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Microwave Detection of Breast Cancer
E. C. Fear, Student Member, IEEE,and M. A. Stuchly, Fellow, IEEE

Abstract—Breast cancer affects many women, and early
detection aids in fast and effective treatment. Mammography,
which is currently the most popular method of breast screening,
has some limitations, and microwave imaging offers an attractive
alternative. A microwave system for breast tumor detection that
uses previously introduced confocal microwave imaging tech-
niques is presented in this paper. The breast is illuminated with
an ultrawide-band pulse and a synthetic scan of the focal point is
used to detect tumors; however, the geometric configuration and
algorithms are different from those previously used. The feasibility
of using small antennas for tumor detection is investigated. Signal
processing algorithms developed to mitigate the dominant reflec-
tion from the skin are described, and the effectiveness of these skin
subtraction algorithms is demonstrated. Images of homogeneous
and heterogeneous breast models are reconstructed with various
numbers of antennas. Both the influence of antenna spacing and
the suitability of simplified models for system evaluation are
examined.

Index Terms—Microwave imaging, tumor detection, ultra-
wide-band antennas.

I. INTRODUCTION

M ICROWAVE imaging of biological structures has been
of interest for many years. Recently, microwave imaging

has been applied to the detection of breast cancer [1]–[3]. This
approach appears promising due to the accessibility of the breast
for imaging and the high contrast between normal breast tissue
and tumors. Early work in the area of microwave imaging is
summarized in [4]. With developments in image reconstruc-
tion algorithms, computational methods, and increased com-
puting power, advances in microwave imaging have been re-
alized. These solutions generally involve measurement of en-
ergy transmitted through an object placed in a water or saline
bath. The measurements are then used to reconstruct the ma-
terial properties of the object. For example, the chirp computed
tomography (CT) system developed by Miyakawaet al.isolates
the signal traveling directly from transmitting to receiving an-
tennas, using the frequency component of the beat signal cor-
responding to the distance between the antennas [5]. This al-
lows for application of X-ray CT reconstruction algorithms. An-
other approach to reconstructing the object profile solves the in-
verse scattering problem using iterative methods. This involves
computation of received energy with a numerical method and
an estimate of material properties (the forward problem), and
application of optimization to determine corrections in mate-
rial properties for a better match between the measured and
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computed data. In conjunction with these approaches, proto-
type systems have been introduced. Paulsenet al.have devel-
oped a system that operates between 500–900 MHz, and con-
sists of an array of monopole antennas [1], [6]. The hybrid fi-
nite-element boundary-element method is used to solve the for-
ward problem, and then the Newton–Raphson iterative method
is applied to solve the inverse-scattering problem. To correct for
coupling between array elements, a nonactive antenna compen-
sation model that is obtained empirically is incorporated into
the reconstruction. This model produces well-localized images
of real and imaginary parts of the wavenumber. Franchoiset
al.have developed a 2.45-GHz microwave camera, which con-
sists of transmitting and receiving horns, with an array of 32

32 small dipoles positioned in the receiving horn [7]. The
method of moments combined with the distorted Born iterative
approach is used in image reconstruction. Another system de-
veloped by Souvorovet al. consists of an object placed in a
water bath and surrounded by 32 transceivers operating at 2.45
GHz [8]. Measurements are made at the 16 antennas located
across from the excited antenna. To reconstruct images, a fast
iterative method is used for the direct solution, and the Newton
iterative method is applied to the inverse solution. Chew has de-
veloped a time-domain approach that incorporates the finite-dif-
ference time-domain (FDTD) method in the distorted-Born it-
erative method to reconstruct images [9]. This has been com-
bined with time-domain impulse radar to produce a system for
nondestructive testing, and has the added the advantage of in-
formation for target recognition available from ultrawide-band
illumination [10]. In terms of application to the breast imaging
problem, the system proposed by Meaneyet al. [1] has been
used to image excised breast tissue with and without inclusions
of saline “tumors.” The promising initial results indicate that
this is a feasible approach to breast cancer detection.

