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Through-The-Wall Detection with Gated
FMCW Signals using Optimized Patch-Like and
Vivaldi Antennas

F. Fioranelli, S. Salous, I. Ndip, and X. Raimundo

Abstract—This paper presents the design and optimization of
patch-like antennas for Through-The-Wall Imaging (TTWI)
radar applications in the frequency range 0.5-2 GHz. A basic
antenna configuration is analyzed and modified through an
optimization aiming at reducing the size of the antenna and at
focusing the radiated power in a single lobe to be directed
towards the wall and the targets to be detected. Both the basic
and the optimized antennas have been manufactured and tested.
The optimized patch antennas and a conventional Vivaldi
antenna have been successfully used in the frequency modulated
interrupted continuous wave (FMICW) radar system developed
at Durham University. Results of a novel wall removal technique
for through-the-wall imaging using numerical simulations and
measurements aimed at the detection of stationary targets and
people are presented.

Index Terms— Printed antennas, UWB radar, through-the-
wall imaging

I. INTRODUCTION

echniques for through-the-wall-imaging (TTWI) have
been attracting interest from law enforcement agencies
and first responders, as they can improve the situational
awareness of policemen and soldiers operating in an urban
context and support first responders in search and rescue
operations. Surveys of possible technologies for through-the-
wall detection indicate that microwave ultra wide band
(UWB) signals are the most suitable, provided that an
effective choice for the frequency range of the waveform is
made [1-2]. On the one hand a wide bandwidth is desirable to
achieve fine down range resolution while through-wall
penetration losses for common wall materials increase with
frequency. Thus, a frequency range of 0.5-2 GHz is
considered suitable to get good resolution for image formation
and good penetration even through thick walls.
In TTWI radar systems, antennas are of fundamental
importance to radiate power towards the wall and the targets
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to be detected. They should have well matched impedance
across the wide bandwidth, and radiation patterns suitable to
focus most of the energy towards the area to be investigated.
Lower operational frequencies provide better through-wall
penetration but also imply bulkier antennas. Wide bandwidth
provides finer range resolution, but good impedance and
suitable radiation patterns for the antennas must be ensured
across such bandwidth. Weight and size of the antennas also
need to be taken into account, depending on the type of radar
system (e.g. handheld or mounted on a vehicle).

Different design models have been proposed in the
literature. Antipodal or exponentially tapered Vivaldi antennas
are widely used due to their high gain and narrow beam-width,
either as single antennas or in array configurations [1, 2].
Vivaldi and linearly tapered slot design may be combined to
create a hybrid model [3, 4]. Horn antennas may replace
Vivaldi antennas having comparable gain and radiation pattern
directivity, although they tend to be bulkier [5-7].
Archimedean spiral antennas have also been used due to their
compact size and circular polarization [8, 9]. Elements printed
on dielectric substrate are another common choice. Many
different shapes are available in the literature, such as simple
geometrical squares or ellipses which could be worn directly
by users in the field [10], or more elaborate shapes to achieve
desirable properties like dual polarization or side lobe
suppression [11]. Improved performance can be also achieved
using ad hoc designs, for instance the two-flare antenna for
detection of people buried under rubble as in [12].

In this paper, we propose a novel patch-like antenna for
TTWI applications in the frequency range 0.5-2 GHz. A basic
configuration of the antenna has been designed, systematically
simulated and manufactured, showing good agreement with
the simulated results. Then the antenna has been optimized
with the aid of commercial software tools to reduce its
dimensions and improve its radiation pattern. The optimized
antennas have been used in the TTWI radar system developed
at Durham University to confirm the effectiveness of a novel
wall removal technique based on gated frequency modulated
continuous wave signals when detecting stationary targets and
people moving behind walls. This approach is implemented
for the first time in the through-wall imaging field for the
suppression of wall reflection signals and has been also
validated through numerical simulations using CST
Microwave Studio. To the best of our knowledge, the use of
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this commercial software for realistic three-dimensional
simulations of TTWI scenarios using frequency modulated
continuous wave (FMCW) waveforms is also novel, given the
non-trivial implementation of FMCW signals in CST and the
computational burden related to these scenarios. Two
algorithms usually used in medical imaging have been adapted
to create through-wall radar images using the simulated and
experimental data, namely delay-sum-integration (DSI) and
delay-multiply-sum-integration (DMSI), and results compared
with the more conventional back projection (BP) algorithm. In
the experimental campaign both optimized patch and
conventional Vivaldi antennas have been used, showing that
the proposed antennas detect less clutter and undesired signals,
simplifying the application of the proposed wall removal
technique. Besides suppression of undesired antenna cross-talk
and wall reflections with the novel approach, our TTWI
system can achieve through-wall detection of stationary
objects and moving people using the simpler and cheaper
proposed patch-like antennas in comparison with other designs
implemented in the literature. Horn antennas [5-7] are more
expensive to buy and bulkier when deployed in an actual
system. Exponential [1] and linear tapered slot antennas [13]
tend to be larger when operating at low frequencies such as
0.5 GHz to provide good through-wall penetration. The
proposed antenna is also easy to design and manufacture, and
made of inexpensive FR4 substrate.

