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A double constrained robust capon beamforming based imaging
method for early breast cancer detection®
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Ultra-wideband (UWB) microwave images are proposed for detecting small malignant breast tumors based on the
large contrast of electric parameters between a malignant tumor and normal breast tissue. In this study, an antenna array
composed of 9 antennas is applied to the detection. The double constrained robust capon beamforming (DCRCB) algorithm
is used for reconstructing the breast image due to its better stability and high signal-to-interference-plus-noise ratio (SINR).
The successful detection of a tumor of 2 mm in diameter shown in the reconstruction demonstrates the robustness of the
DCRCB beamforming algorithm. This study verifies the feasibility of detecting small breast tumors by using the DCRCB

imaging algorithm.
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1. Introduction

Breast cancer is becoming one of the primary cancers
which are harmful to womens’ health. Early detection and
timely medical intervention are key factors for long-term sur-
vival and increased quality of life of breast cancer patients.
X-ray mammography is currently regarded as the most com-
mon detection method for early breast tumors.[!'=3! Although it
provides high-quality images at a relatively low radiation dose
for the majority of patients, its inherent weaknesses, such as
high false detection rate and impossibility of being a routine
detection method, are well recognized. The disadvantages ex-
isting in methods such as magnetic resonance imaging (MRI)
and computed tomography (CT) restrict them from being ef-
fective approaches to early-stage tumor detection. [+~

Both tomography and subsurface ultra-wideband (UWB)
radar techniques have been proposed for exploiting the
dielectric-property contrast between malignant and normal
breast tissue. The goal of microwave tomography is to re-
cover the dielectric-property profiles of the breast from the
measurements of narrowband microwave signals transmitted
through the breast. While promising preliminary clinical re-
sults have been reported in Ref. [7], the solution of this non-
linear inverse-scattering problem is challenging and requires
an intensive reconstruction algorithm. UWB microwave imag-
ing technology is very attractive for early breast cancer detec-
tion since it can provide both the necessary imaging resolution
and an adequate penetration depth in the breast. In this tech-
nique, a low-power UWB microwave pulse is radiated by an
antenna into the breast and penetrates through the skin and
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travels through the breast to interact with the malignant and
other breast tissue. The UWB techniques do not attempt to re-
construct the profile of the breast, but instead seek to identify
the presence and location of a tumor.®-!% The backscattered
waveforms which contain the inside information of the breast
are captured by the receiving antennas for further image re-
construction of the breast.

In this paper, a three-dimensional (3D) planar breast
model for obtaining the data is demonstrated. The microwave
propagation in the breast is described by the finite-difference
time-domain (FDTD) method.!'=13] The dispersive properties
of the normal fatty layer, the skin, the gland, the tumor, and the
chest wall are taken into consideration by using the single-pole
Debye model to approach the real electrical properties of the
breast. In this method, a tumor with a size of 2 mm in di-
ameter is assumed to be embedded in the breast model. The
double constrained capon beamforming algorithm (DCRCB)
with high robustness is applied to the image reconstruction.

The remainder of this paper is organized as follows. In
Section 2, the 3D breast model is presented. In Section 3, the
detail of the beamforming algorithm for image reconstruction
is described. In Section 4, the simulation results to confirm
the correctness of the algorithm are presented. Finally, con-
clusions are drawn from the present study.

2. System configuration and modeling

Figure 1 shows a 3D geometric configuration of the planar
breast structure used in this study. Such a planar breast model
is a typical model used in the relevant investigations, which is
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assumed to approach the naturally flattened breast of a patient
lying in a supine position. The size of the portion of the breast
tissue is identified in the model. A tumor with a size of 2 mm
in diameter is assumed to be embedded deeply in the breast.
And 30 spheres and ellipsoids assumed as glands with differ-
ent sizes and shapes are randomly added in the model to create
a realistic breast and work as noise to verify the robustness of
the imaging algorithm. An antenna array composed of 9 anten-
nas is arranged on the surface of the skin, as shown in Fig. 2.
During the detection, a Gaussian monocycle pulse (GMP) is
alternatively emitted from one antenna and the backscattered
waveforms are collected by the other 8 antennas. By repeating
this step, 72 group signals are collected and used in the sub-
sequent image reconstruction. The backscattered signals are
computed by using the finite-difference time-domain method.
Both the dispersive properties and the spatial heterogeneity of
normal breast tissue are considered in the FDTD model. The
frequency dependences of dielectric constant and conductivity
over the band of interest can be accurately modeled by using

the following single-pole Debye dispersion equation: 14!
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where & is the static dielectric constant, €. is the dielectric
constant at infinite, and oy is the static conductivity.

