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Abstract

Ultra-wideband (UWB) microwave imaging has recently been proposed for detecting small malignant breast tumors. In this
article, we review the current research status of this approach. First, we introduce the concept of microwave imaging via
space-time (MIST) beamforming and related signal-processing algorithms. The objective of these signal-processing
techniques is to form a spatial image of scattered microwave energy, and to identify the presence and location of malignant
lesions from their scattering signatures. Next, we present numerical studies based on Finite-Difference Time-Domain
' simulations to demonstrate the efficacy of MIST beamforming for detecting small malignant breast lesions in both prone and
supine configurations. Finally, the experimental feasibility of UWB microwave imaging is demonstrated using an initial imaging

prototype and multilayered breast phantoms.
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1. Introduction

ltra-wideband (UUWB) radar techniques are used in many

subsurface sensing applications, such as detecting unexploded
land mines, locating utility lines, examining archaeclogy sites, and
studying groundwater [1]. UWB radar systems_usually do not
attempt to reconstruct the compiete profile of the dielectric proper-
tics of the region of interest, but instead seek to identify the pres-
ence and location of “targets” by their scattering signatures. In a
basic UWB radar configuration, a transmitting antenna radiates
extremely short duration (on the order of tens of picoseconds to
nanoseconds) bursts of RF/microwave energy. The transmitted
electromagnetic (EM) waves penetrate into the region under
inspection, and are scattered by any targets that exhibit a mismatch
in dielectric properties. These scattered signals are recorded by one
or more receiving antennas, and then used to infer the existence,
location, and characteristics of the subsurface targets.

Recently, a medical application of UWB radar techniques has
been proposed by Hagness et al, where miniature versions of
UWB microwave radars are used for detecting malignant tumors in
the breast [2, 3]. Several groups around the world — in addition to
the University of Wisconsin-Madison - are now engaged in
research related to this proposed UWB microwave radar applica-
tion [4-14]. These ongoing investigations are motivated by the
critical need for developing early-stage breast-cancer screening
tools with high sensitivity and specificity.
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In this article, we review the status of microwave imaging via
space-time (MIST) beamforming, a representative UWB radar
approach, for early-stage breasi-tumor detection, Several aspects
of this approach have been proposed in a series of previous
publications [6-8]. The main objective of this article is to provide
an overview of the principles, development, and current research
status of this UWB imaging approach by integrating the body of
published work with some previously unpublished yet useful tech-
niques and results.

Two possible configurations are considered. The first
configuration involves the patient lying in the supine (or face-up)
position, where an antenna array is placed near the naturally flat-
tened breast. This configuration allows for easier access to smaller
breast volumes and tumors adjacent to the chest wall. The second
configuration involves the patient lying in the prone (or face-
down) position, with the breast extending through an opening in a
treatment table, In this position, the antenna array encircles or in
some other manner surrounds the pendulous breast. This
configuration allows for easier access to the full volume of the
breast. Finite-Difference Time-Domain (FDTD) simulations are
used to evaluate the efficacy of the MIST beamforming approach
for detecting small tumors in anatomically realistic numerical
breast models. We also demonstrate the experimental feasibility of
UWB microwave detection of breast cancer using a first-genera-
tion prototype instrument and simple breast phantoms. The experi-
mental test-bed is designed to emulate the clinical configuration
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where a two-dimensional antenna array is placed near the surface
of the naturally flattened breast of a patient Iying in the supine
- position,

The following section provides an overview of UWB micro-
wave breast-cancer detection, including the motivation, advan-
tages, and challenges of the technique. The signal processing and
image formation algorithms are presented in Section 3. We demon-
strate the effectiveness of these algorithms for breast-tumor detec-
tion and localization by applying them to simulated backscattered
signals obtained from numerical breast phantoms (Section 4), as
well as experimental backscattered signals obtained from physical
breast phantoms (Section 5). Concluding remarks follow in Sec-
tion 6.

2. Background and Motivation for UWB
Microwave Breast-Cancer Detection

Breast cancer is one of the leading causes of death among
women in the United States. More than 180,000 new cases of

invasive breast cancer are diagnosed and more than 40,000 deaths

result from the disease each year [15]. Early detection and timely
medical intervention are key factors affecting long-term survival
and the quality of life of breast-cancer patients. Conventional
mammography, which involves X-ray imaging of a compressed
breast, remains the primary screening method for detecting non-
palpable early-stage breast cancer. Significant technical advances —
such as digital mammography, as well as advances in radiological
expertise, driven in part by the Mammography Quality Standards
Act — have greatly improved the overall quality and interpretation
of mammographic images. Despite this progress, persisting limita-
tions related to sensitivity result in a relatively high false-negative
rate [16]. Furthermore, the low positive predictive rate of
mammography leads to many unnecessary biopsies [17]. Other
concerns include uncomfortable or painful breast compression, and
exposure to low levels of ionizing radiation. Ultrasound and con-
trast-enhanced MRI (magnetic resonance imaging) play an impor-
tant role in the diagnostic evaluation of mammographically
detected lesions. However, these modalities are either not yet
sensitive/specific enough, too operator dependent, or too costly for
screening purposes. The tremendous toll that breast cancer takes,
combined with the persisting concerns about X-ray mammography,
continue to drive the search for alternative breast-screening tools
that image other physical tissue properties or metabolic changes
{15]. Microwave breast imaging is one of the promising alterna-
tives under investigation,

