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Abstract. This research illustrates the application of PDMS (polydimethylsiloxane), a silicon-based polymer with loss
tangent (tand, ) and dielectric constant (g;) values of 0.02 and 2.65, as a flexible substrate for antenna (PDMS substrate
based flexible antenna — PSFA). In this paper, two flexible antennas having a size of 50.2x40.1x1 mm are presented for
wireless body and local area networks. A split ring resonator (CSRR) structure with circular geometry is integrated on the
patch in the second proposed antenna as compared to the first antenna with the same dimensions. As a result, this antenna
has multiband notched frequency characteristics at 5.12, 5.80, and 6.66 GHz, respectively, with improved performance. It
also helped to reduce SAR and backward radiation. Both of the proposed antennas behave well and exhibit significant con-
cordance between simulation and measurement findings when tested in various operational situations, including wet and
conformal conditions and demonstrate the suitability of PDMS as a flexible substrate for antenna applications.
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1. Introduction

Compared to conventional electronic devices with
rigid substrates, flexible substrate-based electronics
have many benefits. These flexible devices can with-
stand unusual operating environments like twisting,
bending, and stretching. As a result of additional
atypical performance requirements brought on by the
rising demand for novel wireless communication
systems in recent years, antenna designers have had
to overcome a number of technological impedi-
ments. For such applications, it is preferable to have
a flexible, compact, lightweight, easily integrable,
and inexpensive antenna. These qualities are also de-
sired in wearable antennas [1] for body-worn appli-
cations because they mitigate potential health risks
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for the user. As a result, flexible antennas designed
utilizing flexible substrates are preferred over tradi-
tional antennas using rigid substrates to satisfy such
requirements.

Materials for conductive portions like patch, ground,
and feed, as well as substrate materials, should be
carefully chosen when designing a flexible antenna.
This decision will largely depend on the desired ap-
plications taken into account. Fabric, polymers, and
paper-based substrates are the three basic categories
of flexible substrates that may be utilized to develop
flexible antennas. The vulnerability of fabric sub-
strates to external factors like temperature variations
and hydrophilicity is higher. They perform only par-
tially when conditions are flexible, stretchable, and
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conformal [2]. Similar restrictions apply to paper-
based substrates; hence polymer-based substrate
polydimethylsiloxane (PDMS) is favored in this re-
search.

Researchers are always experimenting with new ap-
proaches and materials to enhance the performance
of flexible and wearable antennas. One is the use of
metamaterial loading in flexible and wearable anten-
nas. Flexible antennas’ performance can be further
enhanced by various metamaterial structures, such
as split-ring resonators (SRRs), by downsizing their
size, boosting their bandwidth, efficiency, and direc-
tivity, and enhancing their radiation patterns [3, 4].
These features facilitate wave polarization, wave ab-
sorption, and surface wave reduction. For lowering
the specific absorption rate (SAR) of flexible/wear-
able antennas, metamaterial surfaces have also gained
popularity. By reducing the energy the body absorbs,
metamaterials are frequently employed to protect the
human body from dangerous radiation [5]. They are
unquestionably helpful in antenna design. Still, a
great deal of research is to be done in this field, par-
ticularly their implementation in flexible and wear-
able antennas using polymer substrates like PDMS.
This encouraged us to design and analyze a PDMS
substrate-based flexible antenna-2 (PSFA-2) for wire-
less body and local area networks that is inspired by
a split ring resonator (CSRR) structure and compare
it to a flexible antenna having the same dimensions
(PSFA-1) that is not loaded with CSRR to assess its
advantages. There are several pieces of research
available in the literature that employs SRRs in the
antenna design to create frequency notches and
broadband behavior and to improve the antenna per-
formance. Still, there are very few on the design of
flexible/ wearable antennas with CSRR loading, par-
ticularly using the polymer substrates like polydi-
methylsiloxane (PDMS) for the targeted wireless
local area network (WLAN) and wireless body area
network (WBAN) applications as presented in this
paper. Furthermore, many researchers have employed
a variety of CSRRs and their arrays, but here only
one CSRR employed in PSFA-2 is performing the
same task, thus reducing the design complexity. The
employed substrate PDMS in both of the presented
antennas is fabricated and characterized to improve
the design accuracy and both of the presented anten-
nas are tested under varying operating conditions.
Simple antenna structures, even with the CSRR in-
corporation, stable and enhanced performance with

flexibility, easy and cost-effective development
process make the proposed antennas employable,
and PDMS a good candidate as a flexible substrate
for the targeted applications; these are some of the
major contributions of the presented research as
compared to the previous works.

