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Abstract: Microwave medical imaging (MMI) is experiencing a surge in research interest, with
antenna performance emerging as a key area for improvement. This work addresses this need by
enhancing the directivity of a compact UWB antenna using a Yagi-Uda-inspired reflector antenna.
The proposed reflector-loaded antenna (RLA) exhibited significant gain and directivity improvements
compared to a non-directional reference antenna. When analyzed for MMI applications, the RLA
showed a maximum increase of 4 dBi in the realized gain and of 14.26 dB in the transmitted field
strength within a human breast model. Moreover, it preserved the shape of time-domain input signals
with a high correlation factor of 94.86%. To further validate our approach, another non-directional
antenna with proven head imaging capabilities was modified with a reflector, achieving similar
directivity enhancements. The combined results demonstrate the feasibility of RLAs for improved
performance in MMI systems.

Keywords: directional antenna; microwave medical imaging (MMI); tumor sensing; ultra-wideband
(UWB) antenna

1. Introduction

Microwave medical imaging (MMI) has emerged as a promising alternative to conven-
tional medical imaging due to its lower cost, safety, non-ionizing radiation, and compact
size [1-3]. MMI systems have the potential for immediate diagnosis in ambulances, and
they can save lives by preventing delays [3].

MMI devices typically use antenna arrays to receive reflected and scattered signals
from the target object. These signals are then processed to estimate the object’s dielectric
properties, a technique known as microwave tomography (MT) [4-10]. In MT systems,
signals are processed in the frequency domain, and antennas are arranged equidistantly
around the imaging area [5-10]. Specialized algorithms estimate the object’s dielectric
properties based on the reflected signals.

Alternatively, radar-based MMI approaches aim to locate objects based on reflected
signals. This (confocal) imaging method offers faster processing and lower computational
complexity by processing signals in the time domain. Examples of such radar-based
systems for biomedical imaging were presented in [11-13].

Another exciting application of MMI is noninvasive temperature monitoring during
hyperthermia treatment, where the tumor temperature is intentionally raised to around
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44 °C for at least one hour [4]. MMI can be used to monitor the tumor’s dielectric properties,
with changes in temperature being reflected by changes in these properties.

MMI also offers the possibility of 3D visualization of a region of interest (ROI) through
various reconstruction algorithms. Such three-dimensional reconstructions were reported
in [5,6].

Recently, researchers have explored combining MT and radar-based approaches to
leverage the strengths of both. MT provides the dielectric profile of the object under consid-
eration, offering the possibility to detect the presence of tumors or cancerous cells [14,15].
The radar-based approach can then be applied only to suspected areas, significantly speed-
ing up MMI reconstruction [14,15]. These advancements necessitate new requirements for
antenna elements.

A wider operating bandwidth, greater signal penetration capabilities, a good fidelity
factor or correlation factor in the time domain, and higher values of gain and directivity
are generally the desirable characteristics of an antenna for its use in MMI. Among several
UWRB antennas reported for MMI applications, popular choices include Vivaldi planar
antennas [15,16], double-ridged horn antennas [17,18], planar monopoles [6,19,20], and
bowtie dipoles [21,22]. While the above-mentioned antennas have proven capabilities for
their use in MMI, there is always room for improvement in antenna performance.

This work aims to improve the performance of antennas for microwave medical
imaging (MMI) systems by focusing on their radiating properties. Specifically, it seeks to
enhance their directivity for better imaging results. Recent studies have explored various
methods of achieving this goal. Reference [23] utilized a four-layer lens and modified
antenna to generate focused near-field radiation, achieving a 4.9 dB increase in penetrated
signal strength. While commendable, this work demonstrated a gain improvement of
14.26 dB. Another approach that was detailed in [24] employed a balanced-to-unbalanced
circuit within a conventional UWB bowtie antenna, successfully reducing backward radi-
ation. However, this technique applied only to the bowtie design. This work proposed
a more general solution for mitigating backward radiation across various MMI antennas.
Reference [25] presented an eagle-shaped UWB patch antenna for MMI, emphasizing its
novel shape for directional radiation. In comparison, this work proposes a simpler and
more effective technique for achieving a significantly more directional radiation pattern.
Building upon concept of etching slots and adding parasitic patches in [26], this work
presents a technique that is applicable to various printed UWB antennas. It offers a more
notable gain improvement (over 4 dB) compared to the 1.5 dB increase reported in [26].
While previous research, such as that of [27-29], explored signal processing and algorithms
for MMI systems, this work focuses solely on antenna performance and on specifically
enhancing directivity for improved MMI.

