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Early detection of breast cancer is known to be a key factor in the successful treatment of
the disease. Here, we present a detection technique complementary to the currently used
modalities (primarily mammography, ultrasound and magnetic resonance imaging). Our time-
domain breast cancer detection system transmits microwave-range pulses into the breast
and records the scattering off of the breast in order to detect malignancies. This method is
made possible by an intrinsic contrast in the dielectric parameters, specifically the relative
permittivity and conductivity, of the healthy and malignant breast tissues over the microwave
frequency range. The long-term goal of our work is to develop a system that can be used
periodically to monitor for unusual changes in breast tissues; for instance, healthy breasts
would be scanned, and follow-up scans at regular intervals would detect any small changes
in breast tissue composition that could indicate the presence of a malignant growth. At that
point, the patient would be referred to see a doctor for further investigation of the abnormal
results. Such a system would compare each new scan with previous ones to determine the
level of tissue changes, and would be used by patients at home. We report feasibility and
performance tests for our initial system, conducted with breast phantoms made up of tissue-
mimicking materials (unique skin, fat, gland and tumor mixtures). We initiated the system
testing with simple homogeneous phantoms, consisting solely of adipose tissue. Then, we
extended our tests to cases of increasing complexity by adding a skin layer and varying
percentages of glandular structures and tumor sizes. In order to optimize the experimental
system, we performed tests with multiple antenna arrangements, tumor sizes and locations.
This work shows that there are specific antenna arrangements that are advantageous for
tumor detection and demonstrates the capabilities of our time-domain microwave breast
tumor detection system.
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Introduction

Microwave imaging for breast cancer detection is an area of research that is
rapidly expanding. Based on the inherent contrast in the dielectric properties of
healthy and malignant breast tissues over the microwave frequency range (1),
microwave techniques have the potential to detect cancerous growths within the
breast. The current standard method for breast cancer detection is X-ray mammog-
raphy. Mammograms are widely available to patients for screening, and in the
time since their adoption in hospitals and clinics breast cancer fatality rates have
decreased (2). Unfortunately, this technique has many downsides: mammograms

Abbreviations: FWHM: Full-Width at Half-Maximum; 3-D: 3-Dimensional; DC: Direct Current;
TWTLTLA: Traveling Wave Tapered and Loaded Transmission Line Antenna; UWB: Ultrawideband.

Emily Porter, M.Eng.'*
Adam Santorelli, M.Eng.!
Mark Coates, Ph.D.!
Milica Popovié, Ph.D.!

'Department of Electrical and Computer
Engineering, McConnell Building,
McGill University, 3480 University
Montreal, Canada, H3A OE9

*Corresponding author:

Emily Porter, M.Eng.

Phone: 1 (514) 817-4503

E-mail: emily.porter@mail.mcgill.ca



use breast compression (which can be painful to the patient),
as well as ionizing radiation (which may be harmful in fre-
quently repeated doses (3)). Also, mammography has been
plagued by undesirably high false-negative and false-positive
rates (4), in other words, frequently missing incidences of
cancer, or unnecessarily requiring patients to undergo further
testing. These drawbacks motivate the search for alternative
or complementary breast cancer detection technologies.

Microwave systems aim to provide non-invasive, pain-free,
cost-efficient detection with no ionizing radiation. Several
microwave breast cancer detection systems have already been
proposed. The literature focuses on techniques that utilize
frequency-domain measurements. Researchers at the Uni-
versity of Bristol have implemented a 60-element array that
performs 1770 multi-static measurements in only 10 seconds
using a vector network analyzer (5). Their system oper-
ates over the 4 to 8 GHz range, and is currently undergoing
clinical trials. Another advanced system design developed at
Dartmouth College (6), (7) has also underwent clinical tri-
als. This system uses 16 monopole antennas operated in the
0.5-3 GHz frequency range. One antenna transmits at a fixed
frequency, while the other 15 receive, then the transmitting
antenna is switched, allowing for 240 measurements in every
plane of the array (6). The array can be moved to various
planes in order to reconstruct a 3-D image.

The system we present here, on the other hand, is based on
time-domain measurements. We attempt only to detect the
tumor and not to reconstruct a complete dielectric profile of
the breast. In fact, the aim of our work is to develop an early, at
home detection system that would allow a patient to undergo
scans at regular intervals and would compare the past healthy
breast scans to the current scan to determine if there exist any
tissue abnormalities. A similar method of differential assess-
ment has been applied with promising results by Byrne et al.
in (8) on numerically-generated data sets. In our work, detec-
tion would also be performed using a comparison of the data
sets, with the output being either a positive or negative signal
(abnormality present or not); no images would be created
with this methodology. Our system transmits time-domain
pulses of 70 ps duration, covering a span of frequencies from
DC to 14GHz. Such a design allows us to record both low
frequency (low attenuation) and high frequency (high reso-
lution) information at the same time; and allows the scan
duration to be very brief. It also requires less computational
complexity than do methods involving frequency-domain
measurements with time-domain algorithms.

The goal of the work presented here is to identify whether or
not the given system is able to detect a difference in signals
from a breast with a tumor present and the same breast with
no tumor. The results will guide us in our steps to modify the
system in the immediate near future. Our system currently
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allows for 16 antennas, leading to 240 possible signals
recorded in multistatic radar arrangement. As the current
goal of our prototype is to indicate whether a tumor is present
(and not necessarily to locate or image it) by comparing
breast scans to past healthy scans performed on the same
patient, we may not require more than 240 recordings. This
16-antenna arrangement has allowed us to detect tumors in
simple phantoms; however, the number of required signals
remains to be determined for detecting tumors in patients. We
do note that should more signals be necessary, the system in
its present form can be easily adapted to fit an array of 32 or
even 48 antennas. The test results presented here will allow
us to arrange the antennas within an updated array in the most
favorable manner from the standpoint of detection.

