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Igor Djurović, Montenegro
Karen Egiazarian, Finland
W.-S. Gan, Singapore
Z. F. Ghassemlooy, UK
Ling Guan, Canada

Martin Haardt, Germany
Peter Handel, Sweden
Andreas Jakobsson, Sweden
Jiri Jan, Czech Republic
S. Jensen, Denmark
Chi Chung Ko, Singapore



M. A. Lagunas, Spain
J. Lam, Hong Kong
D. I. Laurenson, UK
Riccardo Leonardi, Italy
S. Marshall, UK
Antonio Napolitano, Italy
Sven Nordholm, Australia
S. Panchanathan, USA
Periasamy K. Rajan, USA

Cédric Richard, France
W. Sandham, UK
Ravi Sankar, USA
Dan Schonfeld, USA
Ling Shao, UK
John J. Shynk, USA
Andreas Spanias, USA
Yannis Stylianou, Greece
Ioan Tabus, Finland

Jarmo Henrik Takala, Finland
Clark N. Taylor, USA
A. H. Tewfik, USA
Jitendra Kumar Tugnait, USA
Vesa Valimaki, Finland
Luc Vandendorpe, Belgium
Ari J. Visa, Finland
Jar Ferr Yang, Taiwan



Contents

Advances in Radar Technologies, Sandra Costanzo, Alvaro Rocha, and Marcelo Sampaio de Alencar
Volume 2014, Article ID 818369, 2 pages

Multimode/Multifrequency Low Frequency Airborne Radar Design, Sandra Costanzo,
Giuseppe Di Massa, Antonio Costanzo, Antonio Borgia, Claudio Papa, Giovanni Alberti, Giuseppe Salzillo,
Gianfranco Palmese, Dario Califano, Luca Ciofanello, Maria Daniele, Claudia Facchinetti, Francesco Longo,
and Roberto Formaro
Volume 2013, Article ID 857530, 9 pages

Radar Measurement of Human Polarimetric Micro-Doppler, David Tahmoush and Jerry Silvious
Volume 2013, Article ID 804954, 5 pages

Compact U-Slotted Antenna for Broadband Radar Applications, S. Costanzo and A. Costanzo
Volume 2013, Article ID 910146, 6 pages

High Resolution Software Defined Radar System for Target Detection, S. Costanzo, F. Spadafora,
A. Borgia, H. O. Moreno, A. Costanzo, and G. Di Massa
Volume 2013, Article ID 573217, 7 pages

Space-Time Radar Waveforms: Circulating Codes, G. Babur, P. Aubry, and F. Le Chevalier
Volume 2013, Article ID 809691, 8 pages

Radar Array Diagnosis from Undersampled Data Using a Compressed Sensing/Sparse Recovery
Technique, S. Costanzo, A. Borgia, G. Di Massa, D. Pinchera, and M. D. Migliore
Volume 2013, Article ID 627410, 5 pages

Performance of 2D Compressive Sensing onWide-BeamThrough-the-Wall Imaging, Edison Cristofani,
Mathias Becquaert, and Marijke Vandewal
Volume 2013, Article ID 636972, 11 pages

Multiband Software Defined Radar for Soil Discontinuities Detection, S. Costanzo, F. Spadafora,
O. H. Moreno, F. Scarcella, and G. Di Massa
Volume 2013, Article ID 379832, 6 pages

Noise Radar Technology as an Interference Prevention Method, Gaspare Galati and Gabriele Pavan
Volume 2013, Article ID 146986, 6 pages

Tunable Reflectarray Cell for Wide Angle Beam-Steering Radar Applications, F. Venneri, S. Costanzo,
and G. Di Massa
Volume 2013, Article ID 325746, 7 pages

Bayesian Compressive Sensing as Applied to Directions-of-Arrival Estimation in Planar Arrays,
Matteo Carlin, Paolo Rocca, Giacomo Oliveri, and Andrea Massa
Volume 2013, Article ID 245867, 12 pages



Modeling and Processing L-Band Ground Based Radar Data for Landslides Early Warning,
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“As first shown by Hertz, electric waves can be completely reflected by conducting bodies. In some of my
tests I have noticed the effects of reflection and detection of these waves by metallic objects miles away”

(Gugliemo Marconi, Radio Telegraphy, Proc. Inst. Radio Eng., vol. 10, 1922)
. . .the history of RADAR technology in Italy begun. . .

The Navy Officer (later on Professor at University of Pisa) Ugo Tiberio made a theoretical
study on the detection of objects by electromagnetic waves and developed the radar equation

(Ugo Tiberio, “Misura di distanze per mezzo di onde ultracorte (Radiotelemetria),”
Alta Frequenza, Maggio 1939, Torino, Italy)

Even after a century of research and study in the field,
radar systems with enhanced features are in high demand
for surveillance, tracking, and imaging applications, required
for both civilian and military contexts. Advanced radar
technologies are needed to face the problem of complex
environments, with changing electromagnetic properties of
targets, such as vehicles, ships, buildings, and terrain, for dif-
ferent frequencies, polarimetric modes, and configurations.

This special issue collects 12 papers from 37 authors
belonging to different countries and institutions. It summa-
rizes the most recent developments and ideas on emerging
radar technologies, with particular focus addressed to the
following issues:

(i) compressive sensing applied to large array diagnosis,
directions-of-arrival estimation, and through-the-
wall imaging,

(ii) software defined radar approach,

(iii) flexible, multimode radar solutions,

(iv) radar data processing techniques,

(v) compact and broadband antennas useful for sounder
and imager radar,

(vi) usage of micro-Doppler radar signals for human
detection,

(vii) circulating codes in space-time radar waveforms,

(viii) mitigation techniques for interference from a similar
radar.

In the paper by S. Costanzo et al. entitled “Radar array
diagnosis from undersampled data using a compressed sens-
ing/sparse recovery technique”, the problem of large arrays
diagnosis is faced by adopting an equivalent sparse formu-
lation to accurately detect fault elements from undersampled
data.

M. Carlin et al. in the paper “Bayesian compressive sensing
as applied to directions-of-arrival estimation in planar arrays”
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adopted a probabilistic version of compressive sensing which
is successfully applied for estimating the directions of arrival
of multiple electromagnetic signals impinging on planar
arrays.

The paper by E. Cristofani et al. entitled “Performance
of 2D compressive sensing on wide-beam through-the-wall
imaging” explores the application of compressive sensing to
minimize the amount of data required for accurate recon-
structions of through-the-wall imaging scenes.

In the paper by S. Costanzo et al., entitled “High resolution
software defined radar system for target detection,” a software
defined approach is proposed to design a compact and low-
cost L-band software defined radar system which is useful for
landslides monitoring.

The same approach is adopted in the paper by S. Costanzo
et al. entitled “Multiband software defined radar for soil dis-
continuities detection,” which uses an orthogonal frequency-
division multiplexing technique to perform the dielectric
characterization of multilayer structures, such as soils with
dispersive features.

The paper by S. Costanzo et al. entitled “Multimode/
multifrequency low frequency airborne radar design” presents
the design of a flexible and low cost airborne radar that is
able to easily switch between twodifferent operationalmodes,
namely, a sounder or SAR imager.

In the paper by A. R. Laganà et al. entitled “Modeling
and processing L-band ground based radar data for landslides
early warning,” the approaches commonly used in SAR data
processing for deformations imaging are generalized to the
case of ground-based, nonsynthetic radar operating in the L-
band.

In the paper by F. Venneri et al. entitled “Tunable reflec-
tarray cell for wide angle beam-steering radar applications,”
an electronically tunable reflectarray element is presented to
design beam-steering arrays suitable for radar applications.

In the paper by S. Costanzo and A. Costanzo entitled
“Compact U-slotted antenna for broadband radar applica-
tions,” a modified U-shaped microstrip patch antenna with
reduced size and broadband features is presented to be
usefully applied for low-frequency penetrating radar.

In the paper by D. Tahmoush and J. Silvious entitled
“Radar measurement of human polarimetric micro-doppler,”
extensive polarimetric micro-Doppler walking signatures are
collected and analyzed to reveal different characteristics of
human motions.

The paper by G. Babur et al. entitled “Space-Time radar
waveforms: circulating codes” describes a novel solution to
transmit only one waveform circulating from one antenna
element to another (or from one subarray to another) with
a very small relative time shift.

In the paper by G. Galati and G. Pavan entitled “Noise
radar technology as an interference prevention method,” mit-
igation techniques based on waveform diversity supplied by
Noise Radar Technology are discussed to face the problem of
interferences from several similar radar systems operating in
a small environment with limited allocated bandwidths, such
as in the marine radar context.

The focus theme treated in this special issue owns a
particular multidisciplinary feature, so it is able to attract and

integrate various different expertise, leading to scientific and
economical returns of significant impact.

Sandra Costanzo
Alvaro Rocha

Marcelo Sampaio de Alencar
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This work deals with the design of multimode/multifrequency airborne radar suitable for imaging and subsurface sounding. The
system operates at relatively low frequencies in the band ranging from VHF to UHF. It is able to work in two different modalities:
(i) nadir-looking sounder in the VHF band (163MHz) and (ii) side-looking imager (SAR) in the UHF band with two channels at
450MHz and 860MHz.The radar has been completely designed byCO.Ri.S.T.A. for what concerns the RF and the electronic aspect,
and by the University of Calabria for what concerns the design, realization, and test of SAR antennas. The radar has been installed
on a civil helicopter and its operation has been validated in flight in both sounder and imager modality. Preliminary surveys have
been carried out over different areas of Campania region, South Italy.

1. Introduction

In recent years, great interest has been devoted to the devel-
opment of airborne radars working in the frequency range
from VHF to UHF bands (e.g., see [1–4]). The combination
of low frequencies with high relative bandwidth of such
systems allows several military and civilian applications.
According to Table 1, these range from forestry applications,
biomass measuring, and monitoring, archaeological and
geological exploration, glaciers investigation, and detection
and localization of buried targets. In addition, their extension
to noncivil applications concerns subsurface target detection
and foliage penetration. The development of this type of
systems entails technological and scientific efforts in the
design of antennas, low noise amplifiers, band-pass filters,
and digital receiver technology, as well as in the field of data-
processing algorithms.

In this framework, the Italian Space Agency (ASI) has
promoted the development of a new multifunction/mul-
timode airborne radar able to operate as a nadir-looking
sounder in the VHF band and as side-looking imager in the
UHF band. On one side, it constitutes a “proof of concept”
for next Earth observation and planetary exploration space
missions; from another perspective, the system can be seen
as a validation tool for civil and non-low frequency radar
terrestrial diagnostics, imaging, andmonitoring applications.
The radar system has been conceived and funded by ASI to be
a growing laboratory to experiment and asses potentialities of
low frequency radar bands (up to about 1 GHz). To this aim,
three working frequency values have been chosen, namely,
low, middle, and high ones. The low one (163MHz), up
to now, has been used in sounder mode, since ASI has a
strong heritage in such systems for planetary exploration
(MARSIS and SHARAD for Mars and future RIME for
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Table 1: Applications for low frequency airborne radars.

Application Scope Observation technique

Forest classification and biomass retrieval
Biosphere and bioclimatology studies,
especially for terrestrial carbon cycle
evaluation

Side-looking SAR

Ice sheets sounding
Glaciology studies to better describe ice
sheet dynamics, which is connected with
climate changes and sea level modifications

Nadir-looking SAR or cross-track
interferometric SAR

Subsurface geomorphology, soil moisture
estimation, permafrost, and sea salinity analysis Climate modeling Side-looking SAR (subsurface analyses

may require nadir-pointing geometry)
Target detection in forest areas Military application Side-looking SAR

Jovian icy moon), but it can also be used in off-nadir
configuration as imager.On the contrary, themiddle andhigh
frequencies (450MHz and 860MHz) are currently used in
SAR configuration, but pointing the antennas at nadir; also,
sounder configuration is in principle possible.

Three frequencies packed into one system mean to
observe the same scene at different penetration depths, and
that is very powerful in tomographic applications.

Of course, this implies to have a radar systemvery flexible,
easy to be installed on board of small airborne platform,
easy to be configured in different modalities, and with low
operational costs. These key points have driven the present
radar development and, in our opinion, represent the actual
novelty of the proposed instrument.

The research consortium CO.RI.S.T.A. was in charge of
the design, realization, and in flight validation of the system.
In particular, the development stage has benefited from the
expertise made jointly by ASI and CO.RI.S.T.A. in a recent
project concerning the design and realization of the SORA,
a sounder installed on a stratospherical balloon. This was
deployed during a mission on Svalbard Islands on 2009
with the aim to carry out a very large scale investigation
of the glaciers stratigraphy. In the framework of the system
development, the SAR antenna design and implementation
are the responsibility ofUniversity ofCalabria asCO.RI.S.T.A.
subcontractor.

In this work, we present the complete radar system
design, including the SAR antennas, and the full guidelines
that have driven the system realization.

The paper is organized as follows. Section 2 describes the
main features of the radar system. Section 3 deals with the
description of the design and test of SAR antennas. Section 4
discusses the results of a firstmeasurement campaign. Finally,
conclusions and future works are outlined in Section 5.

2. Radar System Description

The radar exploits three different frequency bands: VHF
channel with center frequency at 163MHz and two UHF
channels with center frequency at 450MHz and 860MHz,
respectively, in such a way to achieve both subsurface
and SAR imaging capabilities. The sounder operates with
a 163MHz carrier and the effective bandwidth is equal
to 10MHz. As regards the SAR modality, two frequency

Timing

DSP RF

FGU

PSU

RFU

RDU

ADC

antennas
imager
Sounder/

Figure 1: Block diagram of radar system.

ranges are employed to obtain two imagers with lower and
higher resolution. The lower resolution SAR (SAR-Low)
imagerworks at 450MHzwith a 40MHzbandwidth, whereas
the higher resolution SAR (SAR-High) imager operates at
860MHz with a bandwidth of 80MHz.

In both the sounder and imager modalities, a linear
frequency modulated signal is transmitted, where the band-
width is synthesized in the imager mode by a stepped chirp
and each bandwidth step is equal to 10MHz, in order to
achieve higher resolution products.

The entire system can be schematized as built by three
main blocks (see Figure 1): Radar Digital Unit (RDU), Radio
Frequency Unit (RFU), and Power supply Unit (PSU). The
RDU is in charge of the parameters setting, timing genera-
tion, and data handling. It is a full programmable digital unit
comprising the Analog to Digital Converter (ADC) and the
data storage unit.TheRFUembeds the FrequencyGeneration
Unit (FGU), having the task to generate all synchronisms and
RF signals, and the DSP, which generates the Low Frequency
Modulated (LFM) signal chirp by means of digital synthesis.
The PSU provides the power supply to the whole system by
external 28V DC voltage.
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Figure 2: General system architecture.

The general architecture of the system is depicted in
Figure 2. As it can be seen, the design is conceived so that
most building blocks are shared by sounder and imager
functionalities. In particular, base band signal generation,
base band data sampling, and data handling are common to
both sounder and imager operational mode. This represents
the main feature of the entire system. The great advantage
stands in the utilization of the same ADC, which is possible
due to the adoption of an undersampling technique.

The system has been designed to be very flexible as far as
timing and configuration parameters are concerned. Stepped
frequencies and bandwidth are generated by means of DDS
technology and all relevant parameters can be configured
by the user before the flight. Therefore, the system has
the capability of easily changing the frequency values and
overlapping the bandwidth as well.

During the preliminary flights, stepped frequency tech-
nique was not used to increase geometric resolution (in this
case a bandwidth overlap would help the processing) but only
to produce multilooked images.

The system settings for the different functionalmodalities
are described as follows.
Sounder Mode. Transmitted bandwidth of 10MHz centered
on a 163MHz carrier. The transmitted signal is generated by
FGU as LFM with the starting frequency at 158MHz.
SAR-Low. Stepped 40MHz transmitted bandwidth syn-
thetized by four subbands of 10MHz transmitted over four
carriers. The carriers differ of 10MHz each other, thus,
no overlap arises between the transmitted subbands. By
considering the four frequency subranges, the transmitted
signal covers the frequency range (430–470) MHz.
SAR-High. Stepped 80MHz transmitted bandwidth synthe-
sized by eight subbands of 10MHz transmitted over eight

carriers. The carriers differ of 10MHz each other, thus,
no overlap arises between the transmitted subbands. By
considering the four frequency subranges, the transmitted
signal covers the overall frequency range (820–900) MHz.

As it can be seen from Figure 2, Tx and Rx blocks are
common to either Sounder and Imager operative modes.
Only the frequency up conversion modules are different.
Tx block performs base band signal generation. The base
band signal, as described before, is the Sounder signal itself.
The chains depicted in Figure 2, UHF-Low, which means
450MHz carrier, UHF-High, which means 860MHz carrier,
and VHF band, work in an exclusive way. VHF corresponds
to Sounder operative mode and performs base band signal
amplification only. UHF-High andUHF-Low blocks perform
base band signal upconversion to working frequencies when
relatives operational mode are selected. Rx block performs
data antialiasing filtering and data sampling after frequency
downconversion, taking place into Imager operative modes
only.

The designed architecture allows a high flexibility to the
system in terms of transmitted bandwidth; in fact, the radar
can be easily upgraded to transmit a wider bandwidth.

As regards the Rx chain, after the downconversion is
performed in the SAR-Low and SAR-High receiving chains,
the IF signal is centered at 163MHz, covering [158–168]MHz
bandwidth. Hence, the incoming signal is sampled by the
ADC at 100MHz using the undersampling technique. In
other words, the sampled spectrum is a replica at IF of
the main one. This solution ensures the advantage to use
the same ADC for different frequency carriers, such as
163MHz, 450MHz, and 860MHz, thus allowing a hardware
cost saving and avoiding the use of a critical (relative
bandwidth approaching to unity) antialiasing filter. An auto
check functional mode is implemented so to carry out
an internal calibration. Specifically, a high speed and high
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Table 2: System parameters.

Sounder SAR-Low SAR-High
Altitude >1300m >1000m >1000m
Carrier 163MHz 450MHz 860MHz
Tx bandwidth 10MHz 40MHz 80MHz
Tx steps 1 × 10MHz 4 × 10MHz 8 × 10MHz
PRF 500Hz 2000Hz 4000Hz
Pulse width (single step) 3.3 𝜇s for all operative modes
Rx window width 10 𝜇s 8.03 𝜇s 8.03𝜇s
Antenna type Periodic Log Planar array of 1 × 4 patch Planar array of 2 × 8 patch, dual polarization
Antenna gain 7 dB 17 dB 19 dB
Elevation pointing Nadir 45∘ for both SAR operative mode
Azimuth pointing Nadir 0∘ for both SAR operative mode
Range aperture 68∘ 75∘ 37∘

Azimuth aperture 50∘ 20∘ 10∘

ADC sampling frequency 50MHz/100MHz for all operative mode
Peak power 200W for all operative mode

Table 3: Nominal performances.

Sounder SAR-Low SAR-High
Across track resolution 10–100m N/A N/A
Range resolution (free space) 15m 3.75m (stepped) 1.87m (stepped)

Along track resolution 7–75m @ 800m 4.8m @ 4 looks 2.5m @ 2 looks
27–280m @ 3000m.

Penetration depth 100m (moderate attenuation) Foliage penetration No penetration

Maximum swath (geometrical) 2000m @ 800m 7400m @ 1000m 1500m @ 1000m
7000m @ 3000m

NESZ −95 dB @ 800m −80 dB −70 dB
−70 dB @ 3000m −64 dB −54 dB

AASR N/A No appreciable at chosen PRF No appreciable at chosen PRF
RASR N/A −55 dB −62 dB

attenuation switch reroutes the transmitted signal on the Rx
chain bypassing the antenna. The auto check mode may be
switched on, manually, every time during the mission, with
the exception of the acquisition stage.

Platform altitude and georeferencing are ensured by
external GPS/INS linked by serial port to the RDU.

The nominal parameters of the three radars are listed
in Table 2, whereas their performances are summarized
in Table 3. Here, the noise equivalent sigma zero (NESZ),
azimuth ambiguity ratio (AASR), and range ambiguity ratio
(RASR) are also reported.

Three different antennas are adopted: one for the sounder
and two for the imager modalities. The sounder antenna
is a standard Log periodic with four radiating elements,
having a 7 dB gain, a beam width of 68∘, and a front-to-
back ratio of 15–19 dB. The imager antennas are planar patch

arrays designed and realized at the Microwave Laboratory of
University of Calabria, Cosenza, Italy. A photo of the sounder
and imager SAR-Low antenna installed on the civil helicopter
(Eurocopter AS350) used for the surveys is shown in Figure 3.

Both data from the sounder and imager are preprocessed
by ad-hoc configurable software. Prior interesting works in
the sounder area can be found in [5–7]. Focusing is the core
of the data processing and is based on the well assessed Chirp
Scaling Algorithm (CSA) [5–15].

Due to Doppler bandwidth oversampling, a data presum-
ming is performed in order to improve the signal to noise
ratio.Other preprocessing features are related to interferences
identification and suppression [16]. Furthermore, the Phase
Gradient Autofocus (PGA) algorithm allows for a motion
compensation [17–19]. This last feature is useful in imager
data processing. The Doppler parameter estimation is neces-
sary for data processing and is achieved by data together with
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Figure 3: Sounder and imager antenna in flight configuration.

48 cm

16
8 cm

x

y

z

Figure 4: SAR antenna configuration.

auxiliary information from the GPS/INS navigation system.
The data processing software is developed in Matlab envi-
ronment. In this context, heritage gained during SHARAD
mission has been used, because CO.RI.S.T.A. designed and
developed data processing algorithms for this instrument
[20]. For what concerns the nadir suppression technique,
no particular implementation has been performed at the
antenna level, where the reduced number of elements (the
minimum one sufficient for the application and giving a
compact structure) does not allow an efficient synthesis
technique to properly reduce the sidelobes. However, nadir
return is cut away from the scene with an appropriate
selection of the PRF and the receiving window opening time
values.

3. SAR Antenna: Design and Test

The antenna configuration adopted for the imager modality
SAR-Low is composed of an array of 1 × 4 microstrip patches
operating in linear vertical polarization (Figure 4).The single
radiating element is given by a coaxial fed patch antenna
and loaded with a capacitive ring, so to have a compact and
wideband antenna [21, 22].

In particular, to realize a large operating bandwidth
of about 80MHz, even greater than that required by the

Figure 5: SAR-Low antenna mounted into the anechoic chamber at
University of Calabria.

application, a foam dielectric (𝜀
𝑟
= 1.07) having thick-

ness equal to 6 cm is adopted as main substrate, and an
upper thin (0.762mm) layer of standard dielectric (Arlon
Diclad 870, 𝜀

𝑟
= 2.33) is inserted uniquely to guarantee a

strong mechanical support. This gives a compact single-layer
structure, with a strongly reduced thickness (compared to
the wavelength), while similar performances are generally
achieved by adopting much more complex configurations
[23].

A photograph of the SAR-Low array mounted in the
anechoic chamber of theMicrowave Laboratory at University
of Calabria is illustrated in Figure 5. A full experimental
characterization of the array, having a weight approximately
equal to 4Kg, is performed in terms of both return loss
and radiation pattern behavior. In particular, the wideband
feature is well confirmed by the return loss illustrated in
Figure 6, where a good agreement can be observed between
simulations (Ansoft Designer) and measurements.

The measured radiation pattern in the 𝑦 = 0 array plane
(Figure 4) is reported in Figure 7 for the central design fre-
quency equal to 450MHz.A−3 dB beamwidth approximately
equal to 22∘, as imposed by the constraint on the azimuth
resolution, is obtained in the copolar field.

Furthermore, the array shows an excellent performance
in terms of cross polar component, which is significantly
lower with respect to the copolar one. The radiation per-
formances of the designed array is maintained all over the
operating frequency range, as demonstrated by a very similar
behavior of the measured radiation patterns at different
frequencies, reported in Figure 8. Finally, the measured
boresight gain, with a mean value properly equal to 17 dB
(as declared in Table 2), is illustrated in Figure 9. A similar
configuration is adopted for the SAR-High antenna, with
the same basic radiating element, but working at dual linear
polarization and assuming an array of 2 × 8 elements in order
to increase the azimuth resolution.

A design very similar to that adopted in the case of SAR-
Low antenna is assumed, but including two coaxial feeds, in
order to have the dual polarization feature. A foam thickness
equal to 3 cm, with an upper thin (0.762mm) layer of Arlon
Diclad 870 is considered, and the overall dimension of the
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Figure 6: Return loss of SAR-Low antenna: comparison between
simulation and measurement.
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Figure 7: Measured radiation pattern of SAR-Low antenna: copolar
and cross polar components @ 450MHz.

SAR-High array is exactly equal to that relative to the SAR-
Low case (Figure 4), so to adopt the same equipped slot on
the helicopter. Experimental validations are again performed
into the Microwave Laboratory at University of Calabria
(Figure 10).

In particular, the return loss curves, reported in Figure 11,
show a very similar behavior for the two linear polariza-
tions, with an operating bandwidth approximately equal to
120MHz, again greater than that imposed by the application.
The measured pattern in the 𝑦 = 0 array plane reported
in Figure 12 for the central frequency of 900MHz. A −3 dB
beamwidth approximately equal to 12∘, as imposed by the
constraints on the azimuth resolution, can be observed in the
copolar field, significantly above (∼25 dB) the undesired cross
polar component. Finally, the measured gain (at boresight)
for the two polarizations, reported in Figure 13, show a mean
value approximately equal to 19 dB, as indicated in Table 2.

4. Measurement Campaign Results

Two flight campaigns are performed with the aim to ver-
ify system functionality in operative conditions. Only the
sounder antenna ismounted on board of amilitary helicopter
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Figure 8: Measured radiation pattern of SAR-Low antenna: copolar
component at different frequencies.
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Figure 9: Measured gain of SAR-Low antenna versus frequency at
boresight.

Figure 10: SAR-High antenna mounted into the anechoic chamber
at University of Calabria.

during the first flight campaign.The relative performed tracks
over an ancient volcanic hill located in the Roccamonfina site
(South Italy) are reported in Figure 14, while the obtained
radargram is shown in Figure 15. By observing the Figures,
there are some evidence that the sounder is able to penetrate
the hill terrain and intercept the bedrock at about 300m
depth.

During the second flight campaign, the 450MHz antenna
is also mounted on board of a commercial helicopter. An
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example of the resulting SAR image over a coastal zone in
Southern Italy (Paestum) is illustrated in Figure 16.

CavaScan 34

Scan 35

Figure 14: Performed tracks over an ancient volcanic hill located in
the Roccamonfina site (South Italy).
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Figure 15: Obtained radargram on the Roccamonfina site (South
Italy).

Figure 16: SAR image obtained over a coastal zone in Southern Italy
(Paestum).

5. Conclusions and Future Works

The design of a flexible and low-cost airborne radar, able to
easily switch between different operational modes (sounder
as well as SAR imager) has been fully described in this work.
The availability of more different frequency bands packaged
into a unique system makes it strongly useful to obtain maps
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with different penetration depths, thus specifically powerful
in tomographic applications, as demonstrated by the first
measurement campaigns. Actually, only two flight validations
have been performed with the aim of verifying the overall
system functionality.

No calibration flights have been performed to assess
the true system performances, and this will be the focus
of a future work. Furthermore, even if the proposed radar
is conceived to be fully polarimetric, it is not currently
equipped to receive the two polarizations simultaneously,
because it contains only one receiving channel.Therefore, the
full polarization can only be implemented in an “interleaved”
configuration, that is, through 4 consecutive pulses (HH, HV,
VH, and VV). The receiving channel duplication will be an
upgrade foreseen in the next future.
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We use polarimetric micro-Doppler for the detection of arm motion, especially for the classification of whether someone has their
arms swinging and is thus unloaded. The arm is often bent at the elbow, providing a surface somewhat similar to a dihedral. This
is distinct from the more planar surfaces of the body which allows us to isolate the signals of the arm (and knee). The dihedral
produces a double bounce that can be seen in polarimetric radar data by measuring the phase difference between HH and VV.This
measurement can then be used to determine whether the subject is unloaded.

1. Introduction

Detailed radar processing can reveal many characteristics of
human motions and of the human body, including gait char-
acteristics. Micro-Doppler signals refer to Doppler scattering
returns produced by the motions of the target other than
gross translation. Parts of the human body do not move with
constant radial velocity; some of the small micro-Doppler
signatures are periodic, and therefore analysis techniques can
be used to obtain more characteristics [1, 2]. Micro-Doppler
gives rise tomany detailed radar image features in addition to
those associated with the bulk target motions. Modulations
of the radar return from arms, legs, and even body sway are
being investigated by researchers [3–5]. There are also some
tutorials on micro-Doppler phenomena [2, 6, 7].

TheDoppler informationmeasured by a radar arises from
target motions.The equation for computing the nonrelativis-
tic Doppler frequency shift, 𝐹

𝑑
, of a simple point scatterer

movingwith speed Vwith respect to a stationary transmitter is

𝐹

𝑑
= 𝐹

𝑡

2V

𝑐

cos 𝜃 cos𝜙, (1)

where 𝐹
𝑡
is the frequency of the transmitted signal, 𝜃 is

the angle between the subject’s velocity and the beam of
the radar in the ground plane, and 𝜙 is the elevation angle
between the subject’s velocity and the radar beam. This
assumes that the radar itself is stationary. Targets can be
considered as collections of simple scatterers, though this is

a rough approximation. The micromotion of the scatterers
around the center frequency creates a micro-Doppler model
that varies with time. Several micro-Doppler models have
been developed which characterize and attempt to predict
the human micro-Doppler response [8–10] using animated
collections of simple scatterers as the foundation.