Both of the proposed antennas show a multiband be-
havior and operate at the 5.0 GHz band (Institute of
Electrical and Electronics Engineers, IEEE 802.11ac)
to resolve the 2.45 GHz band’s issues relating to traf-
fic and the 6.0 GHz (IEEE 802.11ax) band, which
was just debuted in 2020 for fast wireless local area
network applications. To address fast wireless body
area network applications, an additional band of
5.8 GHz (IEEE 802.16d) is attained in the PSFA-2
by a single CSRR loading. The presented paper is
divided into five sections. After a brief introduction
in section 1, section 2 provides an overview of the
PDMS development and characterization techniques.
Antenna designs and fabricated prototypes are pre-
sented in section 3. In section 4, the performance of
both the presented PSFAs is compared with SAR,
conformal, and wet condition analysis. Finally, the
paper is concluded in section 5 by summarizing all
the results obtained.

2. PDMS Fabrication and dielectric
characterization

The choice of substrate is a crucial component of an-
tenna design since its physical and dielectric qualities
have a direct impact on the antenna’s radiating prop-
erties. Polydimethylsiloxane (PDMS), which is a sil-
icone-based elastomer belonging to silicon-organic
compounds, is used as a flexible substrate in both of
the proposed antennas. PDMS has gained popularity
in recent years not only as a substrate for antenna ap-
plications but also as a coating for antenna hy-
drophobics [6], wearable sensors [7], membranes
[8], etc. It possesses qualities that make it an appro-
priate substrate for flexible antennas — it is highly
flexible (Young’s modulus <3 MPa) and transparent,
has less effect of environmental variations like ab-
sorption of moisture, is thermally and chemically sta-
ble, and has nearly isotropic dielectric properties [9].
The flexible substrate PDMS is developed using the
conventional process, as summarized in Figure 1.
After the substrate has been chosen and successfully
developed in accordance with the specifications, its
characterization is carried out utilizing our prior re-
search [10-12]. Since PDMS is anisotropic, the values
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Figure 1. a) PDMS development process, and b) developed PDMS.

for the dielectric properties vary in different direc-
tions. The characterization of the PDMS as a flexible
substrate is crucial since it has been noted from the
literature that various researchers have employed dif-
ferent values of the dielectric characteristics for var-
ious applications [ 13—15]. This variation in the val-
ues of the dielectric parameters is mainly because of
the applied characterization methods like, for exam-
ple, conventional methods like Kent, free-space,
Courtney, etc., methods evaluate the dielectric pa-
rameters in a parallel direction [ 16—18]. Whereas the
methods like transverse magnetic (TM) mode, re-en-
trant cavity, substrate integrated waveguide (SIW),
etc. methods investigate the dielectric parameters in
a perpendicular direction [19-21]. All of these meth-
ods are not appropriate for the characterization of
polymers and may result in variable outcomes for
anisotropic substrates.

Resonance and planar structure techniques based on
our past works are employed here to investigate the
PDMS dielectric characteristics [9, 10]. As shown
in Figure 2a, two distinct resonators, R1 (for paral-
lel values) and R2 (for perpendicular values), were

designed exclusively for resonance measurements of
PDMS’s dielectric characteristics in both directions.
The measurements show that the dielectric constants
were 2.7 and 2.5, and the loss tangents were 0.03 and
0.02 in parallel and perpendicular directions, respec-
tively. Therefore, it should be underlined that the
perpendicular dielectric constant is approximately
5.1% smaller than the parallel one, demonstrating
the low anisotropy of this material.

This method is also applied to other similar materials
to validate the acquired values, and when their re-
sulting values are compared with the values provided
by the manufacturer, a reasonable correlation is
found, as shown in Table 1. The covered ring res-
onator, shown in Figure 2b, has been used in planar
structure measurements to assess the isotropic coun-
terparts to PDMS’s anisotropic dielectric character-
istics and help to minimize simulation problems with
the anisotropic substrates in antenna applications.
The loss tangent is calculated to be 0.02, and the di-
electric constant to be 2.65. The isotropic equivalent
values of the PDMS lie between the parallel-perpen-
dicular values, as illustrated in Figure 3.

