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ABSTRACT In this paper, a new, complete, and comprehensive breast phantom measurement system is
presented. A side slotted vivaldi antenna is used for breast phantom measurement. The radiating fins are
modified by etching six side slots to enhance the electrical length and produce stronger directive radiation
with higher gain. This approach reduces the lower operating frequency and increases the gain and efficiency
without compromising the size of the antenna. The overall size of the antenna is 8.8 (L) × 7.5 (W) cm2 or
approximately 0.4λ × 0.5λ at the first resonant frequency of 1.79 GHz. The results show that the antenna
has a fractional bandwidth of approximately 127% from 1.54 to 7 GHz for return loss less than 10 dB with
a directional radiation pattern. The average gain of the proposed prototype is 8.5 dBi, and the radiation
efficiency is approximately 92% on average over the operating bandwidth. The fidelity factor for face to
face is 0.98, and that for side by side is 0.4479, which proves the directionality and lower distortion of the
signal. The prototype is successfully simulated, fabricated, and analyzed. The radiating fins of the proposed
prototype are optimized to achieve the desired properties for breast phantom measurement. The antenna is
used as the transceiver in a breast phantom measurement system to detect unwanted tumor cells inside the
breast. An automated electromechanical imaging system with the necessary data post processing makes it
an easy and suitable tool for microwave imaging to detect breast tumors.

INDEX TERMS Microwave imaging, breast phantom measurement, tumor detection, high gain, slotted
vivaldi.

I. INTRODUCTION
Over the recent years, Breast cancer reported a prime cause
of unwanted death of women all over the world. It is due to
the presence of malignant cell inside the breast tissue [1].
Given early breast cancer detection and treatment, the sur-
vival rate can even reach 97%, which emphasizes the urgent
requirement for a reliable and highly efficient method of
early breast cancer detection [2]. For this a new, efficient,
nonionizing, low cost, portable and comfortableapproach is
highly demanded as a complementary tools to currently used
technology of X-ray mammography [3].

Microwave imaging has become one of the most promising
candidates for scanning the human body to detect malignant
tissues [2]. Microwave imaging systems have the advantages
of low cost, high data rate, low complexity and low spectral
power density. In an imaging system, the antenna is used

as a transceiver to impinge microwave signals on human
tissue [4]. The basic principle of microwave imaging is based
on the varied electrical properties of different tissues, such as
the dielectric constant.

The scatted signal from the antennas reflected from tissues
can identify unwanted tumor cells, which have a significantly
higher dielectric constant than normal breast tissue [5]–[8].
A circular systemwith five element antenna array is presented
in [9] to scan the entire breast. The system performance is
analyzed using S-parameters with realistic anthropomorphic
breast phantom without any image re-construction method.

