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SURFACE IDENTIFICATION USING
MICROWAVE SIGNALS FOR
MICROWAVE-BASED DETECTION OF
CANCER

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 60/648,295, filed Jan. 28, 2005, the entire disclo-
sure of which is incorporated herein by reference in its
entirety and for all purposes as if fully set forth herein.

REFERENCE TO GOVERNMENT RIGHTS

This invention was made with United States government
support awarded by the following agencies: ARMY/MRMC
DAMD 17-02-1-0625. The United States government has
certain rights in this invention.

FIELD OF THE INVENTION

The present invention pertains generally to the field of
imaging and more particularly to medical imaging using
microwave transmissions to detect and to locate tumors in
tissue.

BACKGROUND OF THE INVENTION

Various imaging techniques have been employed for
detecting and locating cancerous tumors in body tissue. X-ray
and ultrasound imaging techniques are commonly utilized in
screening for breast cancer. X-ray mammography is the most
effective current method for detecting early stage breast can-
cer. X-ray mammography, however, suffers from relatively
high false positive and false negative rates, requires painful
breast compression, and exposes the patient to low levels of
ionizing radiation.

Microwave based imaging methods have been proposed
for use in imaging of breast tissue and other body tissues as an
alternative to current ultrasound and X-ray imaging tech-
niques. Microwave imaging does not require breast compres-
sion, does not expose the patient to ionizing radiation, and can
be applied at low power levels. Microwave-based imaging
exploits the large contrast in dielectric properties between
normal and malignant tissue. With microwave tomography,
the dielectric-properties profile of an object being imaged is
recovered from measurement of the transmission of micro-
wave energy through the object. An alternative microwave
imaging approach is based on radar methods that use the
measured reflected signal to infer the locations of significant
sources of scattering in the object being imaged. Radar meth-
ods require the focusing of the received signal in both space
and time to discriminate against clutter and to obtain accept-
able resolution. This may be accomplished with an antenna
array and ultra-wideband microwave signals. For a discussion
of'this approach, see, S. C. Hagness, etal., “Two-Dimensional
FDTD Analysis of a Pulsed Microwave Confocal System for
Breast Cancer Detection: Fixed Focus and Antenna-Array
Sensors,” IEEE Trans. Biomed. Eng., Vol. 45, December,
1998, pp. 1470-1479; S. C. Hagness, et al., “Three-Dimen-
sional FDTD Analysis of a Pulsed Microwave Confocal Sys-
tem for Breast Cancer Detection: Design of an Antenna-
Array Element,” IEEE Trans. Antennas and Propagation, Vol.
47, May, 1999, pp. 783-791; S. C. Hagness, et al., “Dielectric
Characterization of Human Breast Tissue and Breast Cancer
Detection Algorithms for Confocal Microwave Imaging,”
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Proc. of the 2nd World Congress on Microwave and Radio
Frequency Processing, Orlando, Fla., April, 2000; and X. Li,
etal., “A Confocal Microwave Imaging Algorithm for Breast
Cancer Detection,” IEEE Microwave and Wireless Compo-
nents Letters, Vol. 11, No. 3, March, 2001, pp. 130-132.

Alternative tumor detection and location methods have
been proposed using radar methods. One method uses space-
time beamforming. E. J. Bond, et al., “Microwave Imaging
Via Space-Time Beamforming for Early Detection of Breast
Cancer,” IEEE Trans. Antennas and Propagation, Vol. 51, No.
8, August 2003. See also U.S. published patent application
2003/0088180 Al, “Space-Time Microwave Imaging for
Cancer Detection,” published May 8, 2003, the disclosure of
which is incorporated herein by reference. As an alternative
method, a generalized likelihood ratio test is used to detect
and to locate possible tumors. See U.S. patent application Ser.
No. 10/942,115, “Microwave-Based Examination using
Hypothesis Testing,” filed Sep. 15, 2004, the disclosure of
which is incorporated herein by reference.

In implementing these microwave breast imaging meth-
ods, the breast surface defines the imaging domain of interest.
Additionally, the reflection from the breast surface dominates
the initial portion of the received signal and should be
removed to allow for the detection and for the location of
tumors within the breast tissue. As a result, a number of
microwave breast imaging algorithms rely on a knowledge of
the breast surface location relative to the transmitting and
receiving antennas. Unfortunately, the location of the breast
surface generally is unknown a priori, is expected to vary
from patient to patient, and may vary from antenna to antenna
depending on the arrangement of the antenna array. There-
fore, it is desirable to be able to locate the position of each
antenna relative to the breast surface. It is further beneficial to
use the information available from the reflected microwave
signals themselves to determine the location of the breast
surface.

SUMMARY OF THE INVENTION

An exemplary embodiment of the invention relates to a
system for determining a surface location of a 2-D cross
section of a 3-D object. The surface defines an interface
between an object to image and an antenna. The system
includes, but is not limited to, a plurality of antennas, a
receiver, and a processor. The receiver couples to the plurality
of antennas to process received microwave signals thereby
forming signal data. Processing of the signal data is carried
out to obtain an image of the object. For example, in imaging
the breast, each received signal contains contributions from
antenna reverberations, the breast surface, clutter due to het-
erogeneity in the breast, reflection from possible lesions, and
noise. Estimating the location of the breast surface using the
reflected signals is needed to account for propagation effects
in the design of high-performance lesion detection and imag-
ing algorithms. The surface location must be determined
because the surface location is unknown a priori and is
expected to vary from patient to patient.