A short-time FT (STFT) is one way to explore the slow
time-dependent behaviour of the Doppler spectrum by doing
a Fourier transform over a small window in time, then sliding
the window [11].This avoids the loss of time information that
occurs when applying a Fourier transform. The continuous
form of the STFT is

STFT (𝑥 (𝑡)) = 𝑋 (𝜏, 𝜔) = ∫
∞

−∞

𝑥 (𝑡) 𝑤 (𝑡 − 𝜏) 𝑒

−𝑗𝑤𝑡

𝑑𝑡, (2)

where 𝑤(𝑡) is the window function. Because human micro-
Doppler varies slowly with time, we employ STFTs of the
IQ radar data. The length of time used in the STFT is called
coherent processing window, and this determines the resolu-
tion in Doppler frequency that can be measured. This can
partially be overcome by superresolving methods. The spec-
trogram is the square modulus of the STFT and is then

spectrogram (𝜏, 𝜔) = 10log
10

|𝑋(𝜏, 𝜔)|

2 (3)

which is often used to displaymicro-Doppler data in decibels.
Much of the analysis in this reportmakes use of spectrograms
for the display of micro-Doppler phenomenology.
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The extraction of micro-Doppler features is typically
performed in the joint time-frequency domain. Chirplet
techniques [12] as well as linear FM basis decomposition
[13] can be used to perform feature extraction. Independent
component analysis (ICA) can be used to extract independent
basis functions from the spectrogram to be used as features
in a classifier [14]. Micro-Doppler signatures have been
suggested as a biometric [15], and micro-Doppler features
have been used in classification algorithms [15–18]. Micro-
Doppler signatures have been extracted through a brick wall
[19]. Fully polarimetric human radar signatures at different
approach angles with respect to the radar have been collected
[20]. Automatic target classification has also been done on
data including multiple humans, wheeled vehicles, tracked
vehicles, clutter, and animal classes [21]. Micro-Doppler phe-
nomena have been investigated in frequencies as low as UHF
[22]. A 77GHz radar was used to observe micro-Doppler
signatures of human gait to recognize multiple persons and
attempt to identify whether the person is swinging their
arms [23]. An ultrawide band (UWB) impulse radar was
used to provide both high resolution range profiles and
high resolution Doppler spectrogram, which helps to extract
detailed micro-Doppler signatures like swinging arms [24].
The detailed signatures are used to recognize human activi-
ties, such as marching, walking, one-arm swinging, or two-
arm swinging. A combination of micro-Doppler signatures
with microrange features was also proposed [25].

2. Models

To understand the micro-Doppler presented by moving
humans, a model was built using the human motion as a
collection of simple scatterers. Several other micro-Doppler
models have been developed that characterise and attempt
to predict the human micro-Doppler response [8–10]. We
use research on human gait to model the expected Doppler
shifts measured over time by a radar system. We started with
the measurements made on twenty men and twenty women
whose ages ranged from 20 to 38 years with an average age
of 26 years and had their motions captured on video and
extracted then their characteristics analyzed [26]. The result-
ing motion information was extracted, and then animated.
We took the animated gait and extracted the micro-Doppler
velocities that would be created by differentiating themotions
using a point-scatterer model for each separate part.

We neglected obscuration for these simulations because
they were limited to frontal view, and we used a metallic skin
approximation to simplify the calculations by neglecting the
skin depth. The simulated micro-Doppler motions for dif-
ferent body parts are compared to measured data. These are
calculated from themodel and are calculated andmeasured at
17GHz.The scaling for the images was set in order to simplify
the comparison of images to demonstrate the variability of the
human gait as viewed by the radar.The stride rate is also held
fixed to simplify comparisons. We also do not simulate noise
in the models. Highly accurate mesh-modeled simulations of
the humanmicro-Doppler signature have also been done [27]
at lower frequencies where the metallic skin approximation
does not apply.
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Figure 1: Simulated micro-Doppler for a man walking on a
treadmill in the radial direction toward the radar at 17GHz.

The usefulness of the simulations is in the ability to
understand the measured effects seen in different radar
scenarios. They also provide the ability to create a simu-
lated database to test algorithms and approaches for feature
extraction and classification.There is not a perfect agreement
between simulated and actual measurements, but much of
the qualitative signature aspects are in the simulations. The
torso line, foot swing, and arm motions are all contained in
the simulation. This compares well to other micro-Doppler
simulations [9, 15].We then added radar cross sections (RCS)
to the simulations by modeling the human body as a set of
elliptical shapes and calculated the resulting spectrogram as
shown in Figure 1.

Now that we have a qualitatively validated model, we are
going to use it to analyze the results of polarimetric human
micro-Doppler measurements.

3. Polarimetric Micro-Doppler

Fully polarimetric radar data can potentially improve the
separability of different parts of human motion. One of the
techniques to determine whether someone is carrying a load
is looking at their arm motion [28]. The arm is often bent
at the elbow, providing a surface similar to a dihedral which
could create a double bounce. This is distinct from the more
planar surfaces of the body and allows us to separate the
signals of the arm (and knee) motion from the rest of the
body. The double bounce can be measured in polarimetric
radar data by measuring the phase difference between HH
and VV [29]. Measurements of humans were taken at an
outdoor radar test range with realistic but low levels of clutter
at Ka band. Further descriptions of the radar system, test
range, clutter, and other parameters are available in [20].

A standard spectrogram model of the micro-Doppler of
a human walking motion is shown in Figure 1. The dominant
phases for a walking human similar to Figure 1 are measured
and shown in Figure 2. Note that the characteristic foot swing
is still somewhat discernible. There is a significant number of
signals with a high (>150 or < −150 degrees) phase shift in the
torso-line area of the motion. Figure 3 shows the dismount
with the simulated motion of elbows superimposed, which
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Figure 2: Polarimetric measurement of human walking toward the
radar. The red (and yellow) double-bounce areas correspond to the
elbow motion, while the blue (and green) single bounce is the rest
of the body.
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Figure 3: Polarimetric measurement of an unloaded human walk-
ing toward the radar at Ka band from Figure 2 with the simulated
elbow movement superimposed as red and green lines roughly
corresponding to the areas of significant phase offset from zero.

matched reasonably well the measured areas of high phase
offset from zero. Note that the elbow maxima are simulated
to be slightly before the foot maxima, as shown in Figure 1.

The repeatability of the measurement is an issue. Two
measurementsweremade of an individualwalking away from
the radar, with the knees being highlighted instead of the
elbows.This is shown in Figures 4 and 5where ameasurement
of knee polarimetric response is repeated and the simulated
motion is superimposed. An additional issue is the effect
of angle on the measurement response. Polarimetric micro-
Doppler with a double bounce was only clearly detectible at
small offsets from the radial direction in azimuth or elevation.
The arm is smaller in RCS than the torso or leg, so when
both signals are present, the smaller arms signal is not as
distinguishable. This meant that the angles where it is easy
to view the double bounce returns from the elbow and knee
are when the arm is readily discernible from other signals.

When a dismount is loaded, the arm motion is restricted
so there is less opportunity to easily observe the double
bounce. Figure 6 shows a loaded dismount which can be
compared to Figure 2. It is clear from the differences in
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Figure 4: Polarimetricmeasurement of a humanwalking away from
the radar at Ka band. The black double-bounce areas correspond to
the elbowmotion, while the white and grey single-bounce area is the
rest of the body.
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Figure 5: Repeated polarimetric measurement of a human walking
away from the radar at Ka band. The black double-bounce areas
correspond to the elbow motion, while the white and grey single-
bounce area is the rest of the body. The simulated motions of the
knee are superimposed on the image, showing a rough correspon-
dence to areas of high doublebounce.

Figures 2 and 6 that there is potential in utilizing polarimetric
radar in classifying dismounts as having their arms loaded
or freely swinging. The simulated arm motion is overlaid in
Figure 3. The polarimetric measurement of human walking
toward the radar at Ka band while carrying a load in Figure 6
shows that the red double-bounce areas corresponding to the
elbow motion are severely diminished because the dismount
can no longer swing the arms freely. Dismounts carrying dif-
ferent objects can appear to have similar motion, though this
was not true with the most common implements [28]. This
study is not definitive because of the small amount of data
with limited statistics, but the potential to utilize polarimetry
to distinguish loaded versus unloaded dismounts is shown.

4. Conclusions

Extensive fully polarimetric outdoor radar human micro-
Doppler walking signatures have been collected and
analyzed. Micro-Doppler simulations were created and
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Figure 6: Polarimetric measurement of a loaded human walking
toward the radar at Ka band. The red (and yellow) double-bounce
areas correspond to the elbow motion, while the blue (and green)
single bounce is the rest of the body. Comparison with Figure 2
shows a reduction in the arm motion.

qualitatively validated against the measured data, allowing
the use of the simulations to analyze the polarimetric
micro-Doppler returns. The motion of humans is shown
to have measurable double-bounce returns from both the
elbows and knees similar to a dihedral. These returns vary
when the human is loaded versus unloaded, primarily in the
double-bounce return from the freely swinging arms. Thus,
the extraction of polarimetric micro-Doppler features from
radar data has been shown to be feasible and potentially
useful.

We discovered several important characteristics that
should be considered for the measurement of human micro-
Doppler. First, since the arm motion is important for the
determination of whether a person could be loaded, polari-
metric measurements can isolate and highlight the arm
motion for a classification as being loaded or unloaded.
Second, the azimuthal angle of the motion is a critical
parameter to consider in ground-based systems. For choke-
point observations where the direction of motion is more
controlled, polarimetric radar could be used to determine
who is unloaded and who should be checked.
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The original U-shaped patch antenna is properly modified in this work to provide a compact and broadband antenna configuration
with reduced cross-polar effects, well suitable for modern radar applications. The proposed antenna layout is applied to design,
realize, and test two different prototypes working at P-band and C-band, typically adopted for ground-penetrating radar. The
experimental results successfully demonstrate a large operating bandwidth between 15% and 20%, a significant reduction of size
(about half of the standard configuration), and a low cross-polarization level within the operating frequency range.

1. Introduction

The new generation radar systems require advanced compo-
nents and materials [1–4] in order to properly exhibit their
innovative features [5, 6]. For this motivation, in recent years,
most of the classical hardware radar architecture functions
have begun to be implemented via software, in order to
reduce the costs and the complexity of the entire system [7–
9]. Antennas often represent the most critical hardware com-
ponent in the radar system, and the design of the radiating
element needs to satisfy several constraints required by the
novel applications, especially in terms of bandwidth [10–14]
and quality of the radiation pattern, while guaranteeing, at
the same time, a compact configuration. Microstrip patch
antennas are largely employed in radar systems due to their
low costs and easy manufacturing, low profile, light weight,
and good strength, but the use of standard single-layer
microstrip patch is not suitable for most radar applications,
mainly due to its narrowband behavior. Additional resonant
elements, such as slots, may be included in the radiating
surface in order to enhance the bandwidth. The U-slot
configuration is typically adopted at this aim, as the multiple
resonances introduced by the slot allow it to produce a unique
wideband response. Various examples exist in the literature
for the standardU-slot patch antenna configuration. In [15], a
compact U-slotted microstrip patch, performing a wideband
behavior, has been presented, and in [16] an example of
multiband U-slot antenna has been proposed. Even if all

existing works show that U-slot configuration yields good
results in terms of bandwidth and compactness, the additive
resonances significantly disturb the main flow of the surface
current, thus increasing the cross-polarization level. As a con-
sequence of this, the useful radiation bandwidth of standard
U-slot configuration is significantly reduced with respect to
that achieved in terms of return loss behavior, thus preventing
its application in modern broadband radar systems.

Most of the existing works in the literature for the
standard U-slot antenna are focused on the achievement of
a tradeoff between bandwidth and size reduction but not
giving an effective procedure for reducing the cross-polar
component.

Starting from the study of U-slot antenna behavior pre-
sented in [17], the original configuration is properly modified
in this work to guarantee the wideband radiation feature,
while reducing, at the same time, the cross-polarization
effects due to the complex combination of the antenna and
the slot modes. In the modified U-slot layout, the current
path forced by the slot is properly constrained to provide
a low cross-polarization effect, while achieving a significant
reduction in the total size of the radiating element. To prove
the effectiveness of the proposed antenna configuration,
experimental validations on two different prototypes, useful
for P-band and C-band radar applications, are successfully
discussed. In particular, radiation bandwidths between 15%
and 20% are demonstrated with reduced cross-polar levels
and compact dimensions.
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Figure 1: Layout of modified U-slot antenna: (a) top layer and (b) enlarged view of right corner.

2. Antenna Configuration

The technique based on the application of slot cuts in the
radiating element is widely adopted in the literature to
improve the bandwidth and/or reduce the antenna size [18–
20]. In this paper, the basic U-slot shape is considered,
properly modifying the layout as in Figure 1, in order to
control the undesired current giving cross-polarization, but
guaranteeing at the same time a compact structure with
a large bandwidth behavior. Two main differences exist
between the standard configuration and the proposed design,
namely,

(i) asymmetrical strips introduced in the arms of the
vertical U-shaped slots;

(ii) a furthermodification to the horizontal armof the slot
in order to introduce more degrees of freedom in the
design, thus better controlling the current flow and
the antenna resonance frequencies.

In the example shown in Figure 1, the polarization is
vertical, so the layout is designed in order to avoid 𝑥-directed
modal propagation.

As in classical U-slot antenna, a low permittivity substrate
is used to reduce the antenna 𝑄 factor, thus increasing the
bandwidth. In the proposed configuration, a ring slot is
introduced around the central feeding point to compensate
the large probe inductance due to the presence of the low
permittivity substrate, which could worsen the impedance
matching after a certain value of thickness. As discussed
in [17], antenna and U-slot modes combinations, in the
classical design, give undesired 𝑥-directed currents; hence,
an unwanted increase of cross-polarization is produced. As
a consequence of this, a particular ratio between the vertical
and the horizontal arms needs to be considered to avoid
this problem, but bandwidth requirements cannot always be
satisfied according to this constraint.

The combination of the cuts in the proposed design
allows a good tradeoff between bandwidth improvement and
paths minimization of unwanted 𝑥-directed modes, avoiding
a limiting constraint in the arms dimensions.The asymmetry
in the vertical strip is necessary in order to achieve a better
impedance matching, a significant size reduction, and a
correct compensation of the 𝑥-directed currents. In the next
section, the proposed antenna layout is successfully applied
to design compact and wideband prototypes, with low cross-
polarization effects, useful for P-band and C-band radar
systems.

3. P-Band and C-Band Antenna Prototypes

Radar systems requiring a deep penetration into the mon-
itoring scenario usually work in the relatively low region
of the electromagnetic spectrum. For these applications, P-
band operating frequencies are largely adopted. On the other
hand, when high resolutions but lowerwaves penetrations are
required, such as in short-range weather observation, C-band
frequencies are usually considered.

In order to make the proposed antenna configuration
well suitable for typical radar applications, two prototypes,
respectively, working in P-band and C-band, are designed,
realized, and tested. A low permittivity dielectric (foam, 𝜀

𝑟
=

1.07) simulating an air filling is assumed as main substrate,
while an upper thin (0.762mm) standard layer of Arlon
DiClad870 (𝜀

𝑟
= 2.33) is uniquely employed for robustness

reasons, to better support the modified U-slot patch antenna.
A thickness approximately equal to 𝜆

𝑜
/11 is adopted in both

cases for the foam substrate. An optimization procedure,
based on the proper tuning of all geometrical parameters
illustrated in Figure 1, is applied to derive, after a few iteration
steps, the antennas dimensions, fully reported in Tables 1 and
2, respectively, for the P-band and the C-band prototypes.

The adopted design procedure assumes the study pre-
sented in [17] as a starting point, improving the configuration,
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in terms of compactness and wideband features, by assuming
the following expressions for the patch width𝑊, given as

𝑊 =

𝑐

3.55𝑓

𝑜

√𝜀

𝑟 (1)

with 𝑐 being the free-space velocity.
The inner and outer radii𝑅

1
,𝑅
2
of the ring slot are chosen

on the basis of the design procedure outlined in [21].
Finally, the parameters𝐶

1
,𝐶
2
, relative to the modified U-

slot arms, are computed by the following expressions:

𝐶

1
= (

𝑐

4𝑓

𝑜
√
𝜀

𝑟

−

𝐸

2

) ⋅ (1 +

𝐷𝑓

𝑜
𝛼

𝑐

) ,

𝐶

2
= (

𝑐

4𝑓

𝑜
√
𝜀

𝑟

−

𝐸

2

) ⋅ (1 −

𝐷𝑓

𝑜

𝛼𝑐

) ,

(2)

where the term 𝛼, assuming values in the range between 0.88
and 0.93, is adopted as tuning parameter to optimize, after
a few iteration steps (typically two or three), the radiating
structure in terms of impedance matching, achieving a
bandwidth between 15% and 20%.

Both configurations reported in Tables 1 and 2 show
a reduction of about 50% in the patch surface area, thus
providing a significant compactness. As a matter of fact, a
standardU-slot patch antenna [17] presents at P-band awidth
equal to 492.6mm, while the proposed prototype in Table 1
(Figure 2) has a strongly reduced width equal to 231.1mm.
Similar features can be observed for the C-band prototype
(Figure 3).

Table 1: Geometrical parameters of P-band prototype (centre
frequency: 450MHz).

Parameter Dimension (mm) Parameter Dimension (mm)
𝐿 243.4 𝑅

1

22
𝑊 231.1 𝐹 18
𝐷 156 𝑊

𝑡

6
𝐸 18 𝐺 59.2
𝐶 218 𝑅

2

35
𝐶

1

181.5 𝑊

1

6
𝐻 6 𝐺

1

5
𝐶

2

231.1 𝐻

𝑡

5

Table 2: Geometrical parameters of C-band prototype (centre
frequency: 4.25GHz).

Parameter Dimension (mm) Parameter Dimension (mm)
𝐿 25.1 𝑅

1

3.4
𝑊 19.4 𝐹 1.9
𝐷 11.0 𝑊

𝑡

0.6
𝐸 1.9 𝐺 5.5
𝐶 21.5 𝑅

2

3.9
𝐶

1

18.0 𝑊

1

0.6
𝐻 0.6 𝐺

1

0.6
𝐶

2

13.0 𝐻

𝑡

0.6

Experimental validations of prototypes in Figures 2 and 3
are performed into the anechoic chamber of the Microwave
Laboratory at University of Calabria, equipped for both near-
field [22–24] and far-field measurements.

For the P-band prototype, a bandwidth of about 15%
is successfully demonstrated by the measured return loss
behavior reported in Figure 4.

The operation bandwidth is further confirmed in terms
of radiation features by the measured H-plane patterns
illustrated in Figure 5 at different frequencies. As a matter
of fact, it is straightforward to observe that the cross-
polar component properly remains below the copolar field
within the entire frequency band. This advantageous result
is achieved by accurately minimizing the 𝑥-directed currents
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Figure 6: Simulated current distribution on the proposed P-band antenna prototype.

on the radiating elements, which aremainly dependent on the
geometrical parameters𝐷, 𝐶, 𝐺

1
, and 𝐺

2
(Figure 1).

To demonstrate the proper reduction of the horizontal
component of the current, a plot of the simulated current
distribution on the P-band prototype at the central operating
frequency of 450MHz is reported in Figure 6. A strongly

𝑦-directed current can be observed in the strips inside the
vertical arms of the U-slot, while no relevant 𝑥-directed
current can be identified in the region outside the slot.

For comparison purpose, the simulated current distribu-
tion on a standard U-slot antenna [17] working at the same
frequency is reported in Figure 7. In this case, a relevant
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Figure 9: Measured radiation patterns of C-band antenna prototype at different frequencies.

𝑥-directed current circulation can be observed, thus causing
a more relevant cross-polar level with respect to the configu-
ration proposed in this work.

Analogous experimental validations are performed on
the C-band prototype (Figure 3), for which the measured
return loss shows an operating bandwidth of about 20%

(Figure 8).This is again confirmed by themeasured radiation
patterns of Figure 9, where the cross-polar fields are properly
maintained below the copolar components when approach-
ing the bandwidth extremes, thus overcoming the main limi-
tation in terms of high cross-polarization effects, observed in
[17] for the standard U-slot patch configuration.
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4. Conclusion

An innovative U-shaped slot antenna has been discussed in
this work to significantly overcome the limitations in terms
of high cross-polar fields for the standard U-slot patch. The
proposed slot design technique is able to provide a compact
structure with a large operating bandwidth, without occur-
ring in undesired cross-polarization effects strongly affecting
the useful radiation frequency range. An effective broadband
bandwidth between 15% and 20% has been successfully
demonstrated by experimental validations on P-band and C-
band prototypes, useful to be adopted as radiating elements
into penetrating radar systems. As a matter of fact, the
achieved broadband behavior assumes a great relevance at
the radar system level, where wideband antennas are strongly
necessary to support more demanding modes of operation,
often condensing the received echo information into more
channels, so as to enhance the radar capabilities in terms of
target classification.
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The Universal Software Radio Peripheral USRP NI2920, a software defined transceiver so far mainly used in Software Defined
Radio applications, is adopted in this work to design a high resolution L-Band Software Defined Radar system. The enhanced
available bandwidth, due to the Gigabit Ethernet interface, is exploited to obtain a higher slant-range resolution with respect to
the existing Software Defined Radar implementations. A specific LabVIEW application, performing radar operations, is discussed,
and successful validations are presented to demonstrate the accurate target detection capability of the proposed software radar
architecture. In particular, outdoor and indoor test are performed by adopting ametal plate as reference structure located at different
distances from the designed radar system, and results obtained from the measured echo are successfully processed to accurately
reveal the correct target position, with the predicted slant-range resolution equal to 6m.

1. Introduction

Radar systems have been employed for a long time mainly in
military operation, like target detection, target recognition,
surveillance, and other specific applications, such as meteo-
rology and air-traffic control. However, especially in the last
recent years, new kind of large-scale commercial applications
is requiring the standard radar systemoperations, but accord-
ing to significant cost reduction and strong adaptability.
Medical diagnostics and automotives are just some examples
of the possible application fields. According to this new
operating context, Software Defined Radar (SDRadar) could
represent a new challenge in radar technology due to the
possibility of performing most of the basic operations (i.e.,
mixing, filtering, modulation, and demodulation) by simply
employing software modules in order to strike out most of
the specific hardware [1]. Themain goal of a software defined
approach is related not only to a clear cost reduction, but also
to a significant increase of the versatility of the system, since
signal generation and signal processing parameters may be
easily adapted on the fly to the task under consideration. New
researches are recently conducted to implement a SDRadar

for target distance detection [2, 3], but they are based on the
use of sophisticated FPGA and/or DSP, thus being not able to
guarantee the required cost reduction.

A possible solution for a low cost SDRadar system
development can be obtained by the adoption of theUniversal
Software Radio Peripheral (USRP) transceiver. A first attempt
to apply USRP for target detection is performed in [4];
however, due to the bandwidth limitations imposed by the
available USB connection, a limited slant-range resolution
equal to 75m is obtained. Interesting results are presented
in [5–8], where different characterizations of the USRP
N200 e N210 are employed as SDRadar systems. However,
these transceivers are not able to easily design a compact
device; moreover, a full adaptability of the software code
on the fly for different scenarios can be scarcely achieved.
National Instruments (NI) has recently manufactured two
new generation devices, the USRPNI2920 andUSRPNI2921,
successfully combining the NI LabVIEW software and the
USRP hardware to deliver an affordable and easy-to-use
software-reconfigurable RF platform potentially suitable for
experimentation, research, and rapid prototyping [9]. These
devices, as yet used for teaching, communication, andmainly
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Figure 1: Block diagram of the proposed SDRadar system.

in Software Defined Radio applications [10], are considered
in this work as a potential transceiver for a compact and
versatile SDRadar. In particular, as described in Section 2,
USRP NI2920 is employed in a SDRadar design for target
detection.

Since one of the most relevant problems of SDRadar
developing is related to a low slant-range resolution, due to
the low speed of its interface, the main goal of this work is to
explore the potentialities of the NI new generation USRP in
order to enhance this specific parameter, taking advantage of
theGigabit Ethernet Interface. A LabVIEWcode is developed
to both control the features of the SDRadar system as well as
to perform a signal processing compression technique (not
completely suitable for the first generation USRP interface
capabilities), thus achieving a strongly enhanced slant-range
resolutionwith respect to the previous systems. Furthermore,
experimental indoor and outdoor tests are performed in
order to validate the system behavior in terms of target
detection capability. A possible application scenario of the
designed L-Band SDRadar system can be represented by the
landslides monitoring in the presence of vegetated areas.

2. Proposed SDRadar System

The software radar architecture proposed in this work is
developed to create a low cost, compact, and flexible solution
for an accurate target detection; potentially, this scheme can
be easily adopted in different scenarios without significant
hardware modification, thus leading to create a multipurpose
radar system. The complete block diagram of the proposed
SDRadar system is reported in Figure 1. The USRP 2920
platform is used to transmit and receive data by a linear array
antenna with specific bandwidth and directivity features
useful for the prescribed application [11–16].

One of the main motivations for the choice of the
USRP NI2920 is due to the enhanced available bandwidth
(25MHz), when compared to the first version (2MHz), with
the possibility to significantly enhance the radar slant-range
resolution. The whole system is controlled by a LabVIEW
application running on a compact single board computer
(SBC). It is able to perform the required processing for
target detection, but it is designed also to control a motor
system guaranteeing the antenna, thus giving a scanning
feature useful for an accurate surface monitoring in different
directions. A power amplifier (PA) and a low noise amplifier

(LNA) increase the signal power along both the transmission
and the receiving paths, and a circulator can also be adopted
to use a single antenna in both the transmission and the
receiving paths, thus further reducing the total hardware
costs and the size of the entire device.

3. Signal Processing Algorithm

A stretch processor (SP) approach [17], according to the
diagram scheme of Figure 2, is adopted to implement the
signal processing stage. First, the radar echo signal is mixed
with a replica (reference signal) of the transmitted waveform.
Then, a low pass filtering (LPF) and a coherent detection
are performed in order to avoid the high frequency response
coming from the mixer output. Analog to digital (A/D)
conversion is subsequently applied, and a bank of narrow
band filters is adopted to extract the tones proportional to
the target range. Finally, a Fast Fourier Transform (FFT) is
applied to derive the amplitude spectrum, whose peaks are
related to the targets positions.

The adopted transmitted signal is a linear frequency
modulated waveform expressed by the following equation:

𝑠 (𝑡) = cos [2𝜋 (𝑓
0
𝑡 +

𝜇

2

𝑡

2

)] , 0 < 𝑡 < 𝜏



, (1)

where 𝜇 = 𝐵/𝜏 is the LFM coefficient,𝐵 gives the bandwidth,
𝑓

0
is the chirp start frequency, and 𝜏 is the chirp duration.
The slant-range resolution Δ𝑅 is then provided by the

expression [17]

Δ𝑅 =

𝑐

2𝐵

, (2)

thus being strictly related to the system bandwidth 𝐵.
As imposed by (2), the use of USRP NI 2920 offers a

maximum available bandwidth of 25MHz, leading to have
a slant-range resolution Δ𝑅 = 6m, which is significantly
enhanced when compared to the value Δ𝑅 = 75m achieved
with the first generation USRP, having a bandwidth 𝐵 =
2MHz [4].

On the basis of the outlined SP technique, a sophisticated
algorithm implementing both the signal processing code
and the motor control operations is developed in LabVIEW
code (Figure 3) to obtain the proposed scanning SDRadar in
Figure 1. In particular, the radar system is designed to perform
N distinct scannings on different frames of the area under
analysis (e.g., mountain, landslide, topography surfaces, and
glaciers) through the controlled rotation of the radar antenna
(Figure 4).

The main steps of SDRadar algorithm, whose block
diagram is given in Figure 5, can be summarized as follows.

(1) Parameters definition:

(i) Footprint (antenna illuminating area) of each
scan, defined in terms of distance between the
radar antenna and the analyzed area, azimuth
and elevation antenna beamwidths, grazing
angle, and operating frequency;
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Figure 3: LabVIEW SDRadar application window.

Figure 4: Schematic view of SDRadar antenna scanning.

(ii) Receiving window that ensures the correct
recognition of any type of topology relative to
the surface under analysis, defined by 𝑅min and
𝑅max (minimum and maximum required target
range);

(iii) Total area size, giving the exact number N of
radar scannings necessary to retrieve the total
topology.

(2) Matrix definitions:

The Matrix is composed by 𝑁 rows, corre-
sponding to the 𝑁 produced scanning, and M
columns, depending on the receiving angular
windows.

(3) Main loop implementing the SP algorithm and the
motor control operations.

Once completing thematrix, a color assignment is performed
like in a radar gram [18]. Colors are helpful for the remote
view of the overall topology.

4. Experimental Validations

The performance of the SDRadar system proposed in Sec-
tion 2 is tested in order to verify the proper distance
detection between the radar device and a testmetal plate, with
dimensions equal to 1.22m × 0.91m, placed orthogonally to
the direction of propagation of the radar transmitted waves.
In this particular scenario, antennas are linearly polarized and
the operating central frequency is equal 1.8GHz, so the device
operates as an L-band radar.

Specific outdoor tests are performed on the basic system,
composed by a PC, USRP 2920, and two antennas, in order
to validate the correct behavior of the transceiver in this
scenario, and further indoor tests are performed on the
complete system, described in Figure 1, with the adoption of
the same test target, in order to confirm the enhanced radar
resolution.

4.1. Outdoor Tests. A scheme of the outdoor test setup is
reported in Figure 6. A broadband ridged horn is adopted
as transmitting antenna, while a broadband logarithmic
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Figure 7: Photograph of outdoor test setup.

antenna, with the same linear polarization, is used in the
receiving path.

With reference to the general block diagram of Figure 1,
the circulator, the amplifiers, and SBC are excluded in this
first validation case, in order to test only theUSRPbehavior in
terms of radar capabilities. A calibration step is preliminarily
performed in the absence of the test target, in order to
characterize and subsequently remove the undesired reflec-
tions due to the open measurement environment, otherwise
producing “false” peaks. The test metal plate is subsequently
placed at three different reference distances (6m, 12m, and
18m) from the transmitting/receiving platform, in order to
test the SDRadar slant-range resolution. A noncongested
pedestrian zone (Figure 7) is chosen as test location, in order
to have negligible contribution of multipath. The results of
the FFT processing on the receiving echo for different target

Table 1: Real and retrieved target positions with the NI-USRP 2920.

Real target position [m] Retrieved target position [m]
0 ÷ 6 6
6 ÷ 12 12
12 ÷ 18 18

positions are illustrated in Figure 8, while a comparison
between the true and the software retrieved target positions
is summarized in Table 1.

The results relative to the reconstruction of the three
targets positions are represented in terms of SDRadar map
described in Section 4, but assuming for simplicity 𝑁 = 1
(single scan). The corresponding radar gram, reported in
Figure 9, properly displays the targets positions at 6m, 12m,
and 18m, with three different colors in a gray scale.

