204 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.17, NO.2 August 2019

Super Ultrawideband Planar Inverted F Antenna
on Paper based Substrate with Low SAR

Sakshi Kumari'' and Vibha Rani Gupta?, Non-members

ABSTRACT

In this paper, a super ultrawide band planar in-
verted F antenna (PIFA) has been proposed for wear-
able applications on a low cost, ecofriendly paper-
based substrate. This work is a first and impor-
tant step towards the progression of conformal flex-
ible antennas for a body area network. The pro-
posed antenna has measured impedance bandwidth
of 10.6 GHz, which covers almost all the bands of a
wireless body area network i.e. GSM (880-960 MHz),
GPS (1565-1585 MHz), DCS (1710-1880 MHz), PCS
(1850-1990 MHz), UMTS (1920-2170 MHz), ISM
(2.4-2.4835 GHz), WiMAX (3.3-3.8 GHz), Hiper-
LAN (5.15-5.35 GHz), WLAN (5.725-5.850 GHz)
and UWB (3.1-10.6 GHz). Initially, the electrical
characteristics of paper are extracted using Cavity
Resonator and Transmission line method and then
used for the design and fabrication of the proposed
antenna. The measured results are in good agreement
with the simulated results. This paper also focuses
on analysis of the effect of electromagnetic absorp-
tion in terms of specific absorption rate for a human
arm with frequency exposure at 0.9 GHz, 1.5 GHz,
1.8 GHz, 3.5 GHz, 2.45 GHz, 5.2 GHz and 5.8 GHz
and is found to be within the recommended limit by

FCC.

Keywords: Electromagnetic wave absorption, pa-
per based substrate, specific absorption rate, ultra-
wideband antennas.

1. INTRODUCTION

In recent years, wireless body area networks
(WBAN) has attracted incredible attention to the
development of low profile, light weight, compact
wearable antennas which enable them to communi-
cate with each other on a human body [1]. The fre-
quency bands used for Wireless Body Area Network
applications are GSM, GPS, DCS, WiMAX, ISM,
HiperLAN, WLAN, and UWB. Wearable antennas
in WBAN are used with the transceiver to send and
receive the information between the two devices or
between doctors and patients and to send the loca-
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tion of the patient. In the past, few multiband an-
tennas based on FR-4 substrate, which covers some of
the above bands have been reported like GPS, PCS,
WiIiMAX and UWB bands are covered in [2-3]. But as
per the best knowledge of the author, no papers have
been reported which cover all the above-mentioned
bands for the wearable application based on flexible
substrate with low SAR value.

Different flexible materials such as denim, textile,
shieldlt, jute, wool have been explored for the design
of wearable antennas [4-7]. Paper, being one of the
least expensive, flexible, recyclable, biodegradable,
ecofriendly organic materials, is extensively being re-
searched as a substrate for wearable applications.
Apart from the flexibility, it also provides low profile
and low fabrication cost. The only drawback associ-
ated with paper as substrate is that it is hydrophilic
in nature. Some of the antennas that have been re-
ported on paper substrate are monopole patch an-
tenna with wide frequency band, starting from 2 GHz
up to over 10 GHz [8-9], U slot monopole antenna for
GPS, WiMAX, HiperLAN/2, WLAN bands [10-12],
Z shaped CPW fed monopole for GPS [13], PIFA for
WLAN [14] and inkjet printed SIW antennas [15-16].
Paper has also been used for developing RFID UHF
antennas for frequency range 902 to 920 MHz [17-18].
An antenna array (1 x 2 Patch) on paper substrate
for 2.4 GHz [19] has also been reported. Most of the
antennas reported are either for a particular appli-
cation or of monopole configuration which have only
partial ground plane.

The deployment of a wireless body area network
induces biological and health effects which should be
evaluated carefully. The electromagnetic exposure,
which affects the health, is usually measured in terms
of absorbed power. SAR has been analyzed using
EM simulation tools with human phantom models for
evaluating the interactions between the human body
and antennas for WBAN.