Our approach to breast cancer detection differs from tradi-
tional microwave imaging, as it involves identification of re-
gions of increased scatter as opposed to directly imaging tissue
electrical properties. Our method is similar to that of Hagness
et al. [2], [3], and was introduced in [11]. The breast is illumi-
nated with an ultrawide-band pulse, and the backscattered signal
is recorded. This is repeated for a number of antenna positions.
A time-shift-and-add algorithm is applied to the set of recorded
signals in order to enhance returns from high-contrast objects
and reduce clutter. This involves computing the time delay for
the roundtrip between each antenna to a point in the domain
of interest, then adding the corresponding portions of the time
signals recorded at each antenna. The same image-formation
process is used in several synthetic aperture ground penetrating
radar systems, which detect, for example, unexploded buried or-
dinances and steel reinforcement beams in roads and bridges
[12], [13]. These synthetic aperture radars are wide-band, thus,
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time shifting is used instead of the phase correction incorpo-
rated into the narrow-band version. The ultrawide-band signal
provides high resolution, as resolution is inversely proportional
to bandwidth. The creation of images does not involve complex
reconstruction algorithms, however, there is a tradeoff between
simplicity and information obtained, as material properties are
not recovered, as in microwave imaging. Additional information
extracted from the raw ultrawide-band signals may be used to
gain further insight into the detected object.

The application of ground penetrating radar ideas to breast
cancer detection was introduced by Hagnesset al.[2],[3]. Their
initial two-dimensional (2-D) simulations showed feasibility of
detecting tumors in a heterogeneous background, including the
presence of other structures such as veins and random perturba-
tions of tissue properties. The technique was also found to be
robust to the presence of material dispersion. The breast was il-
luminated with an ultrawide-band signal by an antenna placed
on the breast. The upper frequency was limited to about 10 GHz
to maintain reasonable attenuation. Further three-dimensional
(3-D) simulations investigated the performance of a resistively
loaded bowtie antenna element for this sensing application, indi-
cating the possibility of detecting spherical tumors on the order
of 2-mm diameter at 5-cm depth. Use of spectral signatures re-
lated to tumor shape and cross-polarization to distinguish tu-
mors in, for example, returns from the chest wall were also ex-
amined.

We have further explored adaptation of the ground pene-
trating radar ideas to breast cancer detection. The alternative
physical configuration of our proposed system involves en-
circling the breast, which is immersed in a low-loss material
similar to either breast tissue or skin, with an array of an-
tennas. As the volume inside of the array is imaged, this
provides a frame of reference for the image reconstruction.
Since the antennas are placed at a distance from the skin, new
image reconstruction algorithms are required to reduce the
dominant reflection from the skin. Additionally, we test the
feasibility of using smaller antennas, which are less sensitive
than previously investigated bow ties, for tumor detection.
Section II describes the system configuration and models. In
Section III, the simulation methods and image reconstruction
algorithms are outlined. Results are presented in Section IV,
and include antenna characterization, the effectiveness of the
skin subtraction algorithm, and a comparison of images with
various approaches to detection. The algorithms are developed
for the system immersed in low-loss breast tissue; however,
antenna characterization and initial feasibility studies of the
system immersed in low-loss skin are included. A discussion of
the results is provided in Section V, and brief conclusions are
presented in Section VI.

II. M ODELS

A. System Configuration

A representation of one plane of the proposed system is
shown in Fig. 1. The patient lies in a prone position with the
breasts immersed in a liquid with electrical properties similar
to those of breast tissue or skin, but of low loss. An array
of antennas is placed in the liquid, and positioned in a circle

Fig. 1. System configuration. Configuration A is immersed in a low-loss
breast-like substance and the distance from antenna to object is 2 cm.
Configuration B is immersed in a low-loss skin-like substance and the distance
from antenna to object is 1 cm.

around and offset from the breast. For data acquisition, one
antenna transmits an ultrawide-band pulse and the scattered
returns are recorded at the same antenna. This is repeated
sequentially for each antenna in the array. The antennas are
spaced to reduce their coupling; however, the array may be
rotated to a new position for acquisition of additional data.
Furthermore, translating the array vertically allows for scans of
different cross sections through the breast.

This antenna configuration provides a frame of reference for
image reconstruction. That is, the location of the antennas is
known, and the volume inside of the array of antennas is scanned
without significanta priori information about the position of
the breast. In the previous configuration [2], [3], the antennas
are positioned on the surface of the breast and the physical lo-
cations of the antennas must be determined for input into the
image reconstruction algorithms. On the other hand, the circular
array does not provide the ability to scan the upper outer quad-
rant of the breast where many tumors occur. Further modifica-
tions to the antenna arrangement may alleviate this limitation.
Additionally, the reflection from the skin is the most significant
of the returns recorded by antennas located at a distance from
the breast. This may overwhelm responses from small tumors
in reconstructed images, and must be addressed in image recon-
struction algorithms.

