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Abstract — We investigate the experimental feasibility of
detecting small malignant breast tumors using a recently
proposed method of microwave imaging via space-time
beamforming, A microwave sensor comprised of a planar
synthetic array of compact ulirawideband (1-11 GHz)
antennas is placed above a breast tissue phantom — a tank of
homogeneous normal breast tissue simuolant covered by a
thin layer of skin simulant. A small (< 0.5 cm) synthetic
tumor is emhbedded in the breast phantom. At each position
in the array, the. antenna transmits a synthetically
generated ultra-short pulse into the breast phantom. A
robust data-adaptive algorithm removes the artifact caused
by the dominant backscatter from the skin-breast interface.
The signals are passed through a 3-D space-time
beamformer designed to image backscattered energy as a
function of location. Even millimeter-sized malignant
tumors have relatively large microwave scattering cross-
sections dve to their significant dielectric-properties
contrast with normal breast tissue. Therefore they produce
localized regions of large backscatter energy levels in the
beamformer image. The successful detection and
localization of very small synthetic tumors embedded in the
skin-breast tissue phantom is demonstrated,

L INTRODUCTION

X-ray mammography is the primary method used in
breast cancer screening. Although it provides high-
resclution images at low radiation doses, its limitations are
well recogniged [1]. Approximately 15% of all breast
cancers are missed by conventional mammography while
75% of identified breast lesions turn out to be benign, The
need for improved sensitivity and specificity, particularly
in the case of radiographically dense breast tissue,
motivates the search for new technologies.

Several active microwave imaging techniques have been
proposed as complementary modalities to X-ray
mammography. The underlying principle of microwave
imaging is the significant dielectric-properties contrast
between malignant tumors and normal breast tissue at
microwave frequencies [2]-[4]. This contrast, which is
estimated to be greater than 2:1, is significantly higher than
the few-percent contrast in radiographic density exploited
by X-rays and thus provides a compelling rationale for the
development’ of microwave breast cancer detection
technology.
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We have recently proposed a method of microwave
imaging via space-time (MIST) beamforming for breast
cancer detection [5]. The space-time beamformer assumes
that each antenna in an array sequentially transmits a low-
power uitrawideband (UWB) signal into the breast and
records the backscatter. The beamformer spatially focuses
the backscatter signals to discriminate against clutter
generated by the heterogeneity of normal breast tissue. In
contrast to narrowband tomography [6]-[8], the MIST
beamforming approach identifies the presence and location
of malignant breast tumors by imaging backscatter signal
energy as a function of location, rather than reconstructing
the dielectric-properties profile of the breast. Thus,
through the use of robust signal processing techniques,
our approach avoids the computational challenges
associated with solving the nonlinear inverse scattering
problem,

We previously demonstrated the theoretical feasibility
of MIST beamforming by applying 2-D space-time
beamformers to simulated backscatter data obtained from a
variety of anatomically realistic MRI-derived FDTD breast
models [5]. In those studies, the MIST approach was
shown to be exceptionally robust with respect to a number
of potential challenges associated with imaging the
inherently heterogeneous breast. Our recent work [5] has
also shown that MIST beamforming offers significant
improvement in performance over previous UWB radar
techniques based on simpler focusing schemes [9]-[11].

In [12], we presented results from' a firstgeneration
breast phantom consisting of a water-based synthetic
tumor suspended in a homogeneous normal breast tissue
simulant without skin. In this study, we investigate the
experimental feasibility of this method using a class of
second-generation phantoms which feature a thin layer of
skin simulant and normal and malignant tissue simulants
that more closely mimic the dielectric-properties contrast
observed in actual breast tissue at microwave frequencies.

