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Abstract—A novel transparent UWB antenna for photovoltaic
solar-panel integration and RF energy harvesting is proposed in
this paper. Since the approval by the Federal Communications
Committee (FCC) in 2002, much research has been undertaken
on ultrawide band (UWB) technology especially for wireless
communications. However, in the last decade, UWB has also been
proposed as a power harvester. In this paper, a transparent cone
top tapered slot antenna covering the frequency range from 2.2
GHz to 12.1 GHz is designed and fabricated to provide UWB
communications whilst integrated onto to solar panels as well as
harvest electromagnetic waves from free space and convert them
into electrical energy. The antenna when sandwiched between an
a-Si solar panel and glass is able to demonstrate a quasi Omni-
directional pattern that is characteristic of a UWB. The antenna
when connected to a 2.55-GHz rectifier is able to produce 18 mV
DC in free space and 4.4 mV DC on glass for an input power of
10 dBm at a distance of 5 cm. Although the antenna presented in
this paper is a UWB antenna, only an operating range of 2.49 to
2.58 GHz for power scavenging is possible due to the limitation of
the narrowband rectifier used for the study.

Index Terms— energy, rectenna, transparent, uwb

I. INTRODUCTION
RANSPARENT antennas for communications have

been researched on by only a dedicated few for the last
two decades [1-9]. These antennas were either semi-
transparent like those with antenna geometries made of
opaque conductive materials on a transparent substrate such as
polymers or fully transparent such as those designed on
transparent conductive oxides (TCOs) like ITO, AgHT or
PEDOT [10-11]. The uniqueness of the latter type was the
discreetness and the conformability they provided by virtue of
the flexible nature of the substrate. In recent years, integration
of solar cells with a transparent antenna was studied for
harvesting energy from the sun [12]. However, this was on a
narrowband antenna which becomes directional as a result of
the opaque solar cells or panel which tend to act as a reflector.
This thus limits the potential of such an antenna for window
glass applications. Similarly, introducing an opaque material
like an amorphous-silicon (a-Si) solar panel with an aluminum
back electrode will also make a UWB antenna directional.

However, in this paper, this is overcome through the
design and development of a novel UWB antenna that can
provide omni-directionality even though integrated on an a-Si
solar panel with a metal aluminum back electrode or ground.
This enables the UWB antenna to transmit and receive signals
wirelessly on both sides of the glass of buildings and windows
of homes. This is the first time a transparent UWB antenna
capable of maintaining omni-directional pattern on a solar
panel is demonstrated.

The transparent UWB antenna, when connected to a
rectifying circuit, serves also as a rectenna. A rectenna is a
special type of antenna that is used to directly convert
microwave energy into DC electricity. The idea was initially
mooted by Nikola Tesla 100 years ago but experimentally
researched, presented and patented by Brown [13-14]. It was
Brown who first proposed the term rectenna as it consisted of
an antenna combined with a rectifying circuit to convert radio
or microwave power to DC power. Since then numerous
applications such as providing DC power from space by
receiving a microwave beam transmitted to earth by a
geostationary solar-power satellite and converting it into DC
power [15], wireless power transmissions in distributed
wireless sensor networks [16], RFID tags [17], health
monitoring [18], and most recently in Nokia mobile phones to
provide standby power [19] have been demonstrated.

However, the applications in [16-19] harbor around small
antennas that need to be small in size to keep the devices
small and compact in line with the current trend towards small
size, compact and cost effective devices. In this paper,
although a small compact transparent UWB Cone Top
Tapered Slot Antenna (CTSA) covering a frequency range
from 2.2 to 12.1 GHz is presented as a transceiver, solar
harvester and a rectenna, the application is not limited to small
devices as the target destination is its use on glass
windows/panels of buildings. The ample glass space provides
a limitless area for large transparent wide band antenna
designs or UWB array implementation to harvest radio waves
across a wide range of frequencies and provide strong gain
‘last mile’ connection for the futuristic UWB-over-fiber
(UOF) network [20]. Such antennas on the glass of buildings
besides providing wireless communications and allowing
harvesting of solar energy can also scavenge relatively large
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amounts of power from signals coming from miles away.
Incorporating the rectifier circuit as an integral part of the
antenna as in [21] could make it even more cost effective and
efficient. Using enhanced rectifier circuits which are currently
under study [22] could facilitate the simultaneous reception of
data and conversion to DC power.

