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Abstract—Through-the-wall radar imaging (TTWRI) detects
concealed objects behind barriers using radar. It is a promising
research area for civilian and military applications, including res-
cuing, surveillance, and target identification. This study evaluates
the impact of miss-evaluating wall and radar characteristics on
TTWRI results.

Index Terms—synthetic aperture radar, point spread function,
Snell-Descartes laws, backprojection, uncertainty analysis.

I. INTRODUCTION

Through-the-wall synthetic aperture radar (SAR) imaging
is a technique that enables the detection of hidden objects
behind walls or barriers. This technique relies on the Snell-
Decartes laws and the Backprojection (BP) algorithm to locate
the target. However, inaccuracies in the characteristics of the
wall can negatively affect the quality of the imaging results.
To address these issues, it is essential to quantify the quality of
the radar image and the resulting uncertainties by accurately
assessing the scene characteristics. While previous studies
have investigated inaccuracies in wall parameters [1], this one
aims to extend the analysis to include the impact of errors in
radar parameters as well.

The second section of this paper provides an explanation of
the physics involved in the problem and the used imaging
technique. To provide context for the following section, a
detailed discussion of the wall and radar system relevant
to the study is included. The third section focuses on the
consequences of misjudging the characteristics of the wall and
radar and presents the results of an uncertainty study.

II. PROBLEM FORMULATION

A. Uncertainty on the Point Spread Function

For TTWRI, we use the BP algorithm [2] to image the
scene. First, we need to express the propagation time of
the wave between the transmitting antenna, the target point,
and the receiving antenna. Using Snell-Descartes laws we
can estimate the exact path of the wave. Then, by dividing
the traveled distance by the phase velocity of the wave in
the medium, we can obtain the propagation time 7,,, [3].
Finally, we need to calculate the intensity associated with each
pixel, and to do so, we use the Point Spread Function (PSF)
associated with each pixel in the image [4]:
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where z,,y, are the pixel coordinates, M the number of
emitters, N the number of receivers, s,,, the point target
return for each receiver (Rx) and transmitter (TX), 7,,, the
delay of the signal traveling from the m!” receiver to the
imaging point, and then back to the n‘" receiver and h(t) the
impulse response of the matched filter.

However, the expression of this propagation time and the
PSF under these conditions is absolute and does not depend
on the uncertainties associated with the walls and the positions
of the radar antennas.

By expanding the expression of the PSF using the same
linearization technique as [1] and taking into account the
positional parameters of the radar antennas (i.e. their position
along x and y), we obtain a new form of the PSF:
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with ¢ the free space light celerity, d,, the wall thickness,
€y the wall permittivity, 6, the incident angle relative to the
normal of the wall surface, s the Tx signal, x; the position of
the Tx/Rx antennas located at the I*” position along the wall,
(T¢m, Ytm) and (x,y, Yy ) the positions of the Tx/Rx antennas.

B. Scene characteristics

The data are generated using an FDTD solver named
gprMax. The scene comprises a homogeneous wall that mea-
sures 2.5m by 0.2m. The radar has a monostatic configuration
composed of one Rx and one Tx which emits Gaussian pulses
with the center frequency of 2GHz . The radar travels along
the 2.5m of the wall with a step of 0.025m. The target is a
perfect electrical conductor (PEC) cylinder with a diameter of
0.04m, located at x; = 1.2m and y; = 1.8m.

III. UNCERTAINTY ANALYSIS

A. Wall parameters

We examine the wall and the radar effects separately. To
achieve this, we first present a scheme of the scene with the




parameters, followed by the imaging results, and finally, the
-3 dB shapes for different errors, as it defines an area that
contains the most of the intensity.

In the case of the wall, we vary its thickness and relative
permittivity (i.e. its index). As shown in Fig.1, thickness and
permittivity variations result in a shift in the range of the
target position and cause a spread of the spot shape at -3
dB. However, the thickness and permittivity of the wall are
related by d,, = ﬁ, where c is the celerity and ¢ the
propagation time inside the wall. So there are certain parameter
combinations where errors in the wall parameters cancel each
other out, resulting in accurate image formation (see Fig.1.c).
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Fig. 1. Imaging with wrong wall parameters a) scheme of the error on wall
thickness, b) scheme of the error on wall permittivity, c¢) pairs of parameters
dy and €. ,q1 Where the target position error is equal to 0, d) BP imaging
for diy = 0.24 and €, ,, = 3.8 e) shapes at -3 dB for several different errors
draws of dy, at €, a1 = 3 and f) shapes at -3 dB for several different errors
draws of € at dy, = 0.2.

B. Radar parameters

Errors in the antennas positions in the x and y axis result
in a shift in the position of the target (see Fig.2). For the
simulations, we made a random draw following a uniform law
on each antenna position for the x-axis and y-axis separately.

As it can be seen, errors in the radar antenna positions lead
to a shift in the target position in range and cross-range. This
is not the case when only the wall parameters are wrong.
However, the error of y depends on ¢, while the error of x
depends on /¢, and this implies that it has a greater impact.
As seen in Fig.2.e and Fig.2.f, the -3 dB shapes resulting from
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Fig. 2. Imaging with wrong radar position parameters a) scheme of the error
on x, b) scheme of the error on y, ¢) and d) BP imaging, e) shapes at -3 dB
for several different errors draw of x4 and d, = 0 and f) shapes at -3 dB
for several different errors draw of y¢  and d; = 0.

an error on y position have a larger spread compared to those
resulting from an error on z position.

IV. CONCLUSION

An error in the wall and radar parameters can lead to
displacements of the actual target position and distortions in
the imagery. By quantifying these uncertainties, we found that
an error in the thickness of the wall has a greater impact than
an error in its permittivity, and an error in the distance of the
radar system from the wall has a greater impact than an error
in its position along the wall.

The analytical formulation of the point spread function en-
ables us to conduct a sensitivity analysis using Sobol indices.
Additionally, we can conduct this study in 3D, in line with
our ongoing research on 3D imaging.
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