Several dielectric spectroscopy studies reported in the litera-
ture over the past 20 years [18-20] suggest that the contrast in
dielectric properties between malignant and normal breast tissue is
greater than 2:1 in the RF and microwave frequency range, as
shown in Figure 1, Recognition of the potential diagnostic value of
such a contrast is one of the primary motivating factors for the
development of electromagnetic imaging technologies for breast-
cancer detection. The fundamental difference in the dielectric con-
stant, £,, and conductivity, &, appears to arise in part from the

increased water content in neoplastic. tissue, due to increased pro-
tein hydration [21] and vascularization of the cancerous tissue.
Thus, while microwave frequencies do not offer the potential for
the fine spatial resolution provided by X-rays, they can exploit
strong indicators of malignancy associated with physical or
physiological factors of clinical interest, such as water content,
vascularization/angiogenesis, blood-flow rate, and temperature.
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We note that large malignant-to-normal contrasts in dielec-
tric properties are present across other regions of the electromag-
netic spectrum. The contrast at very low frequencies, due in part to
the breakdown of necrotic cell membranes, serves as the physical
basis for electrical impedance tomography [23, 24], while the con-
trast at higher (optical} frequencies, due to increased DNA, pro-
tein, and hemoglobin absorption in malignant tissue, serves as the
physical basis for near-infrared tomography [25]. Our rationale for
exploring the use of microwave frequencies is that the 1 to 10 GHz
regime balances between the conflicting demands of spatial resolu-
tion (better at higher frequencies) and penetration depth (better at
lower frequencies). As shown in Figure 1, the contrasts observed at
radio frequencies appear to extrapolate out into this desirable
microwave frequency range [8].

Two types of active microwave imaging techniques —
tomography and radar - have been proposed to exploit this dielec-
tric contrast. In both approaches, low-power microwave signals are
transmitted into the breast using an array of antenmas, which, in
turn, measures the scattered microwave signals. The goal in
tomography is to use the scattered signals to recover the profile of
the dieleciric properties of the breast. Tomographic image
reconstruction is most commonly attempted in the frequency
domain, using narrowband signals. A non-linear inverse scattering
problem must be solved, and iterative image reconstruction algo-
rithms are usually required to obtain a solution. In general, these
ill-posed inverse scattering approaches suffer from non-unique-
ness, and require regularization in order to achieve convergence to
a meaningful solution. However, with smaller geometries, as the
case with breast imaging, some of these concerns are minimized. A
promising two-dimensional clinical system for microwave breast-
imaging research studies has been developed [26]. Significant pro-
gress is also being made towards the challenging problem of full
three-dimensional image reconstruction [27, 28].

UWRB radar techniques do not generally attempt to recon-
struct the complete profile of dielectric properties of the breast, but
instead seck only to identify the presence and location of signifi-
cant backscattered energy arising from the dielectric contrast
between normal and malignant breast tissue. The scattered signals
are processed to generate a map of backscattered microwave
energy — or some other measure that provides information of the
existence and location of malignant tumors — as a function of spa-
tial location in the breast. MIST beamforming is one type of UWB
radar technique that implements spatial filtering to focus micro-
wave signals as a post-processing step, using a beamformer. In this
approach, the position of the focus is scanned throughout the
breast by adjusting the beamformer for each new focal point. If a
scattering object — such as a malignant tumor — exists at the focal
point, a relatively large amount of energy is oulput by the beam-
former. Systematic scanning of the synthetic focus from point to
point within the breast creates a three-dimensional microwave
image of significant scattering points within the internal breast tis-
sue. The beamformer can be as simple as a time-shift-and-sum
scheme to create a synthetically focused signal [5, 29]. More
advanced least-squares optimal beamformers [30] compensate for
frequency-dependent propagation effects, and offer enhanced
capability for discriminating against clutter caused by breast-tissue
heterogeneity and noise [6, 7].

The expected features associated with microwave breast
imaging in general — and more specifically, with UWB space-time

microwave imaging for breast-cancer detection — are as follows:

1.  Substantial contrasts between the dielectric properties of nor-
mal and malignant breast tissue at microwave frequencies
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Figure 1a. A summary of measured dielectric constant data for Figure 1b. As in Figure 1a, for the conductivity.
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frequencies, Four-term Cole-Cole parametric dispersion mod-
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Figure 4, An illustration of simple delay-and-sum beamforming, The received signals are shown in the central panel. When the
beamformer is steered 1o location 1, (the actual location of a scatterer), the signals coherently sum, as shown by the left panel.

When the beamformer is sieered to a location other than r, incoherent summation results, as shown by the right panel.

IEEE Antennas and Propagation Magazine, Vol. 47, No. 1 February 2005

21



have been reported. Consequently, microwaves may offer

higher intrinsic tissue contrasts compared to other imaging
modalities.

2. Microwave attenuation in normal tissue is low enough to per-
mit imaging of the entire breast.

3. Microwave imaging based on low-power microwave pulses
poses no health risk, and avoids breast compression.

4. UWB space-time microwave imaging overcomes the
computational challenges of conventional microwave
tomography, and permits full three-dimensional imaging.

5. Space-time processing provides the resolution needed to
detect and localize (< 0.5 cm) malignant tumors. The use of
an antenna array and short pulses enable focusing in both
space and time, thereby overcoming previous challenges pre-
sented by breast heterogeneity, and enabling the detection of
lesions as small as 1-2 mm [6].

6. UWB microwave imaging offers the potential for
discriminating between malignant and benign lesions. Those
benign lesions that exhibit negligible dielectric contrast with
normal breast tissue will not act as strong microwave scatter-
ers, in which case they are distinguished from malignant
lestons based on backscattered intensity. However, for those
benign lesions that mimic malignant lesions in terms of
dielectric propertics, UWB imaging can exploit morphology-
dependent characteristics, such as spectral and polarization
signatures, as well as the enhanced backscatter due to
vascularization of malignant tumors for the purpose of lesion
discrimination and characterization [3].

In summary, we believe that UWB space-time microwave
imaging offers the potential of a non-ionizing, non-invasive
~ screening technology that may help reduce the number of false-

positives and false-negatives, especially in challenging cases of
radiographically dense breast tissue, tumors located near the chest
wall, or tumors located near the underarm, where an estimated
50% of all breast lesions occur {31].

