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ABSTRACT: Background: Remote Health Monitoring Systems (RHMSs) rely on wearable antennas to enable the reliable wireless trans-
mission of physiological data. However, existing wearable Multiple-Input Multiple-Output (MIMO) antennas often suffer from low gain
and limited isolation, particularly under flexible and on-body conditions. Methods: This study proposes a dual-band textile C-shaped
Complementary Split-Ring (CSR) Metamaterial (MTM)-based MIMO antenna operating at 2.45 GHz and 3.5 GHz. A metasurface layer
composed of a 3 x 5 CSR array is integrated beneath the radiating elements to enhance isolation and realized gain. The antenna is eval-
uated under flat and bending conditions, and on-body performance is validated through Specific Absorption Rate (SAR) and Received
Signal Strength Indicator (RSSI) measurements. Results: The proposed antenna achieves measured Mutual Coupling (MC) lower than
—30dB and realized gains of 2.45 dBi and 6.43 dBi at 2.45 GHz and 3.5 GHz, respectively. SAR values remain well below international
safety limits, and RSSI measurements confirm improved communication performance over distances up to 10m. Conclusion: The
proposed dual-band textile metamaterial MIMO antenna provides a safe, flexible, and high-performance solution for wearable RHMS

applications.

1. INTRODUCTION

RHMS enable continuous patient monitoring outside clinical
environments using wearable and Internet of Things (IoT)
devices [1]. The use of 5G wireless technology helps over-
come the existing network’s limitations with wider bandwidth,
high data rates, low latency, and better quality of service [2].
In addition, there is an increased interest in less congested fre-
quency bands, such as the 3.5 GHz mid-band of 5G technol-
ogy [3], which is best suited for ensuring reliable RHMS [2].
Most of the traditional MC reduction techniques, such as De-
coupling Network (DN) [4], hybrid defective ground structure
(DGS), Frequency Selective Surfaces (FSS) [5], parasitic ele-
ments [6, 7], inter-element spacing along with reduced ground
planes [8], and Electromagnetic Bandgap (EBG) structures [9],
make the design more complex and/or less effective for flexi-
ble wearable technology platforms. In contrast, MTMs are ar-
tificially engineered structures that can effectively manipulate
Electromagnetic (EM) wave propagation. Owing to these prop-
erties, MTMs have been widely employed in antenna design to
enhance radiation characteristics, bandwidth, gain, and inter-
element isolation [10].
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Several MTM-based MIMO antennas have been reported in
the literature. An Ultra-wideband (UWB) quad-port MIMO
antenna employing MTM was presented, although it suffers
from low gain [11]. A high-gain MTM-based MIMO antenna
with excellent isolation was reported in [10]; however, it op-
erates only in the 5G sub-6 GHz band and employs more than
two MIMO elements. A textile metasurface-inspired MIMO
antenna incorporating Reactive Impedance Surface (RIS) and
EBG structures was proposed in [12], but it operates in a
single band at 2.45 GHz with a low gain of 5.8dBi. Simi-
larly, wearable MTM-based MIMO antennas reported in [13]
and [14] demonstrate good isolation and high gain but are lim-
ited to single-band operation in the 5—6 GHz range and involve
more than two elements [14]. Other two-element MTM-based
MIMO designs [15-17] achieve improved isolation; however,
they either operate at higher frequencies and/or exhibit rela-
tively low gain. Based on this analysis, none of the reported
works simultaneously achieves dual-band operation, high gain,
and flexibility using textile materials. To address this gap,
this paper proposes a wearable dual-band textile MTM-based
MIMO antenna for RHMS applications. The antenna operates
at 2.45 GHz and 3.5 GHz, where the 2.45 GHz Industrial, Sci-
entific, and Medical (ISM) band ensures global compatibility
and reliable IoT connectivity, while the 3.5 GHz 5G mid-band
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provides wider bandwidth and lower latency for real-time phys-
iological data transmission. Together, these bands offer an op-
timal balance between communication range and system per-
formance.

2. ANTENNA DESIGN

2.1. C-Shaped Complementary Split-Ring (CSR) MTM Unit Cell
Design

A C-shaped CSR type of MTM unit cell is developed to control
the electromagnetic response at the desired operating frequen-
cies. The designed CSR unit cell acts as an LC circuit consisting
of an inductor, L, and a capacitor, C. The conducting paths in
the unit cell provide inductive behavior, whereas the small gaps
between the paths provide capacitive coupling to confine the
electric and magnetic fields. In the front view of the unit cell, as
depicted in Fig. 1(a), the resonant path length and the gaps be-
tween the paths determine the operating frequencies. Fig. 1(b)
shows the thickness of the MTM unit cell design. The layer
structure in Fig. 1(c) emphasizes the placement of the conduct-
ing textile layer and textile substrate.
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FIGURE 1. MTM unit cell design, (a) front view, (b) thickness, and (c)
layers of the C-shaped CSR MTM.