The surface location determination is based on geometric
principles and the fact that the impedance mismatch at the
breast surface results in significant backscatter or reflection.
A propagation time from the antenna to the breast surface is
determined using the significant backscatter or reflection
from the breast surface. The propagation time to each antenna
locates the breast surface on a circle with a radius calculated
using the propagation time relative to each antenna location.
The breast surface is assumed to be convex and tangent to the
circle. A tangent point defines the intersection of the circle
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and the breast surface. The tangent point for each antenna is
determined by assuming that the circles centered at adjacent
antennas intersect the same tangent line. A tangent point is
determined for each antenna location, and the resulting set of
tangent points is fit with a curve. The resulting curve fit
defines the surface location at any point along the 2-D cross
section. A 3-D surface can be determined in a similar manner.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow diagram illustrating exemplary operations
of'a microwave imaging system in accordance with the inven-
tion.

FIG. 2 is a block diagram of a microwave imaging system
in accordance with the invention for transmitting and receiv-
ing using the same antenna.

FIG. 3 is a block diagram of a further embodiment of a
microwave imaging system in accordance with the invention
providing simultaneous transmission and reception with all
antennas.

FIG. 4 is an illustrative view of an antenna array and its
utilization in the microwave imaging system of the invention.

FIG. 5 is 2-D Magnetic Resonance Image (MRI) derived
finite-difference time-domain breast model for a patient lying
in the supine position.

FIG. 6 is a flow diagram illustrating exemplary operations
of a breast surface estimation algorithm in accordance with
the invention.

FIG. 7 is an illustration depicting a portion of the breast
surface estimation algorithm in accordance with the inven-
tion.

FIG. 8 is an illustration representing 2-D cross sectional
results from the breast surface estimation algorithm as com-
pared to the actual breast surface location.

FIG. 9 is an illustration representing a 2-D y-z cross sec-
tional result from the breast surface estimation algorithm as
compared to the actual breast surface location using a 3-D
object.

FIG. 10 is an illustration representing a 2-D x-z cross
sectional results from the breast surface estimation algorithm
as compared to the actual breast surface location using a 3-D
object.

FIG. 11 is an illustration representing a 2-D X-y cross
sectional results from the breast surface estimation algorithm
as compared to the actual breast surface location using a 3-D
object.

DETAILED DESCRIPTION OF THE INVENTION

Breast carcinomas act as significant microwave scatterers
due to their large dielectric-property contrast with the sur-
rounding tissue. Data in published literature and from our
measurements on freshly excised breast biopsy tissue suggest
that the malignant-to-normal breast tissue contrast in dielec-
tric constant, €,, and conductivity, o, is between 2:1 and 10:1,
depending on the density of the normal tissue. The higher
dielectric properties of malignant breast tissue arise, in part,
from increased protein hydration and a breakdown of cell
membranes due to necrosis. The contrast ratio does not vary
significantly with tumor age, which suggests the potential for
detecting tumors at the earliest stages of development. Pre-
liminary measurements suggest that the contrast between the
dielectric properties of normal breast tissue and many benign
lesions is negligible, in which case benign lesions would not
act as strong microwave scatterers, allowing discrimination
of benign and cancerous lesions.
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Microwaves offer exceptionally high contrast compared to
other imaging modalities, such as X-ray mammography,
which exploit intrinsic contrasts on the order of a few percent.
Measurements suggest typical attenuation of microwave sig-
nals is less than 4 dB/cm up through 10 GHz, indicating that
commercial microwave instrumentation with 100 dB of
dynamic range is capable of imaging through 25 cm of tissue.
In an exemplary embodiment, microwave pulses on the order
01 100 ps in duration, with peak powers on the order of a few
milliwatts—approximately Yi00” of the power of a typical
cellular phone can be used. Assuming a pulse repetition fre-
quency of 1 MHz and a maximum scan depth of 10 cm, an
array of 100 antennas can be sequentially scanned in 0.1
seconds.

The goal of conventional microwave tomography is the
recovery of the dielectric-properties profile of an object from
measurement of the transmission and scattering of micro-
wave energy through the object. In contrast, microwave imag-
ing using reflected signal power identifies the presence and
the location of strong scatterers in the breast by directly
imaging the reflected signal power. Early active microwave
radar techniques were unsuccessful because they used a
single antenna location for transmitting and receiving, and
thus, had no possibility of spatially focusing the reflected
signal. The use of an antenna array and short pulses enables
focusing in both space and time. Thus, the system signifi-
cantly enhances the response from malignant lesions while
minimizing clutter signals, thereby overcoming challenges
presented by breast heterogeneity and enabling the detection
of lesions as small as 1-2 mm. As a result, resolution is not
determined by the wavelength of the microwave excitation.
Instead, the spatial extent of the array aperture measured in
wavelengths and the temporal duration of the pulse dominate
the factors determining the resolution limit.

With reference to FIG. 1, exemplary operations in a micro-
wave imaging system are shown. In an operation 100, a
microwave signal is transmitted from an antenna towards the
areatobe imaged, i.e. a breast. In an operation 102, a reflected
signal from the transmitted microwave signal is received at an
antenna or antennas. Using the received reflected signal, in an
operation 104, the location of the breast surface relative to the
antenna locations is determined. In an operation 106, the
received reflected signal is processed to remove the early-
time artifacts. Tumors are detected from the processed
reflected signal in an operation 108. Detected tumors are
located in an operation 110.

