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In this work, we propose a compact, wideband, and wearable microstrip patch antenna with a defected
ground structure (DGS) for body-centric wireless applications. The proposed antenna, consists of an isosceles
triangle with four parallel rectangular shaped flat bars, is designed and optimized in CST studio suite using
low-cost FR-4 as the substrate with a height of 1.6 mm, relative permittivity of 4.3 and loss tangent of 0.025,
followed by prototyping. The net geometry of the antenna is 35 x 25 x 1.6 mm3. A microstrip feed line is used
to excite the antenna while rectangular slots on the antenna and partial grounding planes are used for im-
proving the bandwidth. The designed antenna operates over a wide frequency range of 2.6 to 6.8 GHz which
satisfy for the popular lower 5G, WiMAX, WiFi, and ISM band applications. The antenna resonates at of 3.5
GHz and 5.95 GHz, and maintains improved reflection coefficient, wide bandwidth, positive gain and effi-
ciency over the operating frequency range. The on-body analysis of the simulation results available in CST
has also been performed which shows reasonable results. The specific absorption rate (SAR) analysis is
accomplished separately at each resonant peak frequency over a human body phantom model and the max-
imum SAR values obtained are 0.4137 W/kg at 3.5 GHz and 0.4062 W/kg 5.95 GHz for 1 gm of biological
tissue which satisfy the IEEE recommended safety limit of 1.6 W/kg. A prototype of the proposed antenna is
fabricated and the measured results of return loss shows good agreement with the simulated one. The com-
bined features of new design, compact size, wideband performance, multiband support, improved reflection
coefficient, positive gain and efficiency, and low SAR value contribute to the antenna's novelty, making the
antenna a significant advancement in the field of wireless communication and biomedical applications.
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1. INTRODUCTION

Over the past decade, wearable antennas have gained
significant popularity due to their diverse applications in
health monitoring, diagnosis, tracking, and location
sensing [1]. Their compact size, lightweight structure, af-
fordability, and minimal maintenance make them highly
desirable. These antennas are predominantly utilized in
Wireless Body Area Networks (WBAN) systems, where
they enable wireless connectivity between devices and
the human body. Typically, wearable antennas are posi-
tioned at various locations on the body, working in
unison to track biological signals such as glucose levels,
blood pressure, and heart rate [2]. In body-to-body wire-
less communication, antennas worn by one individual in-
teract with sensor nodes distributed across another per-
son’s body [3]. Despite their advantages, these antennas
face certain limitations related to shape, size, substrate
material properties, wearer comfort, robustness, struc-
tural deformation, and overall efficiency. Such con-
straints pose challenges for WBAN system designs oper-
ating in diverse radio frequency environments. Conse-
quently, ongoing research focuses on developing robust
and efficient antennas tailored for body-centric wireless
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communication [4].

The fifth generation (5G) network is already being
used in several countries [5] and Internet of Things (IoT)
use it to connect and exchange data among many inter-
connected wireless devices. Now wearable antennas be-
come an indispensable part of IoT and are used in mod-
ern healthcare for monitoring patients’ health diseases
[6]. A set of frequency bands are designated to commer-
cialize WBAN systems in the range 402 MHz to 10.6 GHz
for the well-being of humanity [7, 8]. For designing an
efficient and robust flexible antenna, it’s essential for re-
searcher to consider the possible design challenges in
wearable applications [9] and to follow international
safety rules defined for the human body [10]. In earlier
studies [11-18], research has been done to design and an-
alyze the performance of flexible wearable antennas with
the aim of achieving design objectives. Different antenna
structures comprising microstrip patch, planar mono-
pole, Inverted-F planar, inkjet printed photopaper-based
monopole, vertical monopoles, fractal, etc. have been
studied. However, wideband and multiband antennas
with low power consumption are becoming more wanted
in the medical field [19]. The features of Microstrip an-
tennas like small shape, light weight, low cost, low
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profile, ease of fabrication, and easy to integrate in a
PCB, are crucial for wearable antenna design for 5G
wireless communications and body-centric wireless med-
ical systems [20]. The sub-6 GHz frequency spectrum (3.4
to 3.6 GHz) and 3.5 GHz center frequency have allowed
in many countries for 5G communications [21, 22]. Re-
searchers in [23, 24] have chosen low loss dielectric sub-
strates like FR-4 to obtain required performance of the
designed antenna. In [25, 26], wearable patch antennas
have been designed on FR-4 substrate and designed an-
tenna covers the popular WLAN, WiMAX, and C-bands.
Their prototype antennas have overall dimensions of
60 x 40 x 0.254 mm3. A low-profile Meander line multi-
band antenna is proposed in [27] for WBAN application.
In [28], a PDMS based wearable wideband antenna with
the overall dimension is 24 x 38 mm is designed which op-
erates from 3 to 6 GHz. A photopaper-based low-cost,
wideband wearable antenna of overall size 30 x 40 mm? is
proposed in [29] for WBAN applications which yielded 3
GHz bandwidth, 3.48 dBi gain and 84.35 %, radiation ef-
ficiency at the 5.2 GHz center frequency.

