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Abstract:

This study presents a fabric-based material that integrates a circular patch co-planar waveguide (CPW) antenna with a
metamaterial (MTM), which is fabricated on a felt material for the purpose of microwave tumor sensing. The MTM
comprises a 5 x 5 unit cell array of X-shaped MTM that works at 3.30—4.25 GHz to ensure the CPW antenna has better
bandwidth and gain. The MTM-integrated antenna operates over a wide frequency range of 2.4—6.9 GHz, achieving a
peak gain of 6.7 dBi and compact dimensions of 53 x 60 mm. Experiments were conducted using a rotating platform at
36¢° intervals to capture scattered data from a realized phantom representing a breast tumor model. The delay-and-sum
(DAS) approach was employed to reconstruct a 2-D image from reflected and scattered signals obtained from ten
different points around the phantom, both in the presence and absence of a 15-mm tumor. This wearable microwave
imaging (MWI) device utilizes a single antenna and a monostatic radar-based approach. Correspondingly, the results
indicate that integrating MTMs markedly enhances imaging precision by reducing the displacement of tumor images.
The proposed design demonstrates promising results and is adaptable for tumor sensing. Additionally, the design
exhibits potential for wearable applications, such as MWI and on-body communications.
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l. Introduction

Breast cancer remains a major worldwide health issue, as evidenced by the 670 000 deaths recorded worldwide [1].

Therefore, regular screenings are crucial for the early detection of breast tumors. Traditional methods for breast
imaging include ultrasound, mammography, and magnetic resonance imaging (MRI). However, the efficacy of
ultrasonic imaging is heavily reliant on the proficiency of the performing physician [2]. Additionally, due to its low

sensitivity, ultrasonic imaging is inappropriate for breasts with a high concentration of fat. MRI provides high
A
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Abstract—This study presents a fabric-based material
that integrates a circular patch co-planar waveguide (CPW)
antenna with a metamaterial (MTM), which is fabricated on a
felt material for the purpose of microwave tumor sensing. The
MTM comprises a 5 x 5 unit cell array of X-shaped MTM that
works at 3.30-4.25 GHz to ensure the CPW antenna has better
bandwidth and gain. The MTM-integrated antenna operates
over a wide frequency range of 2.4-6.9 GHz, achieving a peak
gain of 6.7 dBi and compact dimensions of 53 x 60 mm.
Experiments were conducted using a rotating platform at
36° intervals to capture scattered data from a realized phan-
tom representing a breast tumor model. The delay-and-sum
(DAS) approach was employed to reconstruct a 2-D image
from reflected and scattered signals obtained from ten dif-
ferent points around the phantom, both in the presence and
absence of a 15-mm tumor. This wearable microwave imaging
(MWI) device utilizes a single antenna and a monostatic
radar-based approach. Correspondingly, the results indicate
that integrating MTMs markedly enhances imaging precision
by reducing the displacement of tumor images. The proposed

design demonstrates promising results and is adaptable for tumor sensing. Additionally, the design exhibits potential
for wearable applications, such as MWI and on-body communications.

Index Terms— Co-planar waveguide (CPW) antenna, delay-and-sum (DAS) image algorithm, fabric-based antenna,
metamaterial (MTM) antenna, monostatic radar-based approach, tumor sensing.

[. INTRODUCTION

REAST cancer remains a major worldwide health issue,
Bas evidenced by the 670000 deaths recorded world-
wide [1]. Therefore, regular screenings are crucial for the
early detection of breast tumors. Traditional methods for breast
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imaging include ultrasound, mammography, and magnetic
resonance imaging (MRI). However, the efficacy of ultrasonic
imaging is heavily reliant on the proficiency of the performing
physician [2]. Additionally, due to its low sensitivity, ultrasonic
imaging is inappropriate for breasts with a high concentration
of fat. MRI provides high sensitivity, yet its primary disad-
vantage is its extensive expense. Furthermore, many women
perceive mammography as unpleasant and painful despite the
health hazards associated with ionizing radiation. Notably,
ionizing radiation renders many treatments unsuitable, partic-
ularly for younger women. Accordingly, microwave imaging
(MWI) provides a nonionizing, cost-effective, and comfortable
substitute for conventional techniques, such as mammography,
MRI, and ultrasound [3], [4], [5]. With its ability to decrease
radiation exposure, lower implementation costs, and enhance
patient comfort, this technology has significant potential as a
tool for detecting early-stage cancer.