The invention can be practiced using various microwave
imaging systems. In one embodiment for carrying out micro-
wave imaging in accordance with the invention, each antenna
in an array of antennas sequentially transmits a low-power,
ultra-short microwave pulse into an object to be imaged, such
as the breast, and receives the microwave signal reflected
from the breast surface and the interior of the breast. In an
alternative embodiment, each antenna in an array of antennas
sequentially transmits wideband signals into an object to be
imaged, such as the breast, and collects the resulting reflected
signal. The relative arrival times and amplitudes of reflected
signals received by the antennas across the antenna array
provide information that can be used to detect the presence
and determine the location of malignant lesions. The array of
antennas may be linear, rectangular, circular, conformal, etc.
The problem of detecting and localizing scattering objects
using pulsed signals and antenna arrays is similar to that
encountered in radar systems, such as those used for air traffic
control, military surveillance, and land-mine detection. In
still another alternative embodiment based on microwave
tomography, one antenna of an array of antennas transmits a
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coherent microwave signal that is received by the remaining
antennas after propagation through the object being imaged.
The position of the transmitting antenna is changed and the
process is repeated.

With reference to FIG. 2, an exemplary microwave imag-
ing system is shown. Transmission and reception of the
microwave signals uses the same antenna and is shown gen-
erally at 20. The imaging system 20 includes a microwave
signal generator 21 which is supplied, on a line 22, with clock
pulses from a clock 23. The output of the signal generator 21,
which as described below may be short broadband pulses or a
signal synthesized from multiple discrete frequencies, from a
frequency swept (chirp) pulse, etc., is provided on a line 25 to
apower amplifier 26, the output of which is provided on a line
27 to a directional coupler 28. The output of the directional
coupler 28 is provided on a line 30 to a switching system 31
which selectively directs the power from the line 30 to lines
33 leading to each of the antennas 35 which are arranged in an
array 36 of antennas (e.g., a linear, a rectangular or a circular
array).

An array of antennas may be synthesized by using one
antenna 35 and moving it from position to position to collect
data at each position, although the forming ofa “virtual” array
in this manner is not preferred. Further, the array may be
formed to partially surround the object being imaged, for
example, for use in breast imaging the array may be formed to
encircle the pendant breast. The antennas 35 and other micro-
wave components preferably should be wideband and operate
in the 1-10 GHz range. Examples of wideband antenna
designs that may be utilized are the “bowtie” and Vivaldi type
antennas and horn antennas designed for wideband operation.
See X. Li, et al, “Numerical and experimental investigation of
an ultrawideband ridged pyramidal-horn antenna with curved
launching plane for pulse radiation,” IEEE Antennas and
Wireless Propagation Letters, vol. 2, pp. 259-262, 2003.

The switch 31 is formed to selectively provide microwave
power individually to the antennas 35 from the directional
coupler 28 and to receive a signal from that antenna which is
directed back through the switch 31 to the directional coupler
28. The directional coupler 28 sends the received signal on a
line 38 to a low noise amplifier 40, the output of which is
provided on a line 41 to a receiver 42. The receiver 42 also
receives clock pulses on a line 43 from the clock 23. The clock
pulses on the line 43 allow the receiver 42 to time the onset of
pulses of microwave power supplied from the signal genera-
tor 21 to allow correlation in time of the received signal with
respect to the transmitted signal. Alternatively, the power
output from the signal generator 21 may be provided through
a power splitter to the receiver 42 to allow time correlation.

The signal generator 21, which may include a computer or
digital processor, generates appropriately timed and shaped
output pulses, discrete frequencies, chirp pulses, etc., as
required for the type of microwave transmission being uti-
lized. The receiver 42 may be of conventional construction,
providing detection of the received microwave signal and
conversion of the detected signal to digitized data, e.g., with
sampling of the received signal after each pulse to build up a
digitized waveform, with the digitized data being provided to
a digital signal processor of conventional design within the
receiver 42 or to an appropriately programmed computer 44
(e.g., a general purpose PC, a dedicated digital signal proces-
sor, etc.) all of which will be referred to herein generally as a
“processor.” It is understood that any type of processor that
can be programmed to carry out the signal/data processing set
forth herein may be utilized. In accordance with the inven-
tion, the digitized data is used to determine the breast surface
location.
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The receiver 42 or the separate computer 44 additionally
process the data to provide image data which may be dis-
played on a display device 45, such as a video display termi-
nal, or which may be transmitted to a recording device 46
such as a magnetic disk or CD ROM for long-term storage, or
transmitted for printout, further data processing, etc. A reflec-
tion artifact subtraction process (e.g., for the breast surface
response or the antenna response) to reduce the effect of the
early-time artifact response is performed on the received
image data using signal processing techniques. The detection
and location of tumors is carried out in a computer in the
receiver 42 or a separate computer 44 on the processed data
received from the antennas. Signal processing may also be
carried out to compensate for frequency dependent scattering.
As an example only of commercial instruments that may be
utilized, the signal generator 21, amplifiers 26 and 40, direc-
tional coupler 28, receiver 42 and clock 23 may be imple-
mented in an Agilent Vector Network Analyzer model 8720
ES, particularly for the discrete frequency based approach,
and the computer 44 may be connected to control the signal
generator 21 and the switch 31.

