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Compact Ultra-Wideband Planar Inverted F Antenna on Laminated
Paper-Based Substrate with Reduced Specific Absorption Rate

Sakshi Kumari and Vibha Rani Gupta

Abstract—This paper presents a laminated paper-based Planar In-
verted F Antenna (PIFA) for wireless body area network (WBAN)
applications. The major challenges like providing adequate thick-
ness, uniformity of surface, and water wet ability associated with
paper substrate have been transcended in this antenna design by
laminating the substrate with a transparent sheet. The simulated
and measured reflection coefficients of the fabricated antenna in
free space and on human arm are remarkably good, validating
the prototype’s utility. It can operate effectively in GSM, WMTS,
GPS, DCS, ISM, WiMAX, HIPERLAN, WLAN, and UWB fre-
quency bands with S, less than -10 dB and the gain ranging from
0.94 to 9.53 dB (free space) and 1.03 to 6.07 dB (on-body). The
electrical size of the proposed antenna is 0.16 Ag x 0.12 Ag at 0.7
GHz with a group delay below 2.3 ns over the desired frequen-
cy bands. The performance characteristics are also investigated
on-body and it encompasses most of the desired frequency bands
for the body area network. This paper also analyses the specific
absorption rate (SAR) of the designed antenna by placing it on a
tissue-layered human arm model, which is 0.64 Watt/kg, comply-
ing with the SAR safety guidelines.

Index Terms—Lamination, Planar Inverted F antenna, Organic
material, Paper-based, Specific absorption rate, Ultra-wideband,
Wireless Body Area Network.
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1. INTRODUCTION

he breakthrough advancements in wireless communication

technology have facilitated the evolution of miniaturized
and ingenious antennas for Wireless Body Area Networks
(WBAN). It is a pioneering domain with applications in medi-
cal, defense, wearable computing, navigation system, etc. Vari-
ous wireless frequency bandwidths are deployed for WBAN like
the Medical Implant Communication System (MICS:0.4 GHz),
Global System of Mobile Communication (GSM:0.85/0.9GHz),
Global Positioning System (GPS:1.5GHz), Digital Commu-
nication System (DCS:1.8GHz), the Industrial Scientific Me-
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dical (ISM: 2.45GHz), Worldwide Interoperability for Mi-
crowave Access (WiIMAX:3.5GHz), Wireless Body Area
Network (WLAN:5.2GHz), High Performance Local Area Net-
work (HIPERLAN: 5.8GHz), and the Ultra-Wideband (UW-
B:3.1-10.6GHz) [1].

Wearable antennas are utilized as a transceiver in the
WBAN to transmit and receive the data between patients and
physicians, as well as to transmit the patient’s location. One of
the most important aspects of the wearable application is the
“conformability” to ease wear.

Many unconventional materials like jute [2], denim [3],
cotton textile [4]-[5] shieldlt Super/Felt [6], fleece [7], leath-
er [8], and paper [9]-[14] are utilized for realizing antennas
for WBAN applications. The unconventional and conformal
substrate, paper, has many features like low cost, low surface
profile, flexibility, eco-friendly, organic, and biodegradability,
making it an excellent candidate for wearable applications. Due
to its properties, the paper has been extensively exploited in a
wide range of applications like energy storage, environmental
monitoring, food quality monitoring, and diagnosis [9].

Paper-based antennas have been reported with different con-
figurations such as CPW fed monopole for GPS [10], WLAN
[11], star-shaped patch with two L stubs [12], monopole with U
slot for triband GPS/WiMAX, WLAN, and HiperLan/2 bands
[13]. In addition, the monopole configuration of patch antenna
with an ultra-wideband characteristic (2.2—10 GHz) is reported
in [14] which does not include the lower frequency bands. Most
paper-based antennas reported in the literature are of monopole
arrangement and are designed for specific applications.