MWI is now being researched as an additional screen-
ing method for medical purposes, including breast cancer
screening and brain diagnosis [6], [7]. Using the notable
variation in dielectric characteristics between healthy and
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diseased tissues, the electromagnetic (EM) signal penetrates
and absorbs the data used in certain algorithms to get image
reconstruction. MWI typically employs radar-based systems
that use bistatic, monostatic, or multistatic configurations
for signal transmission and reception [8], [9]. However, the
practical and widespread adoption of current MWI systems is
impeded by two significant, often combined, limitations. The
first factor is the physical form factor. Most antenna designs
conventionally depend on rigid structures [10], [11], [12], [13],
[14], [15], [16]. The preference for rigid antennas mainly
stems from their stability, reliability, ease of manufacture,
and repeatability, which have established them as the primary
choice in MWI. Nevertheless, their rigidity makes them bulky
and unsuitable for wearable applications. Several studies have
employed flexible antennas for MWI, such as those in [17],
[18], [19], [20], and [21]. Flexible antennas in MWI enable
adaptable, patient-conforming designs, which are crucial for
increasing comfort.

The second factor is the system complexity in terms
of achieving sufficient imaging resolution; most high-
performance systems [11], [13], [19], [20], [22] rely on com-
plex, multiantenna arrays. This approach inherently increases
system cost, physical bulk, and the computational complexity
of the required image reconstruction algorithms. Meanwhile,
studies in [17] and [18] exhibited favorable gain and utilized
S-parameters to demonstrate tumor presence; however, there
was no evidence for tumor image reconstruction. According
to [21], a single antenna appears simple and promising, only
operates in a very narrow bandwidth of 400 MHz, and has
notably large dimensions (125 x 51 mm).

Concurrently, metamaterials (MTMs) have been studied
by [10], [11], [12], [13], [14], [19], and [20] to improve
antenna performance, increasing gain, directivity, and sen-
sitivity are needed to detect the subtle dielectric contrast
of small tumors. The use of MTM can produce a greater
gain and expand the sensor’s bandwidth. The high gain and
broad operating bandwidth lead to high-resolution images and
are used to capture signals that are reflected from tumors.
The MTM flexible antenna array of [20] demonstrates that
12 antenna arrays yield a better tumor image compared to four
and eight arrays. Note that 12 antenna arrays can mitigate skin
layer clutter and artifacts solely through simulated findings.
A flexible array by [19] incorporating a tumor model and
image reconstruction has secured the previous MTM flexible
antenna. Hence, adding four antennas enhanced image quality.
Nevertheless, this design necessitated four RF varactor diodes,
potentially complicating the circuitry.

A distinct research gap emerges at the intersection of these
technologies. The literature shows that MTM enhancement
is most often applied to complex, rigid arrays [13], [14]
or complex flexible arrays [19], [20]. Conversely, simpler
single-antenna (monostatic) systems, ideal for low-cost, simple
setups, have been proposed in [15] and [16] but lack the
conformal flexibility. Therefore, the main challenge is the
absence of a straightforward, compact, and highly sensitive
MWI system that combines all three essential components for
a practical device: a single-element (monostatic) design, a con-
formal flexible substrate, and integrated MTM enhancement.

This research aims to fill this gap by creating a monos-
tatic, MTM-enhanced flexible antenna capable of biomedical
imaging without the expense and complexity of a full array.
To the best of our knowledge, there remains limited literature
on fabric-based, inspired MTM integrated antennas in single
sensors using a monostatic tumor detection approach in MWL
Development using a split-ring resonator (SRR) is widely
used in various sensing applications [23], [24], [25]. Notably,
the unit cell is designed to integrate with the antenna, achiev-
ing resonance between 3 and 6 GHz for MWI purposes. The
proposed CPW with MTM (CPWMTM) antenna covers a
bandwidth of 2.4-6.9 GHz in simulations and 1.6-5.9 GHz
in experimental measurements with a breast phantom. Corre-
spondingly, the CPWMTM antenna sensor was validated using
a monostatic radar-based method. This method involves the
transmitter and receiver operating from a single antenna. This
setup allows the system to send out waves and then receive
the reflected signals after they bounce off an object, which is
useful for various applications, including target detection and
imaging [26]. The variation in scattered data, processed with a
delay-and-sum (DAS) imaging algorithm coded in MATLAB,
generates an image of the tumor. Remarkably, the CPWMTM
antenna sensor requires only ten distinct points in the azimuth
plane around the tumor model. This demonstrates its potential
to reduce image clutter and improve tumor localization accu-
racy compared to the co-planar waveguide (CPW) antenna.
This article is organized as follows. Section II includes
the antenna geometry and design. Subsequently, Section III
describes the antenna performance analysis. Then, Section IV
reviews the module’s imaging performance for the breast
model. Lastly, Section V specifies the conclusion of the study.