A microwave imaging system which may be utilized for
simultaneous transmission from each antenna is shown gen-
erally at 50 in FIG. 3. The system 50 includes a signal gen-
erator 51 which receives a clock pulse on a line 52 from a
clock 53. The output of the signal generator 51 is provided on
a line 54 to signal processing circuitry 55 which distributes
the microwave (e.g., pulse) output on lines 57 to power ampli-
fiers 58. Each of the power amplifiers 58 provides its output
on a line 59 to a directional coupler 60, the output of which is
provided on a line 61 to an individual antenna 63. The anten-
nas 63 are arranged to form an array 64 of antennas, e.g., a
rectangular array of antennas arranged in rows and columns.

The signal processing circuitry 55 distributes a microwave
pulse on each of its output lines 57 with frequency dependent
filtering to provide the desired microwave radiation from the
antenna array 64, e.g., focusing of radiated power from the
array 64 to selected points in the target object. The signals
picked up by each antenna 63 are transmitted back on the line
61 to the directional coupler 60. The directional couplers
provide the received signals on lines 65 to low noise ampli-
fiers 66, the outputs of which are provided on lines 68 to a
receiver 70. The receiver 70 also receives the clock pulses
from the clock 53 on a line 71 to allow the receiver 70 to time
the received signals with respect to the transmitted signals.

The receiver 70 detects the microwave signal on a line 68
and converts the received signal to digital waveform data
which is processed by a digital signal processor or a computer
72 in accordance with the invention. The image data from the
computer 72 or digital signal processor may be displayed,
e.g., on a video display terminal 73, or provided to a storage
device 74, e.g., CD ROM, magnetic disk, tape, etc. for long-
term storage, or transmitted for other purposes. Breast surface
location, reflection artifact removal (such as breast surface
response removal), beam forming, tumor detection through
hypothesis testing, frequency-dependent scattering pro-
cesses, etc., may be carried out in a separate computer (e.g.,
the computer 44 of FIG. 2 or 72 of FIG. 3), or in a digital
signal processor of the receiver (e.g., the receiver 42 of FIG.
2 or the receiver 70, of FIG. 3), both of which will be referred
to herein as a processor, that is programmed to carry out the
processing on the digitized waveform signal data for each
antenna that is provided by the receiver.

With reference to FIG. 4, an exemplary antenna array
device which may be utilized in the microwave imaging sys-
tem is shown generally at 80, having a face 81 over which are
distributed multiple individual antennas 82 arranged in a two-
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dimensional array at known locations relative to each other.
The individual antenna elements 82 may have the “bow-tie”
shape as shown or other shapes as desired. The array device
80 may be utilized as the antenna array 36 of FIG. 2, with the
antenna elements 82 corresponding to the antennas 35, or as
the antenna array 64 of FIG. 3, with the antenna elements 82
corresponding to the antennas 63. For purposes of illustra-
tion, the antenna array device 80 is also shown in FIG. 4
placed adjacent to the breast 85 or other portion of the body to
be imaged, preferably utilizing a matching element 86, such
as a liquid filled bag, which conforms to the contour of the
breast or other part of the body being imaged to minimize air
gaps and unwanted reflections of microwave energy. While
the invention is illustrated herein with regard to breast imag-
ing, it is understood that the present invention may be utilized
for imaging other parts of the body of an individual or other
objects that may be separated from the microwave imaging
system by a surface.

To achieve the best resolution of the reconstructed image,
the radiated microwave pulse is preferably relatively short
(e.g., about 100 ps), has a wide band of frequency content,
typically from 0 to 20 GHz, with significant energy in the
frequency range of 1 GHz to 10 GHz. It is desirable to utilize
antennas that are suitable for transmitting and receiving such
short pulses with minimum distortion or elongation. It is
further desirable that the pulse radiating antenna have a con-
stant sensitivity and a linear phase delay over the bandwidth
of the incident electromagnetic pulse in the frequency
domain. It is also desirable that the antenna design suppress
both feed reflection and antenna ringing, and that the antenna
have a smooth transition from the cable impedance at the feed
point to the impedance of the immersion medium at the radi-
ating end of the antenna. The return loss, S11, should be low
in magnitude as less return loss means more power is trans-
mitted to the antenna. Ideally, the return loss should be con-
stant over the required bandwidth so that the spectrum of the
transmitted power is flat and should have a linear phase delay
across the frequency band so that the radiated waveform will
not be dispersed. Other desirable properties include a well-
defined polarization, constant gain, and low side lobes in the
radiation pattern. Resistively loaded cylindrical and conical
dipole (monopole), and bow-tie antennas can be utilized for
radiating temporally short, broad bandwidth pulses. Resistive
loading can be utilized to reduce the unwanted reflections that
occur along the antenna and the associated distortion of the
radiated signal. Spiral antennas and log-periodic antennas
have also been designed to achieve wide bandwidth. Spec-
trum shaping and RF filtering may be needed to enhance the
frequency performance of these antennas. Specialized anten-
nas designed for pulse radiation may also be utilized. An
example of a suitable antenna that is designed for short pulse
radiation is shown and described in U.S. Pat. No. 6,348,898,
issued Feb. 19, 2002.