In the breast phantom measurement system, an antenna
with a reconfigurable wideband, high gain, and high effi-
ciency is desired. A directional antenna receives a scattered
signal from the front target direction, with less effect from
interfering signals. Several types of antennas are developed
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for breast phantom measurements, such as the unit cell
antenna [10], the cross-Vivaldi antenna [11], the compact
metamaterials antenna [12] and the slot antenna [13]. The
Vivaldi antenna is a valuable tool for microwave imag-
ing in terms of size, bandwidth, high directivity, end fire
radiation and low cost [14]. The challenge of design-
ing a Vivaldi antenna is to obtain a directional radiation
pattern and resonance at lower frequency. Vivaldi antennas
in medical applications have been the subject of research
for the last few years [14]. Several researchers have offered
different techniques to enhance the performance of Vivaldi
antennas [15]. To improve the performance of a Vivaldi
antenna, a method based on adding a parasitic ellipse inside
the flare is proposed in the literature [16]. The addition of
a parasitic ellipse improves the field coupling; however, it
does not reduce the size (140 × 66 mm2), and it fails to
reach lower frequencies. In another study [5], a cavity-backed
Vivaldi antenna is proposed for breast phantommeasurement.
By using Cavity Backed Vivaldi Antenna (CBVA), the size
is reduced significantly, whereas the gain does not improve.
A square dimension (75 × 75 mm2) tapered slot Vivaldi
antenna is investigated in [17]. By optimizing antenna param-
eters, a directive radiation pattern is achieved, but resonance
at a higher frequency is not obtained. In [18], an improved
Vivaldi antenna with planner directors in front of an aperture
and transverse slot is fabricated to increase the gain and direc-
tivity. The dimensions of the antenna significantly increase
(110 × 260 mm2)m and it has a non-contiguous voltage
standing wave ratio (VSWR). An antipodal Vivaldi antenna
for microwave imaging is reported in [19] with very compact
size by metallic bending a feed line structure and modulated
Gaussian slot. It has good fractional bandwidth and a wider
operating frequency, but the gain and reflection efficiency are
less than 5 dBi and 70%, respectively. A number of antennas
with different sizes, gains, efficiencies, and reflection coef-
ficients have been recommended for use in medical imaging
systems [20]–[22]. Some of them are large, and some of them
have a low gain or low radiation efficiency. A planar antenna
array that includes 12 corrugated tapered slot elements for use
in ultra-wideband (UWB) biomedical microwave imaging
systems is presented in [23] to achieve a low profile and
moderate gain. However, the performance is achieved at the
expense of the antenna being significantly long, with higher
dielectric constant. In simulation, the operating bandwidth
begins at approximately 5 GHz, which makes it difficult to
attain the lower frequency band. The polar Vivaldi antenna
proposed in the works [6], [24] achieves microwave imag-
ing while consideringthe conditions of bandwidth, gain and
impulse response. However, the presentation is costly in
terms of size, where compact dimensions are required.

In this paper, a modified SSVA with enhanced impedance
bandwidth for microwave imaging, especially for breast
phantom measurement, is presented. Six slots are etched
out of the radiating fins to increase the effective electri-
cal length and produce stronger directive radiation. This
approach reduces the lower operating frequency limit and

increases the gain and efficiency without compromising the
size of the antenna. Simulation and measured results show
that the proposed antenna can obtain the bandwidth from
1.54 to 7 GHz with an evenly distributed current distribution
and a highly directive stable radiation pattern. Simulated
and measured results for the reflection coefficient, gain, effi-
ciency, and radiation pattern for different frequencies, as well
as the transmitted and received pulse with fidelity factors
for dual modes of the antennas, are presented to validate the
usefulness of the proposed antenna for a breast phantommea-
surement system. The proposed antenna has been analyzed
and optimized using CST microwave studio software.

Experimental validation of the antenna is completed by
developing a breast phantom measurement system to detect
unwanted tumor cells inside a breast. For the measurement
setup, we use an alternative mechanical approach for collect-
ing data throughout the breast phantom. Two antennas are
used for the transmitter and receiver. The antenna is placed
stationary at a distance of 18 cm and directly connected to a
vector network analyzer (VNA). A breast model is mounted
on a stepper motor. The stepper motor is controlled by a PC
using microcontroller-based serial communication.

The main objective of this measurement system is to ana-
lyze the relationship of the change in backscattered signals
from the breast phantom with the change in dielectric prop-
erties inside the structure of the phantom. The remarkable
variation in the scattered field is an important issue for breast
phantom scanners. By using these variations, conclusions can
be drawn about whether the system can localize tumor or
unwanted cells inside a human breast.