Considering the issue of SAR, the microstrip patch config-
uration is one of the best configurations in terms of conforma-
bility, being less thick, and low SAR due to the ground plane
[15]. However, the microstrip patch antenna has its limitation
due to narrow bandwidth. In [16], a wideband rectangular patch
(2.45 — 6 GHz) is reported, but it does not incorporate all the
frequency bands of WBAN.

Therefore, PIFA is chosen as the antenna configuration, ha-
ving a ground plane under the complete radiating patch. The
bandwidth enhancement of PIFA, starting from the lower fre-
quency band till UWB, is a critical issue, as well as its reduction
in size for body area communications. Some of the techniques
described in the literature for increasing the antenna bandwidth
and reducing its size include stub loading; capacitive, inductive
loading of the top plate; meandering ground plane with slots
[17]; the use of different shapes of feed plate like square, rect-
angular, U, triangular [18]; dielectric loading [19]; the introduc-
tion of slots [20]; and modifying the shorting pin location [21].
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Apart from its advantages, the paper-based substrate has one
of the most significant drawbacks of being hydrophilic, which
degrades the performance characteristics of the designed an-
tenna over time due to the absorption of atmospheric humidity.

There have been various research endeavors in the past to
acknowledge the conformal issues in antenna design. However,
very few researchers have addressed the limitations of the hy-
drophilic nature of printed antennas on textile or paper-based
substrates. Some of the reported techniques for textiles are coat-
ing with waterproof materials such as PVC, silicone, or acryl-
ic [22]-[23]. Kim et al. [24] proposed the method of coating
paper-based antennas with parylene coating to prevent rusting
and degradation of antenna performance as the entire metal-
lic part is not exposed to atmospheric humidity. According to
the authors [24], the wet silicone coating is incompatible with
hydrophobic materials. It can induce mechanical stress during
or after the procedure, and acrylic coating is resilient to harsh
environmental conditions and abrasions. In [25], four different
types of coating, parylene C, dielectric paste, silicone spray, and
PET film, were applied on Gore-Tex fabric with textile plastic
on both sides to protect the patch antenna surface. Thielens et
al. [26] developed spray-coated antennas on PEN and Polyim-
ide Kapton (plastic material) using optimized silver nanoparti-
cles water-solvent based ink. This method is an alternative to
screen and inkjet printing of antennas which are not only an
expensive method but there are also chances of spreading ink.
A resin-coated photo paper is utilized to develop a conformal
multiband monopole antenna in [27] for handheld and wearable
devices.

This paper introduces a novel technique of laminating paper
with a transparent sheet to mitigate the problem of performance
degradation due to ambient humidity of the environment and
prolong the lifetime of paper-based electronics. The antenna
printed on the paper-based substrate, laminated with a trans-
parent sheet, not only overcomes the limitations of paper-based
antennas without deteriorating the free space and on-body per-
formance characteristics but also replaces the tedious job of
coating antennas with any waterproof coating.

In recent research, none of the papers has been account-
ed for, which includes all the referenced frequency bands for
WBAN application based on the laminated paper-based sub-
strate.

The proposed antenna is an ultra-wideband PIFA with a wide
frequency bandwidth of 10.28 GHz (0.75 GHz to 11.03 GHz) at
-10 dB using the laminated paper-based substrate for the body
area network. F-shaped and annular ring-shaped slots are incor-
porated into the radiating patch to reduce the size, whereas the
feed is modified to achieve impedance matching. This single
antenna can be extensively utilized for data transfer to physi-
cians, communication between equipment, sports monitoring,
identification of location, tracking, and voice communication.

Section II discusses the material characterization for anten-
na design. The design approach taken to arrive at the final pro-
posed antenna geometry is explained in section III. The result
and discussions are presented in section IV. A comparison of
the proposed antenna with other paper-based ultra-wideband

antennas is discussed in section V. Finally, in section VI, the
conclusions are stated.