The proposed MTM unit cell is simulated using Computer
Simulation Technology (CST) Studio Suite with a time-domain
solver over the 1-6 GHz frequency range. In the simulation
setup, two waveguide ports are aligned along the positive and
negative z-directions, with the unit cell positioned between
them. Port 1 functions as the excitation (transmitting) port,
while Port 2 serves as the receiving port to capture the trans-
mitted response. A magnetic barrier is applied to the y-axis and
an electric boundary to the x-axis. Furthermore, the Nicolson-
Ross-Weir (NRW) technique is used to calculate effective pa-
rameters from simulated data [18]. The applicable equations
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where S11 stands for the reflection coefficient, S5 for the trans-
mission coefficient, ¢, for the permittivity, yu, for the perme-
ability, n for the refractive index, kg for the wave number, and
d for the substrate thickness.

Figure 2 shows the effective parameters (e, and ) of the
MTM unit cell as a function of the frequency. The single C-
shaped CSR exhibits a negative real part of permittivity and
a positive real part of permeability in the 1-6 GHz range, in-
dicating Single-Negative Permittivity (ENG) MTM behavior,
as shown in Figs. 2(a)—(b). The negative slope of the per-
mittivity confirms the ENG characteristic over the operating
band. Meanwhile, the permeability demonstrates Mu-Near-
Zero (MNZ) behavior near 2.45 GHz and 3.5 GHz, as shown in
Fig. 2(b). Fig. 2(c) shows the positive refractive index values of
the C-shaped CSR MTM unit cell. This combined ENG-MNZ
response effectively redirects radiated energy toward the for-
ward direction, enhances field confinement, and promotes con-
structive interference among MIMO elements, thereby making
it possible to improve radiation efficiency and gain.

2.2. Dual-Band MIMO Antenna

The initial dual-band MIMO antenna is designed as in [6] to
operate in dual-band mode, centered at 2.45 GHz for the lower
band and 3.5 GHz for the upper band. The antenna has a to-
tal length of 70 mm and a width of 133.20 mm. A minor ge-
ometrical modification is introduced by increasing the inter-
element spacing between the radiating patches from 0.1\ to
0.15\, which slightly improves isolation performance, realized
gain, and radiation efficiency. The perspective view with the
locations of Ports 1 and 2 is shown in Fig. 3.

The substrate is Felt cloth, which is placed between the top
radiator and the entire ground plane. The material has a relative
permittivity (g,) of 1.44, a loss tangent (tan §) of 0.044, and a
thickness (H) of 3 mm [6]. Shieldlt Super electrotextile from
LessEMF, Inc. is 0.17 mm thick and has an estimated conduc-
tivity of 1.18 x 10° Sm~! [6]. In this work, antenna miniaturisa-
tion is not a design objective. Felt substrate is selected to main-
tain flexibility, conformability, and wearer comfort, while its
low permittivity and low loss characteristics help maintain sta-
ble impedance matching and acceptable radiation performance,
with priority given to wearability rather than size reduction.

2.3. Integration of C-Shaped CSR MTM into Dual-Band MIMO
Antenna

The design evolution of the proposed MTM structure is per-
formed in several stages to enhance isolation and realized gain
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FIGURE 2. Simulated (a) permittivity, (b) permeability, and (c) refractive index of MTM unit cell.
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FIGURE 3. Perspective view of dual-band MIMO antenna [6].

of the dual-band MIMO antenna. Initially, a conventional dual-
band MIMO antenna without MTM backing is developed; how-
ever, the strong surface currents and MC between the radiat-
ing elements limited the realized gain and radiation efficiency.
To overcome these issues, a CSR-based unit cell is introduced.
The first version uses a simple rectangular slot to confirm the
ENG behavior, and the geometry is subsequently optimized
into a C-shaped CSR configuration to provide stronger mag-
netic coupling and broader resonance bandwidth while main-
taining compact size. The final stage integrated a 3 x 5 array
of C-shaped CSR unit cells beneath the MIMO radiators, sep-
arated by a 20 mm air gap (¢, = 1), forming a metasurface
layer that suppresses surface waves and reduces MC between
antenna ports. Fig. 4(a) provides a comprehensive view of the
design and dimensions of the dual-band C-shaped CSR textile
MIMO antenna; Fig. 4(b) shows the MTM array; and Fig. 4(c)
shows the ground array. The antenna utilizes a 3 x 5 MTM
etasurface with 1 mm inter-element spacing, matching the di-
mensions of the ground array.