This paper is organized as follows. In section Il the basic
and the optimized configurations of the patch-like antenna are
presented, with comparisons of simulated and measured
results for the S11 parameter and gain radiation patterns.
Section 11 describes the Vivaldi antenna which was designed
and manufactured to compare with the proposed optimized
patch antennas. In section IV examples of numerical
simulations for through-wall detection of stationary targets are
briefly presented, followed in section V by some results from
the experimental campaign performed using the developed
antennas and radar system. Finally section VI concludes this

paper.

Il. THE PATCH-LIKE ANTENNA

A. The basic antenna configuration — Simulation, fabrication,
and measurements

The basic antenna design consists of a rectangular patch fed
by a microstrip line printed on common FR4 dielectric
substrate, with a ground plane on the other side of the
substrate. The thickness of the dielectric and of the copper
layers is 1.5 mm and 80 um, respectively. Prior to
manufacturing, the antenna was extensively simulated with the
software ANSYS HFSS to get its S11 parameter below -10 dB
across the desired frequency range 0.5-2 GHz, while keeping
the overall size as small as possible. All the HFSS simulations
used the discrete sweep mode with 50 MHz steps across the
bandwidth. The maximum delta in terms of change in the
magnitude of the S-parameters between two consecutive mesh
refinement steps was set at 0.001, with at least three steps
below this threshold for increased convergence accuracy.

Fig. 1 shows the 3D simulation model of the antenna and
the coordinate system, with the long side of the antenna
aligned with the Y axis and the short size with the X axis, as
well as the manufactured prototype of the antenna with its

final dimensions.
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Fig. 1 Simulation model and top view (XY plane) of the manufactured
prototype of the basic antenna basic configuration

The return loss of the antenna was measured from the S11
using a calibrated network analyzer in the anechoic chamber at
the Fraunhofer IZM. Fig. 2 shows a comparison of simulated
and measured data for this parameter. The design was also
simulated using CST MICROWAVE STUDIO, which uses a
time domain numerical method (Finite Integration in the Time
Domain), to compare the results with those from HFSS, which
uses a frequency domain method (Finite Elements Method).
The former method can provide the broadband frequency
response of the antenna under test with a single simulation
followed by FFT, whereas the latter method requires the
resolution of a large system of equations for each frequency
point of the bandwidth under test [14]. A time domain method
may therefore be faster to characterize the broadband antennas
proposed in this paper, even if the required computational time
depends on the available system. In this case the additional
time required by the frequency domain method to simulate
many frequency points was compensated by running the
software HFSS on a cluster of computers. This led to a
computational time of a few hours, which is comparable with
the time required by CST running on a single workstation. The
S11 is below the -10 dB threshold across the desired
frequency range 0.5-2 GHz, and there is good similarity
between measurements and numerical simulations. The offset
between simulated and experimental data for the lower
resonance peak may be due to the tolerances in manufacturing
the antenna, in particular the discrepancies between the
simulated SMA connector and the actual position and
soldering of the connector for the manufactured antenna.
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Fig. 2 Measured and simulated S11 of the basic antenna configuration

The radiation patterns of the antenna have been measured in
the azimuth plane at 6 equal to 90° (XY plane) and in one of
the elevation planes at ¢ equal to 0° (XZ plane), which are the
most important to characterize for this antenna (the other
elevation plane YZ or ¢ equal to 90° is not considered). We
used the gain-transfer method to derive the gain of the antenna
under test (Gaut) from measurements of the transmitted power
with another antenna with well-known and calibrated gain
(Gsr), the so-called gain-standard antenna [15]. The gain in dB
can be computed as in (1):