II. ANTENNA DESIGN LAYOUT
The basic goal of this design is to exploit the differences
in dielectric constant between healthy and tumorous tissues.
The use of multiple resonance frequencies for measurement
is necessary for both better resolution and microwave pene-
tration. This is essential for scanning deeper tumors inside the
breast with high resolution [5]. For microwave imaging, the
antenna should have high gain, wide bandwidth, resonance
at a lower frequency, and higher directivity. Vivaldi anten-
nas fulfill these requirements because of their high directive
nature with high gain due to their tapered slot design and they
have a high peak value for the pulse envelope. Vivaldi anten-
nas also offer stable group delay and allow for a narrow pulse
width. To achieve these desired characteristics, a conventional
Vivaldi antenna has been customized with the introduction of
the SSVA [6], [25], [26]. The geometric layout and fabricated
prototype of the proposed antenna are shown in Figure 1.
The antenna is printed on a Rogers RT/duroid 5870 substrate
with a thickness of 1.57 mm, relative permittivity of 2.33
and loss tangent of 0.0012. The overall size of the antenna
is 8.8 (L) × 7.5(W ) cm2 or approximately 0.4λ × 0.5λ at
1.79 GHz, which is the first resonant frequency. The radiating
properties of the SSVA are determined by a set of exponential
curves, the tapered rate, the cavity structure, the slot line, the
back wall offset, the stub arrangement, the feeding position,
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FIGURE 1. The proposed antenna (a) Geometric Layout b) Front Side
(radiating fins) c) Back side.

and the structure of the radiating fins. By etching slots, all
these parameters are adjusted, and the radiating fins are mod-
ified. Irregular slots are implemented to increase the electrical
length, especially to reduce the lower operating band. The
main radiating lobe is its flare, with height Hf = 7.09 cm
and length Lf = 7 cm with a taper rate of R = 0.04
(factor determining the opening rate of the flare) of the inner
exponential profile. The exponential curve that employs the
Vivaldi antenna is defined as:

x = C1eRz + C2 (1)

Where C1 =
x2−x1

(eRz2−eRz1 )
and C2 =

x1eRz2−x2eRz1
(eRz2−eRz1 )

The points (x1, z1) and (x2, z2) are the end points of the
flare. There has a cavity at the end of the flare with diameter
Cd = 10.3 mm. The cavity is adjusted with the equation:

Ca = 0.5Cd−0.5Cd (cos θ ) (2)

Where θ = sin( SwCd )
The cut-off frequency of the proposed SSVA with the

present dimensions can be calculated using the equation
described in [27]:

fc =
c[

w′
√
(εr )

] (3)

Here, c is the speed of light, fr is the resonant frequency, εr is
the relative permittivity of the antenna material, and w′ is the
width of the opening of the flare edge.

There is a slot line (SL) between the cavity and flare with a
length of 1.5mmand awidth of 0.5mm. The value of the back
wall offset (LO) is 1.6 mm. The total conductor is divided into
two regions, the slotted and non-slotted areas. The ratio of the
slotted to non-slotted area is 46:44. The lower slots (S1, S2,
and S3) vary as the higher order slots are decreased by 2 mm
in gap and height. The upper slots S4 and S5 are symmetric,
but the latter is decreased by 4 mm. To achieve a larger
operating bandwidth, a microstrip slot with a radial stub is
introduced. The stub begins at 45◦, with a total coverage stub-
angle of ϕ = 90◦ and a radius of R1 = 10 mm. There is a
microstrip taper with length Lt = 15.6 mm and starting width
Wt = 4, which is decreased with the taper factor of 0.04.
The microstrip coupler is placed between the microstrip taper
and stub. The length of the coupler is LC = 12 mm, and the
width is 1.5 mm. The distance from the cavity to the center
of the microstrip coupler, marked as the microstrip coupler
inset, is approximately 3.757 mm. A 50� SMA connector is
used to feed the antenna connected to the microstrip tapered
line. The SMA connector has a 2.08 dielectric constant and
4.62×104 S/m electrical conductivity.

FIGURE 2. The proposed antenna (a) Without slot (b) With lower slot
(c) With Upper slot (d) With six slot (Proposed).

