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An Improved SVD-based Wall Clutter Mitigation
Method for Through-the-Wall Radar Imaging

Fok Hing Chi Tivive and Abdesselam Bouzerdoum
School of Electrical, Computer and Telecommunications Engineering,
University of Wollongong,

Northfields Avenue, Wollongong NSW 2522, Australia
Email: {tivive, abouzerdoum}@uow.edu.au

Abstract—This paper presents an improved SVD-based
method for wall clutter mitigation in through-the-wall radar
imaging. The dominant wall singular components are identified
from the singular value spectrum. A subspace projection method
is then applied to remove the strong wall clutter, residing in the
dominant singular components, and separate the target signal
from noise. The remaining wall clutter residual, which is mixed
with the target signal, is suppressed by segmenting the range
profile of the signal residing in the subspace orthogonal to the
wall and noise subspaces. A Gaussian mixture is used to model
the range profile, and the optimum segmentation threshold is
found by minimizing the Bayes error. Experiments results are
presented which demonstrate that the proposed method is more
effective at reducing wall clutter and preserving the targets than
some of the existing wall clutter mitigation methods.

Keywords—Wall clutter mitigation, Singular value decompo-
sition, Gaussian mixture model, Stepped-frequency, Through-the-
Wall Radar Imaging

I. INTRODUCTION

Through-the-wall radar imaging (TWRI) has become a
promising technology for sensing through obstacles and
opague materials, such as doors and walls, using wideband
signals. TWRI can be used to detect stationary targets behind
walls, and to determine the layout of the building. Recently,
there has been an increasing interest in TWRI for surveillance
in urban environments and search-and-rescue missions in nat-
ural disasters [1].

One of the main chalenges in TWRI is the imaging of
stationary targets behind the wall, which is usualy a highly
reflective and attenuative medium. Most of the TWRI studies
dealing with stationary targets [2]—{4] assume prior knowledge
of the background or reference scene, which is used in back-
ground subtraction prior to applying delay-and-sum beamform-
ing. However, it is not always practical to obtain measurements
from a reference scene devoid of targets. Severa approaches,
which do not rely on prior knowledge of the scene, have been
proposed for wall clutter mitigation. In [5], multiple antenna
arrays were used to suppress the wall returns in the received
radar signals. Three antenna arrays are placed parallel to the
wall at different heights, where the upper and lower arrays
include receivers and the middle array consists of transmitters.
Performing a simple subtraction of the radar returns from the
lower and upper arrays can lead to wall clutter reduction. In
this scheme, two additional arrays are required and the effect of
the subtraction operation on the target reflections is unknown
and cannot be controlled. In [6], a spatial filtering method was

proposed for wall clutter mitigation. This method relies on
invariance of the wall characteristics. This spatial invariance
can be horizontal, vertical, or along both dimensions in the
wall plane. A notch filter is applied across the array aperture
to remove the zero-frequency or low spatial frequencies, which
capture constant or slowly varying wall returns. Spatial filtering
is effective when the wall is homogeneous and the array
aperture is perfectly parale to the wall surface; however, it
may not work for walls with spatialy varying characteristics
or misaligned antenna arrays. Several SVD-based methods
have been proposed for removing wall clutter from Bscan
images [7]-{9]. Thefirst eigen-image, associated with the most
dominant singular value, was considered as the wall clutter,
the second eigen-image was used for the target image, and the
remaining eigen-components were considered as noise. Riaz
and Ghafoor extended the SVD-based method by assuming
the target returns span multiple eigen-components, while the
wall clutter is represented by the first eigen-component [10].
More recently, we investigated the application of SVD to the
raw radar signals, not the formed image, and showed that the
wall and target subspaces can both be multi-dimensional [11],
[12]. The dimension of the wall subspace depends on, among
other factors, the wall electromagnetic characteristics and the
alignment of the antennaarray with respect to the surface of the
wall. The dimension of the target subspace, on the other hand,
is affected by the target location, the number of targets in the
scene, and the antenna array configuration. The challenge of
subspace methods is then to determine the dominant singular
components that characterize the wall returns. Furthermore,
due to the interactions between the wall and nearby targets, the
remaining singular components, used to form the target image,
may also contain wall clutter residual. In this paper, we propose
a method to identify the dominant wall clutter components and
to remove the wall clutter residual from the target signals. The
proposed method does not rely on the estimation of the wall
parameters nor does it require prior knowledge of the scene.