This study investigates the use of reflection and electromagnetic (EM) wave focusing
to boost antenna gain. This approach is widely used in directional antennas across various
applications, including satellite communication, cellular networks, radar systems, and even
medical technologies.

Our core concept involves directing EM radiation in a specific direction to achieve
high gain and, consequently, high directivity. This aligns with the established need for
directional ultra-wideband (UWB) antennas in microwave medical imaging (MMI) systems,
where antennas with strong, focused radiation have proven superior to non-directional or
low-gain alternatives.

A compact slotted patch antenna [30] with good MMI properties was chosen as the
reference antenna. Drawing inspiration from the highly directional Yagi-Uda antenna,
which utilizes a large reflector and parasitic directors to focus radiation, this work proposes
loading the reference antenna with a metallic reflector.

The resulting reflector-loaded antenna (RLA) exhibited encouraging results, including
increased directivity and directional radiation patterns throughout the operating band. Its
suitability for MMI was analyzed based on the field strength inside human tissues, time-
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domain properties, and frequency-domain performance. The analysis demonstrated the
RLA’s superior performance compared to that of the reference antenna in MMI applications.

A comparison of the performance of directional and omnidirectional antennas for
wide band head imaging is also presented in [31]. However, to the best of our knowledge,
no work has presented a generalized technique for enhancing the directivity of antennas
for use in MMI systems. This work presents a simple and novel technique that can convert
a wide class of non-directional antennas into directional ones. The novelty of this work also
rests on the fact that the application of the proposed technique is not limited to a single
antenna, but it is applicable to a wide range of antennas. It is exhibited with simulated
and experimental evidence that by loading a printed antenna with a metallic reflector, the
antenna’s directivity can be improved.

In this work, a generalized technique is presented to enhance the gain and directivity
of a wide range of printed UWB antennas based on the design formulas of the Yagi-Uda
antenna. The size and position of the reflector for a printed UWB antenna were related
to the design formulas of the Yagi-Uda antenna; this is a novel approach, and such a
correspondence has not been explicitly presented in any previous work performed on
antenna design for MMI systems.

This work presents a very simple technique that significantly increased the gain of a
printed UWB antenna by 4 dBs (further increasable) without deteriorating the antenna’s op-
erating bandwidth, efficiency, and time-domain properties. Most of the available literature
that focused on increasing an antenna’s gain or directivity presented complicated antenna
designs based on techniques that are not applicable to any other antennas. This work
presents a simple general technique and demonstrates its applicability to two different
antennas. A thorough analysis of the performance of the proposed directional antenna for
applications in MMI was performed based on the field distribution inside the object to be im-
aged, the time-domain performance of the antenna, and the frequency-domain performance
of the proposed antenna. The proposed antenna caused EM waves to penetrate inside a
breast model with an increase in the signal strength of 14.26 dB. The frequency-domain
analysis proved that the proposed antenna was much more sensitive to the detection of
the existence of a tumor than the reference antenna was. The proposed antenna offered a
time-domain pulse fidelity factor of 94.86%.

There is very little work in the literature that focused on directional antennas for MMI
purposes. This work proposes a novel reflector-loaded antenna with a highly directional
radiation pattern for applications in MMI systems. When compared in terms of performance
parameters, the proposed antenna outperformed other designs proposed for MMI systems.

In the following sections, a detailed discussion of antenna design, the proposed tech-
nique, and the feasibility of the application of the proposed antenna in MMI systems is
presented. To analyze the antenna performance in MMI systems, a human breast is simu-
lated, and an analysis of the field distribution is conducted, followed by a rigorous analysis
of the antenna’s time-domain performance in the E-plane and H-plane. A frequency-
domain analysis was also performed to highlight the superior performance of the proposed
antenna for MMI applications. Before presenting the conclusion of this work, the analysis
was repeated for another reference antenna in order to establish the generalizability of the
proposed technique. Later, a performance comparison of the proposed antenna with those
in other similar works is described.

