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Abstract

In this letter, a semi-transparent frequency reconfigurable
antenna is proposed and investigated. This antenna is
implemented on glass as a substrate, AgHT-4 as a radiat-
ing element and copper as its ground plane to result in a
semi-transparent feature. A pair of PIN diodes is utilized
as microwave switches along with a DC biasing circuit.
This proposed antenna is fed by a CPW arrangement and
introduces unequal E-shaped Defected Ground Structure
(DGS) on the ground plane for modification of the electri-
cal length. The antenna exhibits a —10 dB impedance
bandwidth from 3 to 6 GHz when PIN diodes are ON, and
a resonance at 4.75 GHz when pin diodes are OFF. The
proposed antenna is fabricated to validate its performance
in terms of reflection coefficient and radiation pattern.

KEYWORDS

CPW, frequency reconfigurable antenna, narrowband, transparent

antenna, wideband

1 | INTRODUCTION

Because of the demand for wireless technologies, antenna
designs have been intensively researched to cater to size
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TABLE 1 Parameters of the proposed frequency reconfigurable
antenna
Dimensions Dimensions
Parameter (mm) Parameter (mm)
Wi 51 Lg 15.2
W, 37 i 14.6
Wy 16.35 L. 5 FIGURE 2 Geometry of the E-shaped DGS
W 6 L 162
W " » 145 silver coated polyester film (AgHT), and silver grid layer
N * ’ (AgGL) and silver nano wire (AgNw). These materials differ
Wi 35 P, 8.8 in thickness, transmittance and sheet resistance. ITO has a
L 393 . 04 transmittance of 2135%. However, its sheet resistance (Ry) is

reduction for compactness, multiwireless functionality, and
enhanced performance using emerging materials. The use of
frequency reconfigurable antenna on a single hardware is an
efficient alternative which ensures space efficiency on com-
pact mobile devices. Recently, transparent antennas have
been receiving considerable research attention due to aes-
thetic reasons, such as when integrating such components on
the external section of mobile devices or when solar-energy
harvesting components are placed beneath such structures.
Currently, most existing antennas are fabricated on opaque
microwave substrates such as FR4, Taconic and RT-Duroid
due to their well-known behavior. However, these materials
are unsuitable for use externally in applications which need
transparency.

Various types of transparent conductive films (TCF)
have been reportedly used in antenna applications such as
indium tin oxide (ITO), fluorine-doped tin oxide (FTO),

low, ~15 Q sq °, with mid-temperature process in 200°C.
Meanwhile, TCF is considered unsuitable for antennas due
to its high sheet resistance, a major factor which limits the
use of transparent antennas.' Commercial AgHT can be cate-
gorized into two types, namely AgHT-4 and AgHT-8. In
terms of visible transmittance, AgHT-4 TCF exhibits 75%
and Rs of at least 45+ 1 Q sq~ ', whereas AgHT-8 has a
higher visible transmittance of 82%, with a higher sheet
resistance of 8 = 1 Q sq_1 (x10).2

Over the past decade, UWB,3_5 band-notched,6 circularly
polarized” and dual-band antennas® antennas using transpar-
ent materials have been proposed. The antenna in Ref. [3]
covers an impedance bandwidth from 500 MHz to
10.6 GHz, and is implemented using AgHT-8 as a patch on
a 1-mm-thick glass substrate and ITO as a ground plane. It is
fed using a microstrip transmission line. Meanwhile, another
highly transparent antenna made using AgHT-8 as the radiat-
ing element and PET as a substrate is proposed in Ref. [5] to
reduce its weight. The proposed antenna is implemented

X
— Py —p ¥/
W t L
P |87
PIN diode - We s d
Capacitor —
Lf 12 Lgl
¥ v
Wy Resistor

——— W, —=» Inductor

<
<+

»
»
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FIGURE 1 Geometry and DC biasing circuit of the proposed antenna. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 2 Optimized parameters of the E-shape DGS
Parameters Ly L, L; Wy

