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Abstract—This work presents a substrate-level performance
comparison of a compact microstrip antenna operating in
the 2.5 GHz ISM band, designed and simulated using An-
sys HFSS. The antenna structure is maintained unchanged
22mm X 15mm X 1 mm overall size, microstrip-line excitation,
partial ground plane, and performance tuning via stub load-
ing and shorting pins) while the substrate is varied between
FR4 and silicon rubber. The FR4-based antenna exhibits a
pronounced return-loss minimum of —31.34dB at 2.52 GHz,
confirming excellent impedance matching. In contrast, the silicon-
rubber configuration resonates at 2.53 GHz with a return loss of
—17.54dB. While FR4 delivers improved reflection characteris-
tics, silicon rubber enables flexibility and conformal integration,
which are important for wearable and medical Internet of Things
(IoT) deployments. These observations underline the trade-off
between electromagnetic matching performance and mechanical
suitability for on-body biomedical systems.

Index Terms—Microstrip antenna, ISM band, wearable an-
tenna, flexible substrate, silicon rubber, FR4, medical IoT, HFSS
simulation

I. INTRODUCTION

Healthcare IoT (Internet of Things) is growing rapidly and
so is the use of small, wireless, battery-operated medical
devices for continuous monitoring, remote diagnosis, and
immediate transfer of physiological data. The antenna used
in these systems is not just an accessory: it is the main
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radiating interface, which influences link reliability, power
efficiency and quality of communication. Therefore, antennas
designed to operate in a compact form need to be developed
to ensure that future medical Internet of Things nodes can
operate effectively. The 2.4-2.5 GHz ISM Band (Industrial,
Scientific and Medical Band) is the most utilised electronic
spectrum for wireless communication in medical and wear-
able Internet of Things in comparison with another available
license-free spectrum. In addition to the global availability
of this band, an antenna working in the 2.4-2.5GHz band
will have compatibility with the short range of wireless
standards, allowing low-powered communications between
body mounted sensing devices and external devices such as
gateways, smartphones, and monitoring devices. Moreover,
antennas operating in the above-mentioned frequency should
provide good matching and consistent radiation patterns at all
times to ensure reliable transmission of data under real world
environments where multipath propagation and near body
loading will affect performance. Nevertheless, the antennas,
both biomedical and wearable application-related, must meet
performance requirements that are more demanding than that
of conventional wireless and even some non-conventional
antennas. To be functional, they must be compact in size and
low-profile in shape with respect to their physical dimensions.



Additionally, to meet full functionality, they must also be able
to minimize reflection loss and not have significant losses
in operational efficiency while being resistant to frequency
shifts due to the high-dielectric content and lossy nature of
human tissue materials when they are in close proximity to
the antennas. Making antennas smaller without compromising
the performance of the match is challenging because when
the physical size is made smaller, the bandwidth of the device
expands and the amount of mismatch increases. To overcome
any of the preceding limitations, many compact microstrip
antennas are optimized through various techniques such as
partial ground planes, stub loading techniques, and modifying
the input impedance, which changes the current paths and
increases the effective electrical length of the antenna without
altering the physical size of the antenna.

Substrate selection, in addition to geometric optimization,
has a huge impact on how well the antenna works and
how well it performs in its medical IoT applications. Rigid
substrates like FR4 are attractive materials because they are
relatively inexpensive, easy to manufacture, and show similar
electrical performance from production to production, gener-
ally providing superior impedance matching and a stable res-
onating frequency as long as the design is performed and tuned
and fabricated in the planar configuration. On the other hand,
flexible substrates like silicone rubber provide the conformality
and body compatibility required for integration into the body
or conforming to the body in other ways, such as by wrapping
around the skin or connecting to a garment or wearable device,
making them an advantage when using biomedical devices
attached to the body. However, the flexibility of the substrate
there is preferred creates the opposite problem when fabri-
cating the device. This study presents a direct comparison of
the RF characteristics of a 2.5 GHz microstrip antenna created
from FR4 versus a soft silicone rubber substrate. Two different
designs using the same geometry and the same feeding method
were used to create a consistent sample set for each substrate
material. The comparison of the two antenna types is based
upon three main RF performance metrics: radiation patterns
will be used to assess the directional characteristics, coverage
consistency, and suitability for Medical Internet of Things
(IoT) link applications; Voltage Standing Wave Ratio (VSWR)
to assess the practical matching performance and reflected
power across the operational frequency band of each design;
and S11 or Reflection Coefficient to determine the impedance
matching and resonant characteristics. The combined evalua-
tion of Reflection Coefficient, Voltage Standing Wave Ratio and
Patterns of Radiation demonstrate that there is an electrical-
mechanical trade-off between a rigid substrate that has been
designed to give an efficient match and a flexible one that
has been designed for conformal application. Thus, this paper
provides practical information pertaining to the selection of
substrate materials used in ISM-band biomedical and on-body
wearable devices.

