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ABSTRACT A transparent antenna array based on silver sandwiched indium tin oxide (AgITO) heterostruc-
ture thin films is presented. The AgITO is sputtered on both sides of soda-lime glass (SLG) substrate, and the
three thin films deposition parameters are optimized to obtain very low ohmic interfacial contact resistance of
less than 1 �/Sq. AgITO promotes thin film-based transparent microstrip structure of the proposed antenna
array as well as the transparent T-junction power divider. Furthermore, AgITO microstrip as well as opaque
single element antenna as reference antennas for a transparent array are presented. The proposed array has
wide bandwidth promoting radio frequency energy harvesting at Wi-Fi 2.4, LTE 2600, WLAN, WiMAX
and the expected 5G mid-bands. Moreover, it could be functionalized for wireless transmission within the
previously mentioned bands. The transparent AgITO array has 5 dBi gain value against 2.3 dBi for the
transparent AgITO single element antenna at 5.8 GHz. The array was utilized for radiofrequency energy
harvesting, obtaining DC output volt=161.4 mV with a conversion efficiency of 32.9% at 5.8 GHz with
RF received power of −10 dBm.

INDEX TERMS Harvesting, silver, ITO, transparent antenna array, transparent conductor, 5G.

I. INTRODUCTION
Radiofrequency energy harvesting (RF-EH) is drawing atten-
tion to power embedded sensors within internet of things
(IoT). The IoT is applied for connecting physical devices with
the internet usingwireless sensors. Those sensors can be fixed
or buried in hard-to-reach areas. The rapid growth of wireless
devices leads to the existence of electromagnetic waves in
closed areas along the day [1]–[4] Herein, RF-EH in conjunc-
tion with electrochemical storage device such as secondary
batteries or supercapacitors is a promising candidate [5]–[7].

Among different types of antennas, the UV-transparent
have potential applications in wireless communication
on glass windows, cars without effecting eye vision.

The associate editor coordinating the review of this manuscript and

approving it for publication was Zesong Fei .

Modern applications such as IoT, and 5G transparent
antennas (TAs) are essentially needed for decoration and
security purposes. Besides, TAs are indispensable than
opaque antennas in hybrid RF-solar harvesting. Various trans-
parent single element antennas served for different appli-
cations were reported [8], [9]. However, low gain values
were correlated with such designs due to relatively high
sheet resistance (Rs) of the conductor patterns, high losses
in the transparent conductor layer (TCL), and low conductor
layer thickness [10]. Therefore, reducing losses within the
TA conductor layer by dropping associated Rs while main-
taining transparency is a real challenge.

The antenna’s TCL usually obeys two main classifications,
the first is meshedmetal thin film patterns [11]–[13] while the
other is transparent thin film patterns [14], [15]. There are
many discrepancies between the meshed based designs and
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conductive metal oxide films. The first promotes partial light
transmission through the conductive layer itself whereas the
metal lines block the light.

Despite using micromesh antenna for hybrid
RF-Solar [16], transparent conductor oxides (TCOs) aremore
preferable to maximize the effective light-exposed area [8].
Transparent antenna array using mesh metal conductor layer
is a good candidate for gain enhancement. A 60 GHz
transparent patch 4 × 2 antenna array was fabricated using
silver/titanium conductive mesh patterned on fused quartz
substrate [11]. AgHT-4/AgHT-8 are commercially available
silver-based meshes on a plastic substrate enabling fast
access for the fabrication process of TA array [12], [13].
Unfortunately, mesh metal technology has drawbacks such
as; low-frequency applications (4G/5G mid-range) that are
hard to be achieved due to light trapping within the line cavi-
ties upon using high thickness and high meal thickness depo-
sition limitation resulted from lattice strain/bandgap/thermal
expansion coefficient mismatch between metal and the
dielectric substrate.