Dimensions (mm) 6 4.7 3.5 9.5

using a staircase technique to increase the overlap of reso-
nant frequencies, besides using two symmetrical rectangular
stubs to increase the bandwidth between 3.15 and 32 GHz.
Next, a band-notched UWB antenna at 5.8 GHz was pro-
posed in Ref. [6]. This antenna is constructed using transpar-
ent AgHT-4 thin film and integrates a complementary split-
ring resonator (CSRR) to create a stop band within the
5.8 GHz ISM band. Besides that, a circularly-polarized
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g I
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35 - r T
2 3 4 6
Frequency (GHz)

(B)

f— — — — —— — — —— — — —
—— -
——

S-Parameters (dB)
[S]
(=1

£
=]
L

-50 ‘
2 3 4 6
Frequency (GHz)
(©)
FIGURE 3 (A) Location of the switches; (B) bandpass response;

and (C) bandstop response. [Color figure can be viewed at wileyonlineli-
brary.com]

20

o
2
-
-
D 5
40 4 Wideband (ldeal Switches) l
= e wmm === = Narrowband (ldeal Switches)

==.==  \Nideband (p-i-n diooes)
Narrowband (p-i-n diodes)

-50

4
Frequency (GHz)

FIGURE 4 Comparison of simulated reflection coefficient (Sy)
between the use of copper pads and PIN diodes. [Color figure can be
viewed at wileyonlinelibrary.com]

transparent antenna operating in the 5.8 GHz for WLAN
applications was proposed in Ref. [7]. This antenna was fab-
ricated using AgHT-4 as the radiating element. The tapered
split gap and inequality in the lengths of the CPW ground
arms contributed to a wide 3 dB axial ratio bandwidth from
5.4 to 6.2 GHz.

Defected ground structures (DGS) typically suppress sur-
face waves and provides arbitrary stopbands’ by modifying
the current distribution on the ground plane. Therefore, it
changes the line capacitance and inductance, while also func-
tioning as a prefiltering circuit.'® Numerous of works have
reported the integration of DGS into antenna to achieve fre-
quency reconfigurability. For instance, a wideband-to-
narrowband reconfiguration was investigated in Refs. [11]
and [12]. The narrowband operations can be switched from a
wideband behavior by employing multiple PIN diodes along
a pair of ring slots to change their electrical lengths. Another
investigation in Ref. [13] presented DGS meandered slot
lines on the ground plane of a CPW-fed antenna to enable
wideband-to-narrowband reconfigurability. The lengths of
meandered slot functions as a filter to tune the resonant
frequency.

In this letter, a semitransparent frequency reconfigurable
antenna featuring wideband and narrowband reconfigurabil-
ity is presented. To the authors’ best knowledge, this is the
first TCF-based frequency reconfigurable antenna reported in
literature. A pair of unequal E-Shaped DGS is integrated on
the ground plane to enable narrowband operation centered at
4.75 GHz for radar application. Its operation can be switched
to wideband mode (from 2 to 6 GHz) by eliminating the
functionality of the DGS resonator when PIN diodes are
turned ON. The use of AgHT-4, copper foil and glass in the
proposed antenna design enables its semitransparent feature,
which may be suited for future solar energy harvesting fea-
ture in compact devices.


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

LIM ET AL.

(A)
I
G
7 [
(B)
©
N
»,
I [}
(D) '

FIGURE 5 Simulated surface current distribution for the wideband
mode (left) and narrowband (right) mode at: (A) 3 GHz (B) 4 GHz (C)
4.75 GHz (D) 5.5 GHz. [Color figure can be viewed at wileyonlinelibrary.
com]

2 | ANTENNA DESIGN

This antenna is inspired by the design in Ref. [14], with the
E-shaped DGS added enable reconfiguration to the narrow-
band mode centered at 4.75 GHz. This structure comprises
of an AgHT-4 layer and copper foil as the conductive ele-
ments, and an optical glass substrate, with a relative permit-
tivity (g,;) of 6.07 and thickness (f) of 2 mm. The AgHT-4
structure consists of two main parts: the silver conductive
layer and polyethylene terephthalate (PET). It features R, = 4
Q sq~' and e,=3.228 and thicknesses of 0.0525 and
0.1225 mm. Both AgHT-4 and glass are transparent, while