The results shown in Figures 8 and 9 confirm the proper
distance detection capabilities and a resolution equal to 6m,
thus being 12 times less with respect to that obtained by using
the first generation USRP in a SDRadar system.

4.2. Indoor Tests. Similar measurements are performed into
the anechoic chamber of the Microwave Laboratory at Uni-
versity of Calabria, in order to test the correct behavior of the
entire compact system illustrated in Figure 1. A broadband
logarithmic antenna is adopted as both transmitting and
receiving device, so the two paths are separated through the
use of a circulator. A scheme of the relative test setup is shown
in Figure 10. As in the outdoor tests, a preliminary calibration
step is performed to avoid false peaks due to reflections in
the path between circulator and antenna, power amplifier and
circulator, and USRP and power amplifier. Again, a copper
sheet is assumed as reference target and positioned at various
distances, multiple of the theoretical range resolution, equal
to 6m.

The results of FFT performed on the received signal are
illustrated in Figures 11 and 12 for target positions equal to
6m and 12m, respectively.

In both cases, the relative amplitude peaks can be properly
distinguished in the diagrams, thus confirming the correct
value of the slant-range resolution.
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Finally, two identical metal plates are both placed in the
test zone, the first one at a distance between 0m and 6m and
the second one between 6m and 12m.

Both relative target positions are accurately identified by
the two main peaks corresponding to 6m and 12m (Fig-
ure 13). Other lower peaks, in correspondence with higher
distances multiple of the slant-range resolution, represent
multipaths of the radar signal between the twometallic plates.
However, the low signal corresponding to multipaths does
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not prevent the correct interpretation of the scene, so indoor
tests on the entire compact device confirm the validity of
proposed approach.

5. Final Discussion

The strong limitation in terms of slant-range resolution, due
to the low data rate available at the interface of the first gen-
eration USRP and the low adaptability of similar transmitter-
receiver devices into a compact device, strongly prevent the
potential use of SDRadar in several new applications; as a
consequence of this, the resolution enhancement, along with
compactness and low costs, is becoming key factor in the
SDRadar research. In this work, the use of the new generation
NI 2920 USRP has been investigated to design a compact
and low-cost SDRadar system able to provide appealing slant-
range resolutions with a strong improvement (from 12m
to 6m) when compared to the solutions existing in the
literature. The effectiveness of the proposed approach has
been successfully proven by indoor and outdoor tests, thus
leading to the attractive possibility of creating multipurpose
and adaptive low cost radar systems to be applied in different
contexts.

6. Conclusions and Future Works

A low cost, flexible, compact, and versatile solution to create
an L-Band SDRadar system has been proposed in this work.
The USRP NI2920 platform has been adopted for the first
time to realize a SDRadar system for target detection. The
main result of integrating NI2920 in the proposed SDRadar
system is related to the significant enhancing of slant-range
resolution (6m) with respect to that achieved in the existing
SDRadar solutions. A specific LabVIEWapplication has been
developed to implement the radar processing algorithm as
well as to control the various components of the system. A
stretch processing approach has been implemented in the
system to fully take advantage of the benefit of the available
enhanced bandwidth. Outdoor tests, using a basic version of
the proposed SDRadar scheme, have been performed, correct
distance measurements between the SDRadar platform and
some metallic sheets have been obtained, and the expected
slant-range resolution has been achieved. Indoor experimen-
tal validations have been also performed to demonstrate the
correct working of the entire proposed system, in the case
of single and multiple targets. As a future extension of this
work, the proposed design will be updated by implementing
supplementary signal processing features on the proposed
SDRadar; for instance, a Doppler shift frequency analysis will
be performed for movement detection, so new functions will
be added to the proposed platform, with no changes in the
hardware design, in order to create, step by step, a simple, low
cost, and multipurpose radar.
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This paper describes a concept of the circulating codes covering the whole class of the space-time codes. The circulating codes
do not narrow the radiated pattern of the antenna array, thus providing a wide angular coverage, possibly tunable. In turn, the
beam-forming on transmit is achievable by means of the signal processing in one (or each) receiver channel. The modelling results
demonstrate the efficiency of the circulating codes based on their multidimensional ambiguity functions.

1. Introduction

In many modern radar applications, pulse compression is a
key element to achieve the required performance. The codes
to be used must possess appropriate properties of auto- and
cross-correlations. In turn, beam-forming is another well-
known signal processing technique used in sensor arrays for
directional signal transmission or reception [1].

Many engineers have noted that if one were able to form
truly simultaneous transmit beams in independent direc-
tions, then a flexible radar system could be build that would
be capable of true simultaneous multifunction operation [2].
Moreover, since digital arrayMIMOradars can be operated in
either the MIMO or the more conventional transmit modes
(as needed), a great deal of flexibility can be provided.

Until recently, radar transmitters have not enjoyed the
same degree of software-driven agility as radar receivers
[3]. Nowadays radar transmitters incorporate highly agile,
software-driven waveform generators. In principle, the radar
designer’s choice of beam shape and waveform can be used
to spread energy over space and time inmany interesting and
different ways [2].

The coloured transmission principles have been pre-
sented in [4]. They allow the transmission of the sounding
signals in a wide angular angle, and, at the same time, to
perform the beam-forming on transmit in one (or each) of the
receiving channels. They allow for an effective monitoring of
any number of beams formed on transmit by means of signal
processing on receive. The technique, describing application

of the digital beam-forming processing with a single receiver
channel, can be found, for example, in [5]. At the same
time, the amount of measurements stays the same as for one
beam, with some increase of the computational cost in the
receiver. So, the colouredwaveform transmission offers vastly
increased transmitter agility to identify ways to exploit agile
transmitter capabilities in practice.

In the literature on MIMO radar, it is often assumed
that the transmitted waveforms associated with each trans-
mit antenna or subarray are orthogonal and have perfect
waveform cross-correlation properties. In practice, this is
hardly achievable, when the transmitted signals occupy
the same time interval within the same bandwidth. When
we consider the same waveform circulating through each
antenna element with a very small relative time shift, as
presented in this paper, it seems that achievement of good
cross-correlation properties is simply impossible. However,
the received results demonstrate the opposite. Consequently,
the circulating codes for coherent MIMO deserve careful
consideration and analysis.

Implicit in the waveform design is that the observed radar
scene should be estimated accurately.The scattering response
of the clutter and targetsmust be disentangled by the receiver.
A commonly used measure for assessing waveform selection
in radar systems is the ambiguity function, which will be used
here for analyzing the properties of the proposed code. In
conventional radar systems, Woodward’s ambiguity function
is used to characterize waveform resolution performance
[6, 7]. For analysis of space-time radar waveforms, such as
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the circulating codes presented in this paper, themultidimen-
sional ambiguity function should be employed [8, 9].

This paper describes a solution for the proposed wave-
forms based on the use of a novel and technically simple
solution of transmitting only one waveform circulating from
one antenna element to another (or from one subarray to
another) with a very small relative time shift. In this way
the radiated signals have exactly the same coding complex
envelope, highly overlapping both in the time and frequency
domains.

Thepaper is organized as follows. In Section 2 the concept
of the circulating space-time codes, which applies to all
possible waveforms having good autocorrelation proper-
ties, is introduced. Section 3 describes the multidimensional
ambiguity function used for the space-time signals analysis.
Section 4 gives the examples of the ambiguity functions for
a number of circulating codes examples. The capabilities of
the waveforms for the beam-forming on transmit and pulse
compression are shown. Section 5 contains the conclusions.

2. Circulating Codes Concept

The transmitted waveforms are assumed to be encoded by
the same waveform 𝑠(𝑡) circulating with a relative time shift
through 𝑁 MIMO transmitter channels (see Figure 1). The
waveform 𝑠

𝑛

(𝑡) circulating through the 𝑛th channel can be
written as

𝑠

𝑛

(𝑡) = 𝑎

𝑛
⋅ 𝑠 (𝑡 − (𝑛 − 1) ⋅ Δ𝑡) , (1)

where the index 𝑛 represents both the number of the
transmitting channels and the number of the transmitted
waveforms. The relative time shift Δ𝑡 between the circulating
signals is equal to 1-sample time, Δ𝑡 = 1/Δ𝐹, where Δ𝐹
is the signal bandwidth. For waveforms with a large BT-
product (compression ratio), the relative time shift is very
small compared to the pulse duration 𝑇

𝑝
because, in fact,

BT = 𝑇
𝑝
/Δ𝑡. For the sake of simplicity, the amplitudes 𝑎

𝑛
are

assumed to be the same and equal to one and will be omitted
further.

The simplicity of implementation of the circulating codes
should be emphasized. Because of the use of only one wave-
form, only one complex signal with a large BT product should
be generated; and then it circulates in all the transmitter
channels with a small relative offset.

s1(t)

s2(t)

s3(t)

sN(t)

0

0

0

0

Tp
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t

t

t

Δt

s(t)
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s(t − (N − 1) · Δt)

· · ·

Figure 2: Circulating signals.

Figure 2 shows the circulating signals 𝑠𝑛(𝑡), 𝑛 = 1 ⋅ ⋅ ⋅ 𝑁.
The total radiated signal 𝑠

𝑇
(𝑡) has the following properties. It

has the same duration𝑇 as the signal 𝑠(𝑡).This is explained by
the fact that the envelope of the sum signal has a trapezium
shape with duration 𝑇 at −3 dB level. The relative time delay
of the signal 𝑠

𝑇
(𝑡) compared to 𝑠(𝑡) is equal to the half of the

relative time shift between the first and the last circulating
signals. This time delay is constant and it is equal to (𝑁 −

1) ⋅ Δ𝑡/2. It can be compensated at the signal generation stage
in the MIMO radar transmitter by the equal shift of all the
radiated signals or by compensation of this known time delay
at the signal processing stage in the MIMO radar receiver.

The time offset used in the circulating signal can be
looked at as a time-delay beam-steering (see, e.g., [10]). The
time-delay steering of array antennas is used to steer the
narrowmain beam of the antenna array physically. When the
circulating signals are used for sounding, the radiated beam
is not steered, and the signals are radiated within the wide
angle. The time shifts within the circulating codes are used
not to steer the beam but to keep it as wide as possible. The
beam-forming on transmit (narrowing of the main beam) is
implemented by the signal processing means on receive.

Array theory tends to discuss things in phase rather
than delay, so we can convert the delay experienced by the
circulating signal into a phase shift, between adjacent antenna
elements, at a given frequency:

Δ𝜑 = 2𝜋 ⋅ 𝑓 ⋅ Δ𝑡 =

2𝜋 ⋅ 𝑓

Δ𝐹

,
(2)

where 𝑓 is the radiated signal’s frequency. Since the radiated
signal bandwidth Δ𝐹 is not equal to zero, the phase shift is
not fixed.The phase shift is a function of the frequencyΔ𝜑(𝑓)
where the radiated signal’s frequency belongs to the following
interval: 𝑓 ∈ [(𝑓

0
− Δ𝐹/2) ⋅ ⋅ ⋅ (𝑓

0
+ Δ𝐹/2)], where 𝑓

0
is the

radiated signal’s central frequency.Therefore, the range of the
phase shift described by (2) can be written as

(Δ𝜑min ⋅ ⋅ ⋅ Δ𝜑max) = ((Δ𝜑0 − 𝜋) ⋅ ⋅ ⋅ (Δ𝜑0 + 𝜋)) , (3)

where Δ𝜑
0
is the phase shift provided by the central radiated

frequency. Equation (3) shows that the phase shift within the
radiated signal’s bandwidth changes by 2𝜋, which character-
izes the full angular coverage.
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Theuniformly spaced linear array can be steered by apply-
ing a phase shift such as Δ𝜑 = 0 at the angle of interest [11]:

Δ𝜑

0
= 2𝜋 ⋅

𝑑

𝑐

⋅ 𝑓 ⋅ sin 𝜃
0
,

(4)

where 𝑑 is the spacing between the antenna elements and
𝑐 is the speed of light. However, for the circulating signals
the phase shift varies by 2𝜋 along the array for any 𝜃

0
. It

means that, regardless of the value of Δ𝜑
0
or on the steering

direction, the physically radiated circulating signals provide
the full angular coverage, in practice, limited only by the
radiated patterns of the antenna elements. So, in fact, the
signals are radiated within a wide angular range, and the
beam-forming on transmit (forming of multiple beams) is
performed on receive by the signal processing means, which
is explained further in the paper.

The group transmitted signal (see Figure 1) is angular
dependent. For ease of exposition, let us make the usual
narrowband assumption; this is not a requirement, but
simplifies the discussion. So, in a given direction 𝜃

0
the

aggregate transmitted signal can be written as the sum of
all transmitted signals, with appropriate phase shifts for this
direction defined by the wavenumber ⃗

𝑘(𝜃

0
):

𝑠

𝑇
(𝑡, 𝜃

0
) =

𝑁

∑

𝑛=1

𝑒

𝑗
⃗
𝑘(𝜃0)⋅
⃗𝑥(𝑛)

⋅ 𝑠

𝑛

(𝑡) , (5)

where 𝑘 is a wave-vector, 𝑥(𝑛) is the position vector of the 𝑛th
radiating element, and 𝑠𝑛(𝑡) is a circulating signal described
by (1).

The signal received by one receiver channel 𝑟 is written as

𝑠

𝑟

𝑅

(𝑡, 𝜃

0
) = 𝑒

−𝑗⋅𝑘(𝜃0)⋅𝑥(𝑟)

⋅

̇

𝐴 ⋅ 𝑠

𝑇
(𝑡 − 𝜏

0
, 𝜃

0
) + 𝑒 (𝑡) ,

(6)

where ̇

𝐴 is the complex scattering coefficient of an observed
target, 𝜏

0
is a time delay defined by the travelling distance

of the signal, and 𝑒(𝑡) is noise at time 𝑡. In this work, we
assume that within one pulse the phase variance due to the
Doppler shift is negligible and the Doppler shift becomes
just a constant phase term. The multidimensional transmit
ambiguity function presented in the next section is calculated
for one pulse as a squared modulus of the matched filter
output (see the end of Section 3). Since we take the modulus,
we neglect the phase term defined by the Doppler shift
imposed on the pulse. So, the use of the bank of Doppler
filters together with the sounding circulating signals makes
the observation of moving objects possible and, at the same
time, provides a wide angular coverage with possibility of the
beam-forming on transmit performed in radar receiver.

3. Transmit Ambiguity Function:
Circulating Codes

As known, the matched filter is the solution for maximizing
the output signal-to-noise ratio (SNR). So, the beam-forming
on transmit is performed on the received signals in the 𝑟th

channel as the filtering matched with the transmitted signal
𝑠

𝑇
(𝑡, 𝜃

0
):

𝑅

𝑟

𝜃0

(𝜏, 𝜃



) = ∫ 𝑠

𝑇
(𝑡 − 𝜏, 𝜃



) ⋅ (𝑠

𝑟

𝑅

(𝑡, 𝜃

0
))

∗

𝑑𝑡, (7)

where 𝜃 is a hypothesis about the arrival direction. The
superscript “∗” means complex conjugation. The extended
form of the compressed signal is

𝑅

𝑟

𝜃0

(𝜏, 𝜃



) =

̇

𝐴

∗

⋅ 𝑒

+𝑗⋅𝑘(𝜃0)⋅𝑥(𝑟)

⋅ ∫ 𝑠

𝑇
(𝑡 − 𝜏, 𝜃



) ⋅ (𝑠

𝑇
(𝑡 − 𝜏

0
, 𝜃

0
))

∗

𝑑𝑡.

(8)

Omitting the constant phase term characteristic for the 𝑟th
receiving channel and changing the time variables 𝑡 = (𝑡−𝜏

0
),

𝜏



= (𝜏

0
− 𝜏), we receive

𝑅

𝜃0
(𝜏



, 𝜃



) = ∫ 𝑠

𝑇
(𝑡



+ 𝜏



, 𝜃



) ⋅ (𝑠

𝑇
(𝑡



, 𝜃

0
))

∗

𝑑𝑡



, (9)

which can be rewritten as

𝑅

𝜃0
(𝜏



, 𝜃



) = ∫(

𝑁

∑

𝑛=1

𝑒

𝑗⋅𝑘(𝜃


)⋅𝑥(𝑛)

⋅ 𝑠 (𝑡



+ 𝜏



− 𝑛 ⋅ Δ𝑡 + Δ𝑡))

⋅ (

𝑁

∑

𝑛

=1

𝑒

𝑗⋅𝑘(𝜃0)⋅𝑥(𝑛

)

⋅ 𝑠(𝑡



− 𝑛



⋅ Δ𝑡 + Δ𝑡))

∗

𝑑𝑡



,

(10)

where, as we remember, 𝑛 is the index for the transmitted
signal and 𝑛 is the index for its replica.

𝑅

𝜃0
(𝜏



, 𝜃



) =

𝑁

∑

𝑛=1

𝑁

∑

𝑛

=1

𝑒

𝑗⋅(𝑘(𝜃


)⋅𝑥(𝑛)−𝑘(𝜃0)⋅𝑥(𝑛


))

⋅ ∫ 𝑠 (𝑡



+ 𝜏



− (𝑛 − 1) ⋅ Δ𝑡)

⋅ 𝑠

∗

(𝑡



− (𝑛



− 1) ⋅ Δ𝑡) 𝑑𝑡



.

(11)

As was defined before, Δ𝑡 is a 1-sample time shift between
the replicas of 𝑠(𝑡) in the circulating code.At the same time,Δ𝑡
is the width of the autocorrelation function ACF

𝑆
(𝜏



) of the
signal 𝑠(𝑡) taking into account the time variables’ change:

𝑅

𝜃0
(𝜏



, 𝜃



) =

𝑁

∑

𝑛=1

𝑁

∑

𝑛

=1

𝑒

𝑗⋅(𝑘(𝜃


)⋅𝑥(𝑛)−𝑘(𝜃0)⋅𝑥(𝑛


))

⋅ ACF
𝑆
(𝜏



− (𝑛 − 1) ⋅ Δ𝑡 + (𝑛



− 1) ⋅ Δ𝑡) .

(12)

The normalized value of the autocorrelation function
is equal to 1 within 1-sample time interval Δ𝑡 = 1/Δ𝐹

around 𝜏 = 0. For the rest, the ACF is described by its
side-lobe level (SLL). The SLL for signals having large BT
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products and providing good autocorrelation properties can
be approximated as 0. So, (12) can be written as

𝑅

𝜃0
(𝜏



, 𝜃



) =

𝑁

∑

𝑛=1

𝑁

∑

𝑛

=1

𝑒

𝑗⋅(𝑘(𝜃


)⋅𝑥(𝑛)−𝑘(𝜃0)⋅𝑥(𝑛


))

⋅ 1 (𝜏



− (𝑛 − 1) ⋅ Δ𝑡 + (𝑛



− 1) ⋅ Δ𝑡) .

(13)

The function 1(𝜏) is equal to 1 within 1-sample time interval
around 𝜏 = 0 and zero for the rest. Consider
𝑅

𝜃0
(𝜏



, 𝜃



)

=

𝑁

∑

𝑛=1

rect (𝜏 − (𝑛 − 1) ⋅ Δ𝑡)
𝑁

∑

𝑛

=1

𝑒

𝑗⋅(𝑘(𝜃


)⋅𝑥(𝑛)−𝑘(𝜃0)⋅𝑥(𝑛


))

,

(14)

where

rect (𝜏) = {1 for − (𝑁 − 1) ⋅ Δ𝑡 ≤ 𝜏



≤ 0,

0 for elsewhere 𝜏.
(15)

We note that the function rect(𝜏) for the circulating
signals is𝑁 times wider than the achievable range resolution
provided by one waveform, which is equal to 1 bit or Δ𝑡. This
gives the proper width of its autocorrelation function (ACF)
introduced below, and, therefore, the proper widening of the
ambiguity function along ranges.

Equation (14) can be simplified as follows:

𝑅

𝜃0
(𝜏



, 𝜃



)

=

{

{

{

{

{

{

{

{

{

{

{

ACFrect (𝜏


) ⋅

𝑁

∑

𝑛=1

𝑁

∑

𝑛

=1

𝑒

𝑗⋅(𝑘(𝜃


)⋅𝑥(𝑛)−𝑘(𝜃0)⋅𝑥(𝑛


))

for 




𝜏












≤

𝑁 ⋅ Δ𝑡

2

,

0 for elsewhere 𝜏.
(16)

Equation (16) is an adequate approximation in case of an
ideal autocorrelation function of the signal 𝑠(𝑡)with one peak
and zero side-lobe level (SLL).

The mathematical expression of the multiparameter sig-
nal𝑅
𝜃0
(𝜏



, 𝜃



) shows its dependency on the transmittedwave-
forms 𝑠𝑛(𝑡) (see (1)). The ambiguity function |𝑅

𝜃0
(𝜏



, 𝜃



)|

2

is thus a 3-dimensional function (or 4-dimensional, if the
amplitude is considered as a dimension as well), giving
for each aiming direction 𝜃

0
the delay-angle ambiguity.

𝑅

𝜃0
(𝜏



, 𝜃



), being a 3-parameters function, cannot be visual-
ized easily; a preferred way is to look at the angle-angle cut,
for 𝜏 = 0, and at the range-angle ambiguity, for a specific 𝜃

0
:

(i) |𝑅
𝜃0
(0, sin 𝜃)|2 = 𝐷(𝜃, 𝜃

0
), is the angular transmit

diagram (at the exact range of the target, 𝜏 = 𝜏
0
), as

a function of the angular aiming position 𝜃
0
.

(ii) |𝑅
𝜃0
((𝑐𝜏



)/2, 𝜃



) |

2, where 𝜃

0
is constant, is the

range-angle ambiguity function, for boresight aiming
direction—ideally, this range angle ambiguity func-
tion should also be analyzed for each possible aiming
direction 𝜃

0
.

4. Modeling Results

Four very different complex waveforms have been chosen for
operation in the circulating space-time mode as follows.

(1) Quadratic Alltop code, as a representative of the dis-
tinct complex-valued sequences constructed for the
minimization of the magnitudes of autocorrelation
side lobes and cross-correlations [12].

(2) M-sequence or a maximum length sequence, as a
type of widely used pseudorandom binary sequences,
which are inexpensive to implement in hardware or
software. The autocorrelation function has a uniform
side-lobe level.

(3) LFM signal, which is a very common radar wave-
form to realize pulse compression for its fairly ready
generation and easy processing. However, without
weighting, the autocorrelation function experiences a
high side-lobe level.

(4) Nonlinear LFM signal (NLFM). Nonlinear frequency
modulation can advantageously shape the “rectan-
gular” energy spectrum of an LFM signals, such
that the autocorrelation function exhibits substan-
tially reduced side lobes. The NLFM signal with the
tangent-based frequency variation law [13] has been
chosen for modeling.

It is known that the number of orthogonal LFM signals
within the same bandwidth and time interval is limited by a
number of 2. In case an LFM signal is used according to the
principle presented in this paper, all the signals circulating
through the transmitting channels have the same shape, as
can be seen in (1). The important conclusion for all wave-
forms, not necessarily having LFM modulation, is that the
number of circulated signals (transmitters/antenna elements)
is not really limited, and it can be definitelymore than 2.What
is really needed is the good autocorrelation properties of the
circulating waveform to make the approximation (13) viable.

The pulse duration is equal to 100 𝜇s. The carrier fre-
quency is 10GHz.The BT product of all the modelled signals
was chosen relatively small, 255, for better visibility of the
results. The antenna array is made of 𝑁 = 8 elementary
omnidirectional antennas spaced 𝜆/2 from each other. For
demonstrating the possibilities of the beam-forming on
transmit for the analysed waveforms, only one element of the
array was used on receive.

In Figure 3, four angle-angle cuts of the ambiguity
function calculated for four considered types of circulating
waveforms are shown. They are angle versus aiming (beam-
formed on transmit) angle taken at the contingently zero
range 𝜏 = 0 (𝜏 = 𝜏

0
).These cuts demonstrate the possibilities

of the considered signals to implement beam-forming on
transmit implemented in one (or each) of the receiving radar
channels. Every single vertical slice for a definite possible
angular direction 𝜃

0
describes the array patterns formed

on transmit by the signal processing means in the receiver,
while physically the radiation pattern on transmit stays wide
(omnidirectional for the presented modelling results).This is
illustrated by eight vertical slices of the ambiguity function
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Figure 3: Angle-angle cuts of the ambiguity function |𝑅0
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2 at 𝜏 = 0 in dB.



6 Journal of Electrical and Computer Engineering

−15 −10 −5 0 5 10 15
−50

−40

−30

−20

−10

0

Range (km)

Ra
ng

e (
km

)
Ra

ng
e (

km
)

(d
B)

−50

−40

−30

−20

−10

0

(d
B)

Circ. quad. Alltop, 𝜃0 = 0∘

Circ. LFM, 𝜃0 = 0∘

10

15

5

0

−5

−10

−15
−1 −0.5 0 0.5 1

sin(𝜃)

−15 −10 −5 0 5 10 15
Range (km)

10

15

5

0

−5

−10

−15
−1 −0.5 0 0.5 1

sin(𝜃)

Cut along 𝜃 = 0∘

Cut along 𝜃 = 0∘

(a)

Circ. M sequence, 𝜃0 = 0∘

Circ. NLFM, 𝜃0 = 0∘

0
−5

−10

−15

−20

−25

−30

−35

−40

0
−5

−10

−15

−20

−25

−30

−35

−40

−15 −10 −5 0 5 10 15
−50

−40

−30

−20

−10

0

Range (km)

Ra
ng

e (
km

)

(d
B)

−15 −10 −5 0 5 10 15
−50

−40

−30

−20

−10

0

Range (km)

(d
B)

10

15

5

0

−5

−10

−15
−0.5−1 0 0.5 1

sin(𝜃)

Ra
ng

e (
km

)

10

15

5

0

−5

−10

−15
−0.5−1 0 0.5 1

sin(𝜃)

Cut along 𝜃 = 0∘

Cut along 𝜃 = 0∘

(b)

Figure 4: Range-angle cuts of the ambiguity function |𝑅0
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2 at 𝜃
0

= 0

∘ in dB.

cuts, namely, by eight antenna patterns, presented for the
considered signals in two possible aiming angular directions,
𝜃

0
= 0

∘

, 30

∘ in Figure 3.The angle-angle cuts demonstrate the
uniform radiation for all the considered angular directions
𝜃

 for the circulating quadratic Alltop signal, M-sequence,
and LFM-signal.There are no fluctuations along the diagonal,
which means that the antenna array gain is constant with
respect to the aiming angle. This is a clear demonstration
of the fact that by circulating one waveform through the
transmitting radar channels, the orthogonality of the radiated
signals can be achieved.

As for the circulating NLFM signal, the beam-formed
patterns have maximal amplitude, the main beam-width
increases in the zero angular direction, and the gradual
amplitude degrades for farther angles. The amplitude degra-
dation is in order of 14 dB, which is certainly not negligible.
The amplitude degradation is explained by the reduced
equivalent bandwidth of the NLFM signal compared to the
total occupied bandwidth and, therefore, by the inappropri-
ate definition of the bandwidth dependent offset Δ𝑡. This
problem can be solved by recalculation of the relative time
shift Δ𝑡 between the circulating signals 𝑠𝑛(𝑡) according to
the reduced equivalent bandwidth of the NLFM signal. The
reduced angular coverage for the circulating NLFM signal
means also that the angular coverage of the antenna can
be adapted by reducing the time shift between adjacent
transmitters; this is also a valuable property of circulating
codes, for use in different operational uses, requiring different

angular coverages. In this work, for fair comparison, the
relative time shifts are preserved equal.

We note that the results presented in Figure 3 indicate
the inherent properties of the considered signals for beam-
forming because they have been obtained with the assump-
tion of omnidirectional radiation patterns of the antenna
array elements.

One of the important properties of transmitted circulat-
ing signals is the ability to detect weak (with small radar
cross-sections) targets against strong targets or clutter. This
property is normally illustrated by the range side lobes of
the ambiguity function. Figures 4 and 5 demonstrate, as an
example, this property for two aiming directions, while not
changing the transmitted waveforms or array geometry.

Figure 4 presents four range-angle cuts of the ambiguity
function. They are angle versus range taken at the aiming
(beam-formed) angle 𝜃

0
= 0

∘. The zoomed figures display
the main lobe of the ambiguity functions for four analysed
signals. In turn, the vertical slices demonstrate the obtained
main lobe and range side lobes for one chosen observed angu-
lar direction 𝜃 = 0∘. In this way these vertical slices received
for the space-time radar waveforms can be considered as an
analogue of the traditional autocorrelation function obtained,
however, for each observed angular direction.

The range side lobes are maximal for the observed direc-
tionwhich is equal to the aiming direction.The side-lobe level
between the considered signals is maximal, about −15 dB, for
the circulating M-sequence; and it is rather homogeneous
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Figure 5: Range-angle cuts of the ambiguity function |𝑅0
𝜃0
(𝜏



, 𝜃



)|

2 at 𝜃
0

= 30

∘ in dB.

in each chosen observation direction. Such side-lobe levels
would certainly be detrimental in case of multiple targets
situations. The minimal side-lobe level, about −42 dB, has
been obtained for the circulating NLFM signal. Both, the
circulating LFM and NLFM signals, are characterized by a
very low side-lobe level for all the observed directions 𝜃. We
remind that the BT product of all the signals has been chosen
pretty small, 255. The main lobe is widened in range for the
NLFM signal, which is visible in the corresponding zoomed
figure in Figure 4. This is explained by the widened main
beam of the antenna array for the circulating NLFM signal
case in the aiming direction 𝜃

0
= 0

∘; see the corresponding
angle-angle cut of the ambiguity function in Figure 3.