Although the reported microstrip antennas showed
good performance results but suffer from some limita-
tions like larger size, costly, narrow bandwidth, and so
on. This manuscript presented a small size (35 x 25 x 1.6
mm?3) wideband (from 2.6 to 6.8 GHz) wearable antenna
embedded with low-cost FR-4 substrate for WBAN appli-
cations. The designed antenna is applicable for the most
popular lower 5G (3.33-4.2 GHz), WiMAX (3.4-3.6 GHz),
WiFi-5 (5.15-5.85 GHz), and ISM (5.2-5.8 GHz) band ap-
plications. Simulation of the antenna has been done in
CST Microwave Studio (MWS) software.

The paper is prepared as follows. Section 1 offers in-
troduction to wideband flexible and wearable patch an-
tennas, the related works, and research objectives. The
proposed antenna structure and design details are pre-
sented in Section 2. Section 3 presents the simulated and
measured results of the designed antenna under the off-
body and on-body conditions, and SAR analysis. Section
4 provides performance comparison of the proposed an-
tenna and the antennas designed in earlier studies.
Finally, a conclusion is drawn in Section 5.

2. ANTENNA DESIGN METHODOLOGY

Initially, the proposed antenna’s design, simulation,
parametric investigation, numerical analysis of is car-
ried out using the CST 2018 software under the off-body.
The designed antenna is then fabricated and measured
its properties in the laboratory via vector network ana-
lyzer. After that numerical study on the on-body analy-
sis and SAR analysis of the designed antenna has been
carried out using CST MWS software.

2.1 Geometry of the Proposed Antenna

The structure of the proposed antenna is illustrated
in Fig. 1. It is designed and simulated by the Time Do-
main solver of CST MWS professional 3D EM software
version 2018. Low loss FR-4 (Lossy) material, with a rel-
ative permittivity (&) of 4.3 and a loss tangent (tan(8)) of
0.025, is used as a substrate with a height of 1.6 mm.
The antenna consists of an isosceles triangle with four
parallel rectangular shaped flat bars. The antenna is
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exciting via the microstrip line feeding technique. The
copper (annealed) of 0.035 mm thickness is used for con-
struction of the ground plane, feedline, triangular patch
with parallel bars. Initially, the antenna size (length
and width) has been estimated using the set of basic
equations, for 3.5 GHz resonance frequency. After that,
the antenna design is optimized to a net size of
35 x 25 x 1.6 mm3, and two rectangular slots are added
to the patch plane and partial ground plane to improve
antenna's impedance matching and bandwidth. The first
rectangular slot is used on the parallel bar 4 of the patch
plane and the second rectangular slot is used on the par-
tial ground plane to make defected ground structure.

The antenna’s dimensions are optimized to a compact
size of 35 x 25 x 1.6 mm3 with the use of parametric in-
vestigation. To make the size compact, we incorporated a
patch plane consisting of an isosceles triangle with four
parallel rectangular shaped flat bars. In order to de-
crease the effective electrical length of the antenna the
reactive elements like parallel bars are used. Then slot-
ted patch plane with partial ground and defected ground
structures are used for the improvement of the antenna's
performance. In the parametric investigation, we vary
one design parameter at a time to observe its effect on
the antenna's performance parameters (e.g., resonance
frequency, reflection coefficient, gain, directivity, band-
width, and efficiency). After completing optimization of
one design parameter, we followed the same procedure to
optimize the other parameters (e.g., the patch size, par-
allel bar length, feed point location, slot dimensions, par-
tial ground dimensions, etc.).

Table 1 — Optimized design parameters of the proposed an-
tenna

Design Parameter Value
(mm)
Width of ground (W) 25
Length of ground (Lg) 18
Ground slot dimension (Ws x Ls) 4x8.3
Substrate width (W) 25
Substrate length (L) 35
Base length of triangle (@) 22
Leg length of triangle (P) 13.04
Length of parallel bar (U/VIW/X) 20/17/13/8
Width of parallel flat bar (R/R/S/T) 1/1/1.5/4
Slot dimension on patch plane (Y x X) 5.8 x 1.8
Width of feedline (W)) 2.92
Length of feedline (L)) 20

The length of the FR-4 substrate is chosen as 35 mm
while the width as 25 mm. As seen from the front view of
Fig. 1(a), the length of the base @ and leg P of the trian-
gular part of the patch are 22 mm and 13.04 mm, respec-
tively. The lengths (U, V, W, and X) and widths (R, R, S,
and 7) of four parallel rectangular shaped flat bars of the
patch are defined in Table 1. To make sure 50 Q imped-
ance matching of the antenna, the feedline's length Ly of
20 mm and width Wy of 2.92 mm are chosen. Trial-and-
error analysis is used for obtaining the rectangular slot
dimensions (Y x Z = 5.8 x 1.8 mm?) on the patch plane.
The area of the partial ground plane is selected as 18 x 25
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mm?2 and positioned at the lowermost side of the FR-4
substrate as shown in the back view of the antenna of
Fig. 1(b). The dimension of ground slot is taken as
(Ws x Ls =4 x 8.3 mm?2). Table 1 lists the optimized values
of the design parameters of the proposed antenna.

i s

b

Fig. 1 — Geometric structure of the proposed antenna with (a)
front view and (b) back view

2.2 Parametric Investigation

The effect of different geometrical parameters on res-
onant frequencies, bandwidth, and impedance matching
properties of the antenna are analyzed in this section.
The benefit of applying a rectangular slot on the patch
plane is illustrated in Fig. 2(a). The plot shows that an-
tenna with slot is providing reflection coefficient below -
10dB in the frequency range 2.6 GHz to 6.8 GHz. The
operating frequency range of the antenna exhibits two
resonant frequencies at 3.5 and 5.95 GHz. The value of
the reflection coefficient is about —24.88 dB and
— 16.38 dB at resonant frequency 3.5 GHz and 5.95 GHz.
The use of slot reduces the reflection coefficient S11 and
widen the bandwidth of the antenna.