4R

Gayr = S21 — Gsr + ZOLOQ(T) 1)

where the transmitted power is the broadband S21 parameter
from the network analyzer, R is the distance between the
antennas (typically 1 m), and A is the wavelength. A calibrated
horn was used as gain-standard antenna across the 1-2 GHz
bandwidth, whereas a calibrated log-periodic antenna was
used for the lower desired frequencies. The method assumes
free space and antennas placed in the far-field during the
measurement. The first condition is satisfied by performing
the measurements in the anechoic chamber. For the second
condition we can calculate the far-field distance 2D?%/A. Given
the larger dimension of the horn equal to 24.4 cm, this
distance is 38.4 cm and 76.8 cm, at 1 GHz and 2 GHz
respectively, so that the far-field condition is fulfilled with 1 m
spacing between the antennas. When using the log-periodic
antenna with length approximately 60 cm, the far-field
distance is longer than 1 m and the measured gain is lower
than the actual far-field gain because of the remaining near-
field components and the non-uniform illumination of the
antenna under test. This error is expected to be less than 1 dB
[15] and therefore does not compromise the suitability of the
proposed antenna for TTWI applications. In order to measure
the total gain of the antenna under test, the partial gains from
both linear vertical and linear horizontal polarizations are
measured and then added together for each plane. This can be
done by performing two partial gain measurements using a
single linearly polarized gain-standard antenna (in our case
either the horn or the log-periodic), which is rotated by 90° to
achieve two orthogonal polarizations. The total gain is then
normalized and compared with the results from numerical
simulations.

Fig. 3 shows the gain radiation patterns for the patch-like

antenna at 1 GHz and 2 GHz in the aforementioned planes.
Good agreement in the shape of the patterns can be seen
comparing simulations with measurements. In the azimuth
plane the antenna radiates two lobes in the direction 60° and
120°, and this pattern becomes more directional as the
frequency increases, as expected. This two-lobe pattern may
cause problems for TTWI applications, since the radiated
power cannot be clearly focused towards the wall and the
targets. Even if one of the lobes is focused, clutter and
undesired signals may be received through the other lobe in
case of monostatic scenario with a single antenna working at
the transmitter and at the receiver at the same time, or strong
cross-talk may occur between different antennas in case of
scenarios where multiple antennas are used.
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Fig. 3 Normalized total gain patterns for the basic antenna configuration: (a)

elevation plane XZ at 1 GHz, (b) elevation plane XZ at 2 GHz, (c) azimuth
plane XY at 1 GHz, and (d) azimuth plane XY at 2 GHz
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B. The optimized antenna configuration — Simulation,
fabrication, and measurements

To focus the beam of the patch-like antenna presented in the
previous section for TTWI applications, an additional ground
plane strip is added to suppress one of the radiating lobes in
the azimuth plane and increase the gain in the direction of the
remaining lobe. The overall size was further reduced and the
patch width and length modified so that the resulting
resonance peaks maintain the impedance matched across the
desired 0.5-2 GHz bandwidth. This optimization has been
performed with commercial software tools taking into account
all the parameters involved, such as patch length and width,
feed line sizes, ground plane length, ground plane strip width,
and additional patch size.

Fig. 4 shows the manufactured optimized antenna with its
final dimensions. The overall dimensions are 14 cm x 17 cm
against 16.4 cm x 25.5 cm of the patch-like prototype. On the
lower side of the substrate a metal patch was also added to
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improve the impedance matching as can be seen in Fig. 5a,
showing the simulated S11 of the antenna with and without

this small patch.
3 cm X 3.5 cmy
patch

Overall dimensions
14cm % 17 cm

Ground plane
length 5.83 cm.

5t
Feed line
length 6.12 cm
width 0.32 cm

Ground strip width 2.12 cm

Fig. 4 Top view of hetimized patch-like antenna and its dimensions. (long
side of the antenna aligned with the Y axis and the short size with the X axis)

Fig. 5b compares the S11 of the optimized configuration for
simulations using HFSS and CST with measured data from the
manufactured antenna. The curves follow a similar pattern,
even though the manufactured prototype presents resonance
peaks which are slightly shifted in comparison with the
simulations, probably because of tolerances in the
manufacturing process when soldering the SMA connector.
The antenna is matched across the desired bandwidth, with
S11 below the usual -10 dB threshold.

Fig. 6.a presents the CST simulated input impedance of the
proposed antenna while Fig. 6.b presents the coupling between
the two proposed optimized-patch antennas with different
spacing distances from 10 cm to 30 cm. The antennas are
oriented in side-by-side configuration, as shown in Fig. 17
later in the paper. It can be seen from both the CST simulation
and actual measurements that the coupling is below 15 dB for
antenna separation equal to 20 cm (the value used for the
experimental campaign discussed in section V) or higher. The
undesired signal given by the coupling between the transmitter
and receiver antenna can be mitigated/removed in through-
wall radar applications by applying the proposed gated
FMCW signals.
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Fig. 5 Simulated S11 of the optimized patch-like antenna with and without
small patch (a), and measured and simulated S11 of the optimized patch-like
antenna (b)
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Fig. 6 Simulated input impedance of the optimized patch like antenna (a), and
simulated and measured mutual coupling of 2 optimized patch-like antennas at

different spacing distance (b)
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Fig. 7 Normalized total gain patterns for the optimized antenna configuration:

(a) elevation plane XZ at 1 GHz, (b) elevation plane XZ at 2 GHz, (c) azimuth
plane XY at 1 GHz, and (d) azimuth plane XY at 2 GHz
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Fig. 7 shows the normalized gain radiation patterns for the
optimized patch-like antenna at 1 GHz and 2 GHz in the
elevation plane ¢ equal to 0° and azimuth plane 6 equal to 90°.
Good agreement between simulations and measurements is
achieved, as well as beam focusing in a single radiating lobe
in the azimuth plane in the direction of roughly 130°-150°.