[I. FABRIC-BASED MTM INTEGRATED ANTENNA
A. Antenna Design

The design initiates with the antenna section. Fig. 1 illus-
trates the suggested antenna design. The graphic displays the
overall size of the antenna. The dimensions of the antenna
are 34 x 58 x 2 mm. The feed and a circular patch res-
onator are fabricated on the felt substrate material. Using an
Agilent 85070 E Dielectric Probe Kit, the substrate material
exhibited a dielectric constant of 1.398 and a loss tangent
of 0.024. The feed dimensions are calibrated to correspond
with a typical 50-2 feed line, which is a coaxial signal
cable. The design was selected to facilitate broadband func-
tionality. As the broadband response achieved high-resolution
imaging [27], [28] and deeper penetration [2], [27], [29] for
material classification in multilayered structures [27], [30].
In particular, including a CSRR in the middle of the circular
resonator improved the antenna’s reflection coefficient.

The radiator patch and ground plane conductive layers are
constructed using a 0.17-mm-thick ShieldIT super fabric from
less EMF with 0.05-2/sq sheet resistance. This fabric com-
prises ripstop and woven polyester and is treated with copper
and nickel [31], [32]. It has a calculated conductivity of 1.18 x
10° S/m [32]. Fig. 1(a) shows the layout and dimensions of
the wearable microstrip antenna, as viewed from the front
perspective. Meanwhile, Fig. 1(b) illustrates the parameters of
the CSRR. The circular diameter of the antenna is 31.6 mm,
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Fig. 1. CPW antenna (a) patch, feedline, and ground dimension, as well
as (b) complementary SRR dimension.

TABLE |

GEOMETRIC PARAMETERS OF THE PROPOSED ANTENNA
Parameters Ws Ls Ga Go Ge
Values (mm) 34 58 9.42 13.6 15.6
Parameters W L a b c
Values (mm) 2 14.33 10 8 6
Parameters d e f g h
Values (mm) 4 4.5 3.5 2.5 1.5

VSWR

Reflection Coefficient (dB)
g % p

S11 (without CSRR)
S11 (with CSRR) 05
VSWR (without CSRR)
VSWR (with CSRR)

1 2 3 4 5
Frequency (GHz)

Realized Gain (dBi)
~
Radiation efficiency

s === Gain (without CSRR)

—_ with CSRR)
4 Efficiency (without CSRR)
—0— Efficiency (with CSRR)

3 4 5 6 7
Frequency (GHz)

(b)
Fig. 2. Circular patch CPW simulation results reveal (a) reflection
coefficient and VSWR and (b) gain and radiation efficiency.

and the other geometrical parameters of the antenna are
represented in Fig. 1 and Table I. Meanwhile, the suitable
dimensions are obtained by employing a parametric CST
microwave analysis. In addition, the appropriate dimensions
have been selected for the predetermined resonance frequency
using the formula from [33].

Fig. 2(a) demonstrates that the CSRR reduces the reflection
coefficient and increases impedance bandwidth and voltage
standing wave ratio (VSWR). Fig. 2(b) illustrates the vari-
ation in antenna gain and radiation efficiency according to
the design. The wideband antenna frequency range of 1.9—
6.9 GHz indicates that the antenna operates effectively across
the desired frequency band. This study employed a frequency
range of 2-6 GHz to attain optimal penetration depth and
high-resolution imaging for tumor detection, as supported
by [5], [34], and [35]. Notably, the antenna’s radiation effi-

TABLE Il
COMPARISON OF ANTENNA PARAMETERS
Characteristics Without With CSRR
CSRR
. 1.9 to 4.8 and
Bandwidth (GHz) 5910 6.8 1.9t0 6.9
Gain (dBi) 1.41t04.8 1.0 to 4.7
Radiation Efficiency (%) 851093 88 to 94

e T

10.6

. Felt

‘:’ ShieldIT Super

Fig. 3. Simulation of the boundary setup of the proposed unit cell.
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Fig. 4. Magnitude of the S-parameter (S11 and Sp1) for the proposed
unit cell.

ciency exceeds 88%, with a realized gain between 1 and
4.7 dBi for the CPW structure with CSRR. A comparison of
antenna characteristics is presented in Table II.