II. ANTENNA DESIGN PROCEDURE
A. Design Specifications and Substrate Selection

The proposed compact microstrip antenna is designed to
operate at 2.5 GHz for ISM-band medical IoT and wearable
applications, with overall dimensions constrained to 22 x 15
x 1 mm?3 to support integration into small wireless devices. To
study the influence of substrate material on antenna perfor-
mance and mechanical suitability, the same antenna geometry
is implemented on two substrates:

* FR4 (Rigid substrate): relative permittivity er = 4.4, loss
tangent = 0.02

* Silicon rubber (Flexible substrate): relative permittivity er
= 3.3, loss tangent = 0.002

Both substrates [8] are modelled with a thickness of 1
mm to ensure a fair comparison. The antenna layout, feeding
structure, and partial ground configuration are kept unchanged
across both cases, so that variations in S11, VSWR, and
radiation patterns can be attributed primarily to the dielectric
and loss characteristics of the substrates, as well as the
mechanical nature (rigid vs flexible) relevant to biomedical
and on-body deployment.

B. Basic Antenna Structure

A standard microstrip patch antenna configuration is em-
ployed for this antenna with a radiating patch layer printed on
top of a substrate and a conductive ground plane on the bottom
side of the substrate. The original patch shape was determined
to resonate near 2.5 GHz and fit within the somewhat restricted
footprint. However, due to the desire to further miniaturize the
design[23], if the basic design is used alone, it will not provide
the required performance for the best matching or most stable
resonances. Therefore, modifications to the structure were
made to enhance the performance.

L1 =172

Lp =22

Wp =15

Fig. 1. Geometric view of the Designed Antenna.

C. Stub Addition and Resonating Structure

Phase 1 of the design was to include a stub in the radiating
structure to increase the effective electrical length without
increasing the physical dimensions of the radiating structure.



TABLE I
ANTENNA DESIGN SPECIFICATIONS
Antenna Parameters | Dimensions (mm)
Ly 22
Wp 15
Ly 17.2
Lo 8.2
L3 9
Wi 6.5
Wa 6.5
Ws 1.5
Wy 6
Wstub 3.5
Wy 2.5

The stub would provide additional surface current path length
which would result in the resonant frequency being shifted to
move toward the target ISM band and would also create better
coupling between the feed and the radiator. This modification
very well concentrated the current at the important radiating
edges of the patch and provides significant contribution to the
overall gain of the return-loss characteristics achieved from
both substrates used in the final design.

D. Shorting Pin Integration

The second improvement made to the radiating structure
was the introduction of shorting pins [1][2] between the patch
and ground plane for further miniaturisation and improved
impedance performance. The shorting pins also provide an
alternate current path which causes the resonant frequency to
drop and input impedance to stabilize. The number of shorting
pins [5][6] and their spacing must be arranged in such a
manner that the currents are controlled and therefore reduces
the losses by reflection.

E. Feeding Mechanism

To excite the antenna a microstrip feed line [7] was used
due to its planar nature and ease of controlling impedance. In
addition, the feed line was designed to exhibit a characteristic
impedance of 50 ohms. In order to minimize losses associated
with mismatched feeds, and to maximize the efficient transfer
of power into the antenna, as well as ensure that the feed
location is optimal, the location of the feed is designed based
on the stub arrangement and the shorting pins.

F. Ground Plane Configuration

To enhance the impedance match and improve the radiation
characteristic of the antenna, a partial ground plane was con-
structed on the opposite side of the substrate from the antenna.
A truncated ground plane changes the distribution of surface
currents on the ground plane, and therefore interacts with the
stub and shorting pins to provide an improvement in the return
loss of the antenna and overall radiation characteristics of the
antenna.

