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ABSTRACT

This paper presents the performance of the antenna on a paper substrate material. The antenna consists of star
patch and two L-stub added on the star patch to achieve lower band frequency. It has been shown that the sustainable paper
substrate has a widest impedance bandwidth of 84% from 2.45 GHz to 6 GHz. Moreover, the antenna performance
comparison in terms of impedance bandwidth and antenna gain using different substrates has been discussed. The antenna
performances characteristics are given in terms of reflection coefficient, impedance bandwidth, antenna gain, surface
current distribution, Voltage Standing Wave Ratio (VSWR) and radiation pattern. In addition, a parametric study is

conducted to facilitate the design and optimization process.
Keywords: paper material, patch antenna, wireless applications.

INTRODUCTION

Recently, wearable antenna has gain much
interest among researchers due to great demand for remote
health care medical systems. It is not only employed in
medical field but also in military application which
requires the integration of these antennas on military
clothing. The wearable antenna integrates cloth into
communication system, making electronic devices less
obstrusive (Liu. N. et al., 2011; Jaiwal S. K., 2014).
Generally, wearable antenna is constructed on sustainable
substrate materials such as paper and textile. Furthermore,
wearable antenna is required to be light weight, low cost,
flexible, resistant to shock and vibration, and maintenance
free. It is noteworthy that microstrip patch antenna is the
best candidate for wearable antenna due to all the
requirements (Balanis, C. A, 2012; Kuo, Y. L and Wong,
K. L, 2003; Samsuzzaman, M. et al., 2013).

Previous research using sustainable substrate
material such as paper and textile for wearable antenna
with various shapes of patch antenna have been reported.
A jeans substrate material (Al-Ashwal, W.AM. et al,
2015; Sundarsingh, E. F. et al., 2014), flannel and jeans
(Rahim, M. K. A. et al., 2012), and polyster material (Ha,
S. J. et al., 2012) were proposed in the literature.
Theoretically, the fabric substrate material that has low
dielectric permittivity will minimize the surface wave loss
and enhanced the impedance bandwidth of the antenna
(Ahmad. S., et al, 2012). Wearable antenna using paper
based substrate developed with inkjet printed
Electromagnetic Bandgap (EBG) array and Ultra Wide
Band (UWB) antenna was discussed in details by (Kim,
S., 2012 and Shaker, G., 2011). The relative permittivity
and the thickness of the substrate material are two

significant factor of the antenna performances (Shakhirul,
M. S. et al., 2014).

In this paper, the proposed antenna was
constructed on a sustainable substrate material while the
radiating element and ground plane was made from copper
tape. Hence, three different substrate materials were
investigated by using FR4, Rogers and paper substrate in
terms of impedance bandwidth and antenna gain. By
introducing star patch antenna, wideband performances
can be realized. Two L-stubs were added on the patch to
obtained the lower part of the frequency band. In order to
enhance the bandwidth of the antenna, rectangular slit was
cut on the ground plane. Details of the proposed antenna
design, measured and simulated results of the fabricated
prototype are presented and discussed in the following
sections.

ANTENNA DESIGN

Antenna design concept

The topology of the antenna is shown in Figure-1.
The proposed antenna was manufactured on paper
substrate with dielectric permittivity of 1.75, loss tangent
of 0.06 and a thickness of 0.27 mm similar in (Salleh, W.
N.Z. W. et al, 2013). It is fed with a 50-Q microstrip line.
The overall size of the proposed antenna is 40 x 23 mm®.
The proposed antenna cover the frequency range of 2.45-6
GHz. The characteristics of the proposed antenna such as
impedance bandwidth, VSWR, antenna gain and radiation
patterns have been investigated. All the simulations have
been conducted by using CST Microwave Studio
Software.
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Figure-1. Layout of the proposed antenna in mm.
(a) Front view; (b) Back view.

Antenna model and analysis

In general, the design and construction of the star
patch antenna consists of a star patch to be placed at the
top of paper substrate material; partial ground plane with
slit etched on the centre of ground plane beneath the paper
substrate material. By introducing a star patch antenna and
a partial ground plane, wide impedance bandwidth can be
achieved which covers the frequency bands from 3.08 — 6
GHz. This antenna is denoted as a reference antenna. The
L-stub on the patch and slit on the ground plane are
introduced to cover the lower frequency bands and
enhanced the bandwidth of the proposed antenna. In order
to clarify the underlying mechanisms that influence the
impedance bandwidth and to obtain an optimal design, the
parametric studies of the antenna response to the L-stub
and slit on the ground plane have been analysed.