Figure 5 shows another cut of the ambiguity function
|𝑅

0

𝜃0

(𝜏



, 𝜃



)|

2 obtained by means of the signal processing for
the aiming angle 𝜃

0
= 30

∘ in one of the receiving channels.
Now the main lobe of the ambiguity function is shifted in
the proper angular direction. The peak of the ambiguity
function along the observed angular directions is located at
the aiming angle. The zoomed figures display the main lobe
of the ambiguity functions for four analysed signals, as in the
previous figure. The vertical slices demonstrate the obtained
main lobe and range side lobes for one observed angular
direction 𝜃 = 30

∘, which is equal to the aiming angle. The
range side-lobes are maximal for the aiming directions for all
the analysed waveforms. This time the range side-lobes are
maximal for the circulating quadratic Alltop code, −15.6 dB,
and lower for the M-sequence, −17 dB. The circulating LFM

and NLFM signals are still providing very low side-lobe level
in range for all the observed angles. In the aimed direction,
the maximal values are −34 dB and −44 dB, respectively.
It is quite impressive, taking into account the small BT-
product of the waveforms. For the circulating NLFM signal,
the normalized amplitude of the main lobe drops to −14 dB.
This is caused by the amplitude degradation with the angle
increase appropriate for the circulating NLFM signal (see the
proper angle-angle function in Figure 3).

5. Conclusions

A concept of the circulating space-time code has been
described. Basically the presented concept describes the
whole class of space-time codes employing a selected type of
a waveform having a large BT product. The circulating codes
do not narrow the radiated pattern of the antenna array, thus
providing a wide angular coverage, possibly tunable. In turn,
the beam-forming on transmit is achievable by means of the
signal processing in one (or each) receiver channel.

Four types of circulating codes have been analysed in the
paper using their ambiguity functions. The circulating LFM
and NLFM signals demonstrated a very clean range-angle
ambiguity function, with some angular-dependent amplitude
degradation of the latter.

This paper describes a novel and technically simple
solution of transmitting only one waveform circulating with
a very small offset from one antenna element to another
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(or from one subarray to another). The signals can be
uniformly radiated in free space, providing the beam-forming
on transmit implemented in radar receiver.
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A Compressed Sensing/Sparse Recovery approach is adopted in this paper for the accurate diagnosis of fault array elements from
undersampled data. Experimental validations on a slotted waveguide test array are discussed to demonstrate the effectiveness of
the proposed procedure in the failures retrieval from a small set of measurements with respect to the number of radiating elements.
Due to the sparsity feature of the proposed formulation, the method is particularly appealing for the diagnostics of large arrays,
typically adopted for radar applications.

1. Introduction

The identification of failures in array antennas is an impor-
tant problem that have addressed large attention both in
academies and industries. It is well known that the presence
of fault elements in arrays causes a performance degradation
in terms of both gain and sidelobe levels. This is particulary
important in case of high performance arrays with very low
sidelobes, largely adopted in radar applications.

The back-propagation algorithm [1] is the most widely
adopted approach to detect fault array elements. It is based
on the Fourier relationship between the fields on the array
aperture and the measurement plane, with a number of
samples satisfying the Nyquist theorem. However, using
the standard half-wavelength sampling step, the number of
measurement points and consequently the time required for
data acquisition turns out to be very large.

Broadly speaking, it is possible to obtain a data reduction
by introducing tighter a priori information on the source.
For example, in the last couple of decades, an effective
theory to reduce the set of data in antenna measurements
under a priori knowledge of the antenna shape [2] has
been successfully applied to near-field measurements [3,
4]. Using different a priori information, for example, on
the spatial correlation of the sources, a further decrease in

the number of measurements can be achieved [5]. Efficient
algorithms have been also introduced in the literature to
obtain accurate antenna far-field characterization from near-
fieldmeasurements performed on strategic scanning surfaces
with reduced acquisition points [6–8].

The approach proposed in [9], and based on the matrix
inversion method, can be also adopted to obtain a reduction
of data by introducing a propermodel of the source.However,
it generally requires a set of measurements not smaller than
the number of array elements.

Recently, Compressed Sensing/Sparse Recovery (CS/SR)
techniques [10, 11] have been proposed in antenna diagnosis,
first from near-field data [12] and more recently from far-
fieldmeasurements [13].The application of CS/SR techniques
potentially allows a number of data that increases linearly
with the number of failures but only logarithmically with the
number of radiating elements, thus allowing a large reduction
in the amount of measured data as well as in the acquisition
time.

In this paper, an experimental validation of the CS
approach proposed in [12] for a proper detection of fault
array elements is provided for the first time. For illustrative
purpose, a small linear array well known in the literature,
namely, a slotted waveguide array, is assumed as a test struc-
ture.Near-fieldmeasurements on a reduced number of points
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Figure 1: Problem geometry.

Figure 2: Photograph of slotted waveguide array (AUT) into
anechoic chamber at the University of Calabria.

with respect to the number of array elements are successfully
adopted to accurately identify the failures positions, thus
demonstrating the effectiveness of the proposed CS approach
on undersampled data.

2. Outline of the Method

Let us consider (Figure 1) an array under test (AUT) con-
sisting of 𝑁 radiating elements located at known positions
r
𝑛
. Let 𝑥

𝑛
and f
𝑛
(𝜃, 𝜙) be the excitation coefficient and the

electric-field radiation pattern of the 𝑛th radiating element,
respectively. A probe having effective height h(𝜃, 𝜙) is placed
into 𝑀 spatial points r

𝑚
, 𝑚 = 1, . . . ,𝑀. The voltage at the

probe output can be expressed by a linear system of the kind:

Ax = y, (1)

wherein y = (y
1
, y
2
, . . . , y

𝑛
)

T
∈ CM, 𝑦

𝑚
is the probe voltage

measured at point r
𝑚
, x = (x1, . . . , xN)

T
∈ CN, A ∈ CM×N

is a matrix whose (𝑚, 𝑛) element is equal to exp(−𝑗𝛽𝑟
𝑚,𝑛
)/

(4𝜋𝑟

𝑚,𝑛
)f(𝜃
𝑚,𝑛
, 𝜙

𝑚,𝑛
) ⋅ h(𝜃

𝑚,𝑛

, 𝜙



𝑚,𝑛

), 𝑟
𝑚,𝑛
= |r
𝑚
− r
𝑛
|, and 𝜃

𝑚,𝑛

and𝜙
𝑚,𝑛

are the relative angles between the𝑚thmeasurement
point and the 𝑛th element position in a reference system
centered on the 𝑛th array radiating element.

In the present work, the problem of identification of fault
elements into array antennas is considered. If assuming a
number 𝑆 of failures, this goal can be achieved by inverting
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(simulations) with failures at positions 𝑛 = 6 and 𝑛 = 8: 𝑆 = 2,
𝑀 = 11, and MSE = 20 dB.

the system (1), as proposed in [9], but requiring that𝑀 ≥ 𝑁.
Let us suppose 𝑆 ≪ 𝑁, as usually happens.

As first step, we suppose to know (by measurements
or available model/simulation) the field radiated by the
failure-free array into𝑀measurement points, thus obtaining
a reference data vector y𝑟. The relative excitations of the
reference (failure-free) array are denoted by vector x𝑟. In
a successive step, we collect the field radiated by the array
with fault elements, thus obtaining a second vector y𝑑 with
associated excitations x𝑑. Now, let us consider the linear
system (1), with

x = x𝑟 − x𝑑,

y = y𝑟 − y𝑑;
(2)
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Figure 6: Photograph of measuring probe into anechoic chamber at
the University of Calabria.

x and y are named as “innovation” vectors. Since 𝑆 ≪ 𝑁, we
have an equivalent problem involving a highly sparse array.

Accordingly, the problem is sparse; that is, the unknown
vector has only a small number of not null entries, and it can
be solved by the following constraint minimization:

min
x ‖

x‖
1

subject to 


Ax − y
2

≤ 𝜖,

(3)

wherein 𝜖 is related to the noise affecting the data.

3. Numerical Results

As a preliminary step, extensive numerical simulations are
performed to check the performance of the failure detec-
tion algorithm, by assuming a slotted-waveguide array well
characterized in the literature to be AUT [14], with 𝑁 = 14
radiating elements (Figure 2). The slotted array is terminated
into amatched load, thus working as a nonresonant array and
producing a main lobe tilted with respect to the broadside
direction [15].
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Figure 7: Measured near-field amplitude on the failure-free slotted
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Figure 8: Measured near-field phase on the failure-free slotted
waveguide array.

To check the robustness of the CS technique, various
simulations are initially performed by considering different
numbers of failures and data affected by Gaussian noise. As
an example, the histogram of the Mean Square Error (MSE)
in the reconstruction of the array excitations is reported in
Figure 3, by considering 50 trials in the presence of 𝑆 = 2
failures randomly chosen among the 𝑁 = 14 elements and
assuming 𝑀 = 11 measurements affected by a Signal-to-
Noise Ratio (SNR) ranging from 20 dB up to 50 dB.

In order to have a qualitative information on the value of
MSE required to accurately identify the failures, an example
of faults reconstruction is reported in Figures 4 and 5 by
assuming a MSE equal to 20 dB and 25 dB, respectively. The
plots indicate that a value of MSE equal to 20 dB is not
sufficient for an accurate failures identification, while a value
of 25 dB gives good results. Accordingly, results depicted in
Figure 3 indicate that 𝑀 = 11 measurements assure an
accurate detection of failures with high probability in the case
of SNR greater than 30 db. Such a noise level is easily reached
in near-field measurements.

4. Setup Description and Experimental Results

In order to validate the CS approach for fault-arrays diagno-
sis, a planar near-field setup is assumed by adopting a slotted-
waveguide array (Figure 2) as AUT and a standard X-band
rectangular waveguide (Figure 6) as measuring probe.
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Figure 9: Far-field pattern of failure-free slotted waveguide array
(result from planar near-field to far-field transformation).

3

11

Figure 10: Photograph of slotted waveguide array with failures at
positions 𝑛 = 3 and 𝑛 = 11.

The proper operation of the test array is first verified
by performing near-field measurements on a planar grid of
41 × 41 𝜆/2 spaced points and then applying the standard
planar near-field to far-field transformation. An operating
frequency 𝑓 = 10GHz is chosen. The contour plots of
near-field amplitude and phase on the measurement plane
placed 40 cm away from the AUT are reported in Figures 7
and 8, respectively. The corresponding far-field pattern along
the array plane, illustrated in Figure 9, shows a main lobe
properly pointing at an angle approximately equals 5∘, as
imposed by the array theory [15].

To apply the proposed CS technique, a second set of near-
field data is collected on the slotted array by assuming the
presence of two failures (namely, with the 3rd and 11th slots
covered by a conductive material), as illustrated in Figure 10.
The measured near-field amplitudes on the failure-free and
two-fault arrays are reported in Figure 11 along the central
line of the acquisition domain.

To perform the experimental validation, only a subset of
near-field data illustrated in Figure 11 is adopted. In particu-
lar,𝑀 = 11 points are assumed, which are equivalent to a field
undersampling at a 2𝜆 spacing. As outlined in the previous
section, the ℓ

1
minimization is applied to the difference of

the fields plotted in Figure 11, and the corresponding result
of Figure 12, giving the difference between the excitation
coefficients of the failure-free and the two-faults array, clearly
identifies the failures at positions 𝑛 = 3 and 𝑛 = 11. It is worth
stressing that we use only𝑀 = 11measurements to estimate
𝑁 = 14 excitations. As a comparison, the result obtained
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Figure 11: Measured near-field amplitude [dB] in the absence and
presence of failures (slots 3 and 11 closed).
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minization: the difference of excitations in the absence
and the presence of failures (slots 3 and 11 closed).

using the linear inversion method by pseudoinverse [16] is
plotted in Figure 13, showing a poor identification of the fault
elements in this case.

5. Conclusion

The problem of arrays diagnostics has been faced in this
work by adopting a Compressed Sensing/Sparse Recovery
approach able to give an equivalent sparse formulation of the
problem relative to the identification of fault elements.

Due to the sparsity feature, the method is able to detect
arrays failures from a set of largely undersampled data
compared to the one obtained using standardNyquist sapling
step.

The validity of the approach has been tested on a stan-
dard slotted waveguide array, by artificially creating critical
configurations, and results have demonstrated an accurate
identification of the failure positions using a number of
measured data smaller than the number of the radiating
elements of the array.

In the experimental example, the reduction of the mea-
surements compared to the standard 𝜆/2 sampling step
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minization: the difference of excitations in the absence
and the presence of failures (slots 3 and 11 closed).

adopted in near-field measurements is relatively modest,
that is, 4 times. However, it is worth recalling that, broadly
speaking, the number of measurements required by the pro-
posed technique mainly depends on the number of failures,
while other techniques not based on Sparse Recovery require
a number of measurements that depend on the electrical
dimensions of the antenna under test. Consequently, the
small dimensions of the array here adopted for the experi-
mental validations do not make so clear the advantages of
the techniquewhen testing high-performance radar antennas
with thousands of elements distributed on 2D surfaces, for
which a much more significant reduction in the number of
measurements is expected [12].
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Compressive sensing has become an accepted andpowerful alternative to conventional data sampling schemes.Hardware simplicity,
data, andmeasurement time reduction and simplified imagery are some of its most attractive strengths.This work aims at exploring
the possibilities of using sparse vector recovery theory for actual engineering and defense- and security-oriented applications.
Conventional through-the-wall imaging using a synthetic aperture configuration can also take advantage of compressive sensing
by reducing data acquisition rates and omitting certain azimuth scanning positions. An ultra-wideband stepped frequency system
carrying wide beam antennas performs through-the-wall imaging of a real scene, including a hollow concrete block wall and a
corner reflector behind it. Random downsampling rates lower than those announced by Nyquist’s theorem both in the fast-time
and azimuth domains are studied, as well as downsampling limitations for accurate imaging. Separate dictionaries are considered
and modeled depending on the objects to be reconstructed: walls or point targets. Results show that an easy interpretation of
through-the-wall scenes using the 𝑙

1

-norm and orthogonal matching pursuit algorithms is possible thanks to the simplification of
the reconstructed scene, for which only as low as 25% of the conventional SAR data are needed.

1. Introduction

Previous research studies have explored numerous applica-
tions of through-the-wall imaging (TWI) in domains which
can exploit the convenient penetration capabilities of the 1–
5GHz frequency band in most nonmetal building construc-
tion materials [1, 2]. Indeed, being able to perform nonde-
structive inspection of objects behind a solid wall is a note-
worthy application. The literature on TWI widely copes with
object or human detection—either moving [3–5] or static
[6, 7]. Among others, military, law enforcement, and security
operations have already taken profit of the satisfactory perfor-
mance of TWI. Althoughmost of the studies suggest using an
active TWI approach wherever needed, some authors opt for
adequately processing opportunistic signals in the surround-
ings of the scene such as widespread GSM [8] or wireless
networks [9]. Despite presenting interesting wall penetra-
tion properties, the noncooperative—thus passive—nature
of these approaches cannot assure complete reliability and
availability, and consequently, an active approach is preferred.

Synthetic Aperture Radar (SAR) allows competitive TWI
using rather common antennas with wide beams and simple
out-of-focus data acquisition. Thanks to coherent signal
integration along a known measurement path, these data
are focused on postprocessing, yielding an improved lateral
resolution which remains constant at all ranges [10]. Given a
measurement path, sufficient data both in the azimuth and
fast-time directions must be obtained in order to perform
SAR focusing and to satisfy the Nyquist-Shannon anti-
aliasing criterion. This, generally, implies using complex
hardwarewhich generates amounts of datawhich can become
unbearable when fine resolution imagery is needed.

Compressive Sensing (CS) introduces the possibility of
reducing the amount of sensed signals for further digital
reconstruction and, likewise, to perform accurate TWI. First
used to solve sparse vector recovery problems within mathe-
matical applications, CS has been recently used in a growing
list of fields for sparse signal reconstruction, including TWI
applications [11–14]. CS is able to reconstruct signals with
high probability provided random sampling and sufficient
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sparsity levels are satisfied [15]. Since CS announces a convex
function optimization problem, solutions can be found by
using the 𝑙

1
-norm minimization or, in a less demanding

approach, the Orthogonal Matching Pursuit (OMP) greedy
algorithm, among an endless list of possibilities.

Actual TWI experiments were conducted for this study.
Hollow concrete stretcher blocks were used to build up a
solid wall, replicating load-bearing foundation walls used in
most permanent constructions. A corner reflector, serving
as an object of interest, was placed behind the wall. Scene
reconstruction using an ultra-wideband moving sensor was
achieved, both in conventional SAR and CS approaches.
This study will explore the possibilities of random sampling,
with a focus on minimizing the amount of data required
to produce accurate enough reconstructions of simple TWI
scenes. This action will lead to a significant simplification in
hardware, as well as reducing processing complexity and data
handling.The remaining of this document is divided into four
further sections: Section 2 describes the used experimental
setup, as well as signal processing concepts that will be used
throughout the work. Section 3 formulates the CS problem to
sparse data recovery, and strategies for creating dictionaries
are described. Section 4 presents conventional and CS results
obtained from actual TWI measurements. Finally, Section 5
details conclusions drawn and future work.

2. Conventional TWI Measurements

2.1. TWI and the Measurement Site. The sensor used for the
presented TWI comprises two Schwarzbeck BBHA 9120 D
horn antennas [16] (for transmitting and receiving, providing
gain stability in the 1–5GHz band) on a stepped frequency
(SF) SAR moving scanner, which translates for 1500mm
following an equispaced azimuth sampling scheme. The
sensor used is an Anritsu 37169A Vector Network Analyzer
(VNA). A concrete wall was built up for this study in order to
obtain results comparable to those of a real TWI situation (see
Figure 1). The wall was located at 950mm from the antennas,
in the far-field region for the entire sensor’s frequency band,
and a corner reflector was placed at 1240mmbehind the wall.

Hollow concrete stretcher blocks were used (see Figure 2
for shape and dimensions), commonly found inmasonry and
especially in load-bearing foundation walls.

Range estimation is greatly affected by the change of
relative permittivity occurring in the air-material interfaces.
Consequently, imaged targets and walls will appear further
away and wider than in reality. Given a material with relative
permittivity 𝜖

𝑟
> 1, any transmitted electromagnetic wave

through it will propagate at a speed V = 𝑐/
√
𝜖

𝑟
, being 𝑐 the

speed of light in vacuum. For an air-concrete-air interface
of 35mm, and considering 𝜖

𝑟
∼ 4 approximately [17], the

second interface would be located at 𝑑 = +70mm, or Δ𝑑 =

+35mm further away. As depicted in Figure 3, any object
behind a concrete wall will suffer from this phenomenon,
whereas its actual location is closer than shown by TWI.
Waves traveling through hollow concrete blocks, as those
used in the proposed experiments, will encounter two 35-mm
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Figure 1: Schematic representation of the proposed experimental
setup.
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Figure 2: Dimensions of a hollow concrete stretcher block are
385mm × 185mm × 135mm (length, height, and width, resp.). The
outer structure is 35mm thick.

air-concrete-air transitions, and therefore the expected range
of the corner reflector would be shifted to ca. 2Δ𝑑 = +70mm.

2.2. The SF Sensor and Signal Model. The SAR scanner oper-
ated in this study is based on an SF ultra-wideband sensor
in the 1–5GHz band. Using such SF sensor guarantees low
hardware requirements, since the instantaneous bandwidth
is kept narrow, while achieving a remarkable range resolution
and power output. Instead of transmitting a linear frequency
modulated chirp using a continuous or pulsed approach,
the SF sensor produces signals by sequentially generating 𝑁
carrier frequencies covering an effective system bandwidth𝐵.
These frequencies pulses are described by

𝑓

𝑛
= 𝑓

0
+ 𝑛Δ𝑓 being 𝑛 = 1, . . . , 𝑁 − 1, (1)

where 𝑓
𝑛
is the 𝑛th frequency generated, 𝑓

0
is the starting

frequency (i.e., 1 GHz for this setup), and Δ𝑓 = 𝐵/(𝑁 − 1)
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Figure 4: Waveform generation scheme of an SF sensor.

is the frequency step. Figure 4 depicts how the transmitted
signals are generated.

For any SF systems, the maximum unambiguous range
and range resolution parameters are respectively obtained as
follows:

𝑅max =
𝑐

2Δ𝑓

,

Δ𝑟 =

𝑐

2 (𝑁 − 1) Δ𝑓

=

𝑐

2𝐵

.

(2)

In Table 1, the most important parameters of the available
experimental setup are shown. During the waveform gen-
eration phase, each frequency pulse 𝑓

𝑛
is transmitted for a

given time 𝑇
𝑠
. Averaging is performed in detection in order

to reduce noise and spurious contributions to the signal of
interest.

The signal model of the transmitted waveform 𝑠

𝑡
for a

given 𝑓
𝑛
can be described as

𝑠

𝑡
(𝑓

𝑛
, 𝑡) ∝ exp (𝑗2𝜋𝑓

𝑛
𝑡) , (3)

where 𝑡 corresponds to the fast-time dimension. The sensor
will actually transmit a series of 𝑁 individual frequencies

Table 1: Descriptive parameters of the TWI experiment.

VNA model Anritsu 37169A
Start frequency 1GHz
End frequency 5GHz
𝑁 101
Averaging 10
Antenna opening angle 14∘

𝑅max 3750mm
Δ𝑓 40MHz
𝐵 4GHz
Tx power +10 dBm
Tx/RX antennas Schwarzbeck BBHA 9120D
Typ. ant. gain 11 dBi
Scene size 1500mm × 2500mm
Δ𝑟 37.5mm

which will cover the whole bandwidth. The detected signal
model can be described as follows:

𝑠

𝑑
(𝑡) ∝

𝐾−1

∑

𝑘=0

𝑁−1

∑

𝑛=0

exp (𝑗2𝜋𝑓
𝑛
(𝑡 − 𝜏

𝑘
)) , (4)

where 𝜏

𝑘
= 2𝑟

𝑘
/𝑐 corresponds to the delay caused by the

round-trip propagation time of a given 𝑘th scatterer in the
scene located at a distance 𝑟

𝑘
from the sensor. Distance 𝑟

𝑘
is

simply obtained as the sensor-to-scatterer Euclidean distance.
The VNA performs a homogeneous demodulation of the
detected signal, which is known as beat signal and is modeled
as

𝑠

𝑏
(𝑡) = 𝑠 (𝑡) ⋅ exp (−𝑗2𝜋𝑓

𝑛
𝑡) ∝

𝐾−1

∑

𝑘=0

𝑁−1

∑

𝑛=0

exp (−𝑗2𝜋𝑓
𝑛
𝜏

𝑘
) . (5)

2.3. SAR Imaging. SAR measurements use relatively simple
antennas with a small aperture length and, therefore, poor
azimuth resolution. By translating the sensor as shown in
Figure 5 appropriately and coherently combining received
signals from the different azimuth positions, the equivalent
physical length of the aperture can be increased. An antenna
of a theoretically unlimited aperture length could be synthe-
sized yielding very fine azimuth resolutions. Building such
antenna would not be feasible in practice; therefore, SAR
processing results in a useful tool.

Collected unfocused SAR data must be combined coher-
ently using an SAR focusing algorithm. These algorithms
perform range/azimuth compression in order to compact
received energy, whether in the time or frequency domains,
and are mostly based on the matched filter [18–20] assuming
the prior knowledge of the transmitted signalmodel. Figure 6
shows a simplified representation of a range-compressed SAR
measurement based on the experimental setup described in
Section 2.1.

The distance between the sensor’s positions along the
azimuth measurement track and any point in the scene is
computed using the Euclidean distance and will follow a
hyperbolic function. The collected energy from any given
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Figure 6: Expected results after an SAR measurement. Energy is
spread in azimuth following a hyperbolic function. Certain elements
will be shifted in range (dashed lines).

point target will present such hyperbolic shape and an
amplitude variation in function of the antenna radiation
diagram (both transmitting and receiving antennas).

Produced SAR images achieve interesting improved
azimuth resolutions, which can be theoretically computed as

𝛿

𝑎𝑧
≅

𝑐

2𝑓

𝑐
sin (𝜃
𝐴
)

, (6)

where 𝑓
𝑐
is the carrier or center frequency of the sensor and

𝜃

𝐴
is the opening angle of the antenna. According to the used

sensor described in Table 1, expected resolutions range and
azimuth are 𝛿

𝑟
= 37.5mm and 𝛿

𝑎𝑧
= 207mm, respectively.

3. Compressive Sensing

3.1. Conventional Sensing. In signal acquisition and pro-
cessing, the Nyquist-Shannon theorem [21] specifies that
any signal can be perfectly reconstructed only after being

uniformly sampled at, at least, twice the maximum frequency
or bandwidth describing it. Consider

𝑓

𝑠
≥ 2𝑓max = 2𝐵, (7)

where 𝑓
𝑠
and 𝑓max are the sampling and maximum frequen-

cies, respectively. This condition can be a remarkable burden
for certain systems, where challenging amounts of data are
needed when large areas must be measured, high bandwidth
is needed, or a combination of both. Handling, storing, or
transmitting large amounts of data are onerous tasks, and
SAR imaging systems are affected. Complexity of analog-
to-digital converters would increase if fine-resolution SAR
imagery was needed.

3.2. Problem Formulation. Data recovery of sparse vectors
is extensively described in the literature [15, 22, 23]. Let
𝑥 ∈ C𝑁 be an arbitrary 𝑁-dimensional vector or complete
measurement, and let 𝑦 ∈ C𝑃 be an incomplete observation
of 𝑥, being 𝑃 ≪ 𝑁. Vectors 𝑥 and 𝑦 are related to the linear
expression

𝑦 = A𝑥, (8)

where A ∈ R𝑃𝑥𝑁 is a measurement matrix containing a
plausible observation scheme. Illustratively, the 𝑛th element
of 𝑥 would be stored in the 𝑝th element of 𝑦 if 𝑎

𝑝𝑛
̸= 0. A

perfect recovery of vector 𝑥 can be obtained from 𝑦 if two
conditions are fulfilled: vector 𝑥 must be sufficiently sparse
and matrix A must satisfy the Restricted Isometry Property
(RIP) [15, 22]. Vector 𝑥 is said to be 𝑆-sparse if the 𝑙

0
-norm of

𝑥 satisfies ‖𝑥‖
0
≤ 𝑆 that is, the maximum number of nonzero

elements describing 𝑥 must be 𝑆. Nevertheless, having such
a vector satisfying the 𝑆-sparsity condition or demonstrating
the RIP for all the possible combinations can be cumbersome
tasks, if not implausible. This latter requirement can be
relaxed by definingmatrixA following a random distribution
which satisfies the RIP with high probability [24].

In radar imaging, vector 𝑥 is defined as the full observa-
tion of the returns from an illuminated scene. Provided that
the signal model is known (refer to Section 2.2), vector 𝑥 can
be expressed as

𝑥 = Ψ𝜎, (9)

where for all 𝐿 positions in the scene, 𝜎 ∈ C𝐿 describes
the reflectivity coefficients, being 𝑃 ≤ 𝐿 ≪ 𝑁, whereas
matrixΨ ∈ C𝑁𝑥𝐿, an over complete dictionary, contains fully
sampled received signals as described by the theoretical signal
model. Therefore,Ψ is populated column wise as

Ψ= [𝑠

0
, 𝑠

1
, . . . , 𝑠

𝐿−1
] . (10)

Let then Φ ∈ R𝑃𝑥𝑁 be a matrix containing either zeros
or ones, in perfect analogy to matrix A, describing a certain
sampling scheme. Let a sensor obey such scheme; the sensed
signal 𝑦 for a given 𝜎 is now defined as

𝑦 = Φ𝑥=ΦΨ𝜎 = Θ𝜎. (11)
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Inputs:
(i) measured incomplete signal 𝑦 and matrixΘ, populated with simulated wall or point-target model data
(ii) maximum number of iterations𝐾

Output: reconstructed scene vector �̂�
(1) Initialize residual 𝑟

0

to the measured signal vector 𝑦 and secondary matrixΘ† to zero
𝑟

0

= 𝑦, Θ
†

= 0

(2) Increase 𝑘. Find the column-vector of Θ that provides highest correlation with the residual
𝑐

𝑘

= argmax 


⟨𝑟

𝑘−1

,Θ
𝑛

⟩









(3) Add column 𝑐
𝑘

ofΘ toΘ† and zero 𝑐
𝑘

fromΘ
(4) Solve

�̂� = argmin
𝜎

‖𝜎‖

2

s.t. 𝑦 = Θ
†

𝜎

and update residual withΘ
𝑟

𝑘

= 𝑦 −Θ�̂�

(5) Go to step 2 until 𝑘 reaches stop condition (𝑘 = 𝐾)

Algorithm 1: OMP algorithm description. Adapted from [26].

TVS

ΔdWaz

Azimuth

Fa
st-

tim
eT0S T1S

Δd0az

Δd1az

Figure 7: Sample selection scheme on full SAR data simulating a
real CS sensor. Fast-time samples in white and azimuth measure-
ments in grey are skipped.

For the application proposed in this study, only the scene
reflectivity coefficients in 𝜎 are needed and not the original
measurement vector𝑥.The recovery problem to be solved can
then be formulated as

�̂� = argmin
𝜎

‖𝜎‖

0
s.t. 𝑦 = Θ𝜎, (12)

being ‖𝜎‖
0
the 𝑙
0
-normof vector𝜎. However, the 𝑙

0
-norm is an

NP-hard problem and solutions may not exist. Since matrix
Θ sufficiently satisfies the RIP condition, the 𝑙

1
-norm can be

used as a viable alternative to noise-free convex optimization
problems

�̂� = argmin
𝜎

‖𝜎‖

1
s.t. 𝑦 = Θ𝜎. (13)

Optimization of noisy measurements must be approx-
imated since a perfect reconstruction will not be possible
[22]. A tolerance threshold 𝜀 related to the data noise level
or accepted reconstruction error must be imposed as follows:

�̂� = argmin
𝜎

‖𝜎‖

1
s.t. 



Θ𝜎 − 𝑦







2

< 𝜀. (14)

Wall region Wall-free region

Range
Azim

uth

Figure 8: Two regions are described and will be treated differently.
Walls may appear closer to the sensor. Further away only point
targets are expected.

Several categories different from convex optimization
or basis pursuit can be found, each one offering multiple
algorithms and variations. One of the most popular in terms
of simplicity and efficiency is Orthogonal Matching Pursuit
(OMP) [25] and its variations [26]. Being a greedy and
simple algorithm (see Algorithm 1), OMP requires a prior
knowledge or estimation of the sparsity in order to recover
a sparse vector. Assessing the sparsity of a scene is not always
possible especially in TWI. A relatively performing solution
is implementing a stop condition to avoid the algorithm
iterating more than what required by the scene. 𝑙

1
-norm and

OPM will be used in Section 4.