A Dbasic model of two antennas combined using a
Wilkinson power combiner can be used to explain how
simultaneous power transmission and data transfer can be
achieved. A Wilkinson power combiner is a split-T combiner
with a resistive element placed between the two input arms,
which has all three ports matched and at the same time
provides isolation between the two input ports. Inequalities
between the antenna elements in the array, due either to
tolerance effects or to phase differences in the received
signals, will cause a voltage difference to occur across the
resistor and thus make a current flow through it [23]. This
current is dissipated by the resistor thus providing isolation
between the antenna elements. By replacing the resistor with
a rectifier circuit, the inequalities in the received signals may
be used for power conversion while maintaining the isolation
between the antenna elements [23]. The DC power output will
be larger for larger inequalities between the antenna elements.
The inequality between the signals at the combiner input ports
can be achieved by differing the lengths of the transmission
lines from the antennas to the combiner input ports [23].
Hence by moving the rectifier from the port at the bottom of
the feed line and connecting it between the input arms, the
feed line port is freed for data transmission. With the input of
the rectifier connected to the combiner input arms, DC power
can be tapped through a load at its output. However, with glass
space being amply available, the use of dedicated antenna
arrays to provide for power scavenging and data transmission
separately would not be a constraint.

In this paper, a UWB CTSA antenna is demonstrated as
part of a UWB transceiver laminated on an a-Si solar panel,
and as a rectenna both in free space and on glass to provide
wireless communication and harvest solar and RF energy. The
antenna integrated solar panel and rectenna designs are
presented in Section II. The measurement set-up for each
application is elaborated further in Section III.  The
measurement results and analysis are presented in Section IV
with the conclusion on the findings in Section V.

II. ANTENNA DESIGN

A. Antenna Design

The geometry of the proposed transparent antenna is shown
in Fig. 1(a). The antenna is designed as a coplanar-waveguide
(CPW) fed cone top tapered slot antenna inscribed on a thin
TCO polymer film, AgHT-4, with an overall size of
WxL=17x33.5 mm”. The feed gap g is 0.1 mm, and the feed
line is designed to slowly taper and merge into the radiator.
The antenna is first studied laminated on a 2 mm thick glass,
and later sandwiched between the 2 mm thick glass and an a-
Si solar panel. The antenna is designed and studied using
computer simulation with the optimized dimension listed in

Table 1. The antenna size should normally be smaller when
fabricated on glass with a higher dielectric constant which is
5.7 for the 2 mm thick glass. However, this is not the case
here because the thickness of the glass increases the size of
the antenna. Hence in the sandwich configuration, the overall
thickness of the glass is twice as that in the substrate
configuration, resulting in a much bigger volume due to the
size of the antenna as well as the thickness of the glass. Also,
it needs to be pointed out that the optimized dimensions of the
antenna on glass are the same whether it is laminated in the
substrate or superstrate configuration. This is because the
substrate base of the AgHT-8 film, PET is very thin and as
such has minimal effect on the radiation energy in the
superstrate configuration. A thicker PET in the superstrate
configuration on the other hand, would have made the antenna
appear sandwiched between the PET and glass causing it to
give a different result to that of a substrate configuration. The
CTSA is fabricated as shown in Fig. 1(b) for measurement.

The AgHT-4, a layer of silver sandwiched between two
layers of tin oxide and coated onto a polyethylene
terephthalate (PET) base, has a surface resistivity of 4 Q-
square, a conductivity of 250,000 S/m and a thickness of
0.175 mm, making it suitable for use on window glass of
homes and buildings. It has a visible light transmittance
(VBLT) of 75%. This metallized polymer is commercially
used as a sun-shielding film to cut down heat and conserve
energy in homes and buildings.

w

Fig. 1 a) Geometry of CTSA and b) Prototype of CTSA.