B. Breast Model

The breast is modeled as a finite cylinder of breast tissue sur-
rounded by an outer layer of skin (Fig. 1). This cylindrical model
is not realistically shaped, but a reasonable approximation for
feasibility studies of tumor detection in 2-D cross sections. The
breast models have diameter of 6 cm and length of 7 cm. The
diameter of the model is selected as a reasonable cross-sectional
dimension of the breast that gives relatively short computational
time. In most cases, the skin is modeled as a 2-mm-thick layer.
While this thickness may be excessive, it maximizes attenua-
tion of the signals passing through it, providing a robust test of
the tumor detection capabilities. The influence of skin thickness
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on the reflections from the skin is examined by varying this pa-
rameter from 1 to 2.5 mm. Tumors are modeled as spheres of
diameters ranging from 2 to 6 mm, and are located at the center
of the cylinder at a depth of approximately 3 cm.

The properties of the breast model are similar to those se-
lected by Hagnesset al. [2]. In most simulations, the breast
tissue cylinder is homogeneous and assigned electrical proper-
ties of and S/m. These values were suggested by
Hagnesset al. [2], and result from extrapolating measurements
of normal breast tissue made at lower frequencies to higher fre-
quencies using a Debye model. To consider the influence of nat-
ural variations in breast tissue, a heterogeneous cylinder is also
simulated. This model consists of 0.4-cm cubes with random
perturbations of up to 10% in the nominal dielectric properties
of breast tissue. The skin surrounding the breast tissue cylinder
is assigned and S/m. Tumors are modeled as

and S/m; the conductivity is less than that of the
tumors in [2] and [3]. The entire breast model is immersed in a
liquid with the same dielectric constant as either breast tissue or
skin, but with very low conductivity. Material dispersion is not
incorporated into these models. Hagnesset al. found dispersion
of breast tissue to have a small impact on tumor detection [2]. In
the frequency range of interest, skin has small dispersion [14].

C. Antenna Models

Illumination of breast tissue with a broad-band pulse requires
an antenna suited to pulse radiation. The backscattered signal
from the tumor must be detected in the presence of clutter, in-
cluding reflections from the antenna itself. For sensing applica-
tions, several antennas have been identified as suitable and most
incorporate resistive loading, as this technique has proven effec-
tive in reducing reflections from antenna ends. Dipoles and bow
ties have better physical compatibility with the problem investi-
gated. This outweighs advantages of improved antenna perfor-
mance inherent in horns (e.g., directivity). Hagnesset al.have
modified the bow tie for use in biological sensing, obtaining
end reflections of less than125 dB [15]. The resistively loaded
bow-tie antennas provide excellent sensitivity to reflected sig-
nals, however, these antennas are computationally expensive
and physically large. Dipoles [16], [17] and vee dipoles [18]
with various resistive loading profiles have been previously in-
vestigated, showing broad-band behavior with low end reflec-
tions and high fidelity. For our preliminary investigations, we se-
lected a simple resistively loaded dipole based on the Wu–King
design [19], [20]. These antennas have poor efficiency and di-
rectivity, however, they allow for the incorporation of physically
small antennas with both reasonable behavior (e.g., bandwidth,
fidelity) and computational cost in terms of our system models.
These decreased computational costs are the primary reason for
selecting dipoles rather than further miniaturizing the bow tie.

To design the Wu–King dipole loading, a frequency in the
center of the band ( ) is selected, and the design parameter
is evaluated at this frequency [21], [22]. This method is used to
design the loading profiles for two antennas in low-loss breast
tissue (antenna 1) and skin (antenna 2). Antenna lengths of
in each material are selected to evaluate the feasibility of using
small antennas for this application. The antenna model is a rod

consisting of short sections. The properties of each section are
determined by averaging the Wu–King resistivity profile over
the section.

III. M ETHODS

A. Antenna Characterization

The antenna element cannot be characterized with traditional
frequency-domain measures due to the wide bandwidth over
which it operates. Many quantities, such as radiation patterns,
usually described in terms of power are better described in terms
of energy for wide-band antenna characterization [23]. Far-field
distance varies with frequency; however, the far field can be
identified by the transition of power variation from to
[24]. The performance measures for time-domain characteriza-
tion of antennas used in this paper include frequency-domain
transfer functions, and time-domain gain and fidelity [23]–[25].
The transmit transfer function is defined as the ratio of the elec-
tric field vector amplitude at a point to the complex amplitude
of the signal at the antenna input [19]. The receive transfer func-
tion is the ratio of the complex amplitude response at antenna
output port to the source electric-field amplitude at pointin
space. Fidelity is defined as [23]

(1)

where is the normalized signal of interest and is the
normalized far-zone radiated electric field. The maximum value
of fidelity is one. Time-domain gain is computed as [25]

(2)

where and are the input voltage and current at the an-
tenna terminals and is the radiated field. The antenna perfor-
mance changes with the input signal, as this is inherent in the
definition of quantities such as transfer function and fidelity.
Transfer functions, fidelity, and time-domain gain require the
electric field in the far field. This is assessed by examining
the power variation with distance. The effective far-field dis-
tance and, therefore, the minimum distance of the breast model
from the antenna, is 2 cm in low-loss breast tissue and 1 cm in
low-loss skin.