II. DIELECTRIC CHARACTERIZATION OF SUBSTRATE

The paper and transparent sheets offered in the shop differ
in quality, texture, thickness, and density; hence, their relative
permittivity and loss tangent also differ. Consequently, the ma-
terial characterization of laminated paper-based substrates is an
essential step before its use in antenna design.

There are several methods that have been reported in the
past for dielectric characterization, such as T Resonator, Ring
Resonator, Resonant method, Transmission Line, and Cavity
Perturbation method [28]. The two methods considered for the
paper substrate and transparent sheet characterization are the
Transmission Line and Cavity Perturbation methods [15, 28].
The substrate is prepared by stacking four sheets of paper and
then laminated by a transparent film sheet to obtain adequate
thickness. The calculated values of dielectric characterization
are approximately the same and verified [15], as enumerated
in Table I.

TABLE I
DIELECTRIC CONSTANT AND LOSS TANGENT OF PAPER AND TRANSPARENT SHEET

Paper Transparent sheet
Method Dielectric Loss Dielectric Loss
Constant Tangent Constant Tangent
Transmission Line 2.8 0.0349 2.4 0.0181
Cavity 2.82 0.035 245 0.018

Perturbation

III. DESIGN APPROACH FOR GEOMETRY OF PROPOSED ANTENNA

The proposed miniaturized ultra-wideband PIFA on a lami-
nated paper-based substrate is an extension of the designed an-
tenna [29], based on the initial design equation.

Ly+ W, — W=, /4 (1)

where, 4, is the operating wavelength, L, is the patch length, W)
is the patch width and Wy, is the width of shorting strip.

In this research paper, a laminated paper-based substrate
with reduced dimensions is used for the design. The reduced
size of radiating patch and substrate are 32 x 42 x 0.3 mm?® and
48 x 42 x 1.6 mm?* respectively. The design approach to reach
the final structure is represented in Fig. 1. Fig. 2 depicts the
simulated S, response for the step-by-step approach followed
to reach the final proposed antenna. An effort has been made
to minimize the antenna’s size after the several steps shown in
Fig. 1.

Step 1 is the design of an ultra-wideband PIFA on a lami-
nated paper-based substrate of size 48 x 42 x 1.6 mm?®, depicted
in Fig. 1(a). This design covers frequencies ranging from 1.38
GHz to 14.85 GHz at -6 dB of S,,. At height H, a rectangular
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Fig. 1. Design approach of proposed miniaturized PIFA.

patch of L x W X tis placed above the substrate of dimension
L x Wx h. The space between the substrate and patch is filled
with styrofoam having a dielectric constant of 1.11. A shorting
plate/strip (W, H x t) instead of shorting pin is used to shorten
the antenna. A feed plate technique is used to feed the antenna.
A rectangle shaped plate with dimensions W, x H x t which is
connected with a coaxial probe is used for feeding. The inner
conductor of the probe is connected to the feeding plate, while
the outer conductor of the probe is connected to the ground. For
impedance matching, a stub (W x H_ x ) is also utilized. The
separation between the feed plate and stub is denoted by ‘G’.
Parametric studies have been carried out to optimize the width
of the feed plate, shorting plate, and G to obtain maximum im-
pedance bandwidth. In step 2, three rectangular slots (L, L,,
and L;), shown in Fig. 1(b) are added, which act as a slow wave

structure and shift the first resonant frequency to 0.64 GHz. The
aggregate length of slots Lg (L;+ L,+ Lj) is decided through
the parametric study. The antenna spans the frequency band
0.35-15 GHz at S, of -6 dB, except for the frequency band
12.04 —12.34 GHz.

The rectangular feed plate width (/) is optimized in the
third step of the parametric study. The optimal length of the
feed plate is 21 mm, at 1 mm (Wp,) from the radiating patch.
The feed position is fixed at (fp )7 mm from the feed plate’s
edge. The optimized reflection coefficient versus frequency is
displayed in step 3 of Fig. 2. The optimized dimensions and the
feed plate’s position enhance the impedance matching at high
frequency, covering the entire frequency spectrum 0.35-14.35
GHz at -6 dB of S, while it is 12.65 GHz (0.35 GHz to 13.00
GHz) at §,= -10 dB, excluding 4.34 —4.86 GHz.
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Fig. 2. Comparison of reflection coefficient of different steps to reach the proposed antenna.

