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ABSTRACT capabilities in simulating complex STTW radar
scenarios and draw some important conclusions
This paper presents numeric simulations related regarding such radar system design and operation.
to sensing through the wall radar technologies. Our

computational approaches include the Finite 2. COMPUTATIONAL APPROACHES
Difference Time Domain (FDTD) algorithm and the
shooting and bouncing ray technique (Xpatch). We There are several problems of interest in

analyze the radar signatures of the human body and simulating STTW radar scenarios and understanding
other objects, in free-space and inside a room. The the underlying phenomenology. One is studying the
emphasis is on radar scattering phenomenology, with radar signature of the human body and its variation
results presented as Radar Cross Section (RCS) andwith frequency, aspect angle, position of the human

Synthetic Aperture Radar (SAR) images. etc. At a larger scale, we are interested in thara
imagery of full rooms or building structures, inding
1. INTRODUCTION humans and other objects inside. In terms of modeli

tools, we are leveraging the hardware and software

Sensing Through The Wall (STTW) has emerged infrastructure available to us at the Army Research
as a key radar application during the last few yeas Laboratory, consisting of a suite of electromagneti
part of the Sensors and Communications (C4ISR) codes for radar signature computation, as welhas t
Vision requirement for the Future Force WarrioreTh  massive parallel computer systems at the Army Major
interest in this technology is reflected by thet filnat Shared Resource Center (MSRC).
several major programs related to STTW radar are
currently funded by all three branches of the manilit During the 1990’s, concerns about the health
and DARPA. At the Army Research Laboratory effects of electromagnetic radiation within the
(ARL), we are drawing on almost two decades of wireless industry prompted a number of studieshen t
experience in radar detection and imaging of target propagation of electromagnetic waves in the presenc
concealed environments, such as foliage penetrating of a human body (Lazzi et al., 1998, Tinniswood et
radar (FOPEN) and ground penetrating radar (GPR) al., 1998, Toftgard et al., 1993). The Finite Diéfiece
(Ressler et al., 1995, Carin et al. 1999). The comm  Time Domain (FDTD) method (Taflove, 1998) was
challenge for these scenarios is finding a baldance  the natural candidate to modeling this type of
minimizing the electromagnetic propagation loss problems, given the complexity of human tissues
while maintaining a realistic antenna size/power dielectric properties. However, most of these ssdi
requirement. Operating the radar in the low freqgen  were oriented towards computing the radiation
microwave range (300 MHz to 3 GHz) has the absorption rates inside the human body. The recent
advantage of good penetration through building focus on military and national security applicaton
structures. At the same time, Ultra-Wideband (UWB) and the emergence of the Ultra-Wideband (UWB)
excitation and Synthetic Aperture Radar (SAR) microwave radar as a promising technology for
technologies are employed in order to obtain good detecting the human presence in concealed
image resolution. Our simulations of STTW radar environments, calls for employing the FDTD
allow us to predict the Radar Cross Section (RGS) o algorithm in analyzing the radar response of the
targets of interest (such as the human body) and human body. Such models are very useful in
generate SAR images of complex scenes (such as adesigning and predicting the performance of tharad
room with objects inside). Based on our models, we system.
are able to make recommendations to radar system
designers with regard to essential parameters, asich We started with the human body model available
frequency of operation, bandwidth, aperture size, on the web at the US Air Force Research Laboratory,
polarization etc. In this paper, we demonstrate our RF Radiation Branch site. This site stores highly
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detailed FDTD-compatible grids, where the dielectri
properties of each human tissues are sampled asing
mm, 2 mm or 3 mm cubic cells. The complex
permittivities of tissues are given as parametric
functions of frequency. However, our FDTD code
handles only materials with constant (real part-)
permittivity and conductivity over frequency, so we
had to compute these values at the central frequenc
of our simulations. The effect of this approximatio
on the human body RCS will be discussed later. We
also employed the Varipose software to articulbte t
body into various positions. The purpose is to
investigate the variability of human signaturesider

to develop automatic target detection algorithms.
Since this requires careful consideration to maodgeli
details, we wused the three-dimensional Finite-
Difference Time-Domain (FDTD) code developed at
the Army Research Laboratory. This is an exact
electromagnetic solver that can handle almost
arbitrary shapes and media configurations. Our @®de
fully scalable, designed to run on several High
Performance Computing (HPC) platforms.