As reported earlier monopole patch antenna has
been used for wider bandwidth but has high SAR
value due to the presence of a partial ground plane
at the bottom side of the substrate, especially at
lower frequencies [20]. Another disadvantage with
the monopole antenna is that, its performance char-
acteristics are detuned in the presence of a human
body. The microstrip patch has advantages over these
two limitations of monopole patch antenna due to the
presence of a ground plane but has its own limitations
of larger size and narrow bandwidth.
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Planar inverted F antenna having a ground plane
on the bottom side of the substrate, which helps in
reducing SAR, is the best candidate for wearable ap-
plications. The conventional PIFA has narrow band-
width which can be increased by stub, capacitive, in-
ductive loading, utilizing meandered slotted ground
plane [21], optimizing feed plate, shorting plate [22]
and feedplate silhouettes [23].

In this paper, a planar inverted F antenna on pa-
per substrate is designed and analyzed. Compared
with traditional multiband PIFAs [24-26], the pro-
posed PIFA covers more bands with an unmodified
ground plane and provides low SAR value. The nov-
elty of the proposed antenna is that it is designed
on the flexible substrate and a single antenna can
be used for voice communication, location, identifica-
tion, communication between equipment and transfer
of data to the doctors.

Sections 2 and 3 present material characterization
and the geometry of the proposed antenna respec-
tively. The design approach and the parametric stud-
ies carried out to decide the values of different pa-
rameters of antenna design are discussed in detail in
Section 4. While Section 5 discusses the simulated
and measured results and finally conclusions are pre-
sented in the last Section 6.

2. DIELECTRIC (RF) CHARACTERIZA-
TION OF PAPER SUBSTRATE

There are wide varieties of paper available in the
market which differ in density, texture and electro-
magnetic characteristics (dielectric constant and di-
electric loss tangent). Therefore, electromagnetic
characterization of paper substrate becomes a manda-
tory procedure prior to any antenna design on it. The
paper used here as substrate is glossy coated draw-
ing paper (coated one side, “C1S”) which is usually
thicker than writing paper. The thickness of each
sheet of paper is around 0.216 mm. The glossy coated
paper is taken to reduce the absorbency of atmo-
spheric humidity to some extent. Six sheets of paper
are stacked together to obtain a thickness of 1.3 mm.
A copper laminate of 0.3 mm is pasted at the bot-
tom side of the paper substrate to obtain the final
thickness of 1.6 mm.

The dielectric characterization of paper has al-
ready been carried out by many researchers for mi-
crowave frequencies and the relative permittivity is
found to be in a consistent range between 2.5 and 4.
Various methods for characterization of paper such as
use of T resonator [16], cavity perturbation method
[27-28], ring resonator method [18, 29] and transmis-
sion line method [30-31] are reported in the literature.
In the present report, paper substrate is character-
ized using two methods, namely cavity resonator and
transmission line method.

2.1 Cavity Perturbation Method

The measurement system, for the cavity pertur-
bation method, consists of vector network analyzer
(VNA), and 85071E split post dielectric resonators
(SPDR). The measurement of dielectric properties in-
volves two steps. First, the resonant frequency and
quality factor of an empty cavity are measured. In the
second step, the measurement procedure is repeated
with the cavity loaded with material under test. The
permittivity of the material can then be calculated
using the change in frequency, volume and Q-factor.
The cylindrical shaped solid sample of paper is pre-
pared and used for the test. The formulas used for
the material characterization are as follows [32]. Real
part of dielectric constant is:

Vi(f. —
6/ — 1 _"_ C(fC fS) (1)
2Vsfs
and imaginary part of dielectric constant is:
V. 1 1
=== ( — ) (2)
Vs \ Qs Qe
where, f. = resonant frequency of the empty cav-
ity resonator, f; = resonant frequency of the res-
onator loaded with material under test, Q. = Q-

factor of empty cavity resonator, Qs = Q-factor of
cavity loaded with material under test, V. = volume
of empty cylindrical resonator and Vy = volume of
material under test inside the cavity resonator.

The measured values are: €. = 2.82, €/ = 0.0987,
dielectric constant = 2.82 and loss tangent = 0.035.

2.2 Transmission Line Method

In this method, two 50 €2 microstrip lines of length
100 mm and 50 mm of 4 mm width each are fabricated
on the paper substrate whose dielectric constant is to
be measured. The effective relative permittivity is
obtained using the following formula [30]:

where, Af is the phase difference between the scatter-
ing parameters of the two transmission lines, AL is
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Fig.1: Proposed antenna geometry.