The proposed antenna design consists of seven layers as pre-
sented in Fig. 4(a). The first layer is the top radiator or patch,
which emits and receives signals. The second layer is a sub-
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strate made of Felt, providing a supportive base for the layers
above. The third layer is the ground plane, which enhances the
stability and performance of the antenna. The fourth layer is an
air gap (¢, = 1) to increase isolation between the antenna com-
ponents. The fifth layer of the unit cell is organised in an array
to maximise the channel capacity. The sixth and final layers
are another substrate and ground array, providing stability and
support to the unit cell. The optimization of the dual-band C-
shaped CSR MTM MIMO antenna is performed based on the
critical assessments of the radiator and C-shaped CSR unit cell,
including slot length, ring width, separation, and periodicity, to
achieve a dual-band response at 2.45 GHz and 3.5 GHz.

2.4. Dual-Band C-Shaped CSR MTM MIMO Antenna Integrated
with RHMS

A MAX30102 sensor and an LM35 module are placed on the
patient’s finger to measure the body temperature, oxygen satu-
ration (SpOs), and heart rate. These sensors and the proposed
antenna are integrated into the ESP32. This proposed MIMO
antenna enhances the transmission medium for transmitting and
receiving data at varied distances. The distance between the
hardware with integrating the proposed antenna and the mobile
application (MIT App Inventor) will be varied from 1 mto 10 m
based on RSSI. Then, all the collected data are transmitted to the
MIMO antenna via a Wi-Fi module. Lastly, the data are sent to
the mobile application through the phone. Healthcare person-
nel can access these data periodically, allowing them to monitor
the patient’s vital signs over time. To experimentally validate
the simulated performance, the fabricated prototype of the dual-
band C-shaped CSR textile MIMO antenna is characterized
using a Vector Network Analyzer (VNA, Keysight E5S071C).
The measurements are conducted at Universiti Malaysia Perlis’
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FIGURE 4. (a) Perspective view, (b) dimension of MTM array, and (c) dimension of ground array of the dual-band C-shaped CSR MTM textile
MIMO antenna sensor.
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FIGURE 5. Experimental setup for the proposed MIMO antenna with
RHMS.

Center of Excellence for Advanced Communication Engineer-
ing (ACE) (UniMAP). The antenna is connected via flexible
SMA connectors, and each port is individually matched and cal-
ibrated. The prototype is tested under two conditions: on-body
(arm & chest) and free-space placements. Fig. 5 shows the lab-
oratory measurement setup, where the antenna is mounted on
a low permittivity foam block to emulate the human-body cur-
vature while maintaining a consistent distance from the ground
plane. The same setup is later used for on-body tests, where the
antenna is attached to a cotton layer placed on the human arm
and chest to ensure safe exposure during measurements.

3. RESULTS AND DISCUSSION

3.1. S-Parameters, Realized Gain and Radiation Efficiency

Figure 6 shows the S1; and S3; characteristics of the proposed
MIMO antenna. The antenna exhibits reflection coefficient val-
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FIGURE 6. S-parameters of the proposed MIMO antenna with and
without MTM.

ues of more than —20dB and less than —25dB at 2.45 GHz
and 3.5 GHz, respectively, with and without MTM. The MC
(S21) is consistent below —30dB, with or without MTM in-
tegration for both bands. Besides, Fig. 7 presents the realized
gain comparison with and without MTM. The MTM-integrated
design increases the realized gain from 1.87 dBi to 2.45 dBi
(+31.4%) at 2.45 GHz and from 5.8 dBi to 6.43 dBi (410.9%)
at 3.5 GHz. In this design, the MTM array functions as a reflec-
tor, effectively suppressing backward radiation and manipulat-
ing the EM waves to radiate in phase, thereby enhancing radia-
tion efficiency and improving antenna gain [10]. Figs. 8(a)—(b)
show the radiation-efficiency results. Without the MTM, effi-
ciencies of 24% at 2.45 GHz and 48% at 3.5 GHz are obtained.
With the integration of the C-shaped CSR array, these values
increase slightly to 27% and 52%, respectively, indicating a
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FIGURE 8. Radiation efficiencies of the proposed MIMO antenna with and without MTM unit cell array at (a) Port 1 and (b) Port 2.

clear improvement in radiating capability. Although the en-
hancement in gain is substantial, the improvement in radiation
efficiency is limited due to inherent limitations in wearable an-
tennas, such as Felt substrate loss, ohmic loss in flexible wires,
and EM absorption due to human body proximity. Although
MTM improves the confinement of the electric field and radia-
tion directivity, thus enhancing gain, it does not overcome these
loss limitations. Nevertheless, the results confirm that MTM in-
tegration positively influences both impedance characteristics
and radiation performance, despite the need for further gain op-
timization. Table 1 compares the antenna’s realized gains and
radiation efficiencies with and without MTM integration.