G. Final Optimized Configuration for Substrate Comparison

The final optimized antenna has a compact volume of 22mm
X 15mm X 1mm in dimensions and uses stub loading, shorting

pins, a 50-ohm microstrip feed line, and a partial ground
plane. The same optimized geometry was simulated on FR4
and silicon rubber [9],[10], providing a quantitative analysis
of the substrate driven effects on S11, VSWR, and radiation
patterns, and allowing for a direct comparison between a
flexible, conformal, wearable oriented configuration and a stiff,
rigid, high-matching configuration.
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Fig. 2. Trimetric view of the designed antenna.

ITI. SIMULATION RESULTS

A. Reflection Coefficient (511)
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Fig. 3. Return loss of the proposed antenna using FR-4 as the substrate.

The simulation results of the return loss (S7;) of the
microstrip antenna on an FR4 substrate in the 2.2-3 GHz
frequency range are shown in Figure 3. As observed, the curve
exhibits a clear resonance with a sharp and narrow dip located
close to the desired 2.5 GHz ISM band, representing efficient
impedance matching around 2.520 GHz with an S7; value of
—31.34dB. This result implies that nearly 100% of the input
power is radiated by the antenna, with only a negligible portion
reflected back to the source. Such performance indicates strong
coupling between the 502 microstrip feed and the compact



radiating structure formed by the partial ground plane, stub
loading, and shorting pins. Therefore, the antenna design
using the FR4 substrate enables effective tuning for ISM-band
medical and Internet of Things (IoT) applications [?].

Mame | X[GHZ | ¥
mi | 250 |-17548

Termmal S Parameter Plotl

— 05511}
SEg! - Swesn

dB{SH{1, 1))
h
@
1

,_4_
P
=
(]
o

T T
25 26 2

Freq [GHz]

(]
[
pa
e —
P
-

10

Fig. 4. Return loss of the proposed antenna using Silicon Rubber as the
substrate.

In Fig. 4, the simulated reflection coefficient (S11) of the
antenna fabricated on a silicone rubber substrate (¢, = 3.3,
tand = 0.002) over the frequency range of 2.2-3.0 GHz is
presented. As shown in the figure, a clear resonance appears
within the ISM band of interest. The marker m; indicates a
dip in S7; at 2.532 GHz with a corresponding return loss of
approximately —17.54 dB.

This return-loss value demonstrates that the antenna main-
tains good impedance matching on the flexible substrate, as it
lies well below the commonly accepted —10 dB criterion. This
indicates that most of the input power is efficiently transfe to
the antenna radiator, with only a small portion reflected back
to the source.

Furthermore, when compared with the FR4 substrate case,
a slight upward shift in the resonant frequency and a compar-
atively shallower dip in the S;; curve can be observed. This
behavior occurs due to the change in the dielectric constant
when transitioning to a lower-permittivity substrate [?]. In
general, the plot confirms acceptable impedance matching
around 2.5 GHz while allowing the antenna to maintain the
flexibility required for conformal and wearable medical Inter-
net of Things (IoT) applications.

The comparison of the reflection coefficient (S11) for both
substrates reveals that the antenna resonates close to 2.5 GHz,
confirming proper operation within the ISM band. The
FR4 substrate provides a significantly deeper return-loss dip
(—31.34dB at 2.520 GHz),demonstrating strong impedance
matching and minimal reflection. In contrast, the silicone
rubber substrate exhibits a slightly higher resonant frequency
(2.532 GHz) with a shallower dip (—17.54dB), suggesting
that the impedance matching remains good but is compara-
tively weaker than that of the FR4 substrate [?]. Overall, FR4
offers superior reflection performance, while silicone rubber

provides acceptable matching along with the added advantage
of flexibility, adapting it for conformal and wearable antenna
applications.

B. Voltage Standing Wave Ratio (VSWR)
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Fig. 5. VSWR of the proposed antenna using FR-4 as the substrate.