III. PARAMETRIC STUDY
Figure 2 shows the evolution of the proposed antenna. The
effects of the slots in the radiating fins on the S11, gain
and efficiency are shown in Figure 3. Table 1 shows the
comparisons of the effects of the slots on antenna perfor-
mance, which are found in Figure 3. It is clearly seen that the
proposed prototypes provide a wider bandwidth than those
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TABLE 1. Comparisons of the slot effects on the reflection coefficient S11.

without any slots, a lower slot or an upper slot. The Vivaldi
antennas without slots have a return loss higher than 10 dB
from 1.82 to 6.3 GHz, with a band gap from 3.4 to 3.8 GHz.
Using the lower slot, the lower frequency is shifted to
1.65 GHz but shows a band gap from 3.55 to 3.70 GHz. By
using the upper slot, the lower frequency rises to 1.8 GHz,
and the upper frequency becomes 6.1 GHz, with a gap of
2.15-2.47 GHz. By using the proposed configuration, the
lower operating frequency shifted to 1.54 GHz, and the upper
limit reached 7 GHz with a contiguous wideband operating
frequency. The peak gain of the proposed structure is 9.8 dBi,
whereas 9, 8.9 and 8.95 dBi are those for without a slot,
with a lower slot, and with an upper slot, respectively. The
gain is increased significantly at lower frequencies due to the
modification of the radiating fins. Slots on the radiating fins
enhance the electrical length and produce stronger directive
radiation due to suppression of unwanted surface currents
that radiate vertically with theend-fire direction at the outer
edge of the radiation arms. It remarkably affects the gain and
efficiency. The efficiency of the proposed structure is stable
and more than 5% improved over those of other structures.

IV. ANTENNA PERFORMANCE MEASUREMENT
The performance of the proposed antenna has been
analyzed and optimized using CST microwave studio.
Simulation results are plotted using thescientific graphing
and data analysis software Origin Pro. The measured results
were obtained using the Agilent E8362C vector network
analyzer that covers the range of 10 MHz to 67 GHz and
theSatimo near field measurement lab (UKM StarLab) using
Satimo passive measurement (SPM) and SatEnv software.
The measurement setup is shown in Figure 4(d).The simu-
lated andmeasured reflection coefficients (S11) of the antenna
are shown in Figure 4(a). The-10 dB operating bandwidth of
the SSVA is approximately 5.46 GHz, starting from 1.54 GHz
to 7GHz. The first resonance is found at 1.79GHz, the second
higher resonance is at 2.89 GHz and the highest resonance is
at 5.81 GHz. The lower frequency bandwidth is significantly
affected by the used slots in the radiating fins. The measured
and simulated results have very good agreement and even the
resonance points are sharply matched. Though the design of
the proposed antenna is very simple and compact in size, it
achieves a much wider bandwidth compared with recently
published antennas in the literature [3], [10]–[12], [19]–[21].

FIGURE 3. Effect of the slots on the radiating fins to (a) The S11 (b) The
Gain and (c) The efficiency of the proposed antenna.

One major finding of this study is that there is no gap or
mismatch in the entire bandwidth.

Figure 4(b) shows the measured and simulated gain against
frequency. The minimum and maximum gain over the oper-
ating bandwidth is 4 and 9.8 dBi, respectively, with a smart
average of 8.5 dBi. Again, the simulated andmeasured results
are in good agreement. The SSVA offers a simple structure
and compact dimensions, and it is light weight compared to
other antennas, while the peak gain increased approximately
1 dB over recently published antennas. Figure 4(c) illustrates
the measured and simulated efficiency over the bandwidth.
The efficiency is calculated using the real and imaginary
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FIGURE 4. Antenna Performance (a) Reflection-coefficient (b) Gain
(c) Efficiency (d) Satimo Setup.

layers of a sphere using the two axes ϕ and θ . The data is
computed according to the following formula:

Efficiency =

∫
|sinθi|

∫ (
R21 + I

2
1 + R

2
2 + I

2
2

)
4π

(4)

Where, θi is the position along second axes.