Fig. 8 presents the simulated co-polarized and cross-polarized
3 Ludwig components at 1 GHz and 2 GHz in the elevation
plane ¢ equal to 0° and azimuth plane 0 equal to 90°. The
possibility of exploiting cross-polarized components for wall
mitigation and through-wall detection of human beings has
been highlighted in [16]. However the analysis of issues such
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as antenna polarization purity and effective reception of weak
cross-polarized components when developing an actual cross-
polarized radar system is beyond the scope of this paper.

(b)
0

Fig. 8 Simulated 3 Ludwig components for the optimized antenna
configuration: (a) cross-polar component in the elevation plane XZ, (b) co-
polar component in the elevation plane XZ, (c) cross-polar component in the
azimuth plane XY, and (d) co-polar component in the azimuth plane XY

Il. THE VIVALDI ANTENNA

An alternative antenna has been developed at Durham
University to perform through-wall experiments. It is a
conventional antipodal Vivaldi designed to work across the
desired bandwidth 0.5-2 GHz. Fig. 9 shows the 3D simulation
model of this antenna, with the long side aligned with the X
axis and the short side with the Y axis. The antenna has been
simulated using both the time domain and the frequency
domain solver of CST Microwave Studio, and then
manufactured on substrate Taconic CER10 with 1.5 mm
thickness. This substrate has been chosen for its higher
permittivity (e equal to 10 with +5% tolerances) compared
with FR4, in order to keep the antenna size relatively small
while working at low frequencies starting at 0.5 GHz to
achieve good through-wall penetration. Its S11 parameter has
been measured with a network analyzer at Durham University.
The overall dimensions of this antenna are 26 cm x 18.5 cm.

Fig. 9 Simulation model of the Vivaldi antenna with coordinate system

Fig. 10 compares the simulated and measured S11
parameter of this antenna, showing similar patterns apart from
the slight shift of the resonance peaks for the manufactured
antenna, which does not compromise the matching across the
desired bandwidth. Fig. 11 shows the normalized gain
radiation patterns at 1 GHz and 2 GHz in the elevation plane ¢
equal to 0° and azimuth plane 6 equal to 90°.
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Fig.10 Measured and simulated S11 of the antipodal Vivaldi antenna
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Fig. 11 Normalized total gain patterns for the Vivaldi antenna from
simulations: (a) elevation plane XZ at 1 GHz, (b) elevation plane XZ at 2
GHz, (c) azimuth plane XY at 1 GHz, and (d) azimuth plane XY at 2 GHz

The Vivaldi antenna is bigger than the optimized patch (26
cm x 18.5 cm against 17 cm x 14 cm) and made of a more
expensive substrate. Both antennas present S11 parameter
lower than -10 dB across the desired 0.5-2 GHz bandwidth;
the Vivaldi is matched even at a higher frequency up to 3
GHz, which could be useful for further future measurements
with wider bandwidth to increase the resolution. Even if both
antennas have a main lobe in the radiation pattern in the
azimuth plane, the optimized patch has a narrower lobe and
presents smaller side lobes. This would benefit the through-
wall measurements as the radiated power would be more
focused towards the target area and less undesired signals as
wall reflections would be received. Fig. 12 presents the
simulated total gain in the direction of maximum radiation as a
function of frequency for the antennas discussed in this paper.
For both the Vivaldi and the optimized-patch the gain varies



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 6

across the desired bandwidth between 2 and 7 dB. Other
reported UWB printed antennas for TTWI or similar imaging
applications provide comparable values of gain, for example 5
dB [17], 4 dB [18], 2-6 dB [19], and 8 dB [11].