II. EXPERIMENTAL DESIGN AND METHODS

The experimental setup is designed to emulate the
clinical configuration where a 2-D antenna array is placed
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near the surface of the naturally flattened breast of a
patient lying in a supine position. As shown in Fig. 1, our
simple breast phantom consists of a container filled with a
normal breast tissue simulant. In the present experiments,
the breast-mimicking medium is homogencous, thereby
representing a volume average of the fat and glandular
parenchyma. A thin layer of material representing skin is
placed on top of the breast-mimicking material A small
synthetic tumor is suspended in the breast phantom.

to scanner control

2-D antenna array

Fig. 1, Schematic showing a side view of the experimental setup.

Soybean oil is an inexpensive, non-toxic liquid with
dielectric properties similar to very low-water-content fatty
tissue. For this reason, it is used as the normal breast
tissue simulant in our preliminary second-generation
phantom. The solid-line curves in Fig. 2 show the
measured dielectric constant and conductivity in the
frequency range of 1 GHz to 11 GHz using an open-ended
coaxial probe technique [13]). We note that the dielectric
properties of the oil (¢ =2.6, ¢ =0.05 S/m at 6 GHz) fall
slightly below the expected range of the dielectric constant
for fatty breast tissue. Therefore, we have chosen
materials for the skin and tumor simulants that similarly
underestimate the actual dielectric properties of those
tissue types, so that the dielectric-properties contrasts in
the breast phantom are more representative of those for
actual tissue.

The synthetic tumor is made from a diacetin solution
(Sr = 87, ¢ =1.9 S8/m at 6 GHz). This yields a contrast in
dielectric constant between the malignant and normal
tissue simulants of 3.3:1 at 6 GHz. The diacetin solution is
poured into a 4mm-diameter cylindrical container that has
a height of 4 mm. The dielectric properties of the
cylindrical container are similar to those of the soybean oil.
The synthetic tumor is suspended in the oil with 0.1-mm-
diameter nylon thread.

A 1.5-mm-thick unclad FR4 glass epoxy PC board is used
to represent the layer of skin. According to the
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manufacturer, the diefectric properties of FR4 at 1 GHz are
g, =434 and tan & =0.016. Thus the dielectric constant
of the skin simuiant falls in between that of the normal and
malignant tissue simulants, as desired.
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Fig.2. Measured dielectric properties of the normal and

malignant tissue simulants,

To ensure ease of movement in scanning the antenna,
the microwave antenna-array sensor is placed 1 cm above
the skin. To reduce reflections from the skin and thereby
more efficiently couple energy into the breast, the antenna
array is immersed in a matching medium. Here, for
simplicity, we use the same soybean oil used as the normal
breast tissue simulant. A single UWB antenna is
sequentially repositioned using a computercontrolled
mechanical x-y scanner to synthesize a 49-clement (7 7)
antenna array. The synthetic array has a span of 6 cm in
both the x and y directions. The antenna is connected to
an Agilent E8364A (10 MHz — 50 GHz) performance
network analyzer (PNA) to transmit and receive microwave
signals at each antenna location.

The UWB antenna is adapted from a design proposed in
[14]. As shown in Fig. 3{a), the brass antenna has a
pyramidal-horn-shaped ground plane connected to the
outer conductor of the coaxial feed via an SMA connector.
The height of the pyramidal horn is 1.3 cin and the aperture
dimensions are 2.5 cm by 2.0 cm. This ground plane
configuration confines the main beam of the radiation
pattern to the opening of the horn to ensure minimum
interference from undesired sources. A curved launching
plane is connected to the inner conductor of the SMA
connector and loaded with a 50-Q) resistor to suppress
antenna reverberations. A metallic ridge structure is
attached to the interior side of the horn-shaped ground
plane opposite the curved launching plane to further
enhance the bandwidth performance of the antenna. Fig.
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3(b) shows that the measured VSWR for the antenna
submerged in the immemion medium (soybean oil) is no
greater than 1.5 over the entire frequency range of interest
(1-11 GHz).

VSWR

-

5 7 1
frequency (GHz)

Fig. 3. (a) UWB antenna used in the microwave imaging system.
(b) Measured VSWR of the antenna immersed in a medium
matched to the normal breast tissue simulant.