Although FDTD would also enable us to obtain
exact radar scattering models for entire roomss thi
technique is very computational intensive. For
example, modeling a 5 m4 mx 2.2 m room by this
method requires on the order of 24 GBytes of RAM
and 144 CPU hours, to obtain the signature at one
angle. On the other hand, approximate solvers, asch
Xpatch (a ray tracing code combining geometrical an
physical optics), can provide reasonably accurate
results in considerably less time (on the ordetGd0
times faster) (Andersh et al., 1994, Andersh et al.
1998, Andersh et al., 2000). An important part of o
work was on validating the Xpatch results agaimst a
exact solver (FDTD), for scenarios of interest in
STTW. Our comparison between Xpatch and FDTD
showed remarkable agreement in most situation, wit
deviations usually not exceeding 2 dB. This enabled
us to confidently apply Xpatch to simulating radar
imaging for a number of complex scenarios, invajvin
full size rooms, equipped with interior dividing liea
furniture, humans, weapons etc.

3. RESULTS
3.1. FDTD modeling of the human body

Fig. 1 represents the three-dimensional
FDTD grid for the standing human (basic position).
For the 3 mm grid, the computational domain size wa
236x 154x 666 cells. We also performed simulations
on the 2 mm grid, for which the computational damai
size was 33% 210x 979 cells. In Fig. 2 we show the
FDTD grid for a kneeling human (the new position

was obtained with Varipose). In this case, the 3 mm
resolution computational domain was 28895x 612
cells. Since we are interested in RCS-type
calculations, the sources and receivers are assirmed
the far field. The depression angle is always zero
degrees K vector in thex-y plane), the human is
placed in free-space and we always consider a
monostatic radar configuration. The excitation puts
Rayleigh 4" order, with a central frequency of either 1
GHz or 3 GHz, which is representative for UWB
microwave radar. Its 3 dB band extends from about
0.5 to X, (wheref. is the central frequency).

We considered front (broadside) incidence
for the basic standing position in Fig. 3, both Vakd
H-H polarizations, with 1 GHz central frequency
excitation and the 3 mm grid. As one can notice, th
two polarizations yield very similar RCS. One
important question is whether the 3 mm cell size is
fine enough to accurately represent the
electromagnetic wave propagation through the human
body. At 1 GHz and 3 mm cell size, the spatial
sampling rate is 100 in free-space. However, some
tissues in the human body have very high relative
permittivity (in the 40-60 range), which makes the
effective sampling rate within those media much
smaller than in free-space. In order to assess the
frequency limit where the RCS results on the 3 mm
grid become inaccurate, we ran the same simulations
on a 2 mm grid, over the 0-9 GHz band. The results,
shown in Fig. 4 (V-V polarization only), indicatkait
the match is reasonably good up to 5 GHz, but the 3
mm grid may be inadequate for simulations abowe thi
frequency.

Another question we tried to answer was how
much the penetration of electromagnetic radiation
through the human body had an influence on the RCS.
In Fig. 5 we compared the RCS of the ‘real’ model t
that of a man made of a uniform material with
dielectric properties close to the skin (V-V
polarization). Ate, = 50,0 = 1 S/m, this material acts
almost as a perfect reflector, so penetrationigdase
should not play a significant role in the RCS. Lingk
at the two graphs, we concluded that, except far lo
frequencies (up to 1.2 GHz), the penetration thinoug
the body is not important in RCS calculations.
However, as expected, the lower frequencies do
penetrate the thin layer of skin and hit a reldgivew
dielectric/loss fat tissue, bouncing back and dangat
interference.

With regard to the constant
permittivity/conductivity limitation of the FDTD ae,
we ran a simple test to evaluate its impact on our
models.
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Fig. 1. Three-dimensional FDTD grid
for the human in the basic standing
positior.
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Fig. 5. RCS of the human body, front
(broadside) incidence. Comparison
between the real model and a uniform
dielectric model.

Fig. 2. Three-dimensional FDTD grid

for the human in the kneeling position.
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Fig. 4. RCS of the human body, front
(broadside) incidence. Comparison
between 2 and 3 mm grid models.
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the RCS.
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Fig. 7. RCS of the kneeling human as
a function of angle, at 1 GHz.
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Fig. 8. SAR image of a human body in
the basic standing position, top view.
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Fig. 9. SAR image of a human body
with the legs removed, top view.
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Fig. 10. SAR image of a kneeling
human, top view.

