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ABSTRACT

This paper presents ametamaterial-based flexible wearable ultra-wideband (UWB) antenna for breast imaging and wireless body area network
(WBAN) applications. The wearable antenna is required to be a planar and low-profile structure using flexible materials. The proposed
antenna comprises two layers of denim (10 × 10 mm2) and felt (10 × 15 mm2). The antenna was integrated with six metamaterial unit
cells using a modified grain rice shape within a split ring resonator to enhance the bandwidth, gain, and directivity and reduce the specific
absorption rate value to less than 2 W/kg. The proposed antenna operates within a broad bandwidth range (6.5 GHz–35 GHz) with the
maximum gain and directivity of 8.85 dBi and 10 dBi, respectively, and a radiation efficiency of more than 70% over its operating frequency
band. The results verified good agreement between the simulation andmeasurement of the proposed technique in detecting an existing tumor
with a diameter of 4 mm from any location inside the breast. The results convincingly proved the capability of the proposed wearable UWB
antenna system for both WBAN and breast imaging applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0037232

I. INTRODUCTION

Lately, wearable and flexible antennas have been produced for
various applications, such as communication and embedded smart
systems and health monitoring purposes. The recent rapid develop-
ment of wearable wireless devices and wireless body area network
(WBAN) has attracted the attention of many researchers. The cur-
rent hectic situation of the hospitals and their standard operational
procedures (SOP) due to the COVID-19 pandemic challenges had
made healthcare practitioners aware of the need to increase con-
tactless medical procedures to avoid the spread of the infection. If
there is innovation to avoid contact with patients for safety rea-
son, it is better where it is possible for the staff nurse to follow up
vital signs remotely.1 Apart from that, the healthcare providers are

searching for ways to outsource medical care to overcome intensi-
fied workload.2 This is a golden chance to promote further usage of
WBAN within the medical care sphere. It is useful for continuous
monitoring of vital signs related to the bodies, as shown in Fig. 1.3

Most of the invented on-body applications are small, lightweight,
yet robust, and stretchable antennas that can easily maintain a reli-
able and high-performance communication.4 Usually, the WBAN
systems are worn on body, so they are prone to bending or con-
tact with skin directly or be affected with body interaction, which
may degrade the antenna radiation characteristics and detune its
impedance matching. These possibilities will reduce the system effi-
ciency and throughput signal. Moreover, devices that need to be
wrapped or attached to any body parts may be influenced by move-
ment and physiological changes such as respiration and sweating,
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FIG. 1. A general architecture of the
monitoring system: WPPU (Wireless
Patient Portable Unit) and WAPU
(Wireless-Access Point Unit).3

and temperature changes may create the WBAN channels that are
prone to time-varying received characteristics. Therefore, in order
to reduce the aforementioned problems, this work proposes a small
size and flexible planar antenna at a low cost as it can easily be
integrated into on-body electronic systems.5–10 The wearable anten-
nas and WBAN system offer better solution for the breast cancer
patients because they can do their check up from home without
going to the hospital especially during the COVID-19 pandemic
where the social distance is required by SOP, as well as in the absence
of the pandemic to avoid mixing with other sick people due to their
compromised immune system especially prior and post treatments.

The antenna is the key component within a WBAN system
and it is an important part of a wearable monitoring system.11 The
integration of wearable antennas with various electronic systems
requires attention to reduce the on-body detuning. The antenna
detuning effects depend on the antenna form factor, its distance
from the skin, and the body shape. The detuning effects may be
reduced using different structures including defected or truncated
structures. Flexible textile antennas are good candidates for the
WBAN systems due to their flexibility and ease of integration with
the textile materials.8 Numerous single, dual, and multiband flexi-
ble wearable antennas showing a good performance have been pro-
posed in the literature.12–23 As the demand increased for the usage of
mobile devices and unlicensed bands, more reliable and faster net-
works are needed. Therefore, the concept of the smart towns, smart
surface, and internet of things (IoT) came to mind to overcome vari-
ous infrastructure issues. One of the alternatives is to combine wire-
less technology with other technologies such as artificial intelligence;
for example, the initiation of the new generation communication at
the free operating frequency bands.