TABLE 1
DIMENSIONS (MM) OF THE ANTENNA GEOMETRY IN FIG. 1

Parameters L W Ly L, W, g
Free space 335 | 17.0 | 11.3 | 158 75 0.1
2mm Glass 351 | 175 | 106 | 15.8 7.82 0.23
Sandwich

2mm Glass/Solar 446 | 255 | 786 | 193 | 11.04 | 0.28
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B. Antenna Design for Solar Integration

For solar harvesting applications, the CTSA is sandwiched
between a 2 mm glass superstrate representing a glass window
and an a-Si solar panel (model: QF 8368) of 38 x 86 mm? as
shown in the simulated structural view in Fig. 2. The a-Si
solar cell has several layers as shown in Fig. 3. However, in
computer simulation, the p-type and n-type layers are not
included due to the difficulty in accurately modeling them.
The solar panel as per manufacturer is designed to work in
low light and cloudy conditions.

——- (Glass Superstrate

—— Antenna

— Glass

{ Undoped Tin Oxide
Amaorphous Silicon

Aluminium Electrode

#5i Solar Panel

Fig. 2 Structural view of CTSA sandwiched between glass superstrate and a-
Si solar panel.

Glass Substrate 1.8 mm

Tin Oxide (Transparent Electrode)| 70 nm
p-type layer 10 nm
Amorphous Silicon 600 nm

50 nm
1000 nm

Fig. 3 Structure of a-Si solar cell.

C. Rectenna Design

For rectifying the electromagnetic (EM) signals in the
rectenna, a narrowband rectifier designed in [24] is used in
our studies, since it was the only handy rectifier available in
our lab at the time of this work. However, the authors would
like to highlight at this point that the CTSA in actual fact can
be used as a broadband rectenna in conjunction with a
broadband rectifier, and that a narrowband rectifier was used
only to demonstrate in principle the CTSA’s RF harvesting
capability. The Microwave Office (MWO) circuit schematic
of the rectifier used for simulation is shown in Fig. 4, which is
a double-diode (HSMS-2850) rectifier designed to work at a
frequency of 2.55 GHz and fabricated on a FR-4 microstrip
board with a thickness of 1.6 mm and a dielectric constant of
4.2. The package inductance and capacitance are also modeled
in the circuit schematic to give better accuracy. The voltage-
doubler configuration used in the design helps improve the
voltage sensitivity [24]. In Fig. 4, the rectifier circuit receives
the EM energy from the antenna and converts it to DC power.
The prototype of the integrated antenna-rectifier module or
rectenna is shown in Fig. 5. In practical applications, the
rectifier could be attached to a window sill and connected to

the antenna using a transparent feed line to maintain
transparency. Alternatively, a transparent rectifier circuit
could be designed and integrated onto the antenna with only
the diodes and capacitors being noticeable, but this is left to
future works.

29mm i : o
Antenna *&H:h :mu&:Tchm -fn'\.lu*rr-«gé. = + Load
16pF 1 | eH
19 s

Fig. 4 Schematic for voltage doubler.

Fig. 5 Prototype of CTSA-rectifier module.

III. MEASUREMENT SET-UP

A. Solar Energy

A prototype of the CTSA sandwiched between a 2 mm
glass superstrate and the a-Si solar panel is fabricated and
measured for gain and radiation pattern using the Satimo
StarLab system. Also voltage output of the solar panel is
taken in free space, laminated with the antenna, and with the
antenna sandwiched between the solar panel and the 2 mm
thick glass. This was carried out to see whether AgHT-4’s
(VBLT) of 75% and the glass thickness affected the
performance of the a-Si solar panel. The solar panel has a
conversion rate of more than 15% and is able to deliver a
voltage of 5.5 V and a current of 70 mA as per the
manufacturer’s specification in free space. An additional
voltage output measurement for the solar panel with the
prototype connected to a Vector Network Analyzer (VNA) is
also taken to see whether EM transmission in anyway affects
the performance of the solar panel. The measurements are
done in the ambient light of fluorescence lighting as well as
outdoor in the sun.