Nevertheless, there are several challenges associated with
this UWB radar approach. Some of these challenges are common
to any microwave breast-imaging modality employing an antenna
array. [n terms of signal and image processing, imaging resolution
on the order of millimeters is desirable for detecting breast cancers
in the early stage. Therefore, optimized focusing of the backscat-
tered signals in the post-processing step is required. Furthermore,
the mismatch in dielectric properties at the skin-breast interface
generates a scattering response at least one order of magnitude lar-
ger than any tumor response, The tumor response is further masked
by clutter generated by the natural heterogeneity of normal breast,
i.e., the variation in dielectric properties between adipose and
glandular breast tissues. These artifacts need to be remnoved or sup-
pressed with minimum distortion of the tumor response. In terms
of experimental implementation, the challenges include the design
and fabrication of UWB antenna elements and arrays, the manage-

ment of the aperture size and scan time, etc. In the following sec- =

tions, we address some of these issues in our discussion of signal
processing and experimental techniques, and in the presentation of
preliminary results demenstrating the efficacy of the UWB micro-
wave-imaging approach.
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3. Signal Processing

This section describes the processing carried out on the set of
received signals to obtain an image of backscattered microwave
energy. Each received signal contains contributions from antenna
reverberations, the skin-breast interface, clutter due to heterogene-
ity in the breast, backscatter from possible lesions, and noise.
Estimating the location of the breast surface using the reflected
signals due to the skin-breast interface is described in the first
subsection. Subsection 3.2 discusses the removal of the early-time
artifacts from each received signal while minimizing distortion to
any backscattered tumor response. Delay-and-sum beamforming is
reviewed in the third subsection. This section ends with a descrip-
tion of MIST beamforming for enhancing the tumor response
while suppressing clutter, allowing for reliable detection and
localization of lesions,

3.1 Breast Surface ldentification

The relative positions of the surface of the breast and the
locations of the antennas are needed to account for propagation
effects in the design of high-performance lesion detection and
imaging algorithms. This information is unknown a priori and is
expected to vary from patient to patient. Consequently, we have
developed a patient-specific algorithm for estimating the location
of the skin-breast interface relative to the antenna locations using
recorded backscattered signals. Qur approach is based on geomet-
ric principles, and the fact that the impedance mismatch at the
skin-breast interface results in significant backscatter. First, we
apply a matched filter to the backscattered signal in each antenna
channel to estimate the propagation time from the antenna to the
skin-breast interface. The propagation time locates the skin-breast
interface on a sphere with known radius, as shown in Figure 2,
Next, we assume that the skin surface is convex and tangent to the
sphere. The tangents are found by assuming that the spheres cen-
tered at adjacent antennas share the same tangent. This is a very
good approximation if the antennas are sufficiently closely spaced
relative to the curvature of the breast surface. The skin-breast
interface is estimated to be located at the point where the sphere
and tangent line touch. Note that multiple tangent points are

4

gkin surface

Figure 2. An illustration of the breast-surface (skin-breast
interface) estimation algorithm, which is based on the relation-
ship between spheres derived from propagation time estimates
and tangents to the surface.
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obtained for each interior antenna, because of different pairings
with adjacent antennas. In these cases, the average of each tangent
point is used as the estimate of the skin-breast interface location.

We now describe how to determine the tangent points for a
pair of adjacent antennas in two dimensions. Figure 2 illustrates
the adjacent circles, C; and C,, under consideration, and the line,
¢, tangent to both circles at points B:(x;,») and Py :(xp,3,).

Each solid radiai line shown in Figure 2 terminates at the point
where the skin surface and the circle are tangent. The two dashed
radial lines are orthogonal to line ¢, and indicate that the error
between the true and estimated tangent points is small, Letting 4
denote the inter-element spacing, and 1 and », denote the radial

distances for C; and C,, respectively, the slope of the tangent line
to each circle can easily be derived, using calculus, to be

-X - h~x2
T2 Mt 3
"2“("2“”

171
tion of the tangent line to each circle to be written as

m = . This allows the equa-

—x
Yy =mx +h ='_2—2xl+bl= 1)
n N

h_
Vo = yxy +By <2 * s5 b, ()
Vi —(x%-h)

“where by and b, are the v intercepts. The constraint of using the
line simultaneously tangent to both circles implies that ny =m,
and b, =bh =b . Setting m =m, yields the following relation
between x; and x;:

delay by j
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By setting the values of # in Equations (1) and (2) equal to each
other, some algebraic manipuiation with usage of Equation (3}
yields the following equation forx, : .

- ’12 —hi

3 “)

X

The y coordinate, y;, can naturally be calculated using the equa-
tion of the circle for (.

3.2 Early-Time Artifact Removal

The early-time artifact-removal algorithm presented in this
subsection was introduced in [6]. In this subsection, we review the
formulation of this method.

Suppose the antenna array has N elements, and denote the
received signal at the ith antenna as b (¢). Each received signal is

converted to a sampled waveform, & [n]. The early-time artifacts

in the N channels are expected to be similar but not identical, due
to local variations in the skin thickness and the underlying breast
heterogeneity, as well as imperfect replications of the antenna-
array elements populating the sensor array. The artifact-removal
algorithm compensates for this channel-to-channel variation by
estimating the artifact in the signal received by a single antenna as
a filtered combination of the signals received at all other antenna
locations, as shown in Figure 3. The estimate is then removed from

compensation
for tumor
response
distortion

P R B I I

Ll i e |
i e T e ——

b, [n] o—

qy

Figure 3. A block diagram illustrating the algorithm for removing the early-time artifact from the backscattered sigﬁal received at

the first of N antennas.
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the received signal. The filter weights used to generate the estimate
are chosen to minimize the residual signal mean-squared etror over
the artifact-dominated early-time response. The estimation and
removal process is repeated for all channels, We note that this arti-
fact-removal algorithm uses only the received backscattered sig-
nals, and does not require any a priori information about the
dielectric properties or thickness of the skin, or the dielectric
properties of the underlying breast tissue.