The simulated voltage standing wave ratio (VSWR) for the
antenna built on FR4 (er = 4.4, tand = 0.02) was demonstrated
in figure 5. The antenna represents a distinct, sharp minimum
at the ISM-band frequency (2.520GHz) revealing it is well
matched to this frequency. The marker value of 0.4709 dB
(VSWR) represents an actual VSWR of approximately 1.06,
which is very close to the ideal value of 1. A low VSWR
indicates that only a small quantity of input power is reflected
back towards the source, while the majority of the input power
is transferred to the antenna for radiation, confirming the
excellent impedance matching of the antenna. The presence
of a deep dip and stable curve about the resonant frequency
also indicates effective coupling between the antenna’s feed
and radiator; thus, the FR4-based antenna is determined to be
a good choice for reliable operation of wireless/IoT devices
operating at 2.5 GHz.

Name | K[gHZ | Y VSWR Plotl
mi 25 |23%
625 7 — EVEWR[ 1))
1 SEg! - ENes
50.0
x5
£ ]
=
4}
= 25.0
)
12.5 4
0.0 T T TTTTTTT T T T T
22 23 24 25 28 27 28 28 30
Freq [GHz]

Fig. 6. VSWR of the proposed antenna using Silicon Rubber as the substrate.



The figure 6 presents the simulated VSWR response of the
antenna when implemented on the silicone rubber substrate
(er = 3.3, tand = 0.002). A clear minimum occurs at 2.532
GHz, confirming that the antenna is tuned close to the 2.5
GHz ISM band on the flexible material. The marker is at
2.3195 dB(VSWR), which corresponds to an actual VSWR
of approximately 1.30, implying good impedance matching
(well within common acceptance limits such as VSWR ;
2). Compared with the FR4 case, the minimum is higher
and the resonance is slightly shifted upward, reflecting the
change in effective dielectric loading when moving to a lower-
permittivity flexible substrate. Overall, the plot verifies that the
antenna remains suitably matched on silicone rubber, though
with a weaker match than FR4, while enabling the mechanical
flexibility [22] required for wearable and on-body medical IoT
applications. The FR4 substrate gives the strongest impedance
match, seen as the deepest VSWR minimum around 2.52 GHz.
With silicone rubber,[20],[21] the antenna still matches well
near 2.53 GHz, but the VSWR minimum is higher, showing
slightly increased mismatch compared to FR4.

C. 2D Radiation Pattern

Gain Plotl

Fig. 7. 2D Radiation pattern of the proposed antenna using FR-4 as the
substrate.

The far-field radiation pattern of the proposed antenna on
an FR4 substrate at 2.5 GHz is depicted in Figure 7. The plot
presents Gain Total (dB) in both main cuts, ® = 0 and ®
= 90. There is a significant main lobe which indicates that
the antenna radiates [14] much more clearly in the forward
direction than it does in any other angle. The E-plane and H-
plane pattern have a slight asymmetry and variation in their
shapes, which are expected as a consequence of the compact
structure, the partial ground plane that was used, and the stub
loading and shorting pins that modified the current distribution
[15] on the surface of the substrate. Overall, the radiation
patterns confirm stable directionality at the target frequency of
the ISM band for reliable wireless communication for compact
medical/IoT devices.

The figure 8 exhibits the 2D polar far-field radiation pattern
of the proposed antenna at 2.5 GHz when realised on a silicon

Gatn Plotl

Fig. 8. 2D Radiation pattern of the proposed antenna using Silicon Rubber
as the substrate.

rubber substrate with er = 3.3 and tand = 0.002. The plot
includes both principal plane cuts (® = 0° - E plane, ® = 90°
- H plane) measured using total realised gain (dB(GainTotal)).
The directional radiation pattern indicates that the antenna ra-
diates to a greater degree in the forward/broadside region (i.e.,
0°) and is less susceptible to back-radiation (approximately
+180°)—confirming that the back-radiation is lower than that
of other possible designs. A comparison of the two cuts reveals
that the H-plane (® = 90°) has a much broader, smoother
contour; while the E-plane (® = 0°) displays a somewhat-
shaped/irregular contour; this variation can be attributed to
the compact radiator design, partial ground plane, and load-
ing elements that have created asymmetrical surface current
distributions. The silicon-rubber implementation demonstrates
a stable radiation pattern at 2.5 GHz, implying its potential
application for conformal/wearable medical IoT devices where
continuous coverage is required when the device is bent or
placed against a patient. At 2.5 GHz, both FR4 and silicon
rubber designs present a mainly directional radiation pattern
with a forward main lobe and reduced back radiation. In both
cases, the H-plane is smoother/broader than the E-plane due
to the compact [16] structure with partial ground, stub, and
shorting pins.