First, we utilized the permittivity and
conductivity computed at 1 GHz (from the original
data), then we ran the same simulation again \uih t
material properties computed at 3 GHz. The results
are shown in Fig. 6 and clearly prove that, except
around 1 GHz, there is no difference between the tw
calculations. This is consistent with the previous
paragraph conclusion, since the reflection coeffiti
of the skin is not expected to vary much with
frequency. However, the differences around 1 GHz
(where we have some penetration through the body)
suggest that using constaatand g, computed at 1
GHz, is acceptable over a wide band of frequencies.

For the human in the kneeling position, we
show the RCS variation with the azimuth angle, at 1
GHz, in Fig. 7. Incidence at 18@orresponds to a
view from the back, and we notice both a relatively
large RCS and slow variation with the angle in this
azimuth range. However, at angles corresponding to
side views, the variation is much faster — the RG§
swing 10-20 dB within less than %6f displacement.
The effect is even more evident at higher frequency
This underscores the difficulty of implementing an
automatic target recognition approach to through th
wall detection of stationary humans, especially nvhe
one considers the complexity of all possible pastur

SAR images can offer more insight with
regard to the scattering phenomenology than simple
RCS plots. In order to build these images, we tised
time-domain FDTD-computed signatures at different
azimuth angles. We employed the backprojection
algorithm (Soumekh, 1999), with an integration ang|
of 40°. At 1 GHz central frequency, the approximate
resolution is 10 cm in down-range and 10 cm in&ros
range.
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In Fig. 8 we depict the image obtained using a 12GH
centered pulse and %Ointegration angle (H-H
polarization). This represents a top view (with than
facing down the page) and the intensity scale in dB
One can notice the main scattering center (darkined
the middle of the image, corresponding to the
abdomen and chest of the human. The late-time
feature visible in the image appears to be prodbged
complex wave interactions (surface waves and
multiple bounces) with the human legs. To
demonstrate that the legs are largely responsdile f
the late-time feature, we removed them from theybod
mesh and re-ran the simulation. This operation
eliminated most of the late-time response, as shiown
the image in Fig. 9. In Fig. 10 we show the SAR
image of the kneeling human, with the same radar
parameters as above, but in V-V polarization. The
right leg appears as a bright scatterer in fronthef
body, and we also see a trace of the left footrzkhi
the body.

3.2. FDTD vs. Xpatch comparison

As we mentioned above, running an exact
electromagnetic model of an entire room in this
frequency range is a very computationally intensive
task. Our approach was to employ an approximate
solver (Xpatch), which utilizes the shooting and
bouncing ray technique together with physical aptic
in order to obtain a fast solution with reasonable
accuracy. Although Xpatch is a mature code that has
been successfully used in modeling a variety oarad
scenarios at high frequencies (usually X-band or
higher), the code has not been applied yet to lower
frequencies, between 1 and 3 GHz. In consequence,
we first worked on validating the Xpatch results
against an exact solver (FDTD) in this frequency
range. The scenario we chose for this purpose is a
human standing in the middle of a room. The room
dimensions are 5 m 3.5 mx 2.2 m, and the walls are
12" thick, made of brick& = 2.3-j0.3). We looked at
the backscattering response at broadside incidence,
perpendicular to the larger (5 m) side wall (thearais
facing the front of the human). The floor and cwjli
were taken out in this simulation. The FDTD gridswa
made of 771x 1015x 497 cells and the simulation
was run on 24 processors. The center frequendyeof t
excitation was 2.5 GHz, with a bandwidth of 4 GHz.

We present the results as range profiles, in a
dB scale, in Figures 11 and 12. The actual room is
overlaid in green color in these figures (notice th
human appearing as a spot in the middle). The major
scattering centers are the front and back sidateof
front and back walls, the human, as well as
reverberations between the walls which show upén t

late time. The amplitudes of return from these main
scattering centers are almost the same for both
simulation methods. At the same time, we notice tha
the FDTD range profile has more structure due to
secondary scattering effects (multiple diffraction,
surface waves, etc.), which are not taken into @aco
by Xpatch. Of particular concern is the third major
peak in the FDTD range profile (just before theinet
from the human), which is probably a multiple edge
diffraction effect and does not appear in the Xpatc
range profile. However, these secondary effecte hav
relatively low amplitude (under the -30 dB mark in
Fig. 11), so they would not play a significant roiea
target detection scheme, especially in a noiseéelut
environment. We concluded that, despite the
limitations inherent to the underlying modeling
technique, the Xpatch results are reasonably aiecura
in problems relevant to STTW radar, and we may
confidently apply this code to more complex
scenarios.