3.2. Radiation Pattern

Figure 9 depicts the intended MIMO antenna radiation patterns
for both ports and operating frequencies. Figs. 9(a) and 9(c)
show radiation patterns at 2.45 GHz for Ports 1 and 2, respec-
tively, while Figs. 9(b) and (d) are radiation patterns at 3.5 GHz.
The results verify a directive pattern in all configurations, a
proof of the antenna’s capability for directed signal transmis-
sion in RHMS.

3.3. Bending Evaluation

Figure 10 illustrates various bending configurations that are in-
troduced to the proposed MIMO antenna. The efficiency of the
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TABLE 1. Summary of the comparison performance of the antenna’s
realized gain and radiation efficiency with and without MTM integra-
tion.

Parameter f Without With Improvement
(GHz) | MT™ | mT™M | P
Realized 2.45 1.87 2.45 +31.4%
gain (dBi)
Reali
calized 3.5 5.8 6.43 +10.9%
gain (dBi)
Radiation
. 2.45 24 27 +12.5%
efficiency (%) °
Radiation
3.5 48 52 8.3%
efficiency (%) e

bent antenna configurations is assessed against the simulated
flat condition, as shown in Fig. 11. As the bending angle in-
creases from 45° to 60° along - & y-axes, the proposed MIMO
antenna experiences noticeable impedance mismatch, observed
as a downward shift in the resonant frequencies in both operat-
ing bands. This behavior is attributed to changes in the effective
electrical length and current distribution caused by mechanical
deformation, and the impact was more pronounced in the top
band. When the antenna is bent along the z-axis, a slight drop
in S2; occurs. With increasing bending angle at 2.45 GHz, in-
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FIGURE 9. Radiation patterns of the proposed MIMO antenna, (a) 2.45 GHz at Port 1, (b) 3.5 GHz at Port 1, (c) 2.45 GHz at Port 2, and (d) 3.5 GHz

at Port 2.
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FIGURE 10. Various bending configurations of the proposed MMO an-
tenna.
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dicating lower MC, a similar trend is also observed at 3.5 GHz.
In contrast, bending along the y-axis results in fluctuations of
So1 in the lower frequency band, while the upper band remains
relatively stable. As expected, bending at 60° yields the MC
< —30dB at both operating frequencies. Overall, these results
indicate that antenna bending at different angles causes only
minor variations in MC, demonstrating stable isolation perfor-
mance across both frequency bands.

The bending along the z-axis at an angle of 60° ensures the
maintenance of positive gain for both operating frequencies for
the two ports, indicating no degradation and the possibility of
improvement in the efficiency of signal transmission, as de-
picted in Figs. 12(a)—(b). On the other hand, y-axis bending at
45° and 60° has a significant impact on the reduction of gain,
especially for Port 2 at 3.5 GHz, which indicates the sensitivity
of the antenna to y-axis deformation, especially at higher fre-
quency. Figs. 13(a) shows an increase in radiation efficiency
for Port 1 in the lower band, while a significant decrease in ra-

WWwWw.jpier.org



Progress In Electromagnetics Research C, Vol. 168, 89—103, 2026

—
&

San paramet&:r

A5
a

-20

-30

S-Parameters (dB}

40

50 | amesameommis  Flat
-mscamesmmis X-axis 45°

X-axis 60°

-60

2.0 25 3.0 35 4.0
Frequency(GHz}

) [

o
s

[
15
L

&
=3

S-Parameters (dB)

A
=3
L

50 | emeoamesames  Flat
Y-axis 45°
Y-axis 60°

emcoamosamos

-60

T t
2.0 25 3.5 4.0

3.0
Frequency(GHz)

FIGURE 11. S-parameters of the proposed MIMO antenna at (a) x-axis and (b) y-axis.

&

Realized Gain [1] (dBi)

2.0 25 3.0 3.5 4.0

Frequency (GHz)

(b) @

Realized Gain [2] (dBi)

20 25 3.0 3.5 4.0

Frequency (GHz)

FIGURE 12. Realized gains of the proposed MIMO antenna for various bends at (a) Port 1 and (b) Port 2.