2. Antenna Design
2.1. Reference Antenna

A compact slotted patch antenna, shown in Figure 1, was simulated in CST MWS. The
antenna had overall dimensions of 21 x 23 x 1.6 mm and an operating bandwidth of 3.02
to 11.36 GHz. As shown in Figure 2, the antenna exhibited good matching properties across
its working band. The antenna’s radiation pattern, presented in Figure 3, clearly illustrates
its non-directional radiation properties. This consistent non-directional radiation made the
antenna a good candidate for conversion into a directional version for a comparison of its
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performance in MMI applications. Figure 4 shows that the antenna exhibited an almost
uniform gain across most of its operating bandwidth.
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Figure 1. (a) Front view, (b) back view, and (c) radiating patch of the reference antenna (all dimensions
are in mm).
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Figure 2. S11 plot of the reference antenna.
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Figure 3. Radiation pattern of the reference antenna for & = 0° and varying values of 6 for

frequency = (a) 3.5, (b) 5, (c) 6.5, (d) 8, (e) 9.5, and (f) 11 GHz.
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Figure 4. Gain of the reference antenna.

The initial length and width of the radiator are based on the following design
equations [32]:

c 2
T @)
1
W+l -1 ﬁ 2

c
Ly= ———— 3)
i 2f, \ Hreff
In the above equations, f;, ¢, &, I, and ¢, £f represent the resonant frequency, speed of
light, material permittivity, substrate height, and effective dielectric constant, respectively.

2.2. Proposed Design

To enhance the directivity, the reference antenna was loaded with a reflector, as
shown in Figure 5. Following the Yagi-Uda antenna design principles, the reflector was
positioned 25 mm (0.25A at the lowest operating frequency) from the radiating element.
This arrangement ensured acceptable matching characteristics for the RLA across its entire
operating bandwidth, as shown in Figure 6.
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Figure 5. The configuration of the reflector-loaded antenna.
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Frequency - GHz

Figure 6. Simulated and measured S11 of the RLA.

The design formulas suggested a reflector size slightly larger than 0.5A when the driven
element was between 0.45A and 0.49A [33]. As shown in Figure 1, the reference antenna’s
horizontal dimension was 21 mm (about half of 0.45A). Following this principle, the
reflector’s horizontal dimension was set to 29.4 mm (approximately half of 0.6)A), ensuring
conformity with the Yagi-Uda design principles.

Figure 7 illustrates the evolution of the proposed antenna design, which was broken
down into three key stages: Design 1, Design 2, and the final proposed Design 3. Drawing
inspiration from the Yagi-Uda antenna’s high directivity, this work focused on optimizing
the reflector’s design and placement for enhanced gain and directivity. Design 1 serves
as the reference antenna. Design 2 introduces a rectangular reflector, which was chosen
for its simplicity. However, placing the reflector at a random distance in Design 2 led to
significant impedance mismatch and reduced operating bandwidth, as shown in Figure 7d.
Leveraging design formulas from the Yagi-Uda antenna, careful calculations identified
the optimal position and size for the reflector, resulting in the proposed Design 3. This
final design achieved the same bandwidth as that of the reference antenna while offering a
significant gain improvement (detailed in Figure 7e). Further analysis of the directivity and
radiation patterns will be presented in subsequent sections. Figure 7f presents a parametric
analysis of the effect of varying reflector size on the realized gain of the antenna. It can be
seen in Figure 7f that by increasing the reflector size, higher values of gain can be achieved.
This also implies that by increasing the reflector size, the directivity of the antenna can also
be further enhanced. However, a reflector size of 1.4 times that of the reference antenna
was used to ensure conformity with the Yagi-Uda design formula, as discussed above.