Materials and Methods
Time-Domain Measurement System

Our initial breast cancer detection system was introduced in
(9). We describe the system in further detail here, and high-
light recent improvements that we have made. The main ele-
ments of our system are the following: an impulse generator,
a clock, an oscilloscope, broadband antennas and a radome.
The impulse generator (Picosecond Pulse Labs, (10), Impulse
Generator Model 3600) sends a pulse of approximately
—7.5V, with 70ps full-width at half-maximum (FWHM),
to the transmitting antenna on every clock (Tektronix (11),
gigaBERT 1400 generator) signal. The clock runs at 25 MHz
(250MHz in earlier tests, as will be noted in later sections).
The transmitting antenna is placed in a slot in a hemi-spherical
bowl-shaped radome, which holds within it the breast phan-
tom under test. The wave propagates into the breast phantom
from the transmitting antenna, where it is attenuated and scat-
ters at each tissue interface. The receiving antenna, placed in a
different slot in the radome, then picks up the scattered wave.
All tests use only two antennas; however, the current design
allows for a 16-element multistatic array and is easily adapt-
able up to 32 elements. The receiving antenna feeds into an
oscilloscope (Pico Technology (12), PC Oscilloscope 9201),
which is USB connected to a computer, allowing for storage
and processing of the received data. The measurement process
and equipment is shown in the system schematic in Figure 1.
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Figure 1: Schematic of time-domain measurement system.
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The antenna we use in our system is the Traveling
Wave Tapered and Loaded Transmission Line Antenna
(TWTLTLA), designed specifically for biological sensing
(13). In particular, it is built on a substrate with dielectric
constant €, = 10.2, and is fashioned so as to have optimal
performance when operating in a medium with similar rela-
tive permittivity. This compact, planar antenna measures
only 0.635 X 12 X 15.8 mm®. The wideband performance is
obtained by using constant resistive loading (surface resis-
tivity of 50€2/square, or equivalently, a conductivity ¢ of
1142.8 S/m). This end-fire antenna is easily fabricated and
relatively sturdy, with fidelity above 0.95 and efficiency of
39% (13). The model of the TWTLTLA is shown in Figure 2,
along with a photograph of the final fabricated antenna.

We designed a radome to hold the antennas securely in place
while measurements are underway. The radome is made
of Alumina (Al O;), € = 9.6, and was fabricated from our
design by Friatec (14). We chose this material based on its
advantageous properties: low-loss, dielectric constant similar
to that of the antenna substrate (for good matching), and low
moisture absorption. Alumina is also strong enough not to
fracture or break during the antenna slot drilling process. The
radome, with dimensions and photograph shown in Figure 3,
is a hemi-spherical bowl with an outer radius of 8.5cm and
an inner radius of 7cm. This allows for a breast phantom with
a maximum diameter of 14 cm. Sixteen antennas can be held
in the radome; there are four slots along the exterior surface
of each quadrant. A diagram of the radome with the slots
uniquely numbered is depicted in Figure 3; allowing for an
easy description of where the antennas are placed in each
measurement scenario. Some slots are oriented similarly,
while some are at 90°, allowing the antennas to be placed
in such a manner as to receive either the co-polarized or
cross-polarized response. The slots are slightly larger than
the dimensions of the antenna — this was a design choice, to
ease the manufacturing challenge of drilling slots as thin as
0.635 mm. To avoid air gaps between the antenna and the slot

Figure 2: Drawing (left) and photograph (right) of the TWTLTLA. The
antenna measures 0.635 X 12 X 15.8 mm?.

chest wall
i g

|4
|13|14 I15 |16 8| 7| Gl 5|
I12
—1 1

I10

— O

Figure 3: Drawing with dimensions shown (top left) and photograph (top
right) of the radome. Also shown is a top view of the radome with all antenna
slots numbered (bottom).

walls we use ‘suitcases’, enclosures that look like a container
with a lid and a smaller slot that tightly fits the antenna. Thus
we place the antennas in the suitcases, and then slide the suit-
cases into the slots in the radome. The suitcases are made of
low-loss dielectric Eccostock HiK (fabricated by Emerson &
Cuming (15)), with €, = 10. The suitcase design details and
dimensions can be found in (16).

We measure the return loss (S;,) of the antenna, in a suitcase
in the radome. For this measurement, the radome is filled with
a breast phantom made of a thin skin layer and homogeneous
fat-mimicking tissue; and, in between the phantom’s skin and
the radome is a matching medium. The resulting S, is plotted
in Figure 4. We perform the return loss measurement at two
antenna positions within the radome to ensure consistency in
the phantom properties. From the plot, we see that the S, for
both positions is similar, which shows that, as expected, the
phantom’s dielectric properties do not vary significantly from
one point to another. The antenna in this system performs
best above 3 GHz, with a return loss near or below —10dB.

Description of Breast Phantoms

The tissue phantoms have been thoroughly described in our
past work (17). We make four tissue-mimicking phantoms:
fat, skin, tumor and gland, out of commonly available chemi-
cals. The tissue phantoms are each designed to have relative
permittivity and conductivity similar to those of the actual
tissues, as reported in measurements in the literature (1).
The tissue phantom’s fabrication procedure is presented in
(17) and their updated electrical property measurements are
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Figure 4: Measured S,, for antennas in two positions within the radome.

given in (18). In (19), advanced heterogeneous breast phan-
toms have also been reported. While our phantoms are made
with different materials and physical dimensions, the key
improvement, in contrast to the phantoms created in (19), is
in the electrical parameters of our glandular structures.
The heterogeneities in (19) are composed of materials with
relative permittivity €, = 10-30, with a tumor ¢, of 50, lead-
ing to a malignant/healthy contrast of between 5:1 and 1.6:1.
In our phantoms, there is an approximately 5.5:1 contrast in
the dielectric constant of tumor to fat tissues, while the con-
trast between the malignant and glandular tissue is much less,
on the order of 10% (18). In fact, our gland phantom has a
€, of about 50 at 2 GHz, a value much closer to that of actual
glandular tissue reported in the literature (1).