Along with the rise of IoT and other massive-machine type
communications (MTC), the 5G showed an increment in the capac-
ity as compared to the 4G networks.24 The new applications such as
multi-way virtual meeting, virtual and augmented reality (VAR) and
their requirements, remote hospital operations, and smart building
and surfaces depicted that low frequency 5G bands will not be able to
satisfy the demands from the massive users from these applications
and a solution as higher as 5G bands and 6G should be introduced to
replace them.25–29 Only then, it can be helpful to fulfill the combina-
tion of remote operation in hospitals, medical imaging, and sensing
devices.30–33 Besides, based on the consumption factor theory, the

power efficiency increases with bandwidth (BW), and more efficient
energy is achievable when the higher band is utilized. Furthermore,
when an antenna shows high gain and directivity while having small
physical dimensions, the attenuations can be overcome, and it offers
more array integration, consuming less printing area.34

The wearable antennas should be designed carefully not to
affect the human body when they are worn. One of the parameters
that should be taken care of while designing a wearable antenna is
having low Specific Absorption Rate (SAR; should be less than 2).
Having a complete ground acting as a shield, it is helpful to keep
the SAR low. Apart from that the metasurface, electronic bandgap
(EBG) and integrating a layer of metamaterial (MTM) can keep
the SAR value in the acceptable range. Various techniques such as
metasurface and large intelligent surfaces (LIS) were used to obtain
high gain and directive antenna.35–37 An ultra-wideband (UWB)
antenna was loaded with metamaterial (MTM) for the C-band
applications.38,39

In addition to that, wearable UWB antennas were designed
to operate at 3.1 GHz–11.3 GHz,40 2.9 GHz–11 GHz,41 3 GHz–12
GHz,42 and 2.7 GHz–10.26 GHz.43 A textile substrate material with
a fractal patch was designed to resonate in the band of 1.4 GHz–20
GHz to be applicable for WBAN application.44 A novel wearable
textile antenna with dimensions of 51 × 45 mm2 was designed for
ISM application.45 A flexible planar quasi-Yagi UWB antenna was
designed for WBAN with the BW of 7.4 GHz and dimensions of
34 × 30 mm2.46 A more flexible UWB antenna designed for com-
munication, WBAN, and breast cancer detection applications was
presented in Refs. 47–49.

II. ANTENNA DESIGN

The designed prototype and the antenna dimensions for each
part are shown in Fig. 2 and Table I, respectively. First, a conven-
tional elliptical patch antenna was designed and fed through a trans-
mission line on a denim substrate with a dielectric constant of 1.2
and a thickness of 0.7 mm. The initial dimensions of the antenna
substrate are defined by applying the microstrip antenna equations
presented in Ref. 50.

After obtaining the result of the conventional antenna, some
stop bands were noticed at the working BW. Consequently, the sur-
face current distribution of the antenna should be examined at the
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FIG. 2. The simulated and fabricated prototype of the
antenna: (a) simulated UWB antenna, (b) fabricated
antenna with MTM, (c) simulated antenna with MTM arrays,
(d) side view, and (e) MTM unit cell.

operating frequency. Figure 3 depicts the surface current distribu-
tion at the lower end and higher end of the antenna BW, and the
stop bands occurred in the BW. The surface current is stronger
around the transmission line and the patch at the operating fre-
quency, which is helpful in the designing process technique. After
the surface current distribution was checked, the ground was cut
in the middle, and then, it was chamfered to enhance the BW of

the antenna and remove the stop band that occurred at 15 GHz.
However, the BW was extended at the higher band up to 35 GHz
by cutting the ground, but some stop bands were still detected and
then removed. Afterward, the elliptical patch is etched using an L-
shaped slot to eliminate the stop band around 25 GHz and change
the polarization to circular. Moreover, another rectangular slot is cut
for further stop band removal and improves the reflection coefficient
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TABLE I. Antenna dimensions.

Dimensions Dimensions
Parameters (mm) Parameters (mm)

Ls 10 W1 0.625
Lg 5 W2 0.925
Lf 3 W3 0.4
L1 3 W4 1
L2 1.2 W5 0.8
L3 0.45 Wm 5
L4 3.35 t1 0.5
L5 2 t2 0.5
L6 2 a 2.5
L7 0.85 a1 1.75
L8 4 a2 1
Lm 5 b 3
Ws 10 b1 2.25
Wf 1.5 b2 1.25

level at a higher band. In addition to that, the antenna is loaded using
a small stub next to the ground to improve the reflection coefficient
level around 33 GHz and remove the stop bands at 25 GHz–28 GHz.
However, the surface current distribution around the slot cut from
the patch indicates more density at 33 GHz and 35 GHz stop
bands.

