface through bonding with biotin [3]. When a 
liquid containing a solution of streptavidin is infiltrated inside the 
hollow core of the fiber, an additional layer is generated on the silica 
surface as shown in Fig. 1(b). That layer increases the tube thickness 
and thus determines a red shift in the spectrum of the low transmission 
spectral regions [4]. 
 

 
FIG. 1  (a) cross section of the TLF used in the experiment. (b) details of the 

silica fiber cross section (gray)  with bio-layer (yellow). (c) fiber transmission 
spectra before (biotin only) and after (streptavidin) the infiltration of a 0.1 
mg/mL solution of streptavidin.  
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III. EXPERIMENTAL RESULS 
 

The layer on the fiber surfaces has been obtained by infiltrating liquid 
solutions of reagents induced by a nitrogen overpressure (2 atm). The 
steps carried out followed similar procedures described earlier for other 
microstructured fibers [1]. Briefly, first the surface of the channels was 
cleaned and activated with HCl/Methanol 1:1, then a solution of (3-
aminopropyl) trietoxysilane (APTES, 5% in ethanol was infiltrated, 
followed by rinsing to obtain amino groups at the terminal end. Biotin 
(5 mM) was then activated using EDC-NHS chemistry (0.25 M both) in a 
buffered acqueous solution (carbonate buffer, 100 mM, pH 9) and 
passed through the fiber for 2 hours. The fiber channels were then 
washed with distilled water.; the resulting functional fiber was then 
used for the sensing experiments. In these, a solution of streptavidin of 
0.1 mg/mL in PBS buffer was used, which was passed through the fiber 
for 2 hours. The fiber was then washed with distilled water and dried 
using nitrogen. Measurements were made just before and after 
streptavidin infiltration. The spectral measurements were obtained by 
coupling the fiber with a homemade supercontinuum white light source, 
even though a coherent source is not strictly necessary [2]; an optical 
spectrum analyzer with a resolution bandwidth of 1 nm was used to 
measure the output transmission spectrum.  Fig. 1c) compare the 
transmission spectra normalized to the source spectrum of the fiber 
before (biotin only) and after streptavidin) the infiltration. A red shift of 
the spectrum around the wavelengths 570 nm and 1045 nm is about 
7nm and 20 nm respectively showing that hollow core inhibited 
coupling fiber can be effectively used as sensor of proteins. 
 
 

IV. CONCLUSIONS 
 
In this work, we report on the first experimental results of tubular 
lattice HCPCF used as protein sensor. A measurable red shift of the 
transmission spectrum of about 20nm in the near infrared region has 
been observed after a fiber infiltration with a solution containing 0.1 
mg/mL of streptavidin. 
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Abstract 
The Coupled Mode Theory (CMT) is a tool widely used to study the electromagnetic 
behavior of complex optical devices via the study of the, simpler, composing structures. 
In this paper, the CMT will be assessed both theoretically and experimentally to show 
which are the best choices in its formulation to allow its successful use also in the case 
of closely spaced, high index contrast waveguides.  

Index Terms − Coupled Mode Theory, Semiconductor waveguides, Integrated Optics, 
Numerical Modelling.  

 
I. INTRODUCTION 

  
The Coupled Mode Theory (CMT) is routinely used to study in a simpler way 
complicated systems where propagating modes are coupled by structure 
perturbations. Such coupling can be co-directional (e.g. couplers) or counter-
directional (e.g. guides with gratings).  

The CMT was first proposed in [1] and then applied also in optics (e.g. [2]). 
Originally, it was proposed to study only structures with small refractive index 
changes and coupling, conditions easily fulfilled by the available technologies. 
The solution considers coupling between the modes of the single waveguides 
(assumed mutually orthogonal) constituting the complete structure, instead 
of the interference of its super-modes. This simplifies the approach, since 
modes of single waveguides can be calculated more easily than the overall 
structure super-modes. More recently, semiconductor based technologies 
made the original simplifications no longer realistic. This required revisiting 
the original approach (e.g. [3]), including mode non-orthogonality.  

CMT assessments have been proposed, but always in the 2D case. 
Recently [4], realistic 3D structures have been studied comparing CMT results 
for a waveguide coupler to exact ones, calculated with a Finite Element Based 
software [5], ranging from large to small index contrasts. This study showed 
also that the extra burden to include mode non-orthogonality was practically 
useless. It would now be interesting to assess the CMT also with experimental 
data, as done for example in [6] for a Ti:LiNbO3 waveguide, which is however 
a low contrast guide. This work aims to compare the CMT results with 
experimental ones obtained for couplers realized with the so-called Indium-
Phosphide Membranes on Silicon (IMOS) technology [7] which is of interest 
since its high index contrast allows micron-sized structures comparable to 
those of Silicon-on-Insulator (SOI). Furthermore, the IMOS technique enables 
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the integration of electronics (CMOS) and photonics on the same chip. Both 
active (SOAs, lasers) and passive devices (waveguides, directional couplers) 
can be fabricated in a single membrane. 

After a short introduction to the main equations involved in the study, a 
brief description of the waveguide characteristics will be given and results will 
be presented. Finally, conclusions will be drawn.  
 

II. THE COUPLED-MODE THEORY 
 
Without entering into details of the CMT, (see for example [4]), suffice here to 

say that possible expressions of the coupling coefficient � between two modes 
labeled respectively � and � of the two coupled guides can be found combining 
the so called transversal coupling coefficient  

�� = ���� = 	
4 � Δ���� ∙ ����∗���

�� 
 
    (1)

with the longitudinal one, which, depending on the definition of the single 

waveguide perturbation Δ, given by one of the following expressions  

��� = ���� = 	
4 � �

 + � ������∗
���

�� 

��� = ���� = 	
4 � Δ������∗

���
��. 

 
 

(2) 
 

(3)

The following three possibilities will be checked:
� = ��

 

� = �� + ��� 

� = �� + ��� . 
    (4) 
    (5) 
    (6)

The integrals are calculated only in the region S�  where the perturbation 
exists. The presence of the longitudinal components contribution and its 
optimal expression are a critical point. The coupling length !, i.e. the distance 
for a complete power transfer between the two waveguides, can be calculated 
exactly from the super-modes propagation constant mismatch Δβ, the 
difference of the even and odd super-mode propagation constants: 

! = #
�$.     (7)

Since it also holds [8]  

! = #
2� 

     
    (8)

one can also find the expression of the coupling coefficient � which can be 
considered as the exact one, reference to test expressions (4)-(6): 

� = �$
2 .     (9)

The comparison between this value and the calculated ones will be done 
in the next section. 
 

III. THE MEMBRANE TECHNOLOGY BASED COUPLER 
 
The structure which will be studied in the following is illustrated in Fig. 1. 
The cover is air (refractive index &' = 1), the waveguide is in InP (&) = 3.17) and 

the substrate is in BCB (&, = 1.55). The footing layer is 50 nm high, the two 
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waveguide ribs have a width of 400 nm and a height of 250 nm. The gap ranges 
from 100 to 500 nm. The operating wavelength is / = 1500 nm. 

The main field components of the left waveguide quasi-TE and quasi-TM 
modes are shown in Fig. 2 and 3 respectively. The right rib does not exist, but 
is shown to evidence the strong coupling condition for a 100 nm gap.  

 

      
 

FIG. 1 − Relative dielectric constants of the coupler (left), of the guide (center) and 
of the perturbation Δ (right) used to evaluate (6). 

 

  
 

FIG. 2 − Quasi-TE mode distribution: 
Im(Ex) (left), Real(Ez) (right). 

FIG. 3 − Quasi-TM mode distribution: 
Im(Ey) (left), Real(Ez) (right). 

 
IV. RESULTS 

 

Figures 4 and 5 show the coupling coefficient � (left) and the coupling length 
! (right) calculated for the quasi-TE and the quasi-TM modes respectively. The 
black long dashed line with open circles comes using (9). The red solid line 
with crosses shows ��. The blue dotted line with triangles shows �� + ���. The 
green dashed-dotted line with squares (almost superimposed to the black long 
dashed line) shows �� + ���.  

The best results are obtained using (6). The coupling coefficients of the 
quasi-TM modes are larger than the quasi-TE ones, as expected. The effect of 
the longitudinal coupling coefficient is smaller for the quasi-TM modes since 

�� has smaller interactions with the perturbation (see Fig. 2 and 3). 

  
FIG. 4 − Coupling coefficients (left) and corresponding coupling lengths (right) for 

the quasi-TE mode. 
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FIG. 5 − Coupling coefficients (left) and corresponding coupling lengths (right) for 

the quasi-TM mode. 
 

The technological process to fabricate the couplers which will be measured 
to compare theoretical results with experimental ones is underway. Results 
will be presented at the conference. 
 

V. CONCLUSION 

 
The results of some possible implementations of the CMT have been presented 
in a co-directional coupler and compared with the exact ones obtained using 
the structure super-modes. Fabrication of the simulated devices is under way 
to compare theoretical results with the experimental ones. 
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Abstract 
In this work, we investigate a novel approach to realize non-volatile phase- 
actuators integrated in silicon waveguides. We aim to exploit the ferroelectric 
response of polycrystalline BaTiO3 (poly-BTO), whose domain can be re-oriented 
by applying an external electric field so as to induce a large change of the 
refractive index. Owing to the polarization remanence of ferroelectric materials, 
such index variation is maintained when the electric field is turned off. 
Experimental results on poly-BTO demonstrate the possibility to achieve a non-
volatile change of the poly-BTO refractive index in the order of 10-2, which is 
consistent with a 90° reorientation of the ferroelectric domains. We also 
integrated thin poly-BTO films on Si waveguides with a low additional 
propagation loss (<1 dB/mm), enabling the realization of PICs with the proposed 
poly-BTO Si-photonics platform.   
 

Index Terms  Integrated optics materials, Ferroelectrics, Optical waveguides, 
Photonic integrated circuits, Silicon photonics  

 
 

I. INTRODUCTION  

Low-energy optical actuators are needed in integrated optics to either 
compensate fabrication tolerances or dynamically control and calibrate 
the functionality of reconfigurable and programmable circuits. 
Conventional actuators technologies exploit local heating of the optical 
waveguides as well as carrier injection/depletion effects in 
semiconductor waveguides. Albeit being effective and well consolidated, 
these solutions typically require high power consumption or suffer from 
large crosstalk that limits PIC scalability. Non-volatile actuators capable 
to maintain the switching state without an applied control signal are a 
promising route to tackle this issue. To this aim, several approaches 
based on phase change materials (GST) [1] and insulator-metal phase 
transition materials [2] have been proposed, which however mainly 
provide a control of the imaginary part of the refractive index of the 
waveguide, thus realizing “intensity actuators” solutions only.  
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FIG. 1  (a) Schematic of the refractive index change associated with domain 
switching in poly-BTO film. (b) Measured refractive index of amorphous (blue 
curve) and polycrystalline (red curve) BTO films deposited by PLD at different 
temperatures. RHEED measurements in the insets confirm the amorphous 
and polycrystalline nature of the films. (c) Measured refractive index of the 

poly-BTO film in the pristine state (black solid curve), during the application of 
a 5V pulse (red dashed curve) and in the final state (blue dash-dotted curve). 

 
In this work, we propose a novel approach to realize self-holding 

phase actuators integrated in Si waveguides. We aim to exploit the 
ferroelectric response of polycrystalline BaTiO3 (poly-BTO) directly 
deposited on a Si substrate. We observed a large non-volatile change of 
the poly-BTO refractive index, in the order of 10-2, which is consistent 
with a 90° reorientation of the ferroelectric domains. We also 
demonstrated the possibility to integrate thin poly-BTO films as an 
upper cladding of Si waveguides with a low additional propagation loss 
(<1 dB/mm), enabling the realization of microring resonators and other 
integrated devices with the proposed poly-BTO Si-photonics platform.   
 

II. SELF-HOLDING OPTICAL SWITCHING IN BTO THIN FILMS 

Ferroelectric materials are characterized by domains with in-plane (a-
axis) or out-of-plane (c-axis) orientation, which in polycrystalline films 
are almost randomly distributed. Domains orientation can be 
manipulated by applying an external electric exceeding the coercive field 
of the material and as a consequence of the re-orientation a large 
change of the refractive index n can be achieved. Due to the polarization 
remanence of ferroelectric materials, the refractive index variation is 
maintained when the electric field is turned off (see Fig 1.a).  

BTO films with a thickness of 100 nm were grown by pulsed laser 
deposition (PLD) on conductive Si(001) substrate, after the removal of 
native SiO2 from the substrate surface by standard wet etching in 
hydrofluoric acid. By controlling the temperature (400 °C - 600 °C) and 
the oxygen pressure (pO2= 20 mTorr - 80 mTorr) during the deposition, 
BTO films with amorphous and polycrystalline structure were 
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deposited. A post-annealing at 600°C was performed in 0.5 atm O2 
pressure to fill the oxygen vacancies.  

Reflection high-energy electron diffraction (RHEED) measurements 
(insets of Fig. 1b) indicate that films deposited at 600°C exhibit a 
polycrystalline structure (poly-BTO), whereas at lower deposition 
temperatures amorphous films (a-BTO) are obtained. Surface roughness 
as measured by atomic force microscopy (AFM) is between 0.7-0.9 nm 

rms. The refractive index n of -BTO films (~1.9 at > 1300 nm) is lower 

than poly-BTO films (~2.2 at > 1300 nm), as measured by 
spectroscopic ellipsometry (see Fig. 1b), in agreement with data in [3].  

To perform switching experiments a 200 nm layer of indium tin oxide 
(ITO) was sputtered onto the poly-BTO film to realize the top electrode. 
By applying a 5 V signal (Fig. 1.c), a large change of the refractive index 
of poly-BTO is induced (red dashed curve) with respect to the initial 
state (black solid curve), that is as large as 3·10-2 in the 1550 nm range, 
with no change in the material loss. Such refractive index variation 
suggests the occurrence of ferroelectric domains reorientation (from a to 
c axis) in the poly-BTO film [4]. After the electric signal is switched off 
(blue dashed-dotted curve), the switched state was mostly preserved 
with only a small relaxation in the refractive index (red dashed curve). 
We also observed that the pristine state of the film can be restored by 
heating the sample above the Curie temperature of BTO (120°C). 
 

III. LOW-LOSS POLY-BTO-COATED SILICON WAVEGUIDES AND CIRCUITS 

Polycrystalline BTO was then employed as upper cladding material of Si 
nanowaveguides. Figure 2(a) shows the cross-sectional SEM photograph 
of a 220 nm x 400 nm Si waveguide covered with a 200-nm-thin poly-
BTO film. For this waveguide geometry, the overlap factor of the guided 
mode with the BTO material is about 18% for TE polarization and 28% 

for TM polarization. Given the large n measured on poly-BTO films, 

this would enable a phase shift in a waveguide actuator of less than 

100 m length. As shown in Fig. 2(a), at a wavelength of 1550 nm, both 
modes exhibit a loss change of less than 1dB/mm after the deposition 
of the BTO layer, thus resulting in less than 0.1 dB actuator loss. The 
loss decrease observed in the narrowest waveguide (400 nm width) is 
due to the mitigation of the roughness-induced scattering loss [5].  

Figure 2(b) shows the TE transmission measured at the drop port of a 

silicon microring resonator with a radius of 40 m. Before the 
deposition of 200-nm-thick poly-BTO upper cladding (black dashed 
line), the air-coated silicon microring has a free spectral range of 2.45 
nm, a 3 dB bandwidth of about 25 GHz, resulting in a Q factor of about 
8000, and an off-band isolation of 18 dB. After the deposition of the 
BTO cladding (red solid curve), the shape of the transmission spectrum 
is almost entirely preserved, the Q factor reduction to about 6000 (33 
GHz bandwidth) being essentially due to the higher coupling coefficient 
of the BTO-cladded directional coupler of the microring.  
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Fig. 2 - (a) Variation of the propagation loss of a Si nanowaveguide (SEM 
cross-sectional picture in the inset) after the deposition of a 200 nm thick 

poly-BTO coating. (b) Normalized transmission at the drop port of a microring 
resonator before (black dashed curve) and after (red solid curve) the deposition 

of the poly-BTO upper cladding.  
 

 
IV. CONCLUSION 

We demonstrated an electrically-driven non-volatile change of the 
refractive index of polycrystalline BTO films, which is consistent with a 
90° reorientation of the ferroelectric domains. The large refractive index 
variation (3·10-2) would enable the realization of compact (< 100 um), 
low-loss (<0.1 dB), self-holding phase actuators integrated in silicon 
optical waveguides. We also successfully integrated poly-BTO films on 
Si waveguides and microring resonators, demonstrating the possibility 
to realize PICs with the proposed poly-BTO Si-photonics platform.   
 

V. ACKNOWLEDGEMENT 

This work was supported by Fondazione Cariplo Project “Advanced 
Control Technologies for Integrated Optics (ACTIO)” – Rif. 2016-0881.  
 

VI. REFERENCES 

[1] H. Zhang, et al, “Ultracompact Si-GST hybrid waveguides for nonvolatile 
light wave manipulation,” IEEE Phot. Journ.10(1), 2200110 (2018). 
[2]  A. Joushaghani, et al., “Sub-volt broadband hybrid plasmonic-
vanadium dioxide switches, Appl. Phys. Lett. 102, 061101 (2013).  
[3]  Thomas, Reji, D. C. Dube, M. N. Kamalasanan, and Subhas Chandra, 
Optical and electrical properties of BaTiO3 thin films prepared by chemical 
solution deposition”, Thin solid films 346 (1-2), 212, (1999). 
[4]  M. J. Dicken, L. A. Sweatlock, D. Pacifici, H. J. Lezec, K. Bhattacharya, 
and H. A. Atwater, “Electrooptic modulation in thin film barium titanate 
plasmonic interferometers,” Nanoletters 8 (11), 4048 (2008). 
[5]  D. Melati, A. Melloni, and F. Morichetti, “Real photonic waveguides: 
guiding light through imperfections,” Advances in Optics and Photonics, vol. 6, 
no. 2, pp. 156-224, May 2014. 



249 

 

THE REDUCED SCATTERED FIELD AS A  

TOOL FOR FOCUSING IN AN UNKNOWN SCENARIO 

  
M. T. Bevacqua(1), R. Palmeri(1), L. Crocco(2), T. Isernia(1,2) 

  
(1) DIIES, Univ. Mediterranea of Reggio Calabria, Italy, 

(martina.bevacqua,roberta.palmeri,tommaso.isernia)@unirc.it 
(2) CNR-IREA, National Research Council of Italy, Naples, Italy, 

crocco.l@irea.cnr.it 
 

 
Abstract 

The orthogonality sampling method has been recently introduced in inverse 
scattering community as a way to retrieve the morphological properties of 
unknown targets. Both the simplicity and the flexibility with respect to the 
performed scattering experiments make this method more appealing than other 
qualitative methods. Starting from orthogonality sampling method and the 
inherent concept of ‘reduced scattered field’, in this contribution we propose a new 
tool to focus the field intensity in an unknown scenario. This novel focusing tool, 
which can be relevant from both a theoretical and practical point of view, is 
described and validated with a numerical example. 
 

Index Terms - focusing, inverse scattering problem, orthogonality sampling 
method, shape reconstruction.  

 
I. INTRODUCTION 

 
The problem of focusing the field intensity distribution in an unknown 

medium is relevant from both a theoretical and applicative point of view. 
Indeed, the problem of determining the array complex excitation in such 
a way to concentrate the field energy into a given target point of the 
investigated scenario can be of interest in medical treatments and also 
near field focusing. However, most of the focusing approaches introduced 
in literature are based on the exact knowledge of the scenario.  

Differently from these latter, the approach in [1] proposes a novel 
adaptive focusing strategy which, using a number of scattering 
experiments but avoiding any search for a quantitative imaging of the 
scenario, allows to determine the excitation coefficients needed to focus 
the field intensity in a given target point. The method is based on the 
solution (as well as on the physical interpretation) of the linear sampling 
method (LSM). LSM is a widely used qualitative method which aims at 
recovering presence, position and shape of unknown targets starting from 
the knowledge of the fields they scatter.  

Many other different qualitative methods have been developed in 
literature to solve the so called ‘inverse obstacle’ , among them it is worth 
to mention the orthogonality sampling method (OSM) [6], which shows 
some similarity with respect to LSM. In fact, the rationale behind it is to 
sample of the scenario under investigation into an arbitrary grid of points, 
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wherein the reduced scattered field and an indicator function are 
computed in order to provide support information. However, with respect 
to LSM, OSM exhibits an increased robustness to noise and more 
flexibility as its application is possible for a wide variety of experiments 
(single-view, multifrequency, multi-view, to a combination of them) [2]. 
Last, but not least, it does not require the explicit use of regularization 
techniques.  

Starting from these considerations and the close analogy with LSM, 
in this contribution we investigate the possibility of using the reduced 
scattered field as a tool for focusing the field intensity in an unknown 
scenario. In particular, an adaptive two-steps procedure is proposed, 
wherein a preliminary and qualitative sensing stage of the region of 
interest is performed via OSM processing. Then, the focusing stage is 
based on a straightforward exploitation of the reduced scattered field to 
determine the excitation coefficients required to focus the total field in 
the target point. 

Throughout we consider the canonical 2D scalar problem (TM 
polarization) and we assume and drop the time harmonic factor 𝑒𝑥𝑝{𝑗𝜔𝑡}. 
 

II. ORTHOGONALITY SAMPLING METHOD 
 

In the OSM, a key role is played by the so called reduced scattered 

field 𝐸*+,-, which is defined as [2]: 
 

𝐸*+,-(𝒓, 𝒓1𝒕) = 5𝐸*6(𝒓17 , 𝒓1𝒕)	𝑒9:;𝒓∙𝒓1=	𝑑Γ@ = 1𝛾 〈𝐸*6, 𝐺E6	〉@ 
(1) 

where 𝐸*6(𝒓17 , 𝒓1𝒕, 𝑘E) is the (measured) far field pattern; 𝒓 is the generic 
position on an arbitrary grid sampling the region under test Ω hosting 
the unknown targets; 𝒓1𝒕 is the unit vector which identifies the angular 
position of the antennas, probing Ω and located on a closed curve Γ in 
the scatterers far-zone; 𝒓17 is the unit vector which identifies the 

measurements angular position; and 𝑘E = 𝜔H𝜇E𝜀E is the wavenumber in 

the host medium at the frequency 𝜔. 
The scalar product in (1) assays the orthogonality relation between the 

measured far field pattern 𝐸*6 with a test function which corresponds 
(apart from a constant 𝛾) to the Green’s function 𝐺E as computed in far-
field zone [2]. Once the reduced scattered field is computed by means of 
(1), the OSM indicator function 𝐼(𝒓) is defined as [2]: 

 

𝐼(𝒓, 𝑘E) = 5L𝐸*+,-(𝒓, 𝒓1𝒕, 𝑘E)LM𝑑@ 𝒓1𝒕 
(2) 

which is expected to exhibit large values for sampling points 𝒓 belonging 
to the targets support and limited values outside it. 
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III. FIELD INTENSITY FOCUSING VIA OSM 
 
As we are going to argue, the reduced scattered field can be exploited 

to determine the 𝑁 array excitations 𝐼O in such a way concentrate the field 

intensity in a given target point 𝒓𝒑 belonging to the target support. To this 

end, let us consider the minimization of the following cost functional, i.e.: 
 

minTU VW𝐼OX𝒓𝒑Y𝐸*6(𝒓1𝒕, 𝒓1𝒎) − 𝐺E6X𝒓𝒑, 𝒓1𝒎Y
\

O]^
V
@

M
 

(3) 
where one is enforcing on the measurements curve Γ a matching between 
the scattered fields recombined according to 𝐼O and the Green function 𝐺E6, which represents the far field radiated by an elementary current in 𝒓𝒑. Therefore, due to the linearity of the scattering phenomena, by 

minimizing (3) one is looking for a function which modifies the original 
amplitudes of the primary sources in such a way that their combined 
effect induces on Γ a scattered field equal to 𝐺E. 

A possible set of array excitations can be provided by the solution of 
the equation underlying the LSM, as explained in [1]. Another solution 
can be obtained by furtherly developing the condition in (3). By a simple 
derivation (whose details are deferred to the Conference) the array 
excitations 𝐼O can be in fact related to the reduced scattered field (1) as:  

 

W𝐼O
\

O]^
⟨	𝐸*6(𝒓1𝒕, 𝒓1𝒎)	, 	𝐸*6(𝒓1 �̅�, 𝒓1𝒎)	⟩@ = 𝛾 b𝐸*+,-(𝒓1 �̅�)c∗ 

(4) 
wherein the subscript * denotes the complex conjugate operation and �̅� 
identifies a given scattering experiment corresponding to a given angular 
position 𝒓1 �̅� of the transmitting antenna. Interestingly, by assuming that 
the scattering experiments are performed in such a way that the scattered 
fields data are approximatively orthonormal (which can be eventually be 
achieved by a proper organization of scattering experiments), the array 
excitations 𝐼O are finally given by: 
 

𝐼O = 𝛾 b𝐸*+,-(𝒓𝒕)c∗ 
(5) 

Note the equation (5) means that (the complex conjugate of) the reduced 
scattered field can provide the array excitations required to enforce on Γ 
a scattered field equal to the field radiated by an elementary current in 𝒓𝒑. Hence, by following the same reasoning as in [1], the same excitations 

can be used to set the amplitudes of the different transmitting antennas 
in such a way to induce in the investigation domain total fields which are 
focused in the target point 𝒓𝒑. In summary, see (5), the reduced scattered 

field provides a solution to the problem of focusing in unknown scenarios. 
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IV. A NUMERICAL EXAMPLE 

 
In order to verify the capability of (4) to focus the field intensity in a 

given target point, we performed an extensive numerical analysis. In the 
following a numerical example dealing with the popular ‘kite’ target, 
which is known to be a critical situation for [1]. The kite has the leading 
dimension of about a wavelength and complex permittivity equal to 2 −0.36𝑗. The target is placed inside a square domain of side 𝐿 = 0.1	𝑚 
discretized in 84 × 84 cells. Moreover, 16 receivers and transmitters, 
located on a circumference Γ of radius 𝑅 = 5	𝑚, have been considered. The 
scattered field data, simulated by means of a full-wave solver based on 
the method of moments, have been corrupted with a random Gaussian 
noise with SNR = 30	dB. The working frequency is 5	𝐺𝐻𝑧. 

The performances have been compared with those obtained with LSM 
[1]. In fig. 1(a) and (d) the maps of the normalized indicators are reported, 
while in 1(b)-(c) and 1(e)-(f) the normalized square amplitudes of the total 
field focused in two different target points. As it can be seen, the proposed 
tool exhibits much better capability with respect to LSM solution, and it 
also avoids undesired effects in points different from the target one. 

More examples and details and an extensive discussion of 
performances will be given at the conference. 

 

 
                      (a)                                      (b)                                     (c) 

  
                      (d)                                      (e)                                      (f) 

 
FIG. 1 - OSM (a) and LSM (d) indicators. Normalized square amplitudes of the total 
field in two different target points (yellow stars) via (5)(b)-(c), and via LSM [1](e)-(f). 
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Abstract 

In this paper the role of view diversities in linear inverse scattering problems is 
analyzed in terms of the singular values behavior of the pertinent scattering 
operators.  In order to obtain analytical results, the analysis is developed within 
a two-dimensional scalar Fresnel-zone configuration. 

Index Terms  Diversities, Inverse scattering, NDF, SVD.  
 

I. INTRODUCTION  

Linear inverse electromagnetic scattering problems deal with the 
inversion of an integral equation of the first kind in order to recover an 
object function which is related to the features of the scatterer like the 
shape, the support, the dielectric contrast, etc. It is known that probing 
the scattering scene at different spatial positions (multi-view 
configuration) or at different frequencies (multi-frequency configuration) 
can improve the achievable performance. However, some degrees of 
redundancy [1] can be expected as not all the data are necessarily 
independent. The focus here is on establishing the role played by the view 
diversities on the singular values behavior. Note that this paper is an 
extension of [1] where the role of redundancy is analyzed in far-zone.  The 
reference scenario is depicted in Fig. 1.  

 
FIG. 1  Pictorial view of the scattering configuration considered in this paper. 

 

The scatterer is illuminated by a filamentary current located in 𝑥𝑠 ∈ Σ =[−𝑥𝑜 , 𝑥𝑜], which also represents the observation domain. The scatterer 
domain is assumed to be a strip  𝐼 = [−𝑎, 𝑎] along the x-axis and the 
scattered field is collected in the Fresnel-zone. Invariance is assumed 
along the plane wave polarization direction which in turn is orthogonal 
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to the strip. Accordingly, the study is developed for a two-dimensional 
scalar configuration. In this framework, to collect the scattered field by 

exploiting the view diversity entails to vary 𝑥𝑠. The paper is organized as 
follows: in section 2 the multi-view configuration in the Fresnel-zone is 
presented and the view redundancy is discussed. Finally, conclusions 
end the paper. 
 

II. MULTI-VIEW CONFIGURATION 

Consider a multi-view configuration. In the Fresnel-zone, exploiting the 
Born approximation, the scattered operator is 

         𝒜: 𝜒(𝑥) ∈ ℒ𝐼2 → 𝐸𝑆(𝑥𝑠, 𝑥1) = ∫ 1𝑧′ 𝜒(𝑥′)𝑒−𝑗(2𝑘𝑏𝑧′+ 𝑘𝑏2𝑧′(𝑥1−𝑥′)2+ 𝑘𝑏2𝑧′(𝑥𝑠−𝑥′)2)𝑑𝑥′𝑎−𝑎 ∈ ℒ(Σ×Σ)2        (1) 

where 𝑘𝑏 being the wavenumber and 𝜒 the contrast function. Since the 
kernel function of equation (1) is a square integrable function, the integral 
operator is of Hilbert-Schimdt class and hence compact [2]. Therefore its 
singular system can be introduced. By casting the equations of the 
shifted eigenvalue problem, the singular system can be found. In 
particular, with 𝒜† being the adjoint operator of 𝒜, this approach moves 
from the equation 
                                                       𝒜†𝒜𝑢𝑛(𝑥′) = 𝜎𝑛2𝑢𝑛(𝑥)                                (2)                                           
to the equation ∫ �̃�𝑛(𝑥′)𝜆2𝑎−𝑎 {𝑠𝑖𝑛𝑘𝑏𝑧′ 𝑥0[𝑥′−𝑥]𝜋[𝑥′−𝑥] }2 𝑑𝑥′ = 𝜎𝑛2�̃�𝑛(𝑥)                 (3)                       

where �̃�𝑛(𝑥) = 𝑢𝑛(𝑥)𝑒−𝑗 𝑘𝑏2𝑧′𝑥2
 and the set {𝑢𝑛(𝑥)}𝑛=0∞  forms a complete 

orthonormal basis for the orthogonal complement of the operator kernel. 
As depicted in Fig.2, the eigenvalues behavior of the operator 𝒜†𝒜 follows 
the trend of the Fourier transform of the kernel, that is a triangular trend. 
 

 
FIG. 2  Behavior of the singular values of the operator 𝒜 (a) and of the 

eigenvalues of the operator 𝒜†𝒜 (b). 

 
The trend of the singular values shown in Fig.2(a) can be explained in 
terms of “redundant” data [1]. In order to obtain an estimation of the 
maximum number of independent data, let us consider M uniformly 
sampled views {𝑥𝑠1 , … , 𝑥𝑠𝑀} representing a discrete subset of Σ. The 
pertinent scattered operator for the Fresnel-zone then writes as: 
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           𝒟: 𝜒(𝑥) ∈ ℒ𝐼2 → 𝐸𝑠(𝑥𝑠𝑛 , 𝑥1) = ∫ 1𝑧′ 𝜒(𝑥′)𝑒−𝑗(2𝑘𝑏𝑧′+ 𝑘𝑏2𝑧′(𝑥1−𝑥′)2+ 𝑘𝑏2𝑧′(𝑥𝑠𝑛−𝑥′)2)𝑑𝑥′𝑎−𝑎 ∈ ℒ(Σ×Σ)2    (4)                               

The singular system of (4) can be found by studying the eigen-spectrum 
of the associated operator 𝒟†𝒟. This leads to the following equation 

                               ∫ ∑ 𝜆 𝑢𝑘(𝑥)𝑧′𝑀𝑛=1𝑎−𝑎 𝑒𝑗𝑘𝑏𝑧′ 𝑥𝑠𝑛[𝑥′−𝑥] 𝑠𝑖𝑛𝑘𝑏𝑧′ 𝑥0[𝑥′−𝑥]𝜋[𝑥′−𝑥] 𝑑𝑥′ = 𝜎𝑘2�̃�𝑘(𝑥)                         (5) 

with �̃�𝑘(𝑥) = 𝑢𝑘(𝑥)𝑒−𝑗 𝑘𝑏2𝑧′𝑥2
. Thus, the spectrum of the kernel in (5) is a 

superposition of M rectangular windows of amplitude 𝜆 𝑧′⁄ , centered in  𝑘𝑏𝑧′ 𝑥𝑠𝑛 and with band 𝛺𝑛 = [𝑘𝑏𝑧′ 𝑥𝑠𝑛 − 𝑘𝑏𝑧′ 𝑥0, 𝑘𝑏𝑧′ 𝑥𝑠𝑛 + 𝑘𝑏𝑧′ 𝑥0]. Equation (5) can be 

expressed in terms of spatial limiting and band limiting projectors 𝑃I  and ℬ𝛺𝑛 as 

                                                    𝒟†𝒟 = 𝜆𝑧′ ∑ 𝑃Iℬ𝛺𝑛𝑃I𝑀𝑚=1                           (6) 

For 𝑀 = 2, equation (6) produces  

                                                𝒟†𝒟 = 𝜆𝑧′ 𝑃Iℬ𝛺1𝑃I + 𝜆𝑧′ 𝑃Iℬ𝛺2𝑃I                         (7)                                        

For both the operators in (7) the eigenvalues exhibit a step-like behavior 
with abrupt decay occurring at 𝑁 = [2𝑐 𝜋⁄ ] with 𝑐 = 𝑎𝑘𝑏𝑥0 𝑧′⁄ . As well known 
[3]-[4], since 𝛺1 and 𝛺2 are disjoint bands the eigenvalues of the sum of 
the two operators present a knee at the index 𝑁 = 2[2𝑐 𝜋⁄ ]. Of course, the 
same behavior holds true for the singular values.  
Let us now consider 𝑀 = 3 views, {−𝑥𝑜 , 0, 𝑥𝑜}. In this case, the frequency 
bands overlap. However, 𝒟†𝒟 can be still rearranged so to involve disjoint 
bands  

                                    𝒟†𝒟 = 𝜆𝑧′ 𝑃𝑆𝐵𝛺1𝑃𝑆 + 2 𝜆𝑧′ 𝑃𝑆𝐵𝛺2𝑃𝑆 + 𝜆𝑧′ 𝑃𝑆𝐵𝛺3𝑃𝑆                                        (8)                                   

with 𝛺1 = [−2 𝑘𝑏𝑧′ 𝑥0, − 𝑘𝑏𝑧′ 𝑥0], 𝛺2 = [− 𝑘𝑏𝑧′ 𝑥0, 𝑘𝑏𝑧′ 𝑥0] and 𝛺3 = [𝑘𝑏𝑧′ 𝑥0, 2 𝑘𝑏𝑧′ 𝑥0]. The operators 

in (8) corresponding to the bands 𝛺1 and 𝛺3 present a knee in the 

eigenvalues trend for 𝑁 = [2𝑐1 𝜋⁄ ] and 𝑐1 = 𝑎 𝑘𝑏2𝑧′ 𝑥0, while the operator 

corresponding to the band 𝛺2 presents a knee for 𝑁 = [2𝑐2 𝜋⁄ ] and 𝑐2 = 𝑎 𝑘𝑏𝑧′ 𝑥0. 
Hence, the singular values exhibit a two-step behavior with knees that 
occurr at the indexes 𝑁1 = [2𝑐2 𝜋⁄ ] and  𝑁2 = 𝑁1 + 2[2𝑐1 𝜋⁄ ]. 
This reasoning can be extended to a generic number of views and in this 
case the singular values exhibit an (𝑀 − 1)-step behavior. The number of 

singular values on each step is given by 𝐾𝑛 = 𝛼 2𝑐𝑛𝜋 ,   𝛼 = {1 𝑓𝑜𝑟 𝑛 = 12 𝑓𝑜𝑟 𝑛 ≠ 1. 