Using the individual tissue phantoms, we build comprehen-
sive breast phantoms that include up to all four tissue types.
A typical breast phantom is hemi-spherical with a 6.5-cm
radius. It includes a 2.5-mm thick layer of skin, filled with
a mixture of fat and glandular tissue, with a single tumor
located somewhere within the phantom. For all phantom
tests, we fill the space in between the phantom’s surface and
the radome in which it is placed with a matching medium
(approximately 0.5cm thick) made of the fat-mimicking
material. This matching medium serves mainly to eliminate
the possibility of any air gaps existing between the breast
and the radome, as air gaps can negatively and unpredictably
affect the signals received at the antenna.

Since the breast phantoms used in each set of experiments
differ in tissue composition and organization, the specifics of
each test phantom will be described later. A complete descrip-
tion of the corresponding system test will also be provided.
We performed all phantom tests within a week of the phan-
tom fabrication, to ensure that no dehydration had occurred
and thereby avoiding any change in the tissues’ dielectric
properties.

Porter et al.

Measurement Procedure

For each system test, we start by placing the test phantom into
the radome. Then we arrange the antennas, which are already
connected to the rest of the system, in the desired radome
slots. A baseline measurement is taken first: a recording of
the ‘healthy response’, the received signal when no tumor-
mimicking tissues (here forth referred to just as ‘tumor(s)’)
are present in the test phantom. After we obtain the base-
line signal, we insert the tumor under test into the chosen site
within the breast phantom. Once the tumor is in the breast
phantom, the signal at the receiving antenna is re-recorded.
In our work, we calculate and define the tumor response as
the difference between the received signal when the tumor is
in the breast, and the healthy baseline. We have previously
performed tests using ‘dummy’ tumors that allowed us to
confirm the tumor response is in fact a result of the malignant
tissue being added to the breast and not due to the insertion
process of the tumor into the breast phantom.

We note that the baseline measurement is not feasible in a clini-
cal setting and we do not intend for it to be used as such. It is an
intermediate step that allows us to obtain data about the pres-
ence of tumors within the breast phantoms very easily, without
excessive signal processing. Conducting experiments that rely
on generating an image by applying a signal processing tech-
nique conflates the performance of the imaging methodology
(which includes calibration) and the performance of the mea-
surement apparatus. Our goal in this paper is to assess solely
the performance of the measurement apparatus to determine
whether it generates a detectable signal and which configura-
tions perform best. If the signal is not detectable when a base-
line is present, there is no hope of detection when additional
challenges arise. Experiments presented here on the measure-
ment system allow us to learn from the tumor responses in vari-
ous scenarios, and adapt the system into an optimized form.

We use the peak received amplitude and peak tumor response
as two key metrics with which to analyze our system’s perfor-
mance. For successful detection, it is important that they both be
above the noise level, and that the tumor response is clearly seen
in the time-domain signals. The peak received value is deter-
mined as the maximum of the absolute value of the recorded
signal. Similarly, the peak tumor response is calculated as the
maximum of the absolute value of the tumor response.

Test 1 Description: Fat-Only Breast Phantoms

As an initial experiment, we test our system’s tumor detection
abilities with the simplest type of breast phantom: a phan-
tom made entirely of fat (no skin or heterogeneities). For this
series of tests, the clock frequency is always set to 250 MHz.
We use two sizes of tumor for this series of experiments. Both
tumors are relatively large, since the primary goal of this
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series of tests is to identify promising antenna and system con-
figurations rather than explore the detection limits of the sys-
tem. The tumors are cylindrical in shape with 3-cm height and
diameters of 1cm and 2cm, respectively. We carve the tumor
phantoms manually, so they have a rough, uneven surface.

Test 1 is comprised of 7 cases, each with a different antenna
arrangement. Within each antenna arrangement, both tumor
sizes are positioned at each of two or three places within the
phantom. Thus, there are up to seven recordings per case,
including the baseline. For example, Case 1 has three tumor
sites (one near the transmitter, one in the center of the radome,
and one near the receiver) and there are two tumor sizes, SO
with the baseline there are seven recordings for this case.
This leads to a total of 39 measurements, a comprehensive
list of which is shown in Table I. This testing of scenarios
is thorough; we test every possible type of antenna layout —
transmission and reflection scenarios, and each of those with
both cross- and co-polarized antenna orientations.