B. FDTD Modeling

The FDTD method [26] is used to simulate the behavior of the
antennas, with and without the breast model present. All FDTD
simulations are performed in 3-D, and problem spaces are ter-
minated with perfectly matched layers (PMLs) [27]. Antennas
are excited with a differentiated Gaussian pulse of the form

(3)

where ns and for a signal with a full-width
at half-maximum (FWHM) bandwidth of 5.7 GHz.
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Fig. 2. (a) Returns from breast model and skin cylinder. (b) Remainder after subtraction of signals in (a). (c) Remainder and skin cylinder returns aligned and
scaled. (d) Remainder after subtraction of signals in (c).

For antenna characterization, theLC computer code1 is used
to model a resistively loaded monopole parallel to the-axis.
The antenna is fed by a coax line with 21-impedance through
a hole in the ground plane that is located on the– -plane. A
grid size of 0.25 mm is used to discretize the problem space,
and PMLs (four or more layers, parabolic profile, 50-dB attenu-
ation) are placed at least 2.25 cm from the antenna. Comparison
between simulations with four and six layers showed reflections
on the order of 2% of the maximum field value, and an average
of 2% difference over the frequency range of 2–8 GHz. For ini-
tial antenna characterization, these increased reflections are tol-
erable in light of decreased computational cost. For four layers
of PMLs and 4000 time steps, the CPU time for a simulation is
approximately 3.4 h on a four-processor SGI Origin.

With the breast model present, FDTD is used to simulate the
operation of a single resistively loaded dipole antenna located
1 or 2 cm from the breast model. Individual simulations are
used together to represent an antenna scanned around the model
or an array with sequentially excited elements (assuming min-
imal coupling between elements). Graded meshes are used to
increase the resolution close to the antenna (0.25 mm) and in
regions of the breast model near the antenna. PMLs (parabolic
profile, eight layers, 60-dB attenuation) are placed at a minimum
distance of 2 cm from the antennas or breast model. The CPU
time for a simulation is 3.5 h on a four-processor SGI Origin.

1K. Thomas,LC User’s Guide, Ver. 2.7, Feb. 1999. [Online.] Available:
http://lc.cray.com

C. Image Formation Algorithms

Several procedures are applied to recorded backscattered sig-
nals to form an image of the tumor. The signals are first cali-
brated, then a skin subtraction algorithm is applied. Finally, all
signals are time shifted and added to find the response at a partic-
ular point in the domain of interest. An additional image may be
formed without skin subtraction in order to define skin bound-
aries, which are useful in tumor detection.

The antennas are calibrated by subtracting the signal recorded
at the antenna without the breast model present. This procedure
reduces reflections from PMLs and also reflections inherent in
the antenna. Antenna 1 has a half-length of 6.25 mm, which
takes about 260 time steps to travel. The breast is 2 cm away,
thus, approximately 835 time steps elapse before the first reflec-
tion arrives. The signal is transmitted before the first reflection
arrives, and reflections from the antenna structure are subtracted
out by the calibration procedure.

In the calibrated signal, the reflections from the breast skin
are by far of the largest magnitude. If an image is reconstructed
without significantly reducing these reflections, then the skin
will be well represented, but returns from structures inside of
the breast will be obscured. To mitigate the skin returns, an
approximation of the skin response is made using reflections
from a cylinder of skin (skin phantom). This process is illus-
trated Fig. 2, which shows the returns from a 6-cm-diameter
breast model and a 6-cm-diameter skin cylinder, each located
2 cm from the illuminating antenna. The skin cylinder returns
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are subtracted from the breast model returns, and the remainder
is shown in Fig. 2(b). The skin cylinder returns are then aligned
with and scaled to match the remainder [see Fig. 2(c)]. These
signals are subtracted, and the reduced skin response is shown
in Fig. 2(d). The effectiveness of the skin subtraction algorithm
is assessed by examining the total reduction in skin response, as
well as the reduction in the peak-to-peak energy ratio of returns
from the tumor to returns from the skin.