Covered ring
resonator

Figure 2. Measurement setups for a) Resonance measurement, and b) planar structure measurement method.
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Table 1. Dielectric values of different materials by the resonance measurements (approximates).

tanSg o tand,
Material Perpendicular value, e Parallel value, € —
Tperpendicular Tparallel
*) =)
Polydimethylsiloxane (PDMS) 0.0200/2.5 0.0300/2.7
Cyclic olefin copolymer (COP) 0.0003/2.3 0.0005/2.3
Polytetrafluoroethylene (PTFE) 0.0002/2.0 0.0003/2.1
Polycarbonate (PC) 0.0050/2.7 0.0060/2.7
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Figure 3. Obtained dielectric values by resonance and planar measurements: a) dielectric constant values and b) loss tangent

values.

3. Antenna design

Two flexible antennas (PSFA-1 and 2) for wireless
body and local area networks are presented in this
paper. The PSFA-2 incorporates a CSRR structure to
exemplify the advantages of employing it in flexible
antenna designs with PDMS substrate; however,
both antennas have the same physical dimensions.

Table 2. Antenna physical parameters.

3.1. Antenna geometry

Both of the proposed flexible antennas of size
50.2x40.1x1 mm having a circular patch are de-
signed using PDMS as a flexible substrate with &, of
2.65 and tan d¢, of 0.02. The antenna geometries are
depicted in Figure 4 and listed in Table 2 with their
precise dimensions. In order to examine the effects
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Figure 4. Antenna geometries: a) PSFA-1, and b) PSFA-2.
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on the radiation performance, which are detailed in
later portions of this paper, a CSRR structure is in-
serted in the PSFA-2 on the same side of the patch.
Prior to being used in the antenna design, the CSRR
is additionally examined and optimized for its be-
havior [22] using Ansys HFSS software.

The incorporation of the CSRR in the antenna design
is quite advantageous since it makes the design more
compact while acting as a magnetic resonator, in-
creases bandwidth by limiting standing waves, and
enhances the antenna’s radiation characteristics.
These benefits are experimentally confirmed in the
later sections of this paper in the design and analysis
of PSFA-2.

The circular SRR's resonant frequency (fres) is
(Equation (1)):

1 /1
fres —CSRR 27T Liotal Ctotal

1

- Ty~ Seq Cu
27y Ltotal[( o ;g,,) 2+ ]

where Ly and Cioia are the total inductance and
total capacitance of the unit cell structure, 7, 1s the

(M

£t
2Sgap

a)

Equivalent circuit of PSFA-1

C,=0.744 pF
|
1

b)

Antenna C,=0.744 pF
|
1

ring’s average radius, Sg,p is the gap in split, Cyy is
the per unit length capacitance. The total inductance
of the unit cell is (Equation (2)):

Lygg = 0.00024,, (2.30310g10$— c)uH )
where /y, is the wire’s cross-section length for a sin-
gle loop, c is the wire loop geometry constant, and
is equal to 2.4.

The CSRR unit cell geometry is shown in Figure Sa,
and the equivalent circuits of both PSFAs are depict-
ed in Figure 5b and Figure 5c, respectively. Its re-
sponse as an SRR structure is confirmed by Figure 6,
which shows that the SRR has a negative permeabil-
ity and permittivity in the required region of opera-
tion. The CSRR interacts dynamically with electro-
magnetic waves when these parameters are negative,
as it produces a negative refractive index, which
lessens standing waves and enhances the antenna’s
performance.

3.2. Fabrication of prototypes
The prototypes of the presented antennas are devel-
oped and measured using the vector network analyzer

Equivalent circuit of PSFA-2
Antenna

Figure 5. a) Circular SRR dimensions; equivalent circuits: b) PSFA-1, and c¢) PSFA-2.
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Figure 6. Circular SRR response.