Moreover, on each step the singular values are equal to 𝜎𝑛𝑚 = √(𝑀 − 𝑛)𝜆𝜆𝑚 𝑧′⁄  

with 𝑛 = {1, … , 𝑀 − 1}. This result is very well verified by the example 
reported in Fig.3(b). 
In fact, the singular values exhibit the expected 𝑀 − 1 = 4 steps. Moreover, 
also their value estimation is in strict accordance to the numerical result. 
For example, on the first step, the previous formula returns 0.2828 which 
well agrees with 0.2836 given by the numerical simulation.  
From Fig.2(a) one can appreciate that for only two views the singular 
values exhibit a single step (𝑁 = [2𝑐/𝜋]). Of course, this single-step behavior 
allows to identify 𝑁 as the number of degrees of freedom. By comparing 
Fig.3(a) and Fig.3(b) it is evident that the use of more views does not 
increase the NDF but only the numerical value of the singular values. 
This is important in the inversion as this entails more stability.  
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FIG. 3  Singular value behavior for only a view (a) and for 𝑀 = 5 views (b). As 

can be seen, the foreseen four steps are well evident. 
 

                                                                                        
III. CONCLUSION 

The aim of this contribution is to highlight the role played by the 
parameters of the scattering configuration on the performance achievable 
in Fresnel-zone. The link between the singular values behavior of the 
scattering operator and the most used metrics (such as NDF, resolution, 
information content [4]) which actually are employed to assess the 
achievable performance in linear inverse scattering problems, justifies 
the analysis conducted in this paper. 
The obtained results show that in order to increase the NDF to the largest 
extent two extremal views are sufficient. By further increasing views does 
not lead to an increase in the NDF, but entails an increase of the 
numerical values of the singular values. Moreover, having fixed the noise, 
higher singular values can lead to a more stable inversion procedure.  
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Abstract 

The inverse problem of the diagnostics of an array of point sources located over a 
conical surface is addressed by the numerical evaluation of the relevant spectral 
decomposition. The resulting number of degrees of freedom reveals the maximum 
number of array elements that can be reliably reconstructed. Spacing between the 
elements larger than the typical half a wavelength step is required for stable 
imaging. Some examples of faulty elements diagnostics in presence of noisy data 
are shown. 

Index Terms − Array diagnostics, Conformal antennas, Inverse scattering.  

 
I. INTRODUCTION 

  
Conformal antennas, i.e. antennas following a nonplanar geometry, have 
definite advantages in several applications, as for instance, on aircrafts,  
for a ground surveillance radar achieving a hemispherical coverage, in 
base stations of wireless network to improve traffic efficiency by dynamic 
allocation of radiated beams. The source geometry plays a relevant role 
in defining the number of degrees of freedom (NDF) of the source which 
is useful to establish the class of patterns that can be radiated [1]. Such 
a number is also important in array diagnostics to define conditions for 
reliable determination of array excitation coefficients. This problem is 
tackled hereafter by resorting to the spectral decomposition of the 
relevant radiation operator with reference to a conic surface. 
 

II. FORWARD AND INVERSE MODEL 
 

Consider a conformal array of N isotropic radiators located on a cone as 
in Fig. 1. The corresponding array factor can be written as 
 

���, �� = ∑ 	
	����������������
� ������������������� ����� 

!"          (1) 

  

where 	
 is the excitation coefficient of the n-th radiator, # = 2%/', ' is 
the vacuum wavelength, �( is the half-aperture angle of the conical 
surface, �)
, % − �(	, �
� are the polar coordinates of the n-th radiator are 
the polar coordinates of the far-field observation point.  
 From the functional analysis point of view, the array factor defines 
a mapping from a discrete space into a continuous one. Our goal is to 
evaluate the NDF of this operator, in order to be able to determine the 
maximum number of elements that can be reliably diagnosed with a 
certain degree of accuracy. The relevant mathematical tool consists in the 
the Singular Value Decomposition (SVD) of the operator. Unfortunately, 
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for the present geometry, the SVD is difficult to be analytically treated, so 
that we resort to numerical methods. It can be expected that when the 
half-aperture angle is greater than π/4, the conical surface becomes 
"close" to a spherical cap, and therefore the NDF is closer to the NDF of  
a spherical cap enclosing the conical surface [2]. In any case, we assume 
as NDF the number of singular values, above -20 dB with respect to the 
maximum one. 
 

 
 

 

 
FIG. 1 − Cut view of an array on a conical surface and of the minimum radius 

enclosing sphere. 
 

 The positions of the conical array elements are defined as follows. 

1. The array is composed of +,-. circular subarrays of different 

number of elements, located at )��� from the origin. 
2. The radial spacing between the subarrays is assumed equal to  '/2. 
3. The angular step for determining the azimuthal coordinates of the 

radiators positions in each subarray is chosen equal to Δ��
01102 =

2%/�23� + 1�, where 3� = �#)���6�, )��� is the radial coordinate related 
to the i-th subarray and 6 is a filling parameter. 
 

As far the discretisation of Eq. (1) is concerned, the following steps are 
performed. 

A. The height of the cone is determined as ℎ = �)89: − );�
�	<=>(.  
B. The array is rigidly translated along the z-axis by the Δ? = �ℎ/2� +
);�
	<=>(. In this way, ?
 = )
	<=�% − >(� in Eq. (1) becomes ?̃
 = ?
 +
Δ?, while A
 = )
=BC�% − >(�	<=�
 and D
 = )
=BC�% − >(�=BC�
, remain 
unchanged. 

C. The smallest sphere that completely enclosing the cone is defined 

with a resulting radius E = F�)89:=BC>(�G + �ℎ/2�G. 
D. The sampling step of the (observation)  > angle is Δ> = 2%/�2+H + 1�, 

where +H = �#E6H�, 6H is the oversampling parameter. Therefore the 
sampling points are >� = �B − 1�Δ> for B = 1, 2, … ,+H + 1. 

E. The sampling step of the (observation) � angle is Δ�� = 2%/�23� +
1�, where 3� = �#E6H=BC>�� if �#E6H=BC>�� > 7, otherwise 3� = 7, and 

the � sampling point are �L
��� = �M − 1�Δ�� for M = 1, 2, … , 23� + 1. 

 

>( 
);�
 

)89: 

Sphere of  

radius E 
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Accordingly, the discretised version of the Eq. (1) can be written in 
matrix form as  � = N ∙ 	.  

We denote as P the number of normalised singular values of the matrix 
N above −20	RS. P plays an important role in any diagnostic procedure 

since it provides the number of independent combinations of array 
elements that can be reliably reconstructed in presence of uncertainties 
on data. In fact, if P < + we expect that some antenna elements 
excitations exist that cannot be reconstructed by regularized inversion of 
N. In this circumstance, then, it is impossible to identify an arbitrary 

located fault element within the array. At the same time, P represents the 
maximum number of elements of a conical array allowing for a reliably 
diagnostic procedure.  

 

III. NUMERICAL RESULTS 
 

In this section, we show some numerical results that aim at 

demonstrating difficulties of a reliable diagnosis when + exceeds the NDF 
associated with the array factor. We refer to a conical array with +,-. =
11, >( = %/6, );�
 = '/2, )89: = 5' and thus ℎ ≅ 4.33'. So, the radius of the 
smallest sphere that contains the array is E = 3.5' and we have chosen 
6H = 1.1. 
 In Fig. 2 the behavior of the singular values of the matrix N, for 

various values of the filling parameter 6, and therefore for various +, are 
shown. We observe that for 6 = 0.7 the number of antenna elements is 
larger than P, while for 6 = 0.48 they nearly agree. 
 In Figs. 3 and 4 examples of the diagnostic of the two selected cases 
are shown from far zone data sampled as discussed in Section II. The 
excitation coefficients of the active elements are assumed 	
 = 1, whereas 
for the switched off ones 	
 = 0. An array element is assumed off when 
the reconstructed modulus |	
| < 0.5. It can be appreciated that the first 
array can not be diagnosed even in absence of noise. 
 

IV. CONCLUSION 

The investigation of the number of degrees of freedom of a conical array 
can provide the way to introduce reliable diagnostic procedure. Some 
numerical examples show that this results can be achieved when the 

corresponding elements spacing may be about '/2.  
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FIG. 2 − Normalised singular values behaviour for different filling parameter 
values. 

 

 
                                      (a) 

 

                                      (b) 
FIG. 3 − Top views of the first conical array (6 = 0.7) composed by 289 antenna 
elements, active elements are marked in green, faulty elements are marked in 
red: a) reference array; b) reconstructed array in absence of uncertainties on 

data. 
 

 
    (a) 

 
      (b) 

FIG. 4 − Top views of the first conical array (6 = 0.48) composed by 202 
antenna elements, active elements are marked in green, faulty elements are 

marked in red: a) reference array; b) reconstructed array in presence of 
uniformly distributed noise on data with a 20	RS Signal-to-Noise ratio. 
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Abstract 

In this paper a methodology based on PhaseLift is applied to reconstruct the radiated 
field from only magnitude measurements. This methodology requires to collect square 
amplitude measurements of radiated field and then to solve a problem of low-rank 
matrix recovery. In addition, a numerical simulation is included. This simulation 
shows that field reconstruction via PhaseLift is feasible. 

Index Terms − amplitude measurements, reconstruction, PhaseLift   

 
I. INTRODUCTION 

At high frequencies it is very difficult to measure the phase of a signal so it has 
great importance the estimation of radiated field by a source from only intensity 
measurements of it. This task falls into phase retrieval problem that is a non 
linear inverse problem. In literature there are different approaches to address 
this problem. Many of these are based on the minimization of an appropriate 
functional by an iterative procedure [1]. Unfortunately, such procedures can be 
trapped into false solutions known as local minima so in order to overcome such 
difficulty an approach based on lifting is introduced in [2]. This allows to recast 
the problem as the inversion of a linear operator by re-defining the unknown 
space. Accordingly, in order to reconstruct the radiated field from only intensity 
measurements by classical approach, the number of required independent data 
should be equal to the square of unknown space dimension. Therefore the 
number of independent data has a crucial role. As illustrated in [3], it is possible 
to introduce a diversity that increases the number of linearly independent data 
by collecting the square amplitude of radiated field on multiple observation 
domains in near zone but, as recently shown in [4], the number of independent 
data is always less than the required number. For this reason, a procedure 
based on a problem of low-rank matrix recovery which allows to solve an 
undetermined problem is exploited. According to such procedure, at first, the 
phase retrieval problem is linearized lifting up the problem of recovering a vector 
from quadratic equations into the one of recovering a rank one-matrix from 
linear equations; then, this new problem is relaxed in a trace minimization 
problem for a matrix that is solution of the undetermined linear system obtained 
from lifting. By combining the square amplitude measures of radiated field and 
the trace minimization problem we obtain a procedure to reconstruct the 
radiated field.  

 
  II.     PHASE RETRIEVAL VIA PHASELIFT 

Consider a 2D scalar current source defined within the circle 𝜌 < 𝑎. At a single 
frequency and for 𝜌 > 𝑎, the field radiated by this source can be expressed as  

                      𝐸(𝜌, 𝜑) ≈ ∑ 𝑐𝑙 ∙ 𝐻𝑙2(𝛽𝜌) 𝑒𝑗𝑙𝜑𝑁𝑙=−𝑁                                  (1)  
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where 𝛽𝑎 is the free space wave number, 𝐻𝑙2 is the 𝑙 − 𝑡ℎ order Hankel function                          

of second kind and 𝑁 is the integer nearest to 𝛽𝑎.                      
Suppose to probe the square amplitude field over n circles external to the source 
whose radius are 𝜌1, 𝜌2, … 𝜌𝑛. Furthermore, each observation circle is sampled 
with an uniform angular step at 𝑀𝑝 with 𝑝 ∈ {1, 2, … , 𝑛}  points. Let be                       𝑀 = 𝑀1 + 𝑀2 + … + 𝑀𝑛 the total number of samples.                       

Our purpose is to estimate the sequence of unknown coefficients {𝑐𝑙} from 
square amplitude measurements of radiated field. This task falls into phase 
retrieval problem which consists in 

                        𝑓𝑖𝑛𝑑𝑖𝑛𝑔   𝑐  𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜  |< 𝑎𝑘 , 𝑐 >|2 = 𝑏𝑘  ,      𝑘 = {1, 2, … , 𝑀}               (2)                   

where < ∙ > is the scalar product. In our case  

• 𝑏𝑘 = |𝐸(𝜌𝑘 , 𝜑𝑘)|2 where 𝜌𝑘 = 𝜌𝑝 with 𝑝 ∈ {1,2, … , 𝑛} when ∑ 𝑀𝑞 + 1𝑝−1𝑞=1 ≤ 𝑘 ≤∑  𝑀𝑞 + 𝑀𝑝𝑝−1𝑞=1 ; 

• 𝑐 ∈ ℂ2𝑁+1 is the column vector which contains the sequence of unknown 

coefficients {𝑐𝑙}𝑙=−𝑁𝑁 ; 

• 𝑎𝑘 ∈ ℂ2𝑁+1 is the column vector which contains the sequence of unknown 

coefficients { 𝐻𝑙2( 𝛽 𝜌𝑘  ) 𝑒𝑗 𝑙 𝜑𝑘  } 𝑙=−𝑁𝑁 .  

Using the following equations                                                                  |< 𝑎𝑘, 𝑐 >|2 = 𝑇𝑟 ( 𝐴 𝑘 ∙ 𝐶 )                       (3) 

where 𝐴𝑘 = ( 𝑎𝑘 ∙ 𝑎𝑘𝐻)𝑡
 and 𝐶 is the rank one matrix  𝐶 = 𝑐 ∙ 𝑐𝐻, is possible lifting 

up quadratic measurements and interpreting them as linear measurements.  

By introducing the linear operator Λ ∶ 𝐶 ∈ ℂ (2𝑁+1)×(2𝑁+1) → {𝑇𝑟 ( 𝐴𝑘 ∙ 𝐶)   𝑘 =1,2, … , 𝑀 }  the phase retrieval can be recast as   

                              𝑓𝑖𝑛𝑑𝑖𝑛𝑔  𝐶  𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑙𝑖𝑛𝑒𝑎𝑟 𝑠𝑦𝑠𝑡𝑒𝑚   Λ ( 𝐶 ) = 𝑏                     (4) 

The linear system Λ ( 𝐶) = 𝑏 is always undertermined because, as shown in [3], 

the matrix of coefficient of this system 𝐴 𝑃𝐿 is always rank deficient and for this 

reason the inversion with classical methods as SVD is not feasible.            

In [5] the authors nothing that  𝐶 is a Hermitian positive semi-definite matrix 

with rank one, rephrase the phase retrieval problem as follows 

                            𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝑟𝑎𝑛𝑘 ( 𝐶 )  𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 Λ ( 𝐶) = 𝑏 ,   𝐶  ≥ 0                  (5) 

where 𝐶  ≥ 0 is the constraint which indicates that the unknown matrix 𝐶               

is positive semi-definite. The rank minimization problem is NP hard and for this 
reason the authors relax this problem in an equivalent convex optimization 
called PhaseLift which consists in       

            𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒  𝑇𝑟 ( 𝐶 )   𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 Λ ( 𝐶 ) = 𝑏  ,    𝐶  ≥ 0                      (6)          

The previous problem is been tackled by minimizing the following functional     

                  𝑔 ( 𝐶 ) = ‖ Λ ( 𝐶 ) − 𝑏 ‖2 + 𝛼 ∙ 𝑇𝑟 ( 𝐶 )                                (7) 
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where 𝛼 is a regularization parameter. The solution of (6) is been reached using 
a projected gradient method. This iterative method by starting from an initial 

guest 𝐶 0 defines 𝐶 𝑗+1 = 𝑃 ( 𝐶 𝑗 − 𝑡 𝑗 ∙ ∇𝑔 ( 𝐶 𝑗)) where 𝑡𝑗 is such as 𝑑𝐶 𝑗/𝑑𝑡𝑗 = 0.         

The operator 𝑃 is a projector which dumps the negative eigenvalues and it is 
defined as follows 

     𝑃 ( 𝐶 ) = ∑ max  ( 𝜆𝑝 , 0) 𝑢 𝑝 𝑝 ∙ 𝑢 𝑝𝐻                        (8) 

where ∑ 𝜆𝑝 𝑢 𝑝 𝑝 ∙ 𝑢 𝑝𝐻 is the eigenvalues decomposition of 𝐶. 

Once that rank one matrix  𝐶 has been found, nothing that 𝐶 = 𝑐 ∙ 𝑐𝐻 = 𝜆 𝑢 ∙ 𝑢𝐻   

the unknown vector 𝑐 can be reconstructed using the equation    𝑐 = √𝜆  ∙ 𝑢                                                       (9) 

where 𝜆 and 𝑢 are respectively the only eigenvalue and the only eigenvector of 

matrix 𝐶.   

III. NUMERICAL RESULTS 
 
To measure the performance of PhaseLift we show a numerical result. The error 
on the reconstruction is quantified through the relative mean-square error 
(RMSE). Since the solution to the phase retrieval problem is unique only up to 
global phase, in order to estimate the relative mean-square error both the ideal 
solution 𝑐 and real solution �̂� must be normalized respect to the phase of one of 

their elements. Accordingly the relative mean-square error (RMSE) is  

                                       𝑅𝑀𝑆𝐸 = ‖ 𝑐 𝑛𝑜𝑟𝑚− 𝑐 ̂𝑛𝑜𝑟𝑚  ‖‖ 𝑐 𝑛𝑜𝑟𝑚  ‖                                          (11) 

where 𝑐 𝑛𝑜𝑟𝑚 and �̂� 𝑛𝑜𝑟𝑚 are 𝑐 and �̂� normalized respect to the phases of their 

corresponding first element.  

As a test case, consider a source whose radiated field is spanned by 2𝑁 + 1 
Fourier - Bessel harmonics so the cylinder of infinite height in which the source 
is included has a radius 𝑎 = 𝑁/𝛽 = 1,59 𝜆. The coefficient of Fourier-Bessel 
harmonics to be reconstructed are 

     𝑐𝑙 = (−0,9 |𝑙| + 10) ∙ 𝑒𝑗 𝑙 θ ,      𝑙 ∈ {−10, −9, … , 9, 10}                   (12) 

The observation domain is supposed to be an ensemble of 2 circle of radius          𝜌1 = 𝑎 + 1 𝜆 = 2,59 𝜆 e 𝜌2 = 𝑎 + 2 𝜆 = 3,59 𝜆. For each circle the number of 
measurements is 4𝑁 + 1 = 41, hence the number of total measurements 𝑀 = 82. 
Only numerical noise provides uncertainties on the data. The regularization 

parameter 𝛼 is settled equal to 10 − 2, the initial guest vector 𝑐 0  is chosen in a 

random way, the number of iteration in minimization algorithm is settled equal 

to 10 5. In Fig. 1 the comparison between 𝑐 𝑛𝑜𝑟𝑚  and �̂� 𝑛𝑜𝑟𝑚  is sketched.  
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Fig. 1 - Unknown vector and reconstruction  

 
As can be seen the method works very well, indeed, the value of 𝑅𝑀𝑆𝐸 is 0,045. 
In Fig. 2 the singular values of the matrix 𝐴 𝑃𝐿 are sketched. As can be seen, in 

agreement with [4] the number of significant singular values significant (or in 
other word the number of independents data) is 8𝑁 = 80. 
  

 

Fig. 2 - Singular values of matrix 𝐴 𝑃𝐿 

 
IV. CONCLUSION 

In this paper a novel strategy to reconstruct radiated field from only amplitude 
measurements is addressed. It is shown that combining together a 
measurement set up consisting in data collection on multiple observation 
domain and a trace minimization problem provides a powerful approach to solve 
the problem. 
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Abstract 
By taking advantage of existing knowledge and approaches for the retrieval of a 
1-D discrete signal from the intensity of its Fourier Transform, we introduce an 
innovative method for the solution of the corresponding 2-D problem. By 
exploiting only one measurement surface plus some additional information, and 
without recurring to global-optimization algorithms, the approach is able to find 
in a deterministic fashion all the different solutions of the problem. 

Index Terms  Antenna measurements, phase retrieval, spectral factorization.  

I. INTRODUCTION 

If f(x) is an unknown signal and T is an operator such that: 

        ujeuFxfTuF  (1) 

then a wide class of Phase Retrieval (PR) problems are formulated as: 

Determine f(x) from |F(u)| and some additional information. 

PR is of high interest in those applications wherein the full knowledge of 

a complex function is needed but phase measurements are not 

available/convenient, e.g., microscopy, astronomy, and crystallography 

[1]. The problem has been the object of very many studies also in the 

Antennas & Propagation Community (because of its interest in antenna 

characterization and applications involving radio telescopes and 

inverse-scattering-based imaging), wherein two measurement surfaces 

are usually required to optimally solve it [2]-[4].  

Starting from  these  observations, we present in the following a 

new approach to PR which requires only one measurement surface 

(plus some additional information) and addresses some of the problem’s 

main difficulties, i.e., 
1. Non-linearity (i.e., even if the available a-priori information

theoretically ensures uniqueness of the solution, the cost function
can exhibit ‘false solutions’ actually different from the ground truth);

2. Non-availability of some antenna measurements (i.e., the signal

domain may be not fully available to the measurement system);
3. Non-uniqueness of the solution (in both 1-D and 2-D cases) due to

‘trivial ambiguities’, i.e., a constant phase, a linear phase, a complex
conjugation, or any combination of them;

4. Non-uniqueness of the solution (in the 1-D cases where T is a Fourier
transform operator) as |F(u)|2 represents a polynomial which can be
reduced to a product of first-order factors where ‘zero flipping’ [5]
generates multiple phase solutions.

mailto:tommaso.isernia@unirc.it
mailto:andrea.morabito@unirc.it
mailto:pasquale.nicolaci@space.it
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II. 2-D PHASE RETRIEVAL AS COLLECTION OF 1-D PROBLEMS 

Supposing T is a Fourier transform operator and focusing on 2-D 
discrete signals, we consider f as the excitations (say Inm) of an array 
antenna whose elements are uniformly spaced over a square grid. In 
such a case, denoting with u and v the usual spectral variables and 
with N and M the elements’ numbers along x and y [5], one will achieve: 𝐹(𝑢, 𝑣) = ∑ ∑ 𝐼𝑛𝑚𝑀−1

𝑚=0
𝑁−1
𝑛=0 𝑒𝑗𝑛𝑢𝑒𝑗𝑚𝑣 (2) 

|𝐹(𝑢, 𝑣)|2 = 𝑃(𝑢, 𝑣) = ∑ ∑ 𝐷𝑝𝑞𝑀−1
𝑞=−𝑀+1

𝑁−1
𝑝=−𝑁+1 𝑒𝑗𝑝𝑢𝑒𝑗𝑞𝑣 (3) 

wherein (2) is also equal to the array factor, while the coefficients Dpq 
involved in (3) can be computed starting from the measured data [5]. 
Under such hypotheses, the proposed PR procedure is as follows: 

STEP 1: identify along a vertical line of the u-v plane all possible F 
behaviors corresponding to the measured power pattern. For instance, 
along the line 𝑢 = �̅�, such a ‘dictionary of fields’ will be determined by 
applying to the corresponding power-pattern distribution, i.e., |𝐹(�̅�, 𝑣)|2 = 𝑃(�̅�, 𝑣) = ∑ �̅�𝑞𝑀−1

𝑞=−𝑀+1 (�̅�)𝑒𝑗𝑞𝑣   𝑤𝑖𝑡ℎ  �̅�𝑞(�̅�) = ∑ 𝐷𝑝𝑞𝑁−1
𝑝=−𝑁+1 𝑒𝑗𝑝𝑢 (4) 

the spectral-factorization technique developed in [5] in order to get: 𝐹(�̅�, 𝑣) = ∑ 𝐼�̅�(�̅�)𝑀−1
𝑚=0 𝑒𝑗𝑚𝑣  𝑤𝑖𝑡ℎ 𝐼�̅�(�̅�) = ∑ 𝐼𝑛𝑚𝑁−1

𝑛=0 𝑒𝑗𝑛𝑢 (5) 

Summarizing, by starting from the knowledge of 𝑃(�̅�, 𝑣) one will solve a 
1-D PR problem such to retrieve all possible 𝐹(�̅�, 𝑣) behaviors; 

STEP 2: determine, in the same manner as step 1, the ‘dictionary of 
fields’ along a horizontal line of the u-v plane. For instance, along the 

coordinate 𝑣 = 𝑣, one will achieve: |𝐹(𝑢, 𝑣)|2 = 𝑃(𝑢, 𝑣) = ∑ �̂�𝑝𝑁−1
𝑝=−𝑁+1 (𝑣)𝑒𝑗𝑝𝑢   𝑤𝑖𝑡ℎ  �̂�𝑝(𝑣) = ∑ 𝐷𝑝𝑞𝑀−1

𝑞=−𝑀+1 𝑒𝑗𝑞�̂� (6) 

𝐹(𝑢, 𝑣) = ∑ 𝐼𝑛(𝑣)𝑁−1
𝑛=0 𝑒𝑗𝑛𝑢   𝑤𝑖𝑡ℎ  𝐼𝑛(𝑣) = ∑ 𝐼𝑛𝑚𝑀−1

𝑚=0 𝑒𝑗𝑚�̂� (7) 

STEP 3: identify, in the same manner as step 1, all possible field 
behaviors along an oblique line of the u-v plane. For instance, by 
considering the main diagonal 𝑢 = 𝑣 and denoting by w the coordinate 
spanning it, one will achieve: |𝐹(𝑤)|2 = 𝑃(𝑤) = ∑ �̃�ℎ2(𝑁+𝑀)

ℎ=−2(𝑁+𝑀) 𝑒𝑗ℎ𝑤 (8) 

𝐹(𝑤) = ∑ 𝐼ℎ𝑁+𝑀
ℎ=−𝑁−𝑀 𝑒𝑗ℎ𝑤 (9) 



267 

 

where Ih and Dh denote suitable auxiliary sequences. Again, one can 
deal with an auxiliary 1-D PR problem and, by solving it, he/she will be 

able to find all the possible F behaviors along the line  𝑢 = 𝑣; 

STEP 4: apply a ‘crosswords’ approach, as pictorially depicted in Fig. 1, 
by examining any possible combination of horizontal and vertical fields 
and, for each couple, looking for the existence of an oblique field 
correctly intersecting them. In fact, while a proper choice of the 
corresponding phase constant will allow any oblique candidate field to 
correctly intersect the candidate vertical field, at the other intersection 
the phase of the oblique field will generally be different from the one of 
the horizontal field (see Fig. 1). As a consequence, one will be able to 
discard a number of possibilities and hopefully identify the correct triple 
of words (or at least to considerably reduce the number of possibilities). 
 

 
 

Fig. 1: ‘Crosswords’ (i.e., field dictionaries) intersections in the u-v plane. 

 
STEP 5: Completion of the scheme is rather intuitive for crosswords’ 
solvers: one will consider additional horizontal, vertical, and oblique 
lines in order to identify the correct field behavior (i.e., the correct 
‘word’) amongst the very many possible ones.  

As a distinguishing characteristic, the approach is able to find in a 
deterministic fashion all the different solutions to the PR problem in 
case the solution is not unique (including the case of u-v factorable 
patterns). Such a capability, deriving from a kind of combinatorial 
approach to the problem, is paid with a large computational burden. On 

the other side, one can develop some smart strategy in order to reduce 
the number of combinations to be explored. For example, starting from 
a line where many zeroes are present reduces the number of 
ambiguities on the corresponding 1-D PR problems. Hence, a clever 
choice of the first three lines in Fig. 1 will be of help. In such a choice, 
care has to be taken in avoiding that they intersect at a null of P 
(wherein phase would make no sense). 
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III. A NUMERICAL EXAMPLE IN THE CASE OF ‘SIMPLIFIED’ CROSSWORDS

The proposed procedure results considerably simplified by the 
knowledge of the reference field’s value in a (low) number of points of 
the u-v plane. In fact, if F(uk,vk) is known then all possible field 
behaviors belonging to the horizontal, vertical, and oblique lines passing 
through the point (uk,vk) can be ‘normalized’ in such a way that all of 
them exhibit, in the point (uk,vk), the correct phase. By so doing, it will 
be also possible avoiding the trivial ambiguities listed in Section I.  
In support of this claim, we show in Fig. 2 the outcomes achieved in the 
PR of the field radiated by a 100-elements, half-a-wavelength-spaced 
square array with complex random excitations. As it can be seen, the 
knowledge, in addition to the square-amplitude far-field distribution, of 
the excitations’ support and of 3 field’s complex samples along the u=v 
diagonal allowed a fully-satisfactory reconstruction. 

Fig. 2. Reference and retrieved fields for a 100-elements square array. 
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Abstract 
In this work, we propose and compare two different methodologies for the design 

of volumetric and surface coatings for non-detectable objects. The first is based 

on an inverse scattering problem and it aims to suppress the scattering by acting 
on the energy of the contrast function in the frequency domain. The second aims 

to reduce the level of mismatch between object and background by squeezing the 

scattered energy into the domain of the object itself. Advantages in terms of size 

and geometry are discussed and numerical results are reported. 

 

Index Terms - Inverse scattering, Fourier Transform, Mie theory.  

 
I. INTRODUCTION 

 
The idea of designing volumetric and surface coatings to make objects 
undetectable from external observers is grown in the last years since it 
has been observed that is possible to be effectively “invisible” to the 
electromagnetic radiation by means of ad-hoc materials. A lot of 
techniques have been developed by several research groups around the 
world to design invisibility cloaks by looking at both volumetric and 
surface coatings [1]. In this respect, in this work we propose two main 
methodologies acting on a convenient relocation of the energy related to 
the scattering phenomenon in the frequency and in the spatial domain, 
respectively. In particular, the first one turns the inverse scattering 
problem (ISP) as a tool to design a volumetric coat by exploiting the 
spectral properties of the unknown contrast function with the aim of 
shifting its scattered energy outside the visible range; the second, based 
on a matching problem, aims instead to squeeze the scattered energy into 
the spatial domain where the object is localized.  
 

II. FREQUENCY-SHIFTING VOLUMETRIC COATINGS 
 
A first approach aiming at “hiding” a given object takes advantage from 
the ISP, that is a non-trivial diagnostic problem, since to solve it one must 
face with non-linearity and ill-posedness of the problem itself. 
Regularization techniques are employed to restore well-posedness, while 
several approximation methods have been proposed to counteract the 
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non linearity. For instance, the Born approximation (BA) [2] is valid for 
weak scatterers since it deals with the approximation of the unknown 
total field inside the investigation domain by the incident field. Under the 
BA, it has been demonstrated that the scattered (radiated) field by the 
object is related to the restriction of the Fourier transform of the unknown 

contrast function 𝜒(𝑟) to the Ewald sphere having radius 2𝑘' [2], 𝑘' being 
the background wavenumber. On the basis of the above, the spectral 
coverage clearly indicates which kind of profiles can be safely 
reconstructed: on the other hand, for a hidden object the spectral 

coverage of 𝜒 𝑟  has to be null inside the Ewald sphere.  
To synthesize a coating ∆𝜒(𝑟) that makes invisible a given dielectric object 
𝜒)(𝑟), the following optimization problem is solved: 
 

   min
∆-

𝜒(𝑘. , 𝑘0)
1
𝑑𝑘.𝑑𝑘034

5637
5893:

5                          (1) 

 
𝜒 being the Fourier transform of 𝜒 = 𝜒) + ∆𝜒, while 𝑘. and 𝑘0 represent 

the spectral coordinates. More in details, the problem (1) enforces the 

energy of 𝜒 to be minimum inside the Ewald sphere, thus undergoing a 
frequency shifting of such scattered energy. 
Obviously, other solution approaches could be pursued, as for instance 

the “alternate projections” method by iteratively projecting 𝜒 ∈ ℝ1 into the 

Fourier domain and forcing all the components of 𝜒 belonging to the circle 
of radius 2𝑘' to be zero [3]. 
Let us note that the approach can be extended to other kinds of linear 
approximations, but care must be taken with the range of validity of the 
considered approximations as main starting hypothesis [3]. 

 

III. SPATIAL-SQUEEZING SURFACE COATINGS 
 
The scattered energy generated by the interactions between objects and 
incoming fields is a function of the level of mismatch between the 
background and the embedded dielectric particles, related to the 
configuration of the electric permittivity that generates volumetric 
sources. The suppression of the scattering is herein obtained by inserting 
a surface source around the object to be hidden, with the aim of reducing 
the level of existing mismatch and re-localizing the scattered energy 
inside the domain of the object itself. This obtained spatial squeezing is 
performed by modeling the object and the background in terms of 
admittances, defined as magnetic-to-electric field ratio, and inserting a 
surface admittance to compensate the scattering from the volumetric 
source of the dielectric object. The 2D electromagnetic fields are 
expanded in terms of cylindrical harmonic waves, according to Mie theory 
[4], and the admittance boundary condition is imposed such that: 
 

    𝑌@ 𝑘𝑎, 𝑛 + 𝑌C = 𝑌' 𝑘'𝑎, 𝑛                                (2) 
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i.e., there is no mismatch between 𝑌@ (dielectric admittance) and 𝑌' 
(background admittance) thanks to the insertion of a surface admittance 

in parallel 𝑌C. This happens as a function of a, the radius of the dielectric 
particle, 𝑘' and 𝑘, the wavenumbers in the background and object region, 
respectively. The invisibility condition is enforced for each harmonic 

mode 𝑛 by computing explicitly the surface admittance as [4]: 
 

    𝑌C = 𝑗𝑌E
FG
H 3:I

FG 3:I
− 𝜀L

FG
H 3I

FG 3I
                               (3) 

 

where 𝑌) is the vacuum admittance and 𝜀L is the permittivity of the object. 
Without any approximation, the dominant contributions to the total 
scattered energy will increase as a function of the size and permittivity 
value of the object, requiring a weighted sum to control the enhanced 
harmonic components with the surface admittance in Eq. (3). 
 

IV. RESULTS 
 
In the following examples, we assess and compare the proposed 
methodologies by first considering a cylinder with dielectric permittivity 

𝜀L = 3 and radius 𝑎 = 0.15𝜆, illuminated by an incoming TM plane wave 
(as assumed for all the examples). The solution of the optimization 
problem (1) gives rise to a frequency-shifting volumetric dielectric coating. 
Conversely, by means of Eq.(3) a spatial-squeezing surface layer is 
designed. In this example, being in the quasi-static regime, the dominant 

harmonic mode is the lowest order for the 2D scenario (𝑛 = 0) and it can 
be suppressed by both methods, as reported in Fig. 1. 
 

  
Figure 1. Dielectric cylinder: bare case (left), with volumetric coating (center) 

and with surface coating (right). 

 
In a second example, we consider a different geometry for the two 
methodologies to show their different ranges of validity. As a matter of 
fact, a frequency shifting coating can deal with non-canonical objects, 
but they must be weak scatterers to follow the BA. Conversely, a spatial 
squeezing surface coat can be applied to canonical geometries, but no 
limit in dimension and permittivity value is imposed. The achieved 
performances are shown in Fig.2 and Fig.3 for the two methods, 
respectively. A non-canonical geometry of three dielectric cylinders with 
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𝜀L = 1.3 and 𝑎 = 0.12𝜆 has been considered for a volumetric coating of 
radius 0.6𝜆, whereas a dielectric cylinder with 𝜀L = 5 and radius 𝑎 = 0.3𝜆 
has been adopted for a surface coating. Frequency-shifting and spatial 
squeezing effects are clearly demonstrated in both cases.  
Further results and comparisons will be given at the Conference. 
 