In the skin subtraction algorithm, the first step is identifying
the portion of the breast reflection that contains the skin returns.
The derivative of the breast signal is taken, and is then exam-
ined near the peak of the breast signal. The first local minimum
to the left-hand side of the peak and the first local maximum
to the right-hand side of the peak define the region of interest.
The maximum value of the breast signal in the region of interest
and the maximum amplitude of the skin cylinder reflection are
aligned. The skin cylinder reflection is scaled to the maximum
breast signal value, then subtracted from the breast signal over
the portion of interest. The resulting signal or remainder is an
approximation to the reflection from the inner skin surface. The
skin cylinder signal is then aligned with and scaled to fit the
remainder. Finally, the first reflection is rescaled to better fit
the data. The approximation to the first reflection is used to de-
termine skin location. Skin thickness is estimated from the dif-
ference in alignment between the two skin cylinder reflections
used to approximate the signal (with an estimate of the elec-
trical properties of skin). For an array of antennas that encircles
the breast, the skin subtraction algorithm provides a map of the
breast contour. Using information on skin location from the op-
posite antenna, a time gate may be applied in order to remove
reflections from the second skin interface.

After calibration and skin subtraction, correlation detection
is applied to the signal to enhance returns. Correlation to the
derivative of the excitation signal is selected due to the antenna
transfer function.

After calibration, skin subtraction and correlation detection,
an image is formed by time shifting and adding the signals to
create a synthetic focus [2]. The focus is scanned through the
area inside of the array, and each focal point location is assigned
to an entry in a matrix. The time delays from each antenna to a
particular focal point in the domain are calculated. To points
identified as located within the breast, additional time delays
are added in order to compensate for travel through the skin.
A window corresponding to a maximum of 1 mm and centered
on the time delay is identified in each signal, and these con-
tributions are added together. This helps to enhance reflections
from structures such as tumors and suppress reflections due to
clutter [2]. The signals in the window are summed, and the cor-
responding matrix entry is assigned this value. The procedure is
repeated for each focus point in the domain. Finally, the enve-
lope of the resulting matrix entries is displayed as an image. The
quantity displayed is roughly proportional to energy intensity.

Statistical measures are applied to the images in order to
quantify improvements realized with variations of the image
formation process. Regions of interest (ROI) are defined, and
statistics such as sample mean and variance of the pixel values
are computed for each ROI. With the assumption of normally
distributed pixel values, ROI statistics are compared using

Fig. 3. Variation of maximum field amplitude (in volts per meter) with height
above the ground plane at radial distances from antennas 1 and 2 of 2 cm and
1 cm, respectively.

Student’s t-distribution for the mean and an F-distribution for
the variances. ROI are defined for the skin, breast interior, and
tumor. The FWHM of the tumor response is defined, and the
maximum and mean pixel values as well as the area of the
FWHM response are examined.

IV. RESULTS

A. Antenna Characteristics

For this study, we wish to place the antenna sufficiently far
from the breast to reduce coupling, but as close as possible to in-
crease the received returns. The variation in power with distance
from antenna 1 has been examined at various heights above the
ground plane to determine the far-field distance. For heights
equal or less than the antenna length, results indicate that the
power distribution at a radial distance of 2 cm from the antenna
varies with and, thus, the far-field assumption is valid.
By extension, the far-field approximation is likely to be valid at
1 cm from antenna 2 in the skin.

The behavior of the fields at the object distance has been in-
vestigated by examining field amplitudes, time-domain gain,
and fidelity. Fields are examined at heights above the ground
plane ranging from 1.375 to 21.625 mm, and at radial distances
of 2 and 1 cm from antenna 1 and antenna 2, respectively. Field
amplitude variation with distance above the ground plane is
shown in Fig. 3 for antennas 1 and 2. For this application, the
antenna beamwidth is defined as the FWHM of the energy inten-
sity at the object distance (i.e., planar rather than following the
beam intensity pattern). Antenna 2 has both larger field ampli-
tude and smaller beamwidth. Time-domain gain computations
(Fig. 4) show a slightly larger maximum gain for antenna 2, as
well as variation with height above the ground plane that cor-
responds to the observed narrower beamwidth. The time signa-
tures of the fields over the beamwidth have also been examined.
Both antennas show high fidelity with respect to the first deriva-
tive of the excitation pulse, with the fidelity of antenna 1 varying
from 0.96 to 0.98, and the fidelity of antenna 2 varying from 0.95
to 0.96 over the beamwidth.
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Fig. 4. Time-domain gain computed for various heights above the ground
plane for antenna 1 at a radial distance of 2 cm, and antenna 2 at a radial
distance of 1 cm.