B. Unit Cell Design and Integration

To obtain directive radiation patterns and increase gain and
efficiency, MTM is widely used in numerous applications [36].
Each form of MTM has a distinct influence on the performance
of an antenna concerning factors, such as gain, efficiency,
polarization, and more, particularly when it is nearby as a
ground plane, reflector, and superstrate [37], [38]. In this
design, the MTM is located at the back of the CPW antenna.
Hence, to derive accurate and relevant parameters, a high-
frequency EM simulator called CST Microwave Studio (CST),
based on the finite integration technique (FIT), was utilized.

The simulator functioned in the frequency range of
1-10 GHz with a hexahedral mesh setup. The study employed
a transverse EM (TEM) wave traveling along the Z-axis
to explain the interaction between the suggested MTM unit
cell and array structure with the fields. Fig. 3 illustrates the
application of perfect electric conductor (PEC) boundary con-
ditions on the X-axis and perfect magnetic conductor (PMC)
boundary conditions on the Y-axis [39].

Fig. 4 presents the S-parameters, which encompass both the
reflection coefficient and the transmission coefficient. Observa-
tion has demonstrated that the transmission coefficient covers
the frequency ranges of 3.30—4.25 GHz. The results obtained
from CST are further supported by the Nicolson—Ross—Weir
(NRW) method, as presented in [19], [39], and [40]. This
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Fig. 5. Simulated results of the proposed unit cell (a) permittivity,
(b) permeability, and (c) refractive index.

approach is essential for deriving necessary parameters, such
as permittivity, permeability, refractive index, and impedance.
The MATLAB simulation in Fig. 5 indicates the permeability,
permittivity, and refractive index. Consequently, Fig. 5(a) indi-
cates the frequency range encompassing the desired negative
area. Specifically, the epsilon negative (ENG) emerges within
the frequency zone of 2.9—4.3 GHz. It is observed that within
the resonance frequencies covering from 3.30 to 4.25 GHz,
the permittivity demonstrates negative values. This charac-
teristic identifies the structure as a single negative (SNG)
MTM. Consequently, the unit cell displays ENG properties,
which are particularly noticeable with negative maximum
permittivity near the resonance frequency of 3.77 GHz. The
designed SNG MTM demonstrated an effective medium ratio
(EMR) of 7.5, indicating a strong subwavelength characteris-
tic. This high EMR value confirms the structure’s suitability
for low-frequency microwave applications, where compactness
and enhanced EM response are essential [39]. The mu negative
(MNG) is 6.8-10 GHz, as illustrated in Fig. 5(b).

The integration took place after optimizing the antenna and
MTM construction. The primary focus in constructing the
MTM structure is the reflection coefficient over the wideband
operating frequency range. A 5-mm-thick layer of Rohacell
foam material with 1.012 relative permittivity was inserted
between the MTM and the antenna. The foam was used to
function as a spacer, ensuring a fixed spacing and avoiding any
electrical contact between the MTM and the antenna. Fig. 6(a)
depicts the cross-sectional perspective of the antenna using
the MTM. The cross-sectional view displays that the MTM
structure comprises three layers: two metallic layers (MTM
arrays and ground plane) and a dielectric substrate positioned
between them.

The MTM cell size was optimized through simulations.
The geometry of the suggested MTM structure is realized in
Fig. 6(b). It is composed of a 5 x 5 square matrix, lined up
with 25 square-shaped unit cells. With symmetrical spacing
at each edge of the SRR, an X-shaped design is selected
for the MTM, as its shape is uniform in all directions, and
it also facilitates ease of production when implemented in
measurement. Fig. 6(b) also displays that the MTM structure
has the dimensions of 53 mm for width (Wy) and 53 mm for

#———————— Antenna
Spacer h=5 mm
= MIM

4= MTM ground

ShieldIT Super Fabric, h=0.17mm
Foam

e Felt
wd

X B B < <

54| B3| B3| 23| B3

) B9 | B9 | B | B9 | 3

54| B3| B3| B3| B ———

|1 < B <] ¢ — A
(b) (c)

Fig. 6. CPW MTM antenna. (a) Cross section view of the antenna with
the MTM, (b) proposed MTM array, and (c) cross section view of the
antenna with the MTM array in CST simulation.

length (Lg) and that each MTM cell has the dimensions of
10 mm for side lengths (i.e., Wy and Lg with a 0.6-mm gap
between each unit cell). The following investigation stage aims
to determine the outcome of integrating the antenna and MTM.
The experiment was conducted at the Microwave Laboratory,
Universiti Teknikal Malaysia Melaka.