Table I represents the antenna’s designed parameters and
dimensions. Among all these parameters, some of them affect the
reflection coefficient result and the operating BW more dramati-
cally than others when they were vistigated in the simulation. For
instance, the elliptical patch dimensions (a and b), the transmis-
sion line’s width and length (Lf and Wf), the ground length (Lg),
and the space between the ground and the stub located at the back
play more important roles in matching and the reflection coefficient
result as compared to the other parameters. Furthermore, Lf and b
affect the BW when shifting it to a lower or higher band, and a and
Wf proportionally affect BW and the input impedance, respectively.
Besides, Lg affects the BW as well. As mentioned above, at a higher
frequency such as 5G, an antenna with a highly directive beam, high
gain, and high radiation efficiency is required. Therefore, a metama-
terial (MTM) structure (a combination of ε-negative and μ-negative
groups) was integrated to enhance the overall performance of the
proposed antenna as that method is capable of obtaining a nar-
rower −3dB beam, more directivity, enhanced gain, higher radiation
efficiency, and extended BW.

Metamaterial structures are assumed as patterned and periodic
planar structures are utilized to obtain broad BW, low-profile and
stack structure, and higher directive gain. Figure 1(e) shows the pro-
posed MTM unit cell structure. The initial MTM unit was designed
based on a split ring resonator (SRR) containing a bigger ellipti-
cal SRR and smaller modified grain rice shape within the bigger
one.51 The grain rice shape is selected due to its excellent electromag-
netic performances such as anisotropy control, vast BW, and loss in
metal.52 The SRR is a structure that resonates magnetically, and it is
affected by the perpendicular magnetic field to create magnetic per-
meability.53,54 On the other hand, the gaps (splits) are usually added
to the design to introduce capacitance and to control the resonant

FIG. 3. Single antenna’s surface current distribution without the layer of MTM
arrays.

specification of the structure. In addition, the grain rice shape is cut
using a gap to increase the series capacitance of the SRR and reduce
the coupling between the inner and outer of the ring and produce
a broad forward-wave passband.51 Afterward, two capacitive-loaded
strips (CLSs) are added to the structure to make the resonant profile
of the structure within the UWB range. CLS structures act like an
electric dipole and an electric wire.55 Besides, the combination of the
structures introduces a simultaneous electric (E) and magnetic (H)
fields and the CLSs give a parallel E-field.

The MTM unit cell shown in Fig. 1(e) was designed on a flex-
ible textile “felt” substrate with a dielectric constant of 1.4 and a
thickness of 1.5 mm. The finite-difference time domain (FDTD)
was utilized in Computer Simulation Technology (CST) Microwave
studio to calculate and simulate the S-parameters. Therefore, two
waveguide ports and magnetic/electric boundaries are set around
the MTM structure. Afterward, both perfect magnetic and electric
conductors are determined toward the x-axis and y-axis, respec-
tively. Besides, the z-axis is considered as open space, and then,
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FIG. 4. The retrieved effective parameters of the MTM unit cell.

FIG. 5. Simulated reflection and transmission coefficient results of the MTM unit
cell.

the MTM structure is fed in this direction. In fact, the structure
is designed to have a negative index at the stop bands that occurred
in the antenna’s working BW: both at the higher end of the work-
ing BW and the lower end. In addition, the Nicolson–Ross–Weir
(NRW) method reported in Ref. 56 was performed to investigate
the electromagnetic specifications of the proposed MTM unit cell
to calculate and extract the permittivity (ε), permeability (μ), and
refractive index (n) from the simulated reflection and transmission
coefficient results, as shown Figs. 4 and 5. The operating BW range

FIG. 6. Reflection coefficient results for different numbers of MTM arrays.

of ε, μ, and n is summarized in Table II. It was based on what
presented in Figs. 4 and 5. As illustrated in Fig. 5, the transmission
coefficient result shows a peak at 33 GHz. After investigation of the
proposed MTM structure in terms of the negative index, six arrays
of the proposed MTM are integrated with the antenna to improve
the antenna performance in terms of gain, directivity, radiation effi-
ciency, and impedance matching. Besides, these six arrays rotate
with 90○ difference starting from the second array to the fifth one,
as shown in Fig. 1(c).