Radiation Efficiency (%)

— Flat
m— X-axis 45°
011 . X-axis 60°
Y-axis 45°
Y-axis 60°

0.0

2.0 25 3.0 3.5 4.0
Frequency(GHz)

(b) 60

&
=
L

Radiation Efficiency (%)
[
o

3 : s Flat
i — X-axis 45°
101 : X-axis 60°
Y-axis 45°
Y-axis 60°
0 T T
2.0 2.5 3.0 35 4.0

Frequency(GHz)

FIGURE 13. Radiation efficiencies of the proposed MIMO antenna for various bends at (a) Port 1 and (b) Port 2.

diation efficiency is observed in the upper band under all bend-
ing conditions. Fig. 13(b) indicates that the antenna maintains
the radiation efficiency for Port 2 after 45° bending along the
x-axis, whereas the efficiency decreases in the upper band with
60° bending along both the x-axis and y-axis. With 45° y-axis
bending, moderate efficiency is maintained, with a minor re-
duction in efficiency in the lower frequency and a more signif-
icant reduction in the efficiency for Port 2 at 3.5 GHz.

In terms of the radiation characteristics, the main lobe is
maintained under all the bending conditions, whereas an in-
crease in the back lobe level is observed with the reduction of
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the bending angle from 60° to 45° in both the bending direc-
tions, as depicted in Fig. 14. More significant changes in the an-
tenna pattern occur when the y-axis bending causes the primary
lobe to lean to the right at ¢ = 0° in both the lower and higher
bands (Figs. 14(a) and (c)). In the upper band, the antenna
pattern becomes somewhat wider than the flat conditions with
moderately higher back lobe levels. Nevertheless, the proposed
MIMO antenna consistently maintains a forward-directed radi-
ation pattern across all bending scenarios. This confirms that
the antenna preserves its directional radiation characteristics
under mechanical deformation, which is essential for reliable
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on/off-body communication, reduced body absorption, and sta-
ble data transmission in wearable RHMS applications.

3.4. Specific Absorption Rate (SAR) Evaluation

The SAR evaluations are conducted at various body locations
within the CST Hugo voxel model, including the arm, chest,
and back regions, to account for variations in tissue compo-
sition, thickness, and antenna placement. In accordance with
the guidelines established according to the International Com-
mission on Non-Ionizing Radiation Protection (ICNIRP) and
the IEEE C95.1-2019 standard, the average SAR for on-body
applications cannot exceed 1.6 W/kg averaged over 1 g of tis-
sue or 2.0 W/kg averaged over 10 g of tissue [5]. In this work,
SAR analysis is carried out by mounting the suggested MTM
MIMO antenna on the Right Upper Arm (RUA) at operating
frequencies of 2.45 GHz and 3.5 GHz (Fig. 15). For the 1 g tis-
sue averaging case, as illustrated in Fig. 16(a) and Fig. 17(a),
the SAR distributions exhibit localized regions of elevated ra-
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dio frequency (RF) energy absorption concentrated around the
antenna elements, as indicated by the red and yellow regions.
Owing to the smaller averaging mass, the absorbed RF en-
ergy is more localized, resulting in higher peak SAR values. For
the 10 g tissue mass, the SAR distributions shown in Fig. 16(b)
at 2.45 GHz and Fig. 17(b) at 3.5 GHz exhibit a more diffused
pattern, where RF energy is distributed over a larger tissue vol-
ume, thereby reducing localized heating effects. Fig. 18 illus-
trates the placement of the proposed MTM MIMO antenna on
the Right Chest (RC) and the corresponding on-body radiation
patterns at 2.45 GHz and 3.5 GHz. The radiation analysis con-
siders excitations at both Port 1 and Port 2, indicating the EM
wave propagation behavior when the antenna operates in close
proximity to the human torso. The presence of the lossy chest
tissues significantly influences the radiation characteristics, re-
sulting in pattern distortion compared to free-space operation
and a dominant radiation directed away from the body. The
SAR distributions for the RC and right back (RB) configura-
tions are presented in Figs. 19 and 20, respectively. In particu-
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FIGURE 15. The radiation pattern of the MTM MIMO antenna on RUA for (a) 2.45 GHz and (b) 3.5 GHz.
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FIGURE 16. Peak SAR values for (a) 1 g and (b) 10 g of tissue at Port 1 placed on RUA at the frequency of 2.45 GHz. (a) SARmax = 0.0103. (b)
SARMax = 0.0054.

( a) .w.. ‘hf|

FIGURE 17. Peak SAR values for (a) 1 g and (b) 10 g of tissue at Port 1 at frequency of 3.5 GHz. (a) SARmax = 0.0479. (b) SARMmax = 0.0142.

lar, the SAR distributions on the RB with Port 1 excitation are For the 10 g tissue averaging case, the SAR distributions
shown in Fig. 19 and Fig. 20 for 2.45 GHz and 3.5 GHz, respec- are more spatially dispersed, indicating reduced localized RF
tively, evaluated over both 1 g and 10 g of tissue. energy concentration and lower thermal impact. The maxi-

mum SAR values recorded are 0.0150 W/kg at 2.45 GHz and
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1

FIGURE 18. The radiation patterns of the MTM MIMO antenna on RC for (a) 2.45 GHz and (b) 3.5 GHz.