(VNA) Figure 7, to validate the simulation results. In
order to fabricate the antennas, first of all, the PDMS
is developed as mentioned in section 2 with the re-
quired thickness of 1 mm, then it is cut as per the an-
tenna dimensions of 50.2x40.1 mm. The copper tape
0.059 mm thick is used for the metallic parts of the
antenna. Due to its superior adhesive qualities, the
flexible substrate PDMS makes it simple for the cop-
per tape to adhere. Both fabricated antennas exhibit
steady performance even under variable working con-
ditions, as described in the following sections of this
article.

4. Performance analysis

The evaluation of the obtained results from the sim-
ulation and measurement of the two designed PSFAs
is carried out in this section. Both antennas are com-
pared while operating under varying operating situ-
ations like conformal and wet conditions with SAR
analysis.

Real view

4.1. Radiation parameters

Both of the presented antennas show notched fre-
quency behavior for the target applications, as shown
in Figure 8. The PSFA-1 with dual-band behavior
has impedance bandwidths of 0.75 GHz (4.60—
5.35 GHz) at 5.03 and 0.51 GHz (6.39-6.90 GHz) at
6.53 GHz; 0.698 GHz (5.00-5.69 GHz) at 5.40 and
0.5 GHz (6.10-6.60 GHz) at 6.70 GHz in the simu-
lation and experimental results respectively. While
the PSFA-2 shows a triple band behavior having im-
pedance bandwidths of 0.83 GHz (4.50-5.33 GHz)
at 5.12 GHz, 0.64 GHz (5.60-6.24 GHz) at 5.80 GHz,
and 0.53 GHz (6.35-6.88 GHz) at 6.66 GHz in sim-
ulation and 0.8 GHz (4.80-5.60 GHz) at 5.24,
0.61 GHz (5.62-6.23 GHz) at 5.72 and 0.518 GHz
(6.48-6.99 GHz) at 6.81 GHz in measured results re-
spectively. Figure 9 illustrates the voltage standing
wave ration (V'SWR) of both the presented antennas
with both simulation and measurement results hav-
ing values less than 2. The close correlation be-
tween the simulation and measured radiation pat-
terns at resonating frequencies across different
planes is illustrated in the Figure 10 and Figure 11.
Both of the proposed PSFAs exhibit nearly omni-
directional radiation patterns and show a conven-
tional monopole behavior. The total gain of the
PSFA-1 and PSFA-2 is 4.8 and 6.3 dBi, respective-
ly (Figure 12). The third frequency band at
5.8 GHz, a decrease in the reflection coeficient
(S11) and VSWR, and an enhancement in antenna
gain can all be vividly viewed from the discussions
above as benefits of implementing a single CSRR
in the PSFA-2 with polymer substrate PDMS as
summarized in Table 3. E-field distribution of both
PSFAs are shown in Figure 13.

Developed
prototypes
and

measurement
set-up

b)

Figure 7. Fabricated prototypes: a) PSFA-1 and PSFA-2, and b) prototypes and measurements.
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Figure 12. 3D gain plot: a) PSFA-1, and b) PSFA-2.
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Table 3. Comparison of PSFAs.

PSFA-1 PSFA-2
Parameters Simulation results | Experimental results Simulation results Experimental results
Frequency [GHz] 5.03 6.53 5.40 6.70 5.12 5.80 6.66 5.24 5.72 6.81
S1/VSWR [dB] —23.4/1.32|-19.8/1.26 |-21.8/1.56|-18.1/1.32 | -25.6/1.02 | -21.2/1.50|—20.1/1.20 | -24.0/1.30 |-19.1/1.80 | —-18.4/1.92
—10 dB BW [GHZz] 0.75 0.51 0.69 0.50 0.83 0.64 0.53 0.80 0.61 0.51
Gain [dBi] 4.0 1.8 3.8 1.5 6.2 4.1 2.4 6.0 42 22
E-field [V/m] E-field [V/m]
1.2940-10¢ 4.0536-10*
| e I
1.0355:10* 3.5136-10*
9.4931-10° 3.2437-10*
204 108 29737104
6.9076-10° 2.7037-10*
6.0458:10° 2.4338-10*
31 10" 2.1638-10¢
3.4603-10° 1.8938:10*
2.5984-10° 1.6239:10%
Fibcire 1.3539-10¢
1.2940-10° 1.0839:10%
8.5499-10°
vz 5.4399-10°
(VA 2.7402:10°
J 4.0536:10"
a) X 0 b)

Figure 13. E-field distribution for the a) PSFA-1 and b) PSFA-2.