Sensors 2024, 24,1315 7 of 22

(a) (b)

10
== Design 1 —-= Design 1
o] —— Design 2 —— Design 2 -
-+ Design 3 (Proposed) | | e Design 3 (Proposed) """ T
5
-10
E
' 0
o 20 £
T [
] o
- '
g g
-30 z -5
Q
©
—40
-10
=50
-15
2 4 6 8 10 12 2 4 6 8 10 12

Frequency - GHz Frequency - GHz

(d) (e)

Realized Gain - dBi

—-= Reflector Size = 0.6 x Reference Antenna

------ Reflector Size = 1 x Reference Antenna

—— Reflector Size = 1.4 x Reference Antenna (Proposed)
-15 —e— Reflector Size = 1.8 x Reference Antenna

—a— Reflector Size = 2 x Reference Antenna

2 4 6 8 10 12
Frequency - GHz

(f)

Figure 7. Design evolution of the proposed antenna. (a) Design 1, (b) Design 2, (c) Design 3
(d) S11 plots, (e) plots of the realized gain of the three designs, and (f) the effect of reflector size on
antenna gain.
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Figure 8 shows the surface current distribution at different frequencies within the
antenna’s operating bandwidth. Initially, the current was primarily concentrated on and
around the feeding line. However, as the frequency increased, the current density on
the feeding line decreased and started to spread more evenly across the ground plane
beneath it.

(e)

Figure 8. Surface current distribution of the proposed RLA at (a) 3.5, (b) 5, (c) 6.5, (d) 8, (e) 9.5, and
(f) 11 GHz.

The proposed RLA was fabricated on a cost-effective FR-4 substrate with a dielectric
constant of 4.4 and a loss tangent of 0.02. Laser etching was used to precisely define
the top and bottom layers of the antenna design. A simple rectangular copper sheet
served as the reflector, while a 50 ohm SMA connector, which was carefully soldered to
ensure proper matching, provided a connection to the VNA. To measure the radiation
pattern across its operating bandwidth, the antenna was tested in an anechoic chamber
through a series of trials. Figure 9 depicts both the antenna design and the experimental
setup. Figure 10 confirms that the RLA functioned as a directional antenna throughout
the operating bandwidth, as expected. Loading the reference antenna with the reflector
significantly altered its radiation properties. The RLA exhibited a notable increase in gain
across the entire band, reaching a maximum of 7.3 dB at 10.5 GHz and achieving a peak gain
of 30 dB at 11 GHz, as shown in Figure 11. Fair conformity can be observed in the measured
and simulated results in Figures 10 and 11. Figure 12 depicts the total efficiency of the
proposed RLA (simulated and measured) and the reference antenna; it can be seen that the
addition of the reflector did not deteriorate the total efficiency of the antenna; in fact, at
some frequency points, the efficiency was improved due to the presence of a reflector.
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Figure 9. (a) Front and (b) back view of the reference antenna; (c) the proposed RLA; (d) experimental

setup with VNA; (e) radiation pattern measurement inside an anechoic chamber.
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Figure 10. Radiation pattern of the proposed RLA for & = 0° and varying values of 6 for frequency =
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The proposed RLA achieved a directional radiation pattern with a maximum increase
of 4 dBi in the realized gain compared to the reference antenna, leading to improved signal
focusing and reduced interference. This is further evident in Table 1, which summarizes
the RLA’s enhanced performance across various parameters.

Table 1. Comparison of the performance parameters of the reference antenna and the proposed RLA.

Maximum Value Maximum Value Maximum Value
Parameter Associated with the Associated with the Associated with the
Reference Antenna Proposed RLA (Simulated) Proposed RLA (Measured)
Operating Bandwidth 3.00 to 12 GHz 3.02to 12 GHz 2.8to12 GHz
Realized Gain 4.3 dBi 7.3 dBi 7.8 dBi
Front-to-Back Ratio 7.5 14.6 12.9
Radiati Non-directional throughout Directional throughout the Directional throughout the
adiation Pattern . . .
the operating band operating band operating band
Total Efficiency 83% 85% 80%

3. Application of the Proposed Antenna in Microwave Medical Imaging Systems

For MMI applications—in particular, tumor detection and localization across various
regions of the body—the desirable antenna characteristics include a wide operating band-
width, high signal penetration capabilities, good time-domain fidelity or correlation factor,
high gain at lower frequencies, and high directivity. High values for these parameters
generally lead to better image quality and resolution. To evaluate the performance of
the proposed RLA, we conducted simulations and compared the results against these
desired characteristics.

3.1. Field Analysis

This section analyzes the performance of the reference antenna and the proposed RLA
for their application in MMIL A simulation setup was used to model a human breast (¢ = 38)
with a tumor (¢ = 67) and to compare the E-field distribution generated by each antenna.