In the fourth stage, a circular slot of radius (D) 6 mm (Fig.
1(c)) is incorporated to minimize the area of the radiating patch
to 26.09% but slightly shifts the frequency band. Its reflection
coefficient response is shown in step 4 of Fig. 2. The frequency
range covered in this case is from 0.64 GHz to 13.08 GHz at
-10 dB reference.

In the next step, a circular patch (d) is added in the circular
slot in the radiating patch to transform it into a ring slot (Fig.
1(d)) with its reflection coefficient depicted in step 5 of Fig. 2.
This gives almost the similar reflection coefficient response as
obtained in step 3 with an improvement in S | in the frequency
band of 1.75-2.57 GHz. But still, the frequencies between 4.34
—4.86 GHz were not covered.

As seen from Fig. 1(a-d), a rectangle-shaped plate with di-
mensions W, x H, x t is initially used for feeding. Finally, in
the proposed structure (last step), the shape of the feed plate is
changed from a rectangular to a trapezoidal shape, as depicted
in Fig. 1(e), which improves impedance matching over the en-
tire range of the desired frequency band. At the center frequen-
cy of 7.25 GHz, the input impedance is 82.56-j14 Q and 50.06-
j3Q with rectangular and trapezoidal feed plates, respectively.
As the bandwidth of an antenna is affected by the impedance
matching and the quality factor [30], the impedance bandwidth
of the proposed antenna increases by 17.31% due to the trape-
zoidal feed plate.

In the parametric study for the feed position on the trap-
ezoidal feed plate, stub related parameters like stub position,
height, width, and the gap between the stub and feed plate (G)
are also analyzed for the proposed antenna’s final design. The
final schematic of the proposed antenna is depicted in Fig. 1(e).
The frequency band of 0.49-15 GHz is covered at S, <-10 dB

for the final geometry as depicted in Fig. 1(e) and optimized
dimensions reported in Table II.

TABLE II
DETAILED DIMENSIONS OF PROPOSED ANTENNA

Parameter Dimension Parameter Dimension
(mm) (mm)
L 42 L3 24
w 48 Wa 21
h 1.6 We 7
Ly 42 Hp 8.04
Wp 32 Hp 109
t 0.3 Wy 3
W 4.8 H 7.9
Hs 6 D 6
L1 36.5 d 5
L2 28.2 Ls(L1+L2+L3) 88.7

IV. REsuLT AND DISCUSSIONS

An antenna designed for a body area network can be placed
on different body parts like the arm, forearm, chest, thigh, wrist,
etc. But putting the antenna on the arm is more suitable as it
does not obstruct day-to-day human activities. The human arm
is designed in HFSS[31] to evaluate the antenna characteristics
near the human arm by considering the dielectric characteristics
of skin, fat, muscle, and bone at various frequencies [32]. It also
determines how an antenna interacts with the body part. The
fabricated prototype is displayed in Fig. 3.
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Fig. 3. Fabricated prototype

A. Reflection Coefficient

A representation of the simulation and measurement of free-
space reflection coefficients is illustrated in Fig. 4. The graph
illustrates that the simulated bandwidth in free space is 0.49 —15
GHz. However, the measured bandwidth is only 10.04 GHz,
covering frequencies between 0.71-10.75 GHz, comprising all
the important WBAN bands.

The discrepancy in simulated and measured S, may be
credited to the misalignment of the stub, feed plate, shorting
plate, and feed pin in the fabricated antenna. Also, the dielectric
constant was verified at 2.45 GHz and the same was used in
the simulation over the wide frequency band. But the dielec-
tric constant and loss tangent varies over the frequency range,
which may affect the measured results.
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Fig. 4. Reflection coefficient of proposed antenna in free-space and on-body
(arm).