III. RESULTS AND DISCUSSION

The proposed MTM-based UWB antenna is simulated, fabri-
cated, and measured. The performance of the proposed antenna was
evaluated in terms of the reflection coefficient with different num-
bers of the MTM arrays, as shown in Fig. 6. The result shows that
a broad BW was achievable (below −10 dB) when the array num-
bers were enhanced, and stop bands were eliminated. Also, when six
MTM arrays were utilized and integrated with the antenna, better
results were obtained, as revealed in Fig. 6. Interestingly, the perfor-
mance of the antenna had improved further when the MTM arrays
were rotated by 90○. Additionally, the reflection coefficient results
were analyzed and compared when integrated with six MTM arrays
and without MTM arrays, as presented in Figs. 6 and 7. Essentially,
the analysis was preceded by an investigation on the effects of the
array numbers on the performance of the antenna, as illustrated in
Fig. 6.

Figure 7 illustrates the return loss results of the proposed
antenna with six MTM arrays along with 90○ rotation and without
MTM arrays. The overall results discovered that the antenna with
six MTM arrays along with 90○ rotation performs better compared
to the other considerations when simulated. Moreover, the operat-
ing BW range was extended to both lower and higher ends of the
BW. For instance, the lower end of the BW is extended to almost

TABLE II. Negative index frequency regions of the MTM unit cell.

Parameters Permittivity (ε) Permeability (μ) Refractive index (n)

Operating BW (GHz) 3–22, 32–40 12.5–39.5 19.5–40

AIP Advances 11, 015128 (2021); doi: 10.1063/5.0037232 11, 015128-5
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FIG. 7. Reflection coefficient results when the arrays are rotated by 90○.

2 GHz, and the stop bands around 25 GHz and 34 GHz were
removed and became passbands.

Figure 8 depicts the simulated and measured radiation pattern
of the proposed antenna integrated with the MTM arrays (right-
hand side) and without MTM arrays (left-hand side). As the results
revealed, the narrower −3 dB beam and significant enhancement in
the directivity are obtainable only when the antenna is integrated
with the MTM arrays. Then, the measured radiation pattern rep-
resents good agreement with the simulated one. However, the mea-
surement of the radiation patterns for frequenciesmore than 20GHz
(the maximum vector network analyzer frequency) was unable
to be performed due to equipment shortage in the laboratory of
researchers. It is worthwhile to mention that in order to solder the
antenna to the SubMiniature version A (SMA) port, the hot solder-
ing method is used for the copper conductor. Next, a conductive
epoxy glue was used to paste it to the denim substrate (the SMA port
was used to measure until 27 GHz, while another connector model
No. 1892-04A-5 from Southwest Microwave was used for higher
frequencies).

The simulated and measured results of the gain and efficiency
of the proposed antenna are presented in Fig. 9. It evidently demon-
strates that both simulated and measured results of gain and radia-
tion efficiency are in competent agreement and follow the same ten-
dency. Moreover, the gain of the antenna has been greatly improved
by the MTM arrays about 5.5 dBi within its operating frequency
band compared to the one without MTM structure. Similarly, the
radiation efficiency has been enhanced by about 10% when the
antenna is integrated with MTM arrays. Overall, the proposed
antenna shows a maximum gain of 8.85 dBi and a maximum radia-
tion efficiency of 94% at the frequency of 30 GHz. Besides, the result
shows that the radiation efficiency is higher than 70% from 10 GHz
to 35 GHz. Table III represents the performance of the proposed
antenna compared with recent similar works in terms of gain, band-
width, and dimensions. Favorably, as it is observable from Table III,
the proposed antenna has a smaller size and high gain within its
frequency bandwidth compared to the other antennas presented in
Table III. The results verified the capability of the proposed tech-
nique applied in this work to improve the overall performance of its
antenna to suit both WBAN and breast imaging applications.

FIG. 8. The off-body radiation pattern of the antenna (right-hand side—with MTM
arrays, left-hand side—without MTM arrays, solid line—simulated E-plane, and
dashed line—measured E-plane).

After simulating and measuring the antenna performance in
air (off-body), it was measured on the body: on the chest and the
arm to observe how much the results would alter after changing
the environment from the arm to the chest (Fig. 10). The simulated
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FIG. 9. Simulated and measured result of gain and efficiency.

TABLE III. Antenna performance comparison.

References Dimensions (mm2) BW (GHz) Max gain (dBi)

57 20 × 20 2–18 >−2.65
58 28.6 × 28.6 2–27 . . .

