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Abstract x) .
In the practical application of Ultra Wideband (UWB) through-wall radar i@fmg, the
walls that are generally encountered consist of multiple layers, and there multiple

the back-
projection (BP) algorithm, which is a time-domain
migration (PSM) algorithm, which is a frequenc
two targets behind a two-layer wall. The i quali y\z? 2|muth and range
resolutions, the image entropy and the proges g time two algorithms are

targets, which presents challenges for the imaging algo |tb$n this s
\qgo

compared. The simulation results demonstr at the gorithm produces better
image quality and that the PSM algorit ter. The t of the sampling interval on
the image entropy and processing tlm%‘\dlscu e ddition, the feasibility and the
validity of the two algorithms are te der mqi dltlons The results show that the
two algorithms are robust, re fthe prédenee of noise.
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1. Introductio \\ ﬁN
Through-@ ar im \Q RI) is a form of nondestructive detection that
can sense t gh(%@s such as walls, doors, and other visually opaque

materials. TWRI has d an important role in fighting terrorism, natural disaster
relief, surveillan reconnaissance in urban environments and other search
activities and as become more attractive in many civilian and military
2

applications J1

In TWRINaecurately representing the propagation of the electromagnetic waves in
buildin s is crucial for the image quality [3]. For simplicity, various studies
h émed a single layer and a homogeneous model of the building wall[4,5],
a’%focused, high-quality images were obtained through accurate
compensation[6,7]. In practice, however, walls have multiple layers and are
inhomogeneous, and there may be multiple targets behind a wall, additional
problems that must be considered.

Usually, imaging algorithms process data in either the time or frequency domain.
The BP algorithm is a conventional delay-and-sum beamforming algorithm that
belongs to the time-domain category and is the most commonly used imaging
algorithm in TWRI [4,8]. The BP algorithm is simple and easy to understand, but
the computational efficiency is low in the presence of walls. Because the
propagation path of the electromagnetic waves changes at every interface between
materials of different types, the refraction point must be accurately located.
Otherwise, the resulting image is not focused and displaced from the true target
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position. If the wall has multiple layers, the computational time grows
exponentially. The PSM algorithm is based on the wave equation and belongs to the
frequency-domain category of imaging algorithms. This algorithm was first
proposed by Gazdag in 1978[9] for wavenumber migration and can be used
iteratively to refocus seismic or radar images. The PSM algorithm reconstructs
images using the fast Fourier transform (FFT), which avoids the time-consuming
ray-tracing process and is significantly faster than other methods. More importantly,
the PSM algorithm allows the wave velocity to vary with depth and has been
successfully applied in synthetic aperture focusing in multilayered media[10,11].
The general scenario of TWRI involves layered structures, so the PSM algorithm is
also suitable for TWRI [12]. If the thickness and the electromagnetic parameters of
a wall are known, then real-time, high-quality images can be obtained with e PSM
algorithm.

In this study, a two-layer wall model is developed, and simulations
using a time-domain finite difference (FDTD) method. The BP al

PSM algorithm are used to locate two targets behln I‘and ts obtained
from the two algorithms are compared. The paper |s zed s. In Section
2, we present the FDTD model, the BP aI the PS orithm and the
entropy criterion. The experimental results a ' en ared in Section 3.

Section 4 provides concluding remarks.

'\
2.1. FDTD Model &%

Figure 1 shows the gene enarlo of %I with two targets behind a two-layer
wall. The origin of the cgordinate sy is located at the top left corner of the
upper layer. The th|c es of @per and lower layers are d,=0.1m and
d, =0.05m, respe &:d relative permittivity of the upper and lower
layers, standar %S and ¢, =26, respectively, were used. The
imaging are d a two all is free space with dielectric permittivity and
magnetic pe bl|lt%0 ed by ¢, and g,. Its length is 2.4 m and its width is 2.6

m. Two square met%br es whose length is 0.11m reside in the imaging area, and
the center coor(ii& them are (0.65 m, 0.65 m), (1.65m, 1.45 m).
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Figure 1. General Scenario of TWRI Problem

The data is generated by the 2D FDTD method. The geometry of the TWRI is
discretized with the FDTD square cells of 1cm length. The time resolutions is 16.7
ps. The antenna which transmit and receive signals moves parallel to the wall and
synthesizes a measurement aperture L=2.4 m. The excited sourse is chosen as the
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sinusoidal modulated Gaussian pulse at center frequency 2 GHz with 2.1 GHz
bandwidth.