The average radiation efficiency is approximately 92%
over the bandwidth, with a minimum of 85% and maximum
of 97%. The efficiency is almost 5-10% more than the evo-
lution structures of the proposed antenna. The simulated and
measured radiation patterns at resonant frequencies are plot-
ted in Figure 5. The 3D view overthe same frequencies is also
present. In the Satimo measurement lab (UKM StarLab),the
antenna is measured according to Phi axis rolling and Theta
stepping. The measurements are logged in tables of Theta and
Phi spherical coordinates. The spherical coordinates relate
to the Cartesian axes as follows: the XZ Cut is Theta=0
to 360 & Phi=0, theYZ Cut is Theta=0 to 360 & Phi=90
and the XY Cut is Theta=90 & Phi=0 to 360. The xz-plane
(ϕ = 0) and yz-plane (ϕ = 90) are considered as the
E-plane and the H -plane, respectively.According to the near
field performance, the proposed antenna is unidirectional,
and the direction of the main beam is towards the boresight.
Over the operating frequency band, the main lobes of the
radiation patterns are fixed in the end-fire direction (x-axis
direction). Stable radiation directivity is achieved that ensures
a higher range of the scattered signal with low unwanted noise
from the backward direction. The directivity is increased with
increasing frequency because the radiating element is excited
with higher order modes [28]–[30] that typically result in a
directional radiation pattern.

In Figure 6, the surface current distribution is shown at
thefrequencies of 1.79, 2.89 and 5.81 GHz. The main current
conducting area is on theradiating fins and around the cavity.
At lower frequency, the current is mostly distributed around
the microstrip taper, coupler and stub. At higher frequencies,
a few nulls are observed due to the excitation of thehigher
order current mode. The slots on the radiating fins change
the current path and create higher order current modes. For
this, remarkable changes in the antenna characteristics are
found. By adding slots, simultaneously, the side lobe levels
are reduced, the gain in the main lobe is increased and the
squint effect is corrected, providing improvement in radiation
characteristics. The slots promote the optimal conditions for
the main radiator to avoid trapping. The radiation charac-
teristics are improved by the slot edges due to control of
the current distribution near the lateral antenna edges. The
secondary current distributions are concentrated at the side
edge, leading to high radiation.

The form of the output signal at the receiving antenna is the
convolution of the input signal and the impulse response. The
time domain performances of the antenna when it operates
face to face and side by side at a distance of 200 mm are
shown in Figure 7(a &b). When two antennas are placed face
to face the transmitted and received waveforms are the same
in all cases. In the face to face orientation, the antennas are
capable of radiating short pulses with very small distortion
and minimal late time ringing. Only the pulse has spread
slightly. In the side by side orientation, the transmitted and
received waveforms are not exactly the same. Due to the
directional characteristics of the antenna, the transmitted sig-
nal is spread in a single direction. For this, the transmitted
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FIGURE 5. Simulated and measured 2D and 3D radiation pattern view at
(a) 1.79 GHz (b) 2.89 GHz (c) 5.81 GHz.

and received signals are not the same shape. The fidelity
is the highest magnitude of the cross-correlation between
the transmitted and received pulses. If τ is the transmission

FIGURE 6. Surface current distribution at (a) 1.79 (b) 2.89 and
(c) 5.81 GHz.

FIGURE 7. Transmitted and received pulses (a) face to face and (b) side
by side (c) Group delay.

delay, then, the correlation factor is defined by the following
equation:

F = max

+∞∫
−∞

x(t)y(t − τ )dt√
+∞∫
−∞

∣∣x(t)2∣∣dt +∞∫
−∞

∣∣y(t)2∣∣ dt (5)

Where the transmitted (TX) and received (RX) signalsare
represented as x (t) and y (t), respectively.Matlab is used
to implement the fidelity equation and calculate its value.
In the face to face orientation, the fidelity factor is 0.98,
whereas in the side by side orientation, it is 0.4479. The
fidelity factor of the proposed antenna is higher than those
of recently published Vivaldi antennas. A higher value forthe
fidelity factor guarantees a lower distortion inthe transmitted
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TABLE 2. Comparison of proposed SSVA to literature.

signal. These attributes confirm that the antenna is suitable
for microwave imaging.

Group delay represents the phase distortion of the signals.
It is obtained as the negative derivative of the phase response
with respect to frequency. In the side by side orientation, the
group delay is higher than that in the face to face orientation.
In the face to face orientation, it is nearly constant over the
bandwidth. For this reason, the antenna is recommended to
be used in the face to face orientation for microwave imaging.