A. Effect of star patch antenna

(2) (b)

Figure-2. (a) Basic structure of triangular patch;
(b) First iteration of triangular patch.

The star patch antenna (as seen in Figure-2(b)) is
performed from the iteration of the triangle patch design
(Figure-2(a)). The resonance frequency (Vishwakarma, R.
K. et al., 2013) of the triangular patch can be obtained
using the following equation:

2

ff=—"—"— 1
3SeffyEeff M

where

h

VEeff

Seir=S; +

Ert+l &1 12h, 112
T—+T— 1+
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Table-1. Abbreviations and expensions.

Abbreviations Expensions
f; Resonant frequency (GHz)
S Effective side length of the
off triangle (mm)
c Substrate relative
r permittivity
H Substrate thickness
. Effective relative
o permittivity
g Side length of the triangle
1 (mm)
Table-1 represents the abbreviations and

expensions of the Equation (1). The comparison between
triangular and star patch is depicted in Figure-3. The
dotted line demonstrated the simulated S;; of the star
patch, while the solid line shows the simulated S;; of the
triangular patch. There is a minor difference of impedance
bandwidth between star and triangular patch antenna. The
triangular patch give an impedance bandwidth from 3.1-
5.9 GHz, meanwhile star patch have an impedance
bandwidth from 3.08-up to 6GHz.

a 0 T T T T T T T
o 5 ----Star Patch
|5 — Triangular Patch
©-10
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S-
S-20-
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Figure-3. Simulated reflection coefficient, S;;between star
and triangular patch.

B. Effect of L-Stub

The L-stub are configured as shown in Figure-
1(a). The use of the stubs should improve the impedance
bandwidth of an antenna (Song, K., 2010) and decrease
the frequency to lower frequency band. Figure-4 shows the
reflection coefficient, Sy, response. It can be seen that, the
introduction of L-stub symmetrically on the patch could
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lower the frequency band but somehow it deteriorate the
upper frequency band. Therefore, in order to achieve back
lower band frequency, the small rectangular slit etched on
the centre of the ground plane is introduced.

C. Effect of slit on the ground plane

The small rectangular slit was etched on the
centre of the ground plane to enhance the bandwidth (Pei,
J. et al, 2010, Marzudi, W. N. N. W, 2014). The
introduction of this slit broadens the impedance bandwidth
of the antenna from 37.8% (2.48-3.636 GHz) to 84%
(2.45-6 GHz). The comparison of reflection coefficient,
Si; with and without slit is plotted in Figure-5. Figure-6
depicts the simulated reflection coefficient, S;; of various
dimensions of length of slit, L. From Figure 6, it can be
observed that when the L starts to increase, it will effect
the bandwidth of the antenna. The optimal dimension of L
was set to 9 mm which gave a relative bandwidth of 84%
compared to other values.
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Figure-4. Simulated reflection coefficient, S;; with and
without L-stub.
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Figure-5. Simulated reflection coefficient, S;; with and
without slit.
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Figure-6. Simulated reflection coefficient, S| with
various L

ANTENNA PERFORMANCE USING DIFFERENT
SUBSTRATE MATERIALS

Material characterization of substrate material is a
critical consideration in antenna design. Thickness,
dielectric permittivity and loss tangent of substrate
material play an important role in determining the loss and
bandwidth performances of an antenna (Schaubert, D. H,
et al., 1989; Garg, R., et al. 2001). The different between
the conventional substrate material which are Rogers RT
5880LZ and FR-4 epoxy and sustainable paper substrate
are compared. The details of these substrates are listed in
Table-2. Figure-7 shows the comparison of the simulated
IS1;1 using different substrate materials; FR-4, Rogers and
paper. It can be seen from Figure-7 that the paper substrate
give a better impedance bandwidth covering 2.45-6 GHz
with a return loss, S;;< -10 dB. It is proven by
(Waterhouse, R., (2003)), that low dielectric permittivity
substrate material could enhance the achievable bandwidth
of the antenna.