The imaging data are collected from the receiving antenna array. In forward
modeling, a set of electric field values as functions of the time traveled by the radar
signals is obtained. Scattered echo data were obtained using the background
subtraction method, which subtracts electric field values with and without targets.

2.2. BP Algorithm

The BP algorithm originates from computer tomography and is characterized by a
time delay, which eliminates the effect of the Doppler shift and greatly simplifies
the calculations. The scattered data were processed with the BP algorithm, which

was implemented as follows: x)
Step 1. Divide the whole region of interest into small surface areas or p
Step 2. For each pixel, calculate the total flight time from transmitter ixel and
pixel to a receiver.
Step 3. Record the corresponding received time bﬂ@ltude @h pixel.
Step 4. Repeat step 2 and 3 for all receivers. V

Step 5. Sum the recorded amplitudes on the r|d
In free space, the back projected signal at pi ,y) by:

1(x,y) ZE(t(n) (1)
where t(n) =t +t . is the total t r the s}ftted signal to travel to pixel

and then travel back to receive & @Of light in free space; t,, is the
nsmitter

propagation time betwee tenna and pixel; and t, is the
propagation time between pixel and th@elver antenna. E(t(n)) is the sum of the

signal amplitudes. O \9
m@nc wave 5\9 unters a wall, the path of the wave changes.
t

When an electr
an be rately determined, then the transmission path and

If the refraction po
the reflectlo icient e etermlned The precise refraction point can be

found using dratic equations. When the wall consists of two or more layers, an
analytical solu |on3ﬁbut the equations are exceedingly complicated, thus

making calculation ctical. According to Fermat’s principle, the propagation
time is shortest electromagnetic waves travel along the actual path. In this
study, a searc od that finds the shortest time is used to find the refraction
points at t%rn us interfaces. Then, t , is calculated accurately.
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Figure 2. Geometry Depicting the Effect of Refraction on Propagation
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Figure 2 shows the geometry of the electromagnetic propagation through a two-
layer wall. We assume that the transmitter antenna with coordinate (x,y,)is located

in air before the wall and that a point target with coordinate (x,y) is located in air

behind the wall. When the electromagnetic wave transmits through the wall,
refraction will happen at the interface between the wall and the air. the refraction
point is (x,—(d,+d,)), which is at the interface between air and the lower wall,

(%,,—d,), which is at the interface between the lower wall and the upper wall, and
(%,,0), which is at the interface between the upper wall and the air.

The transmission time of electromagnetic waves from the transmitter antenna to
the pixel is calculated as follows:

Propagation distance of the signal inside the lower wall: 1, = \/(x, —x,)* +d, ¢

Propagation distance of the signal inside the upper wall: I, =

Propagation distance of the signal inside the free 3pa,ce I
=y =%)? + (¥, +d, +d,) . @
The total time for the signal to travel from t@ mltte\}y?a to the pixel is:

gl +4e, 1, +1
Using the same method, t, is also q@ed \C‘)

So the imaging functlon is:

3 +t \ (3)
Thus, the time delay is we mpen.sa%

2.3. PSM Algorithm Q
The PSM algori \s frequ y-wavenumber algorithm. The basic principle is that

the received sig verse olated in the frequency domain and the wave field at
every depth is recon cted using the inverse FFT(IFFT). The wave field can
then be comp d to anﬁ)ry depth.
We assume the a of the receiver antenna is x, the ordinate is y,, and the
scatter signal is e , the procedure of 2D PSM algorithm is as following.
Step 1. Fouri nsform the data over x and t.
LEK, y, 0)= [ [e(x, o, t) exp(— jk,X) exp(~ jeot)dxdt (4)

Step he wave field is recursively extrapolated in frequency-wavenumber
d i d the continuation step size is Ay. If Ay is smaller than the thickness of

ev ayer medium, longitudinal velocity v is unchanged inside each Ay interval.