Figure 13 depicts the simulation setup. A human breast model containing a tumor
was positioned between two antennas. Antenna 1 acted as the transmitter, while Antenna 2
received the signals.

Receiving
Antenna

52

(@) (b)

Transmitting
Antenna

|
)

Figure 13. (a) Breast model and (b) simulation setup of the breast model placed between two reference
antennas for imaging purposes.

The E-field distribution within the model at 4.6 GHz is shown in Figure 14. The
maximum field strength inside the tumor was 0.3618 V/m, and this was located at the
position of the yellow cursor.
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Transmitting Antenna

Skin

Breast ¥/m

5.14
4,67
Tumor 4.2
3.74
3.27
2.8
2.33
1.87
1.4
0.934
0.467
0

Receiving Antenna

Figure 14. E-field distribution in the breast (top view) when placed between two reference antennas.

Repeating the simulation with RLAs instead of the reference antennas (Figure 15) re-
vealed a significantly higher E-field distribution inside the breast (Figure 16). The maximum
field strength inside the tumor reached 1.56 V/m at the same location. This represented a
12.73 dB increase in field strength achieved by the RLA.

.

Figure 15. Simulation setup of a human breast model placed between two proposed RLAs.

This remarkable increase in field strength was attributed to the RLA’s higher directivity,
leading to improved tumor sensing and imaging results. Table 2 further confirms the RLA’s
superior performance. The RLA consistently generated significantly higher E-field strength
inside the tumor compared to the reference antenna across the entire frequency spectrum.
Notably, the RLA exhibited a minimum increase of 11.68 dB at 5 GHz and a maximum
increase of 14.26 dB at 3.5 GHz, demonstrating its superior signal penetration capabilities
within human tissues.

Table 3 compares the maximum E-field values inside the tumor when both antennas
were positioned sideways to the breast model. The RLA consistently achieved higher field
values, with a maximum increase of 5.40 dB at 6.5 GHz. This demonstrated the RLA’s
effectiveness in both orientations, facing the breast model and sideways with respect to it.
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Transmitting Antenna

Skin

Breast
¥/m
5.14
Tumor 4.67
4.2
3.74
3.27
2.8
2.33
1.87
1.4
0.934

Receiving Antenna 0.46;

Figure 16. E-field distribution in the breast when placed between two proposed RLAs.

Table 2. Maximum E-field values inside the tumor with the antenna facing the breast model.

Maximum E-Field Maximum E-Field Increase in Field
Frequency (GHz) with the Reference with the Proposed Intensity (dB)

Antenna (V/m) RLA (V/m) y
3.5 0.36 1.87 14.26
4.6 0.36 1.56 12.73
5.0 0.25 0.96 11.68
6.5 0.26 1.16 12.98
8.0 0.32 1.26 11.90

Table 3. Maximum E-field values inside the tumor with antennas placed sideways with respect to the
breast model.

Maximum E-Field Maximum E-Field

Frequency (GHz) with the Reference with the Proposed Increase in Field

Antenna (V/m) RLA (V/m) Intensity (dB)
3.5 1.29 1.49 1.25
4.6 1.32 1.53 1.28
5.0 1.29 1.61 1.24
6.5 1.24 2.31 5.40
8.0 0.90 151 4.49

The RLA exhibited a significantly higher field penetration capability than that of
the reference antenna, leading to improved tumor detection and imaging resolution. Its
effectiveness in both orientations further enhanced its suitability for MMI applications.

3.2. Time-Domain Analysis

This section examines the time-domain performance of the RLA, analyzing its suit-
ability for MMI applications. Inspired by [34,35], a comprehensive study of the transceiver
performance was conducted. Five virtual probes were positioned in the E-plane and H-
plane of the antenna to capture received signals at various angles. Figure 17 shows the
probe configuration.
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Figure 17. Configuration of the virtual probes placed in the E-plane and H-plane.

A Gaussian pulse served as the input signal at the transmitting antenna port, and the
signals were collected by the virtual probes. Figure 18 illustrates the normalized input
and received signals in the E-plane for different angles. The well-preserved signal shapes
demonstrate the RLA’s excellent signal fidelity.