FIGURE 6 Photograph of the fabricated semi-transparent frequency
reconfigurable antenna. [Color figure can be viewed at wileyonlinelibrary.

com]
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FIGURE 7 Simulated and measured reflection coefficient (S ;) for
the wideband mode. [Color figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 8 Simulated and measured reflection coefficient (S ;) for
the narrowband mode. [Color figure can be viewed at wileyonlinelibrary.
com]
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TABLE 3 Summary of the antenna performance
Switches state Mode Bandwidth (simulated)
ON-ON Wideband 2-6 GHz (100%)
OFF-OFF Narrowband 4.34-5.1 GHz (16%)

the copper foil serves as the antenna ground plane. Besides that,
a DC biasing circuit comprising of inductors and capacitors are
added to operate the PIN diodes. Finally, a DGS pre-filtering
circuit is implemented on the ground-plane. The total size of the

xz-plane

270

Bandwidth (measured) Gain (simulated)

2-6 GHz (100%) 1.66 dBi (Peak Gain at 5.5 GHz)

4.33-5.2 GHz (18%) 1.433 dBi (at 4.75 GHz)

proposed antenna is only 51 mm X 39.3 mm, including the
additional 7 mm on each side of the antenna to place the biasing
traces of the DC circuit. The optimized geometrical parameters
of the structure are summarized in Table 1.

yz-plane
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FIGURE 9 Simulated and measured radiation patterns for the wideband mode (Left xz plane; Right yz plane) at: (A) 3 GHz (B) 4 GHz (C) 4.75 GHz

(D) 5.5 GHz. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Continued

The geometry and DC biasing circuit of proposed semi-
transparent frequency reconfigurable antenna is depicted in
Figure 1. Each side of the ground plane is allocated a PIN
diode at an end point of the slot, acting as ON/OFF switches
for current flow control. A two-terminal supply (positive on
the left and negative on the right) is also added for the DC
power supply. A 100 Q film resistor is connected to the posi-
tive supply as a load to prevent a short circuit. In the DC
biasing circuit, 3-mm slits are etched on the ground plane to
isolate DC bias supply. Capacitors are placed on the slits to
isolate DC power, while allowing the RF wave signal to
flow through them. Besides that, a 100 pH inductor is

(D)

connected in series on the DC bias line to function as an RF
choke, creating high impedance and preventing RF signal
flow into the DC bias line.

To obtain narrowband reconfigurability, a pair of hori-
zontal E-shaped DGS slot lines are integrated on the CPW
ground-plane as a filtering circuit (see Figure 2). The center
frequency of this narrowband mode can be controlled by
adjusting the perimeter of the slots, with its lengths denoted
as Wx, Ly, L, and Ls. The total perimeter of these slots is
approximately a quarter-wavelength (A/4) at the center fre-
quency of this narrowband mode. The optimization of L, is
to improve the reflection coefficient for the narrowband
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FIGURE 10 Simulated and measured radiation patterns for the narrowband mode (Left xz plane; Right yz plane) at 4.75 GHz. [Color figure can be
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mode, whereas the other optimized parameters of the slot
lines are summarized in Table 2. Figure 3A depicts the
geometry of the DGS with PIN diodes, while Figure 3B,C
presents the S-parameters (reflection coefficient and insertion
loss) for both the wideband- and narrowband reconfigura-
tions. When the PIN diode is in the OFF state, the E-shaped
DGS acts as a bandpass filter, generating two stopbands
(2.37 and 5.37 GHz) and one passband (4.84 GHz) as shown
in Figure 3B. To switch to a wideband mode, PIN diodes
need to be ON, activating the bandstop filter. Hence, the
DGS is eliminated to enable the antenna to maintain its wide-
band mode, see Figure 3C.