For transmit antennas works as receive antenna at the same time, a constant offset
during data acquisition is considered, and the wave field at a new depth y, =y, +Ay

is computed as follows:
E(ke, 1, @) = E(K,, Yo, @) exp( ,/ <AY) (5)

Step 3. Inverse Fourier transform the wavenumber data over k,_and o, and set
t=0,

1 .
e Yu,t = 0) = [E(k,, v, @) exp(Jk, ak, do (6)

Where e(x,y,,t =0) is the result of phase-shift opration at the depth y=y,.
Step 4. Repeat steps 2 and 3 for every depth y_., =y, +Ay, where m=0,1---,M —1.
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2.4. Entropy Criterion

The imaging quality is determined by the minimum entropy criterion. To compare
the BP algorithm and the PSM algorithm, the entropy of the image is defined as in

(7):
2\?2 4
(=3[} /E3 ) ™
where |x;| denotes the field amplitude of the (i, j)" FDTD cell. The smaller the
value of the entropy criterion is, the better the quality.

3. Experimental Results

In this section, the BP and PSM algorithms are used to obtain image owets
i t

and the results are compared.
The BP and PSM imaging results are given in Figures. 3 and er ctively,

where subfigures (a), (b), and (c) show the 2D imade, sthe ormalized
amplitude distribution map, and the range-normali 5& plitude“distribution map,

respectively.
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Figure 4. PSM Imaging Results

From Figures. 3 and 4, we observe that both algorithms are suitable for Ultra
Wideband (UWB) radar imaging of multiple targets through multi-layer walls and
can locate the targets precisely. The azimuthal resolution of the BP algorithm is
higher than that of the PSM algorithm, whereas the range resolution of the two
algorithms is nearly equal.

Figure 5 shows the dependence of the processing time on the sampling interval
size, where 5(a) is for the BP algorithm and 5(b) is for the PSM algorithm. The
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processing time decreases as the sampling interval increases for both algorithms.
For both algorithms, the processing time remains on the same order, regardless of
the sampling interval size: for the BP algorithm, the computation time is on the
order of tens of thousands of seconds, and for the PSM algorithm, the computation
time is on the order of tens of seconds. Thus, the PSM algorithm has higher
computational efficiency and is favorable for the real-time imaging.
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P&: 6. Imaging Entropy vs. Sampling Interval

Figure&onstrates the relationship between the entropy of the image and the
pgAterval for the BP and PSM algorithms. The image entropy for both
alg ms increases with the sampling interval. For the same sampling interval, the
of the image produced by the BP algorithm is less than that produced by the
algorithm. So, the BP algorithm produces higher-quality images.

These results were obtained for a noise-free condition. In reality, the image
quality will be affected by noise. Thus, we also simulated a noisy environment.
Specifically, the scattered signal was corrupted with an additive Gaussian noise with
zero mean and a fixed variance based on the desired signal-to-noise ratio (SNR).
The entropy as a function of the SNR is shown in Figure 7. To make the entropy
approximately equal, the sampling interval for the BP algorithm was 0.08 m and the
sampling interval for the PSM algorithm was 0.01 m.
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Figure 7. Entropy vs. SNR @)
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From Figure 7, it can be observed that the PSM a g

SNR Was greater than 20 dB. Thus, the PSM iS md¥e rabust than the BP
algorithm.

4. Conclusion X\)
. Q'Q .

UWB radar imaging of multiple t hroug }m -layer walls was simulated,
and results obtained using the BP PSM algorithm were compared.
For both algorithms, the p tlme% e image entropy depend on the
sampling interval. The simm,% sults sh that the BP algorithm and the PSM
algorithm can locate the targe prems ut the image quality and the azimuthal
resolution of the BP alg ithm w r than those of the PSM algorithm. The
processing time fos algor Is significantly affected by the number of
layers in the wal Se acc te refractlon points must be determined for every
interface. The sing r the PSM algorithm was on the order of tens
seconds an ber of rs in the wall had only a minor effect, so the PSM
algorithm is able @ real-time imaging. In the presence of noise, the PSM
algorithm was robust the performance of the BP algorithm was slightly worse.
The two algorith e their respective advantages, so the choice of one or the
other may be m@ased on practical requirements.
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