The frequency responses of the antennas are important for
this ultrawide-band application. The transmitting transfer func-
tions for antennas 1 and 2 have been computed using the voltage
spectrum of the input to the coax line, as well as the field com-
ponents at radial distances of 2 cm and 1 cm, respectively. The
transfer functions of both antennas confirm that the radiated
field is a derivative of the input signal. Antenna 1 has a slightly
flatter response over the frequency range, while for antenna 2,
the amplitude of the transfer function is greater. The larger am-
plitude is due to greater field amplitude and better matching of
antenna 2 to the input coax line: 18% of the input energy is re-
flected from antenna 2, while 28% is reflected from antenna 1.
To examine the receiving transfer function, two antennas of de-
sign 1 are placed 4 cm apart. The incident field is considered to
be 2 cm from the receiving antenna and approximated by fields
computed with a single antenna, as the second antenna perturbs
the fields only slightly. The receiving transfer function is found
to be relatively flat over the frequency range, with increasing
attenuation at higher frequencies.

The antenna characterization shows that both antennas ex-
hibit ultrawide-band behavior, and that the breast is illuminated
with the derivative of the excitation signal. The results also sug-
gest that a greater and more spatially selective response from
tumors be expected from antenna 2 (in low-loss skin) due to the
greater field amplitude and narrower beamwidth.

B. Image Formation

The effect of the skin subtraction algorithm has been investi-
gated by examining single antenna returns and reconstructed im-
ages. A 6-cm-diameter breast model with 2-mm skin thickness
and a 6-mm-diameter tumor located at the center is immersed in
a low-loss breast-like liquid and illuminated by antenna 1. For
the heterogeneous breast model, the antenna is moved to 30 lo-
cations that are spaced 1 cm apart on a 10-cm-diameter circle
surrounding the breast. The homogeneous breast model is sym-
metric, thus, the returns at one antenna position are used to rep-
resent the returns recorded at the 30 antenna locations examined
in the heterogeneous case. First, the skin subtraction algorithm

is applied to a single return. For both breast models, the skin re-
sponse is reduced by an average of 92% by the subtraction algo-
rithm. The peak-to peak energy ratio of returns from the tumor
to returns from the skin is increased from47.8 to 21.8 dB for
the homogeneous breast model, and from48 to 23.2 dB for
the heterogeneous model. Secondly, images are reconstructed
using all 30 returns. Figs. 5 and 6 compare images of the het-
erogeneous breast model reconstructed with and without skin
subtraction. Without skin subtraction (Fig. 5), the skin response
is the dominant component of the image. The FWHM response
of the skin is about 1 cm, which agrees with the FWHM re-
sponse observed before time shifting and adding the responses.
This response is larger than the physical extent of the skin and,
thus, the diameter of the breast tissue cylinder appears smaller
than 5.6 cm. The FWHM response of the skin is identified using
image thresholding, which zeros pixel values below the half of
the maximum pixel value. The maximum extent of the FWHM
response of the skin into the breast interior is indicated in Fig. 5
with a black line. The image in Fig. 6 reconstructed with skin
subtraction illustrates that the application of this algorithm al-
lows for tumor detection on images. The extent of the skin re-
sponse into the breast interior observed without skin subtraction
is also indicated in Fig. 6 for reference. This aids in tumor detec-
tion, as responses outside of this limit are likely due to imperfect
skin subtraction and not tumors.

To further evaluate the robustness of the skin subtraction algo-
rithm, it has been applied to various skin thicknesses and shapes.
Table I compares estimated skin location, thickness and percent
energy remaining in the skin signal for a few test cases, illus-
trating the robustness of this algorithm.

The skin subtraction algorithm is not easily extended to the
case of the antenna in a skin-like substance, as the summed
returns from single boundaries with skin and breast tissue
phantoms are dissimilar to returns from a thin layer of skin.
Evaluation of antenna performance suggests larger tumor
returns for antenna 2, and this is verified by reconstructing
images with a simple skin subtraction algorithm. This simple
algorithm subtracts returns from tumorless breast models from
returns recorded for breast models with a tumor. In the images
reconstructed for the system immersed in low-loss skin, the
ratio between the mean response of the 6-mm tumor and breast
interior ROI is 18 : 1. For a similar image reconstructed with the
system in breast tissue for comparison, the ratio of the tumor
and interior ROI means is only 9 : 1.