[1l. MTM-INTEGRATED ANTENNA PERFORMANCE
ANALYSIS

Following the antenna optimization, we developed an MTM
structure and incorporated it into the rear to minimize the inter-
ference between the antenna and the human body. The primary
concern in constructing the MTM structure is ensuring that the
reflection coefficient, specifically the Sj; parameter, remains
consistent across the entire frequency range of operation for
the wide band. The design incorporates a Rohacell foam spacer
between the MTM and the CPW antenna. This maintains a
fixed distance and decreases electrical distraction between the
two elements. During the fabrication process, ShieldIT super
and flexible felt for the CPW antenna were manually cut.
Fig. 7(a) depicts the front position of the fabricated wearable
textile antenna. The 5 x 5 array’s MTM X-shaped pattern
is located on the back side of the CPW antenna. A com-
puter numerical control (CNC) machine engraves the MTM.
We attach the feedline and ground of the CPW antenna to the
SMA port using silver epoxy. Fig. 7(b) presents the experi-
mental setup for reflection coefficient measurement using a
vector network analyzer (VNA) from Agilent Technologies
model N5242A. The 5 x 5 cell arrays were selected for their
superior bandwidth and gain performance relative to the 3 x
3 and 4 x 4 cell configurations, as depicted in Fig. 8.

The analysis of the proposed design is shown in Figs. 9
and 10. Even though the reflection coefficient exhibits slight
alterations at certain frequencies and changes in resonance
frequencies, as displayed in Fig. 9, the outputs between the
simulated and measured coefficient values remain acceptable.
More importantly, the impedance bandwidth (S;; < —10 dB)
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@ (b)
Fig. 7. CPW MTM antenna (a) fabricated antenna with MTM array and
(b) experimental measurement setup.

Reflection coefficlent (dB)

Frequency (GHz)

(a) (b)
Fig. 8. CPW and MTM antenna unit cell arrays comparison of
(a) reflection coefficient and (b) gain.

Reflection Coefficient (dB)

CPW (simulated)

PW (measured)
CPWMTM (smulated)
CPWMTM (measured)

3 4 5 6 7
Frequency (GHz)

Fig. 9. Comparison of reflection coefficient for simulated and measured
CPW and CPWMTM antennas.

covers the wideband frequency region needed for the objective
of this design.

The study’s findings highlight that the CPWMTM antenna
successfully operates across a broad frequency range, span-
ning from 1.6 to 5.9 GHz. This wide bandwidth contrasts
slightly with simulation results but generally aligns, suggesting
a 26% increase in impedance bandwidth in testing. Fig. 9
details the reflection coefficient measurements, comparing the
CPW antenna’s performance with and without MTM integra-
tion. Without MTM, the CPW antenna achieves dual-band
operation, covering 1.4-3.5 and 4.2-5.8 GHz. With MTM inte-
gration, however, the antenna achieves a continuous wideband
response by effectively eliminating this notch (3.5-4.2 GHz).
The integration of MTMs highlights the CPWMTM antenna’s
reliable spectrum performance. There is a noted slight dif-
ference between the measurement and simulation results,
primarily due to a 50-Q impedance mismatch across various
frequency bands [41], material property variations [42], feed
structure mismatches [43], fabrication tolerances [44], environ-
mental influences, and simulation approximations [24], [45].
Additionally, manually cutting the antenna and unit cells may
lead to a cumulative shift in the operating frequency.

Furthermore, comparing the antennas with and without the
MTM, it is evident that the MTM arrays have the potential
to enhance both the current intensity and gain [19]. Fig. 10
illustrates that integrating an MTM structure with the antenna

Realized Gain (dBi)

1 2 6 7

3 4 5
Frequency (GHz)

Fig. 10. Comparison of simulated and measured gain of CPW and
CPWMTM antennas.

increased simulated gain from 4.6 to 6.7 dBi and spiked
measured gain from 4.9 to 7.2 dBi.

Consequently, it can be concluded that the MTM construc-
tion significantly improves the antenna’s gain. A significant
rise in a certain direction corresponds to a greater concen-
tration of power. In the context of wearable applications,
employing an antenna with greater gain will increase direc-
tivity [46]. The results reveal that the proposed CPWMTM
overcomes the decrease in gain at 3.5-GHz frequency due to
the notch that appears while measuring the CPW antenna. The
MTM acts as a reflector at 3.30—4.25 and 2.9—4.3 GHz due to
ENG MTM characteristics [10].