B. RF Energy

A diagrammatic representation of the experimental set-up
used for measuring the amount of RF power converted to DC
power by the rectenna in free space is shown in Fig. 6. In Fig.
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6, a single tone RF signal is generated using a signal generator
and fed to a horn antenna. The rectenna placed at a certain
distance is used to collect the RF signal transmitted from the
horn and convert it to DC power. The amount of DC
converted is used to measure the performance of the rectenna.

G
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Fig. 6 Measurement set-up for the CTSA rectenna (diagrammatic
representation).

The return loss for a -30 dBm input from a RF signal source
with the rectifier output terminated with a 50-Q load is shown
in Fig. 7. It can be seen that the rectifier has a maximum
return loss of 25 dB at around 2.55 GHz which is the
frequency at which the rectifier has the maximum voltage
sensitivity and optimum performance. This is further verified
by feeding a signal with frequency from 2.5 to 2.6 GHz at a
step of 0.01 GHz to the rectifier input with the output
terminated with a 50-Q load resistor and recording the output
voltage at each step. The results are listed in Table 2 which
indicates a maximum output of 25.6 mV at 2.55 GHz.
However, it should be noted from Fig. 7 that the rectifier, with
a load of 50 Q, has a 10 dB operating bandwidth from 2.49-
2.58 GHz, thus when integrated with an antenna, the rectifier
should able to convert RF signals in this operating range to
DC power. This is evident from [25], since although the loop
antenna presented there has a narrow 10 dB operating
bandwidth of 900-952 MHz, the rectifier is still able to receive
and rectify electromagnetic waves in the neighbouring
frequencies within the 10 dB operating bandwidth of the
rectifier from 785 MHz to 1150 MHz.

With the CTSA connected to the rectifier output, the return
loss of the rectenna is measured again with results also shown
in Fig. 7 for comparison. It can be seen that the return loss is
maximum at 2.53 GHz due to a mismatch. This is expected
since an available rectifier in the lab was used for the study
rather than one that was specifically designed to impedance
match the antenna.

The horn antenna used in our studies shown in Fig. 6 has an
average gain of 9.8 dB for the range 2.5 to 2.6 GHz. To
determine the optimum operating frequency of the CTSA
rectenna, the horn antenna is connected to a signal generator
to serve as a transmit antenna. The CTSA rectenna is then
placed at the receiver end 5 cm away to receive the signal as
shown in Fig. 6. A 50-Q load is connected to the rectenna
output to tap the rectified DC. The output voltages at steps of
0.01 GHz for a signal frequency sweep from 2.5 to 2.6 GHz
are shown in Table 3. It can be seen that the CTSA rectenna

has a maximum output of 9.4 mV at 2.53 GHz. This confirms
the system has an optimum operating frequency of 2.53 GHz
for a 50-Q load. More measurements have been done with a
100-Q load with results also shown in Table 3, indicating that
the optimum operating frequency shifts to 2.51 GHz with a
maximum output voltage of 18.0 mV, higher than the case
with a 50-Q load.

]
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Fig. 7 Return losses of rectifier and rectenna.

TABLE 2
OUTPUT VOLTAGE OF RECTIFIER FOR -30 DBM INPUT POWER

Frequency

(GHz)

150 | 231 | 231 | 183 | 154 | 235 | 236 | 257 | 238 | 139 | 160

Voltage mV) | 148 | 165 | 178 | 196 | 2136 | 256 | 224 | 209 | 182 | 44 | 1035

TABLE 3
OUTPUT VOLTAGE OF RECTENNA FOR -30 DBM INPUT POWER

Frequency (GHz) | 290 | 281 | 280 | 280 | 284 | 235 | 286 | 287 | 238 | 259 | 260