There are commercially available thin films such as indium
tin oxide (ITO) and fluorine doped tin oxide (FTO) with
high transparency of 85-94%. However, these films have a
high Rs around 8-10 �/Sq. Such relatively low conductivity
causes two main drawbacks; (i) low antenna gain value and
(ii) power distortion within the feeding network that blocks
designing corresponding TA array. Furthermore, these com-
mercially films coat only single side of transparent substrates
which limited effective designing of different transparent
antenna structures (only restricted in coplanar waveguide
antennas). Many attempts were presented in [10], [15],
[17]–[20] for improving the thin film conductivity, by adding
metals like silver, gold or copper ultra-thin film with dif-
ferent low thickness ranging from 5 to 35 nm to the
intrinsic TCL. Interestingly, the lowest achieved Rs due to
metal/TCO is about 2.52 �/Sq, which still inconvenient
for high-performance antenna application. In our previous
work [21], the lowest reported Rs (0.9�/Sq.) for a transparent
thin film was obtained by deposition of silver sandwiched
ITO (AgITO) heterostructure on a single side of glass sub-
strate. As the developed AgITO filmwas applied for a TA, the
gain is 3 dBi value against −2.9 dBi for transparent antenna
based on commercially available ITO thin film.

In this paper, we boosted the using of AgITO coated two
sides of glass substrate to promote the building of thin-film
based microstrip structure transparent antennas (single ele-
ment and array). The low Rs of AgITO enables 2 × 1 trans-
parent antenna array with a transparent T-junction feeding
network. Although the commercial glass is a non-ideal dielec-
tric substrate compared to quartz or fused silica, it utilizes a
real behavior for integrating such proposed antennas on smart
buildings glassy sections. The designed antenna array has a
wide operating frequency bandwidth that extends from 2.2
to 7.5 GHz for EH at Wi-Fi 2.4, LTE 2600, WLAN, WiMAX
and the expected 5Gmid-bands [22]. Fig. 1 illustrates images
of the fabricated opaque reference single element antenna and

FIGURE 1. Captured images of (a) Opaque reference single element
antenna and (b) AgITO 2 × 1 transparent antenna array.

2 × 1 AgITO transparent antenna array on the Electronics
Research Institute (ERI) logo. The paper is organized as the
following: Section II represents designs of the single element
antenna and the proposed AgITO transparent antenna array
(AgITO TAA). In Section III, the fabrication and characteri-
zation process of AgITO TAA are illustrated. The results and
discussions are presented in Section IV. Whereas RF-EH sys-
tem measurement is detailed in section V. Lastly, Section VI
concludes the work.

II. ANTENNA DESIGN
An opaque single element antenna was designed as a refer-
ence antenna using FR-4 substrate with 0.8 mm thickness,
εr = 4.5 and tan δ = 0.025 coated with 0.035 mm thick
copper as a conductor layer. An identical shape from our
previously reported slot antenna in [21] is redesigned here and
fed by 50 � microstrip feeding line. The opaque reference
antenna design steps are presented in Fig. 2. Step (a) rep-
resents a monopole antenna and step (b) is a circular slot
antenna. After that, the stub and the ground plane upper sides
were grooved (step c and step d) to support different current
paths to improve impedance matching at a wider operation
band than conventional circular slot.

Fig. 3 (a) and (b) illustrate the impact of the antenna design
steps on reflection coefficient and gain variation versus fre-
quency, respectively. It can be seen that the final design
(step d) has the highest gain value with nearly stable gain
from 3 to 6 GHz. The same structure of the reference
opaque antenna was applied using AgITO (transparent con-
ductor layer with 227 nm thickness and sheet resistance
Rs = 0.9 �/Sq.) coated two sides of soda-lime glass (SLG)
substrate with εr = 6, tan δ = 0.02 and 1.1 mm thick.
The antenna has a total area of 21.5 mm × 21.5 mm. Para-
metric study on the most important geometric parameters
that affect our antenna to determine the maximum and min-
imum values for each parameter (range of each geometric
parameter) was conducted after following the design steps.
Finally, the genetic algorithm optimization in the Ansoft
high-frequency structure simulator (HFSS) was used to opti-
mize these parameters. Table 1 lists the single element
antenna parameters.

A transparent antenna array was designed to increase the
gain. The structure of the proposed AgITO TAA is illustrated
in Fig. 4. The array was designed on SLG substrate coated
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FIGURE 2. Design steps of the opaque reference single element antenna
(a) First step, (b) Second step, (c) Third step and (d) Fourth step.