4.2. Estimation of SAR using simulation
model

Employing a multi-layered model in simulation
(Figure 14a), the specific absorption rate (SAR)
analysis is carried out to examine how the proposed
antennas affect the human body. The bottom layer of
the SAR analysis model represents muscle, the meso-
derm layer is fat, and the top is the skin [5, 23]. The

z
t Skin layer

a)

SAR field [Wikg]
1.9966:10¢
1.8718:10¢
1.7470-10
1.622310¢

1.4975:10¢

1.3727-10¢

1.247910
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9.9831:10°
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4.9916-10°
3.7437:10°
2.4958-10°
1.2479-10°
0.0000-10°

SAR simulatio

Z

b ey
X

obtained SAR values (averaged) by this model for
PSFA-1 (5.03 GHz) and PSFA-2 (5.12 GHz) using
an input power of 100 mW are shown in Figure 14b
and Figure 14c. The measured values are 1.9 and
1.6 W/kg, respectively, which satisfy the European
standard (<2 W/kg). Thus, in the second proposed an-
tenna, the CSRR with PDMS substrate aided in re-
ducing the SAR also.

Fat layer

Muscle layer

SAR field [W/kg]
1.6018:10°
1.5017:10°
1.4016:10°
1.3015:10°

1.2014-10°
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Figure 14. SAR Estimation: a) simulation model, b) for PSFA-1, and c¢) for PSFA-2.
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4.3. Conformal condition analysis

The adoption of PDMS as a substrate has offered
proposed antennas considerable flexibility so that
they can be employed in conformal environments.
Therefore in this sub-section, the developed antennas
are evaluated under conformal conditions to assess
their effects on the performance. Two different sce-
narios are chosen to observe its effects: firstly, the
performance of both the antennas is tested on a hand
ata ~10° bent, and in the second, measurements are
made using two different cylinders with radii of 3
and 4 cm. When adopted for wearable applications,
one of the essential considerations of the flexible an-
tenna should function effectively while mounted on
the body, in contrast to the constraint of stiff sub-
strate antennas. Due to the presence of biological tis-
sues that might drain some power, it behaves as a
lossy medium. This drives the S-parameters of the
presented antennas to fluctuate (Figure 15a), and
changes in the resonating frequencies can also be no-
ticed. It is noteworthy that the given antennas retain

operation in the relevant frequency bands and pos-
sesses multiband capabilities. The dielectric char-
acteristics of the substrate are crucial in this situa-
tion. Considering that PDMS has a comparatively
low dielectric constant, it aids in suppressing sur-
face waves and helps in achieving good impedance
matching.

Both antennas are placed on cylinders with radii of
4.0 and 3.0 cm to investigate further the impact of
bending on the antennas’ radiating properties. Reso-
nant frequencies and associated S;; values demon-
strate a minor shift. However, as seen in Figure 15b
and Figure 15c, the antennas still work in the needed
multi-frequency bands while offering the notched
features. Since PDMS is a substantially anisotropic
substrate [9—12], it has been demonstrated experi-
mentally and analytically that anisotropy and bend-
ing have opposing effects on the antenna’s resonant
properties [24, 25]. The results of the experimental
investigation carried out here, and earlier studies are
in satisfactory correlation with one another.

On hand (~10°) band

54

—— PSFA-1 bend
PSFA-1 no bend
—— PSFA-2 bend
— - PSFA-2 no bend

PSFA-1

— 4 cm bend
—— 3 cm bend
— - - No bend

8

6 7
Frequency [GHz]

9
b)

o
S,
m?
—154
—204
— 4 .cm bend
—25+ —— 3 cmbend

7

8

Frequency [GHz]

PSFA-2

54

—10

— - - No bend
8

7
Frequency [GHz]

9

Figure 15. S} vs. frequency curve: a) on hand; on cylinders of 4.0 and 3.0 cm, b) for PSFA-1, and c) for PSFA-2.
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4.4. Wet condition analysis

