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Abstract  —  This paper presents measurements performed on 

glandular phantoms using a time-domain microwave breast 
cancer detection system.  The breast phantoms used in testing 
the system have skin-, fat-, glandular- and tumor-mimicking 
tissues with dielectric properties similar to those of actual 
tissues.  This work provides the steps to composing a phantom 
with appropriate glandular structures, and to building breast 
phantoms with different percentages of glandular tissue.  
Finally, we present measurements from the tumor detection 
system with the breast phantoms in place.    

Index Terms — cancer detection, microwave imaging, 
microwave propagation, phantoms. 

I. INTRODUCTION 

Microwave imaging for breast cancer detection is an area 
of research that is currently receiving a lot of interest.  It has 
promise to become a complementary modality to common 
detection techniques, such as x-ray mammography.  While 
the use of x-ray mammography is widespread, it has been 
shown to suffer high false-negative and false-positive rates 
[1], [2].  Since early detection is a key factor in reducing 
breast cancer fatality rates [3], investigating methods to 
supplement mammography is desirable.  Microwave imaging 
is one such method, based on the inherent contrast in the 
dielectric properties of healthy and tumorous breast tissues 
over the microwave frequency range.  It would be non-
invasive, and is thought to be a safe, pain-free way to image 
the breast. Further, in contrast to mammography, microwave 
techniques do not use ionizing radiation [2].  

This paper uses a time-domain microwave breast cancer 
detection system, previously described in [4], to detect 
malignant growths within the breast.  The goal of our work is 
a system that can be applied to a doctor-certified healthy 
patient and then thereafter at prescribed intervals to identify if 
any irregular changes in breast composition have occurred.  
Thus, we aim not to fully reconstruct a dielectric profile of 
the breast, but rather to signal ‘yes’ or ‘no’, indicating if 
breast changes are suspicious and further testing should be 
undergone.   

Here, we present tests of our system’s tumor detection 
capabilities with breast phantoms that are as realistic as 
possible in terms of their tissue composition, organization, 
and electrical properties.  To our knowledge, the literature 
offers no examples of high-level (both in terms of dielectric 
parameters and structure) breast phantoms. In contrast to our 

previous work in [4], [5], the test phantoms used in this work 
include the healthy tissues of skin, fat and gland, as well as a 
malignant tumor.  More specifically, the measurements 
presented here explore how the presence of various amounts 
of glandular material within the breast affects the ability to 
detect the tumor response.  

The next section describes the breast phantoms, with a 
specific focus on the steps involved in producing a phantom 
with appropriate glandular structures embedded in the fatty 
tissue.  Following this, Section III details the experimental 
set-up.  Section IV presents the measurement results for 
various tumor sizes and positions within the glandular breast 
phantoms, while Section V discusses the implications of these 
measurements.   

II. PREPARING THE PHANTOMS 

A. Tissue-Mimicking Phantom Mixtures 

We simulate the four breast tissues of skin, fat, gland and 
tumor using common chemicals.  The tissue phantoms are 
designed to have dielectric properties over the microwave 
frequency range that are similar to those of actual breast 
tissue measurements as reported in the literature [6].  The 
mixtures used for the tissue-mimicking phantoms are based 
on [7], research which also shows that placing individual 
tissue phantoms in contact with each other does not affect 
their original dielectric properties. In our previous work [8], 
we described our phantoms’ chemical compositions, 
electrical properties, and the procedure for mixing; also 
explained is the procedure for making a complete 
heterogeneous breast phantom. 

B. Gland Phantom Construction 

In this work, we present three complete phantoms, each 
including the four tissue types.  The phantoms have varying 
compositions of the fat and gland tissue types.  The three 
models that are considered here are: 80% gland (20% fat), 
50% gland (50% fat), and 30% gland (70% fat).  For 
example, the first complete breast phantom has a skin layer, 
with an interior that is 80% gland and 20% fat, by volume. 

The first step in making each phantom is creating the skin.  
The liquid skin-mimicking mixture is poured into a bowl-
shaped mould designed specifically for the purpose of 



generating a thin 2.5-mm hemi-spherical skin layer (outer 
radius of 6.5 cm).  While the skin hardens, a mixture of gland 
phantom is poured into several conical shell moulds.  There 
are two sizes of conical moulds, one with a volume of 27 mL 
and the other of 30 mL. An example of such a mould, and the 
gland phantom produced by it is shown in Fig. 1.   

 
 
 
 
 
 
 

 
 
Fig. 1. Photograph of the hollow conical gland mould (bottom), 
and a sample of a gland structure produced by it (top). 