Table 2 lists the comparisons between the proposed
antenna and antennas from the literature. The proposed SSVA
is smaller in dimensions than the Vivaldi configurations
reported in [3], [10]–[12], [19]–[21], and that makes it suit-
able for microwave imaging applications that require direc-
tional properties.

V. IMAGING SYSTEM DESIGN
The desired goal of breast phantom measurement is to corre-
late the change inthe backscattering signal with the presence
of some high dielectric inclusion, such as a tumor. In this
work, we have developed an automated microwave imag-
ing system. The block diagram of the imaging system is
depicted in Figure 8(a). All the devices and electromechanical
circuits are controlled by a single PC. Antennas are used as
the transceiver, and the scattering signal is collected using a
vector network analyzer (VNA). For the measurement setup,
we use an alternative mechanical approach for collecting
data throughout the breast phantom. The mechanical rota-
tion platform can rotate in polar coordinates from 0 to 2π .
An Arduino Uno circuit is used to control the rotation plat-
form using a stepper motor. Total 360◦ rotation is performed,
with measurement at 120 equivalent points with 3◦ separa-
tion. We don’t use any human body or patient in this case
due to the safety permission which is ongoing. For laboratory
tests, we rotate the phantom to collect data throughout the
phantom to locate the position of the tumor. In the resulting
system, the rotation platform will be set up and work as a
medical imaging bra that will rotate clockwise. We use a
homogeneous breast phantom with a single tumor that has
a higher dielectric constant, a concept from [10], for testing
the system. A commercially available off-the-shelf breast

phantom developed in Japan with the prerequisite criteria,
as shown in Figure 8 (b), is used. The size of the phantom
is approximately 16×8 cm2, with the standard dielectric
constant of a human breast and a target tumor of 10 mm
diameter inside. The phantom contains four layers, namely,
the skin layer, the breast tissue layer or fat, the tumor and the
normal air layer. The skin layer has the following properties:
dielectric constant = 38, thickness = 2.5 mm, and conduc-
tivity = 1.49 S/m. The breast tissue layer has a maximum
width of 8.75 cm, with conductivity= 0.141 S/m and dielec-
tric constant = 5.14. The tumor has dielectric constant =
67 [33], [34]. Tumorous cells normally have a high water
content and a dielectric constant that is higher than that of low
water tissues, such as fat [35], [36].The proposed antennas
are placed face to face at a distance of 18 cm, and each
of them is 6.5 mm from the breast skin layer. The breast
phantom is placed on the rotation platform, and two antennas
are placed beside the phantom and are connected to the VNA
(Agilent N5227A). The VNA is connected to a PC via a GPIB
port, and data are transmitted to PC through this setup. The
experimental setup is shown in Figure 8(c). Finally, the effects
of the normal breast tissue and tumor on both forward and
backscattering signals are studied and processed.

VI. IMAGING RESULTS
In measurement, we test the antenna performance to detect
the tumorous cells inside the breast. For experimental mea-
surement, the VNA parameters are set with a bandwidth of
10 Hz,the number of points is M=201, and the 1.54 to 7 GHz
frequency range is covered. TheVNA is connected to a PC via
a GPIB port, and data are received for further processing. By
using the experimental setup, the complex frequency domain
S-parameter 0 (ϕn, fm) data are captured, where m=1,2,...M,
and n=1,2.....N, represent the angular positions of each rota-
tion. The transmitted parameters depend on the entire path
between the two antennas, where the tumor crosses twice
during the complete rotation. The reflected signals mostly
represent the shallow depths under the skin layer because
signals that are reflected off the opposite side of the breast
phantom have to travel through the phantom twice and are
significantly attenuated. Thus, antennas with very low inher-
ent return loss are ideal to detect weak reflected signals. The
collected data is post-processed, and the image of the breast
interior is reconstructed. Inverse discrete Fourier transform is
used to convert the reflection co-efficient from the frequency
domain to the time domain for each antenna.