In Table I, we present the list of cases (determined by the
antenna arrangements), along with a schematic drawing of
each case scenario. The antennas are located in the radome
in the second or third slot away from the chest wall, as the
geometry allows. As such, in Cases 1 and 4 both the trans-
mitting and receiving antennas are in the second slot from
the chest (slot numbers 6 and 14 for Case 1, as per Figure 3;
slot numbers 6 and 10 for Case 4), Cases 2, 5 and 7 have the
transmitter in the second slot and receiver in the third (slot
numbers 2 and 11 for Case 2; slots 6 and 7 for Case 5; and
slots 2 and 3 for Case 7), and finally, Cases 3 and 6 place the
transmitter in the third slot and the receiver in the second
(slot numbers 11 and 6 for Case 3; slots 7 and 6 for Case 6).
Further, in Case 1, we position the antennas 180° apart in
the radome (labeled in the table as ‘transmission’), and they
are oriented in a co-polarized fashion. Like Case 1, Case 2
s a transmission scenario, but now the antennas are cross-
polarized. Cases 3 and 4 have the antennas 90° apart in the
radome, co-polarized and cross-polarized, respectively. We
refer to Cases 3 and 4 as ‘scattering’ scenarios, in which
the signal at the received antenna may be a combination of
waves reflected off of the tumor and transmitted through
it. In both cases, there are two tumor sites: in the center of
the radome, and halfway between the center and the wall
adjoining the two antenna positions. Finally, Cases 5-7
are the reflection scenarios. In Cases 5 and 6, the antennas
are co-polarized, while in Case 7 they are cross-polarized.
Cases 5 and 6 appear the same in the table, the difference
between them is that the transmit and receive antenna have
swapped slots (i.e. in Case 5 the transmitter and receiver
are in slots 6 and 7, respectively; and in Case 6 they are in
7 and 6, respectively). In all three, there is a tumor site in
the center of the radome and another halfway between the
center and the radome wall where the antennas are located.

Table 1

Description of measurement cases for Test 1. The diagrams depict the
radome, antennas and breast phantom, as seen from the chest wall looking
into the breast. The large blue circle represents the radome, and the beige
the breast phantom. The heart-shaped antennas are parallel to our view,
while a solid line means the antenna is perpendicular to this view. Hollow
shapes within the breast phantom are tumor sites: a purple circle is a site
centered in the radome, and a red diamond is a site halfway between the
center of the radome and the radome wall.

Case Schematic Polarization Test scenario
1 < e D Co- Transmission
2 Cross- Transmission
3 = 0 Co- Scattering
\/

4 Cross- Scattering

5 Co- Reflection

6 Co- Reflection

7 = ° Cross- Reflection

In all cases, the tumors are placed at maximum depth (i.e.,
near the chest wall), as a wave travelling to this position will
cover more distance and thus experience higher attenuation
than for other positions.

Test 2 Description: Homogeneous Breast Phantoms with Skin

Test 2 examines the performance of our system with slightly
more realistic breast phantoms: the fat-only phantoms are
now covered by a 2.5-mm thick layer of skin. Thus, we are
still testing a homogeneous tissue case. In Test 2, the fre-
quency of the system clock is 250 MHz.

The cases we measure in Test 2 are all the same as they were
in Test 1. Thus, the 39 measurements described by Table I are
repeated in this test for a breast phantom that has skin. The tumor
sizes, likewise, are the same as in Test 1. We presented Test 2
initially in (9); here the results are shown in a different light.
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Test 3 Description: Heterogeneous Breast Phantoms with Skin

Test 3 explores the testing of our system with our most com-
plex breast phantoms to date. We now use heterogeneous
breast phantoms that have the thin skin layer filled with a
combination of adipose- and glandular-mimicking tissues.
This final series of tests also benefits from lessons learned
in Test 1 and Test 2. For Test 3, the clock frequency is only
25MHz. Also, as will be seen below, antenna arrangements
that failed or performed poorly in Test 1 and Test 2 are not
re-tested here. As well, in order to fully explore the detection
capability of our system, the tumor sizes in Test 3 include
much smaller tumors than were used in earlier tests.

The procedure for making phantoms with glandular struc-
tures is more complex than making homogeneous fat-only
phantoms. The steps are as follows. First, we create the skin
layer and allow it to harden. While it is hardening, we mix
the glandular phantom and pour into moulds. We use conical
shaped moulds for this work, with volumes of either 27 mL
or 30mL. The gland and skin solidify for 1-2 days before
ready for use. Once hard, the glands are trimmed as necessary
to satisfy volume requirements and placed randomly within
the skin; the remaining space around them is filled with fat
phantom. The process is described in more detail in (21).
For Test 3, we experiment with different concentrations of
glandular content in our heterogeneous phantoms. More spe-
cifically, we design and build phantoms that have 30%, 50%,
80% and 100% gland content (with the rest of the phantom
being filled with fat, when necessary). For example, the 30%
gland phantom will contain 30% glandular-mimicking tissue
in the breast interior, by volume, and 70% fat-mimicking
tissue; and the 100% gland phantom contains 0% fat-tissue.

Since mammography struggles most with tumor detection
in denser breast tissues (3), it is vital that a supplementary
breast cancer detection technique be successful in such a sce-
nario. In fact, a study reported in (22) shows that 63% of
women aged 25-29 have more than 50% glandular content
in their breasts, while 24% of women aged 75-79 have more
than 50% glandular content. These statistics emphasize the
need for our system to be successful in detecting tumors in
breast phantoms with high amounts of glandular tissue. For
the 50% and 80% glandular-content phantoms, there are a
high number of interfaces between various tissue types, thus
significantly increasing the detection challenge over the 30%
gland and the purely adipose breast phantoms. However,
since breast composition varies significantly from person
to person and even from breast to breast, it is impossible to
quantify the physiological shape or precise dimensions of
glandular structures. Therefore, we do not attempt to match
our phantoms exactly to any actual given breast, but rather to
provide a breast model that contains the correct tissue types
in appropriate concentrations relative to common breast
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Table II

Number of glandular structures in each heterogeneous phantom.

% Glandular content # Glandular structures

30 7
50 10
80 13
100 1 (filling skin entirely)

densities. The complete breast phantoms seen here are among
the most realistic that have been developed so far, and accord-
ingly provide a good basis for system testing. Thus while the
gland phantoms are not exact matches to their corresponding
anatomical structures, we feel that the phantoms used in this
way present a significant increase in the detection challenge,
and are therefore a useful step forward in identifying whether
or not our system can successfully operate under more com-
plicated situations.