The remainder of the paper is organized as follows.
The next section describes the geometric model of TWRI
and presents briefly delay-and-sum beamforming. Section 111
describes the improved SVD-based wall clutter mitigation
method. Experimental results are presented in Section V.
Finaly, the conclusion is given in Section V.

Il. THROUGH-THE-WALL SIGNAL MODEL

For high resolution TWRI, an N-element line array of
transceivers is used to interrogate the scene behind the wall.



The line array can be either a physica array or a synthesized
array aperture in which the transceiver is moved at different
scan positions to form the full NV-element array. In either case,
the transceiver transmits a wideband signal with a desired
range resolution. Figure 1 shows the geometric model of
TWRI, where the wall planeis the (z, y) plane and the down-
rangeis aong the positive z axis. The n-th element of the array
is placed at a certain standoff distance z,,, n € [0, N —1].In
this paper, a ground-based stepped-frequency radar is used,
where a wideband signal is synthesized by transmitting a
series of monochromatic signals at M discrete frequencies,
Wm, m € [0, M — 1], see [13] for a more detailed description.

Fig. 1. Through-the-wall radar imaging geometry.

Here, we consider a homogeneous wall as a uniform
dielectric slab. The reflection and transmission behavior of an
electromagnetic plane wave incident on the wall can be found
using Maxwell’s eguations. The reflection coefficient T'(k,,)
of alossless dielectric slab of thickness d is given by [15]

"1 = p2exp(—j2v/eknd)’
where ¢ is the relative permittivity of the wall, k,,, = w,,/cis

the wave number corresponding to the m-th frequency, and p
is the local Fresnel reflection coefficient given by

_1- e
P=1r e

The reflected radar signal at the m-th frequency received by
the n-th antenna can be approximately written as

D

)

G, exp ( —j2 kmzn )
8 Zn

sw(m,n) = F(km)v )
where \,,, isthe wavelength of the m-th transmitted monochro-
matic signal, G is the antenna gain and ¢ is the speed of light
in free space [16].

Suppose there are P targets in the scene. The transceiver
transmits a perpendicularly polarized wave that is propagated
at an oblique angle through the wall. The target signal of the

m-th frequency received at the n-th antenna, due to the P
targets, can be written as [14]:

P
G>\m Z Cn,iai exp(_jmen,i)v (4)

™
i=1

sg(m,n) = ¢

where ¢ is the relative permittivity of the wall, o; is the
complex reflectivity of the i-th target, 7,,; is the two-way
propagation delay of the radar signal from the n-th antenna
location to the i-th target at location (z;, ;). The parameter
Ch,i is given by

(Tn)* cos® (¢n.i)
(dn,airl,i + dn,w,i + dn,airQ,i)Q COSQ(wn,i) ’

where dy, qir1,i, dn,w,i, ad dy 4ir2; denote, respectively, the
distances traveled by the signal from the n-th antenna to the
1 target at location (z;, z;) before, through, and after the wall,
¢n.i and ¢, ; are the incidence and refracted angles from the
n-th antenna to the i-th pixel, respectively, and 7', ; is the
transmission coefficient from the i-th target received at the
n-th antenna:

Cn,i = (5)

T . 2 cos(n,i)
e COS(?/Jn,i) + \/ECOS((j)n’Z-).
By including the wall returns and target returns, the stepped-

frequency signal of the m-th frequency received at the n-th
antenna can be written as

(6)

s(m,n) = sy(m,n) + s¢(m, n). @)

The scene can be represented with a rectangular grid
of pixels. To form the image of the scene, delay-and-sum
beamforming is applied to the radar signals collected across
the array aperture. The complex amplitude of the ¢-th pixel of
the image is computed as

| NoimMa
I(q) = NI Z Z S(m,n) exp(jmen,q)7 ®
n=0 m=0

where 7,, , denotes the focusing delay applied to the n-th
antenna output at the ¢-th pixel; for more details on the
computation of the focussing delay in the presence of a wall,
the reader is referred to [4].