3 | RESULTS AND DISCUSSION

As an initial validation, the simulated and measured reflec-
tion coefficients using ideal switches and copper pads are
compared in Figure 4. The use of the ideal switch indicated a
slight upwards frequency shift for the narrowband mode by
0.05 GHz due to a neglect of parasitic effects in the simula-
tions. Meanwhile, the reflection coefficient did not change
significantly in the wideband operating mode when using
copper pads to emulate PIN diodes, with similar —10 dB
bandwidth. It can be concluded that the ideal switches are
representative of the real switches and is suitable for use in
the initial design phase to simplify the optimization process
and reduce simulation time.

The surface current distribution of the structure is further
studied as illustrated in Figure 5, using copper pads to ease
the visualization. They are divided into the ON and OFF
states at the frequencies of 3, 4, 4.75, and 5.5 GHz. During

the ON state, an ideal switch is placed at the end point of
each ground plane. It is observed that a high current distribu-
tion density is concentrated in the region which disabled the
E-shaped resonator functionality, resulting in a wideband
operation. Upon removing the copper pads from the ground-
plane, the E-shaped DGS is operational, triggering the nar-
rowband mode. As shown in Figure 5A, B, and D, the cur-
rent distributions for the OFF state at 3, 4, and 5.5 GHz are
very weak on the slot, due to its function as a selective stop
band filter. The strongest surface current density occurring at
4.75 GHz indicates the resonance of the E-shaped DGS at
this particular frequency.

The optimized antenna is then prototyped, as illustrated in
Figure 6 for measurement purposes. Figure 7 shows the simu-
lated and measured reflection coefficient of the wideband
mode, which is triggered by turning ON both PIN diodes and
eliminating the functionality of the DGS. This consequently
activates the bandstop filter characteristic. Simulations indi-
cated that the wideband mode operates with a —10 dB band-
width over the entire 2-6 GHz. However, measurements
indicate a slight degradation at the upper frequency, which is
slightly above —10 dB. This is due to fabrication errors and
the resistivity variation of the semitransparent material.

Having both PIN diodes in the OFF state activates the E-
shaped DGS bandpass filter to suppress unwanted frequen-
cies and allow a passband centered at 4.75 GHz. The com-
parison between simulated and measured reflection
coefficient in Figure 8§ indicates a good agreement. The nar-
rowband mode is validated to be operating from 4.34 to
5.1 GHz with a 1.433 dBi gain, and is suited for indoor
radars and cognitive radio applications.'> Meanwhile, the
peak gain throughout the wideband mode is 1.66 dBi. This is
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due to the lossy FR4 substrate and limited conductivity of
AgHT-4. A summary of the antenna performance is provided
in Table 3.

Figure 9 illustrates the simulated and measured wideband
mode radiation patterns in the xz-plane (left) and yz-plane
(right) at four different frequencies: 3, 4, 4.75, and 5.5 GHz.
Meanwhile, Figure 10 illustrates the radiation pattern for the
narrowband mode (when the PIN diodes are in the OFF
state) at 4.75 GHz. The antenna exhibits a quasi-
omnidirectional pattern in the xz-plane and is bidirectional in
the yz-plane. A good agreement is observed between simula-
tions and measurements.

4 | CONCLUSION

A semitransparent frequency reconfigurable antenna has been
designed and investigated. The antenna is first optimized for a
wide bandwidth operation from 2 to 6 GHz. Next, the E-
shaped DGS is introduced on the CPW ground plane to enable
its reconfiguration into to a narrowband mode centred at
4.75 GHz. A pair of PIN diodes is placed at two ends of the
DGS to enable the narrowband mode when the PIN diodes are
in the OFF state, with a fractional bandwidth of 16%. On the
other hand, a wideband operation with 100% fractional band-
width is enabled when the PIN diodes are in the ON state.
Assessment results indicated good agreements between simu-
lations and measurements, with quasi-omnidirectional patterns
in the xz-plane and bidirectional radiation in the yz-plane.
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