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ABSTRACT

The current breast cancer detection techniques are mostly invasive and suffer from high cost, high false rate
and inefficacy in early detection. These limitations can be subdued by the development of a non-invasive microwave
detection system whose performance is predominantly dependent on the antenna used in the system. The designing
of a compact wideband antenna and matching its impedance with breast phantom is a challenging task. In this
paper, we have designed a compact antenna matched with the breast phantom operating in wideband frequency
from 1 to 6 GHz capable to detect the dielectric (or impedance) contrast of the benign and malignant tissue. The
impedance of the antenna is matched to a cubically shaped breast phantom and a very small tumor (volume=1
cm?®). The antenna is tuned to the possible range of electrical properties of breast phantom and tumour (permittivity
ranging from 10 to 20 and conductivity from 1.5 to 2.5 S/m). The return loss (S, ), E-field distribution and specific
absorption rate (SAR) are simulated. The operating band of antenna placed near the phantom without the tumor
was found to be (1.11-5.47)GHz and with tumor inside the phantom is (1.29-5.50)GHz. Results also show that the

SAR of the antenna is within the safety limit.
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1. INTRODUCTION

According to world health organisation, every year 2.1
million women are diagnosed with breast cancer worldwide'.
It is reported that in every four minutes, an Indian woman di-
agnosed with breast cancer. In every 2 women diagnosed with
breast cancer, one women dies in India. Thereby, in every 13
minutes, one women dies of breast cancer in India’. Although
breast cancer cases in India are lower than western country,
India is highly populated so the risk of breast cancer is high.
Breast cancer generally develops in the lobules or in the ducts
which connects to the nipple and the cells of breast tissue
changes uncontrollably. The existing diagnosis and detection
techniques have several limitations, such as high cost, high
false rate, patients inconvenience, etc., which motivates re-
searchers to find a different approach for the early detection of
breast cancer®. There has been requirement for a new noninva-
sive, nonionising, and cost-effective system for breast tumor
detection. In breast cancer, dielectric properties of cells vary
with respect to the size of the tumor. The electrical properties
of breast phantom at the microwave frequency significantly dif-
fer with malignant breast tissue. Earlier some studies has been
reported on the basis of dielectric contrast between normal
and malignant tissue at the microwave frequency*. Broadly,
two approaches are used in microwave imaging: (1) tomogra-
phy based and (2) radar based. In microwave tomography, the
breast is illuminated by a transmitter and scattered signals are
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measured. The collected signals coming from breast phantom
are used to reconstruct the complex permittivity distribution in
the breast phantom®. Radar based imaging transmit the signal
through an antenna and received the signal through same or
another antenna. Antenna is scanned number of location sur-
rounding the breast phantom, and this process is repeated again
and again®.

Several antennas have been proposed and used in radar-
based imaging for the detection of the breast tumor. Flexible 16
antenna array antenna has been designed for breast cancer de-
tection’.Wearable conformal antenna arrays has been used for
breast cancer detection®. A Q-slot monopole antenna designed
for body centric communication’.ultra wideband near field im-
aging system has been designed for breast cancer detection'”.
The breast cancer treatment using radar-based approach uses
the wideband or ultra-wideband signal. The different shape
of antenna has been used for detection of the breast tumor. A
wearable flexible antenna has been designed for breast tumor
screening''.A compact body matched antenna bowtie antenna
has been designed for medical diagnosis. On body matched
antenna provides the more radiated energy into the human
body'. However, radiation at lower frequency is required for
deeper penetration of breast tissue. Radiation near to 1 GHz is
favorable for sufficient penetration into the breast tissue. Since
the antenna dimension is directly related to the wavelength of
the signal, currently it is very difficult to design a compact an-
tenna that covers lower frequency. Also designing of a matched
antenna with breast tissue is a challenging task.
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In this paper, a detailed design and characterisation proc-
ess is explained for development of microstrip circular patch
antenna that can be used as a sensor for detecting breast cancer.
The proposed antenna is developed by properly matching it
with the breast phantom having varying electrical properties,
i.e. permittivity and conductivity. In the proposed antenna de-
sign, the frequency response of S|, parameter is tuned with the
dielectric properties of breast tissue and also the size of the
tumor.

2. THEORETICAL CONSIDERATION

In this section, the basic principles involved in microwave
imaging and miniaturisation of antenna required for imaging
are discussed in detail.