In the literature, there are several choices for sub-
strates that can be employed to design flexible and
wearable antennas. Fabric substrates are the most fre-
quently used substrates for wearable antenna designs.
Despite having a variety of benefits, these materials
are susceptible to operational environment changes
like absorption of moisture and temperature fluctua-
tions that can either directly or indirectly impact the
radiation characteristics of the antenna [2]. These
constraints have indeed been alleviated by using
polymer-based substrates like PDMS, which has
been used in this research. This has been demonstrat-
ed by evaluating the designed antennas under wet
circumstances by submerging them in water, drying
them after ten minutes, and evaluating their perform-
ance. The analysis presented here demonstrates that
flexible antennas built of polymer substrates, such as
PDMS, have very little effect from moisture since
these materials do not absorb moisture as fabric sub-
strates do. In our earlier study, we compared PDMS
with denim substrate [2], where it was shown ex-
perimentally that denim is more susceptible to mois-
ture and affects antenna performance more. The
measurement setup for the wet condition evaluation
and the fluctuation of the S1; parameters in the wet
condition is shown in Figure 16. For the proposed
antennas using polymer substrate PDMS, very little
variation in the resonating frequencies and related
S11 parameters is observed. This demonstrates the

Table 4. Comparison of PSFA with previous works.

0 —— PSFA-1
Measured dry PSFA-2b
Measured wet
-5 ' J"Measured dry
-10
o
S,
s in water and dried
0 154 for ~10 min‘before
asurements
—20 4
—25 4
1 2 3 4 5 6 7 8 9 10

Frequency [GHz]

Figure 16. Measured S vs. frequency curve for both PSFAs
in dry and wet conditions.

PDMS’ appropriateness for the design of flexible
antennas with steady performance under a range of
operational situations.

5. Conclusions

In this paper, flexible substrate PDMS is employed
to design flexible antennas for wireless body and
local area network applications. The development
and dielectric evaluation of PDMS as per the antenna
requirements are also performed here. In order to
demonstrate that SRR structures can be employed in
flexible antennas with polymer substrates (PSFA) and
to experimentally validate the merits of including
them in antenna designs, a single CSRR structure is

Performance analysis
in varying operating
Type of situations:
Substrate material SlZ62 Gal'n Applications metamaterial bending anal)ism (BA); References
[mm?] [dBi] loadin SAR analysis (SA);
g on body analysis (OB);
wet condition analysis
(WA)
3.63 GHz/4.95 GHz .
Polyester 55%x46 | 4.2/5.78 (5G) applications Not implemented not performed [26]
Liquid crystal polymer 3.5 GHz (WiMAX)/5.8 GHz | Circular SRR
(LCP) 38x32 2 (WLAN), applications (two) BA (271
. 2.4 GHz/5.6 GHz (bluetooth), Can.
Polyamide 24x19 12.3/3.3/3.9 3.8 GHz (5G NR) applications Not Implemented BA; SA; OB [28]
Polydimethylsiloxane 5 GHz/7 GHz (UWB) . QA
(PDMS) 80x67 4.53 applications Not implemented BA; SA; OB [29]
Polydimethylsiloxane 2.45 GHz /5.8 GHz . Q.
(PDMS) 70 4.16/4.34 (ISM band) applications Not implemented BA; SA; OB [30]
Polydimethylsiloxane | ¢\, 6.7 UWB applications Not implemented BA; SA; OB [31]
(PDMS)
Polydimethylsiloxane 5.12/5.80/6.66 GHz . oA D,
(PDMS) 50.2x40.1(6.2/4.1/2.4 WLAN/WBAN applications CSRR (single) BA; SA; OB; WA Proposed
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integrated into the second antenna. It has helped in
improving the performance of the PSFA-2, such as
an increase in gain from 4.8 to 6.3dBi with better
VSWR and S;; values; the additional frequency band
of 5.80 GHz is achieved with 5.12 and 6.66 GHz
band in the second antenna for fast wireless body area
network applications (Table 4). Reduced SAR and
stable performance under different operating situa-
tions like bending and wet conditions are the add-on
advantages of using CSRR with PDMS. Both of the
PSFAs are successfully analyzed for their operability
for the target applications due to their simple struc-
ture, flexibility, cost-effective development process,
and consistent performance under varied operating
situations. Prototypes are also fabricated to verify the
simulated results that show a good correlation with
each other.
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