In [22] we showed that the patch antenna is still usable
when placed at 10 cm from walls, with some minor
degradation of its performance. In Fig. 13 we compare the
measured S11 of the patch and Vivaldi antenna when they are
placed at different distances from the brick wall used for the
experimental results presented in this paper. We can see that
there is degradation, especially for the Vivaldi antenna, when
the antennas are physically touching the wall, but they are still
usable at short stand-off distances such as about 5 cm.
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Fig.12 Total gain as a function of frequency of the presented antennas
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Fig. 13 S11 of the optimized patch (a) and Vivaldi (b) antennas measured at

different distances from the brick wall

IV. NUMERICAL SIMULATIONS OF TTWI SCENARIOS

Numerical simulations have been performed to investigate
the effectiveness of a novel wall removal technique based on
gated frequency modulated continuous wave (FMCW) signals,
also called frequency modulated interrupted continuous wave
(FMICW). These techniques aim at mitigating/removing the
undesired contribution of wall reflections from the received
signal of radar systems for TTWI. Wall reflections can
compromise the detection performance as they are
significantly stronger than echoes of the desired targets and
they can saturate and block the receiver [20]. FMICW signals
have been previously used in monostatic ionospheric channel

sounding and ocean surface sensing, but to the best of our
knowledge its use as wall removal approach in TTWI is novel.
With this technique, the transmitter and the receiver of a
normal FMCW radar system are switched on and off with
complementary gating sequences. The effect of this gating
operation on the overall received power can be investigated
through the mean received signal (MRS), which is the cross-
correlation between the sequence applied at the transmitter
and the complementary sequence applied at the receiver.
Assuming to model the gating sequences as binary on-off
functions, the MRS depends on properties such as number of
bits and bit duration, and on the round-trip delay to the targets.
An exhaustive analysis of FMICW waveforms and possible
gating sequences is provided in [21]. The MRS can be
considered as a weight applied to the received power of the
radar, thus providing additional attenuation at some values of
round-trip delay called blind ranges. For TTWI applications it
is possible to design suitable sequences which provide
attenuation at values of round-trip delay corresponding to the
undesired wall reflections, and no or little additional
attenuation at delays corresponding to the area under test. In a
real scenario the stand-off distance between wall and radar
system is generally known or measurable, so the user can
choose a gating sequence providing a blind range at such
distance and then progressively tune its parameters to optimize
the wall removal performance. This optimization is scenario
dependent as the duration of the undesired wall reflection
signal depends on the wall electrical parameters and internal
structure. For instance in the case of thick walls with internal
air gaps, the user may need to choose gating sequences
providing a very long blind range to achieve effective wall
removal and target detection enhancement.

A detailed discussion of advantages and disadvantages of
existing wall removal techniques and proposed FMICW
waveforms can be found in [22, 23], together with a
comprehensive review of TTWI radar systems based on
different waveforms. For instance, a time-gating device at the
front-end of the receiver could suppress the wall reflection,
but apart from its hardware complexity and related costs, it
would be applicable only to pulse-based systems and not to
systems based on frequency modulated waveforms. Our focus
is on these systems, as they generally require less expensive
Analogue to Digital Converter at the receiver and lower
transmitted peak power. On the other hand, the post-
processing approach of cutting or zero-padding the undesired
contributions in the received signal after digitization would
not address the problem of reduction of the receiver dynamic
range and sensitivity [24].

The simulations presented in this work have been
performed using CST Microwave Studio and its finite
integration in the time domain (FIT) method, which is suitable
for large and detailed structures like realistic through-wall
scenarios. Our scenarios are three-dimensional rooms with 4-5
m? area and 15 cm thick walls, plus ceiling and floor. These
rooms contain a metallic cabinet, which is a target with high
radar cross section (RCS) and a human phantom with lower
RCS. The real and imaginary skin permittivity parameters in
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CST at the center frequency 1.25 GHz are 31.29 and 115.239,
respectively. A material with the same electrical parameters
of human skin is used to model uniformly the phantom,
without the internal tissues and organs. This is possible
because it has been observed that most of the electromagnetic
energy at the frequency used for TTWI is reflected by the skin
without penetration into the body [16, 25]. This simplified
human phantom allows saving memory and CPU time
resources. An FMICW signal with bandwidth 0.5-2 GHz has
been wused, providing 10 cm range resolution. The
electromagnetic field is sampled at 9 probes which simulate
the presence of an array of receiving antennas. The probes are
placed 25 cm apart, thus forming a 2 m long array.

The signals recorded at the probes are processed with three
algorithms to create radar images: back projection (BP) which
is a well-known imaging algorithm [26], delay-sum-
integration (DSI) and its variant delay-multiply-sum-
integration (DMSI) originally developed for breast cancer
detection [27, 28] and not used for through-wall detection.