3.3. CS Random Sampling and Dictionary Structure. Random
downsampling in the fast-time and azimuth dimensions
implies a substantial reduction in data collection, in mea-
surement time (less azimuth scans), and sensor complexity
(fast-time sampling is less demanding). Random sampling
schemes must be cautiously imitated when constructing the
CS dictionary Θ with the known signal model. Figure 7
describes how azimuth and fast-time random samplings
are generated using the conventional SAR approach as a
reference. Sampling intervals 𝑇

V
𝑆

and azimuth steps Δ𝑑

𝑤

𝑎𝑧

follow adjustable random statistical distributions.
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Figure 9: Range-compressed images of a simulated stepped frequency SAR system. (a) a scene containing scatterers modeling a simple wall
model located at 0.99m in range, used to populate the wall dictionary. (b) a scene containing one-single point target located at range 1.9m
and azimuth 0.75m, used to populate the point-target dictionary.

3.4. Modeling CS Dictionaries. CS dictionaries can be mod-
eled according to the type of scene that must be recon-
structed. A possible solution for the problem here addressed
is considering two regions in the measurement (Figure 8),
which also add complexity scalability to CS on TWI scenes
as follows.

(i) A region closer to the sensor (wall region) where
only walls parallel to the sensors’ motion path are
expected to appear. Since walls present very strong
azimuth redundancies in SARmeasurements, thewall
region can be reconstructed forcing coarse azimuth
and range resolutions in the final imagery. For every
possible range in the scene, the wall dictionary will
contain in its columns simulated received SAR data
based on a simple infinite wall model (Figure 9(a)).

(ii) A second region is defined further away from the
sensor, where scatterers other thanwalls are expected.
This region is known as thewall-free region. Sufficient
azimuth information is necessary to characterize
point targets in the scene, and reducing the number
of azimuth positions is not a sound option. For each
position of a point target in the scene, received SAR
signals are simulated and included in the columns of
the point-target dictionary (Figure 9(b)).

3.5. RandomSampling Limitations. Estimating the number of
required random samples for CS reconstruction is a complex
task since scene sparsity cannot be easily assessed prior
to the measurement. However, an approximate expertise
can be gained by systematically testing out several random
downsampling possibilities. As discussed in Section 3.3, the
main restriction will be established by the wall-dictionary
reconstruction. Figure 10 shows Peak Signal-to-Noise Ratio
(PSNR) reconstruction values, in which from 10% to 90%
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Figure 10: PSNR values in dB for different random downsampling
possibilities in fast time and azimuth. A time-domain signal model
was used to create the dictionary.

of the azimuth and fast-time samples of a complete SAR
TWI measurement were randomly selected. The underlying
purpose of the experiment is determining how accurate the
image of a wall can be reconstructed if low,medium, or severe
downsampling happens and selecting an adequate working
point. Analysis of results suggests, as expected, that using
severe random downsampling in any dimension impedes an
accurate data reconstruction. Using higher values produces
an evident improvement in the reconstructions, but those
would not yield hardware or computational time reductions.
Based on the compromise between accuracy and simplicity,
random sampling should range between 20% and 50% in the
fast time and between 20% and 50% for azimuth.
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Figure 11: (a) A range-compressed SAR image. The wall is clearly seen. (b) The energy of the corner reflector is spread in azimuth at
approximate range 2.25m. (c) A fully processed SAR image where the presence of a corner reflector is clearly spotted at range 2.25m.
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Figure 12: Block diagrams of the (a) wall and point-target dictionary generation and (b) scene reconstruction from actual incomplete
measurements.

Given the presented results, this study will use a random
downsampling of 50% of the usual samples for both fast-
time and azimuth dimensions in the wall-free region, which
implies keeping only 25% of the necessary samples for
conventional SAR processing. Additionally, decimation by
two of the azimuth measurements can be safely applied for
the wall region, yielding 12.5% of the original data.

3.6. Practical Experimental Details. The experimental TWI
setup uses a conventional SAR system, and original CS
measurements cannot be obtained. A full SAR measurement
is performed with the presented SF SAR system in order
to obtain sufficient fast-time and azimuth information for
further random downsampling. The SAR simulator used to
model the expected scatterers operates likewise.
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4. Results and Discussion

4.1. Conventional SAR TWI Results. The experimental setup
depicted in Figures 1 and 5 was measured using the sen-
sor described in Table 1, and conventional time-domain
SAR processing was applied. In Figure 11(a), in a range-
compressed image of the acquired SAR signals, the wall is
clearly visible in the leftmost side due to the strong reflections
generated. In the center image, the received energy from
corner reflector behind the wall is greatly spread in azimuth
following the hyperbolic structure depicted in Figure 6.

After having taken into account azimuth information, the
fully compressed SAR image is reconstructed as shown in
Figure 11(c). Indeed, the wall is clearly seen as well as several
artifacts in adjacent ranges further from the sensor. Such
artifacts correspond to low returns from the second layer
of the hollow concrete blocks as well as multiple internal
reflections which appear in object-free ranges, as predicted
in Section 2.1.

4.2. CS Experimental Results. A CS head and processor are
imitated in software following the considerations explained in
Sections 2 and 3. Raw SAR data shown in Section 4.1 are sam-
pled at different random sampling rates and reconstructed
assuming scene sparsity. In this section, presented results
were obtained according to the methodology described in
Section 3.4 for efficient wall reconstruction and ranging and
behind-the-wall accurate reconstruction.The reconstruction
dictionaries are built up using simple wall and point-target
models and a stepped-frequency SAR simulator.

Figure 12(a) describes how the signal simulator is fedwith
coordinates produced by the models, which follows to a CS
sampler simulator which downsamples the simulated data
in range and azimuth according to the provided sampling
parameters. The resulting downsampled data are vectorized
and stored in the columns of the wall or point-target
dictionary, Θ

𝑤
or Θpt, respectively. Scene reconstruction

of actual measurements is depicted in Figure 12(b). A CS
head is partially simulated in software, downsampling the
measured signals following a given random sampling scheme
identical to that used during the dictionary generation.
The CS reconstruction block is fed with the incomplete
measurements and the previously generated dictionaries and
operational parameters for reconstruction, which may vary
depending on the reconstruction algorithms (OMP or the 𝑙

1
-

norm).
Figure 13 shows the reconstruction of the wall reflectivity

coefficients vector 𝜎
𝑤
using OMP and a wall-only dictionary

coarselymodeled for efficient processing purposes.The range
of maximum reflectivity, 0.95m, corresponds to the imaged
wall, which satisfies expected results.

A more accurate CS dictionary is then used for point-
target reflectivity coefficients reconstruction, or vector 𝜎pt.
Based on 𝜎

𝑤
, it is assumed that one-single wall was present

in the scene. A guard range is kept to avoid the clutter region
in ranges immediately after the wall (refer to Figures 3, 6,
and 8). Figures 14–16 present reconstructed scenes, where a
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Figure 13: CS reconstruction of the scene using a coarse wall
dictionary for wall ranging. The actual wall was located at 0.95m.

corner reflector is expected to appear at range 2.25m, for
several range downsampling options (60%, 50%, and 40%).
OMP generates simplified but correct reconstructions of 𝜎pt
two or three orders of magnitude faster, on average, than the
𝑙

1
-norm algorithm.
Figure 14 depicts results using downsampling factors

of 50% and 60% for azimuth and fast time, respectively.
Accurate ranging of the corner reflector is obtained (2.25m)
and comparable to that of the conventional SAR imagery
shown in Figure 10 right. Results generated by the 𝑙

1
-norm

clearly indicate where the corner reflector is located, while
OPM extracts the most significant reflectivity coefficients.
Given the theoretical range resolution of 37.5mm, the two
targets extracted using OMP can be assumed to be in the
same resolution cell. As the number of fast-time samples kept
is reduced (Figures 15 and 16), inaccuracies in the corner
reflector’s positioning and false alarms appear, although a
general agreement can be reached on the presence of a strong
reflector in the scene.

5. Conclusions and Future Work

In this work, CS has been successfully applied to TWI of
a real concrete wall. SAR measurements were preprocessed
in software to simulate a CS sensor which would perform
random sampling in the fast-time and azimuth dimensions.
The particular considerations regarding the application of CS
onto SAR measurements for TWI were addressed. By using
CS, any kind of SAR processing was avoided. A conceptually
simple procedure was designed to automatically distinguish
between wall and wall-free regions, which exploits the pos-
sibilities that CS can offer and reduces computational com-
plexity and avoids having to treat wall clutter. A systematic
investigation was performed to determine the minimum
random downsampling with respect to conventional SAR
TWI without compromising reconstruction accuracy. Data
volume was reduced to as low as 25% of the usual required
samples, enablingmeasurement time and hardware complex-
ity reduction.

Future work is focused on finding alternatives to further
exploit the CS capabilities for TWI. Some of the lines of
investigation the authors are following related to signal
processing and CS are as follows.
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Figure 14: CS reconstructions of the behind-the-wall scene using a point-target dictionary. Downsampling factors were set to 60% for fast-
time and 50% for azimuth. (a) 𝑙

1

-norm; (b) OMP.
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Figure 15: CS reconstructions of the behind-the-wall scene using a point-target dictionary. Downsampling factors were set to 50% for fast-
time and 50% for azimuth. (a) 𝑙

1

-norm; (b) OMP.
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Figure 16: CS reconstructions of the behind-the-wall scene using a point-target dictionary. Downsampling factors were set to 40% for fast-
time and 50% for azimuth. (a) 𝑙

1

-norm; (b) OMP.
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(i) Reducing the effects of strong reflections from the
wall introduces the reconstruction of point-target
regions and improves the accuracy of detection.
The authors currently are working on strategies to
overcome these negative effects.

(ii) Multiple echoes and patterns due to the wall structure
appear in further adjacent ranges. Using a complete
SARmodel of awall will help identifywhich scatterers
can be considered as wall clutter or targets of interest
behind the wall.

(iii) Range inaccuracies due to inhomogeneous transmis-
sionmediawill be corrected to provide a correct range
estimation. A complete wall model will be developed
based on existing publications.

(iv) The SF system used in the experiments as well as the
antennas has a frequency-dependent performance.
A complete SAR signal model must be developed
to create CS dictionaries as accurate as possible.
Moreover, the mutual interaction between both adja-
cent antennas modifies their radiation patterns. The
antennas will be measured in an anechoic chamber to
include this effect in the complete signal model.

(v) CS applied to 3D SAR imaging proposes challenging
open questions regarding sparsity assessment and
strategies to guarantee the viability the of proposed
methodologies in this work.

(vi) Data transformation bases will be studied to enhance
data sparsity and facilitate accurate scene reconstruc-
tions with even less random samples and simpler
hardware.

(vii) Other efficient sparse data reconstruction algorithms
will be explored and modified to the TWI needs
where applicable.
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A multiband Software Defined Radar based on orthogonal frequency-division multiplexing technique is proposed in this work for
an accurate soil discontinuities detection, taking into account also the dispersive behavior of media. A multilayer soil structure
is assumed as a validation test to demonstrate the effectiveness of the proposed approach, by accurately retrieving the unknown
thicknesses and permittivities of the soil layers.

1. Introduction

Electromagnetic sensors such as ground penetrating radar
(GPR) are largely adopted for the detection of buried land
mines, unexploded ordnance, and soil discontinuities. The
performance of these sensors strongly depends on the dielec-
tric properties of the soil, which in turn are related to
specific parameters, such as texture, bulk density, and water
content. The accurate knowledge of soil dielectric constant is
of primary importance in this kind of radar application and is
particularly difficult to achieve in the presence of dispersive
media, where the dielectric properties vary with frequency.
The use of a multiband radar technique can be strongly help-
ful in this case, thus an approach in terms of SoftwareDefined
Radar (SDR) system can be adopted to face the problem.
As a matter of fact, the use of SDR technology leads to
significant advantages in terms of lowcost, compactness, easy
implementation of radar functions, and in particular signal
processing techniques.Thepotentialities of SDR systems have
been discussed by the authors in [1, 2] for the case of single-
band applications. In this work, a multiband SDR technology
is proposed to implement a GPR system, in order to perform
an accurate soil discontinuities detection. For the considered
multiband application, the adoption of SDR concept provides
strong advantages with respect to classical radars, due to
the easy software implementation of all required hardware
modules, such as mixers, filters, modulators/demodulators,

and the easier integration into a unique compact system of
all necessary signal processing operations. In particular, in
the present work, the adoption of an orthogonal frequency-
division multiplexing (OFDM) signal processing technique
[3–7] is discussed to implement a multiband radar system
able to retrieve the frequency variations of soil permittivity.

The benefit of multicarrier radar signaling [8] has been
well established in various application fields, such as remote
sensing of wheatear forecasting [9], detection of buried
objects [10], and interpretation of urban scenes [11]. In
these works, the strong advantages of OFDM in terms of
robustness against multipath fading, easy synchronization
and equalization, and a high flexibility in the system design
are clearly outlined.

Alternative multiband signal methods also exist in litera-
ture. For example, ultrashort pulses (USP) are often used to
accomplish a good radar range resolution. However, themain
problem of these signals is related to the strong attenuation
of the average transmitted power, which can hinder the
radar’s normal operationmodes.The attenuation issue can be
controlled by the adoption of chirpwaveforms [12], but in this
case a nonregular signal (typically frequency modulated) is
applied, while the main advantage of OFDM radar systems
is just related to the adoption of regular signals leading to
a potential primary active radar system available at zero
additional spectrum usage [13].
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In synthesis, apart from the aforementioned features, the
main advantages deriving from the adoption of an OFDM
radar can be summarized as follows:

(i) digital waveforms generation with the possibility of
pulse-to-pulse shape variation;

(ii) narrowband jamming/interference possibilitymitiga-
tion by simply turning off specific subbands;

(iii) noise-like waveforms for increased low probability of
intercept/detection;

(iv) high resolution and good robustness against multi-
path;

(v) high spectral efficiency;
(vi) ability to transmit large amounts of image data in real

time;
(vii) flexible usage of subbands to be adopted and used for

Doppler/location/voice communication.

In order to validate the proposed multiband OFDM-
based SDR approach, a test of multilayer structure is consid-
ered in thiswork and amultibandOFDMalgorithm is applied
to accurately reconstruct the thickness and the permittivities
of the soil layers [14–16]. As reference simulations, the
empirical models described in [14, 15] are adopted to predict
the permittivity behavior in the frequency range between
0.3GHz and 18GHz.

2. Empirical Models of
Soil Electrical Properties

The dielectric properties of a soil depend on a number of
factors, such as bulk density, sand percentage, clay and silt
particles, density of soil particles, volumetric water content,
temperature, and frequency of interest [14–16].

In this section, we summarize the results obtained from
the two empirical models [14, 15] largely adopted in the
literature for an accurate soil simulation.

The first model is tuned for the frequency range between
0.3GHz and 1.3 GHz [14], while the second one [15] is
calibrated between 1.4GHz and 18GHz. In these models, a
dielectric constant as a function of frequency can be retrieved
by setting the sand and clay fraction and the volumetric water
content.

The models calculate the real and the imaginary parts of
the dielectric constant 𝜀 of a particular soil, on the base of the
following inputs:

(i) 𝜃: volumetric soil water content;
(ii) 𝑓: operating frequency;
(iii) 𝑆: fraction of sand particles;
(iv) 𝐶: fraction of clay particles;

(v) 𝜌
𝑠
: density of soil particles (typically 2.66 g/cm3);

(vi) 𝜌
𝑏
: bulk density of the soil (typically 1.66 g/cm3);

(vii) 𝜀
𝑓𝑤
= 𝜀



𝑓𝑤

+ 𝑗𝜀



𝑓𝑤

: dielectric constant of free water.

The real and imaginary parts 𝜀, 𝜀 of soil dielectric con-
stant 𝜀 are given by the following:
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In (3), 𝜀
0
is the free-space permittivity, 𝜀

𝑤0
gives the dielectric

constant of the water equal to 20.1 at 20∘C, 𝜀
𝑤∞

is the
high frequency limit of 𝜀

𝑓𝑤

equal to 4.9, and 𝜏
𝑤

is the
relaxation time of the water equal to 9.23 × 10−12 s at 20∘C.
The dielectric constant of the soil particles 𝜀

𝑠
and the effective

soil conductivity 𝜎eff are given by the following empirical
formulas:

𝜀

𝑠
= (1.01 + 0.44𝜌

𝑠
)

2

− 0.062,

𝜎eff
1.3GHz
18GHz = −1.645 + 1.939𝜌𝐵 − 2.013𝑆 + 1.594𝐶,

𝜎eff
0.3GHz
1.3GHz = 0.0467 + 0.2204𝜌𝐵 − 0.4111𝑆 + 0.6614𝐶.

(4)

In Figure 1, the behavior of the real and imaginary parts for
the soil dielectric constant 𝜀 is reported versus frequency.
Discontinuities in the graphs can be observed as due to the
combinations of the two empirical models. In the following
sections, these will be adopted to simulate a multilayer soil as
validation test for the OFDMmultiband algorithm.

3. OFDM Signal Processing Method

OFDM is a combination of modulation and multiplexing
techniques, which allows the transmission of complex mod-
ulation symbols obtained through discrete phase modulation
(e.g., BPSK). The block diagram of the OFDM principle is
schematically illustrated in Figure 2.

The symbols use orthogonal subcarriers with duration 𝑇,
which are frequency spaced by the interval:

Δ𝑓 =

1

𝑇

, (5)

in order to avoid intercarrier interference. Each complex
modulation symbol is expressed by the following:

Ψ

𝑘
(𝑡) = 𝑆

𝑘
(𝑡) 𝑒

−𝑗2𝜋(𝑓𝑘)𝑡

,
(6)
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Figure 1: Dielectric constant versus frequency for a soil with 𝑆 =
0.95, 𝐶 = 0.02, and 𝜃 = 0.27.
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Figure 2: OFDM block diagram.

where 𝑆
𝑘
(𝑡) is a complex symbol (e.g., in BPSK it can be equal

to 1 or −1 with duration𝑇), and𝑓
𝑘
is the individual subcarrier

frequency, given as

𝑓

𝑘
= 𝑓min + 𝑘Δ𝑓, 𝑘 = 0, 1, 2, . . . , 𝑁 − 1, (7)

with 𝑓min giving the minimum frequency with an arbitrary
value.

The multiplexed signal is represented as

𝑔 (𝑡) =

{

{

{

{

{

{

{

𝑁−1

∑

𝑘=0

𝑆

𝑘
(𝑡) 𝑒

−𝑗2𝜋(𝑓min+𝑘Δ𝑓)𝑡,
0 < 𝑡 < 𝑇

0, otherwise.
(8)

It is modulated with a carrier frequency 𝑓
0
to obtain the

OFDM signal, which is equal to

tx (𝑡) = 𝑔 (𝑡) 𝑒𝑗2𝜋𝑓0𝑡. (9)

OFDMradar works as a static system, by transmitting a signal
of kind (9) and receiving reflections of this signal fromobjects

in the path of the signal’s wavefront. It is important that
transmitter and receiver are synchronized in order to avoid
time or frequency offset. The received signal, in the absence
of Doppler effect, can be expressed as

rx (𝑡) =
𝐻−1

∑

ℎ=0

𝑏

ℎ
𝑔 (𝑡 − 𝜏

ℎ
) 𝑒

𝑗2𝜋𝑓0(𝑡−𝜏ℎ)

, (10)

where𝐻 is the number of reflecting targets. Every target at a
distance 𝑑

ℎ
is represented by a delay 𝜏

ℎ
of the corresponding

signal. The term 𝑏
ℎ
represents the attenuation for each target

which depends on the material characteristics and the radar
cross-section.

TheOFDMsignal processing technique gives amaximum
measurement distance defined as

𝑑max =
𝑐

2Δ𝑓

=

𝑇𝑐

2

, (11)

where 𝑐 is free-space velocity.
The radar slant range resolution depends on the total

bandwidth 𝐵 occupied by the transmitted signal, so it is given
by

Δ𝑟 =

𝑐

2𝐵

=

𝑐

2𝑁Δ𝑓

. (12)

Figure 3 shows the block diagram for an OFDM radar,
where the transmitted signal is composed by 𝑁 symbols
𝑆 = [𝑆

0
, 𝑆

1
, 𝑆

2
, . . . , 𝑆

𝑁−1
]

𝑇 modulated with 𝑁 orthogonal
frequencies 𝑓 = [𝑓min, 𝑓min + Δ𝑓, 𝑓min + 2Δ𝑓, . . . , 𝑓min + (𝑁−

1)Δ𝑓]

𝑇 using OFDM technique. The total time 𝑇
𝑡
for an

OFDM symbol considers the symbol duration 𝑇 and a guard
interval𝑇

𝐺
, that is, the time to avoid intersymbol interference

between subsequent OFDM symbols.
The received signal rx is demodulated, and a vector 𝑌 =

[𝑌

0
, 𝑌

1
, 𝑌

2
, . . . 𝑌

1
], containing the values of received symbols,

is retrieved.
The target position is then obtained by applying the

IFFT on the result of the wise division between the symbols
received 𝑌 and that transmitted 𝑆.

4. Multiband OFDM SDR

The scheme reported in Figure 2 is relative to a single band
OFDM system. In order to obtain a multiband configuration,
the original block diagram ismodified as in Figure 4, with the
adoption of𝑀 carrier frequencies, namely, 𝑓

01
, 𝑓

02
, . . . , 𝑓

0𝑀
.

There are two possibilities for obtaining an OFDMmulti-
band signal tx. The first one consists in transmitting all the
OFDM waves at the same time, using only one shoot of 𝑇

𝑡

seconds, while in the second approach just one OFDM signal
is transmitted each 𝑇

𝑡
seconds, with a total time signal of

𝑀 ∗ 𝑇

𝑡
seconds. The second option is the simplest one for

processing and analysis, so it is adopted in this work for the
reconstruction of multilayer soil permittivity. As an example,
the spectrum of the a multiband OFDM signal with𝑀 = 5
carriers is illustrated in Figure 5.
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Figure 5: SpectrumofOFDMmultiband signalwith𝑀 = 5 carriers.

5. Dielectric Characterization Algorithm

Let us consider a simple structure with 2 homogeneous
materials having thickness 𝑑

1
and 𝑑

2
, respectively (Figure 6).

A radar signal from a distance𝑑
0
> 2𝐷

2

/𝜆

𝑓min
(𝜆
𝑓min

being the
wavelength for the minimum frequency 𝑓min under analysis)
is assumed to impinge on the multilayer structure.

As a first case, we assumenon-dispersive dielectricmedia,
characterized by constant permittivities versus frequency. In
this situation, we can use a single band OFDM signal tx(𝑡) to

Γ12 Γ32
Γ3

T21

T12

T12

T23

T32

d1 d2

Figure 6: Multilayer test structure.

retrieve the permittivity values 𝜖
𝑟1
and 𝜖
𝑟2
of the two layers.

The corresponding signal detected by the receiver is given by
the following expression:

rx (𝑡) = 𝑏
0
𝑔 (𝑡 − 𝜏

0
) 𝑒

𝑗2𝜋𝑓0(𝑡−𝜏0)

+ 𝑏

1
𝑔 (𝑡 − 𝜏

1
) 𝑒

𝑗2𝜋𝑓0(𝑡−𝜏1)

+ 𝑏

2
𝑔 (𝑡 − 𝜏

2
) 𝑒

𝑗2𝜋𝑓0(𝑡−𝜏2)

,

(13)

where

(i) 𝑏
0
is directly related to the reflection coefficient Γ

01
of

the first reflection from the first substrate, and 𝜏
0
is the

associated delay time;

(ii) 𝑏
1
is related to the expression (1 − Γ

01

2) Γ
12

of the
second reflection from the second substrate, and 𝜏

1

is the associated delay time;

(iii) 𝑏
2
is related to the expression (1 − Γ

12

2) Γ
23

of the
third reflection from the third substrate, and 𝜏

2
is the

associated delay time.

The terms Γ
01
, Γ
12
, and Γ

23
are well known in the literature

[17].
The result of OFDM signal processing on the received

signal (13) is illustrated in Figure 7, where the three peaks
corresponding to the reflections from the three interfaces can
be observed. In the same figure, the result obtained from
a preliminary system calibration, performed with a perfect
conductor surface covering the test structure, is also reported.
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A recursive algorithm is applied to retrieve the permittiv-
ity values 𝜖

𝑟1
and 𝜖
𝑟2
. In particular, we have

𝑏

0
= Γ

01
=

1 −
√
𝜖

𝑟1

1 +
√
𝜖

𝑟1

, (14)

from which it is straightforward to retrieve the value of 𝜖
𝑟1
.

Then, we can use the following expression:

𝑏

1

𝑏

0

=

(1 − Γ

01

2

)

Γ

01

Γ

12
,

(15)

to retrieve the value of 𝜖
𝑟2
directly from Γ

12
and so on for the

successive substrate:

𝑏

2

𝑏

1

=

(1 − Γ

12

2

)

Γ

12

Γ

23
.

(16)

A generalized equation for the algorithm can be expressed as

𝑏

𝑛

𝑏

𝑛−1

=

(1 − Γ

𝑛−1,𝑛

2

)

Γ

𝑛−1,𝑛

Γ

𝑛,𝑛+1
.

(17)

Once the values of the permittivity values 𝜖
𝑟1

and 𝜖
𝑟2

are
known, the next step is to calculate the thicknesses 𝑑

1
and

𝑑

2
of the two layers. In particular, the distances 𝑑V0, 𝑑V1, and

Table 1: Input soil electrical model.

Soil layer 1 Soil layer 2
𝜃 0.27 0.8
𝑆 0.95 0.70
𝐶 0.02 0.01
𝜀

𝑟

27.5154 76.0442

Table 2: Retrieved permittivities and thicknesses.

Soil layer 1 Soil layer 2
Retrieved 𝜀

𝑟

26.8856 72.1654
Retrieved layer thickness m 0.3934 0.4453

Table 3: Permittivity variation for each carrier frequency.

Frequency GHz Retrieved Δ𝜀
𝑟1

Retrieved Δ𝜀
𝑟2

2.3 1.0314 1.0503
3.3 1.0314 1.0503
4.3 1.0481 1.0726

𝑑V2 highlighted in Figure 7 are related to the real distances 𝑑
𝑖

by the following relationship:

𝑑

𝑖
=

𝑑V𝑖

√
𝜖

𝑟𝑖

(18)

Let us assume, now, that layers in Figure 7 are composed
by dispersive media, with a variation of permittivities versus
frequency. In this case, a multiband OFDM technique can
be adopted to retrieve the variation profile of dielectric
constants. In particular, by considering𝑀 different carriers
as in Figure 4, the algorithm previously described for the
case of single band OFDMmust be repeated for every carrier
frequency, thus obtaining𝑀 graphs similar to that of Figure 7
but presenting a shift Δ𝑑, variable versus frequency, for the
distances 𝑑V1 and 𝑑V2. It is in turn related to the permittivity
shift Δ𝜀

𝑟
, which can be expressed as

Δ𝜀

𝑟
= (

𝑑V𝑖

𝑑V𝑖 − Δ𝑑
)

2

.
(19)

6. Numerical Results

In order to validate the proposed multiband SDR technique,
the multilayer soil structure in Figure 8 is assumed as a test
scenario. The empirical models outlined in Section 2 are
applied by assuming parameters 𝐶 (clay fraction), 𝑆 (sand
fraction), and 𝜃 (water content) as reported in Table 1, where
the simulated relative dielectric constants of the two layers
are also indicated. As a first task, a single-band OFDM radar
signal with𝑓

0
= 2.3GHz (Figure 2) is assumed to retrieve the

values of 𝜖
𝑟1
, 𝜖
𝑟2
and the thicknesses 𝑑

1
, 𝑑
2
of the two layers

(Table 2). In a successive step, amultibandOFDM signal with
𝑀 = 3 carriers is considered, thus obtaining the curves
reported in Figure 9, for a frequency variation from 2.3GHz
up to 4.3GHz. The relative detected values of Δ𝑑, variable
with carrier frequency (Figure 9), are then used to obtain the
variation profile of the permittivity as a function of frequency,
for the two soil layers (Table 3).
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7. Conclusion and Future Development

The adoption of a Software Defined Radar system, used in
conjunction with an orthogonal frequency-division multi-
plexing technique, has been discussed in this work. The
advantageous features of Software Defined Radar technology,
in terms of lowcost and easy implementation of signal
processing algorithms, exploited together the adoption of
multicarriers in the orthogonal frequency-division multi-
plexing method, to implement a multiband Software Defined
Radar system able to accurately retrieve the geometrical
and dielectric profiles of multilayer soils, with the further
capability to reconstruct the frequency variation of permit-
tivity.The proposed approach has been successfully validated
on a two-layer soil structure. As a future work, a further
extension of the method to a full dielectric characterization
of media, including also the reconstruction of the imaginary
part of the dielectric constant, will be developed. At this
purpose, more accurate models for the multilayer structures
and more efficient inversion algorithms for the dielectric
characterization will be considered.
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In some applications, such as automotive and marine/navigation, hundreds of radars may operate in a small environment (e.g.,
a road complex or a strait) and in an allocated frequency band with limited width. Therefore, a compatibility problem between
different radars arises that is not easily solved by time, frequency, space, or polarization diversity. The advent of fast digital
signal processing and signal generation techniques makes it possible to use waveform diversity to solve this problem that will be
exacerbated in the next future. Ideal waveforms for the diversity are supplied by Noise Radar Technology (NRT), whose application
is promising in some military applications as well as in the civilian applications considered in this paper. In addition to being
orthogonal as much as possible, the random signals to be transmitted have to satisfy requirements concerning side lobe level and
crest factor, calling for novel, original design and generation processes.

1. Introduction

In spite of its military origin, dated back to the 1930s, radar
technology is being more and more applied in the civilian
domain for the safety of air, sea, and land traffic. In sea and
road applications, this technology is entering themassmarket
with a significant yearly reduction of costs, mainly due to the
larger and larger integration of the hardware and to the scale
economy. For example in the automotive radar the factory
cost has fallen by one order of magnitude (from hundreds
to tens of dollars) in a few years. A similar situation is to
be expected in the field of marine radar [1, 2], present in
most vessels, as they (X-band radar) are mandatory for all
passenger vessels and for all vessels above 500 tons GT (Gross
Tonnage), with a double-band requirement (X-band radar +
S-band radar) above 3000 tonsGT.Theallocated bands are 9.3
to 9.5 GHz (X) and 2.9 to 3.1 GHz.Mostmarine radars use the
simple and cheap magnetron transmitter, a 1940s technology,
generating short pulses (from 50–80 ns in the short-range
mode to 800–1000 ns in the long-range mode, up to 96NM)
and peak power from a very few kW to 12.5–25 kW (and
50 kW in coastal applications for Vessel Traffic Systems).