D. 3D Radiation Pattern

Figure 9 (FR4) and Figure 10(silicon rubber) are the 3D
far-field radiation characteristics of the same patch geometry
realized on two different substrates. In both cases, the antenna
exhibits a clear dominant main lobe radiating away from
the patch (broadside/near-broadside behaviour) with compar-
atively weaker radiation in the opposite direction,suggesting
that the structure maintains a generally directional pattern
rather than a fully omnidirectional one.

When the substrate is changed from FR4 to silicon rubber,
the overall shape of the pattern remains similar (same radiation
mechanism and polarization), but the distribution of radiated
energy typically becomes more “spread” with the flexible
substrate—i.e., a slightly broader main lobe and reduced peak
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Fig. 9. 3D Radiation Pattern of the proposed antenna using FR-4 as the
substrate.

intensity—because silicon rubber[17] commonly introduces
different effective permittivity and higher dielectric loss com-
pared with FR4, which can reduce radiation efficiency and
slightly alter the current distribution on the patch. In contrast,
the FR4 case tends to preserve a more concentrated main lobe
(higher apparent directivity), while the silicon-rubber [18] case
is expected to have mild pattern smoothing/beam spreading
and potentially small changes in beam tilt due to the substrate’s
different electromagnetic loading. Overall, the figures indicate
that substrate selection primarily affects radiation strength and
lobe breadth (and hence gain/directivity), while the antenna’s
fundamental directional radiation behavior remains consistent
across both implementations.

o 20

40 (mm)

Fig. 10. 3D Radiation Pattern of the proposed antenna using silicon rubber
as the substrate.

In summary, the FR4-based antenna achieves superior
impedance matching, evidenced by a deeper S11 notch and a
lower VSWR, and it tends to maintain a more focused direc-
tional radiation. The silicon-rubber design, while still operat-
ing effectively near the 2.5 GHz ISM band with a comparable
directional pattern, displays comparatively reduced matching

TABLE Il

COMPARISON MATRIX OF FR4 AND SILICON RUBBER SUBSTRATES

Metric FR4 substrate Silicon  rubber
substrate

Substrate type Rigid Flexible / confor-
mal

Relative permittivity | 4.4 33

(ET)

Loss tangent (tan ) 0.02 0.002

Substrate thickness 1 mm 1 mm

Resonant  frequency | 2.520 GHz 2.532 GHz

(approx.)

Minimum return loss | —31.34 dB —17.54 dB

(511)

VSWR at resonance | ~ 1.06 ~ 1.30

(approx.)

Impedance matching | Excellent (very low | Good

strength reflection) (acceptable,
but weaker than
FR4)

performance and a slight resonance shift. Overall, FR4 is
preferable when peak RF performance is the priority, whereas
silicon rubber is a practical choice when mechanical flexibility
and conformal/wearable integration are more important.

IV. CONCLUSION

Using HFSS, the authors of this paper conducted a com-
parison between two different substrate materials (FR4 and
silicon rubber) for a compact 2.5 GHz ISM-band microstrip
antenna, while keeping the geometry and feeding structure
of the antenna constant. The results conclude that both sub-
strates can be used to create resonance at or near the desired
ISM frequency range, however, the two materials produced
antennas with differing levels of impedance matching. The
antenna manufactured on an FR4 substrate had a much better
impedance match than the antenna manufactured on a silicon
rubber substrate; the FR4 antenna had an S-parameter of -
31.34 dB at 2.52 GHz and a VSWR of approximately 1.06
(representing very low power reflected back to the transmitter
and highly efficient power transfer to the antenna). On the
other hand, the antenna manufactured on silicon rubber had
an S-parameter of -17.54 dB and a VSWR of approximately
1.30 at 2.53 GHz. Both the FR4 and silicon rubber antennas
will work well in practical wireless applications, but the
silicon rubber antenna will have a slightly larger mismatch
compared to the FR4 antenna. Radiation-pattern analysis at 2.5
GHz showed that both implementations maintain a directional
pattern [19] with a dominant forward main lobe and reduced
back radiation, and the H-plane remains smoother/broader than
the E-plane due to the compact structure with a partial ground
plane, stub loading, and shorting pins. Overall, the study
highlights a clear trade-off: FR4 is the better choice when
maximum impedance matching and stable RF performance
are the priority, making it suitable for rigid medical IoT
nodes and compact wireless devices, whereas silicon rubber is
preferred when conformal placement, flexibility, and wearable
integration[22] are required, even though it results in slightly
reduced matching performance. This comparison provides