Then, Fig. 11 displays the simulated radiation patterns in the
XZ planes (phi = 0°) and YZ planes (phi = 90°), both with
and without MTM. The measured radiation pattern utilizes
a far-field anechoic chamber named the Atenlab OTA. This
controller includes an antenna positioner controller, a VNA,
and a tracking computer equipped with software for drawing
radiation patterns. In the antenna with an MTM structure, the
radiation increases in the forward direction, accompanied by
reduced back lobes, compared to the antenna without MTM.
Moreover, the MTM structure does not alter the broadside
direction of the antenna at lower frequencies.

Afterward, Fig. 12 illustrates the surface current distribution
of a CPW antenna with and without an MTM construction.
The primary electric current circulates through the feedline and
the parallel ground of a CPW antenna. Implementing the MTM
structure enhances the visibility of current flow toward the
far edge of the radiating patch. The current extends from the
feedline to the radiating patch. At lower frequencies, the CSRR
in a CPW antenna concentrates the surface current at the
outer ring, whereas at higher frequencies, it concentrates the
current at the inner ring. The equivalent circuit of CSRR that
implements the inner and outer rings was explained in [47].

The MTM enhances the observable visibility of the CSRR
surface current at the radiating patch. As displayed in
Fig. 12(a) and (c), the current concentration reaches its max-
imum at 3.5 GHz and its minimum at 5.8 GHz, respectively.
The induced current at these frequencies is observed to cir-
culate in a ring loop, confirming the presence of magnetic
resonance at all three frequencies [48]. The phenomenon
of magnetic resonance amplifies the energy of EM waves.
Thus, acquiring improved signal strength and coverage is
of the utmost importance. The fabricated antenna’s bending
analysis was conducted using cylinder foam with diameters of
40 and 60 mm, as depicted in Fig. 13. The results demonstrate
that both conditions fully cover the entire 5-GHz bandwidth,
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Fig. 11.  Comparison of simulation and measurement 2-D radiation
patterns of the antenna with and without MTM at frequencies of (a) 3.5,
(b) 4.5, and (c) 5.8 GHz at phi = 0° and 90°.

(b)
Fig. 12. Surface current distribution for CPW antenna with and without
MTM structure at frequencies of (a) 3.5, (b) 4.5, and (c) 5.8 GHz.

confirming their suitability for practical applications in wear-
able MWI.

IV. MWI APPLICATION VALIDATION
This study employed a cylindrical breast phantom consisting
of three layers to better understand how antennas function
close to human skin. The breast phantom maintains the same
layers. However, it replaces the skin layer with a glass cover
layer. Fig. 14(a) describes the experimental setup. The object
consists of a cylindrical tube with a diameter of 90 mm and a

20

30

Reflection coefficient (dB)

reeereeesens bend, d=40mm
— — —  bend, d=60mm

Frequency (GHz)
Fig. 13. Measurement result for flat and bending conditions of
CPWMTM antenna.
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Connected
to VNA
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(d)

CPW and MTM fabric antenna. (a) Experimental setup,
(b) rotation of cylinder glass to obtain ten sets of readings, (c) CPW
antenna with tumor model, and (d) CPW and MTM with tumor model.

Fig. 14.

height of 180 mm. Vegetable oil fills the cylinder to a height
of 100 mm. A 2-mm-thick glass tube replaces the circular
glass tube, mimicking the skin’s thickness. The glass is a
lossless material and is utilized to imitate the thinness of
the skin, which measures just 2 mm, with minimum loss of
effectiveness [49]. Another researcher used glass to mimic the
skin, as suggested in [50] and [51].

The vegetable oil was selected as the dielectric filler for
safety and cost considerations since it has been previously
utilized in [16], [52], and [53]. To experimentally verify
the simulation model, we monitored the reflection coefficient
for each mentioned configuration using a VNA. This was
conducted with a phantom with oil, with and without a tumor
in the phantom. The antennas were placed 30 mm from the
container and connected to the VNA using coaxial wires.
The scattering material utilized to simulate tumors, comprised
of 12 g of plasticine, exhibits a relative permittivity of 5-
5.5 when subjected to a frequency of 1-10 GHz. Other than
that, plasticine was also used by [54] to depict tumors of the
breast phantom.