FIGURE 3. (a) Reflection coefficient, and (b) Gain variations versus
frequency for design steps of the opaque reference single element
antenna.

with AgITO. The array is fed using microstrip feeding line
with impedance of Zo = 50 � which feeds T-junction

TABLE 1. Opimized geometric parameters of single element antenna.

FIGURE 4. (a) Top, and (b) Bottom views of the 2 × 1 AgITO transparent
antenna array.

power divider leading to the array elements, whereas the
input impedance of the element is about 50�. Consequently,
λ/4 transformer with impedance of ZT1 = ZT2 = 70.7 �
is applied for efficient transmission between (Z1 = Z2 =

100 �) and Zo = 50 � of antenna elements, the widths
of Zo, (ZT1 = ZT2) are 1.5, and 0.7 mm, respectively. The
array has a total area of Wa × La = 4.76 cm ×2.765 cm
and the separation distance between two radiating elements
is d = 26 mm (λ/2 at 5.8 GHz) that is optimized to increase
the gain performance of TA array. HFSS software was applied
to design and simulate proposed antennas.
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III. FABRICATION AND CHARACTERIZATION
OF TA ARRAY
A. FABRICATION PROCESS OF AgITO TA ARRAY
The SLG substrates were cleaned by ethanol and acetone in
ultrasound cleaner for 15min, respectively. Nitrogen gun was
used to dry the samples of purity (99.99). The chamber was
evacuated several times to a base pressure of 2 × 10−6 Torr
via mechanical-turbo pump station then was backfilled with
Ar (99.99) gas for purging. The typical procedure for AgITO
array fabrication was described in our previous work [21].
Briefly, RF sputtering was used to deposit two ITO layers
of 100 nm thickness. Whereas, the sandwiched Ag layer
of thickness 27nm was deposited using DC sputtering. The
3 layers were deposited on pre-cleaned SLG substrate without
breaking the vacuum except for coating the other glass side
to maintain high quality and uniformity. ITO/Ag/ITO thin
films thickness and deposition parameters were optimized
to acquire the highest possible conductivity correlated with
respectable transparency. Lastly, the double-sided coated
glass was conducted to UV photolithography for associated
pattern processing using a mixture of 1M HCl/HNO3 (50:50)
as a high rate etching agent. The opaque reference antenna
is fabricated by UV photolithography using FeCl3 etching
agent.

B. CHARACTERIZATION OF AgITO THIN FILM, ANTENNAS,
AND RF ENERGY HARVESTING SYSTEM
The AgITO thin film on SLG substrate was characterized
using X’Pert pro (X-ray) and surface morphology was inves-
tigated using scanning electron microscope Quanta 250 FEG
(SEM). The transparency wasmeasured using LLG-uniSPEC
2 spectrophotometer. Four-prob technique (KEITHLEY
Semiconductor Characterization System 4200-SCS equipped
with four medium power source measurement units
‘‘MP-4200-SMU) was used for AgITO sheet resistance
measurements. The parameter analyzer Keithley 4200-SCS
connected to Signatone probe station was used for AgITO
sheet resistance measurement. The AgITO measurement is
presented in Fig. 5, Rs = 0.91�/Sq. A schematic diagram
and captured image of Van Der Pauw 4-probe setup are the
inset figures. The SLG substrate dielectric constant and loss
tangent were measured using the dielectric assessment kit
System (DAKS-3.5 Speag).

The corresponding fabricated TA array reflection coef-
ficient and the input impedance were measured using
Rhode and Schwarz ZVA 67 vector network analyzer
(VNA). Also, anechoic chamber (Star Lab.-007-A-0019)
was used for radiation pattern measurements. RF generator
(Anritsu-MG3697C), horn antenna, Tektronix MD04104C
oscilloscope were functionalized for RF-EH measurement.

IV. RESULTS AND DISCUSSION
For the study of hybrid AgITO as a TCL, it was conducted
to microscopic analysis as presented in Fig. 6 (a). The XRD
spectrum showed a peak centered at 31.23o corresponding to

FIGURE 5. Measurement set up of AgITO sheet resistance.

FIGURE 6. (a) XRD of AgITO thin films on SLG, (b) UV-Vis. Transparency
spectrum.