The large number of marine radars in a given area,
simultaneously present above the horizon, makes the mutual

interference a very likely event. For a general overview of
potential solution to this problem, see [3, 4]. Inmarine radars
themost used solution is based on their relatively short pulses
that can be suppressed (video blanking or thresholding)
because they are received asynchronously with respect to
the transmission from the victim (the own) radar. Such a
suppression causes tolerable detection losses for small targets
and negligible losses for large targets.

As in many other radar applications, for example, in Air
Traffic Control (ATC), solid-state transmitter technology is
attractive formarine radars. It permits (i) the implementation
of highly stable, coherent Rx-Tx chains compatible with
Doppler processing, (ii) the transmission of sophisticated
waveforms [5], (iii) a better availability, and (iv) the absence
of high voltages.UnlikeATC radars that have been using solid
state transmitters for over two decades, solid-state marine
radars are appearing on the market just now, most of them,
in the S-band. While maintaining approximately the same
average transmitted power as magnetron transmitters, these
new (or experimental) solid-state marine radars have three
orders of magnitude larger duty cycle, that is, in the range of
10%–12%. These long pulses (about 10 or 20 microseconds,
in some cases up to 100 microseconds) are not compatible
with the current interference suppression techniques. In



2 Journal of Electrical and Computer Engineering

the remaining part of this paper a new technique is proposed
to solve this interference problem, whose general framework
is synopsized in the appendix.

2. Signal Requirements and Advantages of
Noise Radar Technology (NRT)

Mitigation techniques for interferences from similar radars
can be based on diversity in (i) frequency, (ii) polarization,
(iii) direction (antenna pattern adaptation), and (iv) wave-
form. In the marine radar context, as considered here, the
limited allocated bandwidth (only 200MHz in X-band and
the same in the S-band) and the use of standard antennaewith
fixed polarization prevent the use of (i), (ii), and (iii). There-
fore a possible solution has to be based onwaveformdiversity,
that is, the transmission (by the various radars in potential
interference conditions) of pairwise orthogonal waveforms,
such that the matched filter output is mainly due to the
“own” waveform, with a noise floor due to the “other radars”
waveforms. The large number of radars in busy maritime
environments such as straits and sea areas around harbors,
makes it necessary to exploit a large number of orthogonal
waveforms, which can only be obtained by polyphase codes
[3] or, as proposed here, by suitable processing of samples of
random processes, leading to Noise Radar Technology.

Themain requirements for a pair of signals with complex
envelope 𝑠

𝑖
(𝑡) and 𝑠

𝑗
(𝑡) with 𝑖, 𝑗 = 1, . . . ,𝑀, pulsewidth 𝑇,

and the same power are defined by the following:

(i) Peak Side Lobe Ratio (< −30 dB):

PSLR =

max
𝑖
(𝑠

𝑖
)

max
𝑘
(𝑚

𝑘
)

, (1)

where 𝑠

𝑖
= side lobe samples and 𝑚

𝑘
= main lobe

samples.
(ii) Crest Factor (𝐶) or Peak-to-Average Ratio (PAR), that

is, the peak amplitude of the waveform divided by the
rms value of the waveform 𝑠(𝑡):

𝐶 =

max (|𝑠 (𝑡)|)

√

(1/𝑇) ∫

𝑇

0

|𝑠 (𝑡)|

2

𝑑𝑡

. (2)

(iii) Mean Envelope-to-Peak Power Ratio:

MEPPR =

(1/𝑇) ∫

𝑇

0

|𝑠 (𝑡)|

2

𝑑𝑡

max (|𝑠 (𝑡)|2)
.

(3)

It results in EPPR = 1/𝐶

2.
(iv) Normalized cross-correlation:

𝑟

𝑖𝑗
(𝑡) =











𝑅

𝑖𝑗
(𝑡)





















𝑅

𝑖(𝑗)
(0)











, (4)

where𝑅
𝑖𝑗
(𝑡) = ∫ 𝑠

∗

𝑖

(𝜃)𝑠

𝑗
(𝑡+𝜃)𝑑𝜃, 𝑖 ̸= 𝑗; it measures the

orthogonality, and the desired value is 𝑟
𝑖𝑗
(𝑡) < −30 dB.

(v) Spectral band occupancy: sometimes this item is
overlooked, especially when noise-like waveforms are
concerned, but it is of paramount importance inmost
real-world radars; see [4] and the appendix.

Good candidate deterministic signals that satisfy the
orthogonality requirements are the well-known “up” and
“down” chirps (Linear-FM and Non-LFM) [3, 5], but in this
case only pairs of signals (not the needed multiplicity 𝑀)
can be obtained. To obtain 𝑀 signals Costas codes, All top
sequences can be considered, andpolyphase codes represent a
possible solution [3, 6, 7].More recent research on orthogonal
signals proposed the use of normal or interleaved OFDM
techniques [8]. The main limitation of the OFDM approach
is due to the nonconstant envelope of the signals, that is,
MEPPR < 1, whichmeans that the transmitter does not work
at its maximum power.

Another class of waveforms, that is, the phase noise
signals [9], has two main advantages as compared to the
signals introduced before. The former is the possibility to
generate a large number of orthogonal signals, which is of
great importance in the present case. The latter, applicable to
defense applications (e.g., to the navigation radars of military
vessels), is about the detectability; in fact they are random
signals so they limit the detection, the identification, and the
eventual spoofing of the signal. Such a limitation is of great
importance in many military applications which require low
detectability of the active system. Finally theMEPPR (and the
crest factor) can be very close to the unity.

3. Methods for Generating Noise Radar Signals

For a phase noise signal the complex envelope can be written
as

𝑠 (𝑡) = 𝐴 ⋅ exp {𝑗𝜑 (𝑡)} ⋅ rect
𝑇
(𝑡) , (5)

where 𝐴 is the constant amplitude, rect
𝑇
(𝑡) is 0 outside the

interval [−𝑇/2, +𝑇/2] and 1 inside it (with 𝑇 being the pulse
length), and 𝜑(𝑡) is the phase process modulating the noise
signal 𝑠(𝑡). In the following we present three methods to
generate the phase noise signals highlighting their strengths
and weaknesses.

3.1. Random PhaseModulation. In [9] Axelsson supposed for
𝜑(𝑡) a zero-mean Gaussian process with root mean square
(rms) 𝜎 and a given power with density spectrum within
the band 𝑏. He showed that the normalized autocorrelation
function of the signal 𝑠(𝑡) can be written in a closed-form
expression as

𝑅 (𝜏) = exp {−𝜎2 [1 − 𝜌 (𝑡)]} , (6)

where 𝜌(𝜏) is the correlation coefficient of 𝜑(𝑡). For example,
𝜌(𝜏) = sin(𝜋𝑏𝜏)/(𝜋𝑏𝜏) for a constant spectrum within the
band 𝑏. Of course, 𝑅(𝜏) depends on the bandwidth 𝑏, on
the pulse length 𝑇, and on the rms phase fluctuation 𝜎.
The bandwidth 𝑏 is related to the width of the main peak
and defines the range resolution. An increase of 𝑇, and
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Figure 1: Block diagram of the iterative algorithm.

consequently of the compression ratio (the time-bandwidth
product of the generated signal), causes a reduction in the
range side lobe level, whereas the main lobe width remains
fixed being independent of 𝑇. Finally the rms 𝜎 has two
different effects. The former is on the side lobe level: an
increase of 𝜎 causes a decrease of the side lobe level with
improvement in the PSLR.The latter concerns the resolution.
The rms value in fact establishes a connection between the
bandwidth of the modulated signal and the bandwidth of
the modulating signal. That is, when 𝜎 increases the final
bandwidth increases too. In [9] a simple relation between the
rms bandwidth of the phase modulated signal (𝐵rms) and the
rms bandwidth of the phasemodulating noise (𝑏rms) has been
found:

𝐵rms = 𝜎 ⋅ 𝑏rms. (7)

On the other hand, concerning the side lobe suppression,
the expression of the autocorrelation function introduced in
[9] would show a progressive improvement of the side lobe
suppression as 𝜎 increases. However the periodic nature of
𝜑(𝑡)with a folding in the [−𝜋, +𝜋] interval has been neglected
in [9], and in reality the model can be used only for values
of 𝜎 significantly smaller than 𝜋. The Gaussian noise, used
to modulate the signal phase, is to be compared with an
uniform distribution in the range [−𝜋, +𝜋] with a standard
deviation of (𝜋/√3) ≅ 1.8 rad. Therefore, if 𝜎 is large (𝜎 >

(𝜋/
√
3)), the resultant phase is not Gaussian distributed and

the mathematical formulation introduced in [9] does not
apply. On the other hand, in connection with a potential real
application, it would be better to generate the signal through
a white Gaussian process with its in phase and in quadrature
components (𝐼, 𝑄) that are band limited as desired. This is
described in the following.

3.2. An Iterative Algorithm to Generate Phase Noise Signals.
To control the spectral width and to reduce the Peak Side
Lobe Ratio (PSLR) of the generated phase noise signals, we

propose an iterative algorithm based on alternative projec-
tions in frequency and in time domain (Figure 1). The input
to the algorithm is a zero-mean white complex Gaussian
process (𝐼 + 𝑗𝑄). The filtering is implemented in frequency
domain. First the input is band limited using a rectangular
Low Pass Filter of band 𝐵. The output from this filter is
projected in time domain by IFFT, and the complex signal
(𝐼

1
, 𝑄

1
) is amplitude limited using a Zero-Memory-Non-

Linearity (ZMNL). The output in time (𝐼
2
, 𝑄

2
) is reprojected

in frequency and filtered through a Gaussian LPF of band 𝐵.
The output is again re-projected in time, and the procedure
is iterated for a predefined value of 𝑁. Typically to achieve
the optimum (minimum) PSLR, some tens of iterations are
needed (it depends on the input white noise sequence).

Considering for ZMNL a hard limiter, that is,

𝐼

2
=

𝐼

1

√𝐼

2

1

+ 𝑄

2

1

, 𝑄

2
=

𝑄

1

√𝐼

2

1

+ 𝑄

2

1

, (8)

the signal (𝐼
2
, 𝑄

2
) shows a unitary amplitude and its ran-

domness is only due to the random phase of the signal.
Averaging different autocorrelations we have computed the
mean normalized autocorrelation and its standard deviation
(Figure 2 for BT = 10000).

Varying the compression ratio up to 30000, in Figure 3
the mean PSLR is shown.

To reach PSLR lower than −30 dB, compression ratios
over 5000 are needed. However for BT = 30000 the PSLR is
−36 dB, less, for example, than the one obtained with Non-
LFM using Hamming weighting (−42.8 dB). Figure 4 shows
the mean spectrum for BT = 10000 (𝐵 = 100MHz). It shows
a good control of the spectral width due to the rectangular
LPF. Finally in Figure 5 the cross-correlation (it measures the
orthogonality) for a pair of generated phase noise signals is
shown with BT = 10000. It is lower than −30 dB (as compared
with the same compression ratio, for a pair of up and down
chirps the cross-correlation is−43 dB for LFMand−40 dB for
Non-LFM).
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From the database of generated waveforms [10] a part is
selected after analysis of the compliance with the required
characteristics in terms of spectral occupancy and autocor-
relation and cross-correlation functions. In order to further
reduce the side lobe level (which is likely needed, especially
for smaller values of the compression ratio BT), amismatched
filtering in reception may be needed [11, 12]. The filter coef-
ficients must be computed for every selected waveform and
associated with it for the ensuing usage. While permitting a
significant suppression of the range side lobes, this technique
calls for increased computation costs (the mismatched filter
is typically three times longer than the matched filter) and
larger memory requirements.

3.3. Closed Form by Inversion. A different, closed form
generation approach is based on the following considerations.
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Figure 4: Mean density spectrum (obtained averaging 50 different
spectra) for a pair of phase noise signals. Compression ratio 10000,
considering for ZMNL a hard limiter.
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For a real Gaussian process Van Vleck and Middleton [13]
have shown that the autocorrelation coefficient (𝑅

𝑡
with 𝑡 =

𝑡

2
− 𝑡

1
) of the output from a hard limiter is related with the

input autocorrelation coefficient (here denoted 𝑟) by the well-
known arcsine law:

𝑅

𝑡
=

2

𝜋

⋅ arcsin (𝑟) . (9)

Considering a complex Gaussian process, the correlation
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= 𝑢 + 𝑗V,

(11)

where 𝐸{⋅} is the statistical mean operator. Supposing a
symmetrical power density spectrum with respect to the
origin, the correlation is real and V = 0. Equation (11) has
been evaluated, and it results in

𝑅

𝑡
= 𝑏

0
𝑟 +

∞

∑

𝑛=1

𝑏

𝑛
⋅ 𝑟

2𝑛+1 (12)

with
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𝑛−1
, 𝑏

0
=

𝜋

4

, 𝑛 = 1, 2, 3, . . . .
(13)

Then 𝑅

𝑡
can be expressed as a sum of odd powers of 𝑟,

where the coefficients 𝑏
𝑛
are very similar to those evaluated

for the arcsine law:

𝑏
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(2𝑛 − 1)

2

2𝑛 (2𝑛 + 1)

⋅ 𝑏

𝑛−1
, 𝑏

0
=

2

𝜋

, 𝑛 = 1, 2, 3, . . . .
(14)

Figure 6 shows 𝑅
𝑡
versus the input correlation 𝑟 for real

and complex Gaussian process. Inverting (12) it is possible
to predistort the input autocorrelation to the hard limiter to
obtain a desired 𝑅

𝑡
.

In such a way the requirements of Sections I and II
can be met with no need for iterations. In fact, (a) the
output autocorrelation is chosen in order to satisfy the PSLR
requirement and the spectral band requirement; (b) the
MEPPR requirement is satisfied by the hard limiter, and (c)
the orthogonality is obtained by the randomness of the white
Gaussian input sequence; and may be enhanced by proper
choices of the generated output sequences.

4. An Architecture for Next Generation Marine
Radar Based on NRT

The general architecture of a proposed, novel class of solid-
state, coherent, NRT-basedmarine radar is shown in Figure 7,
from [10]. Basically, this is a coherent radar transmitting
preregistered pseudorandom signals and using a correla-
tion receiver (or a mismatched, range-side lobe suppression
receiver). In order to reduce the interference level between
these marine radars exploiting the orthogonality of the
transmitted waveforms, each radar must have a large number
of them (order of hundreds of millions) stored in a mass
memory; see Figure 7.

These waveforms are result of a generating procedure
shown in Figure 1, as explained before. Thanks to this
procedure, all of them have a crest factor close to the unity
and their power spectral density (PSD) respects the spectral
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Figure 6: Output autocorrelation (𝑅) from a hard limiter versus the
input autocorrelation (𝑟).
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Figure 7: General architecture of solid-state, coherent, NRT-based
marine radar.

mask of the international regulations (see the appendix).
For instance, let us consider a waveform, with a bandwidth
of 80MHz and a centre frequency of 9410MHz, that is, a
spectrum from 9.37 to 9.45GHz with EIRP per MHz equal
to 75 dBm. Outside the interval (the “Necessary Band”) from
9.37 to 9.45GHz its PSD will have to decay at 20 dB/dec,
arriving at 35 dBmEIRP below 9.17GHz and above 9.64GHz.
Only a part of the generated waveforms, that is, those with an
acceptable PSR, is selected to be stored in the mass memory.

As in solid-state marine radar using deterministic wave-
forms and pulse compression, [14, 15], in the proposedmarine
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noise radar three sets of length will be used: a short pulse for
sort range, a medium-duration waveform for medium range,
and a long waveform for the maximum range of 96NM.

5. Plans for Future Work and Conclusion

It has been recognized (see for instance [14]) that the long
pulses of solid-state marine radar will create formidable
problems of electromagnetic comparability to (a) traditional
magnetron radar as well as to (b) other solid-state marine
radars. Usage of pseudorandom, orthogonal signals will
alleviate case (b) by a figure close to the value of the
compression factor (the BT product). Further analysis is
needed for case (a). For example, in [14] it is stated that
“characteristic pulsed interference was observed, caused by the
long pulses disabling pulse cancellation logic in the magnetron
radar. Such interference on established radar systems raised
concerns to the system’s further development . . .,” and “A
novel 3 pulse waveform has been designed and tested for
solid-state marine radar. The waveform’s spectral and range
performance are excellent, . . . However the interference effects
that such a radar might cause on existing marine radars may
be catastrophic. Some of these effects could be reduced by
techniques that were investigated, however no techniques were
found that gave confidence to proceed with a solid state marine
radar product based on this waveform.”The damaging signals
are of two types: direct (antenna to antenna) and indirect
or bistatic clutter (antenna to reflecting surfaces to antenna).
Summing up, further analysis, simulation, and trials are
needed to establish the cost-effectiveness of solid-state S- and
X-bands marine radars to be used in crowded environments
as well as the electromagnetic compatibility between them
and, presentlymore important, with legacymarine radar.The
Noise Radar Technology is a promising tool to solve these
problems.

Appendix

Interference in Marine Radar

Recommendations and rules for avoiding and/or mitigating
the interferences related to radar systems have been issued
by the International Electro Technical Committee [16] and
by the International Telecommunication Union [17, 18].
Generally, distinction is made between (i) the “Necessary
Band,” related to the shape andmodulation of the radar signal
as designed to satisfy the radar performance, (ii) the “Out
of Band” (OoB) domain that contains the spectral residuals
of the modulation process for the radar signal, and (iii)
the “spurious” domain that contains the harmonic, parasitic,
intermodulation and frequency conversion effects. Methods
are suggested to compute the Necessary Band from the pulse
length and its rise and fall time or from the frequency span
in the cases of linear or nonlinear frequency modulation
(chirp signals). Roughly, the Necessary Band for a simple
rectangular pulse of duration𝑇 is about 1.8/𝑇, and for a linear
chirp of frequency deviationΔ𝑓 is about 2Δ𝑓. A −40 dB band
is defined in the radar emission mask; in some significant

cases, it results in 𝐵

−40
= 2.5𝐵Necessary and the transition

between them has a 20 dB/decade roll-off.
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An electronically tunable reflectarray element is proposed in this work to design beam-steering antennas useful for radar
applications. A reduced size reflectarray unit cell is properly synthesized in order to extend the antenna beam scanning capabilities
within a wider angular region. The radiating structure is accurately optimized to provide a full phase tuning range by adopting
a single varactor load as phase shifter element. A 0.46𝜆-reflectarray cell is designed at the frequency of 11.5 GHz, obtaining a
phase agility of about 330∘. The cell is successfully adopted for the design of a 21 × 21 reconfigurable reflectarray. The antenna
is numerically tested for different configurations of the varactors capacitance values, and good beam-steering performances are
demonstrated within a wide angular range.

1. Introduction

Modern radar systems usually adopt phased array antennas as
transmission/reception modules. Phased arrays integrate the
actual radiating structures, consisting of an array of elemen-
tary antennas, with phase shifter components, tunable power
amplifiers, and switches [1]. These additional devices allow
to control the input signal of each radiating element, thus
offering the capabilities to electronically steer the radiated
main beam. Phased arrays offermany advantageswith respect
to mechanically scanned antennas, such as low profile, agile
beams, and scalability. Furthermore, electronically scanned
antennas offer increased data rates, instantaneous positioning
of the radar beam, avoiding also mechanical vibrations, and
errors associated with mechanically scanned systems.

An attractive alternative to traditional phased array
antennas is offered by the reflectarray antenna concept [2].
As a matter of fact, reflectarrays may be specifically designed
also for applications requiring pattern reconfigurability or
beam-scanning capabilities. Reconfigurable reflectarraysmay
offer many advantages over conventional phased arrays, such
as reduced costs and volume, a simpler architecture due
to the absence of complicated beam-forming networks, and
increased efficiencies due to the adoption of spatial feeding.

They consist of an array of microstrip elements illuminated
by a feed antenna (Figure 1(a)). Each radiator is properly
designed to compensate for the phase delay in the path
coming from the feed and to introduce a phase contribution
able to create a total reradiated field with some desired
features, such as prescribed beam directions and/or shapes.

Many different reflectarray configurations have been
proposed in the literature [2] also for mm waves applications
[3], and recently,many efforts have been spent in the design of
reconfigurable reflectarray elements, which are usually based
on the use of tunable components and/or materials, such as
MEMs, varactor diodes, and liquid crystal substrates [4–6].

Recently, the authors have proposed a novel tunable
reflectarray element based on the use of an aperture-coupled
patch electronically driven by a single varactor diode [7–
10]. The radiating patch is coupled to a microstrip line
printed onto a different substrate and loaded by a varactor
(Figure 1(b)). By changing the bias voltage across the diode,
the phase response of each element can be dynamically
modified. A detailed description of the proposed phase
control mechanism is reported in [10].

The phase tuning capabilities of the proposed reflectarray
configuration have been already demonstrated in [7], while in
[8–10] a reflectarray prototype composed by 3 × 15 elements,
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Figure 1: (a) Reflectarray antenna and (b) aperture-coupled reconfigurable reflectarray cell.

with a unit cell with equal to Δ𝑥 × Δ𝑦 = 0.7𝜆
0
× 0.7𝜆

0
,

has been successful designed at the frequency of 11.5 GHz.
The synthesis approach described in [11, 12] has been adopted
in order to compute the desired voltages distributions across
the diodes. The antenna has been tested into the Microwave
Laboratory at the University of Calabria, equipped with both
near-field [13, 14] and far-field facilities. Various measure-
ments of its radiation pattern for different configurations
of the varactors biasing voltages have been performed, thus
demonstrating in [10] the reconfiguration capabilities of
the fabricated reflectarray prototype. In particular, good
beam-steering performances have been obtained within an
angular region going from −25∘ up to 25∘. In this work, the
reflectarray cell proposed in [7–10] is properly redesigned
in order to enlarge the allowable beam scanning area, so to
give the opportunity for designing wide-angle beam-steering
antennas, suitable for radar applications. Pointing out that a
large scan angle requires a close element spacing, less than
or equal to half wavelength at the operating frequency [15],
a reflectarray unit cell with a reduced size equal to 0.46𝜆

0
×

0.46𝜆

0
(𝑓
0
= 11.5GHz) is proposed. In order to accommo-

date the phasing circuitries inside the reduced available area
embedded in the unit cell, the antenna stratification layers
are properly modified by choosing a higher permittivity for
the phasing line substrate. According to the considerations
reported in [10], the varactor loaded line is accurately resized
in order to maximize the antenna phase agility. A phase

tuning range of about 330∘ is numerically demonstrated, by
varying the capacitance of the varactor diode within the
values ranging from 0.2 pF up to 2 pF.

The designed cell is adopted to synthesize a 21 × 21
reflectarray antenna able to steer the main beam up to 65∘,
as assessed numerically.

2. Design of a Reconfigurable Reflectarray
Element Embedded into a Unit Cell with
Reduced Size

2.1. Performance Limitations of Beam-Steering Arrays. The
angular displacement of an electronically scanned radar
beam is practically limited by two main factors, namely, the
element pattern and the array elements spacing. As a matter
of fact, the radiation pattern of an array of identical radiators
is given by the product of the array factor and the element
pattern. If the single array radiator is isotropic, that is, the
array elements radiate an electric field quite uniform along
those directions belonging to the scanning plane, only the
array factor will affect the total radiation pattern.

However, practical array element patterns are not omni-
directional, showing an amplitude that decays when moving
away from the broadside direction. In these cases, the single
elementwill significantly reduce the amplitude of the scanned
beam, except in the zone where it is nearly isotropic [15].
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The second limitation, namely, the array elements spac-
ing, is more relevant. As a matter of fact, it is well known that
a large scan angle requires a close element spacing, in order
to avoid grating lobes appearance. The maximum scan angle,
that a linear phased array can achieve, may be derived from
the well-known relation [15]:

𝜃

𝑠 max = sin
−1

(

𝜆

𝑑

− 1) , (1)

where 𝜃
𝑠 max is the maximum scan angle from broadside

direction, 𝑑 is the spacing between two adjacent elements,
and 𝜆 is the operating wavelength. Equation (1) is derived
from the array factor expression of a linear array placed along
the 𝑥-axis or 𝑦-axis, and its validity can be extended to the
principal cuts of a planar array placed in the 𝑥-𝑦 plane [15]. If
the array scan angle exceeds the value imposed by (1), grating
lobes will appear along other directions. This last behavior
is clearly illustrated in Figure 2, which shows the scanning
limitations of a 0.7𝜆-spaced array. In this case, if the scan
angle 𝜃

𝑠
is greater than 𝜃

𝑠 max = 25
∘, as given by (1), the array

factor will show a grating lobe having the same amplitude of
the scanned main beam (Figure 2(c)).

Equation (1) also states that half wavelength spaced arrays
will have a complete theoretical scan range of ±90∘, as
illustrated in Figure 3.

The maximum scan angle achievable by a phased array is
also a function of the array length and the desired half-power
beam width [15]; however, the condition imposed by (1) is
necessary for the design of an array with prescribed beam-
steering capabilities.

2.2. Reflectarray Element Design. In order to improve the
scanning capabilities of the reconfigurable reflectarray con-
figuration proposed in [7–10], the single reflectarray element
is properly redesigned by reducing the unit cell size. In fact, as
discussed in the previous paragraph, a closer array elements
spacing assures a larger scanning region.

The unit cell dimension is fixed to a value less than half
wavelength at the operating frequency 𝑓

0
= 11.5GHz. In

particular, the array grid size Δ𝑥 × Δ𝑦 is set to 0.46𝜆
0
×

0.46𝜆

0
. Furthermore, as demonstrated in [16–18], a reduced

unit cell size allows to improve the bandwidth performances
of reflectarray antennas. This last aspect is not considered in
the present paper, but the relative analysis will be performed
in a future work.

In order to allow the accommodation of the tuning
circuitries in the smaller area embedded into the unit cell, the
phasing line substrate adopted in [7] is properly substituted
with a dielectric layerwith 𝜀

𝑟
= 6 and thickness ℎ = 0.762mm

(see Table 1). As a matter of fact, the use of a substrate with
a higher permittivity allows to reduce the wavelength inside
the printed lines, thus providing the possibility to design a
shorter phase tuning line. As reported in Table 1, the other
layers composing the antenna stratification are equal to those
adopted in [7].

The reflectarray unit cell is synthesized through a full-
wave simulation code (AnsoftDesigner) based on themethod
of moments. The infinite array approach is adopted in order
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· · ·· · ·1 2

Z

NN− 1

region

0.7𝜆 0.7𝜆

(a)

−90
−40

−60 −30 30 60 90

−30

−20

−10

0

0

(d
B)

𝜃 (deg)

(b)

−90
−40

−60 −30 30 60 90

−30

−20

−10

0

0

(d
B)

𝜃 (deg)

(c)

Figure 2: Scanning performances of an N-elements linear array
with spacing equal to 0.7𝜆: (a) allowable scanning area given by
relation (1); (b) array factor for a scan angle 𝜃

𝑠

= 15

∘ and𝑁 = 21; (c)
array factor for a scan angle 𝜃

𝑠

= 30

∘ and𝑁 = 21.

to take into account the mutual coupling effects, relevant for
the assigned reduced interelement spacing.

The radiating structure design is performed by a proper
tuning of patch and slot sizes, with the aim to satisfy the
resonance condition as well as the matching between the
patch and the phasing line, at the operating frequency of
11.5 GHz.

A varactor diode, with a tunable capacitance 𝐶V ranging
from 0.2 pF to 2 pF, is integrated to the microstrip line in
order to obtain the required reconfiguration capabilities.
The varactor diode is modeled with the equivalent circuit
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Figure 4: Equivalent circuit model of a varactor diode.

illustrated in Figure 4, which takes into account the package
parasitic effects (𝐿

𝑝
, 𝐶

𝑝
) and the diode losses (𝑅

𝑠
). The

varactor lumped parameters are fixed to the following values,
derived by the Microsemi MV31011-89 diode datasheet: 𝐿

𝑝
=

0.2 nH, 𝐶
𝑝
= 0.15 pF, and 𝑅

𝑠
= 1.36Ω.

As described in [10], the two line sections 𝐿V and
𝐿

𝑠
(see Figure 1(b)) are optimized in order to maximize

the phase agility of the element for the assigned varactor
capacitance range. At this purpose, a parametric analysis of
the reflectarray element is performed with respect to the

lengths 𝐿V and 𝐿
𝑠
, by assuming a normally incident plane

wave. Figure 5 shows the reflection phase curves versus the
varactor capacitance, computed for different values of the line
length.

It can be observed that by increasing 𝐿
𝑠
, for a fixed value

of 𝐿V (Figure 5(a)), a higher phase tuning range is obtained.
As accurately demonstrated in [10], this last result is due to
the introduction of a proper inductive effect, which is directly
related to the stub length. As a proof of this concept, the
input impedance 𝑍

𝑡
 of the designed aperture coupled patch,

evaluated at the slot center, is reported under Figure 6, for
different values of the stub length 𝐿

𝑠
ranging from 1.05mm

(the matched case) up to 5.2mm. It can be observed that for
an increased input reactance a wider phase tuning range is
achieved (Figure 5(a)). In particular, a phase tuning of about
330∘ is obtained for 𝐿

𝑠
= 5.2mm. On the other hand the

length 𝐿V is tuned in order to match the maximum phase
variation with the available varactor capacitance range [10].
As a matter of fact, Figure 5(b) shows that for any fixed value
of 𝐿
𝑠
, the section 𝐿V can be chosen to shift the phase curve

within the capacitance range with the aim to increase the
allowable phase tuning range, so obtaining a phasing line
acting as a 360∘ phase shifter.
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Table 1: Element stratification.