C. System Evaluation

To further evaluate features of the proposed system, two in-
vestigations have been performed. First, images of the hetero-
geneous and homogeneous breast models described in the pre-
vious section are reconstructed with various numbers of an-
tennas. Statistics for antennas spaced by 1 cm (30 antennas),
2 cm (15), and 1 cm (10) are summarized in Table II. A larger
difference between the maximum tumor value and the mean of
the interior ROI, plus a smaller standard deviation in the in-
terior ROI indicate improved detection. Second, the response
to smaller tumors is investigated. Table III compares statistics
for tumors of smaller diameter placed in a homogeneous breast
model. The maximum and mean of the tumor response decrease
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Fig. 5. Image formed without skin subtraction. The breast model is centered at (x = 40 mm,y = 40mm), and is 6 cm in diameter. The red portion of the image
corresponds to the skin. The line shows the inner skin surface.

as the tumor size decreases, as expected. However even without
a tumor present, a significant response is evident at the center of
the breast. To gain insight into the cause of this “ghost” tumor,
an image of a tumor-free heterogeneous model is also recon-
structed. Statistics for and visual inspection of this image do not
indicate the presence of a tumor.

V. DISCUSSION

A. Antennas

Although the small antennas ( in tissue) examined in this
paper are capable of detecting tumors, the dynamic range re-
quirements for a practical system are challenging. For a system
immersed in low-loss breast tissue, the peak-to-peak energy of
returns from a 6-mm-diameter 3-cm-deep tumor are 110 dB
below the peak-to-peak energy in the excitation signal. Methods
of increasing the level of these returns are required for a prac-
tical system to detect smaller tumors. Immersing the system
in low-loss skin is one method of increasing the received re-
turns. Characteristics, such as narrower beamwidth and greater
field amplitude of the antenna designed for operation in low-loss
skin, improve sensitivity to tumors. Images reconstructed with
a simplified skin subtraction algorithm confirm this observa-
tion. Another method of increasing the recorded tumor response
is increasing the length and receiving area of the antenna. For
example, Hagnesset al. reported that returns for a 3-cm-deep
tumor of 5.28-mm-diameter were83 dB below the excitation

pulse when illuminated by a resistively loaded bow-tie antenna
of 8-cm length [3]. The antenna was located on the skin, whereas
the antennas in this paper are located 5 cm from the tumor. An-
other advantage of longer antennas comes with scanning the
array vertically past the breast, as tumors are illuminated from
a wider range of antenna locations, and this decreases the pos-
sibility of missing a tumor. Thus, further rigorous evaluation of
the characteristics of other antennas should lead to selection of
optimal antennas for a practical system.

B. Image Formation

The effectiveness of the skin subtraction algorithm for a
breast model immersed in low-loss breast tissue is illustrated
by the reduction in skin response, as well as the increase in the
relative tumor response by approximately 25 dB. Although the
tumor response remains on the order of 20 dB below that of the
skin, this provides in the ability to detect tumors, as illustrated
by the comparison of Figs. 5 and 6.

Despite its simplicity, the skin subtraction algorithm de-
scribed in this paper is robust with respect to changes in skin
thickness, and size, shape, and position of skin cylinder used in
the approximation, as summarized in Table I. Although the skin
reflections are reduced less effectively for skin layers less than
2-mm thick, the attenuation of the tumor signal is also reduced.
The test cases of overlapping cylinders and the cone indicate
that this algorithm will, in principle, work for an unknown
breast shape. The results for the heterogeneous breast model
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Fig. 6. Image of 6-cm breast model formed after skin subtraction. The tumor is located at (x = 40 mm,y = 40 mm), and is 6 mm in diameter. The line shows
the inner skin surface, and the boxes indicate the ROI for skin, breast interior, and tumor.

TABLE I
PERFORMANCE OFSKIN SUBTRACTION ALGORITHM (VALUES IN BRACKETS GIVE THE NOMINAL DIMENSION). THE HEIGHT OF CYLINDERS IN

ROWS 1–4IS 7 cm,AND THE HEIGHT OF THECYLINDERS IN ROW 5 IS 4 cm

indicate that the algorithm works with small perturbations in
the electrical properties of the breast interior. The effectiveness
of the algorithm with respect to perturbations in the dielectric
properties of skin must be evaluated, as variations in this prop-
erty from patient to patient are expected. Finally, comparison
of results for systems immersed in low-loss breast tissue and
skin showed a twofold increase of the tumor response with
the latter system. These results were obtained with a simple
skin subtraction algorithm, as the algorithm introduced for
the low-loss breast tissue is not extensible to low-loss skin.