 
Figure 2. Frequency shifting: 𝜒 energy content for the bare case (left) and for 

the cloaked case (center) with respect to the Ewald sphere (white line). 

Achieved scattered field (right). 
 

Figure 3. Spatial squeezing: suppression of the harmonic wave n=0 (left), of 

harmonic waves n=0,1 (center) and of harmonic waves n=0,1,2 (right). 
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Abstract 
The ultimate limit to the capacity of space-division multiplexed transmission on 
multi-mode and multi-core fibers arises from the fiber linearity, which prevents 
the indefinite increase of the transmitted power to increase the transmission 
throughput. In this paper we present the equations that generalize to the multi-
mode case the Manakov equation which was originally shown to describe 
nonlinear propagation in single-mode fibers in the presence of random 
polarization coupling. We show that in the regime of strong coupling between the 
propagation modes, the nonlinear evolution is described by a multi-component 
Manakov equation, whereas the case of multiple groups of strongly coupled 
modes is modelled by coupled multi-component Manakov equations. The simple 
form of these equations facilitates considerably the understanding of the 
nonlinear propagation. In particular, we use them to show that the signal 
distortion resulting from the nonlinear propagation, reduces with the number of 
strongly coupled modes.   
 

Index Terms − Fiber optics communications, Mode coupling, Manakov 
equation, Space-division multiplexing, Nonlinear optics. 

 
I. INTRODUCTION 

Scaling disparities between the demand for data traffic and the 
capacity of transmission systems based on wavelength-division 
multiplexing (WDM) technologies indicate that the only viable approach 
to avoid the incumbent capacity crunch [2] of the global fiber-optic 
infrastructure is to multiplex transmission into an additional 
dimension. As is well known, however, space is the only so-far 
unexploited physical dimension of the optical fiber, thereby making 
space-division multiplexing (SDM) the solution of choice for scaling the 
capacity of the future fiber-optic system. However, while the need for 
SDM is clear, the question of which the most effective implementation of 
SDM is remains still open, as it entails the challenge of combining 
capacity scaling and cost reduction. A key-concept in this context is 
“integrated parallelization,” as it offers the additional degrees of freedom 
that are necessary to reduce the cost per unit information – the cost per 
bit – while pursuing the increase of the system throughput. The 
implementation of SDM in multi-mode and multi-core fibers pushes this 
concept to its ultimate limit by integrating also multiplexed spatial 
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light-paths in a single fiber. This approach has been intensively 
investigated in recent years, and several hero experiments have been 
reported, thereby demonstrating its technical viability.  
 In this paper we review some of the work that we have recently 
performed on the modeling of nonlinear propagation in SDM fibers. We 
discuss the generalization of the Manakov equation that was originally 
derived to model nonlinear propagation in single-mode fibers with 
random polarization coupling [3]. The generalized Manakov equations 
result from a substantial simplification of the underpinning coupled 
nonlinear Schrodinger equations (NLSE) [4] and constitute the building 
blocks for the understanding of the nonlinear propagation dynamics in 
SDM fibers, where the interplay between the random mode coupling 
and the nonlinear inter-modal interference plays a critical role.    
      

II. REGIME OF STRONG MODE COUPLING: THE MULTI-COMPONENT 

MANAKOV EQUATION 

We denote by 𝐸𝐸�⃗ (𝑧𝑧, 𝑡𝑡) a 2𝑁𝑁-dimensional hyper-polarization vector, 
whose components are the complex envelopes describing the excitations 
of the 𝑁𝑁 fiber modes (the factor of 2 accounts for polarization 

degeneracy). The components of 𝐸𝐸�⃗ (𝑧𝑧, 𝑡𝑡) satisfy the following set of 
coupled NLSE [4,5]  𝜕𝜕𝐸𝐸�⃗𝜕𝜕𝑧𝑧 = 𝑖𝑖𝐁𝐁(0)𝐸𝐸�⃗ − 𝐁𝐁(1)

𝜕𝜕𝐸𝐸�⃗𝜕𝜕𝑡𝑡 − 𝑖𝑖 𝐁𝐁(2)

2

𝜕𝜕2𝐸𝐸�⃗𝜕𝜕𝑡𝑡2 + 𝑖𝑖𝑖𝑖 � 𝐶𝐶𝑗𝑗ℎ𝑘𝑘𝑘𝑘𝐸𝐸ℎ∗𝐸𝐸𝑘𝑘𝐸𝐸𝑘𝑘�̂�𝑒𝑗𝑗𝑗𝑗,ℎ,𝑘𝑘,𝑘𝑘 , (1) 

where 𝐁𝐁(𝑛𝑛) (𝑛𝑛 = 0,1,2) are 2𝑁𝑁 × 2𝑁𝑁 Hermitian matrices accounting for 
linear propagation [5-7], 𝑖𝑖 is the usual nonlinearity coefficient 

appearing in the scalar NLSE, and where ��̂�𝑒𝑗𝑗 , 𝑗𝑗 = 1. . . 2𝑁𝑁� is a set of 

orthogonal unit vectors used to represent the electric field. By the 
symbols 𝐶𝐶𝑗𝑗ℎ𝑘𝑘𝑘𝑘 we denote dimensionless constants whose definition 

involves overlap integrals between the lateral profiles of the fiber modes. 

In an ideal fiber the matrices  𝐁𝐁(𝑛𝑛) are diagonal in the basis of the fiber 

modes, and no mode coupling exists: the elements of 𝐁𝐁(0) are the 

propagation constants of the individual modes, those of 𝐁𝐁(1) are the 

corresponding inverse groups velocity, and those of 𝐁𝐁(2) are the 
chromatic dispersion coefficients. In real fibers, none of those matrices 
is diagonal, owing to unavoidable manufacturing imperfections and 
deployment-related issues, and their perturbations result into random 
mode coupling. However, in all cases of practical relevance one can 
safely ignore the perturbations on the group velocity and group velocity 
dispersion matrices, as the strongest coupling occurs through the 

perturbations of the optical phase, which are accounted for by 𝐁𝐁(0).    
Modes with similar propagation constants – which we refer to as 

degenerate or quasi-degenerate modes – are known to couple faster and 
more strongly than modes characterized by a large wave-vector 
mismatch [7]. In this section we focus on the case where all modes are 
degenerate, a situation that can be encountered more easily in multi-
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core fibers [5,8], where the regime of strong coupling between modes is 
achieved within a length-scale which is by orders of magnitude shorter 
than the length scale that characterizes the nonlinear propagation. In 

this situation the orientation of the field vector 𝐸𝐸�⃗  becomes uniform in 
the hyper-polarization space, and the slowly-varying nonlinear term 
that appears in the coupled NLSEs can be averaged with respect to the 
random orientation of the field vector. As a result of this procedure, Eq. 
(1) simplifies to [9] 𝜕𝜕𝐸𝐸�⃗𝜕𝜕𝑧𝑧 = −𝛽𝛽′ 𝜕𝜕𝐸𝐸�⃗𝜕𝜕𝑡𝑡 − 𝑖𝑖 𝛽𝛽′′2

𝜕𝜕2𝐸𝐸�⃗𝜕𝜕𝑡𝑡2 + 𝑖𝑖𝑖𝑖𝑖𝑖�𝐸𝐸�⃗ �2𝐸𝐸�⃗ ,   𝑖𝑖 = �𝐶𝐶𝑗𝑗ℎℎ𝑗𝑗 + 𝐶𝐶𝑗𝑗ℎ𝑗𝑗ℎ
2𝑁𝑁(2𝑁𝑁 + 1)𝑗𝑗ℎ , (2) 

where 𝛽𝛽′and 𝛽𝛽′′ are the group velocity and the dispersion coefficient 
common to all modes, and where the nonlinearity only enters through 

the total optical power �𝐸𝐸�⃗ �2 = |𝐸𝐸1|2 + |𝐸𝐸2|2 … + |𝐸𝐸2𝑁𝑁|2. Note that unlike Eq. 

(1), Eq. (2) is integrable and admits soliton solutions, a feature that we 
exploited to assess the correctness of Eq. (2) through numerical 
simulations. This point is further illustrated in Fig. 1, after [9]. 

A simple yet very important implication of Eq. (2) is that the 
nonlinearity coefficient 𝑖𝑖 must scale as ∼ 1/2𝑁𝑁, so that each mode 

experiences on average the same optical nonlinearity ∼ �𝐸𝐸�⃗ �2/2𝑁𝑁. This 

scaling can be shown to imply that the nonlinear interference noise 
through which the modes interfere reduces with the number of strongly 
coupled modes [5], thereby making the nonlinear performance of SDM 
fibers superior to that of multiple single-mode fibers [8].   

      
III. MULTIPLE GROUPS OF STRONGLY COUPLED MODES: THE COUPLED 

MANAKOV EQUATIONS 

The most general case is characterized by the presence of multiple 
groups of degenerates modes, where modes with similar propagation 
constants (degenerate) undergo strong coupling, whereas modes with 
different propagation constants couple only very weakly with each 
other. In this propagation regime the Manakov approach can be applied 

Figure 1. Transmission of two solitons into orthogonal modes, in the presence of strong mode 
coupling (a) and in the absence of mode coupling (b). The results are obtained in both cases 
by integrating Eq. (1) with the input soliton parameters given by Eq. (2). The normalization 

quantities 𝑃𝑃0, 𝜏𝜏, and 𝐿𝐿𝑠𝑠 are the soliton peak power, width, and length. Details in [8]. 
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within each group of degenerate modes, yielding coupled Manakov 
equations [10]. In the case of two groups (a and b), they read as 𝜕𝜕𝐸𝐸�⃗𝑎𝑎𝜕𝜕𝑧𝑧 = 𝑖𝑖𝛽𝛽𝑎𝑎𝐸𝐸�⃗ − 𝛽𝛽𝑎𝑎′ 𝜕𝜕𝐸𝐸�⃗𝑎𝑎𝜕𝜕𝑡𝑡 − 𝑖𝑖 𝛽𝛽𝑎𝑎′′2

𝜕𝜕2𝐸𝐸�⃗𝑎𝑎𝜕𝜕𝑡𝑡2 + 𝑖𝑖𝑖𝑖 �𝑖𝑖𝑎𝑎𝑎𝑎�𝐸𝐸�⃗𝑎𝑎�2 + 𝑖𝑖𝑎𝑎𝑎𝑎�𝐸𝐸�⃗ 𝑎𝑎�2� 𝐸𝐸�⃗𝑎𝑎, (3) 𝜕𝜕𝐸𝐸�⃗ 𝑎𝑎𝜕𝜕𝑧𝑧 = 𝑖𝑖𝛽𝛽𝑎𝑎𝐸𝐸�⃗ − 𝛽𝛽𝑎𝑎′ 𝜕𝜕𝐸𝐸�⃗ 𝑎𝑎𝜕𝜕𝑡𝑡 − 𝑖𝑖 𝛽𝛽𝑎𝑎′′2

𝜕𝜕2𝐸𝐸�⃗ 𝑎𝑎𝜕𝜕𝑡𝑡2 + 𝑖𝑖𝑖𝑖 �𝑖𝑖𝑎𝑎𝑎𝑎�𝐸𝐸�⃗𝑎𝑎�2 + 𝑖𝑖𝑎𝑎𝑎𝑎�𝐸𝐸�⃗ 𝑎𝑎�2�𝐸𝐸�⃗ 𝑎𝑎 , (4) 

where 𝑖𝑖𝑎𝑎𝑎𝑎 and 𝑖𝑖𝑎𝑎𝑎𝑎 are the generalized self-phase modulation coefficients 
and 𝑖𝑖𝑎𝑎𝑎𝑎 = 𝑖𝑖𝑎𝑎𝑎𝑎 are the cross-phase modulation coefficients [10].   
  

IV. CONCLUSION 

We reviewed the modelling of nonlinear propagation in fibers for 
space -division multiplexing (SDM). We showed that by taking into 
account the effect of random mode coupling, the coupled nonlinear 
Schrödinger equations simplify to a set of coupled multi-component 
Manakov equations, which generalize to the multi-mode case the 
Manakov equation describing nonlinear propagation in single-mode 
fibers with polarization coupling. The simple form of the derived 
equations unlocks the understanding of the multi-mode nonlinear 
propagation dynamics and of the subsequent nonlinear signal 
distortions. 
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Abstract 
Optical fibres constitute a unique ground to investigate one of the most prolific and 
controversial discovery of modern physics, namely the Fermi-Pasta-Ulam 
recurrence, which becomes manifest as the growth and decay cycles of a comb of 
sideband pairs from a weakly modulated pump, occurring via modulational 
instability (MI). To date, however, the genuine spontaneous symmetry-breaking 
nature of the MI recurrence was never observed (in any area of physics) due to 
intrinsic limitations of the experimental realizations. In this work, we overcome 
such limitations by implementing a novel experimental technique which allows us 
to reconstruct the longitudinal evolution in amplitude and phase of frequency 
modes via heterodyne detection of the backscattered light. As a result, we clearly 
observe how the control of the input modulation seed results into qualitatively 
different types of FPU recursive behavior associated with the spontaneously 
broken symmetry 

Index Terms - Modulational instability, Nonlinear Optics, Optical Fibers  

 
 

I. INTRODUCTION 
  

Modulational instability (MI) is a universal phenomenon which entails the 
exponential growth of a triangular comb of symmetric sideband pairs at 
the expenses of a strong background or pump continuous wave. However, 
such growth cannot proceed indefinitely. Starting from a weakly 
modulated pump, when considerable depletion of the pump occurs, the 
process enters its nonlinear stage where the flow of energy is eventually 
reversed occuring from the sidebands towards the pump until the weakly 
modulated input is reconstructed and the process of comb formation 
starts again. Such a recurrent behavior is a manifestation of the so-called 
Fermi-Pasta-Ulam (FPU) recurrence principle or paradox, named after 
Fermi and coworkers, who first discovered it in simulations of model of 
nonlinear chains of atoms [1]. With their great surprise they observed 
that modal coupling exhibits recurrent behavior instead of evolving 
towards the equipartition of energy among all the modes, as expected on 
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the basis of thermodynamic arguments. Although the recurrent behavior 
of MI has been observed with reference to the evolution of modal power 
fractions [2], the analysis and the observation of different, though 
coexisting, regimes of recurrence remain an open issue that we addressed 
here both theoretically and experimentally.   
 

II. NONLINEAR STAGE OF MODULATION INSTABILITY 
 
It is well known that the evolution of MI is described by the nonlinear 
Schroedinger equation (NLSE) for the envelope of the electric field [3], 
which represents a faultless approximation of Maxwell equations in the 
regime considered below. Starting from the NLSE, we have developed an 
accurate model of the nonlinear stage of MI and FPU recurrence based 
on a Fourier mode truncation to the first three modes (pump and first-
order sidebands), which allows to describe the mixing via an equivalent 
integrable Hamiltonian oscillator [3]. This analysis allows us to establish 
that different regimes of recurrences exist as a result of a spontaneously 
broken symmetry which is intrinsically associated with the onset of MI. 
This in turn entails the coexistence of periodic evolutions around either 
a single fixed point (representing an invariant eigenmodulation) or two 
fixed points which are mutually out of phase (in terms of global phase of 
the mixing, i.e. phase of the sidebands relative to the pump). By analogy, 
these two qualitatively different types of trajectories correspond to 
librations versus rotations in a standard pendulum or evolutions in a 
single versus double well in a quartic potential. In the present case the 
two evolutions become accessible by injecting a weakly modulated pump 
and by adjusting the input relative modulation phase to be in-phase or 
out-of.-phase. Globally, the finite-dimensional homoclinic structure of 
the oscillator accurately reproduces the structure exhibited by the NLSE 
with infinitely many harmonics (infinite-dimensional phase space) [4]. 
 

III MEASUREMENT METHOD 
 

In order to give experimental evidence of such complex behavior, two 
major challenges need to be faced. The first one concerns the need for 
measuring the evolution of both the power fractions of Fourier modes and 
their relative phase along the fiber. A second issue is to compensate the 
fiber losses, which, though small, can be shown to cause the different 
initial conditions to evolve accordingly to a single type of recurrent 
regime. We have developed a setup that implement an original multi-
channel vector optical time domain reflectometer (VOTDR) optimized for 
nonlinear measurements. The phase evolution is extracted from the 
Rayleigh backscattered light through optical  heterodyne. The losses are 
compensated by exploiting the Raman gain by launching a 
counterpropagating pump at suitable wavelength detuning.  

The main result is shown in Fig. 1. The input pump modulated at 35 
GHz (slightly lower than peak MI gain frequency) is shown in Fig. 1(a). 
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The triangular comb developing from MI at its maximum extension is 
shown in Fig. 1(b). Then, we show the evolutions along a 7.7 Km long 
SMF28 fiber of the power fractions, the effective phase, as well as the 
phase-plane projection for the two regimes of qualitatively different 
recurrence, as displayed in Fig. 1(c-d-e) and Fig. 1(f-g-h), respectively. 
 

 
 
 

FIG. 1 - Observed recurrences and their phase plane projections}: (a,b) 
spectra at (a) the input of the SMF28 (b) the fibre output recorded with an OSA  

Evolution along the fibre length of (c,f) the pump power (dashed lines) and 

the first sideband pair power (dotted lines); (d, g) the relative phase Df(z). (e,h) 
Projections of the evolutions in the 3 wave phase plane (the insets show the 
corresponding temporal evolutions obtained numerically from the NLSE). 

Numerical simulations are depicted in black lines and experiments in solid 
rainbow lines. (c,d,e) and (f,g,h) differ only for the initial relative phase of the 

modulation Df0=0 and Df0=p/2, respectively. Here L=7.7 km, pump power 450 
mW, and the input pump-signal power ratio is equal to 8.5 dB. All power plots 

are normalized to their respective maxima.  
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In particular, the power evolutions (compare Fig. 1(c) and (f)) show similar 
recurrent evolutions in terms of power exchange between pump and 
signal (sidebands). However, the evolution of the phases turn out to be 
very different, since in the first case (Fig. 1(d)) the phase remain bounded 
(as for the angle of the librations of a pendulum), while in (Fig. 1(d)) is 
free running as for a pendulum performing full rotations. We further 
projected  (see Fig. 1(e) and (h)) the  trajectories in the phase-plane 
associated with the reduced nonlinear oscillator arising from mode 

truncation, characterized by cartesian coordinates (h1cosDf, h1sinDf), h1 

being the signal fraction and Df the relative (overall) phase. By comparing 
the measured trajectories in Fig. 1(e) and Fig. 1(h), it is clear that, in the 
former case, the trajectory is looping around a single center with null 
phase, while in the latter case the trajectory is a double loop around 
centers with opposite phases, which further show period doubling (nearly 
double distance to recover the initial condition).  
 

IV CONCLUSIONS 

 
In summary, we presented a new experimental technique that opens new 
perspectives in the full characterization of parametric mixing processes 
in guided wave optics, including the regime of phase-sensitive 
amplification. It allowed the first absolute demonstration of the existence 
of a spontaneously broken symmetry in the FPU recurrence 
phenomenon. 
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Abstract 
We performed Finite Element Method (FEM) simulations of doped Multi-Core 
Fibers (MCFs) for optical amplification and lasing. The effects of thermal 
dissipation in the doped core were taken into account by thermal simulation of 
core heating due to quantum defect and related refractive index variation. We 
report on the effect of such phenomena on the guided modes of multiple adjacent 
cores, proving that the thermal index distortion can cause unwanted mode 
coupling even in optically uncoupled waveguides, and this should be taken into 
account in the design of MCFs. 

Index Terms - Multicore optical fibers, thermal mode coupling, optical 
amplification, thermal effects, finite-element methods 
 

 
I. INTRODUCTION 

  
Diffraction-limited fiber lasers are a fundamental technology for modern 
industrial applications, providing excellent power scaling capability that 
is limited by guided mode instability. This is now commonly approached 
by generating several lower-power beams and combining them coherently 
to obtain a single higher-power beam, which usually requires a complex 
setup, making the use of MCFs attractive to guarantee coherence and 
stability of the resulting beam [1,2]. While optical cross-talk is relatively 
easy to manage in a multi-core configuration by setting the cores distant 
enough that the overlap integral between the guided modes becomes 
negligible, this high-power application entails a strong heat generation, 
which propagates far across the fiber cross-section. This creates the 
possibility for thermal cross-talk, where thermally induced refractive 
index variations in one core are caused by the heat load propagating from 
another core, producing a form of feedback that can result in unwanted 
coupling between cores that would normally be optically uncoupled, 
affecting beam generation and amplification. Simulation results 
performed for two-core MCFs and considering the LP01 and LP11 modes 
suggest that the feedback can produce resonant phenomena by creating 
a quasi-periodic refractive index longitudinal variation, with an 
associated beating between modes [1]. FEM numerical methods are 
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effective for application to this kind of problem; in fact, the heat-transfer 
distributions in MCFs with up to 19 cores have been studied in this way 
[3]. Large-mode area MCFs in amplification applications with closely-
packed cores will undergo optical coupling between modes, which will 
degenerate into a certain number of so-called supermodes [4], whose 
interaction at high power levels is a risk for mode instability to occur, so 
the usual approach is to distance the cores so that coupling is negligible, 
obtaining a better controllable ensemble. While this solves issues related 
to optical coupling, in high-power amplification and lasing, the fiber is 
beset by a strong generation of heat, which will propagate unhindered 
transversally and cause spurious coupling effects. 
 

II. RESULTS 
 
We study a step fiber cross-section with three in-line cores, called core 1 
(left) to core 3 (right). Core/cladding indices are 1.45/1.44992 and core 
diameter/distance are 50/56 µm. FEM results at 1032 nm are taken by 
thermal simulation of core-applied heat load, and refractive index is 
updated with thermal distortion from the temperature profile and an 
optical simulation gives effective index (neff) and modal distribution of the 
heated fiber modes. In Fig. 1, heat is applied to core 1, and neff difference 
with highest order core 1 LP01 mode shows that the normally uncoupled 
higher-order LP11 modes in cores 1 and 2 end up crossing the neff of 
fundamental modes in cores 2 and 3, which can cause spurious coupling 
harmful for amplification stability and cross-talk. The subscripts ‘v’ and 
‘h’ in the figure labels refer to a vertical or horizontal stacking of the two 
mode lobes, respectively, while the subscripts ‘c1’, ‘c2’, ‘c3’ refers to the 
three different cores.  

 

 

 

FIG. 1 - Relative neff difference and evolution of modal field distribution with 
heat load applied to left-side core 1. 
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Fig. 2 shows the results when heat is applied to central core 2 instead. 
In this case the results show that there are also unwanted neff crossings 
for higher value of q and, moreover, the symmetry of the refractive index 
perturbation in this case causes the modes on core 1 and 3 to degenerate, 
even in absence of optical coupling due to high core distance, forming a 
quasi-supermode whose nature is currently being investigated. 
 
 

 
 

FIG. 2 - Relative neff difference and evolution of modal field distribution with 
heat load applied to central core 2. 

 
 

III. DUSCUSSION 

 

In order to better illustrate the heat influence on the mode guiding, Figs. 
3-5 show the fundamental mode distribution of the three different cores 
when heat q is applied to the left core 1 and for increasing values of q, 
that is q = 0.1 W/m, q = 1 W/m and q = 10 W/m. It is clear the 
asymmetric behaviour of the overall fiber as well as of the central core, 
given by the asymmetric heat distribution. It is also evident how the heat 
load in the left core induces a stronger field self-focusing which inhibits 
coupling with the central core which, in turn, stronger couples to the 
right one. This behaviour is confirmed by the crossing points in Fig. 1. 
 

 
FIG. 3 - Heat distribution (left) and mode distribution in core 1 for q = 

0.1W/m (center-left), q=1 W/m (center-right), q=10 W/m (right). 
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FIG. 4 - Mode distribution in core 2 for q = 0.1W/m (left), q=1 W/m (center), 
q=10 W/m (right). 
 

 
FIG. 5 - Fig. 5: Mode distribution in core 3 for q = 0.1W/m (left), q=1 W/m 
(center), q=10 W/m (right). 

IV. CONCLUSION 

 

In this work, the effects of thermal coupling due to thermal refractive 
index distortion in a three-core MCF is considered.  
In future, more complex MCFs, as the 16-channel multicore fiber [2] , will 
be simulated. In fact, new techniques to manufacture large-area-mode 
MCF will be developed and the number of cores will further increases. 
This will allow the demonstration of a new generation of fiber based laser 
system with Joule level pulse energies. 
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Abstract 
We propose a nanostructure that supports a nested plasmonic resonance. The 
system consists of a resonant epsilon-near-zero nanoparticle placed inside the 
gap of a resonant dipole antenna. Two field enhancement mechanisms are 
available: one is due to the antenna resonance, the other to the nanoparticle 
resonance. The cascade of these two effects induces ideal conditions to boost 
nonlinear optical phenomena at the nanoscale.  
Index Terms − Epsilon-near-zero materials, optical antennas, plasmonics, 
nonlinear optics.  
 

I. INTRODUCTION 
  

A nanoparticle-loaded optical antenna is proposed, in which the electric-
field enhancement is boosted by the cascade of two nested plasmonic 
resonances (NPRs). Infrared epsilon-near-zero (ENZ) materials are 
recently attracting growing attention for their remarkable nonlinear 
optical properties. Large second- and third-harmonic generation 
enhancements [1] and unity-order refractive-index changes [2] have been 
demonstrated in planar ENZ films made of indium-tin-oxide (ITO). When 
ITO or other transparent conducting oxides are degenerately doped, they 
show metallic, Drude-like dispersion with the real part of the permittivity 
crossing zero at infrared wavelengths, therefore opening new 
opportunities for infrared plasmonic devices. The typical signatures of 
plasmonic resonances are strong field enhancement and the ability to 
confine light in sub-wavelength dimensions. Both these properties are 
highly desirable in nanoscale nonlinear optical devices. Another way to 
boost electric fields at optical frequencies is through metallic optical 
antennas: Elongated nanoparticles support standing waves formed by 
counter-propagating surface plasmon-polaritons, and behave as 
resonant antennas for optical fields [3]. We show that in a nanoparticle-
loaded nanoantenna, modes of optical antennas and ENZ nanostructures 
combine to support a resonance within a resonance, i.e., NPRs. [4] 
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II. FIELD ENHANCEMENT 
The nanoparticle-loaded nanoantenna is schematized in Fig. 1(a): two 
gold strips of thickness w are separated by a gap of height d. The total 
nanoantenna length is Lant. An ITO cylindrical nanoparticle with diameter 
a, is centered in the gap region. The structure is located in vacuo and 
assumed to be invariant in the z direction.  

 
Fig. 1 (a) Schematic of the Au nanoantenna loaded with an ITO nanoparticle. (b) Circuit 
model of the loaded antenna. (c) Gap field enhancement vs. wavelength evaluated with 
the nanocircuit model (solid lines) in the gap of a nanoantenna under plane wave 
illumination (top-left inset), for the four cases described in the text.  
 
The circuit model of the antenna in receiving mode is illustrated in Fig. 
1(b), where  is the open-circuit voltage,  is the antenna impedance 
and  the gap (load) impedance.  The permittivity of gold is interpolated 
with a Drude-Lorentz dispersion model. ITO is modeled as a free-electron 
gas in a positive ion background, as in Ref. [1]. The incident plane wave 
is polarized along the antenna long axis (y-axis). The gold nanoantenna 
is designed so that the main antenna mode overlaps the zero-crossing 
wavelength of the ITO-permittivity real-part, λENZ ≈ 1.25 μm. Hence, we 
set w = d = 10 nm and Lant = 560 nm. In Fig. 1(c) we plot the average field 
enhancement |Ey|/E0| in the gap region, for the following scenarios: (i) 
vacuum gap; (ii) gap filled uniformly with a medium having g 2.89ε  ; (iii) 

gap filled uniformly with ITO, g ITOε ε ; (iv) gap partially loaded with an 

ITO nanowire with diameter 6 nm. The field enhancement in the gap of 
these structures is found by retrieving the Thévenin-equivalent 
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nanocircuit of the antenna in the receiving mode [3] and then compared 
with full-wave simulations. When the gap is filled with a dispersion-less, 
loss-less dielectric (i.e., g 1ε  ), maximum field enhancement is achieved 

for g 1ε  , i.e., by maximizing the magnitude of the gap impedance 

1
gap 0 g( / )Z i w dε ε − − . A large and broad field enhancement is found when 

the gap is filled with a plasmonic medium, as in the case (iii) where 

g ITOε ε . In this scenario a 30-fold enhancement is found over a broad 

band above λENZ: this effect is due to the complex-conjugate impedance 
matching between the inductive gap impedance, Zgap, and the capacitive 
antenna impedance, Zant. NPRs are excited in the last scenario (iv), in 
which the gap is loaded with an ITO nanowire: the field is not uniformly 
distributed in the gap, especially for wavelengths near and above λENZ, 
where ITO is metallic. Although the average field-enhancement in the 
nanowire-filled gap (solid and dotted blue curves) is lower than the 
enhancement experienced by the vacuum- and ITO-filled gaps (black and 
green curves), the local field enhancement inside the ITO is much higher 
(~60). The field distribution [Fig.1(d)] is due to the simultaneous 
excitation of the main nanoantenna resonant mode and the localized 
surface plasmon resonance of the ITO nanowire, culminating in the 
plasmonic-resonance-within-a-plasmonic-resonance condition. The 
vacuum-gap nanoantenna provides a field-enhancement of about 20 in 
the gap region, whereas a further field-enhancement factor of ITO2 / (1 )ε  

in ITO is due to the plasmonic resonance in the nanoparticle. The peak 
of such extra field-enhancement is about 3 and occurs at the NPR 
wavelength ( ≈1.4 μm), where ITO 1ε  − .  

 
III. HIGHER-ORDER MODES  

 
Our idea is to take advantage of this cascaded field-enhancement effect 
in order to boost nonlinear optical effects occurring in the nanoparticle, 
in the nanoantenna and at interfaces. This can be accomplished with two 
simultaneous mechanisms: (i) by tuning the pump at the NPR, and (ii) by 
exploiting higher-order antenna modes to increase the far-field radiation 
rate of harmonic signals generated in the near field region. In Fig. 2, we 
report all the available antenna modes by plotting the absorption cross 
section (ACS) spectrum under the illuminations conditions illustrated in 

Fig. 1. The linear ACS is normalized as follows: | | / 	, 
where  is the imaginary part of the relative permittivity,  the angular 
frequency,  the permittivity in vacuo,  the input irradiance. The 
approach to boost nonlinear optical effects in our antenna is to excite 
mode M1 with the pump signal (which will be highly enhanced at ), 
and simultaneously amplify nonlinear signals and out-couple them into 
the far-field region by exploiting the higher-order modes ( , with 2). 
In the system under investigation, the free-electron nonlinearity in ITO 



 

288 
 

and gold is due to convective, Lorentz and gas-pressure forces; its nature 
is quadrupolar inside ITO and gold, and dipolar on the surfaces due to 
symmetry breaking. Second-order order ( ) nonlinear effects (second-
harmonic generation, spontaneous parametric down-conversion, optical 
parametric amplification) are mainly driven by free electrons. In contrast, 
the bound-electron response yields a strong dipole-allowed cubic 
nonlinearity ( ), both in gold and in ITO. Optical effects that are 
connected to bound electrons are third-harmonic generation, self-phase 
modulation, two-photon and saturable absorption.      

 
Fig. 2 Spectrum of the absorption cross section, normalized to the geometrical cross 
section of the antenna. The absorption peaks are associated with the antenna modes, 
and they are indicated with the labels , where n the mode number. 
 
 

IV. CONCLUSION 
 
An optical antenna loaded with an ENZ nanoparticle realizes a nested-
plasmonic resonator. The structure provides unprecedented levels of field 
enhancement in the volume and on the surface of the plasmonic 
nanoparticle, therefore it lends itself naturally to boost by several orders 
of magnitude optical nonlinear effects in nanoscale systems. 
Nonlinearities may originate from free and bound electrons, as well as 
from substances placed on the surface or inside the nanoparticle – such 
as fluorescent, phosphorescent or Raman-active molecules. 
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Abstract 

By exploiting VO2 metal-insulator phase transitions we demonstrate how to 

effectively control the scattering cross section of optical nanoantennas. We 

describe the tunability of a gold nanoantenna loaded with VO2 and then introduce 

its equivalent circuit to analyze the relevant features of the proposed devices.  

Index Terms - Nanophotonics, Optical antennas, VO2.  

 
 

I. INTRODUCTION  
The advances in nanofabrication revolutionized the concept of light 
manipulation, especially in the visible and infra-red spectral regions. 
Nanoresonators and metasurfaces are nowadays widely investigated due 
to their peculiar linear and nonlinear properties and potential 
applications [1]. Efforts are now focused on achieving dynamically 
tunable devices that exploit external stimuli to switch their behavior. A 
variety of approaches has been suggested exploiting thermal, mechanical, 
electrical as well as optical methods, to obtain dynamically reconfigurable 
nanostructures [2]. In this framework a promising route is offered by 
phase transition materials: in contrast with other strongly correlated 
materials, Vanadium Dioxide (VO2) is probability the best candidate for 
reconfigurable nanostructures because it presents a first order metal-
insulator phase transition right above room temperature (~340 K). Since 
this metal-insulator phase transition can be induced thermally, 
electrically and even optically, VO2 attracted much attention for practical 
applications [3, 4]. 
In this paper we present an efficient way to exploit VO2 phase transitions 
to dynamically control the scattering properties of optical antennas.  
 
 

II. RESULTS AND DISCUSSION 
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In order to describe the role played by the phase transition material, we 
have used a very simple geometry, i.e. a dipole antenna with 
parallelepiped arms as described in the insets of Fig. 1. In all our 
structures, we have performed frequency-domain simulations 
implemented using the finite-element method in COMSOL. Using gold 
and VO2, we have characterized different dipole nanoantennas in the 
receiving mode: the antenna is excited with an incident plane wave 
polarized along the antenna axis as shown in the insets in Fig. 1. We set 
the width, height and gap at 50 nm, while the arm length is varied 
between 100 nm and 200 nm. For the complex refractive index values of 
gold, we use the data reported in [7]. For VO2 we refer to the data reported 
in [8], where this material has been thoroughly characterized to 
demonstrate its tunable and reversible optical properties: for example, at 

1µm, its refractive index and extinction coefficient can be switched from 
3.1 to 1.5 and from 0.5 to 1.6, respectively, by increasing the temperature 
above the transition threshold. In Fig. 1 we compare a gold based 
nanoantenna with a VO2 based nanoantenna: we show the normalized 
dimensionless scattering and extinction cross sections, defined according 
to [9], as a function of the wavelength: in the panel on the top we report 
the result for a gold dipole antenna; in the panel on the bottom we report 
the results for a dipole antenna with VO2 arms. By comparing continuous 
lines (low temperature) and dashed lines (high temperature) in Fig. 1 (row 
at the bottom), we can say that in this configuration the VO2 
nanoantenna is not able to fully exploit the potential of this material for 
an efficient switching behavior. The poor quality of the switching effect is 
due to the absence of considerable frequency shifts of the resonances or 
strong peak intensity dependence upon temperature. Moreover, a 
comparison between the top row and the bottom row in Fig. 1 shows that 
gold gives higher values of extinction efficiency and smaller absorption 
cross sections as compared to the VO2 nanoantenna.  
We thus propose here to fully exploit the potential of phase transition 
materials by loading the gold nanoantenna gap with VO2 (see Fig. 2, left); 
this allows to combine the high performances of the gold dipole antenna 
with the possibility to control its behavior through tuning of the load. 
From Fig. 2 it is possible to see that this configuration presents a slightly 
reduced efficiency and broader resonant peak compared to the gold 
antenna with air gap; we can clearly see that the resonant peak of the 
VO2-loaded gold nanoantenna at low temperature is red shifted compared 
to the air gap gold nanoantenna: for this reason the ideal working regime 
lies in the near infra-red spectral region. Figure 2 also shows that the 
longer the antenna is, the greater the distance between the high and low 
temperature peak becomes. This results in a red shift of the high 
temperature peak for the 100 nm long antenna, and a blue shift for the 
longer one with respect to the air gap nanoantenna. At the resonant 
frequency, increasing the temperature changes the normalized scattering 
efficiency of the longer antenna from ~1.5 to ~15, resulting in a high 
tunability. The multipolar expansion [10] highlights that the resonant 
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peak is due to an electric dipole contribution at both temperatures. This 
is also confirmed by the far field radiation pattern that presents the 
typical donut shape at both temperatures. The extinction efficiency 
reported in Fig. 2 outlines the limits where the antenna can be tuned. 
VO2 in its metallic phase presents an increasing absorption in the infra-
red spectral region that results in an increased extinction efficiency. 
To obtain the equivalent circuit model of the VO2 loaded gold 
nanoantenna we have applied the method proposed in [11] to determine 
the antenna impedance of a 100 nm long cylindrical gap antenna at the 
low temperature resonant frequency, whose equivalent circuit is shown 
in Fig. 2 (left).  
 