TABLE 2. SAR values of 1g at different distances between MTM
MIMO antenna and on-body regions.

2.45GHz 3.5GHz
Port1 | Port2 | Port1l | Port2
Distance (mm) RUA
0 0.0103 | 0.0119 | 0.0479 | 0.0422
5 0.0240 | 0.0117 | 0.0456 | 0.0401
10 0.0270 | 0.0125 | 0.0387 | 0.0373
RC
0 0.0169 | 0.0121 | 0.0189 | 0.0359
5 0.0197 | 0.0097 | 0.0197 | 0.0355
10 0.0123 | 0.0071 | 0.0150 | 0.0296
RB
0 0.0232 | 0.0193 | 0.0328 | 0.0479
5 0.0201 | 0.0152 | 0.0282 | 0.0333
10 0.0173 | 0.0124 | 0.0343 | 0.0282

0.0143 W/kg at 3.5 GHz. Variations in SAR values across dif-
ferent body locations are mainly influenced by tissue compo-
sition and antenna placement. Regions such as the chest ex-
hibit slightly higher SAR than the arm, as in [5]. Moreover, the
antenna’s broadside radiation pattern directs EM energy away
from the body. All SAR levels remain well below the limits
specified by international safety limits, verifying that the sug-
gested MTM MIMO antenna is suitable for on-body RHMS ap-
plications.

3.5. Effect of Distance Between MTM MIMO Antenna and the
Human Model on SAR Distribution

Tables 2 and 3 summarize the SAR values averaged over 1g
and 10 g of tissue at antenna-to-body separation distances of
Omm, Smm, and 10 mm for both lower and upper operating
bands. The results show that most of the SAR values are the
highest when the antenna makes direct contact with the body
(0 mm) and decrease progressively as the separation increases
to 5Smm and 10 mm. This trend is consistent for both 1 g and
10 g evaluations. At 0 mm separation, the highest SAR for the
1 g evaluation is 0.0479 W/kg at 3.5 GHz (RUA, Port 1), while
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TABLE 3. SAR values of 10 g at different distances between MTM
MIMO antenna and on-body regions.

2.45GHz 3.5GHz
Port1 | Port2 | Port1l | Port2
Distance (mm) RUA
0 0.0054 | 0.0069 | 0.0142 | 0.0126
5 0.0109 | 0.0054 | 0.0160 | 0.0118
10 0.0116 | 0.0055 | 0.0149 | 0.0107
RC
0 0.0110 | 0.0066 | 0.0090 | 0.0165
5 0.0089 | 0.0052 | 0.0073 | 0.0111
10 0.0075 | 0.0046 | 0.0050 | 0.0073
RB
0.0150 | 0.0112 | 0.0143 | 0.0178
0.0120 | 0.0091 | 0.0121 | 0.0146
10 0.0099 | 0.0074 | 0.0135 | 0.0120

for 10 g, the highest value is 0.0178 W/kg at 3.5 GHz (RB, Port
2). Increasing the antenna-to-body distance to 5 mm results in
a notable SAR reduction of approximately 10-20% across all
body locations and frequencies. This behavior is attributed to
strong near-field coupling once the antenna is near the body,
which diminishes with increasing separation. In some cases,
minor SAR fluctuations at intermediate distances may occur
due to impedance matching variations and near-field interac-
tions with multilayer tissue structures; however, SAR consis-
tently decreases at larger separations.

3.6. MIMO Diversity Analysis

3.6.1. Envelope Correlation Coefficient (ECC)

Envelope Correlation Coefficient (ECC) is used to assess the
degree of correlation among antenna [19] components. Lower
ECC values imply higher isolation between antennas, ensur-
ing that signals broadcast and received are uncorrelated, which
enhances diversity performance and improves overall system
capacity. For an efficient MIMO system, ECC should be less
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(b)

FIGURE 19. The RC’s SAR distribution at Port 1 for (a) 1 g and (b) 10 g of tissue for 2.45 GHz. (a) SARmax = 0.0169. (b) SARMax = 0.0110.