206

- L -
F A sh

/8 A

Lp
Patch /
7+ Substrate
Shorting Pin / r/ FeedPin
(diameter d) /; H /

& - 7a * Feed

L - -
/; A th

! S Fl

'l",, & I-"”
f,;éﬁ
. i /..
Shorting /7 /
Srip T / | # Feed Plate
H
A e * Feed
[ - eed

Sl -3
: horting "
Strip

ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.17, NO.2 August 2019

==
A _.54 v h
// !, _ /
7 e /
Shorting /
Strip /%/|II :’}! FeedPin
II/ - * Feed

—
/A
v L7/

Stub =«
% H
/21
|74

¥
Wan

Patch =

,r" Feed Plate
i

cﬂ544

Hy

/
* Feed (D)

Fig.2: Design approach of proposed antenna.

Table 1: Detailed optimized dimensions of PIFA.

Antenna Parameters \

Dimension (mm)

Substrate (L x W x h) 60 x 40 x 1.6
Ground plane (L x W x t) | 60 x 40 x 0.3
Patch (Lp x Wp x t) 60 x 40 x 0.3

Feed plate width (W) 30
Feed plate height (Hy) 6.3
Shorting plate width (W) | 5
Shorting plate height (H) 7.9
Stub width (Wg) 30
Stub height (Hg) 5.75

the difference in length between the two transmission
lines, ¢ is the speed of light and f is the frequency.
Thus, the relative permittivity of the material is given
as:

_ 2€reff_1+x
1+

(4)

€r

where z is given as

( 12h)—o.zs
r=14+—
w

Loss tangent is calculated using formula [31]

A\/ re ril
tan§:ad 0v/Erer (€ )

mer(€reff — 1)

(6)

where, ag4 is attenuation constant, Ay is wavelength
in free space, €,.f¢ is effective relative permittivity
and e, is relative permittivity. The relative permit-
tivity (e,), calculated over the frequency range 0.5
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Simulated reflection coefficient of designed

to 12 GHz lies in the range of 2.8 to 2.82 while loss
tangent is 0.0349.

3. GEOMETRY OF PROPOSED ANTENNA

The configuration of the proposed planar inverted
F antenna is illustrated in Fig. 1. The radiating patch
has dimension of Lp x Wp x t mounted on the sub-
strate with dimensions L x W x h at the height H.
The space between the top radiating patch and sub-
strate is filled with air (free space). The dimensions
of the feed plate are Wy x Hy x t. Another rectan-
gular metallic plate with dimensions Wg x Hg X t is
placed parallel to the feed plate above the substrate.
This plate works as a stub for the impedance match-
ing. The antenna is shorted to the ground with the
help of a rectangular plate of size Wy, x H X t.

High Frequency Simulation Software (HFSS) is
used to optimize the design of the proposed antenna.
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Fig.4: Simulated reflection coefficient response for (a) feedplate width (Wy) variation at constant height of
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Based on the parametric analysis, which is discussed
in the next section, the detailed optimized dimensions
are listed in Table 1.

4. DESIGN APPROACH AND PARAMET-
RIC STUDIES

The steps followed to reach the final structure
are discussed in this section. Fig. 2 shows the de-
sign approach of the proposed antenna while its opti-
mized simulated return loss (S11) plots are depicted
in Fig. 3.

The design approach starts with the design of
conventional PIFA (Antenna 1) on paper-based sub-
strate. A radiating patch of dimension Lp x Wp is
mounted at the top of the substrate (L x W) with
ground plane maintained on the opposite side. The
radiating patch is fed using a 50-{2 coaxial probe and
shorted at the edge by a shorting pin of diameter “d”.

The design equations used for planar inverted F
antenna are as follows:

A
L+ W, — Wy, = =2

. (7)

c

NG (8)
where, \g is the operating wavelength, c is the speed
of light, equal to 3 x 10® m/s, and €, is the relative
permittivity.