500
Voltage(mV) | 71| 84 | 88 | 904 | 92 | 92 | 91 | 86 | 75 | T4 | T2

Frequeney (GHz) | 250| 251 | 280 | 283 | 284 | 235 | 256 | 247 | 238 | 239 | 260

100Q

Voltage (mV) | 178 18 | 17 | 167|133 | 16 | 164 | 17 | 16 | 154 | 142

IV. RESULTS AND ANALYSIS

A. Solar Energy

The simulated and measured return losses of the CTSA in
free space, laminated on the a-Si solar panel and sandwiched
between the solar panel and 2 mm glass superstrate are all
shown in Fig. 8 for comparison. The discrepancy between the
simulated and measured return losses in free space is mainly
attributed to the accuracy of the parameters used to model the
AgHT-4 material in simulation and fabrication accuracy of the
prototype. Additional discrepancies between the simulated and
measured return losses when the CTSA is laminated on the a-
Si solar panel, and when sandwiched between the 2 mm glass,
is attributed to the accuracy of the parameters used to model
the a-Si solar panel and the uncertain air gaps between the
CTSA, a-Si solar panel and 2 mm glass.
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Fig. 9 Overall simulated and measured gains of CTSA in free space, on solar
panel only, and sandwiched between solar panel and glass.
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Fig. 10 Measured radiation patterns for CTSA in free space, on solar panel
and sandwiched between a-Si solar panel and 2 mm glass at 3, 5, 7 and 10
GHz.

The overall simulated and measured realized peak gains of
the CTSA in free space, laminated on the a-Si solar panel and
sandwiched between a-Si solar panel and the glass superstrate
are shown in Fig. 9. The antenna has quite low gains due to
the high resistance of the AgHT-4 materials. The measured
gain on an average varies from 3 dB to 5 dB lesser than that of
free space. When the antenna in free space and laminated on
the a-Si solar panel, the simulated and measured gains agree
well. When the antenna is sandwiched between the solar panel
and glass superstrate, the simulated and measured results also
agree well at frequencies below 5 GHz. However, a large
discrepancy occurs at higher frequencies, probably due to the
uncertain air gap on both sides.

The measured radiation patterns in the X-Y plane at
different frequencies are depicted in Fig. 10. The measured
radiation patterns for the sandwich configuration are seen to
be quasi-omni directional for all the four different frequencies
tested at 3, 5, 7 and 10 GHz. However, the results are quite
encouraging as this allows wireless communication access
inside and outside the building when the solar panel integrated
antenna module is mounted onto a glass window or glass
building. Additional endeavours of course are needed to
further improve the gain to enhance transmission range and
one way of doing this is through arrays.
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Table 4 gives the voltage output obtained from the a-Si solar
panel in the ambient light of the fluorescence lighting of a
room and under the sun. A 5 KQ load resistor was used so
that the voltage output would be large enough for comparison
in the different conditions.

TABLE 4
OUTPUT VOLTAGE OF CTSA SOLAR MODULE (MV)

Ambient Light Sun

VNA (Off) VNA (On)
Solar only 102.9 - 4.5
CTSA + Solar 76.1 74.4 4.5
Glass+CTSA+Solar 68.6 68.7 4.7
Glass+Solar 93.2 - 4.5

A drop of 40% in voltage output is observed for the integrated
module of the CTSA sandwiched between the glass and solar
panel when compared to the voltage output of the solar panel
only. Also, the energy harvesting performance of the module
is not affected in any way when it was connected to the VNA
to measure the return loss. The low output in the sun is
because the solar panel is designed to operate in poor lighting
conditions.

B. RF Energy
Rectenna in Free Space

The solar energy harvested may not be dependent on the
antenna, but the RF energy is. The gain of the antenna at
which the rectifier is designed needs to be high to aid the RF
to DC conversion of the EM waves harvested.