 
 

FIG. 1 - Scattering (left) and extinction (right) cross sections of a gold 
nanoantenna (row at the top), and a VO2 nanoantenna (row on the bottom). In 

the panel at the bottom continuous lines refer to VO2 in the semiconductor 

phase, dashed lines refer to VO2 in the metallic phase.  

 

 
FIG. 2 - Schematic view and equivalent circuit of the VO2 loaded gold 

nanoantenna (left): Voc is the open circuit voltage, Zant is the gold antenna 
impedance, Zload is the impedance tunable by means of the VO2 phase 

transition. (center-right): Normalized scattering and extinction cross sections 

of the VO2 loaded gold nanoantenna: continuous lines with VO2 in the 

semiconductor phase; dashed lines with VO2 in the metallic phase.  

 
At an operating wavelength of 755 nm, we obtain an antenna impedance 

Zant~100+120i W; using the parallel plate approximation the impedance 
of the lossy capacitor loaded with VO2 in the gap region is estimated to be 
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Zload =-it/(weVO2S) ~ 37-122i W, where t is the distance between the two 

antenna arms, w the angular frequency, eVO2 the permittivity of the load 
and S the surface of the arm cross section. With these data, we can now 
use the equivalent circuit in Fig. 2 to predict the behavior of the system 
without resorting to full wave numerical simulations: using the circuit 
model and Pocklington’s equation we can in fact prove that the exact 
results of the scattering cross section are well approximated by the 
results obtained from circuit analysis. 
 
 

III. CONCLUSION 
We have reported the design of a gold dipole gap nanoantenna loaded 
with a phase transition material whose optical properties can be tuned 
by means of thermal, electrical or optical stimulus. Using a simple 
equivalent circuit, we have provided an effective tool for the modeling of 
the proposed devices. Our work paves the way toward possible routes for 
dynamically controlling near as well as far field properties of 
nanoantennas in the optical domain.  
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Abstract 

A fiber amplifier based on Yb-doped Fully-Aperiodic Large-Pitch Fibers has been 

numerically investigated. Modal properties and gain competition between FM and 

first HOM have been calculated in presence of thermal effects, which can 

compromise the output beam quality. The simulation tool used for this purpose is 
based on a Finite Element Method modal solver and is coupled with a thermal 

and an amplifier model, to estimate the variation of guiding properties along the 

fiber. The main characteristics of the Yb-doped FA-LPF have been derived by the 

comparison between numerical results and experimental data. 

Index Terms − Fiber amplifier, photonic-crystal fibers, thermo-optic effect, 
large pitch fibers. 

 
I. INTRODUCTION 

  
In recent years, Photonic Crystal Fiber (PCF) technology has witnessed 
a huge progress. In particular, Yb-doped double-cladding (DC) PCFs 
have led to a performance enhancement in high-power fiber lasers and 
amplifiers, thanks to their interesting characteristics in terms of 
resilience to thermal effects [1,2]. Namely Fully-Aperiodic Large-Pitch 
Fibers (FA-LPFs) allow providing high pump power, due to their large 
mode area, and maintaining the Single Mode (SM) operation and laser 
beam quality, improving Higher Order Mode (HOM) delocalization out of 
the gain area [3,4].  
In this paper an amplifier based on a Yb-doped FA-LPF is analyzed by 
means of a full-vector modal solver based on the Finite Element Method 
(FEM) and an ad-hoc software which considers the power evolution 
along the amplifier and the related heat distribution through the fiber 
cross-section [5]. A comparison with experimental data allows validating 
the numerical model. 
 

II. FIBER DESIGN AND AMPLIFIER SETUP 
 
The amplifier is made by a DC rod-type fiber with the cross-section 
shown in Fig. 1. The 19-cell Yb-doped core (n = 1.457), denoted in 
green, has an area of 2214 µm2 and is built over a triangular lattice with 
pitch of 34.8 µm. The all-solid cladding is made by high-index silica (n = 
1.457) with fluorine doped inclusions (n = 1.444), in pink in Fig. 1, that 
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break the C6ν symmetry of the triangular lattice and allow the 
delocalization of HOMs even at high power.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 1 − Yb-doped FA-LPF cross-section. 

 
The experimental amplifier setup, in a counter-propagating pump 
configuration, is represented in Fig. 2. 
 
 

 

 

 

 

 

 

 

 

 

 

 

FIG. 2 − Schematic illustration of the experimental amplifier setup. 
 
The pump diode delivers up to 400 W of average power at 976 nm, that 
is coupled into the fiber by lenses L1 and L2. The seed source emits a 
20 ps pulse at 1064 nm, with a repetition rate of 40 MHz. The amplified 
signal is acquired through the dichroic mirror M1. 
Experimental results, obtained with this configuration, are compared 
with numerical values found through an in-house developed tool based 
on a FEM modal solver. Starting from the calculation of the field 
distribution of the modes, a spatial amplifier model evaluates the gain 
competition along the fiber. Moreover, a thermal model calculates the 
temperature distribution and the thermally-induced change in the 
refractive index profile over the fiber cross-section, as a consequence of 
the heat load generated in the Yb doped core due to the quantum 
defect. 
 

 

III. RESULTS 

 

To fit the numerical values with the experimental data, it has been 
considered a percentage of pump coupled in the fiber equal to 80% and 
90%, to take into account the possible losses, and a variable pump 
absorption. The small signal gain values have been fitted for a pump 
absorption varying from 17 to 18 dB/m, as shown in Fig. 3. For a pump 
coupling of 90%, the values of absorbed pump that minimize the mean 
square error are around 17.5 dB/m. For a lower pump coupling of 80%, 
the best correspondence is found when the pump absorption is around 
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17.75 dB/m. Considering these pairs of values, simulations with higher 
input power have been performed and results have been compared with 
experimental data obtained with setup shown in Fig. 2. 

FIG. 3 − Small signal gain best fitting numerical simulations for a 

pump coupling = 90% (a) and a pump coupling = 80% (b).  

 
The signal power is equal to 4 W, with a distribution between FM and 
first HOM of 90% and 10% respectively. The pump power is varied from 
0 to 400 W. It can be assumed that it has a Gaussian shape, centered 
in the core of the fiber, where the FM is more confined and there is an 
increase of the temperature. To simulate the Gaussian distribution of 
the pump power, a pre-shaping of it has been performed. 
In Fig. 4 the numerical results obtained with the pre-shaped pump, 
with a coupling of 90% (a) and 80% (b), are compared to the ones given 
by a pump uniformly distributed through the cross section of the fiber 
(dashed-line) and the experimental data. The values obtained with the 
pre-shaped pump fit better with the experimental ones, even if a 
saturation of the signal for high power occurs.  

 

FIG. 4 − Output power versus pump power characteristic for a pump coupling 

= 90% (a) and a pump coupling = 80% (b). Input signal of 4 W at 1064 nm. 

 

A second set of simulations has been performed, considering a higher 
input signal, equal to 9 W. In this case, as the thermal effects have 
more influence, the FM is better confined in the core and the results 
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which consider the Gaussian distribution of the pump fit extremely well 
with the experimental data, as shown in Fig. 5. 

 

FIG. 5 − Output power versus pump power characteristic for a pump coupling 
= 90% (a) and a pump coupling = 80% (b). Input signal of 9 W at 1064 nm. 

 
IV. CONCLUSION 

 

In this work a Yb-doped fiber amplifier based on a Fully-Aperiodic PCF 
has been analyzed with a specific numerical tool, which takes into 
account the thermal effects due to the high power. Simulations have 
been performed by considering a counter-propagating pump with an 
increasing power from 0 to 400 W and an input signal of 4 W and 9 W 
at 1064 nm. Results, compared to experimental data, have shown that 
is necessary to consider a Gaussian-shape pump distribution, centered 
in the core, where the FM confinement is greater with increasing 
temperature. It is important to take into consideration this behavior for 
the modeling, making a pre-shaping of the pump power distribution. In 
this way, for a signal of 9 W with a coupling power of 90% and 80% and 
an absorbed power around 17.50 dB/m and 17.75 dB/m respectively, 
we are witnessing an excellent match with the experimental data. 
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Abstract 
A new configuration of a planar grid array antenna for automotive radar sensor 
applications operating in the 76-81 GHz frequency band is introduced. Typically, 
high resolution direction of arrival (DOA) estimation requires a maximum 
distance of λ/2 between receiving antennas. Proposed antenna consists of 
reduced size loop elements suitable for this type of applications. In addition, to 
enhance the gain bandwidth, the antenna adopts variably dimensioned 
radiation elements.  

Index Terms  77GHz, grid array antenna, automotive radar 

 
I. INTRODUCTION 

For the operation of automotive radar sensors in the millimeter-waves, 
two frequency bands have emerged. One is the band from 76-77 GHz, 
which is available worldwide. The second band is the band from 77-
81GHz, which has been introduced in Europe to replace radar sensors 
in the 24GHz band [1]. Several type of antennas have been studied as 
possible  candidate for the automotive radar systems. This work 
describes the design of a 77-81GHz radar sensor based on the grid 
array antenna architecture [2]. The grid array antenna possesses many 
advantages such as high gain, narrow beam, simple feed, and easy 
construction. The microstrip grid array antenna as shown in Fig. 1 
consists of rectangular meshes of microstrip lines on a dielectric 
substrate backed by a metallic ground plane. If the interval between 
each receiver antenna is maintained at a fraction of λ, wide angle 
detection can be achieved by reducing the grating lobe during the angle 
steering. For this reason the proposed grid array uses reduced size loop 
elements. Compared to other automotive radar configurations, this 
antenna design is a completely planar antenna based on a lowcost 
fabrication technology. The proposed configuration can be used to 
realize a one-body antenna/transceiver unit for automotive radars 
sensor applications.  
 

II. THE GRID ARRAY ANTENNA 
Fig. 1 (a) shows a single row grid array antenna composed by a series of 
7 rectangular microstrip line loop elements. The radiation properties of 
the antenna can be explained by analyzing the current flow on a single 
rectangular element (Fig. 1b). The currents flowing in the x-direction 
combine constructively, generating a linear polarized radiation. 
Currents flowing in the y-direction have destructive interference and 



 

298 
 

does not affect the radiation properties of the antenna. The cell width 
(l1) is set to a half-wavelength and the cell height (h) is adjusted for a 
phase difference of 180° between Q and Q’ ( Fig. 1 (b) ). For a broadside 
radiation, the phase difference between points P and P’ has to be 0° (Fig. 
1 (c)), which is controlled by the lengths of the connecting lines. Single 
row design offers narrow beam in elevation and a wide beam in 
azimuth. 

 
Fig. 1 (a) Single row grid array antenna. (b) Current flow on fundamental 
element, c) Simulated phase difference on the fundamental element. 

 
III. GRID ARRAY ANTENNA MINIATURIZATION 

The grid array antenna in its classical configuration is not suitable for 
applications requiring stringent specification on DOA estimation. The 
mutual distance of the antenna columns in azimuth is restricted to not 
much more than half a free-space wavelength. Since the intended 
element spacing is 0.5λ =1.9mm (at 79GHz), this value also represents 
the maximum possible mesh height (h in Fig. 1b). However, the long 
side of the mesh presented in the previous section have a height 
h=3,1mm, for this reason classical grid array antenna can’t be used in 
the 0.5λ arrangement required for wide angle detection.  

A. Meandered grid array 

The grid array antenna can be miniaturized by meandering the non-

radiating side of the mesh (Fig 2a). Fig. 2b shows a miniaturized 

elementary cell. The new radiation element was designed to have the 

same radiation properties as the classical configuration presented in 

previous section. For this reason, the cell length is adjusted for a phase 

difference of 180° between points Q and Q’; in addition the length l2  

has been adjusted to have 0° of phase difference between points  P and 

P’ for a broadside radiation (Fig. 2c). The radiation is essentially from 

the x-oriented sides, with the meandered sides acting mainly as guiding 

or transmission lines. This is because the current on each short side is 

basically in-phase, while each long side supports a full wavelength 

current. With such a current distribution, the maximum radiation 

would be broadside to the array (as in the classical configuration shown 

in Fig. 1). With this new configuration the height h is reduced to 1,7mm 

(from 3,1mm of the classical configuration). 
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Fig. 2 (a) Single row meandered grid array antenna. (b) Current flow on 
fundamental element, l1=1.2mm, l2=0.6mm h=1.7mm. (c) Simulated phase 
difference on the fundamental element.  

 

B. Meandered –Slanted Grid Array Antenna 

Further miniaturization of the elementary cell can be achieved by tilting 

the meandered lines of about 45°.  Fig. 3 shows the new grid array 

antenna configuration. Similar to the previous configurations the 

lengths are adjusted to have instantaneous current out of phase on the 

meandered/sloping side of the cell, and in phase on the the x-directed 

short sides (Fig. 3 b and c ).  With such a current distribution, the 

maximum radiation  would be broadside to the array.  

 

 
Fig. 3  (a) Single row meandered-slanted grid array antenna. (b) Current flow 
on fundamental element, l1=1.2mm, l2=0.7mm h=1.2mm. (c) Simulated phase 
difference on the fundamental element.  

 

B. Gain and Bandwidth enhancement 

The use of a multiresonant radiating structures, like in the log periodic 

antennas, is a widely used technique for designing wideband antennas. 

The proposed grid array employs this technique for enhancing the 

bandwidth: variably dimensioned radiation elements have been 

adopted, this mean that the antenna will be resonant at different 

frequencies and that may result in a wideband property. The new 

configuration offers better performance especially in the lower side of 

the bandwidth.  
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IV. MEASUREMENT 

Fig. 4 shows the manufactured prototype. Fig. 5 shows the measured 
and simulated matching and Gain. Good agreement has been obtained. 
Simulated radiation pattern at 78 GHz is shown in fig 5 (c). 
 

 

 

FIG. 4  Manufactured Prototype 
 

 
(a)  

(b) 

 
 

(c) 

 

FIG.5  Measured results: (a) S11; (b) Gain. (c) Simulated pattern 

 
V. CONCLUSION 

A planar grid array antenna for automotive radar sensor applications 
have been presented. Proposed antenna is composed by reduced size 
loop cells. The antenna shows a wide operating bandwidth in terms of 
pattern stability, being able to cover the whole frequency range from 77 
to 81GHz. Overall 51% size reduction has been achieved as compared to 
conventional grid array antenna for same frequency band.  
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Abstract 
The activity carried out on EBG cavity antennas is presented explaining in 
which cases it is possible to obtain good electromagnetic performances. 
Moreover advancements in terms of understanding of the basic phenomena 
involved is treated. The possibility of reaching different optimizations is finally 
investigated showing the obtained results. 

Index Terms  Electromagnetic Band Gap (EBG) materials, cavity antennas, 
leaky waves.  

I. INTRODUCTION 
  

In recent years the study of cavity antennas realized by using dielectric 
Electromagnetic Band-Gap (EBG) structures for the confinement and 
steering of the electromagnetic radiation has been addressed in several 
directions looking at the possibility of reaching very good goals in terms 
of antenna parameters like directivity, matching, efficiency and 
bandwidth [1-3]. These studies gave us the possibility of understanding 
that different optimizations were possible, based on a behavior that, in 
the first case, is linked to a resonance effect [4-5], while, in the second 
one, is more strictly referable to the presence of leakage in the structure 
[6-7]. 

II. RESONANT CAVITY ANTENNAS 
 

A resonant cavity antenna (RCA) is a compound radiator, where an 
EBG superstrate is placed at a suitable distance from a primary 
elementary source [8-9]. This class can be considered of aperture 
antennas, since the radiative mechanism is that of an equivalent 
aperture at the top of the EBG structure. As to the practical realization 
of the EBG, it is obtained from the period arrangement of a unit cell 
with 1D, 2D or 3D periodicity. The advantage of RCAs is in the 
possibility to achieve a high gain with a simple architecture. In their 
traditional layout, they are resonating structures with a fractional 
bandwidth of around 4%. A possible way to enlarge the bandwidth is to 
interrupt the periodicity of the EBG, thus obtaining multiple resonances 
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that, close in frequency, return a broadband behavior [1]. This can be 
accomplished from 1D EBGs, i.e., given be a stack of homogenous 
dielectric layers, alternating layers of different permittivity with high 
dielectric contrast. An example of implementation is given in Fig. 1(a), 

where the EBG superstrate is given by an internal layer of PLA (r = 
2.76), followed by a small internal air cavity, and two touching layers of 

vetronit (r = 7) and polycarbonate (r = 3.1), respectively. The primary 
source is a truncated rectangular waveguide, backed by a ground plane. 
Therefore, a main cavity is formed, bounded by two mirrors, a perfectly 
reflecting mirror given by the ground plane, and a partially reflecting 
one relevant to the EBG superstrate. Thickness of the layers and of the 
cavity is designed to work in the X band, around a central frequency of 

10 GHz. In-plane size of the EBG superstrate, with a side L of length 2, 
is smaller than narrow bandwidth resonator cavity antennas, having 
side length of at least 4 wavelengths. 

The plot of the gain versus frequency is shown in Fig. 2(b). With the 
non-periodic EBG, a 30% fractional bandwidth is achieved. Maximum 
gain is 16.9 dB, lower than peak gain achievable in traditional cavity 
resonator antennas employing periodic EBGs. However, this result is a 
good compromise between high antenna gain and large bandwidth. 
 

                         

(a)                                                           (b) 

 

III. THE ROLE OF LEAKAGE IN EBG CAVITY ANTENNAS 
 

Highly directive EBG cavity antennas can be modelled by 
considering the excitation of slowly attenuating leaky waves that 
produce a large equivalent field at the antenna aperture. In this 
framework, the knowledge of the complex propagation wavenumbers of 
leaky modes supported by 2D EBG waveguides is important for the 
complete determination of the radiative regions and for the 
understanding of the fundamental parameters governing the antenna 

FIG. 1  (a) Layout of a wideband EBG resonator antenna. (b) Directivity versus 
frequency. 
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design [6]. To this aim, a rigorous and efficient full-wave numerical 
approach devoted to the analysis of leaky modes in 2D EBG waveguides 
is presented. 

The proposed technique allows for the numerical study of bound 
and leaky modes propagating in artificial periodic structures composed 
by 2D cylindrical inclusions. The method is based on the Lattice Sums 
(LSs) related to the periodic arrangement of circular rods and uses the 
T-matrix and the generalized reflection and transmission matrices to 
characterize the nature of the cylindrical scatterer and the layered 
periodic environment [7], respectively. A recently developed fast and 
accurate calculation procedure for the LSs in case of complex 
propagation wavenumbers is adopted here, which resorts to original 
higher-order spectral and spatial Ewald representations and allows for 
the correct spectral determination of each spatial harmonic constituting 
the leaky mode [10]. 

 

 
The EBG cavity in Fig. 2(a), formed by removing one row of the 

dielectric rods from the original square lattice EBG structure, is here 
considered. The multilayered array of dielectric cylindrical rods with 

period h  7mm gives rise to an EBG region [7] inside the normalized 
frequency range 13.5 GHz < f <18.5 GHz. Figure 2(b) shows the 

normalized phase and attenuation constant, /k
0
 and /k

0
, 

respectively, for the radiating harmonic of the lowest TE leaky mode of 
the EBG waveguide. We note that within the EBG frequency range the 

radiating harmonic is fast, i.e., /k
0
<1, and has an improper 

determination [6], whereas all other harmonics (not shown here) are 
slow and proper. Finally, we observe that the modal attenuation 
constant significantly increases as the wavelength approaches the band 
edges, due to a decrease of the field confinement by the EBG structure. 
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(a)                                                             (b) 
 

FIG. 2  (a) Side view of a 2D planar periodic structure composed by dielectric 
circular rods periodically distributed in the free space. (b) Dispersion diagrams of the 
normalized phase and attenuation constants for the radiating harmonic of the lowest 

order TE leaky mode of the W1 waveguide shown in (a), obtained with the LSs 
technique (solid and dashed line, respectively) and FSEM with PML (black circles and 

squares, respectively). The period is h  7mm; the dielectric permittivity and the 

radius of the circular rods are   11.9 and r 0.2h, respectively. 
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The results of the proposed method, based on the LS technique, have 
been compared with those obtained by means of a well-established 
Fourier Series Expansion method (FSEM) combined with perfectly 
matched layers (PMLs) [11]. An excellent agreement has been observed 
in all cases, while the computation time of the proposed approach, 
based on the LSs, was in average about 1000 time faster than that of 
the PML-FSEM.  
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Abstract 
This paper describes the preliminary phase of design of a microstrip antenna 
array composed by subarrays, intended to be mounted on a CubeSat operating 
in the millimeter-wave frequency range. A three-step procedure is described, 
consisting in the development of the single-element, of the subarray and of the 
complete array. Different configurations of the subarray and of the complete array 
are investigated and mutually compared. 

Index Terms  Antenna arrays, CubeSats, Millimeter-wave communications, 
Circular polarization.  

 
 

I. INTRODUCTION 
  

CubeSats belong to a particular class of small satellites. Introduced in 
the late Nineties with educational and scientific purposes, their field of 
application has rapidly been extended to the industrial, commercial and 
military contexts. So, in order to guarantee the new variety of services, 
CubeSat structures have become more complex. For example, a 
telecommunication satellite is required to support high data-rates, which 
cannot be achieved at the amateur radio frequencies commonly used by 
the early CubeSat antennas. Thus, in recent years, in order to increase 
the transmission capacity of such category of satellites, a shift to higher 
frequencies has been introduced. The antenna proposed in this paper 
operates at 37 GHz, in the Ka-frequency band. As is well-known, at higher 
frequencies the free space path loss is higher and the propagation in the 
ionosphere is much more critical. Thus, the use of high gain circularly 
polarized (CP) antennas is mandatory. The literature offers some 
proposals of CubeSat antennas operating in the Ka-frequency band [1], 
[2]. In this context, however, attention has never been focused on direct 
radiating antenna arrays of microstrip patches. An advantage of such 
structures is their planar nature, which fits on a CubeSat face and does 
not require any deployment system, which would further complicate the 
structure of the satellite. Moreover, they are cheap and can be easily 
manufactured and easily integrated with other electronic equipments. 

The paper is organized as follows. In the next section the adopted 
design procedure is described in detail. Then, Section III presents two 
candidate subarray configurations and in Section IV three different 
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geometries are proposed for the array, and are mutually compared. The 
conclusions are summarized in Section V. 
 
 

II. THREE-STEP DESIGN PROCEDURE 
 
In this paper, the design of a CP antenna array of microstrip patches is 
accomplished through a three-step procedure, which has been well 
validated in the previous literature [3]. Precisely, first the single element 
is designed, as a square patch with truncated corner. The dimensions of 
the square edge and of the truncation are evaluated according to [4] and 
then optimized with the electromagnetic software CST [5]. As a second 
step, in order to improve the final performance in terms of axial ratio and 
operational bandwith, the sequential rotation technique is then adopted 
to suitably arrange four radiators in a subarray configuration [6]. The 
third step consists in the development of the final array. This technique 
can lead to different geometrical configurations for the subarray, and 
consequently to different final arrays. In the next section two candidate 
subarrays are presented. 
 
 

III. SUBARRAY DEVELOPMENT 
 

The sequential rotation technique has been applied by grouping four 
radiators in a subarray. Each radiator is obtained by rotating the 
previous one of 90°, and a 90° phase change has been sequentially 
applied to the four radiators. Two candidate configurations are shown in 
Fig. 1. In the subarray of Fig. 1(a) the four radiators are placed in 
correspondence of the vertices of a square of edge 7.2 mm (however, other 
dimensions have also been simulated). In the subarray of Fig. 1(b) the 
radiators are arranged in correspondence of the middle points of the 8.8 
mm edges of a square (however, other dimensions have also been 
simulated). The two structures give similar performances (gain of 11.33 
dB and 11.53 dB, respectively, with axial ratio lower than 5 dB in the 
main beam region, and an RHCP/LHCP isolation greater than 15 dB), but 
can be arranged in different ways in the final array. 
 

    
 (a) (b) 

FIG. 1  Two different candidate configurations for the subarray. 
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IV. ARRAY GEOMETRY DEVELOPMENT 
 
The proposed antenna array is required to occupy one face of a CubeSat, 
thus the net available surface is a square of side 85 mm. Nevertheless, a 
number of geometries may be obtained with the two above described 
subarrays. In this paper, attention has been focused on the three 
configurations shown in Fig. 2. It is to be noted that, in this preliminary 
design, the mutual coupling effects between the subarrays have not been 
considered, and the array far-field pattern is obtained by multiplying the 
element factor (i.e., the pattern of the subarray) by the array factor. For 
reasons of space, only the main results are summarized in Table I. The 
pattern cuts on the principal planes (𝜙 = 0° − 180°, 45° − 225°, 90° −270°, 135° − 315°) are shown in Fig. 3. 
 

 
 (a) (b) (c) 

FIG. 2  The three analyzed array geometries. 

 
 

 
 (a) (b) 

 
 (c) (d) 

FIG. 3  Radiation pattern cuts on the principal planes for the three array 
geometries of Fig. 2 (Array 1 corresponds to that of Fig. 2(a), Array 2 

corresponds to that of Fig. 2(b), Array 3 corresponds to that of Fig. 2(c)). (a)  𝜙 = 0° − 180°, (b)  𝜙 = 90° − 270°, (c)  𝜙 = 45° − 225°, (d)  𝜙 = 135° − 315°. 
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TABLE I – COMPARISON OF THE THREE ARRAY GEOMETRIES 
 

 Array of Fig. 2(a) Array of Fig. 2(b) Array of Fig. 2(c) 

Number of subarrays 81 85 77 

Gain [dB] 30.0 29.9 28.5 

Maximum SLL [dB] -13.2 -13.4 -13.7 

RHCP/LHCP isolation [dB] 17 24 17 

 
 
 

V. CONCLUSION 

 

In this paper a proposal of a high-gain CP microstrip antenna array of 
subarrays has been presented, with each subarray constructed by 
adopting the sequential rotation technique. The array is suited for a face 
of a CubeSat and operates in the Ka-frequency band. The design 
procedure has been described and two different subarray configurations 
have been selected and analyzed. Finally, the performance of three 
different array geometries have been compared in terms of gain, 
maximum sidelobe level and polarization purity. In the next step of the 
design, the mutual coupling effects will be analyzed and the feeding 
network will be designed, possibly including phase variations for the 
subarray element excitations and/or pattern reconfiguration capability. 
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Abstract 
We present a linearly polarized series-array antenna, suitable for dedicated short 
range communications, optimized for operation in C-band. The array is printed on 
a commercial substrate, and it is optimized for compactness.  
Experimental validations confirm a maximum gain of 8 dB at 5.8 GHz and 5 dB 
at 5.9 GHz, enabling both Electronic Toll Collection and low-latency WiFi operation 
for vehicular communications, i.e. the novel 802.11p standard. 
 

Index Terms  series-array antenna, liner polarization, dedicated short range 
communications.  

 
 

I. INTRODUCTION 
  

 
Many world standard organizations have assigned part of the C-band to 
vehicular Dedicated Short Range Communications (DSRC), both for 
safety services and for commercial service, such as Electronic Toll 
Collection (ETC). 
In this contribute we propose an antenna array suitable for operation at 
5.8 GHz and 5.9 GHz, optimized for efficient DSRC according to the ETSI-
EN 300674 European standard [1]. In this context, both compactness 
and price considerations are of paramount importance.  
 
Series array configuration is the best choice, since it offers the advantage 
to minimize the feed line lengths, thus reducing both losses and spurious 
radiation, hence increasing array efficiency, avoiding the need of a 
complex feeding network. Furthermore, this configuration permits a 
single-layer via-less implementation, with obvious repercussions on the 
easiness of fabrication. 
The only drawback for this class of antenna arrays is the difficulty to 
synthesize a perfect broadside condition. Indeed this is not a problem for 
the application in exam, since the beam pointing accuracy in the base 
stations for ETC applications, typically arranged within a Road-Side-Unit, 
is not a critical issue. 
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In view of these consideration, this paper proposes the design of a linearly 
polarized three element series-fed array, working at 5.8 GHz and 5.9 GHz, 
with reduced dimension. 
 
This paper is organized as follows: Section II shows the architecture of 
the designed structure while in Section III the comparison between 
simulated and measurements result are presented.  
 

II. ARRAY ARCHITECTURE 
 
The designed antenna is a series array based on three rectangular 
patches printed on a single layer of FR408 dielectric substrate.  
Patches were initially considered identical and designed according to the 
classical patch design rules. The transmission lines connecting each 
patch with the next one are implemented as tapered lines, to achieve the 
maximum level of versatility.  
 

     
 

Fig. 1 – Top view of the proposed series array and a detail of the tapered line 
 
To synthesize the best broadside condition, each element must be in 
phase, with an adequate amplitude tapering among the patches. The 
problem of the exact feeding is quite complex for a series-fed array.  
Here, by exploiting the degree of freedom given by the tapered lines, the 
inset feeding, the patches dimensions and mutual distances as 
optimization parameters and frequency band, broadside gain and 
compactness as optimization goal within an automatic multi-objective 
optimization procedure [2], the layout given in Fig.  1 is obtained, 
corresponding to the realized prototype in Fig.  2. The prototype is 
fabricated by a standard low-cost photo-etching procedure on a 
commercial FR408 substrate (thickness = 1.6mm, εr=3.75, tan =0.01). 
 

 
 



 

311

 

Fig. 2 –Photograph of the prototype of the designed antenna. 
 

III. EXPERIMENTAL VALIDATION 
 
The measurements are taken with a Keysight 5242A Keysight Vector 
Network Analyzer, inside an anechoic chamber. The measured reflection 
coefficient of the antenna is depicted in Fig.  4. A Return loss exceeding 
15 dB is observed at the frequency of 5.8 GHz. 
 

 
 

Fig. 3 – Comparison between the simulated (blue lines) and measured (red lines) reflection 
coefficient of the proposed antenna. 
 
Fig. 5 shows the Gain pattern of the proposed antenna both at 5.8 GHz 
and at 5.9 GHz. The measurements match very well with the simulations. 
A maximum gain of 8.5 dB is observed with a squint of 3 degrees respect 
to the nominal boresight direction, which is not a problem for the 
application of this antenna. The HPBW are about 90° on the H plane and 
40° on the E plane, suitable to cover the area of single car lane, as 
prescribed by the standard. 

 
Fig. 5 – Comparison between the simulated and measured gain pattern of the proposed antenna. 
Left: comparison at 5.8 GHz, Right: comparison at 5.9 GHz 
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Fig. 6 – Maximum Gain versus frequency for the proposed antenna 
 
Finally, Fig. 6 shows the maximum gain of the proposed antenna as a 
function of the frequency within the C-band. The smooth behavior 
around the center frequency confirms that the device is suitable also for 
operation at 5.9 GHz, which is allocated for the 802.11p vehicular-to-
vehicular (v2v) WiFi standard. 
 

IV. CONCLUSION 
 

A compact linearly polarized series-fed array antenna array is proposed. 
The array is realized as a single-layer via-less board, composed of three 
rectangular patch antennas fed with sections of tapered transmission 
lines. The device has been optimized for operation at 5.8 GHz. Thanks to 
the degrees of freedom, the optimal condition of 8.5 dB of gain within the 
dimensions of 30 mm x 75 mm have been achieved. In addition, the 
proposed device is suitable for operation at 5.9 GHz, for v2v, and even for 
normal WiFi operation at 5.6 GHz 
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 The antenna Phase Center (PhC) position [1]&[2] is a key information in 
many fields, such as air and naval traffic control, biomedical sensing 
and remote sensing of the environment. In literature, several methods 
have been proposed to calculate the antenna PhC position. They can be 
essentially divided into two classes: the first class includes the methods 
based on analytical models capable of describing the antenna radiating 
properties [2]&[9], whereas the second one includes the procedures that 
exploit measurement data [2], [10], [11]. In this work, we propose a 
procedure belonging to the latter class. In particular, the presented 
algorithm exploits amplitude and phase measurements of the 
electromagnetic field received by the Antenna Under Test (AUT) within 
an Anechoic Chamber (AC), and extends a method available in the 
literature, known as Two&Point Approach (TPA), [2].  

More specifically, similarly to the TPA, also in our case the AUT is 
placed over a turntable mounted in the AC and receives the field 
radiated by a transmitting antenna located in a fixed position of the 
chamber. However, differently from the TPA, our method is effective 
even in the presence, quite usual in realistic measurement scenarios 
[15], of an undesired (and unknown) misalignment between the axis of 
symmetry of the AUT and the turntable’s rotation axis. 
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The effectiveness of the developed algorithm has been tested on an 
X&band radar antenna. 
 

��� ���������	�
	���	���������	�������		

The measurement setup for the calculation of the antenna PhC position 
in AC is sketched in Fig. 1. In the figure, a polar reference system with 
origin O located on the turntable’s rotation axis is considered. The AUT, 
which operates in receiving mode, is placed over the turntable, whereas 
the transmitting antenna (TXA) is fixed. In the figure, the PhCs of the 
TXA and AUT are highlighted in blue and red, respectively. Note that 
while the TXA transmits, the turntable rotates around its vertical axis. 
Accordingly, during the rotation of the turntable, the generic angular 

coordinate, say ϑ�, of the AUT PhC changes, and in turn the distance 

+(ϑ�), briefly +�, between the PhCs of the AUT and the TXA changes as 
well, see again Fig.1. The terms � and � in the figure represent the 
unknown longitudinal and transverse misalignments, respectively, 
between the origin O and the AUT PhC when the AUT observes the TXA 
at the boresight. As a matter of fact, in the literature it is assumed ��
known and equal to zero, and only the quantity � needs to be estimated 
in order to calculate the antenna PhC position [2]. However, in realistic 
measurement scenarios, a misalignment between the rotation axis of 
the turntable and the geometric axis of symmetry of the AUT can be 
accidentally introduced when manually placing the AUT over the 
turntable. This means that the quantity � is typically different from zero 
and, more important, it is unknown. For this reason, in our approach, 
the problem of finding the antenna PhC position is formulated as the 
estimation of two unknowns, namely � and �, and not just one as in [2]. 
To this aim, as shown in [15], we have derived a linear model that 
relates the unknowns � and � to the following phase difference: 

( ) ( ) ( ) ( )0 0
2

k kR R
πϕ ϑ ϕ ϑ ϑ ϑ
λ
 − = −    (1) 

where φ is the phase of the electromagnetic field received by the AUT 

within its main beam, ϑ��and R(C) have been defined above, and ϑo is the 
angle where the amplitude pattern received by the AUT is maximum. 
Starting from the phase difference in (1) it is thus possible to find the 
desired unknowns through a linear inversion. In particular, the 
proposed algorithm provides the best estimate in the least&square error 
sense of the term � in the presence of the unknown transverse 
misalignment �. Further details on the proposed procedure can be 
found in [15]. 
 