2.1 Basic Concepts of Microwave Imaging

The basic principle of microwave imaging is to send
microwave signals into human tissue and analyse changes in the
back-scattered signal, which reflect differences in the electrical
properties of tissues. The remarkable variations in the back-
scattered signal can be used to identify unwanted tumor cells
inside the breast, which exhibit higher dielectric constants than
normal breast tissues. The dielectric properties of the breast
phantom changes with the insertion of the tumor cell and their
effective dielectric constant of phantom with the tumor may be
calculated using the well-known Maxwell Garnett equation'®

(e, —¢,)
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where ¢, and ¢, are the permittivity of host and inclusion
and ¢, is the volume fraction of inclusion. Here, the phantom
and tumor work as the host material and inclusion, respectively.
The altered permittivity of the phantom with the inclusion of
the tumor is the key factor leveraged in the microwave imaging
system. Thereby, a sensor sensitive enough to identify the
variation of permittivity is crucial.

Further, while implementing microwave imaging, another
crucial parameter is the penetration depth in the breast phantom
which is inversely related to the attenuation coefficienta
(Np/m), that is penetration (or skin) depth in phantom,

d= 1 )
o

The attenuation coefficient depends on frequency and
dielectric properties of breast phantom and is given in Np/m
as
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Considering that the proposed antenna will be used in
the detection of the tumor in the breast phantom, therefore the
plane wave will be travelling through a lossy medium of breast
phantom and its intrinsic impedance will be given as

Jjou
= 4
c+ jme )

This will be considered as the impedance of the medium
while matching the proposed antenna with the breast phantom

ie., for ®=4 GHz, 6=1.5 S/m, p=4nx107, ¢, =10, the
calculated impedance will be m=108.99/17.143. While
simulating the antenna design, the impedance will thus be
matched to this value.

If a suitable matched sensor is developed with the
required penetration capability, in the present kind of study,
the specific absorption rate (SAR) is a vital safety compliance
parameter. Technically, SAR is a measure of the rate at which
energy is absorbed by per unit mass by phantom. The specific
absorption rate can be calculated using the electric field inside
the phantom as
2

sar = 9E

(w/kg) (5)

where, E is the electric field inside the phantom, ¢ and p are the
conductivity and mass density of phantom, respectively'*. The
SAR value of the designed antenna has to be in a permissible
range for its possible use in medical applications and thereby
shall be computed.

2.2 Compact Antenna used in Microwave Imaging

Further, antenna sensors play a key role in microwave
imaging systems. To generate the E-field, a microstrip patch
antenna can be readily used due to their small size, light weight
and planar structure. In the rectangular patch antenna, the order
of the mode can be changed by changing the relative dimension
of length and width of the patch. However, in circular patch
antenna design, there is only one degree of freedom to control
the mode i.e., the radius of the circular patch. The variation
of radius does not change the operating mode and resonant
frequency of the antenna. The radius of the circular patch a can
be calculated by equation (6)"

. F
- 7 (6)
1 2P [ T 17726
ne, F 2h
where,
- 8.791x10°

75 (7)

/. is the resonance frequency, ¢ is the relative permittivity
of the substrate and / is the height. It is to be noted here that the
operational bandwidth of antenna must be as large as possible
to achieve a high range resolution (RR) required to differentiate
very small sized tumors. The range resolution is inversely
proportional to the operating bandwidth of the antenna, given
as RR=c/(2xBW), i.e., wider the band of antenna, finer will be
the range resolution. Therefore, a wideband antenna has been
proposed and its configuration is discussed in the next section.

3. PROPOSED ANTENNA

In this section, the design of the compact antenna
for early detection of breast cancer is discussed in detail.
Firstly, the design of the antenna is simulated on HFSS with
parameters calculated using the above-mentioned expressions
of the circular patch antenna. After the designing and study
of performance parameters, i.e. bandwidth and gain of the
antenna, its matching with respect to the phantom is explored
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through simulation design. The electrical properties of
the breast phantom and tumor considered in our study are
extracted from literature and are discussed here in brief.