Layer
Element designed in [7]
Δ𝑥 × Δ𝑦 = 0.7𝜆

0

× 0.7𝜆

0

Element designed in this work
Δ𝑥 × Δ𝑦 = 0.46𝜆

0

× 0.46𝜆

0

Material Thickness Material Thickness
Patch Copper 35 𝜇m Copper 35 𝜇m

Antenna substrate 𝜀

𝑟1

= 2.33 𝑡 = 0.762mm 𝜀

𝑟1

= 2.33 𝑡 = 0.762mm
Air 𝑑 = 0.762mm Air 𝑑 = 0.762mm

Ground plane with slot Copper 35 𝜇m Copper 35 𝜇m
Phasing line substrate 𝜀

𝑟2

= 2.33 ℎ = 0.762mm 𝜀

𝑟2

= 6 ℎ = 0.762mm
Phasing line Copper 35𝜇m Copper 35 𝜇m

The dimensions of the optimized reflectarray element are
reported in Table 2.

Furthermore, the same table shows that the designed
tuning line is shorter than the line controlling the reflectarray
element described in [7]. In particular, a 35% length reduc-
tion is obtained, thus allowing the allocation of the tuning
circuitries inside the smaller 0.46𝜆

0
× 0.46𝜆

0
cell (12mm ×

12mm at 11.5 GHz).
The simulated element pattern of the designed unit cell

is reported in Figure 7. The depicted diagrams refer to the
reflectarray element with a phasing line having dimensions
𝐿V = 4.2mm and 𝐿

𝑠
= 5.2mm. The radiation patterns

computed in the two principal planes show a nearly isotropic
behavior within the range from −45∘ up to 45∘, as in the case
of a typical cos(𝜃) source.

In conclusion, the proposed unit cell could be suitable
for the design of reflectarray antennas with improved beam-
steering capabilities, as the main beam could be scanned
within a quite large angular region ranging from −45∘ up

to 45∘, without occurring in the grating lobes phenomena.
Furthermore, within this scanning range the main lobe will
have at most a 3 dB amplitude reduction, as demonstrated by
the simulated element pattern (Figure 7).

3. Design of a Beam-Steering Reflectarray

In order to prove the effectiveness of the proposed cell, a
21 × 21 reflectarray is designed at the frequency of 11.5 GHz.
The array is illuminated by a broadside feed placed at a
distance of 34 cm. A synthesis algorithm [11] is adopted in
order to compute the varactor capacitance values which allow
to steer the radiated main beam from 0∘ up to 65∘ in the H-
plane. The computed radiation patterns depicted in Figure 8
show the validity of the proposed approach, as the main
beam is successfully moved along the desired directions.
As expected by the array theory, Figure 8 shows that the
main beam amplitude decreases when moving away from
the broadside direction. In particular, it can be observed that
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Table 2: Element dimension.

Element designed in [7]
Δ𝑥 × Δ𝑦 = 0.7𝜆

0

× 0.7𝜆

0

Element designed in this work
Δ𝑥 × Δ𝑦 = 0.46𝜆

0

× 0.46𝜆

0

Patch size 𝑊× 𝐿 = 8.2mm × 9.3mm 𝑊× 𝐿 = 7.75mm × 7.75mm
Slot size 𝐿

𝑎

×𝑊

𝑎

= 5.8mm × 0.6mm 𝐿

𝑎

×𝑊

𝑎

= 5.7mm × 0.5mm
Phase tuning
line

𝐿V = 6.5mm + 𝐿
𝑠

= 7.8mm,
𝑊

𝑠

= 3.07mm
𝐿V = 4.2mm + 𝐿

𝑠

= 5.2mm
𝑊

𝑠

= 1.6mm
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Figure 6: Input impedance 𝑍
𝑡
 for different stub lengths.

−90

−60

−30

0

30

60

90

−10.000

−20.000

−30.000

−40.000

x-z plane
y-z plane

Figure 7: Element pattern of designed reflectarray element.

the scan loss increases away from broadside by following the
cosine behavior of the element pattern. Thus, an acceptable
3 dB scan loss is obtained when the main lobe is pointed
along the direction 𝜃

𝑠
= 45

∘, while for 𝜃
𝑠
= 65

∘ a
greater scan loss of about 7 dB is observed. Furthermore,
Figure 8 shows a broader main lobe for greater scan angles.
Despite limitations imposed by the array theory (i.e., scan
losses and main lobe broadening), the obtained numerical
results demonstrate wide angle beam-steering capabilities of
the designed antenna, without occurring in grating lobes
appearance.
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Element pattern

Figure 8: Computed radiation patterns for different configurations
of the varactors capacitance values.

4. Conclusion

The reflectarray concept has been applied in this work to
design beam-steering antennas suitable for radar applica-
tions. A reflectarray unit cell based on the use of a single
varactor diode has been proposed and optimized to provide
wide angle steering capabilities. At this purpose, the antenna
has been properly designed by reducing the unit cell size,
in order to achieve a large angular scanning. As a specific
numerical example, a varactor loaded reflectarray element,
embedded into a 0.46𝜆

0
× 0.46𝜆

0
cell at 𝑓

0
= 11.5GHz,

has been synthesized, obtaining a full phase tuning range
of about 330∘. The designed unit cell has been adopted to
design a 21 × 21 reconfigurable reflectarray. The antenna
has been numerically tested showing good beam-steering
performances within a wide angular range from −45∘ up to
45∘.
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The Bayesian compressive sensing (BCS) is applied to estimate the directions of arrival (DoAs) of narrow-band electromagnetic
signals impinging on planar antenna arrangements. Starting from the measurement of the voltages induced at the output of the
array elements, the performance of the BCS-based approach is evaluated when data are acquired at a single time instant and at
consecutive time instants, respectively. Different signal configurations, planar array geometries, and noise conditions are taken into
account, as well.

1. Introduction

In the last few years, we assisted to an extraordinary and still
growing development and use of compressive sensing (CS)-
based methods [1] in a wide number of applicative contexts
such as communications [2], biomedicine [3], radar [4], and
microwave imaging [5, 6]. CS has proven to be a very effective
resolution tool when the relationship between the problem
data and the unknowns is linear, and these latter are sparse (or
they can be sparsified) with respect to some representation
bases.

In this paper, a probabilistic version of the CS, namely, the
Bayesian compressive sensing (BCS) [7], is used for estimat-
ing the directions of arrival (DoAs) of electromagnetic signals
impinging on an array of sensors in a planar arrangement.
Since the DoAs of the incoming signals are few with respect
to the whole set of angular directions, they can bemodeled as
a sparse vector. Accordingly, the estimation problem at hand
can be reformulated as the retrieval of such a sparse signal
vector whose nonnull entries are related to the unknown
angular directions of the signals.

Compared to the state-of-the-art estimation methods
(e.g., themultiple signal classification (MUSIC) [8], the signal
parameters via rotational invariance technique (ESPRIT)
[9], the maximum likelihood (ML) DoAs estimators [10],
and the class of techniques based on learning-by-examples
(LBE) strategies [11–13]), CS-based approaches have shown

several interesting advantages. Likewise LBE-basedmethods,
the computationally expensive calculation of the covariance
matrix is not necessary since the voltages measured at the
output of the array elements can be directly processed. CS-
based methods turn out to be fast and also work with single
time-instant (snapshot) data acquisitions. Moreover, unlike
MUSIC and ESPRIT that require the incoherence of the
impinging signals and a set of measurements larger than the
number of signals, careful DoA estimates can be yielded also
when the number of arriving signals is greater than the array
sensors as well as in the presence of highly correlated sources.

Within the class of CS-based approaches, deterministic
strategies recover the signal vector by enforcing the spar-
sity constraints through the 𝑙

1
-norm, while the 𝑙

2
-norm is

adopted to quantify the mismatch between measured and
estimated data as shown in [14] for the localization of
narrowband sources when using a circular array. Hybrid 𝑙

1
-

norm and 𝑙

2
-norm formulations have been considered [15,

16], as well. Other CS-based methods have been proposed
[17–19] also dealing with the DoAs estimation of correlated
sources [20]. Unfortunately, common formulations of the CS
(i.e., based on deterministic strategies) require a minimum
number of measurements equal to twice the number of
impinging signals to satisfy the necessary condition for the
well posedness of the problem (i.e., the restricted isometry
property of the sapling matrix). To overcome such an issue,
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Figure 1: Sketch of the discretized observation domain for CS-
based DoAs estimations.
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Figure 2: Geometry of the receiving fully populated array (𝑁 = 25).

probabilistic CS-based approaches have been taken into
account [21–23] as the one considered in this work.

The outline of the paper is as follows. The DoAs estima-
tion problem, its sparse reformulation, and the BCS-based
DoAs estimation approach are presented in Section 2. A
selected set of representative numerical results is reported
in Section 3 to discuss, in a comparative fashion, the perfor-
mance of the single and multiple snapshot implementations
of the two-dimensional extension of the BCSmethod [24] for
different array architectures. Eventually, some conclusions are
drawn (Section 4).

Table 1: Fully populated array—(𝑁 = 25; 𝑑
𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 ∈ [2 :

8]; SNR = 10 dB; 𝐶 = 50)—actual DoAs of the impinging signals.

𝐼 {Ψ

𝑖

= (𝜃

𝑖

, 𝜙

𝑖

), 𝑖 = 1, . . . , 𝐼}

2 {(25, 60); (60, 140)}

4 {(25, 60) ; (60, 140) ; (70, 210) ; (60, 300)}

8 {(25, 60) ; (60, 140) ; (70, 210) ; (60, 300) ; (40, 210) ;
(80, 45);

(15, 5) ; (30, 350)}

2. Mathematical Formulation

Let us consider a planar antenna array made of 𝑁 isotropic
sensors located on the 𝑥 − 𝑦 plane. An unknown set
of 𝐼 signals s

𝑖
(r, 𝑡) = 𝛼

𝑖
(𝑡)𝑒

𝑗(2𝜋𝑓0𝑡+k𝑖 ⋅r), 𝑖 = 1, . . . , 𝐼, is
supposed to impinge on the array from the unknown
directions Ψ

𝑖
= (𝜃

𝑖
, 𝜙

𝑖
), 𝑖 = 1, . . . , 𝐼, being 0

∘

≤ 𝜃

𝑖
≤

90

∘ and 0

∘

≤ 𝜙

𝑖
≤ 360

∘. Such signals are modeled as
narrowband electromagnetic plane waves (i.e., 𝛼

𝑖
(𝑡) ≃ 𝛼

𝑖
, 𝑖 =

1, . . . , 𝐼) at the carrier frequency 𝑓

0
, with k

𝑖
(𝑖 = 1, . . . , 𝐼)

being the 𝑖th wave vector having amplitude 𝑘 = |k
𝑖
| = 2𝜋/𝜆,

for all 𝑖 = 1, . . . , 𝐼, where 𝜆 is the free space wavelength.
By modelling the background noise as an additive Gaus-

sian process with zero mean and variance 𝜎

2, the phasor
voltage measured at the 𝑛th element is equal to

𝜐

𝑛
(𝜏) =

𝐼

∑

𝑖=1

𝜐

𝑖,𝑛
(𝜏) + 𝜂

𝑛
(𝜏) , (1)

where 𝜏 is the measurement time-instant/snapshot and
𝜂

𝑛
(𝜏) is the noise sample at the same instant. Moreover,

𝜐

𝑖,𝑛
(𝜏) = 𝛼

𝑖
(𝜏) 𝑒

𝑗(2𝜋/𝜆)(𝑥𝑛 sin 𝜃𝑖 cos𝜙𝑖+𝑦𝑛 sin 𝜃𝑖 sin𝜙𝑖) (2)

is the open circuit voltage induced by the 𝑖th impinging wave
at the 𝑛th planar array element located in the position r

𝑛
=

(𝑥

𝑛
, 𝑦

𝑛
).

The relationship between the measured data
(i.e., 𝜐

𝑛
(𝜏), 𝑛 = 1, . . . , 𝑁, 𝜏 = 1, . . . , 𝑇) and the unknown

DoAs [i.e., Ψ
𝑖
= (𝜃

𝑖
, 𝜙

𝑖
), 𝑖 = 1, . . . , 𝐼] can be then represented

in a compact matrix form as follows:

𝜐 (𝜏) = H (Ψ) s (𝜏) + 𝜂 (𝜏) , 𝜏 = 1, . . . , 𝑇, (3)

where 𝜐(𝜏) = [𝜐

1
(𝜏), 𝜐

2
(𝜏), . . . , 𝜐

𝑁
(𝜏)]

∗ is the complex
measurement vector, with ∗ denoting the transpose oper-
ation, and H(Ψ) = [h(Ψ

1
), h(Ψ

2
), . . . , h(Ψ

𝐼
)] is the steer-

ing vector matrix where h(Ψ
𝑖
) = [ℎ

𝑖,1
, ℎ

𝑖,2
, . . . , ℎ

𝑖,𝑁
]

∗

being ℎ

𝑖,𝑛
= 𝑒

𝑗(2𝜋/𝜆)(𝑥𝑛 sin 𝜃𝑖 cos𝜙𝑖+𝑦𝑛 sin 𝜃𝑖 sin𝜙𝑖). Moreover, s(𝜏) =
[𝛼

1
(𝜏), 𝛼

2
(𝜏), . . . , 𝛼

𝐼
(𝜏)]

∗ is the signal vector, and 𝜂(𝜏) =

[𝜂

1
(𝜏), 𝜂

2
(𝜏), . . . , 𝜂

𝑁
(𝜏)]

∗ is the noise vector.
It is simple to observe that the solution of (3) is neither

linear nor sparse with respect to the problem unknowns Ψ
𝑖
=

(𝜃

𝑖
, 𝜙

𝑖
), 𝑖 = 1, . . . , 𝐼, while it is linear versus s(𝜏), for all 𝜏.

In order to apply the BCS to the DoAs estimation in planar
arrays, themethod in [24] for linear arrays has been exploited
and here suitably customized to the dimensionality (2D) at
hand.

To reformulate the original problem as a sparse one, the
observation domain composed by all angular directions 0∘ ≤
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Figure 3: Fully populated array—(𝑁 = 25; 𝑑

𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 ∈ [2 : 8]; SNR = 10 dB; 𝑇 = 1; 𝐶 = 50)—plot of the best (left column) and
worst (right column) estimations obtained by means of the ST-BCS among the 𝐶 different noisy scenarios when (a) (b) 𝐼 = 2, (c) (d) 𝐼 = 4,
and (e) (f) 𝐼 = 8.
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Table 2: Fully populated array—(𝑁 = 25; 𝑑
𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 ∈ [2 : 8]; SNR = 10 dB; 𝑇 = 1; 𝐶 = 50)—values of the DoAs for the best and
worst estimation obtained by means of the ST-BCS among the 𝐶 different noisy scenarios.

𝐼

̂

𝐼

(bst)
{

̂

Ψ

(bst)
𝑖

= (

̂

𝜃

(bst)
𝑖

,

̂

𝜙

(bst)
𝑖

) , 𝑖 = 1, . . . , 𝐼}

2 2 {(25, 60) ; (60, 140)}

4 4 {(23.75, 65) ; (60, 140) ; (63.75, 300) ; (70, 210)}

8 7 {(23.75, 345) ; (32.5, 65) ; (67.5, 145) , (71.25, 300) , (72.5, 300) , (82.5, 40) , (90, 205)}

𝐼

̂

𝐼

(wst)
{

̂

Ψ

(wst)
𝑖

= (

̂

𝜃

(wst)
𝑖

,

̂

𝜙

(wst)
𝑖

) , 𝑖 = 1, . . . , 𝐼}

2 3 {(22.5, 60) ; (57.5, 135) ; (58.75, 137.5)}

4 4 {(23.75, 55) ; (63.75, 145) ; (61.25, 300) ; (77.5, 210)}

8 4 {(21.25, 345) ; (28.75, 70) ; (55, 210) ; (90, 45)}

Table 3: Fully populated array—(𝑁 = 25; 𝑑
𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 ∈ [2 : 8]; SNR = 10 dB; 𝑇 = {1, 2}; 𝐶 = 50)—statistics (minimum, maximum,
average, and variance) of the location index 𝜉 among 𝐶 different noisy scenarios when using the ST-BCS (𝑇 = 1) and the MT-BCS (𝑇 = 2).

𝐼 𝜉

(min)
𝜉

(max)
𝜉

(avg)
𝜉

(var)
𝑡

(avg) [sec]
ST-BCS

2 0.00 3.80 1.36 1.24 4.48 × 10

−1

4 1.34 3.70 2.07 6.02 × 10

−1

1.37

8 3.02 × 10

1

8.23 × 10

1

6.06 × 10

1

2.96 × 10

2

1.77

MT-BCS
2 0.00 2.18 8.01 × 10

−1

4.06 × 10

−1

3.97

4 5.45 × 10

−1

1.91 1.37 1.19 × 10

−1

6.44

8 5.27 3.31 × 10

1

1.81 × 10

1

5.94 × 10

1

7.80
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Figure 4: Fully populated array—(𝑁 = 25; 𝑑
𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 ∈ [2 :

8]; SNR∈ [−5 : 30] dB; 𝑇 = 1; 𝐶 = 50)—behavior of the location
index 𝜉

(ave) averaged among 𝐶 different noisy scenarios versus the
SNR when using the ST-BCS.

𝜃 ≤ 90

∘ and 0

∘

≤ 𝜙 ≤ 360

∘ is partitioned (Figure 1) in a fine
grid of 𝐾 samples satisfying the condition 𝐾 ≫ 𝐼.Therefore,
the terms H(Ψ) and s(𝜏) in (3) turn out being equal to

̆H (

̆Ψ) = [

̆h (

̆

Ψ

1
) ,

̆h (

̆

Ψ

2
) , . . . ,

̆h (

̆

Ψ

𝑘
) , . . . ,

̆h (

̆

Ψ

𝐾
)] ,

̆s (𝜏) = [ ̆𝛼

1
(𝜏) , ̆𝛼

2
(𝜏) , . . . , ̆𝛼

𝑘
(𝜏), . . . , ̆𝛼

𝐾
(𝜏)]

∗

.

(4)

By substituting (4) in (3), the problem is still linear with
respect to also ̆s(𝜏), but ̆s(𝜏) [unlike s(𝜏)] is now sparse

since 𝐾 ≫ 𝐼. Accordingly, only few coefficients ̆𝛼

𝑘
(𝜏), 𝑘 =

1, . . . , 𝐾 are expected to differ from zero and exactly in cor-
respondence with the steering vectors ̆h( ̆

Ψ

𝑘
) at the angular

direction ̆

Ψ

𝑘
where the wave is estimated to impinge on the

array. Accordingly, the original problem of determining the
DoAs, Ψ

𝑖
= (𝜃

𝑖
, 𝜙

𝑖
), 𝑖 = 1, . . . , 𝐼, is reformulated as the

estimation of the (sparse) signal vector ŝ(𝜏).The signal DoAs
are then retrieved as the directions ̂

Ψ

𝑘
= (

̂

𝜃

𝑘
,

̂

𝜙

𝑘
) whose

corresponding signal amplitudes �̂�
𝑘
(𝜏) are nonnull.

For single time-instant (𝑇 = 1) acquisitions, the single-
task bayesian compressive sensing (ST-BCS) is used, and the
sparsest vector ŝ(𝜏) is retrieved by maximizing the posterior
probability [24, 25]:

P ([ŝ (𝜏) , �̂�2, a (𝜏)] | 𝜐 (𝜏)) , (5)

where �̂�

2 is the estimate of the noise power, supposed to be
not varying in time, and a(𝜏) is the hyperparameter vector
[26] enforcing the sparseness of the solution ŝ(𝜏) at the 𝜏th
snapshot. Accordingly, the analytic form of the solution turns
out to be

ŝ (𝜏) = 1

�̂�

2

(

̂H(

̆Ψ)
∗

̂H (

̆Ψ)

�̂�

2

+ diag (a (𝜏)))
−1

̂H(

̆Ψ)
∗

�̂� (𝜏) ,

(6)

where all terms are real since the BCS works only with real
numbers. The signal vector, ŝ(𝜏) = [Re{ŝ(𝜏)}; Im{ŝ(𝜏)}]∗, has
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Figure 5: Fully populated array—(𝑁 = 25; 𝑑
𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 ∈ [2 : 8]; SNR = 10 dB; 𝑇 = 2; 𝐶 = 50)—plot of the best (left column) and
worst (right column) estimations obtained bymeans of the MT-BCS among the 𝐶 different noisy scenarios when (a) (b) 𝐼 = 2, (c) (d) 𝐼 = 4,
and (e) (f) 𝐼 = 8.
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Table 4: Fully populated array—(𝑁 = 25; 𝑑
𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 ∈ [2 : 8]; SNR = 10 dB; 𝑇 = 2; 𝐶 = 50)—values of the DoAs for the best and
worst estimation obtained by means of the MT-BCS among the 𝐶 different noisy scenarios.

𝐼

̂

𝐼

(bst)
{

̂

Ψ

(bst)
𝑖

= (

̂

𝜃

(bst)
𝑖

,

̂

𝜙

(bst)
𝑖

) , 𝑖 = 1, . . . , 𝐼}

2 2 {(25, 60) ; (60, 140)}

4 4 {(25, 60) ; (58.75, 300) ; (60, 140) ; (71.25, 210)}

8 8 {(22.5, 350) ; (23.75, 350) ; (32.5, 70) ; (40, 205) ; (57.5, 300) ; (61.25, 140) ; (75, 210) ; (90, 45)}

𝐼

̂

𝐼

(wst)
{

̂

Ψ

(wst)
𝑖

= (

̂

𝜃

(wst)
𝑖

,

̂

𝜙

(wst)
𝑖

) , 𝑖 = 1, . . . , 𝐼}

2 2 {(26.25, 55) ; (62.5, 140)}

4 4 {(26.25, 60) ; (57.5, 300) ; (60, 140) ; (75, 210)}

8 6 {(22.5, 350) ; (42.5, 210) ; (60, 145) ; (62.5, 295) ; (65, 210) ; (76.25, 45)}
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Figure 6: Fully populated array—(𝑁 = 25; 𝑑
𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 = 8;
SNR∈ [−5 : 30] dB; 𝑇 ∈ [2 : 25]; 𝐶 = 50)—behavior of the location
index 𝜉

(ave) averaged among 𝐶 different noisy scenarios versus the
SNR when using the MT-BCS with different number of available
snapshots 𝑇.

the dimension 2𝐾 × 1, and �̂�(𝜏) = [Re{�̂�(𝜏)}; Im{�̂�(𝜏)}]
∗ is

a 2𝑁 × 1 vector, while

̂H (

̆Ψ) =

[

[

Re { ̆H (

̆Ψ)} − Im {

̆H (

̆Ψ)}

Im {

̆H (

̆Ψ)} Re { ̆H (

̆Ψ)}

]

]

(7)

is 2𝑁 × 2𝐾 matrix, with Re{⋅} and Im{⋅} being the real and
imaginary parts, respectively. The two control parameters in
(6), a(𝜏) and �̂�

2, are obtained through the maximization of
the function

ΠST (�̂�
2

, a (𝜏))

= 𝐾 log( 1

2𝜋

) −

log |Ω (𝜏)| + (�̂�(𝜏))
∗

(Ω(𝜏))
−1

�̂� (𝜏)

2

(8)

by means of the relevance vector machine (RVM). In (6),
Ω(𝜏) ≜ �̂�

2I +

̂H(

̆Ψ) diag (a(𝜏))−1̂H(

̆Ψ)
∗

where I is the
identity matrix.

When a set of consecutive snapshots is available, the
multitask BCS (MT-BCS) implementation is used to statis-
tically correlate the estimates derived for each snapshot by

setting a common hyperparameter vector: a(𝜏) = a, for all
𝜏 = 1, . . . , 𝑇. Hence, the final MT-BCS solution is given by
[24, 27]:

ŝ = 1

𝑇

𝑇

∑

𝜏=1

{[

̂H(

̆Ψ)
∗

̂H (

̆Ψ) + diag (a)]
−1

̂H(

̆Ψ)
∗

�̂� (𝜏)} , (9)

where a is computed through the RVMmaximization of the
following function:

ΠMT (a)

= −

1

2

𝑇

∑

𝜏=1

{log (|Ω|) +(𝐾 + 2𝛽

1
) log [(�̂� (𝜏))∗Ω�̂� (𝜏) + 2𝛽

2
]},

(10)

where Ω ≜ I +

̂H(

̆Ψ) diag (a)−1̂H(

̆Ψ)
∗

and 𝛽

1
and 𝛽

2
are

two user-defined parameters [28].
Although the condition �̂�

𝑘
(𝜏) ≃ 0 or �̂�

𝑘
≃ 0 usually

holds true, the number of nonnull coefficients in
either ŝ(𝜏) (ST-BCS) or ŝ (MT-BCS) could be larger because
of the presence of the noise. Hence, the energy thresholding
techniques in [24] are exploited to firstly count the number
of arriving signals, ̂𝐼, and then to estimate the corresponding
DoAs. More in detail, the coefficients �̂�

𝑘
(𝜏) (or �̂�

𝑘
) are

firstly sorted according to their magnitude, and then only the
first ̂𝐼 coefficients whose cumulative power content is lower
than a percentage 𝜒 of the totally received signal power,
namely, ‖ŝ(𝜏)‖ = ∑

𝐾

𝑘=1

(�̂�

𝑘
(𝜏))

2 (or ‖ŝ‖ = ∑

𝐾

𝑘=1

(�̂�

𝑘
)

2), are
preserved. Hence, ̂𝐼 is selected such that ∑̂𝐼

𝑖=1

(�̂�

𝑖
(𝜏))

2

<

𝜒‖ŝ(𝜏)‖ (or ∑̂𝐼
𝑖=1

(�̂�

𝑖
)

2

< 𝜒‖ŝ‖).

3. Numerical Results

The planar array BCS-based estimation method is assessed
by means of the following analysis devoted to evaluate (a)
the performance of its different implementations in cor-
respondence with single snapshot (𝑇 = 1) or multiple-
snapshots (𝑇 > 1) acquisitions and (b) the impact of different
array configurations. Throughout the numerical assessment,
the array elements have been assumed uniformly spaced
of 𝑑
𝑥

= 𝜆/2 and 𝑑

𝑥
= 𝜆/2 along the 𝑥-axis and 𝑦-axis,

respectively, and all signals have been characterized with
the same amplitude 𝛼

𝑖
(𝜏) = 𝛼

𝑖+1
(𝜏), 𝑖 = 1, . . . , 𝐼 − 1. The
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Figure 7: Fully populated array—(𝑁 = 25; 𝑑
𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 = {12, 18}; SNR = 10 dB; 𝑇 = 25; 𝐶 = 50)—plot of the best
(left column) and worst (right column) estimations obtained by means of the MT-BCS among the 𝐶 different noisy scenarios when (a)
(b) 𝐼 = 12 and (c) (d) 𝐼 = 18.

measurements have been blurred with an additive Gaussian
noise of variance 𝜎

2 such that the resulting signal-to-noise
ratio turns out to be

SNR = 10 × log[

[

∑

𝑁

𝑛=1











𝜐

no-noise
𝑛











2

𝑁𝜎

2

]

]

, (11)

with 𝜐

no-noise
𝑛

(𝑛 = 1, . . . , 𝑁) being the voltage measured
at the 𝑛th array element in the noiseless case. The angular
observation domain (Figure 1) has been partitioned with a
uniform grid characterized by a sampling step equal to Δ𝜃 =

1.25

∘ and Δ𝜙 = 1.25

∘ along the elevation and azimuthal
direction, respectively. The energy threshold has been set
to 𝜒 = 0.95 according to [24].

In order to quantify the reliability and the effectiveness
of the DoA estimation, the following indexes have been

computed. For each 𝑖th signal, the location index [13] is
defined as

𝜉

𝑖
= 𝜉 (Ψ

𝑖
,

̂

Ψ

𝑖
) ≜

Φ (Ψ

𝑖
,

̂

Ψ

𝑖
)

Φ

(max) × 100,

(12)
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𝑖
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𝑖
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𝑖
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𝑖
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𝑖
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𝜙

𝑖
)

2
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𝑖
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𝑖
)

2

)

1/2
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and Φ

(max)
= max

Ψ𝑖 ,
̂
Ψ𝑖

{Φ(Ψ

𝑖
,

̂

Ψ

𝑖
)} = 2 is the maximum

admissible error in the DoA retrieval. Since the number of
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Figure 8: Array geometries comparison—geometries of the receiving (a) random (𝑁 = 25), (b) L-shaped (𝑁 = 9), and (c) cross-shaped
(𝑁 = 9) arrays.

arriving signals ̂

𝐼 is unknown and it is derived from the BCS
processing, the global location index has been also evaluated
[24]:
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(14)

where 𝜉

(penalty)
= max

Ψ𝑖 ,
̂
Ψ𝑖

{𝜉

𝑖
} = 100 is the maximum of

(12) and Ψ

𝑖
= arg{min

𝑖=𝐼+1
[𝜉(Ψ

𝑖
,

̂

Ψ

𝑖
)]}. Since it is preferred

to detect all signals really present in the scenario, although
overestimating their number then missing some of them, the
penalty is considered only when ̂

𝐼 < 𝐼.

3.1. Single andMultiple Snapshot BCS-Based DoAs Estimation
Techniques. Let us consider the fully populated array of
Figure 2 with 𝑁 = 𝑁

𝑥
× 𝑁

𝑦
= 25 elements, with 𝑁

𝑥
= 𝑁

𝑦
=

5 being the number of elements along the 𝑥 and 𝑦 axes,
collecting the data 𝜐(𝜏). Several different electromagnetic
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Figure 9: Array geometries comparison—(𝑁 = {9, 25}; 𝑑
𝑥

= 𝑑

𝑦

=

0.5𝜆; 𝐼 ∈ [2 : 8]; SNR = 10 dB; 𝑇 = 1; 𝐶 = 50)—behavior of the
location index 𝜉

(ave) averaged among 𝐶 different noisy scenarios
versus the number of arriving signals 𝐼 when using the ST-BCS.

scenarios have been considered in which 𝐼 = 2, 𝐼 =

4, and 𝐼 = 8 signals are supposed to impinge on the
planar array from the directions indicated in Table 1. (In
the numerical results, the actual DoAs are chosen lying on
the sampling grid of the observation domain. Whether this
condition does not hold true, off-grid compensationmethods
[29, 30], already proposed in the state-of-the-art literature,
can be profitably used).