���� ������������	�������	

In this Section we assess the effectiveness of the developed 
algorithm. In particular, we report the results obtained on the antenna 
(serial number MAA&935985&V) of a radar system operating at X&Band 
[16]. The    experiments   have   been   carried   out  in  the  AC  of   the  
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Dipartimento di Ingegneria of the Università degli Studi di Napoli 
“Parthenope”. The TXA is a standard rectangular aperture pyramidal 
horn antenna [13]. The measurement setup includes also a Vector 
Network Analyzer (VNA), model Agilent E8362B [14], a turntable and 
concerning controller, models Newport RV240PP and Newport 
MM40006, respectively, a radiofrequency (RF) rotary joint, model Sage 
344AF, RF cables, X& band waveguides, adapters, and connectors to 
properly realize the necessary RF connections. Measurements were 
acquired in free run. The turntable was continuously run while the 
concerning controller generated trigger pulses each 0.2 degrees, which 
were sent to the VNA to trigger measurements.  

The measurements were performed in the H&plane at 9.55 GHz. 

By applying the proposed method, we have obtained ˆ 7.8a =  cm and 

ˆ 0.1b = � cm, where the symbol ɵ  stands for estimate. Then, in order to 

appreciate the accuracy of the achieved results, we have measured the 

phase pattern by rotating the AUT around the estimated PhC position. 

By doing so, we have achieved in the main beam the phase pattern 

shown in Fig. 2. As can be seen, it is almost constant (its standard 

deviation is about 0.06 deg), in agreement with the definition of antenna 

phase center [1]. Finally, to compare the performances of our procedure 

and that available in the literature, we have verified (the results can be 

found in [15]) that under the conditions considered in the experiment 

above (that is, the misalignment � on the order of 1 mm) the TPA in [2] 

becomes ineffective. 

��� ��������	

An algorithm for calculating the position of the antenna PhC in an 
anechoic chamber has been proposed. Differently from the methods 

 

�����	  . Phase pattern of the AUT within the main beam around the 
estimated PhC. 

 

�����	!. Measurements setup for calculating the phase center in 

anechoic chamber. 
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available in the literature, the approach is effective even in the 
presence, quite common in realistic measurement scenarios, of an 
unknown transverse misalignment between the rotation axis of the 
turntable of the chamber and the geometric axis of symmetry of the 
AUT. The algorithm has been tested on a X&band radar antenna. The 
obtained results show the effectiveness of the proposed procedure. In 
particular, by rotating the AUT around the estimated phase center 
position, we have obtained an almost flat phase pattern, in agreement 
with the definition of antenna phase center.  
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Abstract 
In this work, three metasurfaces with a patch-like, a strip-like, and a fishnet-like 
unit cell are compared in terms of their surface impedance for different angles of 
incidence in the terahertz range. The fishnet-like metasurface shows a TE-TM 
polarization independent behavior and a spatially nondispersive response, thus 
offering very interesting possibilities for the design of efficient Fabry-Perot cavity 
leaky-wave antennas at terahertz frequencies. 
Index Terms  Leaky-wave antennas, leaky waves, Fabry-Perot cavity 
antennas, terahertz, metasurfaces, frequency selective surfaces. 
 
 

I. INTRODUCTION 
 

Different kinds of antennas have recently been proposed for working in 
the terahertz (THz) spectrum, but the improvement of their radiating 
performance usually requires either structure complexity or high 
fabrication costs [1].  

Fabry-Perot cavity leaky-wave antennas (FPC-LWAs) [2] have been 
employed from the microwave to the visible range, but, in the THz band, 
valid configurations are still lacking. FPC-LWAs allow for achieving high 
radiating properties at a low cost and with reduced complexity of 
fabrication. A possible simple arrangement of a FPC-LWA is constituted 
by a grounded dielectric slab covered by a metallic patterned 
metasurface, which acts as a partially reflecting sheet (PRS) able to 
improve the directional features of the beam [3].  

The aim of this work is to show how the combination of two 
conventional metasurface topologies, namely the patch array and the 
strip grid, into the fishnet metasurface (see Fig. 1), may lead to 
properties inaccessible by simply employing one of the first two 
configurations.  



 

318 
 

 
 

II. MODEL DESCRIPTION 
 
The PRSs are characterized by a periodic arrangement of subresonant 
elements, with a period p ≪ λ0, where λ0 is the wavelength in the 
vacuum. Under this condition, a PRS can be described with a single 
homogenized impedance. In the typical homogenization limit (i.e., when 
p < λ0/4), the dependence of the surface impedance both on the 
frequency (temporal dispersion) and on the angle of incidence (spatial 
dispersion) has to be taken into account for an accurate modeling of the 
PRS.  

 
 

FIG. 1   a) Three different geometries for the unit cell of a homogenized 
metasurface are reported with their relevant geometrical parameters; b) the 
transmission-line model employed for extracting the surface impedance of a 

fishnet-like PRS element. 
 

The unit-cell geometry is presented in Fig. 1a. The width of the 
strips (which corresponds to the width of the arms in the fishnet 
topology) is fixed in the examples as w = p/10, and the spacing between 
the patches g (which corresponds to the length of the arms in the 
fishnet topology) has been chosen equal to w as well. For the substrate, 
a cyclo-olefin (εr = 2.3 and tan δ = 0.001 at 1 THz [4]) is selected as a 
suitable dielectric material due to its low THz losses. The metal is 
treated, at a first approximation, as a perfect electric conductor (the use 
of more realistic models will be discussed at the conference). For this 
reason, no ohmic losses are expected and the PRSs can be described by 
purely imaginary impedances Zs = jXs.  

As is known [5], the grid impedance of i) patches for a transverse-
electric (TE) polarization and ii) strips for a transverse-magnetic (TM) 
polarization exhibits a spatially dispersive character because the 
surface impedance depends on the angle of incidence θ. For the 
estimation of the surface impedance of the fishnet PRS, a fishnet-like 
unit cell has been simulated with a CAD tool (HFSS). The model for 
extracting the surface impedance of a periodic fishnet element is 



 

319 
 

described in Fig. 1b, where ZL represents the characteristic impedance 
of the Floquet port.  

A Floquet wave impinges at different angles of incidence on the PRS 
and the impedance matrix is obtained at the PRS level by setting a 
proper de-embedding distance. An equivalent transmission-line circuit 
model has been exploited to retrieve the value of the scalar surface 
impedance value (no TE-TM cross-coupling is expected for the 
considered geometries [3]) from the impedance matrix parameters. The 
same analysis has also been performed for both the patch array and the 
strip grid. However, HFSS simulations are in very good agreement with 
the homogenization formulas [5], thus only the latter results will be 
shown. All the surface impedances are estimated in the frequency range 
between 0.5 and 1.5 THz for angles of incidence varying from θ = 0° and 
θ = 80° with an angular step of 10°. 
 

III. SPATIAL DISPERSION ANALYSIS 
 

The surface reactances for the three different metasurface patterns are 
presented in Fig. 2.  

 
 

FIG. 2   Surface reactance Xs vs. frequency in the range 0.5 < f < 1.5 [THz]: 
a) patch PRS for TE polarization; b) strip PRS for TM polarization; c) fishnet-
like unit-cell for TE polarization; d) fishnet-like unit-cell for TM polarization. 

 
As predicted by the relevant homogenization formulas [5], the surface 
reactances of the patch array (Fig. 2a) and of the strip grid (Fig. 2b) 
show a non-negligible spatial dispersion.  
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Conversely, HFSS simulations confirm that the surface reactance of 
the fishnet-like metasurface is essentially spatially nondispersive for 
both TE (Fig. 2c) and TM (Fig. 2d) polarizations. Interestingly, this 
property is satisfied by all the fishnet-like unit cells within the 
homogenization limit, regardless of the values of their geometrical 
parameters (further validations performed by means of HFSS 
simulations are not shown here for brevity). In addition to this, it is 
noted that the TE and TM impedances of the fishnet attain almost the 
same values, thus resulting independent of the polarization of the field. 
This is an extremely attractive property that allows for having FPC-
LWAs with equalized patterns over the principal planes.  

The spatially nondispersive behavior of such printed metasurfaces 
represents a very interesting feature for the development of advanced 
THz FPC-LWAs, as recently shown in [3]. There, the promising features 
of a fishnet-like unit-cell have been profitably employed for designing 
different layouts of FPC-LWAs with either a remarkable directivity at 
broadside (i.e., θ = 0°) and narrow fractional bandwidth or vice-versa. 
 

IV. CONCLUSION 
 
The surface impedance of three different metasurface geometries has 
been investigated for different angles of incidence at terahertz 
frequencies. The comparison between the unit-cell geometries showed 
that the patch array and the strip grid have a high spatially dispersive 
behavior. On the other side, the fishnet metasurface, i.e. the 
superposition of a patch and a strip geometry, is essentially spatially 
nondispersive for both TE and TM polarizations, thus paving the way for 
the realization of promising Fabry-Perot cavity leaky-wave antennas in 
the THz range. 
 

REFERENCES 
[1] G. Chattopadhyay, “Technology, capabilities, and performance of low power 
terahertz sources,” IEEE Trans. Terahertz Sci. Technol., vol. 1(1), pp. 33–53, 
2011. 

[2] D. R. Jackson and A. A. Oliner, “Leaky-wave antennas,” in Modern Antenna 
Handbook, C. A. Balanis, Ed. John Wiley & Sons, Inc., 2008, pp. 325–367. 

[3] W. Fuscaldo, S. Tofani, D. C. Zografopoulos, P. Baccarelli, P. Burghignoli, 
R. Beccherelli, and A. Galli, “Systematic design of thz leaky-wave antennas 
based on homogenized metasurfaces,” IEEE Trans. Antennas Propag., vol. 
66(3), pp. 1169-1178, Mar. 2018. 

[4] D. C. Zografopoulos and R. Beccherelli, “Tunable terahertz fishnet 
metamaterials based on thin nematic liquid crystal layers for fast switching,” 
Sci. Rep., vol. 5, Aug. 2015. 

[5] O. Luukkonen et al., “Simple and accurate analytical model of planar grids 
and high-impedance surfaces comprising metal strips or patches,” IEEE Trans. 
Antennas Propag., vol. 56(6), pp. 1624–1632, Jun. 2008. 



 

321 
 

THE QV-LIFT PROJECT: A GROUND SEGMENT FOR THE FUTURE 

Q/V BAND SATELLITE SYSTEMS. 
  

G. Amendola (1), L. Boccia(1 , F. Greco (1), E. Arnieri (1), C. Riva (2) , L. 
Luini (2), R. Nebuloni (3), G. Codispoti(4), G. Parca (4), G. Valente (4), G. 

Goussetis(5), S. Kosmopoulos(5), M. Siegler(6), R.Martin (7),J.Moron(7), R. 
Eleuteri(8), M. Bergmann(8), F.Massaro(9), R.Campo(9), F.Vitobello(10) 

  
 (1) CNIT-Università della Calabria (I), (2) CNIT- Politecnico di Milano(I), 
(3) IEIIT/CNR (I), (4) ASI – Agenzia Spaziale Italiana (I), (5) Heriot Watt 

University (UK), (4) ERZIA (S), (6) Ommic (F),   (7) Skytech (I), (8)Eutelsat 
(F), (9) European Commission 
g.amendola@dimes.unical.it 

  
Abstract 

This paper presents a summary of the design of the Q/V band Ground Segment 
currently under development in the framework of the  project: “Q/V band earth 
segment LInk for Future high Throughput space systems” (QV-LIFT - 
www.qvlift.eu),  that has recently been funded in the framework of the EU 
program Horizon 2020. The project is focusing on the development of up to date 
hardware and software technologies for the Ground Segment of the future Q/V 
band terabit Satcom infrastructure. In the following, a description of the system 
and an account of the developments related to the RF systems are presented. 

Index Terms − Q/V band terabit Satcom infrastructure 
 

I. INTRODUCTION  
The European Commission defined in its Digital Agenda that all 
European households shall have access to internet connections of more 
than 30 Mbps from 2020 onwards , so the  volume of digital data 
communications are expected to double by 2020 [1]. This calls for a 
dramatic improvement in the satellite communication technologies as 
they are a fundamental part of the global communication 
infrastructure.  In order to provide the necessary “Terabit connectivity”, 
an evolution to “beyond Ka-band frequencies” is necessary. In fact, the 
future High Throughput Satellite (HTS) systems will move up to Q and V 
bands (around 40 GHz for downlink and 50 GHz for uplink) since they 
offer larger bandwidth availability for the feeder links and the 
opportunity to dedicate the Ka-band to user links where revenues are 
generated. Moreover, Q/V-band offers attractive bandwidth for specific 
segments requiring high data rates such as aeronautical in-flight 
services. The QV-LIFT project started on November 16th 2016 and it 
will last for about three years developing hardware and software 
building blocks and integrating them in a Q/V band SatCom system.  
To do this, the project will integrate the Aldo Paraboni Q/V band 
payload host by Alphasat which will be used to set up both feeder and 
user links. In this paper a description of the QV-LIFT Ground Segment 
and an account of the developments related to the RF building blocks 
are presented. 
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II. THE QV-LIFT GROUND SEGMENT 

In Fig.1 is shown the overall QV-LIFT system. It is built around the Aldo 
Paraboni QV band payload on board of Alphasat, developed by the 
Italian Space Agency (ASI) and currently in operation. The QV-LIFT 
ground segment includes two already operational Earth Stations, owned 
and operated by  ASI , Earth station 1, located in Tito Scalo (Italy), and 
Earth Station 3, located in Spino d’Adda (Italy). A further Q/V band  
ground station (Earth Station 2) and a Q/V band Aeronautical Terminal 
are also included in the system and are both currently in development.  
The Earth Station and the terminal will make use of a Block Up 
Converters based on a power combined GaN MMICs, and high efficiency 
antennas developed in the project. Also shown in Fig. 1, is the Gateway 
Management System (GMS) which takes in charge the network control 
functions needed to support smart handover of communications 
between multiple gateway nodes (smart gateway). 

 
 

FIG. 1 − The QV-LIFT System 
 

III. QV-LIFT RF DEVELOPMENTS 
The QV-LIFT Ground System includes existing and operational earth 
stations available with the Italian Space Agency (ASI) and newly built 
systems. For the new systems, the consortium is currently developing 
the following major building blocks: V band MMIC amplifier, V band 
power combining  SSPA (Solid State Power Amplifier), V band BUC 
(Block Up Converter), Q band LNB (Low Noise Block down converter), 
Q/V band (RX/TX) antennas for mobile terminals, Q/V band (RX/TX) 
antenna for fixed station, Tracking and pointing systems for the mobile 
and fixed antennas. As it will be detailed in the following sections, due 
to the high performance required and to the high frequency of 
operation, up to date technologies are needed  to realize the previous 
components. As an example, MMIC  are based on the recently delivered 
OMMIC GaN technology and they are power combined in a metallic 
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waveguide divider/combiner to provide a high power SSPA.  The LNB  is 
based on a low noise  GaAs LNA produced by  OMMIC . The antenna for 
the mobile terminal  is  an Axially Displaced Gregorian reflector with a 
corrugated feed. This arrangement aims at an aperture efficiency larger 
than 70% which ensures good performance in both uplink and 
downlink.  The fixed earth station is based on an Axially Displaced 
reflector with a 1.5m diameter. In the following the involved components 
will be described giving details of specifications and showing the 
intermediate results available. 
 

a. SSPA, BUC AND LNB  
The SSPA is based on a MMIC GaN amplifier currently in development. 
The MMIC is developed  in GaN technology by OMMIC. The MMIC specs 
are: Bandwidth 47.2-50.2GHz; Output Power  P2dB 37 dBm (5W); 
Output Power PSat 39dBm (8W); Gain>16dB; Gain Flatness +- 
1.5dB; PAE 20%. 
The MMIC is realized with the Ommic D01GH – 100nm. Simulated 
results for Gain, Output Power, Power Added Efficiency are shown in 
fig. 2 for three compression levels (1dB, 2dB, 3dB).  
 

 
FIG. 2 − Simulated Output Parameter of the V band GaN MMIC amplifier 

under development 
 

4 MMICs will be power combined in waveguide to reach the power level 
needed by the BUC. The power dividing and combined structure is 
based on 4X1 (1X4) metallic waveguide T magic with low insertion loss. 
The power combining/dividing structure is designed to cover the 
bandwidth from 46.5GHz to 49.5GHz.   
The BUC specifications are : Input frequency 1.5 GHz; Bandwidth 
500 MHz; Output frequency 46.5 – 49.5 GHz; Output power 15 W 
(41.7 dBm); Gain 40 - 60 dB; S11, S22<-10 dB. The LNB specifications 
are : Input frequency 37.5 – 42.5 GHz; Bandwidth 500 MHz; Output 
frequency 1.25 – 1.75 GHz; Input power -130 dBm; Noise Figure <3.5 
dB; Gain>50 dB; S11, S22<-10 dB. 
The LNB is based on the CGY2122XUH/C2 LNA developed by OMMIC 
with NF=1.5dB. The LNB has a bandwidth from 37.5GHz to 42.5GHz 
and  output Gain > 50 dB. The simulated Noise Figure is 3dB.  

 
b. ANTENNAS 

Link budget analysis [4] indicates the adoption of high efficiency 
antennas. In particular, considering a link margin larger than 2.5 dB, 
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one needs antennas with G/T > 14dB/K and EIRP > 56 dBW. 
Considering antennas with diameters 45cm and 60 cm and the BUC 
and the LNB presented in the previous section, one finds that antenna 
needs to have 70% aperture efficiency. These performances may be 
reached with  axially displaced reflectors  which can maintain very good  
performance on a large frequency band.  
In Fig. 3 are shown the radiation diagram of the 45 cm antenna at 
37.5GHz (RX) and 48.5 GHz (TX). Also indicated is the maximum gain 
achieved which is 43.82 dB in RX and 45.5 dB in TX which correspond 
to an aperture efficiency close to 80%.  The antenna is able to cover 
from 37GHz to 50 GHz with a good match. Similar results are achieved 
for the 60 cm antenna which shows 45.9 dB in RX and 47.7 dB in TX. 
The 1.5 m antenna is currently under development but preliminary 
results show an aperture efficiency of 60% which is already enough to 
close the link budget thanks to the large antenna size.   

 
IV. CONCLUSION 

The  QV-LIFT project, funded by EU in the framework of the H2020 
program, aims at realizing the software and hardware building blocks 
for the Ground Segment of the  future Q/V band satellite links. In this 
paper we have presented a short description of the system under 
development and the characteristics of some of the RF blocks. A more 
detailed account of the system and the most recent results will be given 
in the course of the presentation. 
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Fig. 3.  Radiation diagram of the 45cm mobile terminal antenna at 37.5GHz (a) 
and 48GHz (b) 
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Abstract 
A review of inverse scattering methodologies recently developed at the ELEDIA 
Research Center is presented. The paper describes advances and novelties 
introduced by such methods with respect to approaches at the state-of-the-art, 
mainly focusing on Compressive Sensing (CS), Learning-by-Examples (LBE) and 
multi-resolution (MR) strategies. 
 

Index TermsCompressive Sensing, Ground Penetrating Radar Imaging,  
Evolutionary Optimization, Inverse Scattering, Microwave Imaging, Multi-
Resolution Methods, Non-Destructive Testing/Non-Destructive Evaluation, 
Learning-by-Example Methods.  
 
 

I. INTRODUCTION 
  

Inverse scattering methods are aimed at retrieving the physical features 
of an inaccessible region by inverting the scattered field measured 
through a set of probes after illuminating the area with low-power 
incident microwaves. Such methods are of interest for a wide range of 
applications, among which biomedical imaging, non-destructive testing 
and evaluation (NDE/NDT) and subsurface sensing, however the 
solution of the arising inverse problem generally requires coping with 
several issues, namely non-linearity, ill-posedness, ill-conditioning and 
high computational costs. In this framework, the ELEDIA Research 
Center has proposed in the past years several methodologies to 
efficiently cope with such challenges, with particular attention to a 
suitable exploitation of the a-priori information of the imaged scenario 
[1], [2]. Focusing on the last years, several advances have been 
proposed concerning CS [1]-[5] and LBE-based [6]-[10] techniques as 
well as deterministic [11]-[13] or stochastic [14] optimizations based on 
multi-scaling approaches [4], [11]-[14], for ground-penetrating radar 
(GPR) imaging [5], [11]-[14], NDE/NDT [7], [8] and biomedical 
applications [9], [10]. 
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II. INVERSE SCATTERING @ ELEDIA – METHODOLOGIES AND APPLICATIONS 
 
Compressive Sensing-based techniques for inverse scattering have 
widely proven their effectiveness for retrieving the dielectric features of 
targets of different nature, ranging from weak scatterers to perfect 
electric conductors and considering different kinds of illuminations (i.e., 
transverse magnetic and transverse electric waves, multi-frequency 
approaches, etc.) [2]. However, the sparsity constraint which has to be 
satisfied on the problem unknowns with respect to a known expansion 
basis (e.g., pixel or Haar wavelet basis) implies the need of some a-priori 
information on the shape of the targets to be reconstructed [2]. The 
work presented in [3] relaxes such a requirement by proposing a 
hierarchical multi-level approach where at the first step multiple 
sparsity-regularized reconstructions are carried out considering a 
dictionary of basis functions and then a sparsity criterion is applied to 
determine the most reliable solution among the set of retrieved 
unknown vectors. Iterative schemes have been also proposed in order to 
increase the amount of information, besides the target sparsity, to be 
exploited during the reconstruction process [4], [5]. More in detail,  
innovative multi-resolution (MR) [4] and frequency hopping (FH) [5] 
approaches have been developed with the aim of progressively acquiring 
additional information throughout iterative procedures. A customized 
Relevance Vector Machine (RVM) has been used to find the solution at 
each iteration, constrained to encode the information on the zoomed 
region of interest detected at the previous iteration, in order to limit the 
search space.  
Advanced multi-resolution/multi-scaling methods, that combine the 
iterative procedure with a multi-frequency approach for a suitable 
exploitation of the frequency diversity of the wide-band GPR 
measurements, have been also proposed in [11] and [14], based on 
deterministic (the conjugate gradient method) and stochastic (the 
particle swarm optimizer) techniques, respectively. 
Innovative LBE approaches have been also investigated [6]-[10]. LBE 
methods have proven to be interesting approaches for enabling real-
time accurate and robust inversion of data for several applications [6]. 
Such strategies involve an off-line training phase for generating a 
suitable database of known input-output pairs, based on which the 
predictions are made during the on-line phase when processing new 
measurements. Innovative LBE methodologies have been developed at 
the ELEDIA Research Center, using support vector regression (SVR) [7]-
[8], [10] or support vector machine (SVM) [9] algorithms for making 
prediction in different applicative frameworks, such as the crack 
characterization in conductive structures [7],  the retrieval of the 
characteristics of a defect in a nondestructive testing and evaluation 
framework [8] by exploiting  eddy  current  testing  (ECT) signal, the 
real-time detection of brain strokes [9] and human chest monitoring 
[10]. 
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III. NUMERICAL EXAMPLE 
A selected numerical example is presented in this Section in order 
assess the effectiveness of the iterative MR-CS method [4]. A lossless ‘E-
shaped’ cylinder [shown in Fig. 1(a)] having contrast 1.0  is placed 
within a square investigation domain of side 0.6DL ,   being the 

wavelength corresponding to the frequency of the 60V  transverse 
magnetic plane-waves with incident angles Vvv /)1(2   , Vv ,...,1 , 

illuminating the region. The synthetic scattered field data have been 
computed in 60M  points equally spaced on a circular investigation 
domain of radius  5.4 . Figure 1(b) shows the reconstructed profile 

obtained at the step 4S  of the iterative multi-focusing strategy 
considering a signal-to-noise ratio on the scattered field of 10SNR  
[dB]. The result shows that the position of the scatterer has been 
correctly identified and its dielectric permittivity has been accurately 
retrieved despite the non-negligible amount of noise affecting the 
scattered field data.  
 

  
(a)      (b) 

 

FIG. 1  [E-shaped Scatterer, 1.0 , 10SNR [dB], 6DL ] – (a) Actual 

target profile and (b) MR-CS retrieved profile. 
 

IV. CONCLUSION 
In this paper a review of inverse scattering methodologies recently 
developed at the ELEDIA Research Center has been presented. The 
main aspects of the developed methods have been briefly discussed 
along with the novelties introduced with respect to the SoA approaches 
and their exploitation in different applicative scenarios. 
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Abstract 
This paper presents an overview of novel educational activities and tools for 
motivating, training, and supporting students as well as teaching staff in the 
field of Electromagnetism and Engineering science. Proposed approaches have 
been designed and experimentally validated within Bachelor and Master degree 
courses of the ELEDIA Research Center. 

Index Terms  educational tools, motivating students, online examination, 
scientific exams, tutoring, training.  
 

I. INTRODUCTION 
During the last years, institutions from high school to Ph.D. programs 
have started to introduce new teaching approaches and tools for 
improving the world of education and prepare students for their 
professional career. The role of teaching staff is not limited to standard 
activities such as frontal lessons and examination, but it includes the 
tasks of motivating students, sharing methodologies and tools for self-
evaluation, providing hints, options, and paths for their own grow both 
in industrial and research fields. In this framework, this work presents 
two relevant activities carried out by the ELEDIA Research Center for 
both educational and examination purposes.  
 

II. ELEDIA TALENT RESEARCH PROGRAM (ETRP) 
The ELEDIA Talent Research Program (ETRP) has been recently 
introduced by the ELEDIA Research Center as a novel approach to 
teaching and students education. ETRP is mainly focused on cultivating 
the students’ self-motivation as well as their critical analysis, for future 
interdisciplinary talents [1]. In such a framework, one of the key aspects 
is represented by the definition of a course or program and a set of 
exercises and exam problems, capable of providing a successful 
experience to the participants, encouraging them in improving their 
skills and capabilities, while reducing the high natural dropout of 
traditional courses, where practical works are somehow limited or 
neglected [2]. 
In particular, such a new teaching approach has been applied in the 
last years as the advance to the Electromagnetic Fields course of the 



 

330 

 

Bachelor Degree in Telecommunication Engineering at the University of 
Trento, since the academic year 2011-2012. During the ETRP program, 
several software laboratory exercises are carried out, allowing students 
to develop a more practical comprehension of the investigated topics 
that may appear difficult to understand if presented only from a 
theoretical point of view. To this end, additional hands-on activities are 
presented to students, which are free to participate to the program as 
volunteers without any obligation nor relation with the university career 
exams. For most of the students, the Bachelor Electromagnetic Field 
course is their first approach to such topics, therefore it is quite 
essential to motivate them and to improve the actual comprehension of 
the addressed topics. Therefore, students are involved in software and 
practical exercises mainly focused, at the beginning, on the analysis 
and learning of commonly used electromagnetic simulators both at 
research and industrial level. Prototyping is also carried out after an 
improved knowledge of the software suites, in order to improve the 
practical flavour of students as well as enhancing their expertise in 
antenna design and synthesis procedures. Students are also pushed to 
improve their capabilities in writing technical documentation, 
describing the developed activities and analysing and discussing the 
obtained results in a critical way.  ETRP students develop their activities 
under the supervision of a tutor, who is in charge of supporting and 
driving their training, while introducing them to the research teams 
actually working on the same or similar topics. Of course, one of the 
main goals of the tutor is enhancing the spirit of team collaboration, 
giving credit to the students results as part of the research team. In 
addition, depending on the students skills and wills, specific topics may 
be addressed in view of their future career. It is worth remarking the 
importance that laboratories and hands-on projects have on curricula, 
as giving credit to the capabilities and to the knowledge the students 
acquire during courses. 
 

III. SELF-EVALUATION AND FINAL EXAMINATION TOOLS 
In recent years, online examination systems have gained more and more 
popularity not only in distant education and massive open online 
courses, but also within high schools and academic institutions [2]. The 
traditional written examination is a very laborious and long process for 
teaching staff. In particular, the exam paper preparation and the 
correction require very careful attention as might lead to batch errors.  
Online examination systems are tools aimed to help both students and 
teachers within all phases of the process. In particular, the proposed 
system “ELEDIA E-XAM” supports and simplifies the examination 
process (i) by providing self-assessment evaluation that students can 
conduct anytime and anywhere in order to understand the preparation 
on each course topic, (ii) by granting security and fairness during the 
final examination as results are computed semi-automatically against 
formal rules implemented in the software, (iii) by minimizing the time 
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required for each exam session by the teaching staff to prepare and 
correct submitted exams, to publish marks, and finally (iv) by 
supporting the students consultation of corrected exam and the teacher 
during oral session, when required. The E-XAM system is based on 
state-of-the-art web technologies, any device equipped with an Internet 
browser can be used for taking the exam (e.g., a standard computer 
room as shown in Fig. 1) and for administration tasks such as the 
management of new exam calls and their correction. The examination 
service can be restricted to the Intranet of any local Institution or can 
be deployed remotely through the Internet accordingly to the modern 
cloud-oriented paradigm. 
The evaluation questionnaire is typically defined as a set of Multiple 
Choice Questions as shown in Fig. 2. The E-XAM platform provides also 
guidelines and tools for reformulating theoretic checks, theorems and 
exercises in the form of Boolean answers (i.e., student answers if the 
proposed statement is correct or wrong). For example, a theorem can be 
tested by having student to confirm the correctness of each step of the 
demonstration in which some conceptual, logical, or mathematical 
mistakes have been introduced. Nevertheless, the system supports more 
question types such as numerical input which is validated against  
given accuracy. A key feature of the proposed E-XAM system is the 
questions management. Once the master database of the course is 
initialized (populated with enough questions accordingly to examination 
complexity and length), new exam sessions can be created in few clicks 
as the system supports the pseudo-random selection of questions fitting 
objectives defined by the teacher, such as having a given number of 
questions for each topic. The initial creation and the maintenance of the 
master database is supported by semi-automated procedures for 
importing rich text, images and math (e.g., formatted in LaTeX), as well 
as by the inline question editor. The generated exam papers can be 
different for each student (i.e., questions and their statements are 
shuffled). Each answer provided by the student is associated to a 
positive or negative arbitrary score, in the case answer is correct or 
wrong, respectively. The exam correction and mark assignment is semi-
automated and instantaneous, nevertheless the teacher can modify and 
tune the approach used to convert the student score to the final mark 
in the given grade scale. 
 

IV. CONCLUSION 
In this work, paradigms and tools for motivating students and 
supporting teaching staff have been presented. Since the first launch of 
the ETRP program in 2011, more than 100 students have experienced 
the proposed track with success and willingness, considerably 
improving their academic and cultural growth. Moreover, the proposed 
online examination system E-XAM has been adopted in 22 international 
courses and schools in the field of Electromagnetism since 2016. 
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FIG. 1  A picture of Bachelor students taking the E-XAM of the course of 
“Electromagnetic Fields” in a standard computer room. 

 
 

 
 

FIG. 2  A screenshot of the online exam of “Electromagnetic Fields” showing 
an exercise on transmission lines formulated as Multiple-Choice question 
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Abstract 
In this work a review of synthesis and optimization methods for the design of 
next generation antennas for telecommunication and radar applications 
developed at the ELEDIA Research Center is presented. The main challenges 
and future trends are discussed, focusing on the design of clustered array 
architectures and complex electromagnetic devices. 
Index Terms  Antenna optimization, array clustering, contiguous partition 
method, System-by-Design, tiling.  
 
 

I. INTRODUCTION 
  

The radar and telecommunication industry is nowadays interested on 
advanced antenna systems able to afford high radiation performances 
and meet tight requirements in terms of physical size, modularity and 
implementative costs [1]. As instance, phased array antennas, usually 
characterized by high architectural complexity and costs, have recently 
became a key technology for new generation mobile communications 
systems [2]. Consequently, the development of synthesis and 
optimization methods, able to provide optimal trade-offs between 
costs/sizes and radiation performances, is still an active research area. 
According to the design constraints, different optimization 
paradigms/approaches, such as deterministic and evolutionary  
algorithms (EAs) [2]-[9], compressive sensing (CS) [10], [11], system-by-
design (SbD) [12]-[16], as well as useful mathematical theorems [3]-[7], 
have been exploited in order to provide optimal trade-off solutions to the 
antenna synthesis problem. Accordingly, this work presents an overview 
of the last innovative optimization-based methods developed at the 
ELEDIA Research center, as applied to the design of clustered array 
architectures, and high-complexity electromagnetic (EM) systems and 
devices. 
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II. INNOVATIVE DESIGN METHODS OF CLUSTERED ARRAY ARCHITECTURES  
 
The design of clustered array architectures has been widely studied 
starting from the seminal works addressing the problem of high 
quantization lobes arising when high clustering ratios and periodic sub-
array configurations are considered [1], [2]. The contiguous partition 
method (CPM) has been successfully applied for the optimization of 
linear and planar arrays, affording sum and/or difference beams, 
partitioned into a fixed number of clusters [3]. The sub-array amplitude 
coefficients have been optimized using efficient excitation matching 
techniques or optimal convex optimizations. Recently a novel CPM-
based method has been proposed for the optimization of linear non-
uniformly clustered arrays, generating two different beams using the 
phases at sub-array level [4]. The clustering configuration is obtained 
by means of a global optimizer, while optimal compromise phase 
coefficients are computed using an excitation matching strategy.  When 
the sub-arrays are required to have pre-fixed sizes and shapes, 
modular-constraint methods have to be used. As instance, the 
synthesis of clustered arrays [10]-[11], starting from a dictionary of sub-
arrays having fixed sizes, has been proposed for linear geometries, 
using a CS-based technique. When dealing with planar array layouts, 
tiled array methods have been recently presented [5]-[7]. By exploiting 
mathematical tiling theorems, the optimal (i.e., complete) covering of the 
antenna aperture is assured, in order to maximize the directivity and 
the aperture efficiency of the array. The possibility to build the entire 
antenna as a tessellation of few tiles shapes, further decreases the 
production costs and allows an easier maintenance of the array. In this 
framework, domino [5], [6] and diamond [7] tiles shapes have been 
proposed as simple elementary building blocks of rectangular and 
hexagonal shaped arrays, respectively. Efficient tiling algorithms have 
been exploited for the optimization of irregular sub-array configurations 
by means of exhaustive methods and genetic algorithm (GA)-based 
optimizers, in order to deals with small and large aperture arrays [5]. 
Moreover, multi-objective optimizations approaches have been also 
recently investigated [6]. Future extensions of the proposed methods 
regard the optimization of very-large array, exploiting suitable graph-
based representation of the solution space, enabling the use of efficient 
local search techniques and exploiting the symmetries among different 
tiling solutions.  
 

III. SYNTHESIS OF COMPLEX ELECTROMAGNETIC SYSTEMS AND DEVICES 

THROUGH THE SYSTEM-BY-DESIGN PARADIGM 
 

Complex EM design problems are still a challenging task in terms of 
required computational resources and simulation time. Even if powerful 
computational machines are nowadays available, the synthesis of 
complex EM systems and devices is still difficult to solve in a reasonable 
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amount of time. By exploiting the recently introduced SbD paradigm 
[12]-[16] AEs-based approaches have been enabled for addressing 
complex synthesis problems, such as the design of metamaterials based 
devices [13] and wide-angle impedance matching (WAIM) layers [14]. 
More recently, the SbD has been proposed as an effective strategy for 
the synthesis of antennas for satellite communications [15], affording 
satisfactory designs in reasonable amount of time. Moreover, the 
synthesis of electrically-large radomes for airborne applications has 
been addressed in [16] exploiting a Learning-by Examples (LBE) 
technique for efficiently evaluating each trial solution without the need 
of accurate but time-consuming EM full-wave simulations. 
 