It signifies that the antenna is resistant to changes in tissue
characteristics and continues functioning in the wideband
frequency range. Therefore, it was determined that glass,
vegetable oil, and plasticine materials would be utilized to
create a proof-of-concept model in image reconstruction. In the
measurement, one antenna emits signals and receives them in
a monostatic setup, capturing both reflected and transmitted
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Fig. 16. Interpretation of the monostatic approach [57].

waves. To realize the precise position of the tumor, the
phantom is systematically rotated along its axis in angular
increments of 36°, as displayed in Fig. 14(b). The antenna
horizontally scans the model in the XY plane at ten distinct
points. The antenna measures a complete set of 1001 scat-
tering parameters spanning the specified wideband frequency
range of 1-10 GHz during each scan. The extracted data of
reflection parameters from the sensor are shown in Fig. 15.
This range covers both tumor and nontumor situations. The
shift particularly between 3 and 6 GHz demonstrates that
the presence of a tumor significantly alters the backscattered
response across the frequency bands. This shift indicates
enhanced dielectric contrast sensitivity, confirming that the
sensor improves localized field confinement and backscatter
detection [55]. The data obtained by VNA will be processed
using monostatic radar-based DAS-beamforming or confocal
MWI technique programmed in MATLAB. These signals are
converted into the time domain using the inverse fast Fourier
transform (IFFT) to remove artifacts and backscatter for better
spatial resolution. This confocal MWI technique is highly
regarded and extensively used for reconstructing lesion images
using equations in the flowcharts [26].

The monostatic DAS-beamforming MWI technique seg-
ments the breast region into a narrow grid of focus points,
as illustrated in Fig. 16. The distance between antenna loca-
tions and pixel points is computed and transformed into a
propagation time delay using the average wave speed. The
intensity corresponding to the pixel locations is assessed by
summing and squaring the delayed copies of all received
signals to generate a picture. Throughout the focusing process,
the center of focus shifts around the breast phantom area [56].
At time tyy(xi, yj), the intensity values for each processed
signal Pxy(t) are generated by computing the values for each
antenna location (X, Y).

The pixel intensity Ixy of the reconstructed image can be
articulated as (1), where n is the total number of antenna
positions in a row, m is the total number of antenna positions

IEEE SENSORS JOURNAL, VOL. 26, NO. 3, 1 FEBRUARY 2026

(a) (b)

Fig. 17. Reconstructed image of breast tumor using DAS beamforming
approaches (a) without MTM and (b) with MTM.
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g
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in a column, and I (xi, yj) is the intensity value at (xi, yj)
pixel point [26], [57]. The processed signal Pxy(t) is derived
by subtracting the averaged signals from each breast phantom
signal, reducing clutter caused by environmental, equipment,
and antenna reflections. The round-trip distance to pixel txy is
calculated using (2), considering the speed of light (c) and the
medium’s permittivity (er). Equation (3) determines antenna
distance Dyxy to pixel (xi, yj). In this context, h denotes the
antenna’s height from the skin along the Z-axis, indicating Z
coordinates; xi and yj signify the coordinates of the pixel point,
while X and Y represent the locations of the antenna sensor.
The round-trip distance is doubled due to the monostatic radar
method used [56]

n m 4
I(xi,yj) = [Z > Pxy (txy (xi,y j))] )

X=1Y=I
Dxy (Xi,Y j)

c/Jer
Dxy (Xi,Y j) = 2\/(x —x)2+ (Y —=YD2+h2. (3

According to this formula, the MATLAB code reconstructs
the image. Incorporating MTM appears to reduce the shift
of the antenna’s image from its actual position, suggesting
that MTM enhances the accuracy and control of the antenna’s
image. The imaging results for the proposed system, which
uses a CPW antenna, are displayed in Fig. 17(a) and (b),
with and without MTM, respectively. The tumor center is
identified at (—0.5, 1.5) without MTM and located at (—0.9,
0.4) with MTM. Applying the Euclidean distance formula [58]
reveals that employing MTM reduces the distance between
these points from 1.61 to 1.04.

Finally, Table III compares the proposed sensor with related
works. Tumor imaging using flexible multisensor systems
was demonstrated in [19] and [22], while single-sensor stud-
ies [12], [17], [18], and [21] did not provide imaging results.
Danjuma et al. [16] use a single sensor, but it is from a rigid
profile. Another single rigid sensor by [15] achieved imaging,
which required 36 sensor positions. Rigid MTM-based sensors
reported by [10] and [11] demonstrated tumor imaging using
multiple antenna configurations, ten sensing positions with two
antennas along the x- and y-axes, and a dual-antenna system
requiring 15° rotational steps around the phantom, respec-
tively. Meanwhile, designs incorporating AMC structures, such
as those by [13], involved complex geometries despite offering
bistatic imaging capability. The sensors were relatively bulky,

