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Abstract—This paper presents a radar imaging technique for
breast cancer detection using an ultra-wideband radar. The
proposed technique employed modified Kirchhoff migration to
achieve high-resolution imaging. In addition, a singular value
decomposition was used for noise suppression to obtain a clear
image. The proposed technique was applied to experimental data
measured using an ultra-wideband array radar system and breast
cancer phantom.

Index Terms—ultra-wideband radar, imaging, breast cancer,
Kirchhoff migration

1. INTRODUCTION

Breast cancer imaging using a radar system is a promising
modality for detecting and monitoring cancer tumors because
of its simplicity and low cost compared with other systems
such as X-ray mammography and magnetic resonance imaging
[1]-[4]. Unlike X-ray mammography systems, ultra-wideband
radar imaging can produce three-dimensional tomographic
images, and does not cause discomfort or pain due to breast
compression [5]. In addition, radar systems do not use ion-
izing radiation [6]. Recently, a high-resolution radar imag-
ing technique using modified Kirchhoff migration has been
proposed and its high-resolution imaging capability has been
demonstrated in the field of airport body scanner systems
[7], [8]. In the present paper, we applied modified Kirchhoff
migration and a noise suppression technique using a singular
value decomposition (SVD) with experimental data measured
using an ultra-wideband radar system consisting of integrated
circuits developed by Hiroshima University [9]-[13].

II. SYSTEM MODEL

We use an ultra-wideband radar with center frequency of
3.3 GHz and —10-dB bandwidth of 2.9 GHz. The system has
eight transmitting and eight receiving antennas, forming an
4 x 4 multiple-input multiple-output (MIMO) antenna array
(see Fig. 1). The entire array is mechanically rotated from 0
to 360 deg with intervals of 3 deg, and effectively functions
as a virtual large-scale antenna array. Figure 2 shows a mea-
surement setup with two cancer tumor phantoms embedded in
a breast phantom, whose permittivity is ¢, = 6. The cancer
tumor targets have a cubic shape with size 10 x 10 x 10 mm?.
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Fig. 1. Array antenna configuration.

Fig. 2. Breast and cancer tissue phantom used for measurement.

The targets are located at (60 mm, 70 mm, 30 mm) and (90
mm, 75 mm, 20 mm), respectively.

III. PROPOSED IMAGING ALGORITHM

A. Modified Kirchhoff Migration

The general Kirchhoff integral is derived from Green the-
orem for scalar fields f(r) and g(r) defined in a three-
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dimensional position
jiv{fvg —gVf}-dn= /V{fV2g —gV3fHdv. (1)

If g is a Green function of Poisson’s equation V2 f(r) = u(r)
as V2g = 6(x), Eq. (1) is rewritten as

f(@) = 7{3 Vg =gV} dn /V (V2 1AV, @)

The modified Kirchhoff migration is derived from this
expression and the reciprocity theorem, and the image I(r)

is calculated as
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where S and Sy are the transmitting and receiving scan sur-
faces, respectively, 1 and 75 are the positions of transmitting
and receiving elements, R; = |r1 — r| and Ry = |ry — 7|
are propagation path length, n; and no are parameters along
the normal vectors of S; and S5, c is the speed of the
radio wave in the medium, so(7r1,72,t) is the signal for the
transmitting element at r; and receiving element at 71, and
7 = (R1 + Rg)/c is a delay time [7], [8].

I(r) =

+
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B. Noise Suppression Using SVD

Modified Kirchhoff migration is known to emphasize high
frequency components to achieve better spatial resolution.
This process is effective when the signal-to-noise ratio (S/N)
is sufficiently high. In contrast, for signals with low S/N,
the technique emphasizes noise, compromising image quality.
To resolve this issue of modified Kirchhoff migration, we
employed a SVD-based noise suppression technique.