1. IMPROVED SV D-BASED METHOD

In our recent study [11], we have shown that when the
elements of the array are misaligned, the wall reflections
reside in a multidimensional subspace spanned by severa
dominant singular components. The challenge is to determine
the dominant singular components for suppressing the wall
returns and removing the wall clutter residual mixed with
the target signal. The proposed SVD-based method for wall
clutter mitigation consists of two stages. In the first stage,
the strong wall reflections are suppressed through a subspace
projection. . In the second stage, the wall clutter residua is
separated from the target signal using a segmentation method
applied to the range profile. Before the subspace projection, the
radar signal is pre-processed to remove the common signal
across the array aperture. Let S denote the M x N matrix
of frequency-space measurements collected across the array
aperture, S = [s(m,n)],m =0,...M —1,n=0,....N — 1,



where s(m,n) is given by (7). After subtracting the common
mean vector m from each column of S, we have the matrix

S=5—meT, 9

where e = [1,...,1]" is an n-dimensional column vector.
Using SVD, the matrix S can be expressed as

N
g = Z)\iuiviH, (10)
i=1

where H denotes the Hermitian transpose, u; and v; are the
i-th left and right singular vectors, respectively, and \; is
the i-th singular value, arranged in descending order of their
magnitudes.

Since the wall reflections are relatively stronger than the
target reflections, it is assumed that the strong wall reflections
are characterized by the first few dominant singular compo-
nents. To determine the number of dominant singular compo-
nents spanning the wall subspace, we develop a technique to
identify their corresponding singular values from the singular
value spectrum. Suppose the range of singular valuesis [0, A 1],
where \; is the largest singular value. We can use a threshold
~v € [0, A1] that will partition the singular value spectrum into
two classes: C,, = {\; > ~} and C; = {\; < ~}. Here
we employ Otsu’s method [18], which computes the optimum
threshold by maximizing the between-class variance:

ap (k) = (k) me (k) [ (k) — e (k)] (11)

where 7, (k) and ¢ (k) are the class probabilities separated by
a threshold & and u,, and u are the class means. Using the
singular vectors of the wall class, we can form the projection
matrix of the wall subspace as

P, =Y up/, (12)
iew
where W is the set of indices of wall singular values. The
projection matrix onto the subspace orthogonal to the wall
subspace is computed as

P.=1-P,P7 (13)

where I denotes the identity matrix. To suppress the strong
wall reflections, the matrix S' is projected onto the orthogonal
subspace: R B

S=PLS. (14)

The remaining signals in the matrix S comprise the target
signal, noise, and some wall clutter residual. To remove the
noise, the radar signals are further projected onto the subspace
orthogonal to the noise subspace,

B=(1-P,P"B, (15)

where P, = ., u;v/ is the noise subspace and A is the
index set of the noise singular values. To identify the noise
subspace, Akaike Information Criterion (AIC) or Minimum
Description Length (MDL) methods can be used to determine
noise singular values.