59 16 × 16 26–40 7.44
60 50 × 40 2.2 – 25 4.5
61 26 × 16 18–44 1.45
62 50.8 × 62 1.3–20 10
Proposed 10 × 15 6.5–35 8.85

andmeasured reflection coefficient results of the antenna withMTM
arrays on body conditions are shown in Fig. 11. Finally, the simu-
lated and measured results empirically yielded good agreement. All
the four resonating poles were achieved in the measurement with a
slight shift only being observed when it contacts the arm and the
chest. Nonetheless, the reflection coefficient level was reduced by
almost −5 dB compared to the simulation results. Besides, the reflec-
tion coefficient results on the chest were shifted down more than on
the arm. It might be due to different composition of the skin layers
and structures whereby the skin maybe is thicker around the chest
as compared to the arm.63,64

FIG. 11. Simulated and measured reflection coefficient result of the antenna with
MTM.

Another important factor that should be considered for flex-
ible wearable antennas is the SAR value. Based on the principles,
it should be less than 2 W/kg for both standards of 1 g and 10 g.
Figure 12 and Table IV present the result of SAR values on the lay-
ers of skin, breast fat, muscle, and bone at the working BW of the
proposed antenna. The results showed that the SAR values met the
standard requirements mentioned.

A. Antenna investigations in breast environment

Before discussing about the results, it better to show how the
antenna of the UWB operates in both time and frequency domains.
Typically, narrow-band antennas and propagation are described in
the frequency domain. Usually, the characteristic parameters are
assumed to be constant over a few percent bandwidth. In this case,
the frequency-dependent characteristics of the antennas and the
frequency-dependent behavior of the channel for UWB systems
should be considered. In addition, as the UWB systems are often
realized in an impulse-based technology, therefore, the time-domain
effects and properties should be discovered together for considera-
tion along with the previously mentioned characteristics. Speaking
on the ground of the frequency-domain description, it is assumed
that the transmitter antenna is excited with a continuous wave.
Meanwhile, the time-domain description assumes that the trans-
mit antenna is excited with an impulse signal with the frequency f .

FIG. 10. The on-body measurement setup on (a) the chest
and (b) the arm.
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FIG. 12. SAR variation on body for both 1 g and 10 g at different frequencies.

Accordingly, the frequency domain assumes that the antenna trans-
fer functions represent a two-dimensional vector with two orthogo-
nal polarization components, but in the time domain, the antenna
transient response becomes more adequate for the description of
impulse systems. The antenna transient response mainly depends on
time, together with the angles of departures and arrivals, and polar-
ization. Figure 13 shows the procedure of sending and receiving a

TABLE IV. SAR values at different frequencies.

Frequency (GHz) 1 g 10 g

5 0.355 0.164
10 1.98 1.14
20 1.11 0.536
25 0.52 0.276
35 2.01 1.18

pulse between two UWB antennas in the time domain [both the
transmitted pulse and output voltage are of the same scale, as the
vertical axis is the amplitude of the signal and the horizontal axis is
the time in nanoseconds (ns)].

FIG. 13. UWB antenna transceiver system in the time domain.
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FIG. 14. The simulation setup with antenna arrays and breast model.

Prior to constructing an image of a tumor in the breast using
the simulation data, some important parameters that can affect the
imaging processes are investigated and evaluated. Based on the sim-
ulation setup shown in Fig. 14, 12 arrays of the proposed antenna are
located around the breast to investigate the impacts of these arrays
on each other. One of the primary parameters that should be consid-
ered is the recipient signals from different arrays. Both the recipient
signals and their delays are utilized in the analysis in Sec. III B to
reconstruct the image of the tumor. Figure 15 indicates the recipient
signals from different arrays. As illustrated below, the array (A1) in
the investigations is the transmitter and the others are the receivers.
In summary, the shape of the signals did not change, and they were
different only in the signal amplitude and the shift that occurred
when they faced the breast model.

The antenna (A1) transmits a UWB pulse, while other sensors
receive the signal. Figure 15 shows a graph of received signals from
five different sensors (A2, A5, A8, A10, and A12) when a tumor
exists inside the breast. It shows that the signals were shifted down
when the tumor exists. In the simulation, antenna arrays were placed
at different positions to show how the distance and angle could affect
signal reception (Fig. 14). Besides, signals arriving at receivers are
delayed, which shift signal peaks. Thus, signals have the same shape
but with changes in the amplitude that are specific for each array
position. Therefore, it is useful to apply a fidelity factor (FF) to show
signal similarity and low distortion. The result in Fig. 16 shows more

FIG. 16. Fidelity percentage of the recipient signals for off-body, on arm, and on
chest and simulation on the breast.