Fig. 1. The 3D breast geometric configuration.

skin surface
° Y 40 80

antenna

y/mm

Fig. 2. Layout of the antenna array arranged on the skin surface.

3. Beamforming algorithm for imaging

The reconstructed image is obtained by scanning the
whole region of the breast and using a beamformer designed
for each scanned location to make the backscattered signals
detected at each antenna. In order to present the imaging al-
gorithm, the scan point r is assumed. The beamformer is de-
signed to ensure that the backscattered signals from r have the
maximum gain while attenuating signals from other locations.

The GMP signal employed in the breast cancer detection
is given by

o) =—ve (%) - Tewp (- (znt‘f)z), @

where T; is the time shift factor, and 7 is the impulse width.

The impulse has a central frequency of 5 GHz and a band
width of around 9 GHz to ensure the imaging resolution and
the adequate penetration depth in the breast.

Figure 3 shows the as-detected signals for which the im-
pulse is emitted from A and the backscattered signals are col-
lected at A4, A7, Ag, and Ag, respectively. The tumor with a
size of 2 mm in diameter is assumed to be located at (35, 40,
40).
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Fig. 3. (color online) As-detected signals, the impulse is emitted from
A1, the signals are detected at (a) A4, (b) A7, (c) Ag, and (d) Ao, respec-
tively.

It is obvious that the detected signals contain direct
waves, the reflection from the skin, and other scatterings.
However, the responses from the gland, the tumor, and the
chest wall cannot be observed clearly in this stage due to the
abrupt attenuation of signal during propagation. The marked
regions in the figure represent the assumed tumor response.
The tumor information can be obtained by subtracting the ref-
erence signals for the tumor-free cases from the detected sig-
nals. Actually, it is a crucial problem to correctly extract the
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reference signal of the tumor-free case from the detected sig-
nals in a real case. This is very significant in clinical appli-
cations. In Ref. [15], a method of extracting the reference
signals by using an average algorithm based on the multiple
corresponding detections was reported. The extracted signals
are qualified to be used as the reference signals of the tumor-
free case. The signals after the subtraction process shown in
Fig. 4 are employed to create the reconstructed breast image.
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Fig. 4. (color online) Subtracted signals, showing the tumor response,
with the impulse emitted from Aj, detected by (a) A4, (b) A7, (c) Ag,
and (d) Ao, respectively.

For the purpose of designing the beamformer, the de-
tected signals are assumed to contain only the backscattering
information from tumor point . The time for a microwave to
propagate through breast tissues from antenna A; to point » and
back to antenna A; is given by

) = =LV = V),
{i,jc(1,9); i#j}, 3)

where At is the sampling interval, which is assumed to be suf-
ficiently small, V is the velocity of the microwave propagating
in the breast tissues, 7 and j are the serial numbers of the an-
tennas, r; — r is the distance between A; and the point to be
focused at, and r; — r is the distance between A ; and the point
to be focused at. The signals in each channel are delayed by
an integer number of n; ;(r) for the purpose of aligning the

response from r in time
niJ(r) = Nmax — TiA,j(V), 4)

where npax is the maximum propagation delay over all chan-

nels and locations.