The pixel intensity for the BP algorithm can be written as
in (2):

N
I(x;,y;) = Z Ep(Tiji) 2
k=1

where the indices (i,j) denote the coordinates of the pixels, and
Ex denotes the received signal at the k™ transmitter-receiver
pair; zij is the round-trip delay. The pixel intensity for the DSI
and the DMSI algorithms is given in (3) and (4) respectively:

w N
I(x;,y;) = fo Z E(t — Ty, )dt 3)
=1

M’N_l N
I(xi'yj)=J;) Z Z Ep(t — Ty E1 (¢ — 1i50)dt - (4)
K

=11l=k+1

where in (4) the indices k and | denote which receivers are
involved in the multiplication in pairs, and i and zjj are the
round-trip delays related to each received signal. Compared
with BP, the main difference is the use of the integration
window W to generate the pixel intensity, rather than just
picking a single value of the received signal at the
corresponding round-trip delay. More details and a
comparative analysis of these algorithms can be found in [27,
29].

Accurate values of the round-trip delay related to the
transmitter-pixel-receiver propagation path are necessary to
avoid displacement and blurring in the radar images when
applying these algorithms. In comparison with a free space
scenario, electromagnetic waves are slowed down while
propagating through the wall, so that an additional correction
factor should be added to the estimation of the round-trip
delay. This correction is directly proportional to the
permittivity of the wall material and to the length of the
through-wall propagation path. We estimate this length
through a simplified approach which neglects the refraction at
the wall-air interface caused by the permittivity contrast
(“straight ray approximation™). This provides good results and

allows avoiding transcendental equations which would be
involved in the exact solution of this problem [30]. The
permittivity of the wall material and the wall thickness are
known from CST for our simulations.

Fig. 14a shows a view of the first simulated scenario
presented in this paper, where the green points on the left-hand
side represent the probes. The room size is 235 cm x 200 cm
and its walls are made of 1 year old concrete with real relative
permittivity 5.657 and imaginary part 0.198 at 1.25 GHz, and
are 15 cm thick. The stand-off distance of the wall from the
probes is 250 cm. A 5 cm air gap is placed in the middle of the
wall to make it more realistic, as well as more challenging for
the detection of the targets as this structure can trap
electromagnetic waves, thus increasing the duration of the
wall reflection signal [31]. Fig. 14b illustrates the second
scenario, where a 10 cm thick partition wall with a wooden
door (brown box) is inserted in the middle of the room to
separate two human phantoms. The stand-off distance of the
probes from the 15 cm thick external wall is 25 cm. The walls
are made of 40 years concrete with real permittivity 4.642 and
imaginary part 0.352 at 1.25 GHz. The detection of the
phantom behind the partition wall is particularly challenging.

Fig. 15 presents images obtained using normal FMCW
signals and the proposed FMICW signals, with different
imaging algorithms, for the first scenario. The color scale is
the same for every sub-figure. Both targets can be detected
with the proposed FMICW waveforms, whereas only wall
reflections appear in the image if normal FMCW signals are
used. With the same dynamic range from the maximum, the
DMSI image appears to contain less clutter and provide the
radar user with a more precise indication of the actual target
positions in the area under test. Fig. 16 presents images using
FMCW and different FMICW waveforms for which the
parameters of the gating sequences are progressively adapted
to mitigate the reflections from both the external wall and the
partition wall and to detect both human phantoms. During this
adaptation process the gating sequence is changed from a 3 bit
M-sequence to a square wave, and their bit duration and duty
cycle optimized to achieve good wall removal for this
particular scenario. Every sub-figure is created using the BP
algorithm and has the same color scale. Only reflections from
the exterior and from the partition wall can be detected if
normal FMCW waveforms are used, as in figure 16a. In figure
16b the blind range of the gating sequence (in this case an M-
sequence) removes only the reflection from the external wall,
whereas in figure 16¢ the gating sequence (in this case a
square wave) removes only the partition wall. In figure 16d a
modified square wave is used so that two blind ranges are
provided to mitigate the contribution from the external wall
and to remove the partition wall.

a~

D _IN - i
Fig. 14 View of the first and second simulated scenarios with probes and
targets inside the room, respectively on the left and right-hand side
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V. EXPERIMENTAL RESULTS FOR REALISTIC TTWI
SCENARIOS

An experimental campaign has been performed in realistic
environments at the School of Engineering and Computing
Sciences, Durham University, to validate the proposed
FMICW technique. Two optimized patch-like antennas have
been used at the transmitter and at the receiver of the radar
system developed for these experiments. This system is based
on arbitrary waveform generators (AWG) to create FMICW
signals and to change flexibly waveform parameters such as
bandwidth, duration, and type and features of the gating
sequences. The system has 1.5 GHz bandwidth and signal
duration 400 us, corresponding to 10 cm range resolution and
+1250 Hz unambiguous Doppler coverage.

The Doppler resolution depends on the duration of the
acquired data, in our case 0.1 Hz for 10 s of processed data.
The transmitted power is 28 dBm and the system is able to
successfully detect echoes after 90-100 dB attenuation, which
is a typical value for through-wall radar applications [32, 33].