The length and width of the feeder line is adjusted to ob-
tain better impedance matching. The antenna shows lowest
reflection coefficient for width of feeder line Wy = 2.92 mm
(Fig. 2(b)) and length of feeder line Ls= 20 mm (Fig. 2(c)).
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Fig. 2 — The effect of (a) slot (b) width of feeder line (c) length
of feeder line (d) length of ground plane on the reflection coeffi-
cient (S11) of the proposed antenna

The use of partial ground in the designed antenna pro-
vides wide bandwidth and good impedance matching.
The antenna shows minimum reflection coefficient for
the length of partial ground Lg = 18 mm. The reflection
coefficient is decreased with increasing L¢ from 12 mm,
attains lowest at 18 mm, then increased again with in-
creasing Lg as shown in Fig. 2(d). With increasing W; from
16 mm, the reflection coefficient is decreasing and the lower
peak position shifting to higher frequency and reach 3.5
GHz at Wy = 25 mm as shown in Fig. 3(a). The advantage
of using rectangular slot on the partial ground plane is il-
lustrated in Fig. 3(b). The plot shows that antenna with
partial ground slot provides reflection coefficient below
— 10 dB in the wider range 2.6 to 6.8 GHz. By using rectan-
gular slot of the ground plane, the operating frequency is
adjusted to resonate at 3.5. As shown in Figs. 4(a) and (b),
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the antenna exhibits high gain and efficiency over the com-
plete working band from 2.6 to 6.8 GHz for Lg = 18 mm and
We =25 mm.

The minimum return loss and maximum gain, band-
width and efficiency of the proposed antenna are ob-
tained for the set of design parameters obtained from
these parametric studies are presented in Table 1.
Hence this set of parameters can be selected as the opti-
mized parameters.
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Fig. 3 — The effect of (a) width of ground plane (b) ground slot
on the reflection coefficient (S11)
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Fig. 4 — The effect of length of partial ground on the (a) gain (b)
antenna efficiency

3. RESULTS AND DISCUSSION
3.1 Off-Body Numerical and Experimental Results

The proposed wearable patch antenna is fabricated
and the front and back view of it is shown in Fig. 5. The
reflection coefficient and voltage standing wave ratio of
the developed antenna are measured in free space using
LiteVNA 64. The experimental setup for the measure-
ment is shown in Fig. 6. The measuring frequency range
of this VNA is from 50 Hz to 6.3 GHz. Due to the absence
of an anechoic chamber in the laboratory, radiation pat-
tern, gain, and efficiency could not be measured.

Nano VNA

Coaxial Jumper
Cable

Antenna

Fig. 6 — Setup for measurement
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3.1.1 Reflection Coefficient

Figure 7 illustrates the variation of the reflection co-
efficient (S11) acquired by simulation and measurement
versus frequency. The antenna exhibits two resonant
frequencies around 3.5 and 5.95 GHz. The value of the
return loss is about — 24.88 dB and 16.38 dB at resonant
frequency of 3.5 GHz and 5.95 GHz, respectively. The
operating -10 dB bandwidth of the proposed antenna is
4.2 GHz (from 2.6 to 6.8 GHz) covering the most popular
lower 5G (3.33-4.2 GHz), WiMAX (3.4-3.6 GHz), WiFi
(5.15-5.85 GHz) and ISM (5.2-5.8 GHz) band applica-
tions. Figure also shows the simulated resonant fre-
quencies (3.5 GHz and 5.95 GHz) are close to measured
resonant frequencies (3.65 GHz and 5.1 GHz) of the de-
signed antenna. The values of the reflection coefficient
at resonant peak frequencies are —24.88 dB and
—16.38 dB (simulated) and —35.18 dB and —21 dB
(measured). The value of the voltage standing wave ratio
(VSWR) is obtained 1.12 (simulated) and 1.14 (meas-
ured), respectively. The experimental results deviated
from the simulated results because of the presence of
some manufacturing defects such as pure FR-4 was not
used as substrate, etc.

Simulated Results of resonant frequencies are 3.5
GHz and 5.95 GHz, and the corresponding reflection coef-
ficients are — 24.88 dB and — 16.38 dB. The measured re-
sults of resonant frequencies are 3.65 GHz and 5.1 GHz,
and reflection coefficients are — 35.18 dB and — 21 dB, re-
spectively. The measured resonant frequencies are
slightly shifted compared to the simulated results, indi-
cating minor discrepancies possibly due to fabrication tol-
erances, material imperfections, or measurement setup
differences. The measured reflection coefficients are more
negative, indicating better impedance matching in the ex-
perimental prototype compared to the simulation.