 
The total volume enclosed by the skin layer is calculated, 

and then the amount to be filled with gland is determined 
from the desired percentage of gland within the tissue.  A 
number of conical-shaped glands are used until the gland 
volume requirement has been satisfied. If, for instance, the 
necessary volume of gland is not a multiple of the gland-
mould volumes of 27 mL and 30 mL, then these glands are 
simply trimmed to a shorter height, allowing any given 
volume to be created. 

Once the glands are removed from their moulds they are 
placed within the hemi-spherical skin. The positioning is 
random with respect to gland size, and the glands are spread 
out symmetrically along the circumference of the skin. The 
30% gland phantom only requires 7 conical gland structures, 
3 of which have been trimmed smaller. The 50% gland model 
has 10 gland structures: 7 spread out along the skin wall and 
3 around the phantom center.  Finally, the 80% gland breast 
phantom is filled with 13 conical glands, 9 in an outer ring 
and 4 in the middle.   Photographs of the semi-completed 
phantoms at this stage of construction are shown in Figs. 2-4 
for breast phantoms with 30%, 50% and 80% gland, 
respectively. 

After the glands have been placed inside the skin, the 
remaining space is filled with fat-mimicking tissue.  This is 
the final step in making the breast model.  However, a batch 
of tumor phantom must also be made at this time in order for 
it to be used in tumor detection measurements.  The tumor 
mixture can be allowed to harden in any shape mould, and 
once it is set it is carved manually into the shape and size 
desired for the measurements. 

III. EXPERIMENTAL SET-UP 

Our past work [4] describes the experimental system in 
detail. Here, we provide a brief overview.  The system 
consists of two UWB antennas called TWTLTLA (Travelling 
Wave Tapered and Loaded Transmission Line Antenna), 

described in [9]. The set-up as is follows: a specially designed 
hemi-spherical bowl-shaped radome holds the two antennas 
in slots along the exterior of it, and holds on its interior the 
breast phantom under test (surrounded by a fat-like matching 
medium to ensure no air gaps exist).  The radome is a 
dielectric made of Alumina (Friatec, [10]), with �r • 9.6. The 
radome allows for flexible antenna positioning, for instance, 
the co-polarized and cross-polarized responses can be 
measured for both transmission through the breast phantom 
and reflection back off it.   

 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Photograph of the partially completed 30% gland 
phantom, with 7 glandular structures. 

 
 
 
 
 
 
 
 
 

 
 
Fig. 3. Photograph of the partially completed 50% gland 
phantom, with 10 glandular structures. 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Photograph of the partially completed 80% gland 
phantom, with 14 glandular structures. 

     
Once we place the breast phantom in the radome and the 

antennas in their desired slots, an impulse generator 
(Picosecond Pulse Labs, [11], Impulse Generator Model 
3600), activated by a clock at 25 MHz (Tektronix, [12], 
gigaBERT 1400 generator), sends a pulse to the transmitting 
antenna. The pulse is characterized by a -7.5 V amplitude 



with full-width at half maximum of 70 ps.  The transmitting 
antenna propagates the pulse through the radome and into the 
breast phantom, where it is scattered off all tissue interfaces.  
The receiving antenna, attached to a picoscope (Pico 
Technology, [13], PC Oscilloscope 9201) then records the 
transmitted or scattered signal from the breast phantom and 
saves it to the computer for further analysis.   

In this particular series of experiments, we perform five 
sets of measurements on every test phantom, each one 
relating to a different antenna position.  Table I presents the 
list of cases, where the case numbering is consistent with past 
work.  For example, case 2 describes a situation in which the 
transmit and receive antennas are on opposite sides of the 
breast phantom, and are oriented perpendicularly. Thus, case 
2 measures a transmission scenario, where the system records 
the cross-polarized response. Cases 5 and 6 appear the same 
in the table as only a slight change is made between them: 
swapping of the locations of the transmit and receive antenna. 
 

TABLE I 
LIST OF MEASUREMENT SCENARIOS 

Case # Polarization Transmission or 
Reflection 

1 Co- Transmission 
2 Cross- Transmission 
5 Co- Reflection 
6 Co- Reflection 
7 Cross- Reflection 

 
For each breast phantom, we use three sizes of tumors (one 

at a time) to test if the system is able to detect the tumor.  The 
tumors are all approximately spherical, carved by hand, with 
diameters of 0.5 cm (small tumor), 1 cm (medium), and 2 cm 
(large).  They are located within the phantom by slicing open 
a narrow section and inserting the tumor into the slice at the 
desired depth. In cases 1 and 2, we position the tumors 
directly at the centre of the breast phantom, between 0.5 cm 
and 1 cm from the chest wall.  In cases 5-7, the tumors are 
halfway between the centre of the breast phantom and the 
radome wall where the antennas are located, with the tumor 
depth the same as in cases 1 and 2.  