S (ϕn, tk) = exp {[Dk×m]} × 0 (ϕn, fm)

=

 S (φ1, t1) . . . S
(
φN ,t1

)
...

. . .
...

S (φ1, tm) . . . S (φN , tk)

 (6)

Where

fm = f1 + (m− 1)(fh − f1)/(M − 1) (7)
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FIGURE 8. (a) Block diagram of imaging system (b) Breast phantom
(c) Experimental setup.

0 (ϕn, fm) =

 0 (φ1, f1) . . . 0
(
φN ,f1

)
...

. . .
...

0 (φ1, fM ) . . . 0 (φN , fM )

 (8)

And

[Dk×m] =

 jω1t1 . . . jωmt1
...

. . .
...

jω1tm . . . jωmtk

 (9)

ωm is angular velocity and k is the equidistance points.
The time domain image is characterized by its intensity

distribution I. The system is linear and space invariant. The
inversion schemes model is used for image processing:

I (x, y) = O (x, y) ∗ p (x, y) (10)

Where O is the object, ∗ is the two-dimensional convolution
operator and p is the point spread function (PSF) a spatial

FIGURE 9. Imaging result (a) Without tumor (b) with tumor at 0◦

positions (c) with tumor at 90◦ (d) After post process.

impulse response. The p (x, y) is given as:

p (x, y) =
iωρϑo
4π2 H (zo, x, y)

∂

∂z
H (z, x, y) z=zo (11)

Where

H (z, x, y) =
i2a
k

∫ π

0
dϕ

scosϕ − a
s2 + a2 − 2ascosϕ
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×

(
e−ik
√
s2+a2−2ascosϕ+z2

− e−ikz
)

(12)

s2 = x2 + y2, a is the radius of the transducer area, ϑo is
the velocity amplitude and ρ is the density of the medium.
Here, the blind-deconvolution method is used, where the
PSF is optimized using the latest heuristic optimization
algorithms [37]. The tumor is clearly detected by differ-
entiating the collected scattering signals from healthy and
unhealthy tissuesin the breast phantom.

It can be noted that in the image generated from reflected
S-parameters in Figure 9, the tumor is visible near 350◦. The
variation appears twice in the transmitted S-parameter with
another slightly lower power artifact at approximately 170◦.
The transmitted parameters rely on the entire path between
the two antennas, which the tumor crosses twice during the
complete rotation. The artifacts appear after 1.75 ns. This
can be translated into the distance from the antenna using the
propagation rates in the different media involved.

The performances of the proposed antenna and imaging
system are better than those of the previously proposed
Vivaldi antenna and imaging systems. Some of those studies
present only simulation results [10], [12], and other systems
have deficient imaging performance [17], lack post process-
ing data [5], or are bulky in size [20].

VII. CONCLUSION
A compact, complete and comprehensive imaging system
is developed. The design of a modified side slotted Vivaldi
antenna for microwave imaging applications has been quan-
tified and characterized. The measurement results show that
the antenna has a fractional bandwidth of approximately
127% from 1.54 to 7 GHz, with return loss<10 dB and a
unidirectional radiation pattern, the maximum realized gain
is 9.8 dBi and the radiation efficiency is approximately 92%
over the bandwidth. To enhance the bandwidth, efficiency,
and gain, the radiating patch and feed networks are optimized.
The antenna is used for breast phantom measurements for
detecting tumor cells inside a breast. An alternative stepper
motor and microcontroller-based mechanical approach are
developed for collecting data throughout the breast phantom.
A custom-made transceiver, receiver, data acquisition model
and image re-construction approach using Matlab have been
developed. The remarkable variation in the scattered field
is an important aspect for breast phantom scanners, and by
analyzing these changes, conclusions can be drawn so that
the system can localize unwanted tumor cells inside a human
breast. The system is tested with an artificial breast phantom.
The obtained performance of the imaging system supports its
use for the early detection of unwanted tumors inside human
breasts.
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