After the subspace projection, the radar signals may till
contain wall clutter residual, due to the interactions between
the wall and nearby targets. Here, we propose a segmentation
method to remove the wall clutter residual from the range

profile of the radar signal. Let b, = [bo,...,by—1] denote
the n-th column of B. The range profile of the n-th antenna
can be computed as

M—-1
> by exp(j2mrk/M), (16)
k=0

1
Rn (7") = M
The overall range profile of the radar signals is then expressed
as

A(r) =Y |Ra(r)], (17)

After normalizing A(r), we can model the overall range
profile as a mixture of Gaussian distributions. We use the
Gaussian mixture (GM) to model the overall range profile.
Then, then Gaussian components of the mixture are classified
into wall and target components, and an optimum range is
determined to segregate the target signal and the wall clutter
residual. Using the Expectation Maximization algorithm to
estimate the parameters of the GM, we model the overall range

profile as
K

p(r) =Y wig(r|pk, o}) (18)

k=1

where wy, is the mixture weight, p, is the mean, and a,% is the
variance of the k-th gaussian component, K is the number of
Gaussian components, g(r) is the gaussian component given

by

o) = <=z el -2y (19)

The optimum number of mixture components K is determined
by minimizing the Bayesian information criterion.

In order to segment the wall residual from the target signal,
we first identify the Gaussian components associated with the
wall clutter residual. This can be done by estimating the wall
range from the dominant wall singular components spanning
the wall subspace found in the first stage. Let p; denote
the range associated with the main peak of the range profile
obtained from the i-th dominant singular component. The wall
range can be estimated as

Ty = Erel%((pl) (20

Now, we can classify the Gaussian components into wall
and target classes. The Gaussian components whose mean
vaues are within the wall range, r,,, are labeled as wall
components and their indices are stored in the index set Z,.
The remaining Gaussian components are considered as target
components; their indices are stored in the index set Z;. The
probability density functions of the wall residual and target
can be expressed as

1
pu(r) = =——— D wig(rlp, o}) (21)
Yiez,, Wi Zezz%
and

1 2
- cg(r|us, o2). 22
Pir) = e 3wl o) (22)



The optimum segmentation threshold ) that segregates the wall
residua and the target is computed by minimizing the Bayes
error given by

n o]
Bo) = [ widr+ [ punan @3
e "
By differentiating the objective function given in (23) and set-
ting the derivative to zero, the optimum segmentation threshold
can be obtained. Thus, using the Leibnitz differentiation rule,
we get )
dE(n

= — = 24

QP () — pw(n) =0, (24)

A root-finding agorithm such as Newton-Raphson or Secant
method is then used to find the optimum threshold 7. Using the
optimum threshold 7, we segment the range profile associated
with the radar signal received at the n-th antenna as

5 [ Ruy(r) ifr >
Ru(r) = { 0 otherwise ’

n e [0,N—1. (25

Discrete Fourier transform is then used to convert the range
profiles into the frequency-space measurements before apply-
ing DS beamforming. In the next section, the proposed SVD-
based method is tested on simulated data and compared with
other wall clutter mitigation methods.

IV. EXPERIMENTAL RESULTS

To evauate the proposed SVD-based method for wall
clutter mitigation, we simulate a TWRI scene with two targets
behind a lossless homogeneous wall. The homogeneous wall
has a thickness of 0.2 m and a dielectric constant of 6.5.
Two targets are placed behind the wall at the coordinates
(-1, 0.8) mand (1, 2) m. A 71-element array is placed
at a standoff distance of 1 m from the wall and is tilted
at an angle of 0.3 degree with respect to the front surface
of the wall. The transmitted stepped-frequency signal has a
bandwidth of 2 GHz centered at 2 GHz with a step size
of 5 MHz. Several wall clutter mitigation methods, namely
background subtraction, time-gating, spatial filtering, and the
wall clutter mitigation methods described in [9], [10], are
implemented, and their performance are compared with that
of the proposed method. The wall clutter mitigation method is
assessed in terms of the improvement factor (IF) of the target-
to-clutter ratio (TCR). The IF of a formed image is computed

TCR
_ 1
IF=10log <TCRO) ,

where TCRy and TCR; are, respectively, the target-to-clutter
ratios of the formed image before and after wall clutter
mitigation. The TCR of a formed image is computed as

NLt quAt |IV(Q)|
N 2gea. (@

where A is the target region, N; is the number of pixelsin
the target region, A. isthe clutter region, N. is the number of
clutter pixels, and Iy(q) and I;(q) are formed images before
and after wall clutter mitigation, respectively.