Suppose that the skin-breast artifact is to be removed from
the first antenna, without loss of generality. The skin-breast
response at the nth sample in the first channel is estimated from
2J +1 successive samples centered on the #th sample in each of
the other N -1 channels. Define the (2J+1)x1 vector of time

samples in the ith antenna channel to be

b, [n]=[&:[n -] iln]bln )] 25isv, (5)

T
and let byy [n]= [bg [n],+, b [n]] be the concatenation of data

in channels 2 through N . Let q be the filter weight coefficient

vector for channels 2 through N . The optimal filter weight vector,
q, is chosen to satisfy

ng+m—1
q = argmin z ‘bl [n]- quZN [n]’z , (6)

n=ny

where the time interval # =ny to n=ny+m—1 represents the ini-
tial portion of the data record containing early-time artifacts and no
backscattered signals from lesions. The solution to this minimiza-
tion problem is given by [32]

q=Rp, 9
1 ng+m-1 r
R=— > byyfn]biy[n],, (8)
L —
1 gt
p=— 2 boy[n]b[n]. %)
n=ny

The fact that there is a high degree of similarity among the skin-
breast artifact signals in all & channels results in the sample
covariance matrix, R, being ill-conditioned. If R is ill-condi-
tioned, then the matrix inversion in Equation {7) can result in a
solution for g that has a very large norm and thus amplifies noise.
In order to prevent this, we replace R with a low-rank approxi-
mate covariance matrix, obtained using the significant eigenvalues
of R. The skin-breast artifact is removed from the entire data
record of the first channel to create artifact-free data x; [n], given

by
x[n]=b[n]-o by [n]. (10)

This algorithm introduces a small level of distortion in the
backscattered signal from the lesion, because the tumor response in
the other &V —1 channels is added back in to the first channel. The
distortion is generally small because q tends to “average” across
the N channels, and the tumor responses in the received signals
are not aligned in time; thus, they do not add in phase. One quick
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method for compensating for the tumor-response distortion is to
approximate the tumor response in each of these channels by the
filtered signals x;[n], i=2,..,N ; filter the approximate signals

byq; and add the resulting signals to x; [].

3.3 Delay-and-Sum Beamforming

A beamformer is a signal processor used in conjunction with
an array of antennas. The beamformer output forms a weighted
combination of the signals received at each antenna. Usually, the
goal of beamforming is spatial filtering, that is, separation of sig-
nals that have similar temporal frequency content but originate
from different spatial locations [33). The quintessential beam-
former is the delay-and-sum beamformer, which, as the name
implies, time delays and sums the received backscattered signals to
create a synthetically focused signal. This is explicitly shown at

the n*" time sample at location r; as

z[n,r0]=§1:xi[n—v,-(r0)], (11)

where v;(r) = v—round[f,- (ro)/T 5] , T, is the sampling interval,
and x; is the backscattered signal received at the /th antenna with

early-time artifacts removed, as defined in the previous section.
The time-delay in the ith channel, 7;(ry), is computed from the

average wave propagation speed and the round-trip distance
between the location of the fth antenna, r;, and location ry. The

quantity v is an arbitrary integral delay greater than max; 7;{rp)

to ensure causality. The position of the focus is scanned through-
out the breast by adjusting the distribution of time shifts of the
stored backscattered waveforms for each new focal point. If a
scattering object, such as a malignant tumor, exists at the focal
point, the signals add coherently and a relatively large power
results, as shown in the left panel of Figure 4. The right panel illus-
trates that if scattering objects exist elsewhere, the waveforms add
incoherently, and a relatively small power results. Systematic scan-
ning of the synthetic focus from point-to-point within the breast
creates a microwave image of significant scattering points within
the internal breast tissue. The confocal microwave-imaging
method described in [5, 29] is based on the delay-and-sum
beamforming method described here. In three dimensions, this
method accounts for the radial spreading produced by the
propagating signal (the 1/r factor) along with the time of flight.

3.4. MIST Beamforming

The confocal microwave-imaging approach illustrates the
significant potential of backscatter-based imaging methods for
detecting breast lesions. However, the simple sum-and-time-shift
techniques do not allow for compensation of frequency-dependent
propagation effects, such as dispersion, and offer limited capability
for discriminating against artifacts and noise. Dispersion is impor-
tant since it can introduce considerable broadening of the transmit-
ted-pulse duration, thereby reducing resolution, We choose to
compensate for these frequency-dependent propagation effects by
using a broadband beamformer we term the MIST beamformer. In
general, 2 broadband beamformer implements frequency-depend-
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applying the skin-surface-estimation algorithm illustrated by Figure 3. The actual skin-surface contour is shown by the
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ent amplitude and phase adjustments in each channel. The ampli-
tude and phase shifts can be applied to the data by transforming the
data into the frequency domain, or can be implemented in the time
domain using a finite-impulse-response (FIR) filter. The output of
the time-domain broadband beamformer can be expressed, in gen-
eral, as

N P-l
2[mro}=2 % wipn[n-p-vi(n)], (12)

i=1 p=0

where P is the total number of weights in each channel, and x;
has already been defined. Analogously to Equation (11), Equa-
tion (12) shows that broadband beamforming also performs spatial
discrimination with the array. The weighted combination of time-
delayed versions of each received signal in Equation (12) signifies
the frequency-dependent nature of the beamformer. The broadband
beamformer given by Equation (12) is a common signal-processing
tool in radar, sonar, acoustics, seismology, and communication
systems.