FIGURE 20. The RB’s SAR distribution at Port 1 for (a) 1 g and (b) 10 g of tissue for 3.5 GHz. (a) SARwmax = 0.0233. (b) SARwmax = 0.0150.

than 0.3, ideally approaching zero. The MIMO diversity analy-
sis of the proposed MTM MIMO antenna is conducted using the
Spyder application in an Integrated Development Environment
(IDE) for Python, within the Anaconda environment. The ECC,
based on the total far-field electric fields, can be expressed as:

B S [B1 0.) - B (6,9)] de

pe = - . : !
I1[E: @0 a2 Jf |Bx 6.0 ac

where E} (0, ¢) and E5(6, @) represent the total far-field elec-
tric fields of Antenna 1 and Antenna 2. 6, ¢ and E* are the
elevation angle, azimuth angle, and complex conjugate of the
electric field. From the equation, the differential solid angle
element df2 is defined as:

dQ) = sin8dfdy

with § = (0 to w) and ¢ = (0 to 27). Fig. 21 shows that
ECC calculated from radiation patterns without phase informa-
tion yields higher values, reaching up to 0.5 at 2 GHz, indicating
that neglecting spatial correlation and antenna directivity leads
to overestimation. By incorporating polarization and phase in-
formation, Fig. 21 demonstrates a significant reduction in ECC,
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with values consistently below 0.035, providing a more accu-
rate assessment of antenna correlation. Overall, the ECC results
in Figs. 21 and 22 remain well below the 0.3 threshold, con-
firming excellent isolation and the suitability of the proposed
metamaterial MIMO antenna for optimal MIMO performance.

3.6.2. Diversity Gain (DG) and Channel Capacity Loss (CCL)

Diversity Gain (DG) is an important performance metric in
MIMO antenna systems that measures the improvement in sig-
nal reception gained by diversity approaches [20]. It evaluates
the antenna system’s ability to counteract multipath fading by
capturing multiple independent signal paths. DG is calculated
using the ECC as:

DG =10 x V1 — ECC?

ECC assesses the relationship between the radiation patterns
of MIMO antenna elements. Fig. 22 shows that the DG de-
rived from radiation-pattern-based ECC remains close to 10 dB
across 2 to 4 GHz, indicating strong diversity performance, en-
hanced signal reception, minimal signal correlation, and the ef-
fective mitigation of multipath fading for the proposed MTM
MIMO antenna.
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FIGURE 21. ECC for the proposed MTM MIMO antenna based on ra-
diation pattern with polarization components.
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FIGURE 23. CCL of the proposed MTM MIMO antenna.

Channel Capacity Loss (CCL) is an important statistic for
evaluating the performance of MIMO antenna systems be-
cause it measures the loss in system capacity caused by an-
tenna element correlation. For an efficient MIMO system, the
CCL should be as low as feasible, with values of less than
0.4 bits/s/Hz [19] commonly accepted. The CCL is computed
and stated as follows:

CCL = —log, det (R)

Here, R represents the correlation matrix that captures the
interrelationship between the antenna ports, and det is the de-
terminant of matrix R. The matrix is defined as:

R= P12
P22
where p11 and pas represent the self-correlation terms for An-

tenna 1 and Antenna 2, respectively. These terms account for
the power reflection and coupling at each antenna port and are

calculated as:
pis =1 (I54l") = (141

p12 and po; represent the mutual correlation terms between the
two antenna ports and are calculated as:

pij = — (87iSij + 53555

P11
P21
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FIGURE 22. DG of the proposed MTM MIMO antenna.
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FIGURE 24. TARC of the proposed MTM MIMO antenna.

Figure 23 depicts the CCL analysis of the proposed MTM
MIMO antenna, demonstrating its performance across the
2 GHz to 4 GHz frequency range. Throughout the frequency
range, the CCL varies but remains far below the essential
threshold of 0.4 bits/s/Hz at the primary working frequen-
cies (2.45GHz and 3.5GHz), demonstrating the antenna’s
efficacy in minimizing capacity loss. Fig. 24 demonstrates
that the Total Active Reflection Coefficient (TARC) remains
below —10dB, indicating steady impedance behavior during
multiport stimulation.

3.7. Surface Current Distribution

Figure 25 demonstrates the surface current distribution of the
proposed MIMO antenna simulated using CST Microwave Stu-
dio. Figs. 25(a) and 25(b) show the current intensity for Port 1
and Port 2, respectively, and Fig. 25(c) indicates the current
distribution for the MTM unit cell array. The differences in the
surface current distribution for various frequencies are due to
the changing currents on the surface of the antenna.