As shown in Fig. 4, the on-body (arm) measured reflection
coefficient is 10.28 GHz, over the frequency range of 0.75 GHz
—11.03 GHz. A slight shift in on-body S, characteristics is ob-
served due to the dielectric characteristics of body tissues, but
it incorporates all the desired frequency bandwidths for WBAN
applications.

B . Gain

The free-space and on-body gain at desired frequencies are
obtained through simulations and verified by measurement, as
shown in Fig. 5. The measured peak gains at center frequencies
of desired frequency bands lie in the range 0of 0.94 to 9.53 dB in
free-space and 1.03 dB to 6.07 dB for on-body.
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Fig. 5. Simulated and measured peak gain.
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C. Group Delay

For a UWB antenna, group delay is a significant perfor-
mance characteristic [33]. The two identical proposed antennas
in the far field region are arranged in the front-to-front orien-
tation.

Two different set-ups were considered for its determination.
In the first arrangement, both the transmitting and receiving
antennas are mounted in the free space. The group delay vari-
ance is between 0.01 ns and 2.25 ns for the specified frequency
ranges. In the second case, it lies between 0.01 ns and 1.70 ns,
for the transmitter mounted on the human arm and the receiver
located in the free space at 0.6 m.
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Fig. 6. Group delay response.

Fig. 6 displays the simulated group delay responses, which
shows good phase linearity for short-range communication and
high data rate applications.

D. Radiation Pattern

Fig. 7 shows the normalized E-plane and H-plane simulated
on-body radiation pattern at the center frequencies of desired
frequency bands. Because of the measurement limitations, the
radiation pattern was not measured on the human arm.

E. Specific Absorption Rate

An essential consideration while developing an antenna for
WBAN is SAR. The proposed antenna is placed 2 mm away
from the modeled human arm [31] to estimate SAR in close
proximity to the human body, as shown in Fig. 8. The human
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Fig. 8. Placement of antenna on modeled human arm for SAR evaluation.

arm is modeled at all desired frequencies (0.4 GHz, 0.9 GHz,
1.5 GHz, 1.8 GHz, 2.45 GHz, 3.5 GHz, 5.2 GHz, and 5.8 GHz),
one at a time. Consequently, SAR at all desired frequencies is
obtained through simulation.

The simulated SAR field distribution is depicted in Fig. 9.

The SAR varies between 0.023-0.64 Watt/kg, which is quite
below the limits specified by ICNIRP safety guidelines [34].
Hence the designed antenna is amenable for use in WBAN.

V CompPARISON OF THE PROPOSED ANTENNA WITH OTHER
PAPER-BASED ULTRAWIDEBAND ANTENNAS

The proposed antenna is compared to some of the most re-
cent paper-based antennas in terms of antenna topology, the
permittivity of the substrate, electrical patch size, presence/ ab-
sence of ground plane, gain, and bandwidth. There are many
application-specific antennas designed on Paper-based sub-
strates available in the literature. However, only the wideband
antennas are considered here for comparison with the proposed
antenna, as depicted in Table III.

Table III indicates that most of the researchers chose a
monopole configuration to realize the UWB paper-based an-
tenna, which can even result in a considerably wider bandwidth
[37-39]. But, very few authors have reported SAR for paper
based UWB antennas [29,40-41]. The existence of an incom-
plete ground plane of monopole configuration degrades the
SAR of the designed antenna, mainly when used at a lower fre-
quency range for WBAN applications [31].

As compared to [29], the electrical size of the proposed
antenna is reduced by 47.82%. In addition, as a contrast to a
paper substrate, the substrate used in this work is a laminated
paper-based substrate.

Thus, the novelty of this designed antenna is an achievement
of ultra-wide bandwidth of 10.04 GHz (off-body) and 10.28
GHz (on-body) at S, <-10 dB on a laminated paper-based sub-
strate with a complete ground plane. Also, the antenna’s size
is 0.16 Ag x 0.12 Ag at a lower frequency of 0.7 GHz, which is
comparatively much smaller. For the very first time, a transpar-
ent sheet is used to laminate a paper-based antenna to mitigate
its limitations.