The methods described above assume only one antenna is
transmitting and receiving at any point in time. This process
involves sequentially stepping through the array. If an
antenna array with multiple receive channels is used as shown
in FIG. 3, then a multitude of different transmit-receive strat-
egies are possible. Tumor detection/location and breast sur-
face response removal algorithms may be utilized in which all
antennas receive simultaneously. Transmit strategies may
also be utilized that focus the transmitted energy on a given
region of the breast. The transmit and receive focus location is
then scanned throughout the breast to form the image of
scattered power. Such scanning may be utilized to improve
resolution and robustness to artifacts, noise, and clutter. The
signal parameters used to focus the transmission are the rela-
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tive transmit time and signal amplitude in each antenna. After
a lesion is located, the transmitted energy from the antennas
may be focused on the lesion at a higher power level to heat
and destroy the lesion.

An exemplary sensor in the imaging system may include a
microwave vector reflectometer (the pulse generator 21, 51
and receiver 42, 70, and may include the associated amplifiers
and directional couplers) and a low-reverberation ultrawide-
band transmitting/receiving antenna. A low-noise commer-
cial vector network analyzer (VNA) with a time-domain
option may be used for the vector reflectometer. The dynamic
range of a VNA of this type is sufficient to detect small
malignant tumors up to depths of 5.0 cm in the breast.

With reference to FI1G. 5, a 2-D sample array configuration
relative to a breast is shown. The breast is immersed in a
coupling medium matched to the breast surface layer. In a
supine configuration, a uniform linear array is placed near the
surface of the naturally flattened breast. To approximate the
supine configuration in 2-D, a sagittal plane through the
breast with antennas positioned near the top of the breast, as
shown in FIG. 5, is used. The grayscale display of the interior
of'the breast shows the anatomically realistic variation of the
permittivity within the breast as derived from the density
variation of a high-resolution breast MRI data set. 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.

As summarized with reference to FIG. 1, microwave sig-
nals are received at an antenna where the transmitting antenna
may or may not be the same as the receiving antenna. Pro-
cessing of the received signals is carried out to obtain an
image of microwave energy. Each received signal contains
contributions from antenna reverberations, the breast surface,
clutter due to heterogeneity in the breast, reflection from
possible lesions, and noise. The location of the breast surface
relative to the antennas is 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.

With reference to FIG. 6, exemplary operations of the
breast surface determination process are shown for a 2-D
cross section of a 3-D object. The process is based on geo-
metric principles and the fact that the impedance mismatch at
the breast surface results in significant backscatter or reflec-
tion. In an operation 112, a matched filter is applied to the
reflected signal received in each antenna channel. In an opera-
tion 114, the output of the matched filter is used to estimate
the propagation time from the antenna to the breast surface. In
alternative embodiments, other techniques may be used to
estimate the propagation time from the antenna to the breast
surface. The propagation time locates the breast surface on a
circle with known radius, as shown in FIG. 7. The breast
surface is assumed to be convex and tangent to the circle of
known radius. A tangent point defines the intersection of the
circle and the breast surface. In an operation 116, the tangent
point for each antenna is determined by assuming that the
circles centered at adjacent antennas are located on the same
tangent line defined by the tangent points. This is a very good
approximation if the antennas are sufficiently closely spaced
relative to the curvature of the breast surface. The breast
surface is estimated to be located at the point where the circle
and tangent line touch. Multiple tangent points are obtained
for each interior antenna because of pairings with multiple
adjacent antennas. In these cases, an average tangent point is
calculated using the tangent point for each of the multiple
adjacent antennas. The average tangent point is used as the
estimate of the breast surface location in these cases. In an
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operation 118, a curve fit is defined, as known to those skilled
in the art, using the defined tangent points that are saved in a
data set. The resulting curve fit defines the breast surface
location at any point along the 2-D cross section.

The antenna array is assumed to be one-dimensional, off
the breast surface, and planar as shown in FIG. 7. It is also
assumed that the waves radiating from each antenna are cylin-
drical and isotropic and that the medium that the antenna
array is submersed in is the same material that makes up the
breast surface skin layer. In a 2-D setting, these signals can be
viewed as outwardly growing concentric circles, and for each
antenna, the point that these circles are tangent with the breast
surface can be estimated by following the shortest straight-
line path from the antenna location to the interface. Based on
geometry, this shortest path is the radius of the circle posi-
tioned at an angle from the x-axis 129 allowing for the tangent
line to the circle to also be tangent to the breast surface. The
2-D cross section is defined by the x-axis 129 and a y-axis
131. Because the breast surface is convex, the location on the
breast surface giving the shortest path to the antenna of inter-
est is unique. FIG. 7 illustrates this shortest path with the
circle tangent to the breast surface and its radius denoted with
a solid line.

The minimal distance from each antenna to the breast
surface is calculated by using the reflection due to the breast
surface to estimate the round-trip time delay and multiplying
this time delay by the average velocity of the signals in the
skin medium. For example, the time-delay may be estimated
by matched-filtering the transmitted signal with each received
waveform. Knowing the estimate of the minimal distance is
equivalent to knowing the radius of a circle with a center at the
location of the transmitting antenna. FIG. 7 shows the breast
surface along with each circle centered at a transmitting
antenna location. It can be seen from the figure that each circle
is tangent to the breast surface. The location is approximated
with the unique position that allows for the line tangent to the
circle at that position to also be tangent to the adjacent circle.
The dashed radial lines have endpoints at these tangential
locations. The solid radial lines have endpoints at the breast
surface. It can be seen that the approximation error between
the actual and estimated tangential points is quite small.