3.8. Free Space Measurement

The simulated and measured results in Fig. 26 illustrate a satis-
factory agreement in resonance trends, validating the accuracy
of the antenna design, although some minor frequency shifts
and amplitude variations are evident. These changes are due to
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FIGURE 26. Simulated and measured S11 and S21 parameters of the proposed MIMO antenna (a) without and (b) with MTM unit cell array.

various factors related to the practical aspects of antenna fabri-
cation and measurement, including inaccurate dimensions dur-
ing cutting and stitching of the textile materials, soldering, and
connector positioning; inaccurate thickness of the substrate ma-
terials during compression; and some minor imperfections in
the measurement setup, including connector losses and calibra-
tion residuals.

3.9. RSSI Measurement

RSST analysis is a quantitative method of assessing the strength
of wireless signals received by an antenna or communication
device. Usually measured in dBm units, RSSI is a signal qual-
ity indicator and is commonly used for assessing the perfor-
mance of antennas, wireless modules, and communication sys-
tems in various conditions, such as distance, orientation, and
environmental interference. RSSI analysis is also used to deter-
mine coverage areas and regions with signal degradation, thus
facilitating antenna optimization and design improvements to
improve wireless communication performance. This method
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is commonly employed in IoT, Wireless Fidelity (Wi-Fi), and
other wireless communication systems [21]. From the results
shown in Table 4, it is clear that RSSI values decrease with an
increase in distance due to path loss. For distances of 1-2m,

TABLE 4. RSSI measurement between ESP32 integrated with the pro-
posed MIMO antenna and the mobile application.

P | D(m) ESP32
Without With Antenna
Antenna Port1 | Port2
1 —58 —63 —61
2 —68 —69 —62
3 -70 —-70 —65
4 =73 71 —68
5 —78 -73 —-70
RSSI (dBm) 6 —-82 —78 =72
7 —84 =77 =75
8 —88 —82 79
9 —91 —84 —83
10 —94 —89 —85
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TABLE 5. Vital signs parameters.

Parameter Subject
1 2 3
SpO: (%) 98 | 100 | 97
Heart Rate (bpm) | 60 | 75 | 68
Body Temperature | 37 | 36 | 37

TABLE 6. Proposed design comparison with recent studies.

Ref. Antenna Size (mm?) | f (GHz) Gain (dBi) S11 (dB) | Isolation/S>; (dB)
[10] 80 x 80 3.08-7.75 8.3 < —10 < -15.5
[12] 110 x 106 2.45 5.8 < —10 < —40
[13] 44 x 44 5.6 7.95 < —10 < —19.85
[14] 60 x 44 5.0—6.6 9.5 < -10 < —34.8
[15] 37 x 44 4 3.28 < —10 14
[16] 55 x 44 4.9 8 < —-10 —42.88
[17] 67.4 x 674 2.85 5 < —-10 —-15
2.45 at 2.45GHz
Propose 133.2 x 70 2.45,3.5 6.43 at 3.5 GHz < =10 < =30

FIGURE 27. The distance between the hardware and mobile application
is I m.

the ESP32 module without the proposed antenna has a higher
RSSI value, as its internal antenna is adequate for short-distance
communication. However, for distances between 3 mand 10 m,
the ESP32 module with the proposed antenna has higher RSSI
values, thus indicating the superiority of the proposed antenna
over the internal antenna at the same distance. Fig. 27 shows the
experimental setup with a 1 m distance between the hardware
and mobile application (MIT App Inventor). Table 5 shows the
readings of SpOs, heart rate, and body temperature taken from
three subjects, which validate the integration of the MAX30102
and LM35 biomedical sensors with the designed antenna for
RHMS. Overall, the proposed antenna exhibits higher and more
stable RSSI values, indicating stronger and more reliable sig-
nal reception. This indicates that the suggested antenna de-
livers better gain and decreases signal deterioration over dis-
tance, thereby enhancing communication reliability [21]. Ta-
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ble 6 compares the proposed dual-band MIMO antenna with re-
cent designs, showing that it offers a dual-band operation, high
gain of 6.43 dBi, and good MC (< —30dB), making it suitable
for wearable biomedical sensing applications.

4. CONCLUSION

The suggested dual-band textile C-shaped CSR MIMO antenna
has been successfully developed and measured at 2.45 GHz and
3.5 GHz. The suggested MIMO antenna improved the realized
gain on both ports. At 2.45 GHz, the simulated realized gain
is 2.45 dBi. The antenna also improved the simulated realized
gain at 3.5 GHz, achieving 6.43 dBi. The simulated radiation
efficiency at 3.5 GHz is 52% at Port 1 and 51% at Port 2. Be-
sides, RSSI is improved when using the proposed antenna com-
pared to that without the proposed antenna. This improvement
in RSSI is particularly beneficial for the transmission of vital
sign data from hardware using the MIT App Inventor mobile
application. A stronger signal ensures reliable data transfer, re-
ducing data loss or corruption.
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