than 90% similarity in FFs for the simulated samples. The following
equations below show the fidelity formula:

F ≙ max∫
+∞

−∞

x̃(t) ⋅ ỹ(t − τ)dt

where

x̃(t) ≙ x(t)√
∫ +∞−∞ ∣x(t)2∣dt

, and ỹ(t) ≙ y(t)√
∫ +∞−∞ ∣y(t)2∣dt

(1)

where τ is the shifted time and F is assumed as the maximum cross
correlation function of two signals when they have normalized to
their level energy. The fidelity value varies between 0 ≤ F ≤ 1, where
zero indicates that there is no similarity between the two signals, and
one shows that both signals are 100% similar.65

Apart from the fidelity factor, the mutual coupling among
antenna arrays is another vital parameter in imaging. The mutual
coupling results of the antenna arrays around the breast are shown
in Fig. 17. They depicts a very good mutual coupling and isolation
among the antenna arrays since the transmission coefficient level
of the antenna arrays is less that −20 dB at most of its operating
bandwidth.

B. Image reconstruction of tumor in breast

All the recipient signals shown in Fig. 15 are extracted and
analyzed from CST and imported to MATLAB to reconstruct the
image of the breast tumor sample using the simulation data at a

FIG. 15. The recipient signals from different arrays of the antenna on the breast model.
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FIG. 17. The transmission coefficient results from four arrays on the body.

FIG. 18. The reconstructed image of breast tumor using the robust time-reversal algorithm using (a) 4 arrays, (b) 8 arrays, and (c) 12 arrays.

diameter of 4 mm. The robust time-reversal algorithm presented in
Ref. 66 was being used to reconstruct the image using several consid-
erations such as array numbers around a tumor, different locations
of two tumors, and larger breast size samples. Figure 18 indicates the
image reconstruction of the tumor located at the center of the breast
size with a diameter of 50 mm for different antenna arrays of 4, 8,
and 12. The results discovered that the UWB antenna system can
detect a tumor with a diameter of 4 mm. Since the working BW of
the antenna is about 29 GHz, the range resolution of the antenna is
about 5 mm using the equation presented in Refs. 67–69. Thus, the
4 mm diameter of tumor was chosen for our investigation to show
if the antenna arrays can detect a target smaller than that size. The
reconstructed image is, however, clearest when the antenna arrays

FIG. 19. The reconstruction image of two tumors in the breast.

are 12 where the clutters and artifacts caused by the skin layers and
the other arrays were perfectly removed.

To evaluate the UWB antenna system capability in image
reconstruction, two tumors, one at the center and the other off-
center, are located within the breast. The robust time-reversal algo-
rithm is used to reconstruct the image. Figure 19 depicts that both
tumors were properly detected. However, some negligible clutters
are existing.

FIG. 20. Image reconstruction of the breast sample with dimensions of 150 mm.
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Another factor that should be evaluated is to investigate if the
antenna system can detect the same small tumor with a diameter of
4 mm in the bigger breast sample. Thus, a breast size with a diam-
eter of 150 mm was considered for the imaging environment in the
simulation. Figure 20 shows that the antenna system can detect and
localize the tumor even within a larger breast sample.

IV. CONCLUSION

A metamaterial-based wearable flexible UWB antenna is
designed at 5G frequency bands for breast cancer imaging and
WBAN applications. It is integrated with six MTM arrays, where
the MTM unit cell consists of an SRR with a modified rice grain
shape, and two CLSs. Afterward, the characteristics of the MTM
unit cell such as permittivity, permeability, and refraction index
were extracted and calculated. Optimized parameters indicated in
the simulation guided the capability of the fabricated protype for
measurement such as removing the stop bands and expanding BW
by integrating six arrays of the MTM unit cell with the antenna
to enhance the BW, gain, radiation efficiency, and directivity. The
results exhibit good agreement between the simulation and mea-
surement results on both the arm and the chest with the SAR values
less than 2 W/kg for both standards of 1 g and 10 g. The antenna
yielded the results of more than 70% for radiation efficiency and
maximum directional gain of 8.85 dB over its operating frequency
band. Then, the performance of the antenna was evaluated for both
on-body and off-body cases. The proposed antenna array system
promisingly offers the capability to detect a tumor with a diame-
ter of 4 mm in any location inside the breast, even for two tumors
and a larger breast size. Conclusively, the proposed wearable flex-
ible metamaterial based UWB antenna system is a proven suitable
method and economical for the applications of both WBAN and
breast imaging.
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