With reference to FIG. 7, the determination of the tangent
points for a pair of adjacent antennas in 2-D is described. A
breast 120 is surrounded by a breast surface 121. As shown
with reference to FIG. 7, a row of antennas includes a first
antenna 122 and a second antenna 123 adjacent the first
antenna 122. A first circle 124 surrounds the first antenna 122
and a second circle 125 surrounds the second antenna 123.
The line 128 is tangent to both the first circle 124 and the
second circle 125 and passes through a first point (x,, y,) 126
on the first circle 124 and a second point (X,, ¥,) 127 on the
second circle 125. Each solid radial line shown in FIG. 7
terminates at the point where the breast surface and the circle
are tangent. The two dashed radial lines are orthogonal to line
128 illustrating that the error between the true and the esti-
mated tangent points is small. Letting h denote the inter-
element spacing between the antennas and r1 and r2 denote
the radial distance for the first circle 124 and the second circle
125, respectively, the slope of the tangent line to each circle
can be derived using calculus to be
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and

h—xz

VA--hr

my =

This allows for the equation of the tangent line to each
circle to be written as

M

y1=myx; +by =

h—x,

V3= =)

@

Y2 =mpx2 +by = X2 +by

where b1 and b2 are the y-intercepts. The constraint of using
the line simultaneously tangent to both circles implies that
ml=m2 and b1=b2=b. Setting m1=m?2 yields the following
relation between x1 and x2:

X112
Xp—h=—
11

&)

By setting b in (1) and (2) equal to each other, some alge-
braic manipulation with usage of (3) yields the following
equation for x,,

@

rf =
X = —

The y-coordinate, y,, can naturally be calculated using the
equation of the circle for first circle 124.

As shown with reference to FIG. 7, a third antenna 132 is
adjacent the second antenna 123. A third circle 130 surrounds
the third antenna 132. The line 134 is tangent to both the
second circle 125 and the third circle 130 and passes through
a third point (x3, y3) 133 on the third circle 130 and a fourth
point (x2', y2') on the second circle 125. The process
described above relative to the first point (x1, y1) 126 and the
second point (x2, y2) 127 is used to calculate the fourth point
(x2', y2") and the location of the third point (x3, y3) 133. The
point used to estimate the location of the surface below the
second antenna 123 is the average of the second point (x2,y2)
127 calculated using the first circle 124 and the fourth point
(x2', y2") calculated using the third circle 130. This process is
repeated for each of the antennas in the array averaging for
interior antennas. The calculations may be initiated from any
antenna in the array.

After determining each estimated tangent point (using the
average of the tangent points for the interior antennas), a
curve is fit to the estimated tangent points. The curve fit
should approximate the breast shape. In an exemplary
embodiment, the curve fit is a cubic B-spline. The cubic
B-spline provides a good approximation to the convex shape
of the breast. Other curve fits may be used in alternative
embodiments.

FIG. 8 illustrates the performance of the breast surface
identification algorithm when the patient is in the supine
position for a 2-D cross section of the 3-D breast. The esti-
mate curve 140 represents the estimate of the breast surface
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while the actual curve 142 represents the actual breast sur-
face. A cubic B-spline was fit through the estimated tangent
points to approximate the breast surface. There is excellent
agreement between the estimated and the actual interface
although accuracy suffers outside the array aperture, as
expected. Similar quality results are obtained in the prone
configuration.

In a similar manner as described above, a 3-D surface can
be determined. In an experimental configuration, the patient
was assumed to lie in the prone position with the breast
immersed in a bolus of oil. The breast was assumed to be
homogeneous and was modeled as a hemi-ellipsoid. A circu-
lar ring of eight horn antennas surrounded the pendulous
breast at three different depths with 1.5 cm spacing. Although
the waves that are radiated from the horn antennas are direc-
tional, the radiation pattern can be assumed to be omnidirec-
tional so that the circle/tangent line approach remains valid.
The breast surface identification algorithm locates the surface
in various 2-D cross-sections of the breast allowing for a 3-D
surface to be reconstructed from these cross-sections. Each
vertical array of three collinear antennas and the center of the
circular array defines a 2-D plane for surface identification.

The time delay used to calculate the minimal distance from
each antenna to the skin surface can be estimated from the
received data by any number of methods. One such method
that yields accurate time-delay estimates involves using the
squared difference between delayed versions of the incident
(transmitted) signal and the received signal as an estimation
criterion. Let p(m) and b,(m) represent the incident pulse and
the received signal at the ith antenna, respectively. The time
delay D, associated with antenna i can be estimated as that
delay where the first minimum of the following residual e(D)
occurs:

e(D)=Z,, lp(m=-D)~b;(m)P? ®
The location of the minimum can determined by locating the
first zero crossing of the derivative of e(D).

FIGS. 9-11 illustrate the performance of the breast surface
identification algorithm for the 3-D case under the experi-
mental configuration by showing the estimated and actual
curves of the surface in three orthogonal planes. The three
orthogonal planes are labeled using x- and y-axes that corre-
spond to the lateral dimensions and a z-axis that corresponds
to the depth dimension. A cubic B-spline was fit through the
estimated tangent points to approximate the skin surface in
each plane. As shown in FIGS. 9-11, there is excellent agree-
ment between the actual and estimated surface over the range
covered by the three rings of antennas (z=2.65 cm to 5.65 cm),
though errors occur outside the array aperture, as expected.