The block diagram depicted in Figure 5 shows the MIST
beamforming procedure used after artifact removal to reconstruct
the image-pixel value for a single pixel location, ry. This proce-

dure is based on the assumed propagation model for breast tissue,
and is repeated for each pixel in the reconstructed image. The sig-

nals are first coarsely time-aligned with a delay of v; (ry) in each
of the N channels, i =1,2,..., ;. The signals then pass through the
MIST beamformer for the purpose of equalizing the transmitted

pulse, equalizing path-length- and frequency-dependent phase

shifts and attenuation, and performing spatial discrimination
against clutter. If a scatterer is located at ry, the beamformer out-
put is a distorted version of a bandlimited impulse. This waveform
has its energy concentrated in a time interval that is inversely
proportional to signal bandwidth. We exploit the short duration of
the response to discriminate against clutter by calculating energy
over a rectangular window centered about the sample, where the
peak amplitude occurs when a point scatterer is at ry . This energy

is the pixel value for location ry.
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walr) I

plx,]

The design of the space-time beamformer can be performed
in the time domain {6] or in the frequency domain [7]. We choose
the frequency-domain approach, as it requires substantially less
computation than that required by the time-domain approach. The
following highlights the frequency-domain beamformer design,
and we refer the reader to [7, 34] for additional details. Let ()
be the discrete Fourier transform (DFT) of the transmitted UWB
pulse, where @y, is the frequency corresponding at the th discrete

Fourier transform index. Let S;(ay,r;) be the monostatic fre-
guency tesponse associated with propagation through breast tissue
from the ith antenna to the scatterer located at ry, and back. We

represent the frequency response remaining after factoring the lin-
ear phase shift associated with average round-trip propagation

delay out of Sy (@y.rp) by S;;(my,1y). Denote the beamformer
weight in the ith channel at discrete-Fourier-transform index % as
W, [k,ro] . The beamformer is designed enly at the frequencies that
lie in the UWR pulse band, and is set to zero at frequencies that lie
outside of this band. Now, form the respective N x1 column vec-
tors,

v{og.re)={I (@) ii(“’k"'o)}L

and

w(my,r)= {Vﬂ[k’ro]}il'

Since the beamformer is designed to compensate for round-trip
propagation to and from location ry, we require the combined
effects of the coarse time alignment and propagation to have unit
gain and linear phase. This is explicitly shown by the first term in
the penalized least-squares problem

)_ e-jﬂ’tfo 2

w{wy,rp) = argmin|wH (@419 v{@g.kp
w

+&w (“’kﬂ'o)/\[k’ro]w(wk,fo): (13)
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Figure 9. Color images showing the backscattered energy on a
dB scale for the two-dimensional numerical breast phantoms
of Figure 6. A 2-mm-diameter malignant tumor was centered
at {a) (5.0 cm, 3.1 ¢cm) for the supine configuration, and (b)
(2.0 cm, 4.0cm) for the prone configuration. Both image-
reconstruction regions were masked using estimated skin-sur-
face contours,

0 1 2 3 4 5 6 7 8
Spanin cm

Figure 10a. A color image showing the backscattered energy
on a dB scale for a numerical breast phantom similar to Fig- .
ure 6b when the idealized artifact removal algorithm was used
to preprocess the received signals, The average dielectric
properties of normal breast ftissue are £, =157 and

o =1.08/m at 6 GHz.
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Figure 11a. An illustration of the experimental system setup.

Figure 11b. The miniaturized pyramidal horn with a single
ridge and curved lamunching plane terminated with chip resis-
tors, used as the UWB antenna.
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Figure 10b. A color images showing the backscattered energy
on a dB scale for a numerical breast phantom similar to Fig-
ure 6b when the early-time artifact removal algorithm was
used to preprocess the received signals. The average dielectric
properties of normal breast tissue are £ =157 and

o =1.058/m at 6 GHz.
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where 7o =1} (M —1)/2 is the average time delay introduced by

the length- Af FIR filters, assuming a sampling interval 7, . The
second term of Equation (13) controls the noise gain, and makes
the beamformer more robust to errors between the actual and
assumed propagation model. The quantity Afk,ry] is a matrix
representing the structure of the penalty, and £ is a real non-nega-
tive parameter the value of which is selected to scale the impact of
the penalty. The matrix A[k,xy] is chosen to be a diagonal matrix
. ) a N .
with entries {|I (@ } Sy [k,"o]|}i:1 , as this offers a balance between
white noise gain and sensitivity to tissue-propagation errors [34].
Using this choice for the penalty, the solution to Equation (13) is
obtained as

S, [k, rg]ej“'*r“

|3 [kxo ]I(‘§ + 2 et S [k’r‘}]D |

AN (14)

The filter tap weights in the ith channel, Wiy (see Equation (12)),
p=0,..,P-1, are obtained by performing the inverse discrete
Fourier transform of #; [k, 1, ].

We now consider the specific beamformer designs used to
generate the results presented in this article. In the case of the two-
dimensional numerical breast phantoms discussed below in Sec-
tion 4, the antenna array was assumed to have N =17 elements.
The transmitted UWB pulse was a differentiated Gaussian, with
full-width at half maximum equal to 110 ps. The discrete Fourier
transforms used M =125 samples, and the beamformers were
designed for the 28 frequencies that were in the UWB-pulse band.
We set £ to be 1. The propagation model used in the two-dimen-
sional design of the beamformer assumed transmission through
two uniform dielectric media: a coupling medium consisting of
skin, and normal breast tissue. Note that the malignant breast-
tissue medium was not included in the propagation model. The
antenna array was located in the coupling medium near the breast
medium. An estimate of the minimum distance, a’c‘_, the UWB
pulse traveled in the coupling medium from the fth antenna to the

breast surface is obtained when carrying out the skin-surface
estimation algorithm. For any location, r, in the breast region, we

assume that the distance the pulse travels in the breast, dj, (r), is

given by the distance from the ith antenna to location r minus the
estimated distance the UWB pulse travels in the coupling medium,

d, (r)=|r—rf|—dci, (19

where r; is the location of the ith antenna. The monostatic fre-
quency response, S;; (@,r)incorporates the frequency-dependent
propagation effects in the coupling medium and normal breast tis-

sue, explicitly shown by the product of fwo quantities in the
following equation:

2
1 - __- ‘
S,-,'(Co,l‘)= L ac(“’)dc,e iB(w)d,,
Ja..,
(16)
2
L @)y ) i@y ()

dp, (r)

>

28

where a, (@) and a, (@) are the frequency-dependent attenuation

constants in the coupling medium and the breast, respectively, and
B.(w) and By (w) are the frequency-dependent phase constants

in the coupling medium and breast, respectively. A far-field
approximation is inherent in Equation (16). Although this propaga-
tion model involves several simplifying assumptions, we show in
the next section that this model results in designs that are effective
in realistic scenarios.