Table II shows the number of glandular structures incorpo-
rated into the phantoms of each glandular concentration. It
gives the number of conical gland structures that it takes to
fill the required volume of glandular tissue. Depending on the
desired volume of glandular tissue, the conical structures we
use may be full-sized or cut to a partial size. Also, we count
the 100% gland phantom as having one glandular structure,
even though it does not contain conical-shaped glands but
rather has a homogeneous gland filling entirely the skin.
As an example, Figure 5 shows a picture of the partially

Figure 5: Photograph of partially completed 30% gland phantom, with
seven glandular structures.
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completed 30% gland phantom, taken just before the fat was
added to the phantom. In the photograph, we can see seven
conical gland structures, of varying sizes, arranged randomly
within the skin. Another example, pictured in Figure 6, is the
partially completed 80% gland phantom containing 13 gland
structures.

The antenna arrangements in Test 3 are limited to Cases 5, 6
and 7. These reflection scenarios were the ones for which the
system performed best in Tests 1 & 2. Further, measuring a
reflection scenario instead of a transmission scenario makes
sense — the distance the wave propagates through the breast is
always less for reflected waves than transmitted, except when
the tumor is positioned exactly at the breast center (which is
unlikely to occur in nature). Less propagation distance corre-
sponds to less attenuation, and thus we hope to receive larger
signals for the reflection scenarios than the transmission
scenarios.

The tumor sites in Test 3 are also limited compared to
Tests 1 and 2. As mentioned in the above paragraph, for the
reflection scenario cases, a tumor should always be closer
to the antennas than the center of the radome. Thus, we test
only one tumor site — halfway between the radome center
and the antennas. At this distance, we place three different
sized tumors in turn, all spherical, with diameters of 0.5 cm
(smallest size, °S’), 1cm (medium, ‘M’), and 2cm (large,
‘L’). All tumors are placed at a depth of 0.5-1cm from the
chest wall.

Figure 6: Photograph of partially completed 80% gland phantom, with 13
gland structures (nine along outer surface, an additional four inside).

Test 4 Description: Comparison of Matching Media

As a final test, we briefly examine the use of two different
matching media in our system. In Tests 1, 2 and 3, all mea-
surements were performed using the fat-mimicking material
as the matching medium. However, we wish to further test
whether the gland-mimicking matching medium will provide
better system performance for the case of phantoms with high
glandular content.

The antenna substrate and radome both have relative permit-
tivity close to 10. Recent measurements have shown fatty
tissue to have €, =5 at 5GHz, and glandular tissue €, = 45
at 5GHz (23). Thus the fat-mimicking matching medium
should provide fewer reflections in a fat-dominated breast
phantom, and the gland-mimicking medium should work
better for more heterogeneous phantoms. We note that this
effect will be diminished by the need to use the radome,
which will induce a slight mismatch with the fat-mimicking
material and a larger mismatch with the gland-mimicking
material as matching mediums.

We run the same measurements as in Test 3, repeated for
a 100% gland phantom with a gland-matching medium. We
compare these experimental results with the data presented
for Test 3 with a 100% gland phantom and a fat-mimicking
matching medium.

Calculating the Tumor Response

To analyze the measurement data, we calculate the tumor
responses. In order to compare cases easily, we use the metric
“T’, the tumor response relative to the input. More specifi-
cally, T is calculated, in decibels, as follows:

[1]

T=20log,, max Itul.nor responsel
max linput pulsel

where the maximum of the absolute value of the input pulse,
measured at the antenna feed point, is the same in all cases,
6.337V.

Further, since the value of T at which a tumor response is
detectable can vary due to the different levels of background
noise and clutter in each subcase, we define a second binary
metric. The tumor is considered ‘detected’ if the tumor
response shows a periodic, time-domain signal that is clearly
and easily seen above the background signal level. If the
tumor response cannot be distinguished as being either peri-
odic (with frequency of 250 MHz [or 25 MHz in later mea-
surements], as this is the input pulse repetition rate), or is not
visibly above the noise level, than the tumor is considered
‘undetected’.
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Results and Discussion
Test 1 Results: Fat-Only Breast Phantoms

Table III provides a summary of results for Test 1. For each
case, the table lists the average, best and worst relative tumor
responses. These values are obtained by examining each sub-
case: for instance for Case 3, we find the average, maximum
and minimum relative tumor responses over the set of four
relative tumor responses (2 cm tumor in center, 1 cm tumor in
center, 2cm tumor halfway between center and radome wall,
and 1cm tumor halfway between center and radome wall).
For all subcases of Test 1, the tumor responses fall into the
‘detected’ category.

As an example, we also plot a sample tumor response in
Figure 7. This time-domain signal corresponds to two periods
of the tumor response for Case 6, with the 1 cm tumor in the site
halfway between the center of the radome and the antennas.
This particular subcase is the one in which the peak relative
tumor response was the best, out of all the other subcases in
Test 1, with a value of —40.3dB.

To summarize, in Test 1, examining a homogeneous phan-
tom made entirely of adipose tissue, we see that all seven
antenna arrangements easily detect both the 2cm and 1cm
tumors, at all tested positions. We note from Table III that for
the reflection scenarios Cases 5 and 6, the system performs
better on average than for the transmission scenarios Cases
1 and 2, and in fact all other cases. Further, Case 2 has the
lowest average relative tumor response out of all the cases

N P
o o

Tumor response (mV)
o

6 8 10 12 14
Time (ns)

Figure 7: Two periods of the tumor response for Case 6, with a 1-cm
tumor placed at the site halfway between the radome center and the antennas.
This subcase corresponds to the best T obtained in Test 1.
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Table I1I

Summary of Test 1 measurements.