15 T
——Input Pulse

— Virtual Probe Signal at #= -90°
1+ \ Virtual Probe Signal at 6= -45°[
— Virtual Probe Signal at #=0"

051 | " Virtual Probe Signal at =45" | |
/ : A Virtual Probe Signal at #=90°
~ A
7

i i cas B

15 I I 1 I I
0 0.5 1 1.5 2 25 3

Time - nS

Normalized Magnitude
o

Figure 18. Normalized signals received by virtual probes placed in the E-plane for @ = 90° and
varying values of 6.

Table 4 summarizes the correlation factors for this scenario. The RLA exhibited excep-
tional signal matching in the E-plane, with a maximum correlation factor of 98.79% and a
minimum of 80%. Similar findings can be observed in Figure 19, where five probes were
placed in the H-plane at equal angular distances. Table 5 presents the correlation factors
for these probes, revealing a maximum of 98.82% and a minimum of 84%. These results
confirm the RLA’s outstanding transceiver performance in both planes. The following
equation is used to calculate the correlation factor.

2 s(t)r(t—1)
\/ff"ms(t)zdt.ff‘;o r(t)%dt
where s(t) is the time-domain input signal, 7(t) is the time-domain signal received at the

port of the receiving antenna, and 7 is the delay between s(t) and r(t), which is varied in
order to achieve the maximum value of the correlation factor (C.F) in Equation (4).

(4)

C.F = max.
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Table 4. Correlation factor for virtual probes placed in the E-plane (& = 90°).

Probe Position Correlation Factor (%)
@ =90° 0 =—-90° 95.67
@ =90° 0 = —45° 97.78
@ =90° 0=0° 98.79
@ =90° 0 =45° 98.58
@ =90° 0 =90° 80.00

Table 5. Correlation factor for virtual probes placed in the H-plane (@ = 0°).

Probe Position Correlation Factor (%)
@=0° 0 =-90° 98.87
@=0° 0 = —45° 94.40
@ =0° 0=0° 84.00
@=0° 0 =45° 94.21
@=0° 0 =90° 98.82

o

o
o
T

——Input Pulse
~— Virtual Probe Signal at 6= -90°| |
Virtual Probe Signal at f= -45°
— Virtual Probe Signal at 6= 0°
~ Virtual Probe Signal at §=45"
Virtual Probe Signal at #=90"

15 1 1 1 1 1
0 0.5 1 15 2 25 3

Time - nS

Normalized Magnitude
©
(5] o
T

Figure 19. Normalized signals received by virtual probes placed in the H-plane for @ = 0° and
varying values of 0.

In another simulation setup, the RLAs were placed face to face and side by side.
Figure 20 shows the received pulse shapes, indicating satisfactory dispersive behavior. The
correlation factors between the input and received pulses were calculated as 86.33% and
94.86% for the face-to-face and side-by-side configurations, respectively.

15¢

Input Pulse = Input Pulse
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Figure 20. Normalized transmitted and received pulses in the (a) face-to-face and (b) side-by-side
configurations with a separation of 500 mm between the RLAs.

The analysis of the time-domain properties demonstrated the RLA’s suitability for
MMI applications. For comparison, the reference antenna’s correlation factors were de-
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termined to be 94.54% and 94.59% for the face-to-face and side-by-side configurations,
respectively. The decreased value of the correlation factor in the face-to-face configuration
of the proposed antenna was due to the ground bounce losses taking place due to the
placement of the reflector.

The above discussion clearly compares the properties of the reference antenna and the
proposed RLA for MMI applications. The RLA exhibited superior time-domain properties
and increased directivity, resulting in improved signal penetration within the human body.
This translated into better sensing and imaging results. Loading the reference antenna with
a reflector effectively increased its directivity while maintaining favorable time-domain
properties, making the RLA a more desirable candidate for MMI systems.

3.3. Frequency-Domain Analysis

To further strengthen our analysis, we analyzed the 521 parameters of the reference an-
tenna and the proposed reflector-loaded antenna (RLA). S21 represents the signal received
at the receiving antenna in the frequency domain. By comparing the 521 curves obtained
for a healthy and cancerous breast, we can effectively detect the presence of a tumor. A
larger difference between these curves indicates more precise tumor detection.

Figure 21 clearly demonstrates the improved tumor detection with the RLA. In
Figure 21a, the S21 curves for the healthy and cancerous breast with the reference an-
tenna are nearly indistinguishable, suggesting that there were similar received signals in
the frequency domain. However, in Figure 21b, the S21 curves using the RLA are visibly
different, indicating that there was a clear differentiation between the received signals for
healthy and cancerous tissues.