The rectenna’s efficiency, Mrectenna for free space and on glass
is given by,

-

From Fig. 6, by knowing the transmitted power (Pr), gain of
the transmitter (Gr) and measuring the distance (d) between
the horn and the antenna under test (AUT) and the DC
rectified power (P4) and calculating the received RF power
(P,o) by the antenna, we are able to determine the rectenna
efficiency from (2) to (4) given below where Ay is the
effective antenna aperture,

Mrectenna = MNrectifier X MNantenna

Pr G
Pa = 4;;2" X Actt Q)
2
_ FrGr  GgxA” . 3)
4md &7
Pdc = Pac X Nrectifier . @
Therefore,
rectifier efficiency, Mrectitier = Pdc/ Pac .. (5

Hence from (1),

rectenna efficiency = Pge/ Pac x Mantenna
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Fig. 11 Measured output power of CTSA rectenna versus input power on 50-
Q and 100-Q load at 2.51 and 2.53 GHz in free space.
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Fig. 12 Measured rectenna system efficiencies at 2.51 and 2.53 GHz at 50-
and 100-Q loads in free space.

A maximum rectifier efficiency of 49% is observed over a
100-Q load for a 0 dBm input power at 2.51 GHz. The
rectenna system efficiency is determined by taking the output
power for varying power inputs from -30 dBm (0.001 mW) to
0 dBm (1mW). The measured output powers and efficiencies
of the rectenna at the frequencies of 2.51 and 2.53 GHz and
with 50-Q and 100-Q loads for different input power levels in
free space are shown in Figs. 11 and 12. It can be seen in Fig.
11 that there is no output power if the input power is below
about -15 dBm, which is due to the requirement of power to
turn on the rectifying diodes. The output powers for 100-Q
load are higher than those for 50-Q load, which agree with the
results of Table 3. The measured system efficiency in Fig. 12
increases with load but at the different operating frequencies
as earlier pointed out in Table 3. Although the efficiency in
Fig. 12 is notably low, this could be improved via arrays and
also larger antennas or redesigning the geometry to have
better gain at the desired frequency of operation.

Rectenna on Glass

The same design of the CTSA on glass takes on a slightly
larger or smaller size depending on the dielectric constant and
thickness of the glass used. A higher dielectric constant could
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further improve the gain. However, a higher thickness could
possibly attenuate the received signal and consequently
deteriorate the efficiency of the system. Nevertheless, the
dimensions of the antenna design should be optimized to
obtain the maximum gain possible at the frequency of
operation.
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Fig. 13 Simulated and measured return loss of rectenna on glass.
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Fig. 15 Measured gain of CTSA on 2 mm glass substrate.

The optimized size of the CTSA for use on a 2 mm thick
glass with a dielectric constant of 5.7 is given in Table 1. In
our design, the CTSA on-glass is only 0.8 % bigger than that
of free space. The simulated and measured return losses on
glass are presented in Fig. 13. The difference between the
simulated and measured return losses here are attributed to

fabrication accuracy and the uncertain air gap between the
CTSA and 2 mm glass.

The voltage output for the CTSA on a 2 mm glass is shown
in Fig 14. The voltage output is optimum at 2.57 GHz. The
lower voltage output for the CTSA on glass is attributed to the
lower gain at 2.57 GHz in comparison to that of the CTSA in
free space as shown in Fig. 15. Hence at frequencies between
6-7 GHz and 8-9 GHz, higher voltage output can be expected.

Comparison with Existing Rectenna Solutions

A brief comparison with existing narrowband and
broadband solutions so far published is presented to show that
the CTSA rectenna is comparable as well as has several
advantages. The most important consideration for a rectenna
design is how to obtain high efficiency. This is usually done in
two ways: 1) to collect and deliver maximum power to the
rectifying diode, and ii) to acquire high rectifier conversion
efficiency through suppression of harmonics generated by the
diode which re-radiate from the antenna as power lost. To
maximize the delivered power, antennas arrays [26-29],
broadband and UWB antennas [30-35], circularly polarized
(CP) antennas [36-37), have been built to increase conversion
efficiency. The antenna arrays increase incident power
delivered to the rectifier diode by enlarging antenna aperture
and increasing antenna gain, while the broadband and UWB
antennas enable relatively high RF power to be collectively
received from various sources in their frequency range. CP
antennas meanwhile offer better power reception through less
polarization mismatch. Harmonic suppression has been
achieved by way of introducing, microwave components such
as a low pass filter (LPF) between the antenna and diode as
well as on the dc output side of the diode, and using optimized
rectenna design that has harmonic rejection capabilities thus
eliminating LPFs [38-39].