IV. CONCLUSION 
 
A review of the optimization and synthesis techniques for the design of 
antennas for telecommunication and radar applications, recently 
developed at the ELEDIA Research Center, has been presented. The last 
methodological advancements and future trends, focusing on the 
optimization of clustered/tiled array architectures and the synthesis of 
complex EM systems within the SbD framework, have been discussed.  
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Abstract 
Wireless sensing technologies are widely exploited nowadays as enabling 
several applications and diversified services. Indeed, monitoring systems are 
often the base for advanced processing and analysis mechanisms, that allow to 
enhance the amount of information collected by the sensing devices and, in turn, 
to support daily life operations. Therefore, the capability to sense heterogeneous 
data with delocalized small devices spread around even large environments, as 
well as performing real-time acquisition and processing, has allowed the 
extensive use of wireless sensing technologies. In such a framework, the paper 
discusses the recent advances the ELEDIA Research Center is carrying out 
regarding pervasive computing and monitoring systems, also referring to 
applicative examples, experimentally validated, mainly concerned with the 
preservation of cultural heritage, the increase of road safety, and the precision 
farming paradigm, through specific sensing platforms and decision support 
systems designed and implemented for the scope. 
Index Terms  Decision support systems. distributed wireless monitoring, 
pervasive computing, wireless sensor network 
 
 

I. INTRODUCTION 
  

Recent advances in communication and wireless technologies have lead 
to an increasing interest for distributed wireless monitoring and 
pervasive computing applications. In particular, Wireless Sensors 
Networks (WSNs) represent a widely used technology, thanks to the 
provided features such as low-cost and easy installation, which allowed 
a rapid increase in the use of wireless-based systems as an alternative 
to wired-based networks [1]. 
Among all, particular focus is given to those applications aimed at 
improving situation and security awareness as well as supporting daily 
life decisions, which may be related to several applicative fields, such as 
preserving cultural heritage works, improving road security, or 
enhancing the efficiency and the quality of farming productions. 
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To this end, the use of low-cost and low-power wireless technologies is 
highly exploited, thus allowing the design of innovative solutions toward 
the definition of smarter environments, improving the overall 
exploitation of finite resources available nowadays. 
In this framework, the ELEDIA Research Center is working on the study 
and design of innovative solutions through the implementation of 
wireless sensing platforms to be spread around the scenario under 
analysis and whose data are accurately processed and managed by ad-
hoc decision support systems developed in order to improve and 
simplify end-users’ actions, as the actual response to the sensed 
environment. Therefore, the paper is focused on the discussion about 
the recent advances and results obtained in the field of distributed 
wireless monitoring and decision support systems. 
 
 

II. WIRELESS SOLUTIONS FOR CULTURAL HERITAGE 
 
Cultural heritage represents an inestimable asset as inherited by 
ancient ages, composed by artworks of any kind, such as statues, 
frescos or even entire buildings. Therefore, particular focus is given to 
the health monitoring of such structures. In detail, several 
methodologies have been defined at the state of the art, mainly 
classified as destructive and non-destructing testing. In the former 
case, the test implies the analysis of the structure material, thus 
allowing the possibility to determine material features not identifiable 
via non-destructive testing. Nevertheless, this implies the structure 
impairment in order to collect structure samples to be analyzed. 
Considering non-destructive testing, instead, continuous inspection of 
the structure must be performed, such as visual inspection, but thanks 
to the advances in sensing technologies and computer science, several 
approaches based on the analysis of propagating waves (i.e., acoustic, 
mechanical, electromagnetic waves) can be efficiently exploited [2]. 
Therefore, in such a framework, a wireless monitoring system for 
damage detection is under design and development, taking advantage of 
the heterogeneous data acquired by diversified sensors (i.e., 
temperature, humidity, accelerometer, vibration sensors), subsequently 
processed by a machine learning approach in order to investigate if 
potential damages may arise in the monitored structure [3]. Preliminary 
results demonstrate the potentialities of the proposed system, allowing 
an appreciable detection accuracy (i.e., about 67%). 
 
 

III. WIRELESS SOLUTIONS FOR ROAD SECURITY 
 

Security on roads is transversely investigated nowadays, in order to 
improve drivers’ awareness of risks they may be involved in, as well as 
trying to properly prevent them by assisting road-users while driving. In 
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such a framework, particular attention is also given to the wildlife 
monitoring at the road sides in order to prevent potential collisions with 
the incoming vehicles. 
To this end, a distributed wireless monitoring system has been 
developed for the real-time detection of wildlife road-approaching and 
road-crossing events. In particular, the implemented system is based on 
the Doppler radar technology, which allows the definition of the so-
called “security area” at the road sides, where wildlife is promptly 
detected. In addition, the system has been validated on a real test-site 
in the Alp regions for more than one year, demonstrating good detection 
capability of road-crossing events, about the 78% of all the occurred 
real events, as well as good system robustness and stability [4], [5]. 
Additional activities are currently under development in order to 
improve the system potentialities, making it conformable to different 
wildlife species, such as boars, which actually represent a relevant 
problem for the road security in the north-mid Italy as well as in many 
other countries. 
 
 

IV. WIRELESS SOLUTIONS FOR PRECISION FARMING 
 

Wireless technologies have been widely adopted for precision agriculture 
applications, such as smart irrigation management [6], continuous 
monitoring of the crop status, and phytosanitary treatment [7]. 
In such a framework, a decision support system has been developed in 
order to sustain the farmer decision and activity in agro-chemical 
treatment processes. In particular, starting form a set of wireless 
sensing devices, spread around the orchard, the heterogeneous 
acquired data are properly processed by the implemented spatialization 
algorithm and accurately integrated with additional external 
information, such as models and weather forecast. This mechanism 
allows to reduce the need for high density WSNs and to manage 
different set of data, which can be correlated a-posteriori, improving the 
actual set of knowledge about the monitored crop. 
The proposed system thus actually allows the support to the farmer in 
decisions making on the usage of phytosanitary products and, for each 
treatment, the farmer is also supported on the quantification of the 
proper dosage in order to optimize the amount of agro-chemical product 
to be used. This mechanism also allows different spatial treatment 
concentration sprinkling, depending on the actual needs of the local 
crop as well as on the effective evolution of investigated parasites, as 
determined by the implemented methodology. 
An experimental testing on a real vineyard in the north Italy has 
validated the actual working of the system, demonstrating good 
capability in the detection of localized arising infections, as well as in 
the identification of the agro-chemical product and related dosage to be 
applied. 
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V. CONCLUSION 
The paper has been focused on a general review of the main recent 
activities carried out by the ELEDIA Research Center regarding 
distributed wireless monitoring systems and decision support systems. 
The discussed solutions take advantage of both such paradigms, 
namely starting from the sensed data, additional improved processing is 
applied in order to support end-users’ actions. 
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Abstract 
Microwave-induced heating can be regarded as an interesting, cost-effective and 
eco-friendly possibility to solve issue related to agriculture. This paper deals 
with the computational modelling of nonlinear microwave heating of soils in 
metal raised bed cultivations inside greenhouses. Non-linear Multiphysics 
simulations are carried out modeling dielectric properties of soil, in terms of 
composition and actual temperature, and accounting for the exact thermal and 
electromagnetic conditions in raised beds inside the greenhouse. The 
disinfection is directed to noxious agents, such as fungi, insects or weeds, such 
as Sclerotium rolfsii, Mediterranean Fruit Fly and ryegrass or fleabane. 
Simulations results for microwave disinfection procedure are critically discussed 
and compared to the traditional solarization technique. 

Index Terms − computational modeling, disinfection, mediterranean fruit fly, rf 
in agriculture, microwave.  

 
 

I. INTRODUCTION 
 

Farmlands and cultivations preservation from agricultural pests is a 
relevant issue in agricultural production [1]. Scientific community is 
searching an innovative technique with the potential of eliminating 
insects, soilborne pathogens and/or weeds avoiding the use of 
chemicals, minimizing the impact on the product quality and which can 
be employed on bare soil, in greenhouses and raised beds [1], [2]. 
Raised beds are employed to face the increasing demand for production, 
reducing water consumption and CO2 emissions for several crops of 
shallow, medium and deep rooting, namely tomatoes, corn, cucumber, 
watermelon, rice [2]. Heat treatments are the most popular non-
chemical way to reduce and control the populations of soilborne 
pathogens [1]. Thermal quarantine methods have the aim of rising 
system temperature over a lethal threshold value to inactivate noxious 
targets. Thermal death, long-term lethal effect and chronic mortality are 
caused by denaturation or coagulation of cellular proteins, irreversible 
damage to the cell wall and accumulation of toxic products [1]. The 
most traditionally employed thermal methods is solarisation, i.e. the 
use of solar energy to heat the 
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soil and then disinfect it [1]. This method is very low-cost but its 
duration is several months long. On the other hand, use of microwaves 
(MWs) for soil sterilization, instead, is a faster, though more expansive, 
way to eliminate soilborne pathogens [1], [3], and can be used beside 
farmland geographical location. However, because of its cost, MW 
heating requires a careful trade-off between time and cost to devise the 
most effective treatment [4]. This trade-off can be only performed if 
accurate evaluation of the interaction between soil and MW and the 
thermal fluxes in the soil itself is available [3], [4]. As a matter of fact, 
this evaluation requires the knowledge of soil physical properties and 
the non-linear interaction between thermal and microwave field.  
 

II. SOIL ELECTROMAGNETIC PROPERTIES, THERMAL MODEL AND 

GEOMETRY 
 

Soil is a heterogeneous medium, i.e. a mixture of clay, silt, sand and 
grave, but also water and air, and its texture is one of the most 
determinant of the amount of water (humidity) retained in its pores [3]. 
The complex dielectric constant depends on all these components [4], 
and therefore it is possible to write it as: 
 

( )
( )

' ' ' '
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where θw is the volume fraction of water in wet soil, T is the 
temperature, whereas εw is the dielectric constant of water [5] and θs is 
the solid volume fraction, whilst εs is the dielectric constant of the solid 
components [4] and θa is the dielectric constant of air in the soil, 
determined as the difference between porosity and θw. In this work is 
considered a soil with 29% of sand, 50.1% of silt, 20.9% of clay. 
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Fig. 1.  a) Raised bed cultivation system in greenhouses. The system consists 
of a box in metal or wood with a length L = 60 cm, a width of 30 cm (here not 
shown) and a height h = h1+h2 = 1 m. Soil is deposited on a thermal insulant 
polymeric film, e.g. Styrofoam. b) The equivalent transmission line model for 
soil, Styrofoam and the bottom, assuming an impinging plane wave of 11 kW 
m-2 at 2.45 GHz. c) Spatio-temporal distribution of soil temperature. 
Microwave power is turned off at 15 min. d) Local impedance as a function of 
soil depth inside the raised bed, for different time during MW exposure. 

 

 
    For the raised bed system shown in Fig. 1a, assuming an incident 
plane wave at the working frequency of 2.45 GHz, with a power of 11 
kW m-2 it is possible to calculate the dielectric constant and the field 
inside the raised bed using a transmission line model (Fig. 1b) [4], 
whose parameters depend from the field. This leads to a non-linear 
coupling between thermal and electromagnetic (EM) field, which is 
solved using a Finite Difference Time Domain (FDTD) scheme as 
described in Ref. [4]. at the end of the system the impedance is the 
input impedance of the dielectric insulating layer, backed by the PEC, 

and is therefore equal to ( )tanc p p pZ j tζ β=  , where ζp and βp are the 

characteristic impedance and the propagation coefficient of the 
styrofoam, and tp its thickness. To describe and quantify the space- and 
time-variant nature of the soil heating, the following heat equation must 
be solved: 
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2
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where k is soil thermal conductivity (2.47 W m-1 K-1), whilst ρ its density 
(1400 kg m-3), and C is the specific heat at constant pressure (893 J kg-

1 K-1). The term Pt is the thermal power generated by MW heating, in 
Wm-3. 
The biological target is Mediterranean fruit fly in this work [6]. The 
death kinetics of these insects is reported to respect the following 
relation [6]:  

0

0

n

t

Nd
N Nk

Ndt

 
 
   = −  

 
  (3) 

 
where kt is thermal death rate constant in min-1 and has an Arrhenius-
like dependence from temperature [6], n is reported to be equal to 0.5 



344 

 

[6] and N and N0 are the surviving and initial numbers of insects 
respectively. Data are available for 46, 48, 50, and 52°C. The simulation 
was run to obtain a total disinfection, i.e. N/N0~1e-9. 
   

III. RESULTS 

 
The temperature distribution against time and raised bed depth is 
presented in Fig. 1c for the soil under investigation. 
This simulation indicated that any egg or third instar of a 
Mediterranean fruit fly in the soil can be killed after 15 min at 83 °C [6]. 
Comparing the temperature pattern obtained in the raised bed case 
with non-linear one [4], which consider a semi-infinite space, it is 
possible to notice that wave reflection determines a different dielectric 
heating. This result in higher temperature values and heating rate, 
which can be defined as the average temperature increase in 1 min. 
This heating rate is around 3.33°C/min for the semi-infinite soil and 
increases to 4.6°C/min in our case. Hence raised beds may allow an 
effective MW disinfection treatment with respect to open cultivation 
case. 

The propagation into the bed soil depends in a significant way on the 
metallic termination, and this influences heating. Therefore, the 
modulus of the local impedance as a function of depth at the initial time 
is depicted in Fig. 1d.  
The impedance exhibits an almost constant trend for the first few 
centimeters, i.e. circa 12 cm, and then starts to oscillate. When the 
feeding MW power starts heating the soil bed, the local impedance 
slightly varies from the initial situation, as reported in Fig. 1d. The 
performed analysis allows to devise a suitable matching of the radiant 
device and hence to optimize the disinfection performance for any given 
field. 
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Abstract 
In this work a uniplanar electromagnetic bandgap structure is presented, for 
antennas and microwave circuits working in the UHF frequency band. The 
proposed configuration is fully planar, easy to fabricate, and based solely on 
metallic surfaces on layer interfaces, without the use of vias or other kinds of 
vertical connections. 
Index Terms − AMC cells, UHF applications, UC-PBG Structures.  
 
 

I. INTRODUCTION 
  

Electromagnetic bandgap (EBG) structures are becoming very important 
in modern design of antennas and microwave components, since these 
periodic structures resonate at certain frequencies, presenting filtering 
characteristics which can be used in the microwave region of the 
electromagnetic spectrum, in the design of filters or for reducing the 
coupling between circuit components [1]. The central frequency and 
extent of the stopband can be controlled by the geometry of the metallic 
cell constituting the EBG structure. These bandgap properties can be 
exploited for the design of microwave components, providing features 
like compactness, broadband behavior or high gain. An EBG structure 
can be designed in order to act like an artificial magnetic conductor 
(AMC) at certain frequencies. In AMCs, the surface current effects are 
negligible with respect to a PEC, and the image current (referred to the 
ground plane of the structure) is in phase with the current source. 
Therefore, AMCs are very promising in the design of microwave 
components, where they are typically used to replace the metallic 
ground planes. The central frequency and extent of the stop-band of an 
EBG cell can be controlled by the geometry of the cell itself. Some well-
known EBG structures are the uniplanar compact photonic band gap 
(UC-PBG) proposed by Itoh [2] and the Sievenpiper “mushroom” high-
impedance surface [3]. The mushroom-like structure [3] has been 
extensively used and implemented, but the presence of several via holes 
and vertical metallic connections places a severe constraint on the 
fabrication process and limits potential applicability of this kind of EBG 
structure. Planar EBGs allow to avoid the complexity of via connections 
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that the EBG structure has a resonant frequency of 868 MHz, with a 
working bandwidth (reflection coefficient phase within -90° and 90°) of 
about 30 MHz. 
 

III. CONCLUSION 
 

An EBG structure working in the UHF frequency band is presented. The 
proposed EBG is very compact, has an easy fabrication, and is fully 
planar, without the use of vias or other kinds of vertical connections. 
The proposed structure can be used for wireless communications in the 
UHF band, and is particularly suited for RFIDs, where the production 
cost and the component size are critical points. 
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Abstract 

 
An improved dielectric model for the prediction of complex permittivity of blood 
as a function of frequency and glucose concentration is proposed in this work to 
strongly enhance the accuracy in the design of microwave sensors for blood 
glucose sensing. Preliminary numerical simulations are also discussed to 
support the proposed approach. 
 

Index Terms−Blood glucose, Microwaves, Microstrip sensor, Non-invasive 
sensor.  

 
 

I. INTRODUCTION 
  

One of the most appealing topic in current research is the study of the 
interactions between electromagnetic fields and biological systems, such 
as human body. Studies are particularly addressed to the development 
of innovative technologies being able to exploit electromagnetic 
diagnostics methods for the non-invasive monitoring of biological 
parameters, to be helpful in the framework of healthcare systems. 
Diabetes is one of the most widespread chronic diseases in the world, 
which is more and more spreading, due to increasing aging population 
and wrong lifestyles. Nowadays, the main drawback is due to the fact 
that usual monitoring tools, such as glucometers, are mostly invasive in 
nature, and they inhibit a continuous monitoring of blood.To face this 
problem, the adoption of microstrip technology has been recently 
proposed for the realization of low-cost microwave sensorsable to exploit 
the correlation between the blood permittivity and the blood glucose 
levels. However, most of existing microwave sensor designs assume 
approximated dielectric models, thus limiting the accuracy in the 
reconstruction of blood glucose concentration (BGC). In this present 
work, a new enhanced version of the Cole-Cole model is proposed, 
which properly considers the variation of both real and imaginary parts 
of the blood permittivity when changing the glucose concentration and 
the operating frequency. Preliminary numerical results are also reported 
to show the effectiveness of the proposed approach. 
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II. ENHANCED COLE-COLE DIELECTRIC MODEL 
 
The Cole-Cole model gives an efficient and accurate representation of 
biological tissue behavior, being at present the most reliable dielectric 
representation versus frequency. The expression in the form of multiple 
dispersion is given as [1]: 

 

(1) 

In the above form, the Cole-Cole model has a strong limit, as no 
correlation exists between the complex permittivity and the blood 
glucose concentration. For this reason, the Cole-Cole model in the form 
of multiple dispersion (1), with two poles (n=2), was modified in [2] to 
include the glucose level g, but uniquely in the real part. This modified 
form of the Cole-Cole model isexpressed as: 

 

 
 
(2) 

In the present work, an enhanced version of the Cole-Cole model is 
proposed, basically adopting the two poles Cole-Cole equation (1),but 
extending the modified equation (2) by including also a correlation 
between the imaginary part of the blood permittivity with the glucose 
concentration and the operating frequency. In order to obtain the result, 
a curve fitting was carried out using experimental datafrom different 
water-glucose solutions, which exhibit the same dielectric behavior 
when changing the glucose concentration and the frequency. The 
proposed dielectric model for blood plasma is given as: 

 

 
(3) 

It can be easily observed a dependency of the imaginary part from the 
glucose concentration as well as from the operating frequency. 
 
 

III. PRELIMINARY NUMERICAL VALIDATIONS 
 

In this section, the accuracy improvement introduced by the proposed 
model (3) is numerically validated on the microwave sensor 
configuration first reported in [3]-[4]. It is a standard inset-fed patch 
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antenna working in the ISM-band around a frequency f0=2.4 GHz. In 
thepresent work, a stratified medium well simulating the human finger 
[6] is considered, as reported in Fig. 1. 
 

 
(a) (b) 

FIG. 1−Microwave sensor (a) and stratified configuration(b) for numerical 
validations. 

 

As a first step, the dielectric model(2) is considered, which assumes the 
variation of the real part of the permittivity with respect to BGC, and 
the relative curves obtained from the sensor simulations on Ansys 
software are reported in Fig. 2. 

 
FIG. 2−Simulated return loss for different BGC (model as given by eq.(2)). 

 
As a second step, the enhanced model (3) proposed in the present work 
is applied in order to obtain the simulations results reported in Fig.3. 

 
FIG. 3−Simulated return loss for different BGC (model as given by Eq.(3)). 
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Finally, in Fig.4, the comparison between the return loss amplitude 
obtained from the two models at various BGC is reported. 

 

FIG. 4−Comparison of return loss amplitude vs BGC obtained from models (2) 
and (3). 

 
It is evident that the dielectric model proposed in this work gives higher 
amplitude variations when changing the BGC, thus revealing a better 
characterization of the loss tangent effect. 
 
 

IV. CONCLUSION 

 

An enhancedCole-Cole dielectric model, accurately predicting both the 
real part as well as the imaginary part of the blood permittivity as a 
function of both frequency and glucose concentration, has been 
proposed in this work. Numerical simulations have been performed as a 
preliminary validations, and the improved accuracy with respect to 
existing approaches in literature has been successfully demonstrated. 
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Abstract 
Electromagnetic propagation in urban areas at 3.7 and 28 GHz, two frequencies 
currently employed for the first preliminary experiments of 5G networks in Italy 
and in USA, is here considered. The analysis is performed both by theoretical 
considerations and by using a raytracing solver, previously developed by the 
authors to deal with traditional mobile networks and now adapted to the new 
range of frequencies to be used in the near future.  
 

Index Terms  5G, Electromagnetic propagation, millimeter waves, urban 
areas.  

 
 

I. INTRODUCTION 
  

The demand for faster and faster data transfer, and the development of 
the Internet of things (IoT) and of machine-to-machine (M2M) 
communications, are urging toward a new generation of wireless 
networks, namely, the fifth generation (5G). The most obvious way to 
obtain the necessary bandwidth is to move towards higher frequencies, 
so that use of millimeter (mm) waves is being considered [1]. 
Accordingly, a strong effort is being made by researchers to characterize 
propagation of mm waves in complex environments, such as urban 
areas [2]. This year, some mobile phone companies in Italy are starting 
an experimentation of 5G networks to test the achievable quality of 
service (QoS) [3]. This experimentation is performed at 3.7 GHz (the 
frequency band released by the Italian Government for this purpose), 
but a possible aim is to try to “scale” obtained results also to the higher, 
28 GHz, band, for which some results are available in recent literature 
[4].  

In order to support such ongoing studies and experimentations, here 
we present an analysis of propagation at 3.7 and 28 GHz, both by 
theoretical considerations and by using a properly adapted version of a 
raytracing solver that we developed some years ago [5-6]. 
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II. ELECTROMAGNETIC SOLVER 
 

The electromagnetic solver input is a digital description of the scene 
and of the transmitting antenna. The scene description is provided by a 
vectorial file in Planet or kml (Keyhole Markup Language) formats 
describing the buildings, and a raster file describing the terrain 
topography (Digital Terrain Model, DTM). Buildings' walls and terrain 
relative permittivity and conductivity can be also stored to account for 
the electromagnetic properties, that are frequency dependent.  

A vertical-plane-lunching (VPL) raytracing algorithm is employed 
that considers direct, reflected and diffracted rays. Reflections are 
treated by using Geometrical Optics (GO), whereas diffraction is 
evaluated by using the Uniform Theory of Diffraction (UTD).  

The electromagnetic field is computed on one or more regular 2-D 
grids ("layers") placed on surfaces at different fixed heights above the 
ground (or above the rooftop, if the grid point is in correspondence of a 
building). 
 
 

III. RESULTS 
 

Differences between the propagation results at the two considered 
frequencies may be due, of course, to the different values of 
electromagnetic parameters of building walls and soil. Another 
significant difference is the increase of scattered and absorbed power by 
small obstacles (cars, people, etc.) and by vegetation at the higher 
frequency. However, the main dependence in the line-of-sight (LoS) case 
is expected to be the free-space power loss increase with the square of 
frequency (for fixed-gain receiving antennas). In the non-line-of-sight 
(NLoS) case, where the main propagation mechanism is diffraction, a 
further power loss increase proportional to frequency is added, so that 
an overall loss increase with the cube of frequency is expected. This 
theoretical expectation is mostly confirmed by solver simulations. For 
instance, in Fig. 1 simulated field levels in an area in the Naples city 

center at 3.7 (a) and 28 (b) GHz are shown. In the area A, characterized 
by a LoS link, an average difference of about 18 dB (corresponding to 
the square of the frequency ratio) between results at the two frequencies 
is obtained; and in the NLoS area B, in which the dominant mechanism 
is diffraction, an average difference of about 27 dB (corresponding to the 
cube of the frequency ratio) is present. Finally, in the NLoS area C, 
characterized by the so-called “canyoning” effect, in which both 
reflections and diffractions play a role, an intermediate average 
difference of about 22 dB is obtained.  

It must be finally noted that, while atmospheric gases do not 
appreciably affect propagation at any of the two considered frequencies, 
attenuation by rain may significantly affect propagation at 28 GHz, see 
Fig. 2, where attenuation as a function of rain rate at 3.7 and 28 GHz is 
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plotted by using the empirical formulas of Olsen, Rodgers and Hodge, as 
reported in [7], page 404. The optional possibility to account for this 
further attenuation has been added to the solver of [5]-[6]. 

 
 

 
IV. CONCLUSIONS 

 
Electromagnetic propagation in urban areas at two frequency bands 

of interest for 5G wireless networks has been considered. Main sources 
of differences between propagation behaviors in urban areas at the two 
considered frequencies have been briefly analyzed.  

Performed analysis has only considered the received signal strength. 
However, the employed raytracing solver is also able to compute delay 
spread and angular spread: the former also affect the final QoS, and the 
latter can be exploited to devise the use of reconfigurable directive 
receiving antennas. Future work on these issues is planned.  

 
 

 
(a)               (b) 

 
FIG. 1  Received signal strength L, in dBm, in the area of Piazza Plebiscito, 

Naples, Italy. The (omnidirectional) transmitting antenna is represented by a 
red diamond. Transmitted power is 5 W. (a) 3.7 GHz (black: L<-100 dBm, red: 
L>-40 dBm). (b) 28 GHz (black: L<-100 dBm, red: L>-60 dBm). 
 

A A 

B B 

C C 
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FIG. 2  Attenuation by rain (in dB/km) as a function of rain rate (in mm/h) at 
3.7 and 28 GHz.  
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Abstract 
Breast cancer is one of the leading causes of death among women. In recent 
years, there has been an increase in the incidence rate, but the rate of death 
has decreased. This is also due to the improvement of diagnostic techniques, 
which are making possible to have diagnoses ever more precocious. However, 
all the techniques currently in use show limitations (such as the use of ionizing 
radiation) and therefore new imaging techniques are being studied. Microwave 
and millimeter waves imaging systems, based on the different behavior of 
healthy and tumorous tissues in the interest band, can be a viable alternative, 
so it is crucial to characterize the different human breast tissue up to 50 GHz. 
In 2014, in collaboration with the European Institute of Oncology in Milan, Italy, 
and in a project funded by the Italian Association for Cancer Research, a first 
experimental campaign on ex-vivo samples was conducted. In this paper, the 
results of a second experimental campaign, conducted in 2016 by the same 
team, are shown. 
 

Index Terms − Breast cancer detection; dielectric characterization; ex-vivo 
samples; dielectric properties; microwave and mm-wave imaging; sensitivity; 
specificity. 
 

I. INTRODUCTION 
  

Breast cancer is the most diffused disease among women in the 
world. Nowadays, it is one of the first cause of death between women. 
However, during the last years, the improvement in diagnostic 
techniques and in knowledge about cancer are allowing to decrease the 
death rate, despite the increase in the incidence rate [1], [2].  
Nevertheless, the well recognized limitations of the actual screening 
methods for breast cancer detection are requiring new imaging 
techniques. In particular, the three most commonly used techniques are 
the X-ray mammography, the ultra-sound echography, and the 
magnetic resonance imaging. However, all of them show important 
limitations, such as the woman exposition to ionizing radiation (X-ray 
mammography), the operator dependence as well as the suitability of 
making diagnosis only for dense breasts (ultrasound echography), and 
the requirement of very expensive machines (breast magnetic 
resonance), so for all these reasons new imaging techniques are 
welcome. 
Microwave imaging has been proposed as a promising alternative to the 
current methods. A number of prototypes have been proposed up to 
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now around the world at microwave frequencies [3]–[8]. However, the 
low central working frequency and the narrow band involved, do not 
give the possibility of making an early diagnosis fundamental point to 
increase the possibility of having successful pharmacological treatments 
[3], [9]. 
For this reason, higher central working frequencies and larger 
bandwidths are envisaged [10], [11]. This requires the dielectric 
characterization of breast tissues up to 50 GHz. In collaboration with 
the European Institute of Oncology in Milan, Italy, and in the 
framework of a project funded by the Italian Association for Cancer 
Research, a first experimental campaign on ex-vivo breast tissues have 
been performed in 2014, showing the high dielectric contrast between 
healthy and tumorous tissues up to 50 GHz [12], [13].  
This paper presents the results a second experimental campaign, 
performed in 2016, aimed at validating the results achieved in 2014. 
This second experimental campaign was carried out at the Pathological 
Anatomy Department of the European Institute of Oncology in Milan, 
Italy, involving the same experimental setup used in 2014 [12], [13]. It 
included 124 breast samples, 81 healthy and 43 tumorous, taken from 
45 different patients.  
 

II. EXPERIMENTAL CAMPAIGN 
 
The measurement setup is composed by an high precision open-ended 
coaxial probe (Keysight 85070E Dielectric Probe Kit), able of making 
measurements in a broad range of frequency [0.5-50] GHz, connected 
through an high-performance flexible coaxial cable to the Vector 
Network Analyzer, which is used to retrieve and store the dielectric 
permittivity of the sample under test. Fig. 1 shows the measurement 
system, same as for [12], [13]. 
Fig. 2 shows the comparison in terms of mean values and a variable 
region defined by ± 1 standard deviation. 
It can be appreciated that the results are very similar to those reported 
in [12] in terms of mean values, thus confirming the database, with 
variable regions that tend to be larger because of the reduced number of 
samples with compared to [12].  

 
Fig. 1 − Measurement setup. 
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(a)                                                      (b) 

Fig. 2 − Comparison between the relative dielectric permittivity of normal and 
tumorous tissues: (a) real part; (b) imaginary part. 

 
In addition, since each diagnostic technique is evaluated basing on its 
quality of identifying as sick one person which is really sick and on the 
contrary as healthy one person which is healthy (two percentage 
parameters take named Sensitivity and Specificity), these two values 
have been computed using the procedure explained in [14]. Fig. 3 shows 
the achieved results. 
 

 
Fig. 3 − Plot of Sensitivity (solid lines) and Specificity (dotted lines) versus 

frequency calculated for real (black lines) and imaginary (grey lines) part of the 
relative dielectric permittivity. 

 
III. CONCLUSIONS 

 
In this paper, the second experimental campaign on ex-vivo samples 
performed at the European Institute of Oncology in Milan, Italy, on 124 
breast samples, 81 healthy and 43 tumorous, taken from 45 different 
patients, was shown. Results are in agreement with [12]. 
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Abstract 
The massive data-rate required from future generation mobile systems demands 
a new prospective in the development of design methodologies of antenna 
arrays for mobile communications. This work is aimed at showing that data-rate 
performance of a mobile communication system can be maximized only if the 
design methodology takes into consideration the behavior of the propagation 
scenario rather than “conventional” pattern parameters. A numerical example, in 
a real test-case scenario, is shown to provide a preliminary proof of the 
proposed concept. 
Index Terms5G, array design, innovative design methodologies, MIMO, 
mobile communications   
 

I. INTRODUCTION 

Multiple-input multiple-output (MIMO) architectures for new generation 
mobile communication systems are required to deliver high data rates 
to multiple users with low connection latencies [1], [2]. In order to fulfill 
these challenging requirements, new antenna topologies such as 
Massive MIMO antenna arrays, have been addressed [2]. However, the 
complexity introduced from these new architectures further increases 
the need of methodologies able to deal with the design problem in an 
effective manner. Nowadays design methodologies for MIMO antenna 
array architectures are mainly focused on the design of solutions with 
optimal trade-offs in terms of pattern parameters [3], [4] and 
architecture complexity [5], [6]. The goal of this work is to provide a 
preliminary proof that the fulfillment of stringent constraints on the 
radiated pattern does not imply the optimization of the data-rate 
performance. On the contrary, architectures with an optimal data-rate 
performance can be achieved only by taking into consideration the 
characteristics of the propagation scenario within the design process.  

 
II. MATHEMATICAL FORMULATION 

Let us consider a point-to-point downlink MIMO scenario where one 
Base Station (BS) device, with N  elements, is serving one User 
Equipment (UE) device with M elements. At the BS device, the input 
data stream is fed to the N  radiating elements through the Beam-
forming Network (BFN) TXb .  
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At the receiver side, the m -th element of the UE device collects the 
signal 
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where )(tsn  is the signal transmitted from the n -th radiating 

element  of the BS device, )(tzm  is the noise signal and )(thmn  is the 

Green’s function of the propagation channel. Finally, signals from the 
M  elements of the UE device are decoded into the output data-stream 
by means of the BFN RXb . 
 When considering an AWGN noise with variance   and a transmitted 

power inP , the capacity value can be computed as [1],[7],[8]  
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where H  is the complex-conjugate transpose operator and H  collects 
the Green’s functions of each BS and UE elements pair.  

The Green’s functions in Eq. (2) have a fundamental impact on the 
data-rate performance that the system can achieve. In fact, it has been 
shown in [1], [7], [8] that the system can achieve the maximum capacity 
only if both BS and UE devices have a perfect knowledge of the 
propagation channel. Indeed, it has been shown in [1], [8] that the 

optimal sets of BFN weights opt
TXb and opt

RXb  can be computed from the 

single value decomposition (SVD) of the channel matrix HVUΣH   by 
choosing  

*opt
RX 1ub   (3) 

and  

1vb opt
TX  (4) 

where *
1u  is the first column of HU  and 1v  is the first column of V . 

 
III. NUMERICAL RESULTS 

Let us consider a mobile MIMO communication system operating in the 
realistic urban scenario, modeled as a “Madrid-grid” urban micro-cell 
environment [2], shown in Fig. 1.  

The BS device, placed in   mTX 0.7,0.205,0.129r  , has been 
modeled as a 3284   planar array with dipole elements placed with 
an inter-element distance equal to ][5.0 TXd . The UE device, placed 

in   mRX 5.1,12.264,24.287r , has been modeled as 2M  dipole 

elements placed along the z-axis at ][5.0 RXd  distance. Due to its 
position in the scenario and according to the “Madrid-grid” environment 
model the UE device will experiment a Non-Line-of-Sight (NLOS) 
condition [2]. The system operates at a frequency of ][2 GHz , the power 
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transmitted from the BS is equal to ][0 dBPin   and the AWGN noise 

variance at the receiver is equal to ][94 dB . 

 

 
FIG. 1  2D sketch of the considered scenario. 

 
In order to prove the proposed concept, the set of Green’s functions that 
characterizes the MIMO system in Fig. 1 have been simulated by means 
of the QuaDRiGa channel generator [9]. The data-rate performance as 
well as “classical” pattern parameters have been evaluated when 
considering:  (i) optimal BFN weights of Eq. (4) at the transmitter  and 
(ii) the set of BFN weights with uniform amplitude values maximizing 
the radiation pattern directivity in the UE direction. In both test-cases 

TXb  has been normalized in order to have 1TXb and opt
RXRX bb   as in 

Eq. (3). 
Fig. 2 shows the normalized power pattern as a function of the direction 
cosines, for the optimal BFN weights [Fig. 2(a)] and for the uniform 
amplitude weights [Fig. 2(b)]. Moreover, SLL  and maxD  pattern 

performance, as well as the capacity values, are reported and compared 
for the two test-cases in Table I. 
 

  
(a) (b) 

FIG. 2  Normalized power pattern in the (v,w) plane of (a) optimal BFN 
weights and (b) uniform amplitude weights   

 
By analyzing Table I and Fig. 2 it can be noticed that the pattern 
performance achieved in the second test-case is considerably better 
than the performance achieved in the first test-case. 
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TABLE I – PATTERN PARAMETERS AND CAPACITY VALUES COMPARISON 
 

 
 Optimal BFN 

weights 
Maximum directivity 

BFN weights 

SLL   dB  52.0  80.12  

maxD   dB  21.10  64.16  

C   Hzbps/
 

265.0  019.0  
 

However, Table I shows that the capacity value in the second test-case 
is notably lower if compared with the capacity value achieved in the first 
test-case. 
 