Initially, the dimension of the conventional PIFA
(Antenna 1) are calculated using the above formula
and considering the central frequency. But the simu-
lated result shows a narrow bandwidth at frequency
4.01 GHz with reference to S1; < —10 dB. Next,
the short pin is replaced by the shorting strip (An-
tenna 2). The width of the shorting strip is analyzed
by parametric analysis and the best improvement is
observed at 5 mm, but it helps only in shifting the
frequency towards the higher frequency range. No
improvement in bandwidth is observed. So, to im-
prove the bandwidth, the feed pin is replaced by a
feed plate and the design parameters are modified
(Antenna 3). The dimensions of the feed plate are
Wy x Hy x t, where ¢ is the thickness of copper. The
width of the feedplate is decided through parametric
analysis as shown in Fig. 4(a). The optimized dimen-
sions of the feedplate are 30 x6.3x 7.9 mm3. Also, the
optimization is done to decide the position of the feed

Ao
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Table 2: Simulated and measured gain of proposed antenna in free space for GSM, GPS, DCS, ISM, WIMAX

and HiperLAN bands.

Frequency Band

| GSM | GPS | DCS | ISM [ WiMAX | WLAN | HiperLAN

Center Frequency (GHz) | 0.9 1.5 1.8 | 245 3.5 5.2 5.8
Simulated Gain (dB) 0.98 | 0.99 | 1.66 | 5.05 6.95 7.71 7.66
Measured Gain (dB) 099 | 1.20 | 1.98 | 5.2 6.45 7.6 7.5
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Fig.5: Simulated and measured (a) reflection coeffi-
cient (S11) and (b) gain of proposed antenna.

plate with respect to the radiating patch’s width i.e.
the distance between the feedplate and the edge of
the patch’s width, denoted by Ly, (Antenna 3). Its
simulated return loss (Si1) versus frequency curves
for different values of Ly, are depicted in Fig. 4(b).
Next, the parametric study is done to optimize the
feed pin position along the edge of the feedplate’s
width (W}) and with respect to Hy, illustrated in
Fig. 4(c). Return loss characteristics of Antenna 3 in
Fig. 3 with the optimized dimensions of the feedplate
(30 x 6.3 mm?) and feed position (3 mm away from
the edge of the feedplate’s width along W) shows
the improvement in impedance bandwidth. It cov-
ers the frequency range 0.63 GHz to 11.9 GHz with
reference to S1; < —6 dB. To further improve the
impedance matching, a metallic plate of rectangular
dimension (Wg x Hg X t) is placed at a distance of
‘G’ from the feedplate (Antenna 4) which acts as a
stub to improve mismatch. This is the final proposed
antenna. The dimensions of the stub are decided by
parametric studies. The width of the stub is kept

constant (30 mm) and its height is varied from 3 mm
to 6 mm, shown in Fig. 4(d) and the best result is
obtained at the stub size of 30 mm x 5.75 mm. Af-
ter deciding the height of the stub i.e. 5.75 mm, the
width of the stub is varied from 5 mm to 35 mm to
verify the result at other dimensions, illustrated in
Fig. 4(e). Thus, the results are best at stub width
of 30 mm. To improve the impedance matching at
desired frequencies, the separation distance between
feedplate and stub is also studied between 1 mm to
5 mm, shown in Fig. 4(f). The optimized distance
between stub and feedplate is 1 mm. With the op-
timized dimensions, which are tabulated in Table 1,
the simulated return loss of Antenna 4 (Fig. 3) shows
that it covers the frequency range from 0.77 GHz to
beyond 12 GHz with reference to —10 dB and covers
all the required applications of BAN.

5. RESULT AND DISCUSSIONS

The various performance characteristics of PIFA
in free space and in the vicinity of human body parts
are investigated below.

5.1 Performance in free space

Fig. 5 shows the prototype of the proposed antenna
for BAN. The performance characteristics of the de-
veloped antenna are measured and compared in Fig. 5
and Fig. 6. The comparison of simulated and mea-
sured S7; parameters is shown in Fig. 5(a). The graph
shows that the designed antenna has measured band-
width of 10.6 GHz, covering frequency range from
0.7 GHz to 11.3 GHz, which includes all the nec-
essary bands (GSM, GPS, DCS, PCS, UMTS, ISM,
WiMAX, HiperLAN, WLAN and UWB), which may
be required for the Body Area Network. The feed-
plate and the stub has been successfully utilized to
obtain the desired bandwidth. There is slight vari-
ation in the measured and simulated results due to
fabrication and measurement errors. The simulated
and measured gain of the proposed antenna shown
in Fig. 5(b) depicts that the gain lies in the range
of 0.98 dB to 11.55 dB over the desired frequency
band. The maximum simulated gain is 11.55 dB at
4.15 GHz, while the maximum measured gain ob-
tained at the same frequency is 12 dB. The gain is
varying from 0.98 dB to 1.98 dB for lower frequency
bands. This is due to the fact that the loss is more at
lower frequency. The simulated and measured gain at
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desired frequency bands are shown in Table 2. The E
plane and H plane radiation patterns at several im-
portant frequencies are depicted in Fig 6. It is evident
from the figure that all the radiation patterns exhibit
almost omnidirectional characteristic at all the fre-
quencies.