It is understood that the invention is not limited to the
embodiments set forth herein for purposes of illustrating the
invention, but embraces all such forms thereofas come within
the scope of the following claims.

What is claimed is:

1. A system for determining a two-dimensional cross sec-
tion of a surface location that defines an interface between an
object to detect and an antenna, the determination of the
surface location for use in an imaging system, the system
comprising:

a plurality of antennas;

a receiver coupled to the plurality of antennas, the receiver

defining signal data from a signal received by at least one
antenna of the plurality of antennas; and
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a processor operably coupled to the receiver to receive the
defined signal data, the processor configured to execute
computer-readable instructions configured to cause the
system to

(a) estimate, from the signal data, a first minimum propa-
gation time for a first signal received at a first antenna,
the first signal reflected from a surface, wherein the first
antenna is one of the plurality of antennas;

(b) calculate a first distance between the surface and the
first antenna using the estimated first minimum propa-
gation time;

(c) define a first circle centered at the first antenna, the first
circle having a first radius equal to the calculated first
distance;

(d) estimate, from the signal data, a second minimum
propagation time for a second signal received ata second
antenna, the second signal reflected from the surface,
wherein the second antenna is one of the plurality of
antennas and is adjacent a transmit location of the first
antenna;

(e) calculate a second distance between the surface and the
second antenna using the estimated second minimum
propagation time;

(1) define a second circle centered at the second antenna,
the second circle having a second radius equal to the
calculated second distance;

(g) define a tangent point, the tangent point located on the
first circle and on a line tangent to both the first circle and
the second circle and in a direction of radiation of the
first antenna toward the surface;

(h) save the defined tangent point in a set of tangent points;

(1) repeat steps (a)-(h) for the first antenna being each of the
plurality of antennas; and

(j) determine a location of the surface by applying a curve
fit to the set of tangent points.

2. The system of claim 1, wherein at least one of the
plurality of antennas transmits a transmit signal selected from
the group consisting of a short broadband pulse, a pulse
synthesized from a plurality of discrete frequencies, and a
frequency swept pulse.

3. The system of claim 1, wherein at least one of the
plurality of antennas transmits a wideband signal.

4. The system of claim 3, wherein the wideband signal has
a frequency in the range of one to ten gigahertz.

5. The system of claim 1, wherein at least one of the
plurality of antennas transmits a coherent signal.

6. The system of claim 1, wherein the plurality of antennas
are arranged to form a rectangular array.

7. A microwave imaging system for detecting an object, the
system comprising:

a plurality of antennas;

a receiver coupled to the plurality of antennas, the receiver
defining signal data from a signal received by at least one
antenna of the plurality of antennas; and

a processor operably coupled to the receiver to receive the
defined signal data, the processor configured to execute
computer-readable instructions configured to cause the
system to

(a) estimate, from the signal data, a first minimum propa-
gation time for a first signal received at a first antenna,
the first signal reflected from a surface, wherein the first
antenna is one of the plurality of antennas;

(b) calculate a first distance between the surface and the
first antenna using the estimated first minimum propa-
gation time;
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(c) define a first circle centered at the first antenna, the first
circle having a first radius equal to the calculated first
distance;

(d) estimate, from the signal data, a second minimum
propagation time for a second signal received ata second
antenna, the second signal reflected from the surface,
wherein the second antenna is one of the plurality of
antennas and is adjacent a transmit location of the first
antenna,

(e) calculate a second distance between the surface and the
second antenna using the estimated second minimum
propagation time;

(f) define a second circle centered at the second antenna,
the second circle having a second radius equal to the
calculated second distance;

(g) define a tangent point, the tangent point located on the
first circle and on a line tangent to both the first circle and
the second circle and in a direction of radiation of the
first antenna toward the surface;

(h) save the defined tangent point in a set of tangent points;

(1) repeat steps (a)-(h) for the first antenna being each of the
plurality of antennas;

(j) determine a location of the surface by applying a curve
fit to the set of tangent points; and

(k) detect an object using the signal data, wherein the
object is located on a side of the determined location of
the surface opposite the plurality of antennas.

8. The microwave imaging system of claim 7, wherein the
computer-readable instructions further cause the system to
remove a portion of the signal data associated with the deter-
mined location of the surface.

9. The microwave imaging system of claim 7, wherein the
object is a tumor.

10. A computer implemented method of determining a
two-dimensional cross section of a surface that defines an
interface between an object to image and an antenna, the
determination of the surface location for use in an imaging
system, the method comprising:

(a) using a processor of a computer, estimating a first

minimum propagation time for a first signal received at
a first antenna, the first signal reflected from a surface,
wherein the first antenna is one of a plurality of antennas;

(b) using a processor of a computer, calculating a first
distance between the surface and the first antenna using
the estimated first minimum propagation time;

(c) using a processor of a computer, defining a first circle
centered at the first antenna, the first circle having a first
radius equal to the calculated first distance;

(d) using a processor of a computer, estimating a second
minimum propagation time for a second signal received
ata second antenna, the second signal reflected from the
surface, wherein the second antenna is one of the plu-
rality of antennas and is adjacent a transmit location of
the first antenna;