3.1 Proposed Antenna Configuration and its

Performance in Free Space

A compact and wideband microstrip patch antenna
is proposed for the breast cancer detection system. The
geometry of the proposed circular patch antenna is shown
in Figs. 1(a) and (b). The substrate used is RT Duroid
(,72.2) due to its low dielectric property and stable
radiation property within the operating band. The substrate
dimension is 30x30 mm? having a thickness of 3 mm. The
proposed antenna is based on a circular shaped radiating
element. Thereby, the radius of circle is calculated using f.
=4x10° (in Hz), substrate permittivity ¢ =2.2 and thickness
h=3mm. Substituting these values in equations (6) and (7),
the calculated value of F is 1.487 and radius of the circular
patch ¢=9.19 mm. The CPW feed is applied to antenna to
improve the impedance matching. CPW fed couples the
electromagnetic energy from the input feed line to the
radiating patch through a micro-strip line. The antenna with
CPW feed reduces the structure complexity and fulfils. The
center cylindrical conductor is connected to the rectangular
strip line and the outer cylindrical conductor is connected to
the ground plane of the antenna. The circular patch on the
substrate works as the main radiator of the antenna. Figure 1(c)
shows the simulated result of S, parameter of antenna without
the phantom. The operating bandwidth of antenna (S, <-10dB)
is from 3.06-5.43 GHz, which is sufficient to provide fine range
resolution (~60 mm) for the imaging system. Figure 1 (d) shows
the gain plot of the antenna in the boresight direction. The gain
of the antenna is approximately 5 dBi in the complete frequency
band of interest, suggesting a good radiation capability which
is required to impinge the wave into the phantom.

30 mm

3.2 Dielectric Properties of Breast Tissue

Designing and development of microwave imaging
system requires the knowledge of dielectric properties of
human breast tissue. The contrast in the permittivity and
conductivity of normal and malignant tissue is the basis for
cancer detection using microwave imaging'®. The difference
of dielectric properties occurs due to the varying water
percentage in the breast tissue. Water content in fatty tissue is
low, thus have a lower relative permittivity and conductivity.
Normal tissue consists of high-water content tissues having
high relative permittivity and conductivity as compared to
fatty tissue at microwave frequency. Further malignant tissue
has high water content tissue having high relative permittivity
and conductivity as compare to normal and fatty tissue. In this
paper, four different type of tissues are considered: fat tissue,
normal tissues including the gland tissue and connective
tissue, benign tissue and malignant tissue, i.e. breast cancerous
tissue. A.M. Campbell and D.V. Land " measured the human
female breast tissues at 3.2 GHz. The water content in normal
breast tissue varies from 41% to 76% by weight and in benign
tissue 62% to 84 % by weight and in malignant tissue water
content ranged from 66% to 79 % by weight. Human breast
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Figure 1. Proposed antenna (a) top view, (b) side view, (c) return loss

and (d) realised gain of the antenna.

cancer tissues have high relative permittivity 45-60, and high
conductivity 30-40 mS/cm and 75%-80% water by weight!”.
Conductivity of the breast phantom varies according to the
variation of water percentage in the tumorous cell. Water
percentage of malignant tissue is larger than normal tissue in
the breast phantom. Table 1 shows the relative permittivity,
conductivity and water content for fatty tissue, normal tissue,
benign tissue and malignant tissue.

3.3 Simulation of Antenna with Breast Phantom

Table 1. Material properties of fatty, normal, benign and
malignant tissue at 3.2 GHz"
Tissue type Relative Conductivity = Water content
typ permittivity (mS/cm) (% by mass)
Fatty tissue 2.8-7.6 0.54-2.9 11-31
Normal tissue 9.8-46 3.7-34 41-76
Benign tissue 15-67 7-49 62-84
Malignant tissue 9-59 2-34 66-79

The proposed antenna is simulated with breast phantom
in HFSS, shown in Fig. 2 (a). The cubical-shaped phantom of
50x50x50 mm? size is placed on the top of antenna in direct
contact with the radiating patch without any air gap. A good
contact between antenna and phantom is needed to allow the
propagation of a high portion of energy inside the phantom.
For this placement of the phantom over antenna, RF excitation
using a planar transmission line i.e. CPW feed is suitable.
The proposed antenna is optimised with phantom to obtain
a minimum reflection between antenna and phantom. The
impedance of the antenna is perfectly matched with impedance
of breast phantom such that maximum signal is transmitted into
the phantom. The permittivity and conductivity of the phantom
are taken as 10 and 1.5 S/m, respectively. The impedance of
the phantom (i.e. lossy medium) is calculated using equation
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Figure 2. Geometry of proposed antenna with cubical shaped phantom
in HFSS (a) without and (b) with tumor.

(4) and found to ben =108.99.£17.143". Further, a cubical-

shaped tumor, as shown in Fig. 2 (b), is inserted inside the ——Phi=0 deg (Without phantom)
breast phantom. Initially, the dimension of the cubical shaped T Mt Al sy
tumor is taken as 10x10x10 mm® and varied up to 20x20x20 - 120 e T GPhi=50 deg (With phantom)
mm®. The values of permittivity and conductivity of tumor cell c- s N

N

are considered as 50 and 3 S/m, respectively. The frequency
response of the proposed antenna with the breast phantom has
been analysed and given in the next section.