In order to maximize the tumor response and minimize
the noise, appropriate weighting coefficients should be se-
lected for the superposition of aligned signals. The double
constrained robust capon beamforming (DCRCB) algorithm

is used in this paper. The cost function of DCRCB is!!'%!7]

mina' R~ assubjectto ||as —a|® < &, |as||> =M, (5)

as

where R is the covariance matrix of the aligned signals, as
is the real direction of the beamformer, a is the expected di-
rection, and &g is the error of the directions. The principle
of DCRCB is to search for the best weighting vector to min-
imize the power of the expected noise. The direction vector
is covered by an ellipsoid to improve the stability of the algo-
rithm. A constant norm constrain is also enforced on the di-
rection vector to improve the signal-to-interference-plus-noise
ratio (SINR) during application. As a result of ||as||> = M,

Eq. (5) can be expressed as
Has—aH2§80(:)Re(aHas) >M—g)/2. 6)

The constrained function can easily turn into an uncon-

strained optimization problem

F(as,Apu) = a'Rag+p (2M — & —a"a;— al’a)
4 sl ). ™)

The solution procedure of ag can be found in Ref. [18], and

the weighting vector can be obtained as follows:
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The weighted signal, with the impulse emitted from A,
detected by other antennas shown in Fig. 5, indicates that the

tumor response is maximized and the noise is weakened si-

multaneously.
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Fig. 5. (color online) Weighted signal, with the impulse emitted from
A1, detected by the other antennas.

The weighted signal x;(r) is windowed with A[n] to elim-

inate the effect of clutter. The choice for the window is

h[n]:{(l):

Nmax <1< Amax + 1,
otherwise.
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A tumor with a size of less than 10 mm in diameter is
currently defined as an early breast cancer. Therefore, [ is as-
sumed to be the sample time with which the microwave pen-
etrates through a tumor of 10 mm in diameter. The energy of
point r can be obtained by taking the sum of the squares of the
windowed signals as follows:

Nmax+!

pi(r) = x; (r) h[n]]*. (10)

Nmax
The energy vector of point » for 9 emitter antennas can be ob-
tained as

p(r) =pi(r), p2(r), ..., po(r)]. (11)

The spatial smoothing method is employed for the energy vec-
tor p(r), and the transformed matrix is
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The DCRCB algorithm is applied again to the trans-
formed matrix, and the final energy of point r, p(r), can be
treated as pixels for image reconstruction.

The reconstructed image of the breast is obtained by scat-
tering the point throughout the whole region and employing

the beamformer output energy as the pixel of locations.

4. Results

In this section, the effectiveness of the DCRCB algo-
rithm is demonstrated by applying it to the simulated backscat-
tered signals. In the numerical study, the Debye parameters in
Eq. (1) are for the normal breast tissue, for the chest wall, for
the skin, and for the tumor.!'”! Figures 6 and 7 show the recon-
structed images created by the DCRCB algorithm, in which
the impulse is emitted from 9 antennas in turn and the reflected
waveforms are detected by the other 8 antennas. A tumor with
a size of 2 mm in diameter is assumed to be located at (35, 40,
40) or (30, 60, 30).
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Fig. 6. (color online) The 3D reconstructed images of the breast in the case of a tumor with a size of 2 mm in diameter at the location
of (35, 40, 40): (a) slices of x at 35 mm and z at 40 mm; (b) slices of x at 35 mm and y at 40 mm.
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Fig. 7. (color online) The 3D reconstructed breast images in the case of a tumor with a size of 2 mm in diameter at the location of (30,
60, 30): (a) slices of x at 30 mm and z at 30 mm; (b) slices of x at 30 mm and y at 60 mm.
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The highlight in the reconstructed image presents the cor-
rect information about the tumor embedded in the breast, and
almost no noise influences the imaging results. The results
also verify the robustness of the DCRCB algorithm when ap-
plied to breast image reconstruction.

5. Conclusion

The basic 3D planar structure of the breast configuration
is applied to breast cancer detection with considerations of
the skin, fat, tumor, glands, and the chest wall. The details
of the DCRCB algorithm employed for the detection are pre-
sented. An assumed tumor with a size of 2 mm in diameter
can be detected with the dispersive model and the influence of
glands can be reduced by the DCRCB algorithm. The study
demonstrates the good stability of the DCRCB algorithm and
testifies the feasibility of UWB microwave imaging for early
breast cancer detection. In our subsequent studies, more re-
alistic breast models, such as the MRI-derived FDTD model,
will be employed to verify the reliability of the image algo-
rithm; and some essential experiments will be carried out to
check the feasibility of this UWB image technology.
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