Case#  Average T (dB) Worst T (dB) Best T (dB)
1 —55.8 —66.2 —49.2
2 —67.0 —69.8 —65.2
3 —538 —64.2 —48.0
4 —554 —70.6 —46.9
5 —43.2 —45.7 —41.9
6 —41.2 —424 —40.3
7 —57.3 —60.1 —533

with —67.0dB, and Case 6 has the highest with —41.2dB,
making a difference of almost 26dB between the best and
worst cases. Even the worst tumor responses for Cases 5 and
6 are better than the best responses for all other cases. This
suggests that our system provides the best tumor detection
performance using Cases 5 and 6 on this fat-only phantom.

Test 2 Results: Homogeneous Breast Phantoms with Skin

We present the measurement results for Cases 1 to 7 for our
breast phantom with skin in Table IV. As in Table III, the
average, best and worst T values are provided for each case.
Further, Figure 8 plots a sample tumor response, here for
Case 7 with a 1-cm diameter tumor placed halfway between
the radome center and the antennas. This particular subcase
is the scenario for which our system performs best, as per
Table I'V.

In Test 2, as in Test 1, both tumors are detected in every
position with every antenna arrangement. In some subcases,
for instance, Case 1 with a tumor in the radome center (both
sizes of tumors), the tumor response is approaching the lower
detection limit. However, at this stage of phantom complex-
ity, the tumor is successfully detected in all subcases. The
results of Test 2 indicate that the addition of a skin layer does
not prevent detection for a homogeneous phantom.

From Table IV, we note that with the Case 7 antenna arrange-
ment our system performed better than all other cases, with an
average relative tumor response of —50.9dB, and a best-case

Table IV
Summary of Test 2 measurements.

Case # Average T (dB) Worst T (dB) Best T (dB)
1 —63.6 —68.9 —59.6
2 —65.6 =71.5 —62.5
3 —65.0 -71.8 —60.1
4 —=55.0 —56.1 —534
5 —544 —58.0 —51.6
6 —62.7 —69.8 —53.9
7 —=50.9 —56.3 —47.3
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Figure 8: Two periods of the tumor response for Case 7, with a 1-cm
tumor placed at the site halfway between the radome center and the antennas.
This subcase corresponds to the best T obtained in Test 2.

relative tumor response of —47.3dB. The second best detec-
tion scenario was found to be Case 5, with an average T of
—54.4dB and a best of —51.6dB. It is interesting that both
of the two best cases are reflection scenarios, as were the two
best cases of Test 1. However, unlike Test 1, the best case in
Test 2 is one with a cross-polarized antenna arrangement. In
fact, comparing the average T in the first columns of Tables III
and IV, for fat-only and fat with skin phantoms, respectively,
we see that the system detecting with perpendicularly-oriented
cases (2, 4 and 7) for the phantoms with skin outperform these
same cases for the phantoms without skin. On the other hand,
the cases with co-polarized antennas (1, 3, 5 and 6) have higher
average T’s for the fat-only phantoms than for the phantoms
with skin. This confirms the trend discovered in (20), and sug-
gests that the skin plays a significant role in the polarization
of the received signal, indicating that both co-polarized and
cross-polarized tumor responses may be useful for detection
purposes. This realization also shows that the skin layer does
not necessarily hinder the tumor detection ability of a system,
as long as the antenna arrangements are carefully chosen.

We also see from the results in Table IV that for Test 2 it
is Case 2 in which our detection system performs the most
poorly. In Test 1, it was also Case 2 that had the worst results,
so it is likely Case 2 is not a useful choice of antenna arrange-
ments for tumor detection.

From the plots in Figures 7 and 8, we note that the best-case
tumor response with skin still has a lower amplitude than the
best-case response without skin, as could be predicted since
the skin layer adds reflections and attenuation to the signal.
More importantly, in Figure 8 the two successive periods of the
tumor response are not distinct — they overlap. This indicates
that a new pulse is being transmitted into the system before the
first one has had sufficient time to die out; an effect that was
not seen in Test 1 when there was fewer tissue interfaces pres-
ent. Because of this observation, we decrease the input signal’s
repetition rate by a factor of 10 to 25 MHz in all later measure-
ments. This decrease is beneficial in two ways: not only do
signals no longer overlap, leading to cleaner results, but there
is also less energy transmitted into the breast in a given scan
time. Also, decreasing the clock frequency does not necessar-
ily increase the amount of time required for a scan, as only one
period of the received signal is really needed for an analysis
(since each period reproduces the signal identically).

Test 3 Results: Heterogeneous Breast Phantoms with Skin

We present the measurement results for the 30%, 50%, 80%
and 100% glandular content breast phantoms for Cases 5, 6
and 7 in Table V. The table shows the T-value (peak tumor
response, in dB) for the small, medium and large tumor sizes
that we tested. It also provides an average T for each glan-
dular phantom — a value that gives an indication of the diffi-
culty of detecting a tumor in a breast phantom with the given
amount of glands. Further, the shaded cells in Table V illus-
trate the situations in which detection of the tumor failed. In
other words, for the shaded cell subcases, T is at such a level
that it is below the background noise, or clutter.

In Figure 9, we plot a selected example of the time-domain
tumor response: a 50% gland phantom tested with the
Case 5 antenna arrangement and a medium-sized tumor. This

Table V
Summary of Test 3 measurements. For each phantom with different percentages of glandular content, the peak tumor response in dB is given for the small
(‘S’), medium (‘M) and large (‘L) tumor in Cases 5, 6 and 7. A shaded cell indicates this tumor response is not detectable. The average peak tumor response

for each phantom is also provided.