The experiments aimed at the through-wall detection of
several stationary objects in two different environments. In the
first scenario the targets are placed inside a meeting room with
office-like pieces of furniture (wooden chairs and tables,
computers and monitors). The wall is 8 cm thick and made of
plastered plywood panels, with honeycomb cardboard layer

inside. In the second scenario the targets are placed on an open
landing behind a 16 cm thick wall made of plastered bricks.
Homogeneous structure and relative permittivity is assumed
for simplicity for both walls, with values 1.6 for the hollow
plywood wall and 4.6 for the brick wall [20].

The experiments were performed in synthetic aperture radar
(SAR) approach. The transmitting and the receiving antennas
are placed 20 cm apart and moved along an array of 7
different positions separated by 10 cm. The stand-off distance
of the antennas from the wall is about 1 cm. Fig. 17 shows on
the left hand-side a possible target and on the right hand-side
the antennas and part of the radar system mounted on a trolley
on the other side of the brick wall. The experiment was
conducted with several metallic and non-metallic targets. The
results shown here are for a plastic jerrycan filled with water,
which has lower RCS than a metallic target. The antennas
were oriented to focus the main lobe of the radiation pattern
towards the targets.

Fig. 17 View of the experimental setup with stationary target on the open
landing behind the brick wall

Radar images relating to the plywood wall scenario are
presented in figure 18, where every sub-figure has the same
color scale. The effectiveness of the proposed wall removal
technique can be seen by comparing the images obtained using
normal FMCW signals (Fig. 18a) with those obtained using
FMICW waveforms. In the former case only wall reflections
are detected in the image, whereas in the latter case these
undesired contributions are removed by the blind range of a
suitable gating sequence, thus allowing the correct detection of
the target. Comparing the results from different imaging
algorithms with the same dynamic range, DMSI images
provide a more precise indication of the actual target
positions. Similar results were obtained for the metallic tin in

Fig. 17 and for other targets.
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Figure 19 present results related to the scenario with brick
wall, comparing images obtained with FMCW and FMICW
signals and using the BP and the DMSI algorithm. The
effectiveness of the proposed FMICW waveforms and the
better performance of the DMSI algorithm in comparison with
the BP are demonstrated also in this scenario with a more
challenging wall, which is thicker and has higher permittivity.
This produces wall reflections which extend longer along the
range direction, as it can be seen comparing sub-figures 19a
with and 18a. Therefore the parameters of the gating sequence
for FMICW signals were adapted to the brick wall in order to
provide longer blind ranges.
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Fig. 19 Radar images in log scale for the plastic jerrycan filled with water

behind brick wall: (a) using FMCW and BP algorithm, (b) using FMICW and

BP algorithm, (c) using FMCW and DMSI algorithm, and (d) using FMICW
and DMSI algorithm
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The radar system and the wall removal technique based on
gated FMCW signals have been also successfully tested in
case of detection of people walking behind walls. The
detection is performed through the computation of the Delay-
Doppler pattern via double FFT processing [34]. The Doppler
shift caused by the motion of the moving target is extracted
from the data and shown as colored spots, with the Doppler
values proportional to the speed of the target and the delay
values proportional to the distance of the target from the radar
system during the measurement. In these experiments the
person was walking back and forth on a radial trajectory,
which generates a Doppler signature which is both positive
and negative, indicating that the target is going closer to and
farther from the radar system. Initially FMCW signals are
used and profiles of the received power as a function of
delay/range are extracted to detect the contribution of wall
reflections. This allows the user to design a suitable gating
sequence to mitigate/remove this undesired signal and enhance
the detection of the Doppler caused by the target. These
experiments have been performed in the aforementioned
scenario with brick wall, but also in a new teaching room
presenting a 25 cm thick wall made of concrete blocks, which
is quite challenging for through-wall detection. Both the
optimized patch and the antipodal Vivaldi antennas have been
used in these experiments.

Fig. 20a-20b and 21a-21b compare respectively the delay
profiles and the Delay-Doppler for the brick wall scenario,
when the two different antennas are used. Fig. 20c-20d and

21c-21d present the same comparison, but for the concrete
wall scenario. The profiles in figure 20 have been normalized
to the maximum value of all plots. The Delay-Doppler
patterns are obtained from data using gated FMCW signals,
with a suitable gating sequence to remove the undesired wall
reflection peaks as in the profiles shown in figure 20. It can be
seen that the proposed wall removal technique is successful, as
the positive and negative Doppler signature due to the
movement of the person behind the wall are detected and the
stationary wall reflections, which would appear as a strong

contribution at 0 Hz Doppler, are not recorded in the pattern.
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with Vivaldi antennas (a) and with optimized patch antennas (b), and behind
the concrete wall with Vivaldi antennas (c) and with optimized patches (d)