VI. CoNCLUSION

A compact ultra-wideband PIFA with a bandwidth of 10.04
GHz (0.71 GHz -10.75 GHz) in free- space and 10.28 GHz
(0.75 GHz —11.03 GHz) for on-body at S, < -10 dB is pro-
posed. A laminated paper-based substrate is used for the first
time to overcome the limitations of the paper substrate.

The antenna covers all the desired bands of frequen-
cies essential for body area networks (GSM(0.88-0.96
GHz), WMTS(1.395-1.40 GHz), GPS(1.565-1.585 GHz)
DCS(1.710-1.88 GHz), PCS(1.85-1.990 GHz), UMTS(1.92—

2.17 GHz), ISM(2.4-2.48 GHz), WiMAX (3.3-3.8 GHz),
HiperLAN/2 (5.15-5.35 GHz), WLAN (5.725-5.85 GHz) and
a UWB band (3.1-10.6 GHz)). The measured specific absorp-
tion rate is 0.64 Watt/kg, much below the SAR radiation safety
guidelines. The designed antenna has a group delay lesser than
2.3 ns which indicates better phase linearity and the maximum
measured peak gain of 9.53 dB (free space) and 6.07 dB (on-
body). Thus, the proposed antenna is ideal for a wireless body
area network as it can serve multiple applications.
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Fig. 9. SAR field distribution at the center frequencies of the desired band.
TABLE 111
COMPARISON OF PROPOSED ANTENNA WITH OTHER PAPER-BASED UWB ANTENNAS
Refl/year Antenna Type Substrate Patch Size Ground Max. Peak gain Max. Operating Frequency
Used (g)) (Ag x A2) plane (dB) SAR Band
(Watt/kg)
[14]2017 Monopole Paper (3.184) 0.65 x 0.36 Partial 1.52(free-space) - 2.2to 10 GHz
[27]2015 Monopole Resin-coated 0.35x 0.40 Partial Approx :0.5 - 1.71-3.03 GHz
photo-paper(3.2) (1.71-3.03GHz) 3.37-3.66 GHz
Approx:3 4.51-5.5 GHz
(4.51-5.5 GHz)
[29]2019 PIFA Paper 0.23x0.16 Full 11.55(freespace) 0.69 0.7to 11.3 GHz
based(2.82) free-space
[35]2012 (1)Fractal Paper (3) (1)0.60x0.26  Partial 2.8 - 3.5t0 10 GHz
Monopole
(i1)Koch- (11)0.35x0.58 2to05.5GHz
Sierpinski
[36]2012 Vivaldi Paper (3.05) 092x 1.1 Partial 8 - 2to 10 GHz
[37]2018 Monopole Kodak photo 0.60 x 0.60 Partial 4.87 (avg) - 3.2to 30 GHz
paper (2.85)
[38]2020 Monopole PET paper(3.2) 0.33x0.24 Partial 4.91(avg) - 1.66 to 56.1GHz
[39]2021 Monopole PET paper (3.2)  0.85x 045 Partial 3.94 (avg) - 3.04 to 10.7 GHz
15.18 to 18 GHz
[40]2021 Monopole Photopaper(3.2)  0.39 x 0.56 Partial 1.61 1.99 2.36- 2.40 GHz
2.40-2.48 GHz
[41]2022 Hexagonal Photopaper(3.2)  0.41 x 0.54 Partial 3.48 1.93 2.30-5.30 GHz
Proposed PIFA Laminated Paper  0.16 x 0.12 Full 9.53 0.64 0.71 to 10.75GHz:
Antenna (Paper:2.82 (freespace) free-space
Transparent 6.07(on-body) 0.75 to 11.03GHz
sheet:2.45) on-body
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