20 20
—-- Reference Antenna with Healthy Breast —-= RLA with Healthy Breast
—— Reference Antenna with Breast having Tumor 10 —— RLA with Breast having Tumor

S21-dB

-60 =70
2 4 6 8 10 12 2 4 6 8 10 12
Frequency - GHz Frequency - GHz

(a) (b)

Figure 21. S21 plots of healthy and cancerous breast models with (a) reference antennas and (b) the
proposed reflector-loaded antennas.

Since the use of reference antennas for MMI applications has already been established,
the significantly improved signal differentiation achieved with the RLA confirmed its
superiority in tumor detection.

It is now evident that the proposed RLA can work as a better sensor for tumor detec-
tion in MMI systems as compared to the reference antenna. While analyzing both antennas
across various metrics, Table 6 reveals the proposed RLA’s superior performance in enhanc-
ing the field strength within the tumor and maintaining stable signal fidelity (correlation
factor) compared to the reference antenna. Notably, the RLA demonstrated a consistent
difference in 521 with the presence of a tumor as compared to the reference antenna.
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Table 6. Comparison of the performance of the reference antenna and the proposed RLA in various
tests conducted to analyze their suitability for use in MMI systems.

Analvzed Parameter Maximum Value Associated with the Maximum Value Associated with the
y Reference Antenna Proposed RLA
Field strength inside the tumor 0.36 V/m 1.87V/m
Time-domain pulse correlation factor 94.59% 94.86%
Difference between S21 in the absence 0.98 dB 215 dB

and presence of a tumor

4. Generality of the Technique

To validate the proposed reflector-loading technique’s generalizability, another an-
tenna (RA2) reported in [36] was studied. This slotted monopole patch antenna (shown in
Figure 22a,b) was identified as a promising candidate for microwave head imaging, since it
was reported to have an omnidirectional radiation pattern. This characteristic made it ideal
for conversion into a directional antenna.

20
A

0.5 45

70 - <—>= >
Y
3 7.8 35 .
72
v <P
7y X
—p 15 I_'i “
«—>
v 2.72 A2
(a) (b) ()

Figure 22. (a) Front and (b) back sides of RA2 and (c) the proposed RLAZ2 (all dimensions are in mm).

Adding a metal reflector, as shown in Figure 22¢, significantly increased the gain and
directivity of the antenna with minimal impact on its operating bandwidth (Figure 23a).
Figure 23 compares the 511 and realized gain of RA2 and the resulting reflector-loaded
antenna 2 (RLA2). The reflector size was set to 1.4 times that of RA2, adhering to the Yagi
design principles. The radiating element was 60% of 0.45A, and the reflector was 60% of
0.6\, considering the minimum operating frequency.

—-= Reference Antenna 2
—— Proposed RLA 2

S11-dB
Realized Gain - dBi

19/ —-= Reference Antenna 2
—— RLA 2 (Scaling Factor 1)
------ Proposed RLA 2 (Scaling Factor 1.4)

0
1.0 15 2.0 25 3.0 3.5 4.0 4.5 5.0 1.0 15 2.0 25 3.0 3.5 4.0 4.5 5.0
Frequency - GHz Frequency - GHz

(a) (b)

Figure 23. (a) S11 and (b) realized gain of RA2 and RLA2.
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Figure 23b reveals a significant increase in gain across the entire operating band, with
a maximum increase of 3.15 dB at 2 GHz. This enhanced gain and directivity translated into
stronger field strength inside the object to be imaged, leading to improved tumor sensing,

image quality, and tumor location accuracy.

Furthermore, Figure 24 confirms that the RLA2 behaved as a directional antenna
throughout its operating bandwidth. Figure 25 shows the group delay plot for both
antennas, demonstrating that the RLA2 maintained comparable performance to that of

the RA2.
6 -
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Figure 24. Radiation patterns of reference antenna 2 and reflector-loaded antenna 2 at (a) 2, (b) 2.5,
(c) 3, and (d) 3.5 GHz.
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Figure 25. Group delay of RA2 and the proposed RLA2.
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In a face-to-face configuration when placed 250 mm apart, the correlation factor
was 89.14% for RA2 and 84.71% for RLA2. These results provide evidence that the pro-
posed reflector-loading technique successfully converted a non-directional antenna into
a directional one with improved gain and directivity while preserving the time-domain
performance and operating bandwidth, ultimately leading to better MMI results.