In the three-dimensional experimental scenario discussed in
Section 5, the antenna array was assumed to have N =49 anten-
nas. The discrete Fourier iransforms used 62 samples, and the
beamformer weights were designed at 17 frequencies. The
transmitted UWB pulse was a modulated Gaussian with full-width
at half maximum equal to 110 ps. We set & =1. The propagation
model in the three-dimensional design assumed transmission
through a uniform breast-tissue medium, enly. There, the malig-
nant breast-tissue medium and the skin medium were not included
in the model. The monostatic frequency response was given by

2
Sﬁ. (m,r) = __'r _r~| e_alr-rile_jﬁ'r'rji , (1n
i

where the attenuation factor, &, and the phase constant, £, were
constants evaluated at the spectral peak of the input signal.

4. Results for Numerical 2-D Phantom

In this section, we demonstrate the effectiveness of the MIST
beamforming algorithms by applying them to simulated backscat-
tered data computed using the FDTD method [35]. This approach
allows for rapid evaluation of the performance of the algorithms.
First, we review the two-dimensional anthropomorphic numerical
breast model used to compute the set of backscattered signals.
Then, we show a result that illustrates the accuracy of the skin-
breast-interface estimation algorithm. Next, we discuss the results
of applying the artifact-removal algorithm to the received
backscattered signals. Lastly, we present and discuss images
generated by passing backscattered signals through the space-time
beamformer.

4.1 Two-Dimensional Numerical Breast-
Phantom Development

A two-dimensional TM, FDTD-based electromagnetic

model was used to investigate the effectiveness of our MIST
beamforming strategy. The FDTD electromagnetic model solved
Maxwell’s equations on a discrete spatial grid, comprised of a
numerical breast phantom and an antenna array configuration. The
supine and prone positions were considered. In both configura-
tions, the breast was immersed in a coupling medium matched to
the skin layer. In the supine configuration, a uniform linear array
was placed near the surface of the naturally flattened breast. In the
prone configuration, an elliptical array encircled the pendulous
breast.

To approximate the supine configuration in two dimensions,

we considered a sagittal plane through the breast, with antennas
positioned near the top of the breast, as shown in Figure 6a. The
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Figure 12. Color images of backscattered energy for the experimental hreast phantom, which contained a 4-mm-diameter
synthetic tumor located at a depth of 2 cm below the skin surface. The contrast in &, between normal and malignant tissue simu-

iants was only 1.5:1. The orthogonal planes intersect the shallower of the two energy peaks of the tumor response: (a) yz plane at
x =0.1cm, (b) xz plane at y =0.1¢m, (¢) xy plane at z =23 cm, (d) a three-dimenstonal image showing the —3 dB contour for this

particular breast phantom.

Figure 13. A three-dimensional image showing the -3dB con-
Z T tour for the experimental breast phantom, which contained
el two 4-mm-diameter synthetic tumors located at a depth of

ST e between each tumor.
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Figure 6a. A two-dimensional MRI-derived FDTD breast
model for a patient lying in the supine position. The model con-
tains a 2-mm-diameter malignant lesion, shown by the white
dot. The 17 black dots away from the surface of the breast
represent antenna locations.
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Figure 6b. A two-dimensional MRI-derived FDTD breast
model for a patient lying ir the prone position. The modei con-
tains a 2-mm-diameter malignant lesion, shown by the white
dot. The 17 black dots away from the surface of the breast
represent antenna locations.

grayscale display of the interior of the breast shows the anatomi-
cally realistic variation of the permittivity within the breast, which
was derived from the density variation of a high-resolution breast
MRI data set. Here, lighter regions represent higher dielectric-
property values of denser fibroglandular tissue, while the darker
regions represent lower dielectric-property values of less-dense
adipose tissue. To approximate the prone position in two dimen-
sions, we considered a coronal plane through the breast with anten-
nas surrounding the breast, as shown in Figure 6b. We note that the
between-plane resolution of the original three-dimensional MRI
data set was lower than the in-plane resolution. Since the in-plane
scans corresponded to the sagittal plane, it was the coronal plane
that was affected by the lower between-plane resolution. This
explains why there was a slight decrease of clarity in the coronal
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image. The spatial distributions of the dielectric constant shown in
Figure 6 are displayed at 6 GHz.

The dispersive properties of breast tissue were also included
in our FDTD breast models. The frequency-dependent tissue
properties were incorporated in a manner similar to that presented
in [5]. For the average properties of normal fatty breast tissue in
the model of Figure 4a, the dispersion model yielded £, =9.8 and

=04 5/m at 6 GHz, the spectral peak of the ultra-wideband
input pulse. At any given frequency, the actual dielectric properties
of normal breast tissue vary about the average properties by as
much as +10%, depending on local tissue type and density. The
average dielectric properties for malignant breast tissue are
£, =50.7 and o =4.8 $/m at 6 GHz.

A 2-mm-diameter malignant tumor was inserted into each
breast model. In the sagittal model of Figure 6a, the tumor is
shown in a central location in the breast at a depth of 3.1 ¢m below
the surface of the breast. In the coronal model of Figure 6b, the
tumor is shown to be at an off-center location in the breast, at a
distance of at least 2 ¢m from the surface of the breast. Thus, each
model was composed of three different media: heterogeneous nor-
mal breast tissue, skin, and malignant tumor.