3.3. Xpatch modeling of
structures

complex building

Building or room mapping represents one
major application of STTW radar systems. Taking
radar signatures from a variety of azimuth and
depression angles and combining them into a SAR
image can provide accurate information about a
building’s layout. Moreover, information can be
combined from a network of sensors, placed on
different sides of the building, in order to enhautice
imaging process. We modeled such a scenario in
which two radars are placed on two orthogonal sides
of the building, and the individual images obtairsd
each radar are added incoherently. The final
(combined) SAR image enables us to clearly
distinguish the interior and the back walls. The
building layout and the SAR image obtained by
Xpatch modeling are shown in Figures 13 and 14. The
overall dimensions are 12.3 7.5 mx 2.7 m, with
6” thick exterior walls (green) made of adobg £
4.5-j0.4), drywall interior walls (yellow) includg2 x
4 wooden studs, glass windows (blue) and wooden
doors (red). The radars operate at a center freguen
of 2 GHz, with 2 GHz bandwidth, producing a down-
range resolution of 7.5 cm. Each radar scans an
aperture of 30in azimuth, centered to the normal to
the nearest wall. This example demonstrates how a
network of STTW radars can be effectively employed
together with SAR imaging in building mapping
applications.

The next Xpatch modeling example considers a
building interior that includes a number of weapon
carrying people, dividing walls and metal furniture



The building layout is shown in Fig. 15. The ovkral
dimensions are 15.3 m11.4 mx 2.7 m. The exterior
walls are 12” thick, the interior walls are 6” thjcand

a floor is also included, all made of adolze+ 4.5-
j0.1). The humans are equipped with AK47 rifles.
Again, we model an ultra-wideband synthetic apertur
radar, with an aperture of % azimuth, centered at
an oblique angle of%with respect to the front wall.
The center frequency is 2 GHz, with 2 GHz
bandwidth. The down-range resolution is 7.5 cm,
whereas the cross-range resolution is 12.5 cm. The
SAR image is shown in Fig. 16. The locations of the
humans are indicated by small circles. Using an
oblique look angle with respect to the front wall
decreases the wall brightness in the image, therefo
reducing the dynamic range necessary for detecting
targets inside the room. However, the drawbackisf t
technique is enhancing the multi-path propagation,
which may result in “ghost images” showing up ie th
SAR images at wrong locations. One such location is
indicated by a question mark in Fig. 16. We also
notice that the metal furniture introduces strohter

in the image, which, combined with multi-path
propagation, may completely swamp the targets of
interest. Another thing worth mentioning is thataih

the examples above, the wall materials were inigéne
uniform and presented moderate attenuation. Other
construction techniqgues may involve walls with
complicated structures, which introduce distortiams
the imaging process, or highly attenuating (such as
rebar concrete), which do not allow good
electromagnetic wave penetration, even at relativel
low frequencies.

4, CONCLUSIONS

The STTW technology is currently a critical
component in the context of military operations in
urban environment. While a number of STTW radar
designs are already operational, most of them aljspl
relatively low resolution and are based on motion
detection. The next generation of STTW radars will
probably work as an array of sensors and will have
high-resolution  imaging  capabilities, coupled
eventually with change detection techniques. Our
modeling efforts are focused in this direction, by
providing the next generation radar designers with
performance analysis, system parameter optimization
and understanding the limitations of their techhica
approaches.

In this paper we presented some of our work on
modeling sensing through the wall radar scenarios.

We employed electromagnetic modeling codes such as

FDTD and Xpatch, and the hardware infrastructure
available at the Army MSRC. One of our interests wa

in understanding the radar signature of the human
body, and for this purpose we performed a detailed
analysis by employing the FDTD simulation
algorithm. We were also interested in larger scale
simulations, on the size of large rooms or building
and we tackled these problems with Xpatch. Since
Xpatch is an approximate solver, we were careful in
validating this approach by comparing it with FDTD
for typical scenarios. Throughout this work, the
recurring theme was the ultra-wideband synthetic
aperture radar technology, which enables operaion
relatively low frequencies (for good wall penetoaf

and good resolution. The SAR images obtained in our
simulations allowed us to draw encouraging
conclusions regarding the feasibility and perforoan
of such radar systems in STTW applications, althoug
there are certain caveats and limitations that rnieed
be taken into account.
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