For each breast phantom, we test all 5 cases. Each case is 
composed of measurements with the 3 tumors in place, as 
well as a baseline measurement representing the healthy 
tissue.  This leads to a total of 20 measurements for each 
phantom.  We calculate the tumor response for each tumor as 
the difference between the healthy baseline and the response 
measured when the tumor is in place in the breast. 

IV. RESULTS 

We assess the quality of the signals obtained from the 
system through the calculation of two key metrics.  The peak 
received signal, calculated as the maximum of the absolute 
value of the received signal, allows us to ensure the signal is 

clearly visible above the noise level of the equipment.  The 
peak tumor response, similarly, tells us whether or not the 
tumor can be detected by the system.  The peak tumor 
response is the maximum of the absolute value of the 
difference between the baseline signal and the received signal 
when the tumor is present.   

As a sample of the measurements, Fig. 5 plots one period 
of each the received signal and the tumor response, for the 
80% gland phantom, case 5, medium sized tumor.  The tumor 
response is slightly noisier than the received signal, but in 
both plots the signal is clearly defined and above the noise 
level.   

Finally, a summary of the measurement results is presented 
in Table II.  This table shows the smallest peak tumor 
responses, across tumor sizes, for each breast phantom (30%, 
50% and 80% gland), and for each of the 5 cases.  In the 
table, ‘N’ refers to a signal that has no peak value because it 
is entirely engulfed by noise.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 5. Received signal (blue, dashed line) and tumor response 
(red, solid line) for 80% gland phantom, case 5, medium-sized 
tumor. 

V. DISCUSSION 

The results in Table II show that for phantoms with all 
percentages of glandular tissue, all three sizes of tumor can be 
detected by at least one of the five antenna arrangements.  In 
fact, the system detects each tumor size in each phantom with 
at least three out of the five antenna cases.  For 30%, 50% 
and 80% gland, case 2 leads to a tumor response that is not 
detectable above the noise level.  This indicates that in a real-
life detection system, a cross-polarized transmission signal is 
not the best choice for detecting tumors.   

The measurements also demonstrate that a larger tumor 
does not necessarily provide a larger tumor response (from 
Table II, for example, the 30% gland phantom in case 6 with 



a larger tumor gives a lower peak tumor response than both 
the medium and small sized tumors).  This could be caused 
by the large tumor effectively blocking the signal from 
reaching the receive antenna.  

 
TABLE II 

 SUMMARY OF MEASUREMENTS: MINIMUM PEAK TUMOR 
RESPONSE FOR 30%, 50% AND 80% GLAND PHANTOMS 
(TUMOR SIZE THAT GIVES THE MINIMUM PEAK TUMOR 
RESPONSE), FOR EACH CASE. ‘N’ REFERS TO THE SIGNAL BEING 
OBSCURED BY NOISE. 
 

Also, the tumor response does not necessarily improve with 
decreasing amount of gland in the phantom (i.e., increasing 
fat content).  Due to the layout of the glandular structures, 
sometimes they will affect the tumor response more 
negatively than other times (for instance if the gland is 
directly in front of the transmitting or receiving antenna).  

Finally, we note that cases 5 and 6 provide consistently 
good tumor responses, for phantoms with all ratios of 
glandular to fatty tissue, and for all tumor sizes.  These 
reflection-scenario cases consistently provide improved 
tumor responses over the transmission-scenarios of cases 1 
and 2.  This suggests that an acceptable detection 
performance may be obtained without performing the case 1 
and 2 measurements.    

VI. CONCLUSION 

In this work, we tested the detection abilities of our time-
domain microwave breast cancer detection system.  Breast 
phantoms composed of skin, fat and varying levels of 
glandular tissue, with appropriate dielectric properties, were 
designed and constructed.  Our system measured the tumor 
response for three sizes of tumors in each glandular breast 
phantom for five various antenna arrangements.  We easily 
detect a tumor response for all tumors, in all of the breast 
phantoms.  These results are promising and suggest that the 
ability of the time-domain system to identify a tumor is not 

seriously compromised by the presence of large amounts of 
glandular tissue. 
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Minimum peak tumor response 
(corresponding tumor size) 

30% GLAND 50% GLAND 80% GLAND 

Case 1 N 
5 mV  

(small) 
8 mV  

(small) 

Case 2 N N N 

Case 5 
9 mV  

(small) 
11 mV 
(small) 

24 mV  
(small) 

Case 6 
15 mV  
(large) 

11 mV 
(small) 

16 mV  
(small) 

Case 7 
3 mV 

(medium) 
3 mV  

(small) 
23 mV 

(medium) 
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