0

= Simulated
Measured

-5

-10 4

-35

2 3 4 5 6 7 8
Frequency(GHz)

Fig. 7 — Reflection coefficient (S11) of the proposed antenna

3.1.2 Gain, Directivity and Efficiency

The 3D farfield gain and diectivity pattern of the pro-
posed antenna at the resonant frequencies 3.50 GHz and
5.95 GHz are illustrated in Fig. 8 and 9, respectively.
The maximum gain and directivity of the suggested an-
tenna at 3,5 GHz are 2.6 dB and 3.51 dBi, while at 5.95
GHz, their corresponding values are 2.587 dB and 3.64
dBi. These figures also show valuable information about
the performance characteristics of the antenna. The
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change of simulated gain and directivity against the op-
erating frequency range is presented in Fig. 10(a).

Figure 10(b) shows the variation of antenna’s radia-
tion efficiency and total efficiency with frequency, dis-
playing the radiation efficiencies are 81.17 % and 78.4 %
at 3.5 GHz and 5.95 GHz, respectively. The antenna ex-
hibits radiation efficiency in the range of 75.2 % to
91.4 % over the frequency range of operation. The pro-
posed antenna is thus providing reasonable efficiencies
at the resonating frequency in the operating range.

At 3.5 GHz, the antenna has a gain of 2.6 dB, VSWR
of 1.12, and radiation efficiency of 81.17 %, and at
5.95 GHz, has a gain of 2.59 dB, VSWR of 1.35, and ra-
diation efficiency of 78.4 %.
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Fig. 8 — 3D farfield gain of the proposed antenna at (a) 3.5 GHz
and (b) 5.95 GHz
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Fig. 9 — 3D farfield Directivity of the proposed antenna at (a)
3.5 GHz and (b) 5.95 GHz
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Fig. 10 - (a) Gain and directivity (b) Efficiency over operating
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3.1.3 Radiation Pattern

Figure 11 illustrates the radiation pattern of the pro-
posed antenna under the free space off-body condition.
The main lobe magnitudes are 17.4- and 17.3-dB V/m at
3.5 and 5.95 GHz resonant peak frequencies, respec-
tively. The corresponding main lobe directions are 163
and 144 degrees, the 3 dB angular beam-widths are 88.6
and 66.8 degrees, and the side lobe levels are — 2.4 and
— 1.1 dB. The directional radiation pattern of the an-
tenna making it suitable for popular applications in the
lower 5G, WiMAX, WiFi, and ISM bands.

Farfield E-Feld(r=1m) Abs (Phi=90)

Frequency = 3.5 GHz

Man bbe magntude =  17.4 dBV/m
Man lobe drecton = 163.0 deg.
Angular width (3 dB) = 88.6 deg.
Sde bbe level = -2.4 dB

Theta / Degree vs. dBV/m

Farfield E-Field(r=1m) Abs (Phi=90)

Frequency = 5.95 GHz

Man lobe magnkude =  17.3 dBV/m
Man lobe drection = 144.0 deg.
Angular width (3 dB) = 66.8 deg.
Side lobe level = -1.1 dB

Theta / Degree vs. dBV/m
b

Fig. 11 — Farfield E-field pattern of the antenna at phi=90° at
(a) 3.5 GHz and (b) 5.95 GHz
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3.1.4 Current Distribution

The current distribution at the surface of the designed
antenna at the two resonant frequencies are shown in Fig-
ure 12 which presents the real electric current brought by
the applied EM field throughout the antenna. As observed
from the figure that the surface current originates from the
microstrip line feed and mostly distributed at the lesser
portion of the feed line and the inferior edges of the patch
at both resonance frequencies. The maximum surface cur-
rent density is 52.7395 A/m at 3.50 GHz and 52.1798 A/m
at 5.95 GHz, and is as depicted in Figure 12 (a) and (b). The
deployment of rectangular shaped flat parallel bars in the
patch plane results in relatively higher current density at
the bottom region of the patch and improves the radiation
characteristics.

surface current (f=3.5) [1]

Frequency 3.5GHz
Phase 0
Maximum 52.7395 A/m
a
A/m (log)

—

L= e =1

52.2
40
30
20

Fig. 12 — Proposed antenna’s surface current distribution at (a)
3.5 GHz (b) 5.95 GHz

surface current (f=5.95) [1]

Frequency 5.95 GHz
0

Phase
Maximum

52.1798 A/m
b

3.2 Antenna’s On-Body Performance Analysis

The antenna’s performance is analyzed under the off-
body (free space) condition first and after that in on-body
(on phantom) condition to observe the effect of the EM
properties of human body tissues on the antenna perfor-
mance parameters at higher frequencies. Moreover, dif-
ferent antenna parameters and SAR are also analyzed
for varying separation between antenna and phantom
and minimal separation for improved performance of the
antenna has been determined.
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3.2.1 Structure of 3D Phantom Model

To design antenna for WBAN applications, it is es-
sential to analyze the antenna’s performance within the
three layers of the human body environment. So, a hu-
man body tissue equivalent phantom model is con-
structed using CST software by incorporating tissue
properties as outlined in Table 2. Fig. 13 (a) illustrates
the structure of a human body phantom model of size
25 mm x 35 mm x 36 mm using the three-layers of skin,
fat and muscle tissues of thickness 1 mm, 10 mm and
25 mm, respectively. The properties of the three layers
as depicted in Table 2 are estimated over the frequency
range of 2.6 to 6.8 GHz using published reports [29, 30],
and are used for the simulation of SAR at both the reso-
nant frequencies of 3.5 and 5.95 GHz.