The power of the background noise has been set to yield
SNR = 10 dB. In order to test the behavior of the ST-BCS and
theMT-BCS, the simulation for each signal configuration has
been repeated 𝐶 = 50 times, while varying the noise samples
on the data. The DoAs estimation error has been therefore
evaluated through the average location index defined as

𝜉

(avg)
=

1

𝐶

𝐶

∑

𝑐=1

𝜉

(𝑐)

, (15)

with 𝜉

(𝑐) being computed as in (14).
As for the ST-BCS, a single snapshot has been processed

each time (𝑇 = 1). Figure 3 shows the best (Figure 3—left
column) and the worst (Figure 3—right column) solutions in
terms of minimum (𝜉(min)

= min
𝑐=1,...,𝐶

{𝜉

(𝑐)

}) and maximum
(𝜉(max)

= max
𝑐=1,...,𝐶

{𝜉

(𝑐)

}) location errors, respectively,
among the 𝐶 = 50 DoAs estimations carried out when 𝐼 =

2 (Figures 3(a) and 3(b)), 𝐼 = 4 (Figures 3(c) and 3(d)),
and 𝐼 = 8 (Figures 3(e) and 3(f)). In Figure 3, the actual
DoAs are denoted with a point at the center of a circle,
while the color points indicate the estimated signal locations
and amplitudes. For the sake of clarity, the retrieved DoAs
are also reported in Table 2 where the number of estimated
signals ̂

𝐼 is given, as well. As it can be observed, the strength
of the estimated signals is different (Figure 3), even though
they impinge on the antenna with the same energy because
of the presence of the noise. On the other hand, the DoAs
are predicted with a high degree of accuracy when 𝐼 =

2 and 𝐼 = 4 as confirmed by the values of the location error

(Table 3). As a matter of fact, the error values are low also
for the worst solutions among the 𝐶 trials (i.e., 𝜉(max)

|

𝐼=2
=

3.80% and 𝜉

(max)
|

𝐼=4
= 3.89%). It is worth also noting that

for 𝐼 = 2 the location error is small even though the numbers
of detected signals are greater than the actual ones (̂𝐼(wst)|

𝐼=2
=

3) because two signals have very close DoAs (as compared
to the sampling steps Δ𝜃 and Δ𝜙). However, if the ST-BCS
shows being robust and accurate in such scenarios (𝐼 =

2 and 𝐼 = 4), it is not able to correctly locate the actual
DoAs when the number of signals increases to 𝐼 = 8

(Figures 3(e) and 3(f)—Table 2). Indeed, the location error
significantly increases as indicated by the indexes in Table 3.

As for the computational efficiency, the ST-BCS is able to
perform the DoAs estimation in a limited CPU time (𝑡(avg) <
2.0 [sec]—Table 3) (the simulations have been run using a
standard processing unit (i.e., 2.4GHzPCwith 2GBof RAM)
with a nonoptimized code) also thanks to the single-snapshot
processing. In order to investigate the effects of the SNR on
the DoAs estimation capabilities of the ST-BCS, the SNR has
been varied from −5 dB up to 30 dB with a step of 5 dB, while
keeping the same DoAs of Table 1. In Figure 4, the values of
the average location index are reported. As it can be noticed,
the location index 𝜉

(avg) for 𝐼 = 2 and 𝐼 = 4 monotonically
decreases, as one should expect, with the increment of the
SNR. However, the ST-BCS estimates when 𝐼 = 8 turn
out to be still nonreliable also for higher SNR confirming
the difficulty of dealing with such a complex scenario just
processing one snapshot.

Let us now analyze the MT-BCS behavior. Firstly, the
same problems addressed bymeans of the ST-BCS in Figure 3
are considered by taking into account only 𝑇 = 2 snapshots.
The best and worst MT-BCS results are reported in Figure 5,
and the corresponding DoAs are given in Table 4. Unlike the
ST-BCS (Table 2) the number of impinging signals is always
correctly identified in the best case (Figure 5—left column),
while in the worst case (Figure 5—right column), ̂𝐼 = 𝐼 only
when 𝐼 = 2 and 𝐼 = 4 signals. As a matter of fact, the
average location error when 𝐼 = 8 is still high (𝜉(avg)|

𝐼=8
=

18.1%). The use of only 𝑇 = 2 snapshots does not guarantee
reliable performance also with the MT-BCS, even though the
advantages in terms of accuracy of the MT-BCS over the ST-
BCS are nonnegligible as pointed out by the values in Table 3.
On the opposite, the computational cost of the MT-BCS is
higher than that of the ST-BCS (Table 3).

More reliable MT-BCS estimations can be yielded
when processing a larger number of snapshots. Figure 6
shows that, also for complex electromagnetic scenarios
(i.e., 𝐼 = 8—Table 1), the average location error gets
lower when 𝑇 increases. By considering SNR = 10 dB as a
representative example, one can observe that 𝜉(avg) reduces
almost one order of magnitude from 𝜉

(avg)
|

𝐼=8
= 18.1% (𝑇 =

2) to 𝜉

(avg)
|

𝐼=8
= 2.20% (𝑇 = 5). As expected, more accurate

estimations arise with even more data (i.e., 𝜉(avg)|
𝐼=8

=

1.23% when 𝐼 = 10, and 𝜉

(avg)
|

𝐼=8
= 0.95% when 𝐼 =

25—Figure 6). The benefits from the correlation of the
information coming from different time instants thanks to
the MT-BCS are also highlighted by the behavior of the plots
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Figure 10: Array geometries comparison—(𝑁 = {9, 25}; 𝑑
𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 ∈ [2 : 8]; SNR = 10 dB; 𝑇 = {2, 25}; 𝐶 = 50)—behavior
of the location index 𝜉

(ave) averaged among 𝐶 different noisy scenarios versus the number of arriving signals 𝐼 when using the MT-BCS
with (a) 𝑇 = 2 snapshots and (b) 𝑇 = 25 snapshots.
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Figure 11: Array geometries comparison—(𝑁 = {9, 25}; 𝑑
𝑥

= 𝑑

𝑦

= 0.5𝜆; 𝐼 = 2; SNR = 10 dB; 𝑇 = {1, 25}; 𝐶 = 50)—behavior of the location
index 𝜉

(ave) averaged among 𝐶 different noisy scenarios versus the SNRwhen using (a) the ST-BCSwith 𝑇 = 1 snapshot and (b) theMT-BCS
with 𝑇 = 25 snapshots.

in Figure 6: 𝜉(avg) more rapidly decreases for higher values
of 𝑇 when the quality of the data improves (i.e., higher SNR).

As long as the applications at hand do not require the
fast or real-time identification of the DoAs, and there is the
possibility to collect the data at consecutive time instants,
the robust estimation of a larger number of impinging
signals is allowed. In this context, Figure 7 shows the results
obtained with the MT-BCS when 𝐼 = 12 (Figures 7(a) and
7(b)) and 𝐼 = 18 (Figures 7(c) and 7(d)) (SNR = 10 dB).
As for the case 𝐼 = 12, the DoAs are estimated with
a good degree of accuracy also in the worst case within
the 𝐶 experiments (Figure 7(b)—𝜉

(max)
|

𝐼=12
= 1.77%), while

the average location error amounts to 𝜉

(avg)
|

𝐼=12
= 1.04%.

Differently, the average error is 𝜉(avg)|
𝐼=18

= 4.70% and in
the worst case (Figure 7(d)) is 𝜉(max)

|

𝐼=18
= 7.85% when

𝐼 = 18. For the sake of completeness, the best solutions are
reported in Figures 7(a) and 7(c) when 𝐼 = 12 and 𝐼 = 18,
respectively.

3.2. DoAs Estimation Performance for Different Array Geome-
tries. In this section, the behavior of the BCS-based single-
snapshot and multiple-snapshots DoAs estimators is ana-
lyzed for different array architectures.The three array geome-
tries in Figure 8 are taken into account. As it can be noticed,
the first array (Figure 8(a)) has the same number of elements
of the fully populated one, but the sensors are randomly
located on the antenna aperture. The other two arrays
(Figures 8(b) and 8(c)) have less elements (i.e., 𝑁 = 9) but
same aperture length of the fully populated array along the
two coordinate axes.
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In the first example, the performance of the ST-BCS is
assessed when changing the number of impinging signals
from 𝐼 = 2 up to 𝐼 = 8, while keeping the noise level to SNR
= 10 dB. Figure 9 shows the average location error (𝐶 = 50)
obtained in correspondence with the three arrays. Unlike the
fully populated arrangement enabling good estimation fea-
tures especially until 𝐼 = 4 (𝜉(avg)|

𝐼=2,3,4
< 2.00%), both the

L-shaped array and the cross-shaped one do not allow reliable
estimations also for the simplest scenario (i.e., 𝜉(avg)|

𝐿-Shaped
𝐼=2

=

7.69% and 𝜉

(avg)
|

Cross-Shaped
𝐼=2

= 10.87%). This is due, on the
one hand, to the limited information collected from a single
snapshot acquisition and, on other hand, to the fact that the
number of sensors is one third the elements of the fully-
populated configuration (i.e., 𝑁Fully-Populated

/𝑁

𝐿/Cross-Shaped
=

2.78). As for the random array, the achieved performances
are almost equal to those of the fully populated solution
thus confirming the higher reliability when having at disposal
a larger number of sensors. When using the MT-BCS, no
significant improvements occur in comparison with the ST-
BCS when 𝑇 = 2, since average errors higher than 𝜉

(avg)
=

2.00% (Figure 10(a)) are obtained with both the L-shaped or
cross-shaped array. Whether 𝑇 = 25 snapshots are at dis-
posal (Figure 10(b)), it turns out that the estimates from the
L-shaped array present average location errors below 𝜉

(avg)
=

2.00% until 𝐼 = 5. Differently, always worse performance is
achieved with the cross-shaped array (Figure 10(b)).

In order to give some insight on the effects of the SNR,
let us consider the case 𝐼 = 2 as a representative example.
The results from the ST-BCS and theMT-BCS are reported in
Figures 11(a) and 11(b), respectively. The location error tends
to reduce as the SNR increases for all array structures, even
though theL-shaped array outperforms the cross-shaped one,
and the random array behavior is always very close to that of
the fully populated configuration.

4. Conclusions

The BCS method has been customized for the DoAs esti-
mation of multiple signals impinging on planar arrays. Two
different implementations, one requiring the data measured
at a single snapshot and the other using the data collected at
multiple snapshots, have been tested on awide number of dif-
ferent scenarios as well as using different array arrangements.
Likewise in the linear array case, the reported results have
shown that:

(i) the two BCS-based implementations provide effective
DoAs estimates just using as data the sensors output
voltages without requiring the covariance matrix;

(ii) the joint estimation of the signals number and DoAs
is enabled;

(iii) the correlation capability of the MT-BCS allows one
to yield better results than the ST-BCS at the expenses
of an increased computational burden.

As for the behavior of the two approaches versus the
planar array geometry, it is possible to conclude that

(i) the fully populated and the random arrays give
the best performance as compared to both the L-
shaped and the cross-shaped arrays, but using a larger
number of sensors;

(ii) under the assumption of the same number of ele-
ments, the L-shaped configuration always outper-
forms the precision from the cross-shaped arrange-
ment.
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L-band radars have been proposed as possible way for monitoring landslides. In this paper, we examine and solve the principal
difficulties arising in modeling and processing radar data, evidencing differences with more usual SAR imaging. Numerical
examples in support of the proposed processing procedure are finally provided.

1. Introduction

Amongst the different possible ways to have a continuous
monitoring of areas which may be subject to landslides, L-
band radars offer the possibility to penetrate foliage while still
being able to get some understanding of the evolution of the
scenario by means of differential imaging techniques.

Differently from a large body of the literature, where
imaging is performed by means of satellite-based radars
(so that the movement of the satellite allows to rely on a
synthetic aperture) the research activity considered in the
following concern the exploitation of a fixed ground based
radar, where the only eventually available movement of the
sensor is achieved by a mechanical or electronic scanning of
the antenna pattern.

Such a circumstance implies a number of interesting
differences, which are discussed in the following, with respect
to more usual radar imaging modeling and processing tech-
niques.

In fact, a more detailed and difficult model is required
for data simulation (which is useful to “tune” imaging proce-
dure). Moreover, data processing requires more sophisticated
techniques with respect to satellite-based imaging. On the
other side, location on ground of the sensor allows a very
simple deployment on those areas which are judged to have a
risk of landslides. Also, the assumptions on “coherence” (see
below), which are needed for differential imaging, are more

easily verifiedwith respect to differential interferometric SAR
techniques.

For the sake of simplicity of explanation, most concepts
regarding simulation and processing are explained with ref-
erence to a simple “2D geometry,” that is, in a case where both
fields and the scenario are invariant along one dimension, and
the field is directed along such a direction. Such a simplifying
assumption is then removed in Section 4.

In the following, Section 2 is concerned with the problem
of accurately simulating scenarios of interest, and attention
is paid to the need of developing models which take into
account the fact that the radar antenna is supposed to be
in the near zone of the scenario under test. Then, Section 3
presents the basic idea for monitoring possible deformations
of the soil on the basis of a differential imaging technique.
In particular, the need of solving such kind of inverse source
problem is underlined, and a suitable processing technique is
introduced and discussed.

Finally, the extension to the 3D case is discussed in
Section 4, and results of processing (on simulated data) are
presented in Section 5.

Conclusions and possible developments follow.

2. Modeling Radar Data

In order to provide whatever form of imaging technique, it
is mandatory to get a deep understanding of the physical
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mechanism underlying the process and to get a proper
accurate mathematical modeling of this latter. In fact, this
will allow a better comprehension of the phenomena at hand
(possibly suggesting proper imaging techniques), and it will
allow an accurate simulation of radar data, which is of course
essential to properly tune imaging techniques.

The basic physical mechanism is the electromagnetic
scattering [1]. In general case, backscattering is due to both
a kind of reflection at the interface, as well as from the
secondary field which is generated within the volume of
interest.

By taking into account the values of permittivity and
conductivity at the frequencies of our actual interest, the
predominant mechanism is “surface scattering.” In fact, as
it can be deduced from Figure 1, the penetration depth,
concerning the four kinds of soils described in [2], at the
frequency range of interest is expected to be too small to be
able to consider the mechanism of “volume scattering.”

As no exact closed form, but only approximate solutions
exist for the problem of scattering from a irregular surface
[1], to derive a mathematical approximate expression of the
scattered field, it is assumed a surface with gentle undulations
[1], whose average horizontal dimension is large compared
with the wavelength. This is a general case because if one
wants to consider a rough surface, it is only necessary to add
a term of roughness, according to “Clapps models” [3].

It is also assumed that the total field at any point on the
surface can be computed as if the incident wave is impinging
upon a infinite plane tangent to the point, according to the
basic assumption of the Kirch off method [4–6] or “facets
model” [1]. A mathematical statement of the scattered field,
formulated by Stratton and Chu [4, 5] and modified by Silver
[6], is as follows:

Es = 𝐾n̂s × ∫ [n̂ × E − 𝜂

𝑠
n̂s × (n̂ ×H)] 𝑒

𝑗𝑘𝑠r⋅n̂s
𝑑𝑆, (1)

where

(i) a time factor of the form 𝑒

𝑗𝑤𝑡 is understood;

(ii) 𝐾 = −𝑗𝑘

𝑠
𝑒

𝑗𝑘𝑠𝑅0
/4𝜋𝑅

0
;

(iii) n̂s is the unit vector in the scattered direction;

(iv) n̂ is the unit vector normal to interface;

(v) r is the vector that scans the points on the surface;

(vi) 𝜂
𝑠
and 𝑘
𝑠
are, respectively, the intrinsic impedance and

wave number of the medium in which the scattered
field is evaluated;

(vii) 𝑅
0
is the range from the center of the illuminated area

to the point of observation;

(viii) E and H are the total electric and magnetic fields on
the interface.

Equation (1) allows computeing the scattered field in far
zone [7] as superposition of fields scattered by each point on
the surface. On the other side, in the case of our interest the
receiving antenna is in the near zone of the scenario at hand
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Figure 1: Penetration depth for soils described in [2].

(which acts as a source), so that (1) is noted as adequate to
accurately modeling the radar data.

So, (1) has to be reformulated considering that some
parameters, like the incident angle or the distance between
the sensor and the scenario, change for each point on the
surface. Accordingly, it is not possible to use the usual
simplification for far-field region, that is, to approximate the
distance factor in the denominator by 𝑅

0
and exploit a first-

order approximation for the argument of the exponential.
Another basic difference with respect to SAR techniques

concerns the kind of data which is collected.
Obviously, one needs some kind of data diversity to get an

image after processing, and if a 2D image is the final goal, the
raw datamust be a function of two coordinates at least, which
is commonly achieved in SAR systems by a translation of the
platform and registering delays of the backscattered signals.
In our scenario, the “platform” is fixed, and we would like to
exploitmonochromatic signals, which can allow a very simple
data processing (see Section 3).

Hence, the needed diversity is achieved by a suitable 2D
mechanical or electronic scanning of the antenna, so that our
data will be a 2D function of (𝜗

𝑝
, 𝜑

𝑝
), where such a couple

denotes the direction where the radar antenna is pointing to.
By assuming a scenario (and incident fields) which is

invariant along one direction, and assuming an incident field
parallel to such a direction, the overall model becomes scalar,
and the field collected at the radar position can be written as

𝐸

𝑠
(𝜗

𝑝
) =

−𝑗𝑘

1

4𝜋

∫ [(𝐴𝑛

𝑠𝑥
−𝐵𝑛

𝑠𝑧
)]

×

𝑒

𝑗2𝑘1|𝑟−𝑟𝑡𝑥|









𝑟 − 𝑟

𝑡𝑥









ℎ (𝜗

𝑝
, 𝜗

𝑎
) 𝑑𝑆,

(2)

where

𝐴 = (1 + 𝑅perp) (−𝑛𝑥) + (n̂ ⋅ n̂i) (1 − 𝑅perp) (−𝑛𝑠𝑥)

𝐵 = (1 + 𝑅perp) (𝑛𝑧) + (n̂ ⋅ n̂i) (1 − 𝑅perp) (𝑛𝑠𝑧) ,

(3)
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where

(i) 𝜃
𝑝
is the observation angle of the measuring sensor;

(ii) 𝑘
1
is the wave number of the medium;

(iii) 𝑅perp is the Fresnel reflection coefficient;
(iv) h is the array factor of the sensor used formonitoring,
(v) n̂i is the unit vector that identifies the incident

direction,
(vi) 𝜃
𝑎
is the observation angle that scans the elemen-

tary areas on the surface (direction where the radar
antenna is pointing to).

In (2), one can identify a factor depending on the antenna,
a factor depending on the round-trip, and a factor depending
on the scenario (shape of the interface and its electromagnetic
characteristics).

A numerical simulator based on (2) has been developed
successfully and tested in some canonical scenarios (flat and
sinusoidally varying surfaces).

3. 2D Case Data Processing

3.1. The Basic Idea. In order to describe the strategy, it is
convenient to rewrite the relation between the scattered elec-
tromagnetic field and the surface features, already described
in (2), in a different form. In particular, the scattered electro-
magnetic field at the radar position when the radar antenna
is pointing toward 𝜃

𝑝
can be expressed by the following

equation:

𝐸

𝑠
(𝜃

𝑝
) = ∫𝐸

𝑠 loc (𝜃𝑎, 𝜃𝑝) 𝑑𝜃𝑎

= ∫ 𝐽ind (𝜃𝑎)
𝑒

−𝑗𝑘𝑅(𝜃𝑎)

√𝑅 (𝜃

𝑎
)

ℎarray (𝜃𝑎, 𝜃𝑝) 𝑑𝜃𝑎

= ∫𝑓 [𝑅perp (𝜃𝑎)] 𝑒
−𝑗2𝑘Δ𝑅(𝜃𝑎)

×

𝑒

−𝑗2𝑘𝑅(𝜃𝑎)

𝑅 (𝜃

𝑎
)

ℎarray (𝜃𝑎, 𝜃𝑝) 𝑑𝜃𝑎,

(4)

where:

(i) 𝐸
𝑠 loc(𝜃𝑎) is the contribution to the overall received

field due to each elementary area on the surface;
(ii) R is the generic distance between antenna and surface,

in particular 𝑅(𝜃

𝑎
) = 𝑅(𝜃

𝑎
) + Δ𝑅(𝜃

𝑎
), where 𝑅(𝜃

𝑎
)

is a “reference distance” and Δ𝑅(𝜃

𝑎
) is the amplitude

corresponding to the surface deformation;
(iii) ℎarray is the array factor (in transmission and receiving

case);
(iv) 𝑓(𝑅perp)𝑒

−𝑗2𝑘Δ𝑅(𝜃𝑎) is a function, called 𝛾(𝜃

𝑎
), that

depends on surface characteristics, that is, local reflec-
tion coefficient, roughness, and local height of the
surface;

 

TX/RX

X

R

ΔR

Figure 2: Reference scenario.

(v) 𝑒−𝑗2𝑘𝑅(𝜃𝑎)/𝑅(𝜃
𝑎
) is a term that depends on the round-

trip path of the electromagnetic field.

Figure 2 shows the graphic representation of the reference
scenario.

So, (4) can be rewritten as follows:

𝐸

𝑠
(𝜃

𝑝
) = ∫ 𝛾 (𝜃

𝑎
) 𝐴 (𝜃

𝑎
, 𝜃

𝑝
) 𝑑𝜃

𝑎
. (5)

The processing used herein in order to locate possible
surface deformations is based on differential interferometry
[8], which works as follows.The phase of the reflectivity func-
tion contains information about the signal round-trip path.
Therefore, a surface deformation causes a different length of
round-trip path and consequently a phase displacement of
the signal. Then, if 𝛾

1
(𝜃
𝑎
) and 𝛾

2
(𝜃

𝑎
) are reflectivity functions

to two times t
1
and t
2
, one can write:

𝛾

1
(𝜃

𝑎
) = 𝐴

1
𝜑

1
(𝜃

𝑎
) 𝑒

−𝑗𝑘2Δ𝑅1(𝜃𝑎)

𝛾

2
(𝜃

𝑎
) = 𝐴

2
𝜑

2
(𝜃

𝑎
) 𝑒

−𝑗𝑘2Δ𝑅2(𝜃𝑎)

,

(6)

where𝐴
1
and𝐴

2
are themaxim intensities of the two signals,

the complex signals 𝜑

1
and 𝜑

2
take into account possible

variations on the factor 𝑓[𝑅perp(𝜃𝑎)], and the exponential
terms contain information about surface displacements.
Then, “beating” the two signals, one achieves

𝛾

1
(𝜃

𝑎
) 𝛾

2
(𝜃

𝑎
)

∗

= 𝐴

1
𝐴

2









𝜑

1
(𝜃

𝑎
) 𝜑

2

(𝜃

𝑎
)









× 𝑒

𝑗(arg𝜑1(𝜃𝑎)−arg𝜑2(𝜃𝑎))
𝑒

−𝑗𝑘2(Δ𝑅1(𝜃𝑎)−Δ𝑅2(𝜃𝑎))

(7)

Then, as long as the phase of𝜑(⋅)has not changed amongst
the different instant times (e.g., under a “high correlation”
assumptions), the phase of expression (7) gives back

2𝑘 (Δ𝑅

1
(𝜃

𝑎
) − Δ𝑅

2
(𝜃

𝑎
)) , (8)

which is obviously related to displacements. However, a last
difficulty has to be tackled. In fact, the phase factor has an
ambiguity of 2𝜋 (wrapped phase). So, a (possibly effective)
phase unwrapping procedure is needed.

3.2. Extracting the Reflectivity Function. Traditional synthetic
aperture radar (SAR) processing procedures heavily rely on
the convolutional nature of the equation to be inverted [9].
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In fact, such a circumstance is exploited to develop computa-
tionally effective codes based on fast Fourier transforms.

In our case, due to the expression of 𝐴(𝜃

𝑎
, 𝜃

𝑝
) and 𝛾(𝜃

𝑎
)

(a different choice would have been possibly by incorporating
𝑒

−𝑗2𝑘𝑅(𝜃𝑎)

/𝑅(𝜃

𝑎
) in the reflectivity, but then a much more

cumbersome unknown 𝛾(𝜃

𝑎
) has to be retrieved), one cannot

rely any more on convolutions, so that different processing
strategies have to be devised.

As in any integral equationwith a smooth kernel, problem
(5) is ill posed. (According toHadamard definition, a problem
is ill posed when its solution is not unique, or does not exist
or does not depend continuously on the data.)

As a consequence, only an approximate version of the true
reflectivity function can be found by looking for some kind of
regularized solution.

Amongst the different possibilities, the well-known trun-
cated singular-value decomposition (TSVD) [10] can be used.
As a suitable alternative, a Tikhonov regularization [11] can be
exploited, which is the suggested solution in case one has to
deal with a very large number of unknowns.

3.3. The Phase Unwrapping Problem. As previously de-
scribed, the phase factor in (8) has an ambiguity of 2𝜋
(wrapped phase) [12, 13]. The mathematical statement of the
phase unwrapping problem can be expressed by

𝜑unwrapped = 𝜑wrap + 2𝑁𝜋 (9)

and where the integer unknown N has to be determined for
each point of the scenario.

Two-dimensional phase unwrapping is a classical prob-
lem encountered in several fields such as electromagnetic
theory, optics and DInSAR data processing. For this reason,
there is a large amount of research [14, 15] and solution
approaches to both 1D and 2D phase unwrapping problem.
Roughly speaking, solution approaches span from model-
based procedures [14] to “total least squares” [15, 16]. Com-
pressive sensing-based procedures have also been recently
proposed [17].

4. Extension to the 3D Case

The approach previously described for the 2D geometry can
be extended to the 3D case. In particular, it is possible
to rewrite an equivalent approach in terms of open-circuit
voltage [7] by

𝑉

𝑃

oc (𝜃𝑝) = ∫

surface
𝑉

𝑃

oc loc (𝜃𝑎, 𝜃𝑝) 𝑑𝜃𝑎

= ∫

surface
𝐸

𝑃

s loc (𝜃𝑎) h
P
rx (𝜃𝑎, 𝜃𝑝) 𝑑𝜃𝑎

= ∫

surface

𝑒

−𝑗2𝑘𝑅(𝜃𝑎)

𝑅 (𝜃

𝑎
)

2

hPR (𝜃

𝑎
, 𝜃

𝑝
)

× 𝛾

𝑃

(𝜃

𝑎
) hPT (𝜃

𝑎
, 𝜃

𝑝
) 𝑑𝜃

𝑎

= ∫

surface
𝐴

𝑃

(𝜃

𝑎
, 𝜃

𝑝
) 𝛾

𝑃

(𝜃

𝑎
) 𝑑𝜃

𝑎
,

(10)

where

(i) 𝑉𝑃oc loc is the open-circuit voltage induced by 𝐸𝑃s loc;

(ii) hPR is the array factor in transmission case;

(iii) hPT is the array factor in receiving case;

(iv) 𝜃
𝑎
= (𝜗

𝑎
, 𝜑

𝑎
) corresponds to the polar coordinates of

the points on the surface;

(v) 𝜃
𝑝
= (𝜗

𝑝
, 𝜑

𝑝
) corresponds to the polar coordinates of

the observation point of the measuring sensor;
(vi) P is a superscript that identifies the polarization

channel.

In fact, in 3D case, one can consider four different types of
transmission-reception setup [18]. Notably, for three of these
four different “polarization channels,” a different reflectivity
function could be defined, but the signal processing required
to get the unknown deformation would be exactly the same.
Far from being a problem, such a circumstance could be
exploited in order to improve accuracy in the deformation
reconstruction and/or avoid possible ambiguities in the phase
unwrapping step. On the other side, such an approach would
need antennas able to work in both the two independent
polarizations.

5. 2D Case Data Processing: Numerical
Processor and Some Examples

Using contents as above, numerical simulators (for the 1D and
2D cases) have been developed first. Then, the different steps
of the processors have also been developed in a MATLAB
environment [19].

After validating the numerical simulator by examining
results furnished by the codes in simple cases (flat surfaces,
a single small deformation, and a sinusoidally varying,
deformation), the processing chain has been tested.

The first example is aimed at displaying the reconstruc-
tion of a simple deformation, that is, a rigid shift.Theworking
frequency is 2GHz. The reference surface is the undulating
surface shown in Figure 3. Assuming that at the time t

2
this

surface is rigidly shifted of 𝜆/4, the reconstruction is shown
in Figure 4. The latter is obtained by the multiplication in
(7). The unwrapping procedure used herein is the standard
procedure of the MATLAB library. In correspondence to the
nulls of the amplitudes of the functions 𝛾

1
(𝜃
𝑎
) and 𝛾

2
(𝜃

𝑎
),

where there is a loss of information about the phase, a
preprocessing, based on technique described in [15], has
also been used. As it can be seen in Figure 4, the surface
deformation is correctly indentified.

A second example considers a surface deformation form-
ing by the overlapping between the undulating surface in
Figure 3 and the deformation shown in Figure 5.Theworking
frequency is 2GHz.

The corresponding reconstruction is shown in Figure 6.
As it can be seen also in this case, the deformation is correctly
identified.

As it can be seen, one is able to retrieve deformations as
small as a quarter of a wavelength. In all tests, the simulated
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Figure 3: Undulating reference surface.
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data used for processing was affected by a simulated error
with SNR = 20 dB.

Similar kinds of results are achieved in the preliminary
test we are performing on the corresponding 3D processor.

6. Conclusions

In this paper, approaches commonly used in SAR for imaging
of deformations have been generalized to the case of ground-
based, nonsynthetic radars operating in the L band.

Such a case is indeed of interest in the applications, as it
allows a very simple deployment of low-cost radar systems
[20], and it allows to monitor regions which could not be
easily accessible from satellites or airborne-based instru-
mentations. Moreover, the use of relatively low frequencies
allows penetration of foliage. Last but not least, different from
well-known DInSAR techniques, which requires multiple
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Figure 6: Surface deformation reconstructed (blue line), real
surface deformation (red line).

passages in slightly different orbits, the sensor is herein fixed,
which allows a much more easy fulfillment of the coherence
property recalled after (7).

On the other side, proper modeling and processing at
these frequencies has required the development of both new
simulators, as well as the development of the new processing
techniqueswhich have been introduced, discussed, and tested
above.
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