5.2 Antenna Performance in the Presence of
a Human Body and SAR

The interaction of the antenna with the body parts
depends on the electrical properties of body tissues at
different frequencies. Hence the electrical properties
of biological tissues are also characterized at different
frequencies. For evaluating antenna performance and
measuring SAR, a human arm is modelled in HFSS
[20], considering the biological tissue’s conductivity,
permittivity and loss tangent at 0.9 GHz, 1.5 GHz,

1.8 GHz, 2.45 GHz, 3.5 GHz, 5.2 GHz and 5.8 GHz
[33]. The simulated and measured reflection coeffi-
cient (S71) of planar inverted F antenna when placed
on a human arm is shown in Fig. 7. The simulated
bandwidth is 11.07 GHz covering frequency range
0.7 GHz to 11.77 GHz, while the measured bandwidth
is 10.33 GHz covering frequency range 0.57 GHz to
10.90 GHz, still covering the desired bands. There is
not much variation in the bandwidth of the designed
antenna due to the presence of the ground plane of
PIFA. A little shift is observed when placed on the
human arm, but it still covers all the frequency bands
of the desired applications.

Fig. 8 depicts the plot of specific absorption rate
(SAR) field distribution for desired frequencies. The
recommended limit of the SAR by FCC is 4 Watt/kg
for human arm/forearm [34]. The simulated peak
SAR of the proposed antenna lies in the range of
0.03 Watt /kg to 0.69 Watt /kg. The method proposed
in [20] is used to measure the SAR of the proposed
antenna in useful bands. The simulated peak SAR
values and measured SAR compared with simulated
values are shown in Fig. 9 and Fig. 10 respectively
which matches quite reasonably. There is slight dis-
crepancy in the measured and simulated SAR values
due to actual dielectric characterization of body tis-
sues and measurement tolerence. Hence the proposed
antenna can be safely used for the BANs.

5.3 Group Delay

Group delay is an important parameter of perfor-
mance characteristic for an UWB antenna [35]. Two
identical proposed Planar Inverted F Antennas are
placed in the far field region of each other which is
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Fig.8: Simulated SAR field distribution in a human arm at exposure of centre frequencies of desired bands.

greater than 2D?/\ (D is the maximum dimension
of antenna and A is wavelength) in front to front
orientation. The simulated group delay response in
Fig. 11 depicts that the designed antenna provides
a time-domain response without considerable distor-

tion. Two scenarios have been considered for mea-
surement of group delay. In the first case, both the
transmitting antenna and the receiving antenna are
placed off body. The group delay varies from 0.16 ns
to 0.66 ns at desired bands of application with maxi-
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mum delay of 2.2 ns at 6.77 GHz. While in the second
case when the transmitting antenna is placed on a hu-
man arm and the receiving antenna is placed off body
in the far field region, the group delay varies in the
range of 0.23 ns to 1.96 ns at desired bands of appli-
cation with maximum delay of 4.54 ns at 5.39 GHz.
Thus, the proposed antenna exhibits good phase lin-
earity with small variation in group delay response in
the entire frequency band.

6. CONCLUSION

In this paper, a super ultra wideband Planar
Inverted F Antenna covering the frequency range
0.7 GHz to 11.3 GHz with an impedance band-
width of 10.6 GHz (S;; < —10 dB) and gain rang-
ing from 0.96 dB to 11.55 dB has been proposed.
One of the least expensive, flexible and ecofriendly
substrates i.e. a paper has been considered for
the design of antenna. A single antenna covers all
the frequency bands required for the BANs (GSM
(880-960 MHz), GPS (1565-1585 MHz), DCS (1710-
1880 MHz), PCS (1850-1990 MHz), UMTS (1920-
2170 MHz), 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 UWB band (3.1-10.6 GHz)).
The peak SAR is 0.69 Watt/kg which is quite below
the public safety RF exposure limit of 4 Watt/kg,
specified by the FCC.
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