Therefore, with strong evidence and high confidence, it can be concluded that the
reflector-loading technique effectively converts a wide range of non-directional microstrip
patch antennas into their directional counterparts, leading to significant enhancements in
MMI performance.

5. Comparison

While numerous studies regarding antennas for MMI applications exist, only a few
have specifically addressed the impact of directivity and directional antennas on imaging re-
sults. Table 7 compares the proposed RLA with other directional antennas reported in the lit-
erature. It is evident that the RLA exhibits superior performance across various parameters.

Table 7. Comparison of the proposed RLA with other antennas reported in the literature with a focus
on enhancing antenna directivity for applications in MMI systems.

Max. Increase  Correlation Factor Generality
Reference Antenna Size in mm Operating Peak Gain  Correlation in the Calculated in Both of the
(Electrical Size) Bandwidth (dBi) Factor Penetrated the E-Plane and Proposed
Field Strength H-Plane Technique
23] (0.15110?0.1115& X><4(?.0 gy 043t0185 N/A N/A 11dB N/A No
[24] 02 )?OXXO?AXXEZ& 61) 1t06 N/A 80 N/A N/A No
[26] (0_334;) XX %933 N 25t011 7.1 98 N/A N/A No
[31] ( 0.2910 XXO% ;;05.0 61 125 to 2.4 -4 ~90 5dB Yes No
[37] ( iy » 38t010.1 6.8 916 N/A N/A No
[38] (0.584;’ o g " 3.9t09.15 6.8 92 N/A N/A No
[39] 02 610 xXOi()l Axxl(‘; 051) 1121025 5.192 80 N/A N/A No
[40] (0.2§i i ggﬁ :%%9 Y 265 t0 2.91 6.6 N/A N/A N/A No
P“l’gffd ( 0'2229 f " 0.3)2223\ :0?59 ) 3.02t0 12 7.3 94.86 14.26 dB Yes Yes, Proved

Notably, the RLA achieves a maximum increase in signal strength of 14.26 dB com-
pared to a non-directional antenna, significantly exceeding the 4 dB improvement re-
ported in [31]. This remarkable improvement highlights the RLA’s potential for enhanced
MMI performance.

Furthermore, unlike existing approaches, this work presents a general technique
for enhancing gain and directivity that is applicable to a wide range of antennas. This
innovative aspect significantly contributes to the novelty of the proposed approach.

Future work will involve utilizing advanced signal processing algorithms to recon-
struct 2D images from backscattered signals for accurate tumor detection and localization.

6. Conclusions

Inspired by the high directivity of Yagi-Uda antennas, this work presented a novel and
general technique for converting non-directional microstrip patch antennas into directional
ones. This technique was applied to a UWB reference antenna that is known for its
suitability in MMI applications. While the proposed size and location of the reflector were
primarily based on Yagi-Uda design principles, slight deviations were observed, which were
likely due to the specific geometry of the reference antenna. The resulting antenna, termed
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the RLA, validated the proposed reflector-loading technique and exhibited significantly
improved directional radiation properties compared to those of the original antenna.

The subsequent analysis of this work investigated the application of the RLA in MMI
by simulating the field distribution within a human breast model. The results revealed that
the RLA achieved a remarkable increase of 14.26 dB in maximum field strength compared
to the reference antenna, leading to improved signal penetration and potentially better
imaging results.

Further investigation of the RLA’s time-domain properties in both the E-plane and
H-plane confirmed its ability to preserve the input signal’s pulse shape with a maximum
correlation factor of 94.86%, demonstrating exceptional time-domain performance.

These findings clearly establish the RLA as a promising candidate for MMI appli-
cations. To further validate the proposed technique, another reference antenna known
for its MMI compatibility was loaded with a reflector. The resulting antenna showed
significant enhancements in gain and directivity while maintaining favorable time-domain
performance and operating bandwidth. This successful application further strengthens the
validity and potential of the proposed reflector-loading technique for MMI applications.
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