(e) using a processor of a computer, calculating a second
distance between the surface and the second antenna
using the estimated second minimum propagation time;

(f) using a processor of a computer, defining a second circle
centered at the second antenna, the second circle having
a second radius equal to the calculated second distance;

(g) using a processor of a computer, defining a tangent
point, the tangent point located on the first circle and on
aline tangent to both the first circle and the second circle
and in a direction of radiation of the first antenna toward
the surface;

(h) using a processor of a computer, saving the defined
tangent point in a set of tangent points;
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(1) using a processor of a computer, repeating steps (a)-(h)
for the first antenna being each of the plurality of anten-
nas; and
(j) using a processor of a computer, determine a location of
the surface by applying a curve fit to the set of tangent
points.
11. The method of claim 10, further comprising before (h):
(k) using a processor of a computer, repeating (d)-(g) for
the second antenna being each antenna of the plurality of
antennas that is adjacent the first antenna; and
(1) using a processor of a computer, calculating an average
of the defined tangent point for each repetition of (k),
wherein the defined tangent point saved in step (h) is the
calculated average.
12. The method of claim 10, wherein the curve fit is a cubic
spline.
13. The method of claim 12, wherein the cubic spline is a
cubic B-spline.
14. The method of claim 10, further comprising before (a):
using a processor of a computer, applying a matched filter
to the received first signal forming a filtered signal,
wherein estimating the first minimum propagation time
uses the filtered signal.
15. The method of claim 10, wherein the surface is a skin
surface of an animal.
16. The method of claim 15, wherein the skin surface
covers at least a portion of a breast of the animal.
17. The method of claim 10, wherein the tangent point is
defined as (x,, y,) and defining the tangent point comprises
solving the equations

rf =
X = —

and y,=Jr,®-x,>, where 1, is the first radius, r, is the second
radius, and h is a distance between the first antenna and the
second antenna.

18. A storage device having computer-readable instruc-
tions stored thereon that, upon execution by a processor,
cause a device to:

(a) estimate, from signal data collected from a plurality of
antennas and stored on the storage device, a first mini-
mum propagation time for a first signal of the signal
data, wherein the first signal represents a reflection from
a surface received at a first antenna of the plurality of
antennas;

(b) calculate a first distance between the surface and the
first antenna using the estimated first minimum propa-
gation time;

(c) define a first circle centered at the first antenna, the first
circle having a first radium equal to the calculated first
distance;

(d) estimate, from the signal data, a second minimum
propagation time for a second signal of the signal data,
wherein the second signal represents a second reflection
from the surface received at a second antenna of the
plurality of antennas adjacent a transmit location of the
first antenna;

(e) calculate a second distance between the surface and the
second antenna using the estimated second minimum
propagation time;

(1) define a second circle centered at the second antenna,
the second circle having a second radius equal to the
calculated second distance;
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(g) define a tangent point, the tangent point located on the
first circle and on a line tangent to both the first circle and
the second circle and in a direction of radiation of the
first antenna toward the surface;

(h) save the defined tangent point in a set of tangent points;

(1) repeat steps (a)-(h) for the first antenna being each of the
plurality of antennas; and

(1) determine a location of the surface by applying a curve
fit to the set of tangent points.

19. The system of claim 1, wherein the first antenna and the
second antenna are the same antenna and the first antenna is
moved from the transmit location of the first antenna to a
second location adjacent the transmit location of the first
antenna.

20. A computer implemented method of improving an esti-
mate of a two-dimensional cross section of a surface location,
wherein the surface defines an interface between an object to
image and an antenna, and further wherein the determination
of the surface location is for use in an imaging system, the
method comprising:

using a processor of a computer, estimating a first mini-
mum propagation time for a first signal received at a first
antenna, the first signal reflected from a surface;

using a processor of a computer, calculating a first distance
between the surface and the first antenna using the esti-
mated first minimum propagation time;

using a processor of a computer, defining a first circle
centered at the first antenna, the first circle having a first
radius equal to the calculated first distance;

using a processor of a computer, estimating a second mini-
mum propagation time for a second signal received at a
second antenna, the second signal reflected from the
surface, and the second antenna adjacent a transmit loca-
tion of the first antenna;
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using a processor of a computer, calculating a second dis-
tance between the surface and the second antenna using
the estimated second minimum propagation time;

using a processor of a computer, defining a second circle
centered at the second antenna, the second circle having
a second radius equal to the calculated second distance;

using a processor of a computer, defining a first tangent
point, the first tangent point located on the second circle
and on a line tangent to both the first circle and the
second circle and in a direction of radiation of the first
antenna toward the surface;

using a processor of a computer, estimating a third mini-
mum propagation time for a third signal received at a
third antenna, the third signal reflected from the surface,
and the third antenna adjacent a transmit location of the
second antenna;

using a processor of a computer, calculating a third dis-
tance between the surface and the third antenna using the
estimated third minimum propagation time;

using a processor of a computer, defining a third circle
centered at the third antenna, the third circle having a
third radius equal to the calculated third distance;

using a processor of a computer, defining a second tangent
point, the second tangent point located on the second
circle and on a line tangent to both the third circle and the
second circle and in the direction of the surface;

using a processor of a computer, defining a third tangent
point that is the average of the defined first tangent point
and the defined second tangent point; and

using a processor of a computer, saving the defined third
tangent point as an estimate of a location on the surface.
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