ITO (222) facet (JCPDS card no. 06-0416) that is located
on another broad hump at ∼25o generated by amorphous
SLG. The silver peaks are absent due to low thickness and
crystallinity as a result of using relatively low deposition
temperature, which was essential for minimizing metallic
Ag/ semiconductor ITO interfacial stress. Fig. 6 (b) illus-
trates transparency of the hybrid AgITO thin films from
300 to 900nm. At 550nm, the AgITO is 52.5%. Despite
the comparable low transparency of the hybrid thin films,
antenna’s associated sheet resistance thin films at such low

VOLUME 9, 2021 49479



N. A. Eltresy et al.: AgITO Based TA Array for RF-EH in 5G Mid-Range of Frequencies

thickness couldn’t be attainable via traditional pure metal
oxide. Therefore, metal should be impeded and to the best of
our knowledge, the proposed AgITO thin films possess the
lowest reported sheet resistance [23]–[25].

The SEM images (Fig. 7) present a good surface without
significant defects. The 50µ one is indicating high film qual-
ity and homogeneity. Upon increasing the magnification to
the 2µ scale, wrinkles-like structure dominates the surface
that could only be attributed to the silver metal associated
growth mode. The three layers of AgITO deposition param-
eters were optimized to provide the lowest sheet resistance
correlated with the highest transparency. Although silver vac-
uum work function of about 4.4 eV is slightly lower than
8% doping ITO 4.5 eV, deposition parameters and thickness
could lead to a slight change around those values [26], [27].
As metal/n-type semiconductor contact, Fermi levels will
generate an ohmic IV attitude and electrons transfer
from metal to semiconductor is expected. Nevertheless,
the resulted sheet resistance suggests a negligible mismatch
between the silver and ITO on terms of bandgap, which will
make the three-layer structure acts as only one compacted
structure of a nearly perfect conductor with high carriers’
mobility and concentration [28], [29].

FIGURE 7. SEM images at different magnification scales of (a) 50µm and
(b) 2µm.

The fabricated opaque and AgITO single element antennas
reflection coefficients variation versus frequency were mea-
sured and compared with the simulated results. The results
are illustrated in Fig. 8 where a good agreement between
simulated and measured results for both antennas can be
observed. Opaque and transparent single element antennas
have a nearly operating bandwidth of 2.5-6.5 GHz. Despite
losses in AgITO thin film, the results proved a metal -like-
attitude with frequency. The performance of AgITOTAAwas
studied in terms of reflection coefficient, input impedance,
gain, and radiation pattern. Fig. 9 (a) presents a good agree-
ment between simulated and measured reflection coefficient
variation with frequency for AgITO TAA. A wide BW of
2.2-7.5 GHz with fractional bandwidth (FBW) = 106% rela-
tive to Fo = 5 GHz and S11<−10dB is achieved. The array
input impedance is 48-j13� at 5.8GHz as shown in Fig. 9 (b).
A comparison between simulated current distributions of the
proposed opaque array (reference) and transparent antenna
array at 5.2 and 5.8 GHz are shown in Fig. 10. As hypothe-
sized, current distribution of opaque reference antenna array
is higher than AgITO TAA. Interestingly, the high current
distribution on the feeding network of TAA indicates the low
losses on its feeding network due to the low sheet resistance
value.

FIGURE 8. Reflection coefficient variation versus frequency for opaque
and AgITO transparent single element antennas.

A comparison between the single element antennas
(opaque, transparent) and the AgITO TAA according to their
gain variation versus frequency is presented in Fig. 11. The
peak gain of AgITO TAA is 5 dBi at 5.8 GHz against 2.7 dBi,
2.3 dBi for opaque and transparent single element anten-
nas, respectively. The AgITO TAA has higher gain than the
AgITO single element antenna through 4.5-7.3 GHz only
(not all the operating band) because the AgITO TAA is fed
using T-junction with λ/4 transformer which was designed
corresponding to 5.8 GHzmoreover that the distance between
the two elements in the array was d=26 mm (λ/2 at 5.8 GHz).
Generally, the AgITO TAA has more than 3 dBi gain value
over frequency bandwidth of 4.6-6.8 GHz with stable behav-
ior and provides positive gain value despite using lossy
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FIGURE 9. (a) Reflection coefficient, and (b) Input impedance variations
versus frequency for the AgITO TAA.

thin-film TCL over frequency bandwidth of 3-7.2 GHz.
The relatively high AgITO based antennas performance is
attributed to (i) relatively low sheet resistance of AgITO
which is unattainable via commercially available single
side coated transparent substrates, (ii) using slot antenna
structure of wideband operation and stable parameters, and
(iii) optimizing the array dimensions (distance between the
two elements, feeding network).