Table-2. Substrate material.

Substrate Rogers
material RTs880Lz | FR4 | Paper
Dielectric 1.96 44 175
permittivity, &,

Loss tangent 0.0019 0.025 0.06
Substrate

thickness, h 1.026 1.6 0.27

(mm)
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Figure-7. Comparison of simulated IS;;lon different
substrate materials.

RESULT AND DISCUSSIONS

Impedance bandwidth

®)

Figure-8. Prototype of the proposed antenna.

The prototype of the proposed antenna design is
shown in Figure-8. The copper tape was used as a
radiating element. The proposed antenna was connected
by using SMA connector. To validate the simulated result,
the fabricated antenna was measured using Rohde and
Schwarz ZVB14 vector network analyzer. The comparison
between the simulated and measured result was depicted
in Figure-9. According to the results, the frequency of the
measured S;; is slightly shifted to the right with the
marginally change on the

Figure-10. Measured and simulated radiation patterns for
the proposed antenna at (a) 2.4 GHz, (b) 2.5 GHz, (c) 3.5
GHz, (d) 5.2 GHz, (e) 5.5 GHz and (f) 5.8 GHz . Left in
(x-z plane) andright in (y-z plane). oooo measured co-
polar, xxxx measured cross polar, ___ simulated co-polar,
- - - - simulated cross polar.
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bandwidth performance between the simulated and
measured result. The measured result cover the frequency
from 2.66-4.48 GHz and 4.58-6 GHz compared to
simulated which covered the operating frequency from
2.45-6 GHz. The minor discrepencies are expected due to
the changes of the material properties and measurement
tolerances.

-=-Simulated
—Measured 1

L

% 25 3 35 4 45 5 55 6
Frequency (GHz)

Reflection Coefficient, S11 (dB)

Figure-9. Comparison between simulated and
measured result.

Radiation patterns

Radiation characteristics of the proposed antenna
also considered. The comparison between simulated and
measured far-field radiation patterns are tested at six
frequencies; 2.4, 2.5, 3.5, 5.2, 5.5 and 5.8 GHz as shown
in Figure-10. The patterns are tested in the x-z and y-z
planes. It can be seen that the radiation patterns show
nearly omnidirectional patterns in x-z and y-z planes. The
results are desirable over the entire frequency bands.

Voltage Standing Wave Ratio (VSWR)

The simulated voltage standing wave ratio
(VSWR) for the proposed antenna is shown in Figure-11.
It can be seen that low VSWR (< 2) is achieved over the
entire frequency band from 2.4 GHz to 5.8 GHz.

VSWR

7
6
5/ |
4
3
2

25 3 35 4 45 5 55 6

Frequency (GHz)

Figure-11. Simulated VSWR of the proposed antenna.

Surface current distributions

The simulated surface current distribution of the
proposed antenna over different frequencies; 2.4, 3.5 and
5.2 GHz depicted in Figure-12. At 3.5 GHz, the surface
current starts to distribute to the L-stub covering lower
band frequency.

(@) ®

Figure-12. Simulated surface current distributions.
(a) 2.4 GHz, (b) 3.5 GHz and (c) 5.2 GHz.

Antenna gain

The simulated antenna gain between different
substrate materials is plotted in Figure-13. As shown in
Figure-13, paper substrate material has a stable gain
compared to others. The antenna gain levels obtained are
about 1.8-2.2 dBi in the range of 2.4-3.5 GHz and 3-3.3
dBi at 5.2-5.8 GHz. The gain increases as the frequency
increases.
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Figure-13. Antenna gain comparison between
different substrate.
CONCLUSIONS

In this work, microstrip star patch antenna
embedded on paper substrate material is presented. The
proposed antenna design was made from paper substrate
material while the radiating element and ground plane
were made from copper tape. It is shown that the antenna
achieved a relative bandwidth of 84% over 2.448 - 6 GHz
with a return loss less than < -10 dB. Moreover, simulation
results showed that the proposed antenna design has a
wider impedance bandwidth and higher gain compared to
the FR4 and Rogers substrate. Overall, this paper has
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demonstrated that it is possible to manufacture an antenna
on sustainable substrate material and can be a suitable
candidate for wearable antenna. Later, the needs to
consider this proposed design function properly with
human body condition will be investigated.
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