Case 5 (dB) Case 6 (dB) Case 7 (dB)
S M L S L S M L Average (dB)
30% Gland —56.9 —54.4 —=51.5 —=51.4 —=51.9 —-52.6 —63.8 —65.9 —53.1 —55.7
50% Gland —55.2 —49.8 —49.2 —553 —524 —52.1 —65.4 —64.4 —65.4 —56.6
80% Gland —48.5 —452 —38.7 —522 —47.0 —46.1 —47.9 —48.9 —48.0 —46.9
100% Gland —64.4 —60.3 —57.8 —62.8 —60.5 —58.4 —63.4 —64.7 —64.2 —61.8
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scenario is one in which the tumor was successfully detected —
as can be seen from the tumor response, which is clean and
several millivolts above the noise level. Also in Figure 9,
we provide an example of a tumor response for which the
tumor was considered undetectable. This tumor response is
for the 30% gland phantom, for a small tumor with anten-
nas arranged as per Case 7. In this subcase, the peak tumor
response is at the same level as the background noise, so even
though we see a hint of the tumor response’s shape within the
noise, detection is considered to have failed.

The results we have presented for Test 3 up to this point,
and for Test 1 and 2 as well, have all been considered in
the time-domain. Now, for Test 3 alone, we will delve into
a brief analysis of the results in the frequency domain. We
present this aspect for Test 3 only because heterogeneous
breast phantoms are the most realistic and present the greatest
challenge to successful tumor detection. Thus, we carefully
examine the measurement results for the glandular phantoms
with the goal of identifying any room for improvement in our
detection system.

We analyze the frequency content of the tumor responses
for the 30%, 50% and 80% gland phantoms. If the sys-
tem could operate using the ultrawideband (UWB) range
(3.1 = 10.6GHz), it would allow use of already existing
technologies: pulse generators, antennas, efc. With this in
mind, we calculate the percentage of signal content of each
tumor response that is within the 3 to 10GHz range. The
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Figure9: Tumor response for 50% gland phantom, Case 5, medium tumor
(blue, dashed), in this scenario, our system easily detects the tumor; and
tumor response for 30% gland phantom, for a small tumor with antennas
arranged as per Case 7 (orange, solid), a failed detection scenario.
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pulse we input into our system from the impulse generator
has a very short duration, however it does not cover solely
the UWB range; in actuality, 57.8% of its power is outside
the desired frequency band. This is the reason our calculated
tumor responses have content outside of the UWB range.
Table VI presents the average (over the small, medium and
large tumors) percentage of the tumor response content that
is within the 3 to 10 GHz range, for each case of each gland
phantom.

To give a better idea of the frequency spectrum seen in tumor
responses, we show examples from a high glandular content
breast phantom. Figure 10 plots the normalized frequency
content of the tumor response up to 10GHz for the 80%
gland phantom, measured with Case 7 and all three sizes of
tumors. Figure 11, similarly, plots the frequency spectrum of
the same phantom for Case 5.

This section has presented the results of our system’s tumor
detection on heterogeneous phantoms made up of 30%, 50%,
and 80% glandular content; as well as a homogeneous 100%
gland breast phantom. From Table V, we note most impor-
tantly that for every breast phantom, each tumor is detected
by at least one antenna arrangement. Overall, our system suc-
cessfully detected the tumor in 32 out of 36 subcases.

Examining Table V, and comparing to the results in Tests 1
and 2, we see that the detectable level for a tumor response is
decreased for heterogeneous phantoms, and the 100% gland
phantom, as compared to the homogenous fat-filled phan-
toms. For instance, in Table III (Test 1 results), we see the
smallest tumor response was at —70.6dB; and in Table IV
(Test 2 results) the smallest is —71.8dB. Both of these
tumors were detected by the system. However, from Table V,
the Test 3 results show that tumor responses at —63.8dB,
—64.4dB and —65.4dB fail to be detected. This suggests
that, due to the high attenuation of the glandular-mimicking
tissue, and the structures internal to the breast phantom, the
background noise of the system is increased for phantoms
with glands. The increase in background clutter arises with a
number of internal reflections occurring from the transmitted
pulse bouncing off of the gland structures; signal content that
is not useful to us.

Table VI

Average percentage of tumor response in the 3-10GHz range for the
30%, 50% and 80% glandular content breast phantoms as recorded from
Cases 5, 6 and 7.

Case 5 Case 6 Case 7
30% Gland 67.0% 73.1% 66.5%
50% Gland 54.4% 63.8% 71.7%
80% Gland 59.5% 43.2% 31.2%
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Figure 10: Normalized tumor response in the frequency domain for the
80% gland phantom, Case 7, with small tumor (red, solid line); medium
tumor (green, dashed line); and large tumor (orange, dotted line).

We also see that tumor responses at a certain level can be
detected in some situations, but not in others. For example,
in the 30% gland phantom, Case 7 with a small tumor, the
tumor response is at —63.8dB. In this particular scenario,
this tumor response is undetectable by our system. Yet, in the
50% gland phantom, Case 7 with a medium tumor, the peak
tumor response is even lower, at —64.4dB, and is detect-
able. Thus there is no absolute cut-off level below which

T
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Figure 11: Normalized tumor response in the frequency domain for the
80% gland phantom, Case 5, with small tumor (red, solid line); medium
tumor (green, dashed line); and large tumor (orange, dotted line).
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the tumor response is undetectable — whether a given level
of tumor response can be detected or not depends on the
breast phantom’s contents, physiological layout, and antenna
arrangement.