(26)

TCR, =

vr=0,1 (27)

Figure 2(a) shows a cluttered image when applying DS
beamforming directly to the frequency-space measurements
without wall clutter mitigation. After the subspace projectionin

thefirst stage, the proposed method significantly suppresses the
wall clutter, as shown in Fig. 2(b), but the image still has some
wall clutter residual. Figure 3 shows the beamformed images
produced by the different wall clutter mitigation methods.
Figure 3(a) shows removing the first three dominant singular
components suppresses the wall clutter as well as distorts
the target near the wall. Figures 3(b)—(d) illustrate the output
images after time gating, spatial filtering, and the image-based
SVD method with AIC, respectively. In these images, the wall
clutter is still too strong for the targets to be visible. One
possible reason why time gating can not remove the wall
returns is that the wall reverberations and the target reflections
overlap in the time domain. For spatial filtering, it can mitigate
the wall returns when the array aperture is parallel to the wall.
However, in our simulation, there is a misalignment of the line
array with respect to the surface of the wall. The Bscan-based
and image-based SVD methods [9], [10] cannot suppress the
wall clutter as they assume that the wall clutter spans only the
first eigen-image. On the other hand, the proposed SV D-based
method produces an image, depicted in Fig. 3(€), which is as
clear as that of background subtraction, cf. Fig. 3(f).

0

-5

Downrange (m)
Downrange (m)

-1 1

Crossrange (m)

Crossrange (m)

@ (b)

Fig. 2. Formed image before and after using the proposed method: (a) no
wall clutter mitigation and (b) after the first stage of the proposed method.
The formed images are displayed in log scale in dB.

Table | lists the performances of the wall clutter mitigation
methods in terms of IF and TCR. In the table, we aso present
the IF and TCR of the image after manually removing the first
few dominant singular components. By discarding the most
dominant singular component, we obtain an image with IF =
2.36 dB and TCR = 4.31 dB. Removing the first two dominant
singular components gives an IF of 12.01 dB and TCR
of 13.91 dB. Discarding other leading singular components
deterioratesthe IF and TCR of the formed image. For example,
removing the first three leading singular components decreases
the IF to 10.96 dB and the TCR to 10.93 dB. The proposed
method gives the best IF and TCR, except for background
subtraction.

TABLE I. TARGET-TO-CLUTTERRATIO AND IMPROVEMENT FACTOR
OF THE WALL CLUTTER MITIGATION METHODS.
Approach TCR; (dB) IF (dB)
Background subtraction 15.84 12.58
Proposed wall mitigation method 15.82 12.57
Removing first dominant singular component 2.36 431
Removing first two dominant singular components 1391 12.01
Removing first three dominant singular components 10.93 10.96
Removing first four dominant singular components 10.21 10.67
Bscan-based SVD method described in [9] 1.29 1.18
Image-based SVD method described in [10] 1.30 1.70
Spatial filtering 2.23 4.05
Time gating 1.59 2.60




V. CONCLUSION

In this paper, an improved SVD-based method was pro-

posed for wall clutter mitigation in TWRI. The proposed
wall clutter mitigation method firstly determines the dominant
singular components that lie in the wall subspace. Then, it
projects the radar signal onto the subspace orthogonal to the
wall subspace to remove the strong wall returns. A subspace
projection is also applied to separate the target signal from
noise. Finally, a segmentation techniqueis applied to the range
profile to remove the residual wall clutter interacting with the
target signal. Experiments results showed that the proposed
method achieves better results than other existing wall clutter
mitigation methods.
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(a) after removing of the first three singular components, (b) time gating,
(c) spatia filtering, (d) image-based SVD method with AIC, (e) proposed

SVD-based method, and (f) background subtraction. The formed images are

displayed in log scale in dB.
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