practical guidance for selecting substrate materials based on
the intended application scenario in biomedical and wearable
ISM-band systems.

ACKNOWLEDGMENT

The Simulation support for this work is provided by RF Lab
at Karunya Institute of Technology and Sciences, Coimbatore.

[1]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

(10]

(1]

[12]

[13]

[14]

REFERENCES

J. Liu, Z. Tang, Z. Wang, H. Li and Y. Yin, "Gain Enhancement of a
Broadband Symmetrical Dual-Loop Antenna Using Shorting Pins,” in
IEEE Antennas and Wireless Propagation Letters, vol. 17, no. 8, pp.
1369-1372, Aug. 2018.

Yang, S., An, J., Xiu, Y., Lyu, W., Ning, B., Zhang, Z., Debbah,
M., Yuen, C. (2024). Flexible Antenna Arrays for Wireless Com-
munications: Modeling and Performance Evaluation. arXiv preprint
arXiv:2407.04944.

S. Lamultree, W. Thanamalapong, S. Dentri, and C. Phongcharoen-
panich, “Tri-Band Bidirectional Antenna for 2.4/5 GHz WLAN and
KuBand Applications,” Applied Sciences, vol. 12, no. 12, p. 5817, 2022.
J. Li et al,, ”A flexible wearable dual-frequency antenna of ISM
band,” 2024 IEEE MTT-S International Microwave Workshop Series
on Advanced Materials and Processes for RF and THz Applications
(IMWS-AMP), Nanjing, China, 2024, pp. 1-3, doi: 10.1109/IMWS-
AMP62793.2024.10966540.

L. Zhang, Y. Xu, Y. He, Q. Zhou, L. Zhang and Z. Zhou, A Broadband
Low-Profile Antenna Array Using Shorting Pins for 5G Millimeter
Wave Applications,” 2022 IEEE MTT-S International Microwave Work-
shop Series on Advanced Materials and Processes for RF and THz
Applications (IMWS-AMP), Guangzhou, China, 2022, pp. 1-3, doi:
10.1109/IMWS-AMP54652.2022.10106962.

S. B. Behera and S. Behera, ”A Compact Microstrip Patch Antenna
Design with Shorting Pins and Slots,” 2018 International Confer-
ence on Applied Electromagnetics, Signal Processing and Communi-
cation (AESPC), Bhubaneswar, India, 2018, pp. 1-3, doi: 10.1109/AE-
SPC44649.2018.9033271.

D. Baskar, C. R. A. Kumar and P. Subramoniam, ”A linearly polarized
microstrip patch antenna array using microstrip line feed,” 2012 Inter-
national Conference on Computing, Communication and Applications,
Dindigul, India, 2012, pp. 1-4, doi: 10.1109/ICCCA.2012.6179153.

J. Kurian, U. Rajan M.N. and S. K. Sukumaran, “Flexible mi-
crostrip patch antenna using rubber substrate for WBAN appli-
cations,” 2014 International Conference on Contemporary Comput-
ing and Informatics (IC3I), Mysore, India, 2014, pp. 983-986, doi:
10.1109/1C31.2014.7019760.

R. S, V.S, S.S,S. B, T.J and S. S, "Biomedical Sensing via
Wearable Technology: A Novel Circular Slotted Antenna,” 2025 3rd
International Conference on Intelligent Cyber Physical Systems and
Internet of Things (ICoICI), Coimbatore, India, 2025, pp. 646-651, doi:
10.1109/1CoICI165217.2025.11253274.