with dimensions of approximately 100 x 100 x 33 mm?,

txy (xi.y j) = 2
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TABLE IlI
COMPARISON OF THE PROPOSED SENSOR AND PREVIOUS RELATED WORK
. Num. .
Year, BW Gain range Physical length Flexible MTM Tumor Measure of Num. of  Sensor set Design
Researcher . (mm x mm x . . . d tumor . comple
(GHz2) (dBi) material  inclusion  model . sensor  locations up .
mm) image s xity
2024, [10] 3.5t013 2to6 20x20x10.15 No Yes Yes Yes 2 20 Bistatic Low
2024, [12] 2to3 0.5t0 4.5 94x77x 11 No Yes No No 1 1 Monostatic Low
2024,[13]  2t014  -10t0117 O 6"0345 6x No Yes No. No 4 1 Multistatic ~ High
2023,[14] 231029 NR 1003"3 1300 X No Yes Yes Yes 2 1 Bistatic  Medium
2023,[17]  25t09 21010 50x 50 x 2 Yes No Yes No 1&2 1 Monostatic
& Bistatic
2023,[18] 18t08 3t06 335x335x2 Yes No Yes No 1&2 1 Monostatic 0
& Bistatic
2022,[11]  0.5t02 4.8 dB 247x29.7x No Yes Yes Yes 2 24 Multistatic ~ Low
(average) 2.54
241033 Bistatic &
2022, [19] & 2to0 7.56 61x80x3 Yes Yes Yes Yes 2&4 36 L High
Multistatic
41015
2022,[22]  3.9-19.0 NR 383 g §7'1 X Yes No Yes Yes 8 1 Multistatic ~ Low
2021, [15] 41; t60 2to 6 dB 20x 15x 5.64 No No Yes Yes 1 36 Monostatic Low
2021, [20] 6.5to0 35 2.5t0 8.85 10x15x2.2 Yes Yes No No 12 1 Multistatic High
2020, [16] 3to 10 2.5t04.7 33x15x0.8 No No Yes Yes 1 NR Monostatic Low
2019, [21] 1'11(1)?50 NR 125x 51 x 1.52 Yes No Yes No 1 5 Monostatic Low
P ‘Svlz)‘;ied 241069 221067  53x58x9.51 Yes Yes Yes Yes 1 10 Monostatic ~ Low

*NR: Not reported

and exhibited narrow operational bandwidths [14]. Similarly,
MTM-based flexible sensors presented by [19] utilized two
or four antennas with 10° mechanical rotations to capture
scattered signals, while Alhawari et al. [20] employed 12 fixed
antennas positioned around the phantom.

In contrast, the proposed work introduces a fully textile-
based, MTM-integrated antenna optimized for microwave
breast imaging with a single sensing element. By incorporating
CSRR and X-shaped MTM structures, the design achieves
wide bandwidth, high efficiency, and compactness. Unlike con-
ventional multiantenna or rigid systems that require extensive
scanning, the proposed sensor achieves effective imaging with
only ten azimuthal rotations, demonstrating a low-complexity
and efficient single-sensor solution.

This single, fabric-based antenna is more cost-effective
and practical for wearable applications than other systems
that need an external power supply or complicated mul-
tistatic configurations. The antenna’s stable gain of 5 dBi
and 88% radiation efficiency across a 2.4-6.9-GHz band-
width further demonstrates its suitability for MWTI in realistic
tumor models. It significantly simplifies breast tumor imaging,
reducing setup complexity while achieving promising imaging
results. Accordingly, this research highlights the potential of
fabric-integrated MTM antennas for advanced, noninvasive
MWI applications, supporting portable, user-friendly diag-
nostic tools suitable for real-world clinical and wearable
environments. Furthermore, the influence of material consis-
tency on different bending and crumpling effects should be
considered. The safety criteria regarding the distance between
the body, the duration of use, and power consumption are also
intriguing to explore in the future.

V. CONCLUSION

In conclusion, the proposed antenna demonstrates marked
advancements in MWI for tumor detection. Integrating MTMs
enhances the reflection coefficient and gain, resulting in
a broader bandwidth and improved stability. The antenna
effectively detects a 15-mm tumor with minimal image dis-
placement by leveraging an advanced MTM structure and
DAS algorithm. Note that the antenna operates in a broad
frequency range, ranging from 2.4 to 6.9 GHz in simulation
and from 1.6 to 5.9 GHz in measurement. The proposed
sensor achieves maximum gains from 6.7 dBi (simulated)
to 7.2 dBi (measured), demonstrating high performance and
reliability. Furthermore, these findings validate the feasibil-
ity of adaptable, MTM-enhanced single-antenna systems for
tumor identification, providing promising gain and bandwidth.
Nevertheless, this design establishes itself as a competent
solution for wearable medical imaging applications, and it has
the potential to expand to wireless on-body communications.
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