The rectifying circuit of the proposed CTSA rectenna has
LPFs incorporated thus enabling it to suppress harmonics
generated by the diodes. Although, RF harvesting between
2.49-2.58 GHz only is demonstrated here, the CTSA as a
UWRB antenna is capable of harvesting at various frequencies
within its bandwidth range. The CTSA is smaller in size
compared to those in [26-39], and has additional advantages
as it can scavenge on both sides of the antenna due its omni-
directional characteristic and be aesthetically fitted on to glass
panels of windows and buildings. Moreover, using a UWB
antenna, the aperture is kept constant at higher frequencies
compared to narrowband patch antennas which would shrink
in size with increase in frequency.

The performance of the rectenna in terms of conversion
efficiency is comparable to those previously reported [25],
[36], and [38]. The conversion efficiency of 49% that was
achieved for the rectifier in this study over a 100 Q load could
be higher if a larger load resistance is used. Conversion
efficiency is dependent on the load resistor since, Py in
equation (5) when expanded is,

—
Pae =V, /B ... (6)
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Where V. is the voltage observed at the load resistor, R, and
I, the rectified dc current that flows into the load resistor.
Hence from (7), higher the load resistor used, higher the
rectified DC power and consequently, higher the rectifier
efficiency.

The only limitations seen with the CTSA is the very short
distance of 5 cm over which it could be used to harvest RF
energy. It is comparatively low compared to the next highest
distances achieved of 40 cm [40] and 57 cm [24] with slightly
bigger narrowband antennas of 40 x 40 mm? [41] and 30 x 30
mm® [24] respectively at similar operating frequencies. This
mainly stems from the low gain of the antenna which is a
resultant of the low conductivity and high loss of the AgHT-4
material. This could be overcome in future by using a high
gain and highly transparent nano technology TCO which is
currently under development at the lab of our industrial
collaborators [41].

Fidelity Factor

The Fidelity Factor (FF) measures the distortion produced
by an antenna when radiating an input signal. The FF of the
CTSA in free space, on the 2 mm glass, and sandwiched
between the a-Si solar panel and 2 mm glass is shown in Fig.
16. Only simulated results are shown here as the VNA used in
the studies had limited measurement options.
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Fig. 16 Fidelity Factor of the CTSA: a) free space b) on 2 mm glass substrate
¢) sandwiched between solar panel and 2 mm glass.

The time domain response to calculate the FF was obtained by
using the reference and received signal. A simulated 7.5 GHz
bandwidth Gaussian signal centered at 6.85 GHz was applied
as the reference signal at the input port and a virtual probe was
placed at a distance of 300 mm from the antennas. The FF of
the CTSAs in free space = 0.8802, on 2 mm glass = 0.9273,
and sandwiched between solar panel and 2 mm glass =
0.9601. The FFs obtained indicate good correlation between
the normalized input and transmitted signals in simulation.

V. CONCLUSION

A novel transparent UWB CTSA that can maintain its omni-
directionality when integrated onto solar panels as well as
harvest RF energy besides being able also to provide wireless
communication has been presented. This makes the CTSA
excellent for on-glass applications as it can provide a 3-in-1
solution in providing sun shielding from harmful UV rays,
wireless communication and energy harvesting. The capability
of the antenna in delivering a quasi omni-directional pattern
even though sandwiched between an opaque a-Si solar panel
and glass makes it able to provide wireless transmission and
reception on both sides of a glass window or glass building.
Finally, the work presented in this paper lends weight and
credibility to the fact that transparent antennas like those made
from AgHT or even other TCOs when utilized on glass
windows, could potentially also become the new “last mile”
connection for next generation wireless communications via
UOF.
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