4. RESULTS AND DISCUSSIONS

In this section, the simulated results for the proposed
antenna with and without phantom are discussed. The matching
of the antenna is dicussed for four scenarios, namely for varied
(1) permittivity, (2) conductivity (3) tumor size and (4) analysis
with and without the tumor. These variations are important
since the human dielectric properties vary from person to

person and a matched antenna will be the basic requirement of Figure 3. Radiation pattern of the proposed antenna at (a) 3.5
the imaging system. GHz, (b) 4.0 GHz and (c) 4.5 GHz.

Real (Without phantom})
Real (With phantom)

= = -Imaginary (Without phantom)
200+ - - - - Imaginary (With phantom})

4.1 Antenna Performance with and without Phantom 300+

The proposed antenna is designed for microwave imaging
application, specifically to detect cancerous cells in the
breast. Therefore, the study of wave propagation in the breast
phantom is necessary and the effect of the phantom on antenna
properties are simulated. The breast phantom is simulated
(Fig. 2) considering the dielectric properties of benign and
malignant tissues given in Table 1. The radiation performance
of the proposed antenna with and without phantom are
compared and given in Table 2. Figure 3 shows the radiation
pattern of the antenna in the absence and presence of the 200 5 3 7 s o
phantom at three frequencies, 3.5 GHz, 4 GHz and 4.5 GHz.
The gain of the antenna drastically decreased if the phantom
is in the proximity. The input impedance of the antenna in the
absence and presence of the phantom is shown in Fig. 4. It is
evident that the capacitive effect of the phantom has caused
the decreasing reactance with the increasing  apje 2.

100+

Q-

-100 +

Input Impedance (Ohm)

Frequency (GHz)

Figure 4. Input impedance of the proposed antenna in free
space (without phantom) and with phantom in close
proximity.

Radiation properties of the proposed antenna with and without the

frequency. phantom

4.2 Variation of Phantom Permittivity Freq Peak directivity (dB) Peak gain (dB) Peak realised gain (dB)
with Fixed Conductivity (GHz) Without  With Without ~ With Without ~ With
Figure 5 shows the simulated S phantom phantom phantom phantom phantom  phantom

11

parameter variation with phantom permittivity. 3.5 2.18 4.28 220 0.0484 2.133 0.0467

In this simulation, the phantom permittivity 10 4 2.23 5.32 226 0.0551 2.139 0.0530

and conductivity 1.5 S/m is considered. In this 4.5 2.31 5.61 2.35 0.0557 2.244 0.0534
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Figure 5. S, parameter variation with different phantom
permittivity values.

figure frequency response of S | parameter the lower frequency
point cut the -10 dB line at 1.22 GHz and the upper frequency
point cut the -10 dB line at 8.86 GHz. Operating band of the
antenna with phantom permittivity 10 and conductivity 1.5 S/m
is (1.12-8.86) GHz. Dielectric properties of phantom vary with
the water percentage in tumorous cell. Effective permittivity
and conductivity of phantom changes with the variation of
dielectric properties of tumorous tissue. In parametric study
phantom permittivity changed from 10 to 15 and phantom
conductivity remain fixed 1.5 S/m. The frequency response
of the simulated S, parameter cut the -10 dB line at lower
frequency point 1.14 GHz and upper frequency point 6.82 GHz.
Antenna simulation with phantom permittivity 15 provides the
impedance bandwidth of (S, <-10) within frequency ranges
1.14 GHz to 6.82 GHz. similarly, in next part of simulation
phantom permittivity varies from 15 to 20 and conductivity
remain fixed throughout the simulation. In this simulation
result frequency response of S, parameter the lower frequency
point cut the -10 dB line at 1.12 GHz and the upper frequency
point cut the -10 dB line at 5.51 GHz. Antenna with phantom
permittivity 20 provides the impedance bandwidth of (S, <
-10 dB) within frequency ranges 1.12 GHz to 5.51 GHz. The
operating band of proposed antenna with the phantom shifted
left side with variation of phantom permittivity. The antenna
resonant frequency point is tuned with phantom permittivity.
As the phantom permittivity varied from 10 to 15 and 15 to 20
upper frequency point shifted from 8.86 GHz to 6.82 GHz and
6.82 GHz to 5.51 GHz.

4.3 Variation of Phantom Conductivity with Fixed

Permittivity

Figure 6 shows the simulated frequency response of S
parameter of the proposed antenna with variation of phantom
conductivity. In this simulation antenna is simulated with
cubical shaped phantom placed on the top of the antenna.
Antenna simulated with phantom conductivity varied
from 1.5 S/m to 2 S/m and 2 S/m to 2.5 S/m and phantom
permittivity 20 remain fixed throughout the simulation.
Antenna with phantom conductivity 1.5 S/m provides the
(S,,=-10) within the frequency range 1.12 GHz to 5.51 GHz.
Further antenna simulated with phantom conductivity 2.0
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Figure 6. S, parameter of antenna with variation of phantom
conductivity.