At each antenna location in the synthetic array, the PNA
performs a frequency sweep from 1 to 11 GHz with 201
frequency samples and records the backscatter {S;;). The
frequency-domain backscattered signals are scaled by the
spectrum of the desired input pulse and transformed to the
time domain using an inverse FFT algorithm The time-
domain input pulse is chosen to be a 135-ps Gaussian
pulse modulating a 6-GHz carrier. The sampling rate of the
synthesized time-domain backscatter waveforms is 50 GHz.

IIT. MIST BEAMFORMING RESULTS

The turmmor response in the received waveforms is
completely masked by the dominant near-field artifacts
including antenna reverberation and reflections from the
skin interface. Therefore, we first apply the data-adaptive
artifact-removal algorithm reported in Ref. [5] which
estimates the artifact in each received waveform as a
filtered combination of the signals at all other antenna
focations and removes it from the received waveform. The

filter weights are chosen to minimize the residual signal
mean-squared error calculated over the artifact-dominated
early-time response.

The processed waveforms are passed through the
space-time beamformer to image backscatter energy as a

“Function of position. First, at each candidate location in
the recomstruction region, the processed backscatter
waveforms are time-shifted to align the return from a
hypothesized point-scatterer at that location. The imaging
results presented in this paper are obtained by using the
frequency-domain FIR filter design proposed in [15] to
obtain a set of beamformers that equalize frequency-
dependent propagation effects. After the artifact-removal
and time alignment steps, the received waveforms are
transformed to the frequency domain using an FFT
algorithm and passed through the bank of frequency-
domain beamformers. The beamformer outputs are then
summed, transformed back to the time domain, and time-
gated. Finally the backscattered energy is calculated. By
appropriately changing the time shifts, gating, and FIR
filter weights, the beamformer focus is scanned throughout
the breast region to obtain a 3D image of backscattered
energy as a function of location. Locations of high energy
indicate the presence of strong scatterers, that is,
maligniant tumors, in the breast.

Fig. 4 shows the MIST beamforming results for the
breast phantom of Fig. 1, which contains a 4-mm-diameter
synthetic tumor located approximately 2 cm below the skin
surface. The 3-D image of backscatter energy is generated
for a 6cm 6<m 5cm domain with a | mm pixel
resolution. Three orthogonal planes from the 3-D image
are labeled using x and y axes that correspond to the lateral
dimensions of imaging domain and a z axis that
corresponds to the depth dimension. The origin of the =
axis roughly cosresponds to the location of the skin layer.
The two energy peaks in the depth direction correspond to
scattering from the top and bottom surfaces of the
cylindrical tumor. The peak energy nearest the surface is
located within 2 mm of the top edge of the actnal tumor.
For comparison purposes, the same beamforming process
is also applied to the backscatter waveforms obtained from
a tumor-free phantom. The signal-to-clutter ratio, defined
as the ratio of the estimated tumor energy to the maximum
clutter energy in the tumor-free phantom, is 8.4 dB.

V. CONCLUSIONS

We have demonstrated the experimental feasibility of the
3-D MIST beamforming approach [5,15} by successfully
detecting and imaging backscattered energy from a 4-mm-
diameter synthetic tumor in a second-gencration breast
tissue phantom. The efficacy of the artifact-removal
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algorithm {5] is also fully demonstrated since the phantom
includes a skin simulant. These experimental results
suggest that microwave imaging via space-time
beamforming offers the potential for detecting small breast
tumors using state-of-the-art but readily available
hardware, UWB antennas, and robust signal processing’
algorithms,
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Fig.4. Color image of backscattered energy for the breast

phantom of Fig, 1, which contains a 4mm-diameter synthetic
tumor located at a depth of 2 cm below the skin surface. The
orthogonal planes shown intersect the shallower of the two
energy peaks of the tumor response. (a) yz plane at x=-0.1 ¢m.
(b) xz plane at y = -0.1 cm. (c) xy plane at z = 2.2 em.
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