A. Sabban, ”Small New Wearable Antennas for IOT, Medical and
Sport Applications,” 2019 13th European Conference on Antennas and
Propagation (EuCAP), Krakow, Poland, 2019, pp. 1-5.

A. Sabban, ”Small New Wearable Metamaterials Antennas for IOT,
Medical and 5G Applications,” 2020 14th European Conference on
Antennas and Propagation (EuCAP), Copenhagen, Denmark, 2020, pp.
1-5, doi: 10.23919/EuCAP48036.2020.9136003.

T. Rashid, M. N. Hasan and P. S. Mazumdar, "An L-slot Compact
Antenna for Medical, Wearable Device and IoT Applications,” 2021 In-
ternational Conference on Information and Communication Technology
for Sustainable Development (ICICT4SD), Dhaka, Bangladesh, 2021,
pp. 100-104, doi: 10.1109/ICICT4SD50815.2021.9396832.

B. Nagar, D. Sen, S. Deolikar, A. Nadeem and G. Upadhyay, "Design
and Performance of a Multiband Monopole Antenna for IoT and
ISM Applications,” 2025 Third International Conference on Microwave,
Antenna and Communication (MAC), Bhopal, India, 2025, pp. 1-6, doi:
10.1109/MAC64480.2025.11140456.

Wang, Q., Dai, H.-N., Zheng, Z., Imran, M., Vasilakos, A. V. (2017). On
Connectivity of Wireless Sensor Networks with Directional Antennas.
Sensors, 17(1), 134. https://doi.org/10.3390/s17010134.

[15]

[16]

[17]

[18]

(19]

(20]

[21]

[22]

(23]

Ahmed, M. F.,, Bashir, S., Paul, P. K., Islam, M. B., Uddin, A. N. M. S.,
& Kabir, M. H. (2024). A Compact Patch Antenna for Wireless Sensor
Network Applications in WLAN. Applied Engineering and Technology,
3(3), 133-148.

P. Kaur, M. Sharma, L. Matta and R. Gill, ”An Ultra-Compact and
Conformal 70 GHz Circular Patch Antenna for V-Band (57-71GHz)
5G Millimeter Wave Applications,” 2024 IEEE Wireless Antenna and
Microwave Symposium (WAMS), Visakhapatnam, India, 2024, pp. 1-5,
doi: 10.1109/WAMS59642.2024.10528094.

N. M. George, A. Jones, and M. Pushpa, “A Versatile Silicon-Based
Rubber Substrate Tapered Edge Antenna for Medical Telemetry Appli-
cation,” vol. 1, no. 1, pp. 16-23, 2021.

] N. M. George and T. A. J. Mary Pushpa, “Durable Silicon Rubber
Based Miniaturized Antenna With Concentric Circle Structure For A
Medical Telemetry Application,” Prog. Electromagn. Res. M, vol. 107,
pp- 155-165, 2022, doi: 10.2528/PIERM21102506.

George, N. M., A. Jones, and M. Pushpa. "Design of rectangular patch
antenna with Parallel slots for Medical Telemetry applications.” Int. J.
Innovative Technol. Explor. Eng 8 (2019): 525-531.

Sainath, Kummaramsetty, et al. "Development of flexible durable mul-
tislotted antenna for wearable applications.” Heliyon 10.23 (2024).
Mathew, Jinu, et al. "Comparative Study of Various Antenna Substrates
for Brain Tumor Detection.” 2024 Third International Conference on
Artificial Intelligence, Computational Electronics and Communication
System (AICECS). IEEE, 2024.

] N. E. Abraham, N. M. George, J. Mathew, T. Thomas, A. M. M
and S. M. G. Raj, "Design and Analysis of a Compact, Flexible
Antenna at 6.5 GHz for Wireless Sensor Network Applications,” 2025
International Conference on Sensors and Related Networks (SENNET)
Special Focus on Digital Healthcare(64220), Vellore, India, 2025, pp.
1-6, doi: 10.1109/SENNET64220.2025.11136086.

P. Ramya, B. Deepa, R. Bharathi, and K. Suriyan, “Miniaturized
monopole antenna with dual inverted L shape slot and shorting pins
for biotelemetry applications,” Journal of Industrial Textiles, vol. 55,
2025, doi: 10.1177/15280837251333633.