Table 2 — Estimated properties of skin, fat and muscle tissue
layers
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o |35 |[51.444 |0.25533 | 2.5575 1090
Q
é 5.95 | 48.284 | 0.32169 | 5.1414

For obtaining optimum distance between the designed
antenna and the body phantom, the reflection coefficient
parameter is determined for both resonant frequencies of
3.5 and 5.95 GHz at six distinct separations and the esti-
mated S11 values are showed in Table 3. It is seen that
with the placement of antenna very close to the human
body, the S11 values goes above — 10 dB and the resonance
frequencies are detected to be shifted. Hence, 8 mm dis-
tance of between the antenna and skin is accepted as an
optimum separation and the proposed antenna’s conven-
ient placement is determined to be over a suit or jacket in-
stead of in direct contact with the human body.

Table 3 — Simulated reflection coefficient (S11) at different dis-
tances between antenna and skin

Distance S11 (dB) at S11 (dB) at
(mm) 3.5 GHz 5.95 GHz
2 -9.59 -9.76
4 —10.12 —11.74
6 —10.65 —15.64
7 —10.99 —17.42
8 —11.37 —18.7
10 —12.27 —19.78
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Antenn
Muscle
Fat
Skin
Air-gap

S11(dB)

2 3 4 5 6 7 8
Frequency(GHz)

b

Fig. 13 - On-body performance of the antenna (a) 3D body
phantom model, (b) S11 parameter

3.2.2 On-Body Simulated Results Analysis
3.2.2.1 Reflection Coefficient (S11 Parameter)

The proposed antenna’s reflection coefficient (S11)
on body phantom is shown in Fig. 13(b). The resonant
peak frequency seemed to be slightly shifted to lower fre-
quencies and the S11 values at 3.5 GHz and 5.95 GHz
are — 11.37dB and — 18.7dB, respectively. At each reso-
nant frequency, the S11 value is appeared well below -
10 dB but noticed to be higher than the off-body condi-
tion value. It is also evident that the proposed antenna
exabits a satisfactory wide bandwidth under the on-body
conditions. The higher reflection coefficient may result
from reactive loading by the body and variation of an-
tenna’s input impedance because of the fringing effect.
Once the antenna is placed close to the human body,
fringing effect may change the antenna’s effective width
and shifts the resonant frequency [27].

3.2.2.2 VSWR

The VSWR of the proposed antenna on body phan-
tom is depicted in Fig. 14. The VSWR at 3.5 GHz and
5.95 GHz are 1.73 and 1.26, respectively. The results in-
dicate sufficient impedance matching.

3.2.2.3 Gain, Directivity and Efficiency

Under the on-body condition, the designed antenna’s
gain, directivity and efficiency are analyzed at 3.5 GHz

JJ. NANO- ELECTRON. PHYS. 18, 01001 (2026)

and 5.95 GHz resonant frequencies. The change of an-
tenna’s gain with frequency is depicted in Fig. 15 (a). Al-
most identical antenna’s gain is observed at 5.95 GHz.
However, as seen the gain is reduced in magnitude at
3.5 GHz as a result of EM energy absorption in the body
tissue layers.

7

6

VSWR
w s

2 3 4 5 6 7 8
Frequency(GHz)

Fig. 14 — On-body simulated and measured VSWR of the pro-
posed antenna

The 3D directivity patterns of the antenna on human
body phantom model are depicted in Fig. 15 (b) for 3.5
Gz and in Fig. 15(c) for 5.95 GHz. The gain and directiv-
ity magnitudes of the proposed antenna are mentioned
in Table 4, which demonstrate the antenna possesses
sufficient amount of directivity for wireless transmis-
sion. The variation of radiation and total efficiencies of
the designed antenna with frequency on human body
phantom is depicted in Fig. 15(d), and the values at the
resonant frequencies are summarized in Table 4. A sig-
nificant reduction in efficiency is observed because of
EM energy absorption in the tissue layers.

5

Gain(dB)

_1 1 1 1 1
2 3 4 5 6 7 8

Frequency(GHz)

a

For 3.5 GHz, when the antenna is placed in on-body
condition, the gain drops significantly from 2.6 dB to
—0.177 dB, indicating that the antenna's ability to direct
power in a specific direction is compromised when placed
on the body. Radiation efficiency decreases substantially
from 81.17 % to 38.5 %, suggesting that more power is lost
due to absorption and detuning effects caused by the body's
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proximity. For 5.95 GHz, when the antenna is placed in on-
body condition, the gain increases from 2.59 dB to 3.29 dB,
which may result from favorable interactions between the
antenna and the body's electromagnetic properties at this
frequency. Radiation efficiency decreases from 78.4 % to
52.9 %, showing a moderate reduction in efficiency due to
power absorption by the body.