Development of an improved skin subtraction algorithm for this
configuration is required in order to realize this improvement
in sensitivity to tumors.

C. System-Performance Evaluation

Two aspects of system performance have been investigated:
the influence of the number of antennas on reconstructed im-
ages, and the ability to detect smaller tumors. In all of the recon-
structed images, tumors are easily detected by visual inspection.
Statistics describing changes with increased antenna spacing
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TABLE II
STATISTICS COMPUTED FORROIS OFVARIOUS IMAGES. MODEL 1 IS A

HETEROGENEOUS6-cm DIAMETER BREAST MODEL OF LENGTH 7 cmAND

PLACED 2 cmFROM THEANTENNAS. MODEL 2 IS A HOMOGENEOUSMODEL OF

THE SAME DIMENSIONS. THE BREASTINTERIORROI CONTAINS 231 PIXELS

TABLE III
RESPONSE OFTUMORS OFSMALLER SIZES IN IMAGES. BREAST MODELS

ARE THE SAME AS IN TABLE II, AND 15 ANTENNAS ARE USED TO

RECONSTRUCTIMAGES

from 1 to 3 cm are summarized in Table II for heterogeneous
and homogeneous models. For the heterogeneous model, the
maximum of the tumor response increases with fewer antennas,
however the FWHM tumor area decreases, and the mean and
standard deviation of the interior ROI both increase. While these
changes are not statistically significant, partly due to the large
number of pixels in the interior region, they are visually signif-
icant. For the heterogeneous model, the ability to detect tumors
appears to decrease with a decreasing number of antennas. Dif-
ferent trends are observed with a homogeneous model, as there
is less of a change in the standard deviation and tumor area with
fewer antennas. Additionally, the ratios between the means of
the FWHM tumor response and interior ROI are much larger
than for the heterogeneous model. Finally, the examination of
the tumor response with a decrease in tumor size led to dis-
covery of the “ghost” tumor in the homogeneous model. This is
not present in heterogeneous model, and is likely due to the use
of the same signal to represent returns from different antenna
positions. Overall, comparisons between images of homoge-
neous and heterogeneous breast models indicate that, while ho-
mogeneous models are reasonable for initial feasibility testing,
heterogeneous models are required for rigorous testing of al-
gorithms and development of 3-D imaging procedures. Further
work is needed to determine the minimum tumor sizes at various
depths that are detected. Another system parameter that requires
evaluation is resolution. That is, the distances between two tu-
mors, a tumor and a blood vessel, and a tumor and the skin that
are required to identify two distinct objects must be determined.

Further considerations for a practical system include imple-
mentation of the calibration procedure and skin subtraction
algorithm, as well as the development of ultrawide-band baluns.
Calibration could be performed without the breast present. The
calibration procedure would account for small reflections from

multilayer microwave absorbers terminating the immersion
liquid. Time gating, similar to that in network analyzers, can be
used to remove these and antenna reflections in an experimental
system. To obtain the reflections from a cylinder of skin used
for skin subtraction in a real system, a calibration phantom
could be used.

The proposed configuration of our system provides a refer-
ence frame for image reconstruction, but is not capable of scan-
ning the upper outer quadrant of the breast where many tumors
appear. A practical system may require a hybrid of our configu-
ration and that of Hagnesset al.or a modification to our system.
Another approach is suspending the antennas in a bra filled with
lossless material [28]. Although this is a more complicated im-
plementation of the system, this preserves the location of the
antennas with respect to each other, and maintains the distance
between the antennas and skin.

VI. CONCLUSIONS

An alternative configuration for confocal microwave imaging
of the breast has been evaluated for detection of spherical tu-
mors. In this configuration, an array of antennas encircles
the breast, providing a frame of reference for image recon-
struction. For the system immersed in a low-loss breast-like
liquid, algorithms are developed to deal with the dominant
reflections from the skin, resulting in successful detection
of tumors. For the system immersed in a low-loss skin-like
liquid, initial feasibility studies show increased sensitivity to
tumors. However, skin subtraction algorithms require further
development. While the small antennas investigated with both
systems show the ability to detect tumors, improvements to the
antennas are required for a practical system that detects small
tumors. Overall, confocal microwave imaging appears to be a
feasible approach to breast tumor detection, and extensible to
different system configurations.
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