Both antennas can be successfully used with the developed
radar system for through-wall detection, but their performance
is different. Observing figure 20, it can be seen that for both
scenarios the profiles related to the optimized patch have a
single, cleaner lobe due to wall reflections, whereas the
profiles from the Vivaldi antenna have multiple lobes which
make more challenging the design of gating sequences for
wall removal. The level of these side peaks is approximately
20 dB below the main peak for the patch-like antenna, but
significantly higher for the Vivaldi antenna at 10 dB for the
brick wall scenario and 5 dB for the concrete wall scenario.
This is probably due to the broader lobe in the radiation



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 10

pattern of the Vivaldi as observed in Fig. 11, so that more
reflections and clutter are detected when this antenna is used.
The Vivaldi antenna gives however a stronger Doppler signal
in comparison with the optimized patch, as in figure 21.

A few additional tests have been performed to investigate
the effect of using antennas with different beam-widths on the
collected data and on the resulting images. Besides the
optimized patch-like and the Vivaldi antennas presented in
this paper, low cost off-the-shelf printed log-periodic antennas
were also used for comparison. These present a larger beam-
width on the azimuth plane compared with the other types of
antennas. An initial measurement was performed in an indoor
open space environment (wide empty corridor with no wall
between the radar and the target) to record the reflection from
a metal plate placed at about 1.5 m in front of the antennas.
Figure 22 shows the delay profiles for the three different types
of antennas, using FMICW waveforms to remove the cross-
talk between transmitting and receiving antennas. The target
reflection peaks have been aligned for better clarity and easier
comparison of the curves, and round-trip delay for the target
reflection of each curve has been indicated. We can see that
the peak related to the target reflection is narrow and easily
detectable for the patch-like antenna, whereas it becomes
slightly broader and with extra side peaks for the Vivaldi and
even more for the log-periodic, probably because these
antennas are also receiving clutter and unwanted reflections
from the surrounding environment.

The effect of combining delay profiles with no easily
recognizable target peak and with extra clutter through an
imaging algorithm can be radar images containing unwanted
artefacts, as we investigate in a further set of measurements.
This consisted in collecting through-wall SAR data for a metal
plate inside a room, behind a plastered plywood wall at about
1 m from the radar, in the same setup already discussed for
figure 18. These tests were performed using the three different
types of antennas and FMICW waveforms were used to
remove wall reflections and the undesired cross-talk
contribution. Figure 23 shows the log-scale images obtained
using the BP algorithm. When the proposed patch-like antenna
is used as in figure 23a, the colored spot related to the target is
the strongest contribution in the image and is clearly
recognizable. When the Vivaldi antenna is used, as in figure
23b, the target contribution is still easy to recognize but this
colored spot is slightly smeared and offset from the actual
target location, and there is an artefact appearing at about 60
cm down-range. When the log-periodic antenna is used, as in
figure 23c, the target spot is present but there are other strong
artefacts which may prevent the correct detection of the target.
The proposed patch-like antenna provides therefore good
through-wall imaging performance and has the advantage to
be relatively small, easy to manufacture and low cost.

VI. CONCLUSION

In this paper we presented the design, manufacturing, and
testing of a patch-like antenna for TTWI applications in the
0.5-2 GHz frequency range. An initial prototype has been
optimized resulting in a more compact antenna with a single

radiating lobe due to an additional ground plane strip. This
approach may be used to increase the directivity of other
printed antennas like circular patches or monopoles. The
optimized patch-like antennas have been successfully used in
the radar system developed at Durham University to perform
an experimental campaign aimed at testing a novel wall
removal technique for through-wall detection of stationary
targets and of people moving. Both experimental and
simulated results validate the effectiveness of the proposed
wall removal technique based on FMICW waveforms in
different TTWI scenarios. During the experimental campaign
both optimized patch-like and conventional Vivaldi antennas
have been used and their performance compared. Both
antennas can be successfully used, but the patch-like appears
to detect less clutter and wall reflections making easier the
application of gated FMCW signals. This antenna is also
smaller and made of a less expensive substrate compared with
the tested antipodal Vivaldi. Further work is currently
undertaken to improve the antenna design and manufacture an
array to be used in conjunction with the radar system.

Target Reflection
Patch-ike 21 6 ns
Vivaldi 33.5 ns
Log-pericdic 35.8 ns

[} ——

Normalized Magnitude, dB

—Patch-like
-501- — Vivaldi
— Log-periodic

Round-trip delay, ns
Fig. 22 FMICW normalized delay profiles for target in open space
environment with three different types of antennas
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