dB1
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=&80a
=323

=316

farfield (f=3.5) [1]

Type Farfield
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Output Directivity
Frequency 3.5 GHz
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dEi
6.05

-0.204
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=il 5
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farfield (f=5.95) [1]

Type Farfield
Approximation enabled (kR => 1)
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Output Directivity
Frequency 5.95 GHz
Rad. effic. -2.758 dB
Tot. effic. -2.817 dB
Dir. 6.046 dBi

[¢
0.60 |+ Radiation Efficiency
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0.55
;@ 0.50
o
S 045
L
& 0.40
C
)
S 0.35
=
% 0.30
0.25
2 3 4 5 6 7 8
Frequency(GHz)
d

Fig. 15 — Simulated antenna’s on-body (a) Gain, (b) Directivity
at 3.5 GHz, (b) Directivity at 5.95 GHz and (c) Efficiency
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Table 4 — Proposed antenna’s on-body Gain, Directivity, and
Radiation Efficiency

Resonance Gain Directivity Efficiency
frequency (dB) (dBi) (%)
(GHz)
3.5 -0.177 3.96 38.5
5.95 3.29 6.05 52.9

3.2.2.4 Radiation Pattern

At the resonant frequencies of 3.5 and 5.95 GHz, the
antenna’s radiation patterns over the human body phan-
tom is shown in Fig. 16. As seen the radiation pattern is
nearly directional which makes it suitable for the re-
quired most popular lower 5G, WiMAX, WiFi and ISM
band applications. Fig. 16 depict the E-field of the far-
field radiation pattern of the designed antenna over the
human body phantom at 3.5 and 5.95 GHz at phi =90
degrees.

Farfield E-Field(r=1m) Abs (Phi=90)

0

phi=g0 30 30 phi=270

60 AT 60

90

o N 14.3 dBv/m

180 Main lobe direction = 173.0 deg.
Angular width (3 dB) = 50.8 deg.
Side lobe level = -3.3 dB

120 ~ ' 120 Frequency = 3.5 GHz
l) Main lobe magnitude =
= 150

Theta / Degree vs. dBV/m

a
Farfield E-Field(r=1m) Abs (Phi=90)
0
phi=90 30 ] 30 phi=270
60 60
o0 90
120 120

Frequency = 5.95 GHz

Main lobe magnitude = 18 dBV/m

150 150
180 Main lobe direction = 18.0 deg.

Angular width (3 dB) = 45.5 deg.
Side lobe level = 3.2 dB

Theta / Degree vs. dBV/m
b

Fig. 16 — Antenna’s radiation pattern on body phantom at (a)
3.5 GHz and (b) 5.95 GHz

At 3.5 GHz, the observed main lobe magnitude, the
main lobe direction, angular width (3 dB) and side lobe
level are 14.3 dBV/m, 173 degree, 50.8 degree and
— 3.3 dB, respectively. While at 5.95 GHz, their corre-
sponding values as observed to be 18 dBV/m, 18 degree,
45.5 degree and — 3.2 dB, respectively.

3.2.2.5 SAR Analysis of the Designed Antenna

The antenna’s Specific Absorption Rate (SAR) is an-
alyzed for 3.5 GHz and 5.95 GHz resonant frequency
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under the placement of antenna on human body phan-
tom model. The optimum separation of 8 mm between
the antenna and skin has been chosen and the simula-
tions are conducted under an input power of 5 mW. The
SAR value is averaged over 1 g of biological tissue for
the designed three-layer tissue phantom model. The US
Federal Communications Commission (FCC) agency
specified the standard safe limit of SAR value is 1.6
W/kg for 1 g of tissue. The simulation results of SAR dis-
tributions of the proposed antenna at 3.5 GHz and 5.95
GHz are shown in Figs. 17(a) and (b), respectively for 1
gm of tissue. The observed corresponding maximum
SAR values are 0.4137 W/kg and 0.4062 W/kg, which are
far below the standard threshold of safety limits defined
by the FCC.

I:I.414+’

0.36 —
0.32
0.26 ]
0.24 —
D.Z—_
0.16 —
0.12

0.08
e
1]

0.32 —
0.28 —
0.24

U.Z—_
.16 —
0,12 —
0.0z
0.04

]

2

b

Fig. 17 — SAR analysis of the proposed antenna at (a) 3.5 GHz,
(b) 5.95 GHz

4. COMPARISON OF PROPOSED ANTENNA
WITH EXISTING RESEARCHES

The proposed antenna’s performance has been com-
pared with existing antennas performance as tabulated
in Table 5. It is obvious from the table that our antenna
is more compact, provides wider bandwidth, and reason-
able gain. The SAR value of proposed antenna is ob-
served to be lower than most of the reported antenna
found in the literature and are far below the standard
threshold of safety limits defined by the FCC.