IV. CONCLUSION 
In this work it has been shown that design methodologies for new 
generation mobile communication systems must take into consideration 
the characteristics of the propagation channel to achieve solutions with 
the optimal data-rate performance. Moreover, it has been shown that 
optimal performance in terms of pattern parameters, such as the 
sidelobe level or the directivity, does not imply optimal performance in 
terms of achieved data-rate. 
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Abstract 

 
This communication describes the outcomes of a feasibility study on the use of 
microwave imaging for detecting food contamination in products moving along the 
production chain. To cope with this challenging scenario, in which the 
measurement time is reduced and only a limited amount of data is available, an 
imaging strategy taking advantage of the target’s movement and of the small size 
of the sought contamination is developed. The rationale of the approach is 
described  and assessed in a simple, yet meaningful case. 
 

Index Terms  microwave imaging, non-invasive diagnostics, food inspection, 
food security, food safety.  

 
I. INTRODUCTION 

  
Foreign body contamination is among the main causes of costumers’ 
complaint against food manufacturers, resulting in loss of brand loyalty 
and large recall expenses [1]. Food industry is particularly exposed to 
these type of problems, especially nowadays that aware consumers place 
much more attention to the quality and integrity of purchased food. 
To cope with these issues, technologies such as metal detectors (MD), X-
ray (XRI) and near infrared (NIR) imaging are currently adopted. However, 
the occurrence of incidents remains significant. As a matter of fact, these 
technologies suffer several limitations. For instance, MD can only detect 
metallic objects, whereas XRI cannot easily recognize low-density foreign 
objects such as most plastics, thin glass and wood (the most common 
type of contaminants) and can be harmful for operators. Finally, NIR 
techniques are rapid and safe but limited by the short penetrating length 
and the strong absorption in water. For these reasons, novel technologies 
must be developed to address all the requirements of food-industry. 
Among the possible candidates, microwave technologies represent an 
attractive, cost-effective option [2]. In fact, food characteristics (e.g., water 
content) affect the food EM properties at microwaves, which are in turn 
detected by EM devices.  
In this communication, the use of microwave imaging for food inspection 
is investigated with respect to a challenging case study relevant to a broad 
range of users. In particular, the validation concerns the assessment of 
a plastic or glass jar containing semi-solid food (e.g., jam, chocolate-
based spreads, honey or baby food), moving along the production chain. 
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The goal is to detect the presence of foreign bodies (e.g., plastic or glass 
fragments), whose size is as small as a few millimetres. 
 

I. RATIONALE OF THE DEVELOPED MONITORING SYSTEM 

 
In the considered scenario, the movement of the object under test poses 
definite constrains on the speed of acquisition (and therefore amount of 
available data) and elaboration. As such, developing an MWI device 
capable to assess products without interrupting or delaying the 
production process requires suitable strategies to cope with these 
aspects.  
To this end, we have explored the feasibility of a “synthetic aperture” 
approach, by considering just a pair of antennas placed at the sides of 
the chain, see Fig.1(a).  The relative movement of the object under test 
with respect to the measurement device is exploited to introduce the 
“diversity” in observation needed to implement a tomographic imaging 
algorithm, see Fig1(b). It is important to highlight that, in this 
arrangement, no “cross-position” information is however available.  
In addition, to enable real-time monitoring, a “model-based” differential 
imaging approach based on the distorted Born approximation [3] has 
been developed. In particular, the tomographic images are obtained by 
processing the data obtained from the difference of the signals measured 
for the object under test and those measured for a “standard” – i.e., 
uncontaminated - object. Such an approach is reasonable in this kind of 
applications, wherein objects are indeed expected to be identical. 
Moreover, given the small size of the sought contaminations, it is further 
reasonable to assume a linearized model of the electromagnetic 

scattering, as the one underlying the adopted approximation.   
 

II. IMPLEMENTATION AND NUMERICAL ASSESSEMENT 

 

By relying on the distorted Born approximation, the differential data from 
the current jar with respect to the reference one is given by 
 

 
FIG. 1  Conceptual scheme of the microwave device for food monitoring. (a) 
The target moving along the production chain probed by the two-antennas 

system; (b) the scenario modeled in the imaging problem. 
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Δ𝑆(𝒓𝑝, 𝒓𝑞) = −𝑗𝜔𝜖𝑏4 ∫ 𝑬𝑏(𝒓𝑝, 𝒓) ∙ 𝑬𝑏(𝒓, 𝒓𝑞)Δ𝜒(𝒓)𝑑𝒓𝐷 = 𝐿(Δ𝜒),           (1) 

  
where D is the domain of interest, p and q are the transmitter and the 

receiver probes’ indexes and Δ𝜒 is the variation of the contrast with 
respect to the reference scenario due to the food contamination. 𝑬𝑏 is the 
total field radiated by the p antenna in absence of Δ𝜒 (and in presence of 
the uncontaminated jar). L is the linear scattering operator, which relates 

the data Δ𝑆  to the unknown Δ𝜒 of the problem. 
The tomographic image is formed by using the Truncated Singular Value 
Decomposition (TSVD) scheme [4]: 
 Δ𝜒 = ∑ 1𝜎𝑛𝑇𝑛=1 <  Δ𝑆, 𝑢𝑛 > 𝑣𝑛              (2) 

 

where [𝑢𝑛, 𝜎𝑛, 𝑣𝑛] is the singular value decomposition of L in eq. (1), while 
T is the truncation index representing the  regularization parameter of 
the linear and ill-posed inverse problem in (1) and it is chosen as a trade-
off between accuracy and stability of the reconstruction.  
The considered testbed is the monitoring of a 3 mm thick glass jar filled 
with hazelnut-cocoa cream. The validation has been carried out with 
respect to a canonical 2D geometry, modelling the jar as an infinite 
cylinder and the antennas as line currents aligned with the cylinder axis.  
The first part of our feasibility study has dealt with the setting of the 
frequency range. A broad numerical analysis has shown that a frequency 
of about 10 GHz represents the best trade-off between penetration depth 
and achievable spatial resolution. Hence, nine evenly spaced frequencies 
with a step of 250 MHz in the range [9 – 11] GHz have been selected and 
used in the numerical validation.  
As a second aspect, the number of data points has been determined. To 
this end, assuming that the spacing between the jars moving along the 
chain is the same as their size (8.5 cm in diameter), a measurement line 
12 cm long, centred with respect to the jar, has been considered. By so 
doing, the antenna does not “sense” the presence of the previous or the 
following jar. The measurement line is positioned at 3 cm from the side 
of the jar (given the typical size of the belt) and 13 sampling positions 
(spaced of 1cm) have been considered.  
In the adopted frequency range, the electric properties of glass and cocoa 
cream are εglass=4.7, σglass=0 S/m and εcream= 3, σcream=0.25 S/m, 
respectively. The contaminant has been modelled as two plastic 
inclusions of 2mm in size, whose electric properties in the frequency 
range of interest are εplastic=2.3, σplastic=0 S/m . The testbed scenario is 
depicted in Fig. 2a. Synthetic data have been corrupted with a Gaussian 
noise with SNR = 60 dB on the total field. 
In Fig.2b, the reconstruction obtained via TSVD is shown. As can be seen, 
some replicas in the direction orthogonal to the measurement line are 
present. This occurrence is due to the lack of measurements on the left 
and right sides of the jar and is consistent with the spatial spectral 
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content of the operator L (not reported for the sake of brevity). To 
illustrate such an aspect and assess the obtained result, Fig2c reports 

the projection of the ground truth onto the first T singular functions 𝑣𝑛. 
As can be seen the two tomographic images are almost identical, 
confirming that the obtained result is the optimal one in the considered 
conditions.  
 

III. CONCLUSIONS  

 

We have presented a feasibility study on the use of microwave technology 
for food contamination monitoring, possibly exploitable on the production 
chain. The results from the presented analysis are promising, motivating 
further investigation concerned with an experimental proof-of-concept.  
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             (a)             (b)            (c) 

FIG. 2  Numerical example. (a) Reference profile. Red circles highlight the 
two plastic inclusions; (b) Normalized TSVD reconstruction; (c) Projection of 

the actual contrast onto the first T singular functions of L. 
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Abstract 
In this work, we investigate the optical properties of solution-processable organic 
semiconductors that are widely employed in the field of large-area, flexible and 
portable electronics. The refractive index and extinction coefficient of an n-type 
organic semiconductor (P(NDI2OD-T2)) were measured in the visible and near 
infrared range by means of spectroscopic ellipsometry. We also demonstrated 
integration of P(NDI2OD-T2) as a coating film of low-loss silicon oxynitride 
waveguides (SiON). Results suggest the possibility to integrate solution-
processable electronic devices on photonic integrated circuits and to realize 
organic transistors on photonic platforms.  

Index Terms  Organic semiconductors, Integrated optics materials, Optical 
waveguides, Photonic integrated circuits 

 
I. INTRODUCTION  

As photonics integrated circuits evolve toward complex on-chip 
architectures, integration of photonic devices with electronics is 
becoming mandatory to implement more sophisticated control and read-
out operations. Organic molecular materials, offering flexibility and low-
cost fabrication, can enrich conventional photonics platforms with new 
functionalities in order to develop next-generation photonic devices [1]. 

Solution-processable organic semiconductors have been widely 
studied in the field of large-area, flexible and portable electronics [2] 
These compounds together with soluble conductors and dielectrics 
enables the fabrication of complex organic devices solely through 
solution-based methods. Among these materials, poly{[N, N′-bis(2-
octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′-
(2,2′-bithiophene)} (P(NDI2OD-T2)) is a notable example of n-channel type 
polymeric semiconductor with high electron mobility in the order of 0.1 – 
0.96 cm2v-1s-1. [3]. However, few works report on the optical performance 
of solution-processable organic semiconductors, and the integration itself 
of organic electronic devices, such as organic transistors, on a photonic 
chip has still to be demonstrated. 

In this work we characterized the optical properties of P(NDI2OD-T2) 
in the visible and near infrared range and we integrated this material as 
a coating layer of silicon oxynitride (SiON) waveguides. Results suggest 
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the possibility to use P(NDI2OD-T2) as a an organic semiconductor 
material for the realization of electronic circuits integrated on an optical 
platform.    
 

II. FILM DEPOSITION AND OPTICAL CHARACTERIZATION 

P(NDI2OD-T2 thin films were deposited by spin-coating from a 5mg/ml 
toluene solution on a glass substrate for ellipsometry analysis. The film 
was then annealed in air at 80 °C for 15 min in order to evaporate the 
solvent and the final thickness determined by Atomic Force Microscopy 
(AFM) was of 60 nm. Consequent studies by AFM reveals the random 
orientation of the polymer fibril structures with the presence of elongated 
rod-like features and a surface roughness of 0.6 nm rms  (Fig.1b), which 
is well in line with the requirements of optical applications.  

Spectroscopic ellipsometry was performed on P(NDI2OD-T2) thin films 
(Fig. 1c) in the range between 400 nm to 1650 nm taking into account 
the anisotropic nature of the material. The absorption P(NDI2OD-T2) 
spectra in the UV-Vis range is characterized by two spectral features, one 
high energy peak around 390 attributed to the π−π* transition and a 
broader and lower energy band between 600 to 800 nm, depending on 
the solvent employed in the solution, attributed to the charge-transfer 

FIG. 1  (a) P(NDI2OD-T2) molecular structure (inset) and thin film 
photograph after spin-coating on a glass substrate. (b) AFM topography of 
the polymer film, exhibiting random orientation of the fibril structures. (c) 

Schematic representation of the film stack used for the ellipsometric 
measurements. (d) Refractive index n and extinction coefficient k in the 

wavelength range between 400 and 1600 nm of the P(NDI2OD -T2) 
determined by spectroscopy ellipsometry. 

 

a) b)

c) d)

π–π*charge‐transfer excitation
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(CT) transition.  For the ellipsometric data modelling were used two 
Lorentz oscillators at 390 nm and 660 nm. In the visible range, the 
refractive index of P(NDI2OD-T2) presents a minimum value of 1.5 at 600 
nm and maximum value of 1.84 at 800 nm, which is in agreement with 

results reported in the literature [4]. At > 1300 nm, the refractive index 
is around 1.7 and the extinction coefficient k was found to be lower than 
the accuracy provided by the experimental setup (<10-2) (Fig.1d).  
 

III. P(NDI2OD-T2)-COATED SILICON OXYNITRIDE WAVEGUIDES 

In order to accurately evaluate the transparency of P(NDI2OD-T2) in the 
near NIR range, a thin film of this material was used as coating material 
of optical waveguides. To this aim, we employed SiON rib waveguides with 

a cross-sectional geometry as shown in Fig. 2a. A 2.2-m-thick SiON core 
layer with a refractive index of 1.497 was deposited by plasma enhanced 
chemical vapour deposition (PECVD) on a SiO2 surface and was than 
etched by 500 nm by reactive-ion etching. The resulting waveguide index 
contrast is about 3.6 %. A solution of P(NDI2OD-T2) was then spin-coated 
on top the waveguides. Figure 2b shows the cross-sectional SEM image 
of a fabricated waveguide, where the 60-nm-thick P(NDI2OD-T2) films 
well follows the waveguide profile, demonstrating the effectiveness of the 
solution process deposition method for optical waveguide applications. 

Fig. 2 - (a) Schematic of the SiON waveguide covered by a thin film of 
P(NDI2OD-T2). (b) SEM cross-sectional image of a SiON rib waveguide after 

the deposition of a 60-nm-thick P(NDI2OD-T2) coating. (c) Normalized 
transmission of 1 cm long SiON waveguide before (black curve) and after 

(green curve) the deposition of the polymer upper cladding. (d) Attenuation 
of the P(NDI2OD-T2) film integrated in the SiON waveguide versus the 

waveguide width for TE (black circles) and TM (red squares) polarization.  

a) b)

c) d)

Variable waveguide width (1-4 µm)
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The waveguide fabrication process was performed at Polifab, the micro- 
and nanofabrication facility of Politecnico di Milano. 

Figure 2c shows the transmission of a 1-cm-long waveguide with a 

width of 2.5-m for TE and TM input polarization, before (black line) and 
after (green line) the deposition of the P(NDI2OD-T2) coating. A 
wavelength-independent loss increase by about 2 dB and 3 dB was 
observed for TE and TM polarizations, respectively. Taking into account 
the confinement factor of the TE and TM guided modes in the P(NDI2OD-
T2), amounting to about 0.4% and 0.6%, respectively, the extinction 
coefficient k of the material was found to be around 1.5 ·10-3. This low k 
value was confirmed by transmission measurements performed in the 
1550 nm wavelength range on SiON waveguides with a different width 
(Fig. 2d). Results suggests that across the typical length of organic 

transistors (in the order of 100-m), optical loss would be almost 
negligible (<0.03 dB), thus demonstrating the possibility to integrate 
organic electronic devices directly on top of optical waveguides.   

 

IV. CONCLUSION 

The optical properties of P(NDI2OD-T2) organic-semiconductor were 
measured by spectroscopic ellipsometry in the 400 nm - 1600 nm 
wavelength range. The refractive index n presents a minimum value of 
1.5 at 600 nm and maximum value of 1.84 at 800 nm. In the NIR n = 1.7 
and the extinction coefficient k is less than 10-2. SiON waveguides covered 
with a P(NDI2OD-T2) thin film show losses in the order of 3 dB/cm, 
corresponding to an extinction coefficient k = 1.5·10-3. Results suggest 
the possibility to employ solution-processable P(NDI2OD-T2) as an 
organic semiconductor to realize electronic devices, such as  organic 
transistors, on a photonic chip.  
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Abstract 

A broadband substrate integrated waveguide (SIW) by an additive manufacturing 
technique is presented in this communication. A Ninjaflex® filament has been 
adopted as 3D-printable material to implement the prototype via the fused 
deposition modeling (FDM) technique. This solution allows for the regulation of the 
infill percentage, thus affording the possibility to fabricate and characterize 
materials with different dielectric properties. In that way, two regions of different 
material’s density, produced using the same filament but with different infill 
percentage, have been used for the implementation of a substrate integrated slab 
waveguide (SISW), which allows increasing the single-mode bandwidth compared 
to a typical SIW. From the experimental results, it has been observed a 50 % 
bandwidth enhancement when comparing the fundamental and second modes of 
SIW and SISW. 

Index Terms − 3D printing, additive manufacturing, broadband interconnects, 
slab waveguide, substrate integrated waveguide. 
 

 
I. INTRODUCTION 

  
Nowadays, the implementation of the next generation of wireless sensors 
networks and the Internet of Things (IoT) require a thorough study on the 
novel possibilities enabled by the manufacturing of microwave 
components and systems by additive techniques and 3D printing [1]. In 
fact, beyond rapid prototyping and low fabrication cost, the 3D printing 
offers unprecedented flexibility and a completely new design scenario. 

Furthermore, one of the most common additive manufacturing 
techniques is represented by the fused deposition modeling (FDM), that 
permits to control the local printing density, leading to a modification of 
the dielectric characteristics of the 3D-printed elements with different 
infill percentage, in only one-pass fabrication process. [2] 

A substrate integrated slab waveguide (SISW) [3], which is a modified 
version of the standard substrate integrated waveguide (SIW) [4], [5] with 
increased single-mode bandwidth, is presented in this communication.  
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II. ADDITIVE MANUFACTURING AND MATERIAL CHARACTERIZATION 
 

The adopted material is the thermoplastic polyurethane called 
Ninjaflex® (filament diameter 1.75 mm), printed by using the commercial 
FDM Leapfrog Creatr 3D printer. To fully exploit the potentialities of the 
FDM technology, the variation of the infill percentage has been examined, 
leading to the possibility to vary the density of the 3D-printed material 
theoretically from 100 % (completely filled structure) to 0 % (hollow 
structure) [2]. This work benefits from this opportunity and it allows to 
design, manufacture and test both SIW and SISW structures. Both 
narrow-band (waveguide set-up) and wide-band (two lines method) 
measurements have been performed to retrieve values of the complex 
dielectric permittivity versus the infill percentage for the Ninjaflex®. [5],[6] 

 

III. DESIGN OF THE SUBSTRATE INTEGRATED SLAB WAVEGUIDE 
 

This Section is dedicated to the comparison of the bandwidth 
performance between a classical SIW and a broadband SISW, 3D-printed 
with the Ninjaflex® material. In particular, the SIW has been designed 

with 100 % nominal infill material (εr = 3.05 and tan δ = 0.05), to operate 
with cutoff frequency of the fundamental mode f1 = 3 GHz. The modal 
analysis of the unit cell leads to the geometrical dimensions w = 32 mm, 
d = 3 mm, s = 6 mm (Fig. 1a), resulting in a single-mode band spanning 
from f1 = 3.00 GHz to f2 = 6.00 GHz. Subsequently, the SISW was 
designed by using the commercial software Ansys HFSS with a cutoff 
frequency of the fundamental mode around f1 = 3 GHz. The SISW consists 
of a central portion with high-permittivity material (in this case, 100 % 

nominal infill, i.e., εr = 3.05 and tan δ = 0.05) and two side portions with 
low-permittivity material (obtained by decreasing the infill) [3], [5].   

 
   (a)                                                        (b) 

FIG. 1 − 3D-printed prototypes photos without aluminum foils attached:  
(a) 100% infill percentage SIW; 

 (b) 100% infill (central portion) and 25% infill (side portions) SISW. 

  
   (a)                                                        (b) 

FIG. 2 − 3D-printed prototypes photos with aluminum foils attached:  
(a) Prototype for the excitation of the fundamental TE10 mode; 

 (b) Prototype for the excitation of the second TE20 mode. 
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The single-mode bandwidth increases by decreasing the infill of the 
lateral portions, and that an optimal width v exists (infill below 25% is 
not considered as it does not guarantee sufficient mechanical stability). 
The maximum bandwidth was achieved with 25 % nominal infill (i.e., 

εr = 1.70 and tan δ = 0.01 and width v = 8.4 mm, without changing the 
other dimensions (Fig. 1b) [single-mode band spanning from f1 = 
3.06 GHz to f2 = 7.48 GHz]. Consequently, the use of the SISW topology 
leads to a 50 % enhancement of the single-mode bandwidth performance.  
 

IV. EXPERIMENTAL RESULTS 
 

Fabricated prototypes of the SIW and SISW (substrate thickness 
1 mm) are shown in Fig 2a and Fig 2b, respectively. Metal layers have 
been implemented by pasting adhesive aluminum foils and copper rivets 
have been adopted for the implementation of the metal vias [5]. Tapered 
microstrip transitions have been implemented for launching the 
fundamental mode of the two structures (Fig. 2a). Moreover, to assess the 
bandwidth performance, launchers for the second mode of the two 
structures have been implemented, by using a balanced power divider 
with 180° output phase shift (Fig. 2b), with the sole aim to identify the 
cutoff frequency of the second mode. Attenuation and propagation 
constants of the SIW and SISW have been determined experimentally by 
adopting the technique described in [7], which permits to de-embed the 
effect of the transitions. 

 
   (a)

 
   (b) 

 
    (c)

 
    (d)

 

FIG. 3 − Simulated and measured dispersion characteristics versus frequency 
of the first and second modes: (a) Attenuation constant for the SIW structure; 

(b) Propagation constant for the SIW structure; (c) Attenuation constant for the 
SISW structure; (d) Propagation constant for the SISW structure. 
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Simulated and measured dispersion curves of the first and second 
modes of the SIW structure, as in [5], are shown in Fig. 3a and Fig. 3b, 
highlighting a single-mode bandwidth of 3 GHz. Similarly, Fig. 3c and 
Fig. 3d show the simulated and measured dispersion curves of the first 
and second modes of the SISW structure: in this case, the single-mode 
bandwidth is almost 4.5 GHz, confirming the 50 % bandwidth 
enhancement with respect to the classical SIW structure. In addition, the 
attenuation constant of the second mode in the SISW (Fig. 3c) is smaller 
than in the second mode of the SIW (Fig. 3a): this is due to the lateral air-
filled portions of the substrate in the SISW, where the electric field of the 
second mode is more intense. This feature could be of interest for those 
structures that exploit the second mode, e.g., leaky-wave antennas. 
 

V. CONCLUSION 
 

Implementation and testing of a broadband SIW by an additive 
manufacturing technique has been highlighted in this communication. 
By exploiting the features of the FDM procedure, materials with different 
dielectric permittivity have been fabricated, tested and used for the 
implementation of a SISW, which covers a single-mode band 50 % larger 
than a standard SIW. Besides the broader operation bandwidth, the 
interesting characteristic of the proposed waveguide is the possibility to 
realize the structure in one-pass fabrication and using one single 
thermoplastic filament. While nowadays losses of 3D-printed structures 
are still large, many materials are currently under development for 3D 
printing, which are expected to exhibit significantly lower losses in the 
near future. 
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Abstract 
The electric and magnetic energy density distributions are key-parameters to 
improve the robustness of a wearable UHF RFID tag to the human body 
proximity, since they allow for a ground plane shaped while maintaining a 
limited antenna size. In this paper, such theoretical considerations have been 
discussed and assessed through both numerical analysis and experimental 
measurements, by optimizing the position of the radiating element of a wearable 
grounded UHF RFID tag operating at the ETSI band (865-868 MHz), with respect 
to its ground plane. In particular, the tag sensitivity has been measured as a 
function of the antenna-body distance by using an ad-hoc flexible tag 
characterization and performance evaluation platform. 
 

Index Terms  Body-antenna coupling, human-body proximity, RFID tag, 
wearable antenna  

 
I. INTRODUCTION 

 
The human body proximity represents a critical issue for wearable 
antennas performance [1], since, being a non-homogeneous lossy 
material, it considerably affects the antenna input impedance and 
radiation efficiency by causing a detuning of the antenna. This aspect is 

particularly critical in wearable Radio Frequency Identification (RFID) 
applications where a fully-passive tag is used to perform both RF energy 
harvesting and communication with the reader by using a really limited 
amount of energy. In this case, for instance, losses introduced by the 
human body can definitively break down the performance of the whole 
tag [2]. 
In general, even though single-layer antennas may be used for wearable 
applications, it is well-formed opinion that a relatively large ground 
plane is beneficial to limit the effect of the human body proximity on the 
antenna performance [1]. However, at low frequency bands (e.g. 
f<1GHz), there is no room to implement a large ground plane able to 
decouple the antenna from the body, nor does the wearer’s body act as 
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an effective reflector to reduce back radiation and increase antenna gain 
[1]. Hence, in [3] an energy-based design criterion has been proposed to 
improve the robustness of a wearable antenna by properly shaping its 
ground plane. 
In this paper, the position of a wearable radiating element with respect 

to its ground plane has been optimized by considering the design 

criterion proposed in [3]. Without loss of generality, a UHF RFID PIFA 

antenna has been considered, operating in the ETSI band (865-868 

MHz). A built-in-lab tag characterization system is used to measure the 

antenna performance as a function of both antenna-body distance and 

ground-plane placement, so experimentally validating the effectiveness 

of the described design considerations. 

 
II. ANTENNA DESIGN AND NUMERICAL ANALYSIS 

 
Starting from [5], an ad-hoc RFID tag PIFA antenna has been designed 

and fabricated on two 1.57-mm-thick RT/duroid 5870 substrates 

(εr=2.3, tanδ=0.002) in a stacked configuration, obtaining an antenna 

thickness H=3.2 mm. The antenna prototype is shown in Fig. 1a, while 

Fig. 1b shows the layout of the simulated model, and its geometrical 

dimensions are listed in Table 1. The overall antenna size is 

53mm×53mm, which corresponds to 0.154λ×0.154λ, being λ the free-

space wavelength at 866.5MHz. The antenna design has been optimized 

to achieve a power transmission coefficient () higher than 0.8 with a 

Monza 3 chip (ZCHIP=13-j151 Ω). 
In order to improve the antenna robustness with respect to the human 

body coupling, the ground plane size must be suitably increased to 

optimize the antenna performance, without enlarging too much the 

overall antenna size. The approach discussed in [3] suggests a ground 

plane extension toward the region where the electric energy density 

exhibits a peak. On such basis three antenna versions have been 

considered (Fig. 1) for the proposed study: Config. A represents the 

original antenna, whose dimensions are listed in TABLE 1; Config. B is 

obtained from Config. A by increasing the ground plane size and 

placing the PIFA open side close to the ground plane edge; Config. C is 

obtained from Config. A by increasing the ground plane size and 

placing the PIFA open side far from the edge.  

In order to numerically analyze the interaction between the antenna 
and the human body, an equivalent model at 866.5 MHz, consisting in 
a 5-cm-thick material with εr= 2/3*εr_muscle = 36, and σ = 2/3*σmuscle= 
0.62 S/m, has been considered during the simulation phase.  
The wearable antenna performance robustness has been studied by 

means of two metrics,  and   , which are computed as a function of 

both d and frequency, in the ETSI UHF RFID operative band by varying 
the distance ΔL between the PIFA open side and the ground plane 
border from ΔL=0mm (Config. B) to ΔL=25mm (Config. C). 
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 (a) (b) 
FIG. 1 - (a) Prototype of the designed wearable UHF-RFID PIFA and two 

modified versions with enlarged ground plane. (b) simulated antenna model 
 

TABLE 1 - ANTENNA GEOMETRICAL PARAMETERS 

Parameter Value Parameter Value 

A 53 mm E 17 mm 

B 53 mm F 6 mm 

C 27 mm D 1 mm 

 

In Fig. 2, the   (Fig. 2a) and    (Fig. 2b) curves have been plotted as a 

function of the antenna-body distance, for the three layouts of Fig. 1, 

and for two frequencies of the ETSI band: 865 MHz, and 868 MHz.  

 (a) (b)                                        
FIG. 2 - Simulated results for (a) τ and (b) τ×η vs. the antenna-body distance, 

for the three configurations shown in Fig. 1 in ETSI UHF RFID band. 
 

It should be noted that the Config. C performance is generally better 

and more stable than the Config. A and Config. B, both in terms of  
and τ×η. In particular, when the antenna-body distance varies from 0 to 

18mm, the parameter  of Config. C assumes values higher than 0.8, 

while its τ×η is always higher than -8 dB. On the other hand, Config. A 

and Config. B have similar performance when varying the antenna-

body distance, but their behavior is significantly worse than Config. C.  

Therefore, increasing the ground plane size towards the direction of the 

PIFA short-circuit side, not only makes the antenna more obtrusive but 

is also useless from the performance improvement point of view. 

 
III. EXPERIMENTAL RESULTS 

 
An antenna performance validation has been carried out to assess the 

numerical analysis presented in Section II. In particular, the behavior of 

×Gtag (where Gtag is the maximum gain of the tag antenna) as a 

function of the antenna-body distance, has been evaluated through the 

tag characterization platform proposed and validated in [4]. As for the 

setup, an artificial model of the human tissue has been synthesized in 

the laboratory by means of a specific saline solution, to mimic the body 

Config. A

Port

A

B A

B

A

B

ΔL=25mm

ΔL=25mm

C

D

E

F

Config. B Config. C
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average dielectric properties. The saline solution has been inserted in a 

PVC tank, arranged in front of the reader board antenna, and placed in 

anechoic environment, as shown in Fig. 3a.  
 

  (a) (b) 

FIG. 3 – (a) The tag under test applied on the saline solution tank emulating 

the human tissue. (b) Results in terms of ×Gtag 

By assuming a chip sensitivity equal to -20dBm, the τ×Gtag product has 

been estimated and plotted in Fig. 3b, as a function of the tag-reader 

antenna distance, d, in the range between 0 (tag attached to the human 

body) and 18 mm. The good agreement in terms of curves behavior with 

simulated results of Fig. 2 confirms that Config. C is the one assuring 

the better performance, thanks to the ground plane extended toward 

the direction of a peak of electric density. 

 

IV. CONCLUSION 

 

In this work the analysis of the proper positioning of the radiating 
element of a wearable UHF RFID PIFA with respect to its ground plane 
borders has been carried out both numerically and experimentally. 
Results confirm that antenna robustness is improved when the electric 
energy peaks appearing in the antenna reactive near-field region are far 
from the borders of the ground plane and provides guidelines for the 
development of compacts and efficient wearable RFID tags. 
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Abstract 
Modern active hand prostheses include myoelectric controlled electronics and 
actuators to restore the lost biomechanical functionalities. The feasibility of a 
wireless transcutaneous telemetry link based on the UHF Radiofrequency 
Identification is here investigated. The link should interconnect one or more 
implanted battery-less antennas with an external miniaturized and conformal 
reader’s antenna integrated with the prosthesis socket. Numerical models and 
preliminary laboratory experimentations demonstrated the possibility to 
successfully establish an RFID data link with a multiplicity of implanted tags even 
by using a low-power embedded reader (0.25 W) with a displacement-tolerance 
among interrogating and sensor antennas of 1-2 cm. 

Index Terms  Radiofrequency Identification, Robotic limb, Transcutaneous 
wireless communication, Implantable device. 

 
 

I. INTRODUCTION 
  

The hand is one of the most complex systems of the human body and its 
loss has a serious physical and psychological impact. Among the most 
advanced prosthetic hands available today, there are that can be 
controlled by the electromyographic signals generated during the 
contraction of the residual muscles of the arm’s stump.  

The mostly used electrodes for the acquisition of the myoelectric 
signal are surface-mounted ones, which have several disadvantages 
related to the skin-electrode interface: skin impedance variation, 
sweating, risk of detachment and misplacement, distance from the 
source of signal. To overcome some of above limitations, myoelectric 
sensors could be implanted in the arms and a transcutaneous wireless 
link throughout the body needs to be established for the data retrieving.  

As most of the transcutaneous upper-limb prosthesis system have 
been studied in High Frequency band [1]-[2], this paper is aimed at 
exploring the feasibility of a different kind of link involving the 
Radiofrequency Identification (RFID) technology in the UHF band (860-
960 MHz), with the purpose to evaluate: i) the link budget in terms of 
power, ii) the read region inside the arm that can be achieved with the 
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typical power of embedded readers, iii) the tolerance to the mutual 
displacement of the implants with respect to the query unit. 

 
 

II. MODEL OF TRANSCUTANEOUS COMMUNICATION LINK 
 
The considered transcutaneous communication system involves an 
external interrogating antenna and one or more implanted transponders 
inserted between the fat layer and the muscles. As the electromagnetic 
interactions occur in the very near field, the transcutaneous link is 
properly modelled by a two-port network (Fig. 1). 
 

      
FIG. 1  Two-port network model of the transcutaneous link. 

 
In order to establish an RFID link, the power delivered by the reader 

to the tag’s chip 𝑃𝑅→𝑇, must exceed the chip sensitivity 𝑝𝐶. The 
communication performance is thus quantified in terms of Transduction 
Power Gain (𝐺𝑇), i.e. the ratio between 𝑃𝑅→𝑇 and the power available from 
the reader generator 𝑃𝑎𝑣,𝑅 [3]: 

 
 𝐺𝑇 = 𝑃𝑅→𝑇𝑃𝑎𝑣,𝑅 = 4𝑅𝐶𝑅𝐺|𝑍21|2|(𝑍22 + 𝑍𝐶)(𝑍11 + 𝑍𝐺) − 𝑍12𝑍21| 

 

(1) 

 

where [𝑍𝑖𝑗] are the entries of the impedance matrix of the two port-

network, related to the port of the reader’s antenna and of the implanted 
sensor antenna. Finally, the minimum power the reader has to produce 
in order to activate the tag (𝑃𝑅→𝑇 = 𝑝𝐶) is: 

 
 𝑃𝑚𝑖𝑛 = 𝑝𝐶𝐺𝑇   . (2) 

 
This parameter is an effective link budget indicator to be compared 

with the typical power emitted by battery-sourced small-size RFID 
readers spanning in the range 0.25 - 1 W. 

The selected interrogation antenna is a microstrip slot (Fig. 2a), made 
of two patches facing each other and shorted to the ground plane at 
opposite edges by means of two vertical stripes, suitable for tuning the 
antenna at 870 MHz.  
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The implantable tag antenna 
layout is a rectangular loop made 

of a copper trace (35 𝜇𝑚) deposited 
onto a PET substrate (135 𝜇𝑚) and 
covered with a thin film of 
common polyethylene (10 𝜇𝑚) 
(Fig. 2b).  

The above models of antennas 
were hence applied to evaluate 
the minimum power required (2) 
to source the transmitting 
antenna in order to activate the 
implanted tag in several positions 
P1-P8 in a realistic multi-layered 
forearm model, partly levelled on 
top to easily allocate the patch 
antenna (Fig. 3a).  

The histogram in Fig. 3b 
resumes the results of the numerical analysis concerning the minimum 
input power. All the positions, except for P6, are compatible with an input 
power of just 0.25 W (24 dBm). By also accounting for the symmetry, the 
read region at the fat-muscle interface can be approximated by a 
rectangle of 2 cm by 1 cm size that hence quantifies the tolerable reader-
tag displacement when just 0.25 W power is available.  

 

        
(a)                                                               (b) 

FIG. 3  (a) Multi-layered forearm model (𝐿 = 25 𝑐𝑚) and (b) minimum activation 
power for the tag implanted in the selected positions P1-P8. 
 

 

III. PROTOTYPES AND EXPERIMENTAL EVALUATION 
 

The prototypes of both interrogating and implanted antennas are shown 
in Fig. 4a. The implanted tag under test has been equipped with the G2iL 
NXP microchip, 𝑍𝐶 = (16.6 − 𝑗51)Ω 𝑝𝐶 = −18 𝑑𝐵𝑚. 

A pork limb emulated the stump of the forearm so that all the relevant 
tissues were realistically accounted for. The tag was implanted 

 
(a) 

 

 
(b) 

FIG. 2  Antennas involved in the 
transcutaneous telemetry system: (a) 
the interrogation antenna microstrip 
slot and (b) the implanted rectangular 
loop tag tuned by means of a lumped 
inductor. Sizes in [mm]. 



388 
 

subcutaneously (Fig. 4a). The stump was hence inserted into a real 
prosthetic socket and the slotted patch was placed onto its external 
surface (Fig. 4a) and connected to a Thing Magic M5e reader.  

The minimum power to activate the tag was measured by the turn-on 
method over the 840-960 MHz band. Fig. 4b shows the minimum 
activation powers for reader-tag arrangement as in P1, P7 and P8. The 
first two configurations are associated with a robust reading within the 
entire frequency band by using less than 24 dBmW input power. Instead, 
to interrogate the tag placed in the most distant position P8 a slight 
higher amount of power is requested. 
 