S/m. Antenna with phantom conductivity 2 S/m provides the
(S,,=-10) within the frequency range 1.62 GHz to 5.36 GHz.
Again, antenna simulated with phantom conductivity 2.5
S/m. antenna with phantom permittivity 2.5 S/m provides
the impedance bandwidth from 2.34 GHz to 5.0 GHz. The
simulation result shows the operating band of antenna reduces
with variation of phantom conductivity. As the phantom
permittivity varied from 1.5 S/m to 2 S/m operating band of
antenna shifted from 1.12-5.51 GHz to 1.62 -5.36 GHz and
with variation of phantom conductivity from 2 S/m to 2.5 S/m
operating band of antenna shifted from 1.62 -5.36 GHz to

2.34 -4.99 GHz.

4.4 Variation of Tumor Size

A cubical shaped tumor is inserted inside the phantom.
Antenna is simulated with phantom and inserted a cubical-
shaped tumor. The tumor has dielectric permittivity and
conductivity are 50 and 3 S/m, respectively. Figure 7 shows the
variation of S, parameter with tumor size. In this simulation,
the tumor size is varied from 10x10x10 mm? to 20x20x20mm?.
The operating band of antenna with tumor size 10x10x10 mm?
is from 1.65 GHz to 5.26 GHz, with tumor size 15x15x15
mm?® is (1.74 -5.19) GHz and with tumor size 20x20%20 mm?*
is from (1.97- 5.19) GHz.

0 Tumor Size (mm?®)
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o
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Figure 7. S variation with tumor size.
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Figure 8. Effect of tumor in the phantom (a) return loss, (b) SAR versus distance between the antenna and point of observation, and

E-field strength (c¢) without and (d) with tumor.

4.5 Analysis With and Without Tumor

Lastly, the antenna is studied with and without the tumor
in the phantom. The cubical-shaped tumor of 10x10x10 mm?
size is considered in the phantom and simulated with antenna.
The phantom permittivity and conductivity are 20 and 1.5 S/m,
respectively. The dielectric properties of tumor permittivity and
conductivity are 50 and 3 S/m. The operating band of antenna
without tumor is (1.11-5.47) GHz and the operating band of
antenna with tumor inside the breast phantom is (1.29 -5.50)
GHz. It is evident from the simulated results (Fig. 8(a)) that the
S,, parameter with and without the tumor differs very slightly.
Figure 8(b) shows the SAR generated by the antenna for two
frequencies of interest i.e. 2.45 GHz and 5.8 GHz at various
depths inside the phantom along with the E-field distribution
inside the two phantoms (Figs. 8(c-d)). As recommended in
IEEE standard C95.3%, the SAR value is within the 2 W/kg
limit throughout the complete distance in the phantom. It may
be noticed here that the E-field distribution varies significantly
and can be the reason for altered SAR values for the two
phantoms. Thereby, the proposed antenna can be used as a
microwave sensor for biomedical imaging application.

5. CONCLUSIONS

A compact wideband with CPW feed antenna has been
designed and simulated with the cubical-shaped phantom
and cubical the shaped tumor cell inside the phantom. In
simulation four different type of scenarios has been considered.
In the first part of simulation, the antenna is characterised
for different permittivity of the phantom at a fixed phantom
conductivity of 1.5 S/m. As the phantom permittivity was
increased, the operating bandwidth of the antenna got reduced

at upper frequency. In second part of simulation, the phantom
conductivity was varied and phantom permittivity was kept
constant at 20. As the phantom conductivity was increased,
the operating bandwidth of the antenna was reduced from
the lower frequency. In third part of simulation, the size of
cubical shaped tumor was varied and a slight change in the
bandwidth was observed. Finally, the antenna was simulated
with and without tumor. The operating band of antenna
without tumor was (1.11-5.47) GHz and the operating band of
antenna with inserted tumor inside the breast phantom came
out to be (1.29-5.50) GHz. A minor reduction in the operating
bandwidth was also found with the increased tumor size. It is
concluded that the permittivity of the phantom is most crucial
in designing the sensor and the performance of the antenna is
independent of the tumor permittivity, conductivity or size.
The simulated results have shown good matching of the
proposed sensor with the breast phantom and can be vital for
the microwave imaging system.
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