4.2. Breast-Surface Identification Result

Figure 7 depicts a two-dimensional example illustrating the
performance of the breast-surface identification algorithm when
the patient was in the supine position. The red curve represents the
estimate of the skin surface, while the blue curve represents the
actual skin surface. Note that a cubic B-spline was fit through the
estimated tangent points to approximate the skin surface. There
was excellent agreement between the estimated and actual inter-
face, although accuracy suffered outside the array aperture, as
expected. Similar-quality results were obtained in the prone
configuration.

4.3. Early-Time Artifact-Removal Result

We illustrated the efficacy of the early-time artifact removal
algorithm using backscattered signals collected from the numerical
breast phantom illustrated in Figure 6a. A subset of the received
signals (& [n] and x;[n], where {=1,5,9,13,17 ) are plotted in the

left (early-time) and right (late-time) panels of Figure 8. Prior to
applying the artifact-removal algorithm, the early-time response,
shown by the black curves in the left panel, was dominated by the
skin-breast backscattered response. The late-time response, shown
by the black curves in the right panel using an enlarged vertical
scale, contains the tumor response and clutter due to heterogeneity
in the breast. The red curves represent the processed signals,
x;[n], obtained by applying the artifact-removal algorithm assum-
ing J=3, p=15, andm =20. The early-time artifact was almost
completely eliminated, as shown in the left panel. The tumor
response was preserved, as is ovident in the later-time tumor
response depicted in the right panel. The shaded areas highlight the
time window in which the tumor response was expected, based on
the known material properties and location of the tumor. Similar
efficacy has been demonstrated with the numerical breast phantom
for the prone configuration.
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QOur algorithm is data adaptive, and is thus able to compen-
sate for variability in the early-time artifacts du¢ to breast
heterogeneity. An alternative algorithm for removing early-time
artifacts is channel-by-channel subtraction of the backscattered
signal recorded from a tumor-free homogeneous breast phantom.
This aMernative algorithm represents ideal removal of early-time
artifacts only if the breast under examination is approximately
homogeneous near the skin surface. If the density of the underlying
tissue varies greatly throughout the region near the breast surface,
as is expected in a practical setting, the assumption of homogeneity
is clearly violated, and the idealized algorithm will not effectively
remove early-time artifacts from the backscattered signals. The
breakdown of the idealized algorithm and the success of our
approach is most clearly evident when viewing images of
backscattered energy as a function of location. Therefore, these
effects are demonstrated at the end of the next subsection.

4.4 MIST Beamforming Results

Figure 9a depicts the scanned beamformer output energy for
the breast model of Figure 6a containing the malignant tumor cen-
tered at (5.0, 3.1). The coordinates refer to (span, depth) in cm.
The energy is displayed in the region beneath the estimated loca-
tion of the skin-breast interface. The low-level energy spatially
distributed throughout the image consisted of the responge from
the normal heterogeneity and minor distortions introduced by the
early-time artifact-removal algorithm. The dominant energy attrib-
uted to the tumor response is clearly detectable, as it stands 16 dB
.above the maximum clutter, We determined the maximum clutter
level from the central 6-cm = 2-cm region of the reconstructed
image for a tumor-free breast model, and defined the maximum
signal-to-clutter ( $/C ) ratio as the ratio of the peak energy to the
maximum clutter energy. The maximum energy occurred at (5.0,
3.2), and the —3 dB radius was approximately 4 mm, Figure 9b
depicts the scanned beamformer output energy for the breast model
of Figure 6b containing the malignant tumor located at (2.0, 4.0).
The coordinates refer to (span, span) in cm. For this coronal plane,
the energy is displayed inside the region bounded by the estimated
location of the skin-breast interface. The peak energy in the image
occurred exactly at the center of the tumot. The —3 dB radius was
approximately 2 mm, and the S/C was 20 dB. We determined the
maximum clutter level for this configuration from the central S-cm
% 3-cm region of the reconstructed image for a tumor-free breast
model. The resolution for the prone configuration was higher, as
expected, since the array aperture spanned both dimensions, unlike
the array for the supine configuration.

We have found that the MIST beamformer designs consis-
tently produce high-quality images, even under challenging condi-
tions such as varying tumor sizes, variations in breast heterogene-
ity, and mismatch between assumed and actual dielectric properties
of normal breast tissue. These challenging conditions were investi-
gated in [6] for the supine configuration, with the antenna array
conformal to the skin surface.

Finally, we compared the performance of the early-time data-
adaptive artifact-removal algorithm with the idealized artifact-
removal algorithm for the case when both the average density and
variability about the average density of the breast model in Fig-
ure 6b were increased. This created a more heterogeneous region
just beneath the skin surface. Now, the average dielectric proper-
ties at 6 GHz were &, =15.7 and o =1.0S/m, and the variability

about the averages was +30%. Figure 10a shows the image of the
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beamformer output energy when the idealized algorithm was used
for early-time artifact removal, while Figure 10b shows the result-
ing image when our artifact-removal algorithm was employed. It is
quite clear from visual inspection of both images that our early-
time artifact-removal algorithm resulted in less detected energy
near the breast surface than the so-called idealized algorithm. The
ratio of average surface energy (determined from data in a 0.5-em
thick layer beneath the breast surface) to peak tumor energy for the
image of Figure 10a was —11.5dB, whereas the ratio for the image
of Figure 10b was —24 dB. This reduction enhanced the detectabii-
ity of tumors near the surface. Note that breast heterogeneity
shows considerable variability, and may be significantly greater
than that assumed in this example. Data-adaptive artifact-removal
strategies such as ours are very important in highly heterogeneous
scenarios.

5. Experimental Investigation of the
Supine Configuration

The theoretical feasibility of MIST beamforming for tumor
detection has been demonstrated in the previous sections by apply-
ing two-dimensional space-time beamformers to simulated
backscattered data obtained from MRi-derived two-dimensional
FDTD breast models. In this section, we highlight the experimental
feasibility of this approach by presenting imaging results of multi-
layer breast phantoms using our first-generation experimental

prototype [8).