          
(a)                                                               (b) 

FIG. 3  Experimental measurements: (a) prototypes, set-up and (b) turn-on 

power for the transcutaneous links P1, P7 and P8. 
 
 

IV. CONCLUSION 
 
Numerical and experimental analysis demonstrated the preliminary 
feasibility of a UHF transcutaneous link based on backscattering 
communication. Most of the considered positions of the implanted tag 
permitted to establish an UHF-RFID link with a power less than 0.25 W, 
compatible with embedded readers. The tolerance against a possible 
misalignment of the reader’s antenna w.r.t. the implanted sensor is more 
than 1 cm. On comparing simulated and measured results, it is apparent 
that there are still relevant margin of improvement in the impedance 
matching of the tag, thus farther reducing the request of power. 
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Abstract 

We describe the design of an integrated cryogenic receiver module based on 
an “active” waveguide Orthomode Transducer (OMT) for dual-polarization radio 
astronomy observations across 75-116 GHz (3-mm band). The receiver module 
consists of passive and active sections that can be incorporated in a very compact 
mechanical assembly suitable for integration in a focal plane array.  

The passive section of the receiver module employs a broadband backward-
coupler waveguide OMT while the active section consists of ultra-low noise MMIC 
(Monolithic Microwave Integrated Circuit) amplifiers.  
 

Index Terms  Orthomode Transducer (OMT), MMIC, Low Noise Amplifier 
(LNA), integrated receiver, millimeter-wave radio astronomy. 

 
I. INTRODUCTION 

  
Orthomode Transducers (OMTs) are key components of dual-polarization 
receivers for radio astronomy [1]. An OMT has three physical ports but 
exhibits electrical properties of a four-port device. The input common 
port, usually a waveguide with a square or a circular cross-section, has 
two electrical ports carrying two orthogonal independent linearly 
polarized RF signals. Symmetric OMT structures allow achieving large 
relative bandwidth with Δν/νc>30%. Wideband waveguide OMT designs 
that have proved to work well at millimeter wavelengths are based on 
Boifot junction [2], turnstile junction [3] and dual-ridge designs [4]. An 
OMT based on reverse-coupling waveguide junction was proposed in [5]. 
Here, we describe the design of a dual-polarization receiver module based 
on a waveguide OMT employing the broadband symmetrical reverse-
coupling OMT structure presented in [6]. The OMT integrates MMIC LNAs 
(Low Noise Amplifiers,) designed and fabricated at IAF [7], and waveguide-
to-microstrip transitions to be fabricated at IRAM. 

 This active waveguide OMT is developed in the framework of Work 
Package 1 of the AETHRA (Advanced European Technologies for 
Heterodyne Receiver for Astronomy) programme, aiming at investigating 
the new 35 nm gate length mHEMT (Metamorphic High Electron Mobility 
Transistor) technology for improving MMIC LNA performance. Our goal is 

mailto:alessandro.navarrini@inaf.it
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to develop a prototype of dual-polarization receiver array and to install it 
on the focal plane of the IRAM 30-m radio telescope on Pico Veleta, Spain. 

 

II. DESIGN OF THE DUAL-POLARIZATION RECEIVER MODULE 
 

Fig. 1 shows the inner section of the symmetric reverse-coupling 
waveguide OMT described in [6]. The OMT consists essentially of: 1) a 
square waveguide input (size 2.54×2.54 mm2) carrying Pol 1 and Pol 2; 2) 
a dual-step transition to rectangular waveguide output for Pol 1 (forward 
coupling); 3) two 90 deg hybrid couplers based on 3 dB E-plane branch-
line waveguide coupling structures with four branches for Pol 2. The 
outputs of both 90 deg hybrid couplers are terminated with reactive loads 
so that Pol 2 input signal is backward coupled to two rectangular 
waveguide outputs parallel to the square waveguide input. The signals in 
the two Pol 2 rectangular waveguide outputs are out-of-phase and carry 
half of the power (-3 dB) of the Pol 2 signal in the square waveguide. The 
Pol 2 outputs are combined with a 180 deg power combiner (not shown).      

 
FIG. 1   3D view of the inner part of the symmetric reverse-coupling 

waveguide OMT. The incoming Pol 1 signal at the square waveguide input is 
forward-coupled to a single rectangular waveguide output through a dual-step 

transition. The incoming Pol 2 signal at the square waveguide input is 
backward-coupled to two rectangular waveguide outputs at 3 dB with 180 deg 

phase difference.    

 
Fig. 2 and Fig. 3 show the block diagram and the design of the dual-

polarization active waveguide OMT receiver module, respectively. The 

device consists of the “passive” OMT based on the backward coupler 
waveguide structure shown in Fig. 1 and of an “active” waveguide 
circuitry with MMIC LNAs packaged in a single mechanical module. The 
passive waveguide OMT utilizes a square input for connection to a dual-
polarization feed-horn. The OMT separates the two orthogonal linearly 
polarized input signals in two independent waveguides with oval shape 
located inside the module (visible in Fig. 3). 
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FIG. 2   Block diagram of dual-polarization receiver module based on a 

passive OMT part and on an active part integrating MMIC LNAs. 
 

  
FIG. 3   3D view of the inner part of the dual-polarization receiver module 
showing the passive and active waveguide OMT parts, including the waveguide 
circuitries and the MMIC amplifiers. The square waveguide input at OMT input 
(on the figure right) has size 2.54×2.54 mm2; it will be connected to a dual-
polarization feed-horn. The two WR10 waveguides (2.54×1.27 mm2) at OMT 
output with amplified Pol 1 and Pol 2 signals are parallel and in-line with the 
input. 
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Each polarization signals is coupled to the “active” circuitry consisting of 
a cascade of two MMIC amplifiers through waveguide-to-microstrip 
transitions based on quartz substrate with Gold beam-lead 
interconnection. The two MMICs of each cascade are interconnected 
through a microstrip line fabricated on quartz and located inside a 
channel. The signals at the output of the second MMIC amplifier of the 
cascade is coupled back to waveguide through a microstrip-to-waveguide 
transition. Sections of standard WR10 waveguides are used to route the 
signals amplified by the MMICs to suitable positions at the output of the 
module. The waveguide outputs are parallel and in-line with the 
waveguide input. Two amplified signals, one per polarization channel, are 
available at the WR10 waveguide outputs of the receiver module. 
The dual-polarization receiver module shown in Fig. 3 can be fabricated 
in three mechanical blocks and assembled in a compact unit with 
external dimension 43×25×35 mm3, thus allowing to mount two standard 
UG387 waveguide flanges at the device outputs. The waveguide circuitry 
of the OMT passive part would be incorporated in two of the mechanical 
blocks, while the active part in a single block of the three-block unit. 
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Abstract 
Electromagnetic wave depolarization is a key effect to be taken into account in 
dual polarization systems. Clouds and hydrometeors in the troposphere affect 
Earth-satellite links working in the Extremely High Frequency (EHF) band, 
causing the additional detrimental effect of depolarization. This contribution 
presents the current activities carried out at Politecnico di Milano on the 
investigation of the Cross-Polar Discrimination (XPD) measured in past 
electromagnetic wave propagation campaigns (Italsat, Alphasat). A physical 
based model is under development to support the analysis of the XPD. 

Index Terms − Depolarization, ice, rain, satellite links. 

 
 

I. INTRODUCTION 
  

The use of dual polarization Earth-satellite communication systems is 
widespread nowadays to increase the channel capacity made available. 
Satellite links working in the EHF band experience additional 
impairments caused by precipitation phenomena present in the 
troposphere [1]. Rain and ice crystals have been widely investigated in 
literature. The model included in recommendation ITU-R P.618-13 
provides an average prediction of the depolarization effects with separate 
terms for rain and ice [2], but it cannot catch the large variability of XPD 
induced by the troposphere. This contribution presents the physically-
based model under development at Politecnico di Milano, which aims at 
thoroughly investigating the impact of all the atmosphere constituents 
(e.g. rain, ice, melting particles and clouds) on the overall wave 
depolarization. The main aim of the model is to provide a reliable tool for 
satellite systems design, but it could also be useful, for example, to 
support and enhance precipitation retrievals using polarimetric weather 
radars. 
 
 

II. THE ITALSAT EXPERIMENT MEASUREMENTS 
 
The Italsat electromagnetic wave propagation experiment included the 
transmission of two orthogonal linear polarization signals at V band (49.5 
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GHz) with very high switching rate (933 Hz) [1]. The data collected at the 
ground station of Spino d’Adda (Italy), with elevation angle of 37.7°, were 
used to develop a simple yet effective model. The scatterplot between the 
Co-Polar Attenuation (CPA) and the Cross-Polar Discrimination (XPD) is 
reported in Fig. 1. The figure also includes the ITU-R P.618-13 model 

(solid line with circles) as reference, as well as the mean and the 10%-
90% percentiles values of data (solid and dashed lines, respectively). 
 

  
 

FIG. 1 − CPA and XPD scatterplot for two orthogonal polarizations measured at 
Spino d’Adda at 49.5 GHz 

 
As is clear from Fig. 1, the ITU-R model is very simple and cannot catch 
the high variability observed in XPD measurements, especially at mid-
low values of the CPA. On the contrary, this is one of the goals of the 
model, whose development is briefly described in the next section. 
 
 

III. THE PHYSICALLY-BASED MODEL 
 

The physical modeling of the precipitation starts from the single particles. 
It has been found that raindrops have irregular shapes, which can be well 
approximated by oblate spheroids [3]. The approximation is typically also 
extended to ice particles. The problem of expressing the particles axial 
ratio as a function of their equivalent diameter has been addressed in 
many works [4], [5], considering different forces acting on the water and 
the mean shape resulting from the raindrop vibration. As a further step, 
the Particle Size Distribution (PSD) has been linked to the rain rates [6], 
which are easily retrievable worldwide. The rain height in the model 
corresponds to the mean yearly 0 °C isotherm height of the local area [7]. 
Frequency and elevation angles are freely tunable, according to the 
analysis to be performed. We set the values of the Italsat experiment to 
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validate the model by comparing its outputs against the experimental 
data. Further details on the model can be found in [8]. 
 

IV. INPUT RAIN MAPS 
 
As an example of the potentialities of the XPD model under development, 
we have used as input rain maps (80 km×80 km with spatial resolution 
of 0.5 km×0.5 km) derived from the Spino d’Adda research weather radar. 
Specifically, we have taken into account a stratiform rain event recorded 
on the 24th January of 1992, consisting of 118 rain maps. As for the PSD, 
we have used in the model the one proposed by Marshall and Palmer [6]. 
Fig. 2 shows the results for different axial ratio models along with the 
ITU-R P.618-13 model curve. Note that here ITU-R curve does not include 
the ice term. 
By comparing Fig. 1 and Fig. 2 we can observe that the polarization 
introduced by rain drops cannot fully catch the variability in the Italsat 
measurements: indeed, the high XPD associated to low CPA shown in Fig. 
1 are likely associated to ice particles. Furthermore, lowest XPD values 
at mid-CPAs might require an additional refinement in the model, e.g. 
considering the effects of drop vibration or linking the particle size 
parameters to the rain intensity. 

  
 

FIG. 2 − CPA/XPD scatterplot for the selected stratiform event (circular 
polarization) 

 
 

V. CONCLUSION 

 

A model is being developed at Politecnico di Milano to support the 
investigation of the depolarization affecting EHF band satellite links. The 
results obtained by using as input to the model rain maps derived from 
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the research weather radar installed at Spino d’Adda fall in the range of 
the XPD data measured during the Italsat experiment, but also point out 
that additional atmospheric elements (e.g. ice particles) need to be taken 
into due account to catch the large XPD/CPA spread shown in the 
experimental data. We are encouraged to further extend the investigation 
by enlarging the model so as to include also the contribution of ice 
crystals in clouds and the particles in the melting layer [9], [10]. Indeed, 
even in presence of a negligible attenuation, as in clear sky conditions, 
cirrus ice clouds may affect significantly the measured signal [1]. Though 
the main aim of the model is to provide a reliable tool for satellite systems 
design, it could also be useful, for example, to support and enhance 
precipitation retrievals using polarimetric weather radars. 
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Abstract 
In this paper design and test of a frequency modulated continuous wave (FMCW) 
radar to be used as electronic travel aid for visually impaired subjects are 
presented. The sensor is based on the Infineon BGT24MTR11 integrated circuit. 
Transmitting and receiving serial arrays of patch antennas have been suitably 
designed and tested. An amplifying circuit, with a shaped gain, has been used to 
enhance and filter the received signal. The radar range accuracy has been 
experimentally investigated with different modulation signals and targets, finding 
a worst-case uncertainty lower than 6 cm for all the distances of interest.  

Index Terms  Digital Signal Processing (DSP), ETA device, FMCW radar, patch 
antennas. 

 
 

I. INTRODUCTION 
  

The mobility in unknown environments is one of the major problems for 
visually impaired people [1]. Currently, there are some electronic travel 
aids (ETAs) for visually impaired people mobility [2]. They are based on 
ultrasonic or optical systems. However, such systems have a limited 
range and have difficulty to operate in the presence of very reflective 
surfaces and with a low incidence angle. Recently, the possibility of using 
electromagnetic radiation for the detection of obstacles has been explored 
[3], [4]. Ultra-wideband radars can be used for realizing ETA devices. 
These radars have high resolution but require bulky antennas [5]. On the 
contrary, frequency modulated continuous wave (FMCW) radars use 
compact planar antennas and have the further remarkable advantage of 
being realized in integrated technology resulting in a very compact device. 
Finally, thanks to its small dimension the FMCW radar can be easily 
integrated in the white cane that is largely used by visually impaired 
subjects. In this paper, the design of a portable device for the mobility of 
visually impaired people, using an FMCW Radar, is addressed and some 
characterization tests are performed. 
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(a)              (b) 

FIG. 1  Block scheme of the FMCW radar system (a), scheme of the considered 
scenario (b). 

 
II. RADAR SYSTEM OVERVIEW 

 
A radar system based on the BGT24MTR11 integrated circuit (IC) by 
Infineon has been designed. For preliminary tests a NI PXI 6251 DAQ 
card controlled by a graphical user interface developed in the LabVIEW 
environment for ramp generation and signal acquisition has been used 
(see Fig. 1a). The BGT24MTR11 IC is based on a voltage controlled 
oscillator (VCO in Fig. 1a). The VCO is driven by a ramp or a triangular 
wave signal with a repetition rate (RR) of 100 Hz and 50 Hz respectively 
and generates a chirp from 24 to 24.25 GHz (B=250 MHz). The power 
delivered by the power amplifier (PA) to the radiating antenna is about 11 
dBm. The receiving channel is constituted by a low noise amplifier (LNA) 
and an I&Q demodulator. The collected signal is then amplified and 
filtered (AMP) in order to remove the DC component and reduce the noise. 
The output of the amplifier is acquired by the DAC and processed on a 
PC by a Matlab algorithm to extract the frequency component associated 
with the distance. 

 
 

III. ANTENNA DESIGN 

 

A serial patch array has been chosen both for the transmitting and 
receiving antennas to obtain a system compact enough to be put on a 
cane for visually impaired subjects. Fig. 1b shows a scheme of the radar 
on the white cane together with the position of possible obstacles.  
To design the array the Microwave Studio software by CST has been used. 
In order to guarantee a field of view between one and five meters, with an 
azimuthal resolution of about 10°, a serial array of 8 patches was 
necessary. In particular, since the radar output is differential, a balanced 
antenna has been realized for the TX section (see Fig. 2a bottom). The 
receiving antenna (RX) uses the same array attached to a Wilkinson 
power combiner whose two outputs have a phase difference of 180° with 
each other (see Fig. 2a top). Figs. 2b and 2c show the measured reflection 
coefficient for the RX and TX antennas, respectively. The figure shows the 
good matching of the antenna in the 24 GHz ISM band. 
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(a)       (b)           (c) 

FIG. 2  Layout of the designed RX and TX patch antennas (a) and return loss 
of the RX (b) and TX (c) antennas as a function of frequency. 

 

 
IV. SIGNAL PROCESSING 

 
Both the generation of the ramp and the acquisition of the IF signal 

have been performed at a sample rate of 10 kHz. For each ramp 100 
samples are acquired, the first and the last 10 samples are deleted since 
they are close to modulation signal discontinuities and the remaining are 
zero padded up to 256 samples. Because of the non-perfect isolation 
between the transmitting and the receiving channel, the received signal 
is affected by crosstalk and a triangular offset is superimposed to the IF 
signal. To reduce this effect the signal is filtered with a moving average 
filter using a window of 3 samples. Finally, FFT is applied to the signal 
and the spectrum peak frequency is extracted and converted into 
distance. 

 
 

V. RESULTS 

 

In order to test the performance of the system, a metallic reflecting 

panel (90  90 cm) and a water-filled plastic tank (30  20  10 cm) have 
been positioned in front of the radar at different distances from the 
antenna. The system has been calibrated to eliminate the residual time 
delay due to cables connecting the antenna to the radar. Fig. 3a shows 
the FFT of the received signal without any processing (red curve), with 
the application of the zero padding (green curve) and with the further 
application of the moving average (blue curve). Only in this last case the 
480 Hz peak due to the panel located at a distance of 2.9 m far from the 
antenna is well evidenced. The complete set of measured results is 
reported in Fig. 3b. It is possible to notice a good agreement between the 
measured distances and the real ones with both targets. This conclusion 
is better evidenced by the error defined as the absolute value of the 
difference between the measured distance and the real one. The error 
reaches in the worst cases 5.21 cm and 5.99 cm using the panel and the 
water tank, respectively.  
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(a) (b) 

FIG. 3  Magnitude of the FFT of the received signal (a), measured distance as 
a function of the real one for a panel and a tank (b). 

 
VI. CONCLUSIONS 

 

In this paper, a FMCW radar system has been investigated. 
Transmitting and receiving antennas have been designed and realized. 
An analog filtering circuit has been developed to amplify the signal and 
select the frequency components of interest. A Graphical User Interface 
and a signal processing software have been realized. The entire system 
has been tested using a metallic reflecting object and a water tank. 
Measured distances are in good agreement with the real ones, confirming 
the possibility of using the proposed radar as travel aid for visually 
impaired subjects. As future developments, the radar will be 
implemented on a single board controlled by a Digital Signal Processor 
(DSP) and installed on a white cane. 
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Abstract 
This communication deals with a novel device aimed at continuously monitoring 
brain stroke, in order to timely detect its uncontrolled growth and inform 
clinicians on the effectiveness of the therapies. In particular, the present paper 
describes some advancements towards the realization of the first prototype 
specifically designed for this goal, as well as the first preliminary experimental 
testing of the realized hardware. 
 

Index Terms  microwave imaging, stroke monitoring, antennas, switching 
matrix.  

 
I. INTRODUCTION 

  
Brain stroke is one of the main cause of death or serious disablement in 
the world. The main imaging technology used for the diagnosis of a 
stroke are magnetic resonance imaging (MRI) and computerized 
tomography (CT). However, both these technologies are time consuming, 
not cost effective and not portable and, in the CT case, harmful due to 
the use ionizing radiations. Hence, they are not convenient for 
continuous monitoring purposes, where repeated examinations are 
generally required. For this reason, microwave imaging (MWI) has been 
recently proposed as a complementary technique to monitor a patient 
after the stroke onset and follow up the effectiveness of the therapies. 
MWI exploits the difference in dielectric properties of tissues and it has 

been shown that an electric contrast exists, at microwave frequencies, 
between healthy brain tissues and ischemic or haemorrhagic stroke 
areas [1]. 
The present paper describe our ongoing work with respect to the 
realization of a prototype MWI system, specifically designed for 
monitoring purposes [2,3]. In its final realization, it will be made of an 
array of antennas conformal to human head, where each single antenna 
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will act as both transmitting and receiving element, so to provide 
multiview-multistatic microwave data.  
The system design and a feasibility study of the whole system has been 
reported in [2,3]. In the following, description of the already realized 
hardware will be described and a first experimental testing of the 
prototype shown in Fig. 1, preliminarily used in a 2D configuration, will 
be reported.  
 

 
 

FIG. 1  Prototype microwave system overview. 

 
 

II. REALIZED HARDWARE 

 

The developed prototype, in its current version, is represented by an 
array of 24 antennas, as a result of the study in [3], connected to a 
control unit so to enable each antenna to work in both transmitting and 
receiving mode. The designed and built antennas are printed monopoles 
(see insert of Fig. 2) whose size has been properly optimized to allow 
positioning them in the head conformal array configuration described in 
[3]. According to the system feasibility study in [4], the working 
frequency band of the system is 0.8-1.2 GHz and the RX/TX antennas 
are immersed in a coupling medium with dielectric constant of around 
20. The coupling medium is realized with a mixture of triton x-100 and 
water [5]. The measured reflection coefficient of each built antenna 
immersed in the coupling liquid is shown in Fig. 2, confirming a good 
matching has been obtained in the working frequency band. 
The control electronics is represented by a switching matrix, shown in 
Fig. 3. It consists of two SP4T, eight SP6T and twenty-four SPDP 
electromechanical coaxial switches, which are connected with semi-rigid 
coaxial cables in order to realize a 2 by 24 switching matrix – see Fig. 3. 
All the different paths of the switching matrix have been measured in 
the frequency range 0.8-1.2 GHz: the maximum insertion loss is -0.8dB 
(average -0.5dB). 
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FIG. 2  Measured amplitude of the reflection coefficient (S11) of the realized 
24 antennas immersed in the coupling liquid (each line corresponds to an 

antenna). 
 

 

 

FIG. 3  Built 2X24 switching matrix (each black cable is conneted to an 
antenna). 

 

III. PRELIMINARY 2-D EXPERIMENTAL RESULTS 

 

The currently developed system has been preliminarily tested with 
respect to a 2-D scanning. To this end, the realized 24 antennas have 
been mounted on a circle (see the numbered dots in Fig. 4) inside a 
tank filled with the coupling liquid having a dielectric constant of 23.1 
and a conductivity of 0.3 S/m at 1 GHz. The target is a plastic cylinder 
filled with water with diameter of 15 mm. The gathered 24x24 scattering 
matrix is processed by means of a well assessed algorithm based on the 
Truncated Singular Value Decomposition of the scattering operator [6]. 
The reconstructed image is shown in Fig. 4, where the exact position 
and size of the water cylinder is indicated with a red circle, showing a 
good agreement with the reconstructed ones (yellow spot). 
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FIG. 4  Example of a reconstructed image together with the 24 antenna 

positions; the red circle denotes actual lesion position and size.   

  
 

IV. CONCLUSIONS AND FUTURE WORK 

 

We have presented the current stage of the realization of a novel 
microwave imaging device for the monitoring a patient after the stroke 
onset. The next step of the research activity is the realization of the 
antenna array conformal to the human head to perform 3-D imaging 
experiments with realistic anthropomorphic head phantoms. 
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Abstract 
This paper presents the design and implementation of a novel class of substrate 
integrated waveguide (SIW) filters, based on partially air-filled dual mode cavities. 
Dual-mode cavities, called doublets, can be obtained by removing the dielectric in 
a portion of the SIW cavity. A modal analysis of the air-filled resonant cavity 
based on transmission lines representation and a detailed study of the doublet 
permit to demonstrate a full control of the operation frequency, pass bandwidth, 
spurious-free region, and position of the transmission zeros of the filter. The 
design, fabrication and measurement of two-pole filter are presented. 

Index Terms − Dual-mode filters, Filters, Substrate Integrated Waveguide. 
 

I. INTRODUCTION 
  

The advent of the Internet of Things (IoT) is leading the microwave 
community towards the investigation of novel technologies, in particular 
in the field of the Substrate Integrated Waveguide (SIW) [1]. SIW 
implements the classical rectangular waveguide in planar form, based on 
a dielectric substrate with top and bottom metal layers and two lateral 
rows of conductive vias. SIW components are ease to integrate, present 
low cost manufacturing techniques and a shielded structure. Instead, 
one of the main minuses, in comparison with rectangular waveguide, is 
related to the dielectric losses. A possible solution is based on the use of 
air-filled SIW structure [2]. Instead, when the size reduction, in the case 
of filters, is one necessary request the use of dual-mode resonators can 
be a very useful topology [3], [4]. In this paper, a novel class of SIW filters 
is studied, combining the best features of dual-mode cavities and air-
filled SIW. By partially removing the dielectric material from the SIW 
cavity, the resonance frequency of the first cavity modes (pass band of 
the filter) and the possibility to maximize spurious-free bandwidth can be 
controlled. An exhaustive study of the cavity demonstrates the full control 
of the operation frequency, pass bandwidth, spurious-free region and 
position of the transmission zeros of the filter. A prototype of doublet has 
been designed, realized and measured. 
 

II.  THEORY OF DUAL-MODE AIR-FILLED CAVITY 
 

An efficient transmission line theoretical model (instead of eigen-mode 
simulations) is proposed to obtain a characteristic equation of the air-
filled cavity. The partially air-filled cavity is divided in three homogeneous 
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portions (a central air-filled part and two external dielectric filled parts), 
and each portion is described as a transmission line. A transverse 
resonance technique is used to obtain the resonance modes of the overall 
(piecewise homogeneous) cavity, relating the TMmn0 mode resonant 
frequencies with the cavity dimensions. The cavity comprises a dielectric 
of relative permittivity εr1 at its two ends, and a central air-filled region 
of relative permittivity εr0=1 and length a. Defining the equivalent 
impedance Ze0mn0 at the cavity symmetry plane (looking toward one side) 
the odd modes (odd values of m), at the cavity resonance fTMmn0, can be 
found when Im(𝑍𝑍𝑒𝑒0𝑚𝑚𝑚𝑚0)=∞, whereas for even modes (even values of m), at 

the cavity resonance fTMmn0, Im(𝑍𝑍𝑒𝑒0𝑚𝑚𝑚𝑚0)=0. 

In Fig. 1 (b) the first four mode resonance frequencies are plotted for an 
air-filled cavity of width B = 19 mm, A=50 mm and εr1=10.5, versus the 
air-filled area length a.  

  

(a)                                                (b) 
 

FIG. 1 − (a) Electric modal field of the first two resonant modes in the air-filled 
cavity; (b) Theoretical first four resonance frequencies and spurious free 
bandwidth versus dimension a. 
 

The first two modes (TM110 and TM210) have very close resonant 
frequencies for a in the range from 10 mm to 35 mm because of the mode 
distribution, as shown in Fig. 1 (a). By selecting the appropriate 
dimension a for a certain value of B, the relative frequency separation Δf 
between the TM110 and TM210 modes can be modified. Fig. 2 is a two-
dimensional plot of the central frequency fc versus dimensions a and B 
with the isocurves of the relative resonance frequency separation (black 
straight lines) and relative spurious free bandwidth (white straight lines). 
With fixed fc and resonance frequency separation, two sets of values a 
and B can be chosen. However, one of the two set provides a larger 
spurious-free bandwidth. 
 

III. INVESTIGATION OF THE DOUBLET 
 

This section describes the design strategy of a doublet based on the air-
filled dual-mode SIW cavity. These are capable of two poles and two 
transmission zeros and can be used as building blocks to obtain higher-
order filters. 
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FIG. 2 − Theoretical central frequency fc: black straight lines represent the 
isocurves of the relative resonance frequency separation and white straight 
ones the relative spurious free bandwidth. Instead the optimal relative 
spurious free bandwidth is plotted with white dotted line versus dimensions a 
and B (A = 50 mm, εr1 = 10.5). 
 

The air-filled dual-mode SIW cavity is studied to implement the topology 
shown in Fig. 3 (c). The filter passband mainly depends on the resonance 
frequencies f1 and f2 of the first two cavity modes and, as shown in the 
previous section, they are fully controllable through the dimensions of 
the cavity. The coupling of the first two resonant modes can be controlled 
by the inductive iris of width w. The larger the width w, the higher the 
couplings values MS1 and MS2. 
 

 
 
 

 
  (a) 

 
 

                                         

 
 

 

 
                                    

                                   
                                 (b)                                                 (c) 
 

FIG. 3 − Geometry of the doublet: (a) Dimensions of the filter (mm); (b) 
microstrip feeding; (c) Transversal topology of the doublet 

 

In case of the microstrip feeding shown in Fig. 3 (b), the coupling is 
controlled by the microstrip taper (c and h) and the aperture of width e. 
Three coupling values with the same sign and the fourth with an opposite 
sign are required (Fig. 3 (c)) and for this the SIW and microstrip feeding 
lines are positioned anti-symmetrically. 

A=50.54 B=23.04 a=15.64 b=20.04 

c=5.85 d=7.85 e=9 f=3 

g=1 h=7.5 s=9.05 w=9 
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In the considered topology, the capability to implement and control the 
first transmission zero is related to the ratio MS1/MS2 and can be changed 
with the offset s shown in Fig. 3 (b). A second transmission zero is 
obtained with the direct SL coupling, through higher order modes. 

 
 

 

(a)                                                    (b) 
 

FIG. 4 − (a) Photograph of the prototype; (b) Simulation and measurement 
 

The filter has been fabricated by milling technique on a dielectric 
laminate Taconic CER-10 (with εr=10.5, tanδ=0.0035, and thickness 1.27 
mm) and dimensions shown in Fig. 3 (a). The photograph of the prototype 
is shown in Fig. 4 (a), before the closing of the top/bottom air-filled area 
by copper sheets. Measurements have been performed by using an 
Anritsu Universal Test Fixtures (UTF) 3680 and an Anritsu 37347C VNA. 
A comparison between simulations and measurements is shown in Fig. 
4 (b) confirming the theoretical studies. 
 

IV. CONCLUSIONS 
 

This paper presents a novel class of SIW filters combining the advantages 
of the dual-mode resonant cavities with the recently proposed air-filled 
SIW. The doublet structure, able to provide two poles and two zeros, has 
been detailed investigated, showing a full control on it. A prototype has 
been reported to show the validity of the proposed study. 
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Abstract 

In this work, an innovative tunable microstrip attenuator based on few layer 
graphene flakes is presented. This novel attenuator is composed of two pairs of 
grounded vias connected to graphene flakes. The graphene flakes are in turn 

connected to a 50  microstrip line. An applied voltage bias can be used to tune 
the resistance of the graphene flakes thus tuning the insertion loss of the 
attenuator. The design is such that it minimizes the reflection from the attenuator 
while increasing the insertion loss. A prototype of the proposed design is 
fabricated and measurements are compared with simulations. The attenuator 
provides a tunable range of 25dB operating in the frequency band of DC to 10 
GHz. 
 

Index Terms   Electronically controlled attenuators, Few-Layer Graphene 
Flakes, Graphene, Tunable microwave components.  
 

 
I. INTRODUCTION 

  
The tunable properties of graphene at the microwave frequencies have 
brought it significant attention in the recent years [1]-[2]. Specifically, the 
tunable conductivity of graphene has been exploited in implementing 
novel devices, systems and components at the microwave and millimeter 
wave frequencies [3], [4]. Even more interesting is the fact that graphene 
keeps its tunable conductive properties when implemented in multiple 
layers [5]. This largely increases the simplicity of the fabrication 
procedure and reduces the cost since at microwave frequencies large 
quantities are required [4], [5].   

The tunable conductivity of graphene has been exploited in 
implementing electronically controlled microwave attenuator. A simple 
approach has been used in [4] based on a microstrip line with a gap where 
the flakes were deposited. The flakes were biased by a DC bias voltage 
which would increase their conductivity reducing the insertion loss. This 
version was improved in [5] and a structure based on a pair of grounded 
vias was proposed as shown in Fig. 1(a). The vias were separated from a 
microstrip lines by the graphene flakes. In this case, an increase in the 
bias voltage would reduce the graphene resistance increasing the current 
passing through the flakes into the ground, which would increase the 
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 (a)                                                              (b) 

FIG. 1  Geometry of the graphene based tunable attenuator: (a) two post 
design;(b) four post design. 

 
insertion loss. Conversely, with a reduced bias voltage, the graphene 
flakes bore high resistance which meant low current passing and thus 
higher signal on the line and a lower insertion loss. The insertion loss in 
this case is a result of a reflective and dissipative part.  

In this work the number of vias were increased from two to four. This 
is referred to as the four-post design as shown in Fig. 1(b). The frequency 
band of operation has been maximized by regulating the midline section 
between the pair. This proposed design works in a similar manner as the 
previous design but has significantly higher insertion loss with reduced 
reflection.  
 
 

II. DESIGN OF THE TUNABLE GRAPHENE ATTENUATOR 
 
The proposed attenuator as shown in the Fig. 1. (b) is a modified version 
of the attenuator of the Fig. 1 (a) as in [5]. Transmission through the 
microstrip line is tuned by the help of a control voltage applied to the 
graphene pads. Application of a voltage bias reduces graphene resistance 
thus increasing the current passing through the pads into the ground 
resulting in a highly attenuated signal.  
 The proposed attenuator is designed on the Taconic RF-60 
dielectric substrate of thickness h=0.64 mm. It has an r=6.15 and tan 

=0.0028. The 50  line has a width of 0.94 mm. The graphene pads have 
lengths 1.40mm and widths 0.66mm. The metallic via has a 0.8 mm 
diameter.  Simulations were performed with the four-post design by using 
commercial FEM solver, HFSS. Graphene flakes were modelled as 
infinitely thin resistive sheets. The insertion loss from the simulated 
results suggest that the dynamic range of the insertion loss for the four-
posts case shown in Fig. 2 (b) is almost twice as much as that of the two-
post case of Fig. 2(a). Another important aspect that can be seen is that 
the frequency band of operation has been doubled. The maximum 

insertion loss for 40  graphene resistance for the two cases is 14 dB and 
24 dB for two and four-posts respectively.  
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    (a)                                                                      (b) 

FIG. 2  Simulated insertion loss of the graphene attenuator with assigned 
graphene sheet resistances: (a) two-post design; (b) four-post design. 

 
 

III. MEASURED RESULTS 
 

A prototype of the proposed attenuator has been fabricated and 
graphene flakes deposited by the same procedure as [5]. The attenuator 
prototype was measured by the help of an anritsu test set as shown in 
the Fig. 3 (a). The prototype for the two-post can be seen in the Fig. 3(b) 
and the four-post proposed in this work can be seen in the Fig. 3(c).  

During the application of the bias voltage, current is measured from 
which the resistance values are derived (R=V/I) as shown in the Fig. 3(d), 
which is similar for both design. Simultaneously, measurements of the 
scattering parameters are carried out and insertion loss is derived as 
shown in the Fig. 5(a). When compared to the insertion loss of the two-
post of [5], a drastic increase of the insertion loss of almost 10 dB has 
been acquired. Due to such a high increase in the insertion loss in the 
case of the four-post attenuator, it was suspected that the reflective 
contribution towards the total insertion loss had also been increased. In 
order to acquire a complete picture of the insertion losses: dissipative as 
well as reflective, simulation and measurements were compared as 
shown in the Fig. 5(b). It can be seen that major portion of the insertion 
loss is dissipative.    

 
 

IV. CONCLUSION 

 

A new version of graphene based electronically-controlled tunable 
attenuator has been presented. The attenuator is composed of four 
grounded vias, two on each side of a microstrip line separated from the 
microstrip line by the graphene flakes. Functionality of the attenuator 
has been improved in terms of increased insertion loss, reduced reflection 
and twice as much bandwidth. The reported insertion loss is 24dB as 
compared to 14 dB of the previous design with 10 GHz of operating band 
unlike 5GHz of the one proposed earlier.   
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               (d) 

FIG. 4  Prototype and measurements: (a) measurement setup; (b) two-post 
design;(c) four-post design;(d) Tunable resistance for the two attenuators. 

 
 

 
    (a)                                                                      (b) 

FIG. 5  Measured Insertion loss: (a) change in IL for each applied voltage; (b) 
Simulated and measured insertion loss and reflection loss vs. resistance at the 

frequency of 5 GHz; 
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