Another interesting point that we observe from Table V is
that the tumor response (and detection ability of our system)
does not necessarily improve with decreasing percentage of
gland in the phantom. Due to the various arrangements of
the individual glandular structures within the breast phan-
tom, glands could likely affect the tumor response more sig-
nificantly in some arrangements than others. That is, if the
gland happens to be located directly in front of the transmit-
ting antenna, and a tumor is on the other side of the gland,
our system may experience difficulties detecting the tumor.
However, if the antennas happened to be placed in between
two adjacent glandular structures, detection may be easier.
Thus it is important not to assume that a higher fat content in
the test phantom automatically implies an easier system test
scenario.

Finally, we note that there is no single antenna arrangement
that gives the best system performance for all subcases (seen
in Table V). For the 30% gland phantom with a large tumor,
Case 5 provides the best tumor response. For the 100% gland
phantom with a small tumor, the tumor response from Case 6
is the best; while for the 80% gland phantom with a small
tumor it is Case 7. This confirms that an antenna array for
use with our system should include all three antenna arrange-
ments (Cases 5, 6 and 7) in order to maximize system
performance.

The frequency content of the tumor responses provide a
measure of our system’s efficiency in the UWB frequency
range. From Table VI and Figure 10, it is clear that for the
80% gland phantom, Case 7 is an antenna arrangement
that leads to very little tumor response content in the UWB
range. In fact, only 31.2% of the tumor response, on aver-
age, is in the desired band. Also, very little of the signal
content, if any, is useful above 5 GHz. On the other hand,
the same gland phantom tested using Case 5 has a tumor
response that covers the UWB range better. From Table VI
and Figure 11, we see that this antenna arrangement results
in a tumor response that has almost 60% of its power in
the UWB range, double the value for Case 7. Further, from
Figures 10 and 11, we observe that there is no useful content
above 8 GHz in either case scenario. Thus, this data sug-
gests that if UWB operation is indeed desired, then our sys-
tem could be much more efficient using the Case 5 antenna
layout with a specially designed pulse, one that does not
have significant power below 3 GHz nor above 8§ GHz. In
this way, the power will be focused in the UWB range and
will likely provide better tumor responses. However, since
significant tumor responses are seen below 3 GHz, the UWB
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range maybe not be the most optimal choice for successful
tumor detection.

Test 4 Results: Comparison of Matching Media

Table VII lists the peak received signals for the gland- and
fat-matching media, for Cases 5, 6 and 7 with the three sizes of
tumor. Similarly, Table VIII gives the peak tumor responses
for the same set of measurements. In Table VIII, the shaded
cells imply a subcase for which the tumor response was unde-
tectable (as in Table V).

From Table VII, we see that in Cases 5 and 6 the gland-
matching medium leads to improved received signals over
the fat-matching medium, however, in Case 7 the opposite
occurs. Despite this, the maximum difference in the peak
received signal between the gland-matching medium and the
fat-matching medium for all subcases does not exceed 3.6 dB.
In Table VIII, we see immediately that the small tumor with
antennas in arrangement Case 5 is not detectable by our sys-
tem with either matching medium. For six of the remaining
eight subcases, the peak tumor response is improved by an
average of 1.77 dB by using the gland-matching medium. For
the remaining two subcases the fat medium provides an aver-
age improvement of 0.7dB with respect to the usage of the
gland material.

Overall, even with high glandular content in breast phantoms,
the gland-matching medium does not provide significant
advantage over the fat-mimicking material. This supports our
decision to report our experimental results obtained with the
fat-matching medium. Nonetheless, as a possible point for
future work, we note that the choice of the matching medium
does influence the system’s detection performance. As the
patient breast content is often unknown, an optimized pro-
cedure could include measurements with several matching
media.

Table VII
Peak received signals (in dB, relative to the peak input volt-
age) for Cases 5, 6 and 7, with small (‘S’), medium (‘M’) and
large (‘L’) tumors, measured with fat- and gland-matching

media (MM).
Fat-MM (dB)  Gland-MM (dB)
S —43.2 —40.5
Case 5 M —43.0 —40.4
L —43.0 —40.4
S —42.7 —39.2
Case 6 M —42.7 —39.1
L —42.5 —38.9
S —48.5 —48.9
Case 7 M —48.5 —48.6
L —48.5 —48.9

Porter et al.

Table VIII
Peak tumor responses (in dB, relative to the peak input volt-
age) for Cases 5, 6 and 7, with small (‘S’), medium (‘M’) and
large (‘L’) tumors, measured with fat- and gland-matching

media (MM).
Fat-MM (dB)  Gland-MM (dB)
S —64.4 —64.9
Case 5 M —60.3 —58.3
L —-57.8 —58.4
S —62.8 —60.2
Case 6 M —-60.5 —58.8
L —58.4 —56.0
S —63.4 —64.2
Case 7 M —64.7 —63.8
L —64.2 —63.2
Conclusion

In this work, we have presented our initial time-domain
microwave breast cancer detection system and tested its
performance thoroughly with breast phantoms. We show suc-
cessful detection of tumors in homogeneous fat-only phan-
toms, both with and without a layer of skin, as well as in
heterogeneous phantoms with skin. System tests with hetero-
geneous phantoms of 30%, 50% and 80% glandular content
demonstrate that we are able to detect tumors as small as
Smm. Results show that operating our system with anten-
nas positioned on the same side of the breast, in either co- or
cross-polarized fashion, is the most useful for tumor detection.
Future work to improve the ease of tumor detection includes
implementing the optimized array, using amplifiers to slightly
increase the power transmitted into the breast (within safety
limits), and using a pulse more adapted to the ultrawideband
frequency range.
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