We applied the SVD to radar data for each antenna pair
to suppress noise and obtain clearer images. The antenna
array was rotated every three degrees during the measurement,
generating signals s; ;(¢,6) in the time domain for the rotation
angle 6 and the i-th and j-th antennas. The frequency-domain
representation is obtained as

Sij(w, ) = / / sij(t,0)e I*te I qtdg. 4)

The signal in the frequency domain S; ;(w, (2) is expressed as
a m X n matrix S with its rows and columns corresponding to
Q and w. We assume m > n. In this study, m = 1024 and n =
120, specifically. We apply the SVD to .S, where subscripts
1,7 are omitted for simplicity, and obtain a factorization form
S = ULVH,

= 22;1 O'iuiv? )
where U is an m X m complex unitary matrix, X is an m X
n non-negative real-valued diagonal matrix called a singular
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value matrix, and V' is an n X n complex unitary matrix. The
singular value matrix ¥ has entries of real-valued singular
values 01,09, --,0,, and u; and v; are the i-th left- and
right-singular vectors.
We suppress noise contained in S and obtain S for a
constant k£ > 1 as
S =Uxky, (6)

which corresponds to a process for emphasizing large singular
values, while suppressing small singular values. Specifically
k = 2 was selected in this study, but it will be important
for future studies to investigate optimization of the k value
depending on the S/N. Because small singular values corre-
spond to noise components, this process can suppress noise
contained in the received signal. This SVD-based approach
does not affect the spatial resolution of images because this
method does not involve a smoothing process unlike many
conventional techniques. Finally, inverse Fourier transform is
applied to the signal S as

§i7j<t,9) = //gi7j<w,Q)Gth€jQdedQ, @)

and the noise-suppressed §; ;(t,6) is used for modified Kirch-
hoff migration instead of s; ;(t,0).

IV. PERFORMANCE EVALUATION OF THE PROPOSED
IMAGING TECHNIQUE

First, we applied conventional delay-and-sum (DAS) mi-
gration and modified Kirchhoff migration to the measured
data without SVD-based noise suppression, and evaluated the
imaging capability of each method. Figures 3 and 4 show the
images generated using DAS and modified Kirchhoff migra-
tion, respectively. These images were formed by rendering the
—3-dB contour surface of the 3-dimensional image normalized
to the maximum value. The results revealed that modified
Kirchhoff migration achieved higher resolution, making the
target image size smaller. However, modified Kirchhoff mi-
gration uses the first and second derivatives of the received
signals, which emphasizes high-frequency components includ-
ing noise, resulting in the noisy target image shown in Fig. 4.

Figure 5, 6 and 7 show the power spectrum density functions
of the raw signal s(t,0), the first derivative 0/0ts(t,6) and
the second derivative 92 /9t2s(t, 6), where all power spectrum
density functions of antenna pairs and rotation angles are
averaged. These figures confirmed that the first and second
derivatives emphasize higher frequency components, while the
frequency bandwidths are smaller than the raw signal. This
means that the range resolution is sacrificed to enhance the
cross-range resolution. This presents a trade-off between the
range and cross-range resolutions, for which an appropriate
balance is made by modified Kirchhoff migration. Nonethe-
less, the formula underlying modified Kirchhoff migration
does not consider the effect of noise in imaging.

Next, we applied modified Kirchhoff migration with an
SVD-based noise suppression technique. Figure 8 shows an
image generated using the proposed technique. The contours
of the targets were both smooth, while the size of the target
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Fig. 3. Image generated using DAS migration.
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Fig. 4. Image generated using modified Kirchhoff migration.

images was not sacrificed because the proposed technique does
not use smoothing to suppress noise. The results revealed that
the image size of the tagets in the z-direction was improved by
19% on average using modified Kirchhoff migration compared
with conventional DAS migration. This suggests the effective-
ness of the proposed technique in realizing high-resolution
imaging, even from noisy data.

V. CONCLUSION

The current paper presented a breast cancer imaging tech-
nique using modified Kirchhoff migration and an SVD-based
noise suppression technique. We measured two cancer tumor
phantoms in a breast phantom using an ultra-wideband radar
system with an 4 x 4 MIMO antenna array. The entire
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Fig. 5. Averaged power spectrum density function of the received signals.
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Fig. 6. Averaged power spectrum density function of the first derivative of
the received signals.

array was rotated 360 degrees with intervals of 3 degrees.
The frequency-domain signals were decomposed to obtain
singular values, and small singular values corresponding to
noise were suppressed. The de-noised data were used for the
modified Kirchhoff migration, to calculate a three-dimensional
tomographic image. The results indicated that the target image
was better-focused in the cross-range direction (z-axis) using
the proposed technique, because higher-frequency components
are emphasized by modified Kirchhoff migration. In addition,
the SVD-based noise suppression was demonstrated to be ef-
fective in generating clearer images while the image resolution
remained unchanged.
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Image generated using modified Kirchhoff migration and noise

suppression with singular value decomposition.
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