The experiment setup shown in Figure 11a emulated a sys-
tem configuration where a patient was lying in a supine position
with a two-dimensional antenna array placed near the surface of
the naturally flattened breast. The breast phantom consisted of a.
container filled with a liquid mimicking normal breast tissue, a
small synthetic tumor suspended in the liquid, and a thin layer of
material representing the skin layer covering the normal breast-
tissue simulant, We designed and fabricated an ultra-wideband
antenna to serve as the microwave transmitter and receiver [36].
As shown in the photograph of Figure 11b, this UWB antenna was
comprised of a miniaturized pyramidal horn with a single ridge
and curved launching plane terminated with chip resistors. The
UWB antenna was sequentially repositioned in the horizontal
plane using a computer-controlled mechanical x-y scanner to
synthesize a two-dimensional antenna array placed above the skin.
The antenna was immersed in a matching medium to couple micro-
wave energy into the breast more efficiently. For simplicity, the
liquid used for normal breast-tissue simulation was also used as the
immersion medium,

Soybean oil was used as the normal breast-tissue simulant in
this initial experimental demonstration, since it has dielectric
properties similar to very low-water-content fatty tissue. We note
that the dielectric properties of the oil (£, =2.6 and o =0.05S/m
at 6 GHz), as measured using an open-ended coaxial-probe tech-
nigue [37], fell slightly below the expected range of the dielectric
properties for fatty breast tissue, Therefore, we chose materials for
the skin and tumor simulants that similarly underestimated the
actual dielectric properties of those tissue types, so that the dielec-
tric contrasts in the breast phantom were representative of those for
actual tissue,

The malignant-tissue simulant, with appropriate £, and
conductivity, o, was formed using a diacetin-water solution. The
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resulting contrast in g, between malignant and normal-tissue
simulants was 1.5:1. This contrast was chosen to fall on the lower
end of the range of contrasts expected in clinical scenarios. The
synthetic tumor was made by pouring the water-diacetin mixture
into a 4-mm-diameter cylindrical container that had a height of
4 mm. The container was composed of a section of plastic tube,
wrapped and sealed with a latex membrane. The dielectric proper-
ties of the container materials were similar to those of the soybean
oil. A 0.1-mm-diameter nylon thread was used to suspend the syn-
thetic tumor in the oil.

The skin layer in the phantom was created using 2 1.5-mm-
thick unclad FR4 glass epoxy PC board. According to the
manufacturer, the dielectric properties of FR4 at | GHz are
&, =4.34, with a loss tangent of 0.016. Thus, the dielectric con-

stant of the skin simulant fell in between that of the normal and
malignant-tissue simulants, as desired.

During data collection, the UWB antenna was sequentiaily
scanned in 1-cm increments to 49 different positions in a 6-cm x
6-cm array. The antenna element was positioned so that its aper-
ture was 1 cm above the skin surface. The antenna was connected
to an Agilent E8364A (10 MHz-50 GHz) performance network
analyzer (PNA) to transmit and receive microwave signals. At
cach antenna location in the synthetic array, the network analyzer
performed a frequency sweep from 1 to 11 GHz, with 201 fre-
quency samples, and recorded the backscatter (S;; parameter).

The frequency-domain backscattered signals were scaled by the
spectrum of the desired input pulse, and transformed to the time
domain using an inverse-FFT algorithm.

After measuring backscattered signals (5;) from the multi-

layer breast phantoms, time-domain backscattered waveforms were
- synthesized. Next, as discussed in previous sections, dominant
carly-time artifacts were removed from the waveforms before
three-dimensional MIST beamforming was employed to create an
image of backscattered energy as a function of position,

Figure 12 shows the MIST beamforming results for the
experimental breast phantom consisting of a 4-mm-diameter syn-
thetic tumor placed 2 cm below the skin surface under the center of
the array. The three-dimensional image of backscattered energy
was generated for a 6-cm X 6-cm % 5-cm domain with 3 1-mm
pixel resolution. Three orthogonal planes from the three-dimen-
sional image were labeled using x and y axes that corresponded to
the lateral dimensions of the imaging domain, and a z axis that
corresponded to the depth dimension. The origin of the z axis
roughly corresponded to the location of the skin layer. The two
energy peaks in the depth direction corresponded to scattering
from the top and bottom surfaces of the compact cylindrical tumor.
The peak energy nearest the surface was located within 2 mm of
the top edge of the actual tumor. For comparison purposes, the
same beamforming process was also applied io the backscattered
waveforms obtained from a tumor-free phantom. The signal-to-
clutter ratio {S/C), defined as the ratio of the maximum tumor
energy to the maximum clutter energy in the tumor-free phantom,
was 8.4 dB for this reduced-contrast scenario. Figure 12d plots the
—3dB contour of the MIST image, and illustrates the location of
the energy peak generated by the tumor in three dimensions,

Figure 13 shows the —3dB contour plots of the MIST beam-
forming results for the experimental breast phantom containing
two 4-mm-diameter synthetic tumors separated by approximately
2 ¢m in the lateral direction. It is evident that the two tumors were
accurately located and resolved in three dimensions.
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6. Summary

In this article, we reviewed a UWB microwave-imaging tech-
nique that employs space-time beamforming for detecting small
malignant breast tumors. Numerical studies based on two-dimen-
sional FDTD simulations demonstrated the efficacy of the MIST
beamforming method for detecting very small malignant lesions in
heterogeneous breast tissue, in both the prone and supine
configurations, The experimental feasibility of the MIST
beamforming approach was also demonstrated in three dimensions,
using an initial imaging prototype and a multilayered breast phan-
tom containing one or more small synthetic tumors. The promising
nature of the results from this body of work provides compelling
rationale for further research to develop this low-power UWB
microwave radar-imaging technique into a clinical diagnostic tool.
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