The explanation of novelty of the work in terms of
comparison with prior arts is as follows. Considering the
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size of the antenna, in earlier studies, wearable anten-
nas for dual-resonance typically required larger areas to
maintain efficient performance. In the proposed design,
the isosceles triangular patch antenna with four parallel
bars achieves dual-resonance functionality in a highly
compact size of 35 x 25 x 1.6 mm3. The reduced dimen-
sions enhance usability and comfort for wearable appli-
cations. Seeing the bandwidth, most wearable antennas
found in the literature achieved limited bandwidth (in
some cases less than 2 GHz) due to their design con-
straints limiting their effectiveness for applications re-
quiring broader frequency ranges. The proposed de-
signed antenna achieved a wider bandwidth of 4.2 GHz
(including the two resonant frequencies at 3.5 GHz and
5.95 GHz). This enhanced bandwidth supports diverse
communication standards (e.g., 5G, WLAN) while main-
taining stable performance in wearable environments.
In view of SAR, many wearable designed antennas in
prior arts face challenges in meeting safety standards
due to high SAR values caused by their proximity to the
human body. The proposed design used of FR-4 sub-
strate and the optimized geometry of the antenna mini-
mizes SAR while maintaining radiation efficiency. Many
prior wearable antennas achieve dual-band operation
but often operate in distinct frequency bands, leading to
size and efficiency trade-offs. The proposed antenna res-
onates at 3.5 GHz and 5.95 GHz within a single broad
bandwidth that is rare, allowing the design to cover mul-
tiple applications seamlessly.

Table 5 — Comparison of presented antenna with some of the
existing researches

Substrate Center | Size (LaWxh) Operating SAR (WKg) | Gain
Ref. Frequency Frequency/
No. Materialle, (GHz) mm? (dBi)
Bandwidth
2] Rogers KT 547 0.9 | 2875 L1GHZ2.6 R 2647 4B
5880/2.2 GHz
5] | Photopaper32 | 2.45.35, | 40x30x027 | @305.30 GH-)/3 | 1.53(1g) & 348
5.2 GHz 1.93 (10g)
[31] | PDMS-gNWs/2.8 2.4 50x50%5.5 2.4-2.6 GHz 0.18 (1g) 2.4
[32] FR-4/4.3 2.4 62 xd3x 1.67 2.3369-2.443 0.4 (1g) 0.86
GHz/104 MHz
[33] | RogersTMM4 4515, 36 x 30 x 1.524 NR 15213, 3.6.96.
1.45 (1g) 2.3
5.065.
5.8487
134 Felt 35 70x70x2 2.36.2.40 and 0.772 35
8.4-5.6 GHz
1351 FR4/4.4 2.4 30x40x1.6 4 69.04% 0.98 3
1361 FR4/4.4 1.7 and 81x54x1.6 1.57-2.39 and NR 2.2 and
2.38-2.58 GHz
2.45 3.34dB
This FR4/4.3 35,595 35x25x1.6 26t06.8GHz/ | 0413712 @ 26
3.5 GHz &
work 42 GHz 0.4206 (1g) @
5.95 GHz

Abbreviation: NR for Not Reported

Targeted Applications of the proposed antenna is
Healthcare Monitoring Systems for Continuous moni-
toring of vital signs such as heart rate, blood pressure,
glucose levels, and body temperature. Following the
monitoring, wireless data transmission between sensors
and a central monitoring device. The proposed antenna
is suitable for WBAN Applications due to the following
reason. (i) Frequency Band Compatibility: 3.5 GHz falls
in the Citizens Broadband Radio Service (CBRS) band,
widely used for healthcare.5.95 GHz is part of the ISM
band which is also suitable for WBAN applications. (ii)
Low SAR Values: Maximum SAR values (0.4137 W/kg at
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3.5 GHz and 0.4062 W/kg at 5.95 GHz) comply with
IEEE standards (< 1.6 W/kg for 1 g of tissue), ensuring
user safety. (iii) Compact Design: The isosceles triangu-
lar structure and FR-4 substrate result in a compact,
lightweight design ideal for integration into wearable
devices. (iv) Directional Radiation Pattern: Ensures effi-
cient communication while minimizing interference
with other body-mounted sensors.

5. CONCLUSION

In this paper, a novel wideband compact wearable
microstrip patch antenna is designed and simulated us-
ing CST software for body-centric wireless applications
to cover the most popular lower 5G, WiMAX, WiFi and
ISM frequency bands. The antenna structure is devel-
oped on FR-4 substrate and consists of an isosceles tri-
angle with four parallel rectangular shaped flat bars. A
microstrip feed line is used to excite the antenna while
rectangular slots on the antenna and partial grounding
planes are used for improving the bandwidth and imped-
ance matching, providing a net size of 35 x 25 x 1.6 mm3.
The proposed antenna resonates at two frequencies of
3.5 GHz and 5.95 GHz and operates over a wide range
from 2.6 to 6.8 GHz with a huge bandwidth of 4.2 GHz.
The antenna is resonated at 3.5 GHz with a gain, VSWR,
and radiation efficiency of 2.6 dB, 1.12, and 81.17 %, re-
spectively and also at 5.95 GHz with the corresponding
values of 2.59 dB, 1.35, and 78.4 %, respectively under
the off-body condition. Under the on-body condition, the
antenna offers reasonable values of performance param-
eters. Moreover, the antenna satisfies safety
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Po3po0Oka Ta BUrOTOBJIEHHA KOMIIAKTHOI IIIMPOKOCMYTOBOI aHTEeHU
)i 0e3apPOTOBUX Ta 3acTocyBaHb B aianasdonax ISM/WiMAX/WiFi/5G

Md. Mehedi Hasan, Abu Zafor Md. Touhidul Islam

Antenna Design Lab, Department of Electrical and Electronic Engineering,
University of Rajshahi, Rajshahi-6205, Bangladesh

¥V 11i#1 pobOOTI MU IPOIIOHYEMO KOMIIAKTHY, IITIPOKOCMYTOBY Ta HOCHUMY MIKPOCMY’KKOBY IIaTI-aHTEHY 3 Je-
dexTHOIO0 3a3eMITIOBAIBHOI0 CcTPYKTYPoio (DGS) mi1st 06'eMHO-IIeHTPOBAHKX GE3IPOTOBHUX 3aCTOCYBAHD. 3aIIpo-
[OHOBAHA AHTEHA CKJIAIAETHCA 3 PIBHOOEIPEHOr0 TPUKYTHUKA 3 YOTUPMA MAPAJIeIbHUMU MPIMOKYTHUMI
IJIOCKUMM CTPIYKHSAME, POo3po0iieHa Ta onTuMisoBaHa B crymitiHomy maketi CST 3 BukopucTaHHIM HeIopo-
roro FR-4 ax migkiaagku BucoToo 1,6 MM, BIZHOCHOO HieJIEKTPUYHOK MPOHUKHICTIO 4,3 Ta TAHIEHCOM KyTa
Brpat 0,025, 3 oJaJIbIINM CTBOPEHHSAM IMPOTOTUILY. |'eoMeTpis aHTeHH CTAaHOBHUTHL 35 X 25 X 1,6 mm3. Jjsa
30y/PKeHHSI aHTEeHU BUKOPUCTOBYETHCS MIKPOCMYIKKOBA JIHIS JKMBJIEHHS, a4 IPSIMOKYTHI I1a3U HA aHTEHI Ta
YaCTKOBI 323eMJIIOBAJIHHI IJIOIIMHN BUKOPHUCTOBYIOTHCS JJIs IOKPAIeHHS IIPOITyCKHOI 31aTHocTi. Po3pobiena
aHTeHAa MPAIToe B IITUPOKOMY J1iarma3oHl 9acToT Bix 2,6 1o 6,8 [T, 1110 3a10BOIbHSIE TIOMYJISIPHI 3aCTOCYBaHHS
B HmskHBOMY mianasoHi 5G, WiMAX, WiFi ra ISM. Arrena pesonye ua vacrorax 3,5 I'T'i; ta 5,95 I'T'ir 1 migr-
pUMye IOKpaIeHn KoedillieHT BIGONUTTS, IIHPOKY CMYTY IIPOILYCKAHHS, IIO3UTUBHUAM KOeIIIEHT ITOCHIeHHST
Ta ed)eKTHUBHICTH y BCHOMY p000UIOMY Jlama3oHi 4acToT. Takoxk OyJo IIpoBeseHo aHaII3 Pe3yIbTaTiB MOJIeIio-
BauHd, nocrynaux y CST, Ha Timi anTeHH, KU TOKA3ye IPUIHATHI pe3dysibTaT. AHAIII3 IIMTOMOr0 KoediIri-
edTa noryHaHHEA (SAR) IPOBOAUTEHCS OKPEMO Ha KOKHIM Pe30HAHCHIH MIKOBIN YacToTi Ha (haHTOMHIM Mot
JIIOJICBKOTO TLJIA, 1 MAaKCUMAaJIbHI oTpuMaHi sHaveHHsa SAR cramosisats 0,4137 Br/kr npum 3,5 ' ta 0,4062
Br/xr ipu 5,95 I'T'ir gyt 1 r Glostoriysol TKAHWHM, 110 BigmoBigae pexomeraoBanomy IEEE rpannunomy sua-
veHHI0 Oe3nexu 1,6 Br/kr. Burorossieno mporoTun 3amponoHoBaHol aHTEHY, 1 BUMIPSIHI pe3yJIbTaTH BTPAT Ha
BIAOUTTSA JOOpe y3roKyThCS 3 Pe3yIbTaTaMu MOJIeJII0BaHHs. [loeqHaHHs 0c00IMBOCTEN HOBOI KOHCTPYKIII,
KOMITAKTHUX PO3MIpiB, IIMPOKOCMYTOBOI IIPOAYKTUBHOCTI, MATPUMEHN KiJIBKOX J1aIIa30HIB, IOKPAIIEHOTO KO-
edilfieHTa BIIOWTTA, MO3UTUBHOTO Koe(II[ieHTa IOCHJIEHHS Ta e(PEeKTUBHOCTI, 4 TAKOMK HU3BKOI0 3HAUEHHS
SAR crpusoTh HOBU3HI aHTEHHU, pOOJIAYH il 3HAYHUM IIPOTPECOM y TaIy3l 0e3IpoTOBOr0 3B'3Ky Ta 0loMeIu-
YHUX 3aCTOCYBAHb.

Kmouoei ciora: [llupoxocmyroeuit, Hocumuii, Tpuryrauii maty, 5G, WiMAX, WiFi, ISM-miamasow, ®anro-
munit, SAR, WBAN.
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