The proposed antennas radiation efficiency variation ver-
sus frequency is shown in Fig. 12. It can be seen that the
opaque single element antenna has higher efficiency than
AgITO transparent single element antenna. The TAA has
approximately 71% radiation efficiency at 5.2 and 5.8 GHz.
A good agreement between simulated and measured AgITO
TAA radiation pattern is illustrated in Table 2. A figure of
eight in both H and E planes are presented indicating radi-
ation in both directions (forwards and backwards), which is
preferable in RF-EH application.

Table 3 presents a comparison between the current work
and others’ related reports. The table contains heterostruc-
tures thin films-based antennas performance below 6 GHz
(currently available BW for RF-EH). A metal enhanced
TCO is proved to increase surface conductivity against the
crude structure. As the metal thickness increases, a system-
atic transparency drop is expected. At a certain thickness,
the metal layer is transformed into opaque appearance which

FIGURE 10. Current distribution at 5.2, and 5.8 GHz for (a) Opaque
reference antenna array, and (b) Transparent AgITO TAA.

prevents a multilayer ohmic structure to be less than 1�/Sq.
especially on using ≤ 1µm TCL thickness. Using an opaque
ground (GND) enhances the gain but vanishes the trans-
parency advantage. Moreover, 2D designs are compatible
with various applications such as RF-EH, IoT and smart
houses rather than 3D type. Besides, noble metal deposition
like gold on a metal oxide layer is not convenient in var-
ious applications due to very low metal film adhesion and
Vollmer-Weber growth mode resulting 3D isolated islands
at low metal thickness [30]. Nevertheless, the AgITO TCL
presents a 2D, stable metal layer and low sheet resistance.
As far as we know, this is the first silver enhanced TCO
continuous thin film-based TA array.

Besides low Associated AgITO sheet resistance and
high-performance electromagnetic performance [21]
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FIGURE 11. Gain variation versus frequency for single element antennas
and AgITO TAA.

FIGURE 12. Radiation efficiency variation versus frequency for single
element antennas and AgITO TAA.

FIGURE 13. The RF received power by the AgITO TAA from horn antenna
at distance of 20 cm.

thin-film based TAApossessmany features over silver-coated
polyester film AgHT like surface native oxide that protect
structures from ageing and corrosion effects. There is no
need for using cutting or gluing on another substrate forming
inconvenient processing and multilayers complex dielectric
constants, the alignment of the array in such case is a manual
process that makes the process is not applicable in real

TABLE 2. Radiation pattern of AgITO TAA in E and H planes.

applications while AgITO uses traditional UV photolithog-
raphy [13] [12]. Despite the relatively AgITO losses caused
by skin depth and sheet resistance when compared to thick
meshed metal arrays, there are many advantages such as;
no need for expensive cleanroom processing, the complexes
of upper versus lower patterns alignment that affect visual
transparency as well as electromagnetic performance and
shifts the antennas operating frequency [11], [32], [33]. The
proposed AgITO TAA feeding network possess the exact
transparency like the whole patterns contrary to the meshing
type that uses a dense structure to provide low sheet resistance
but low transparency as the current distribution is maximized.
Applying non-ideal dielectric substrate to develop a real
behavior for integrating such proposed antennas on smart
buildings glassy sections.

There is a major discrepancy based on using different CPW
and Microstrip structure. On the first hand, CPW antenna
is based on single side coated conductive film of low gain
with no possibility of making an array. On the other hand,
the microstrip design is built of a double coating conduc-
tive film. Interestingly, there are no double-side transparent
commercially available products including ITO/FTO/AgHT.
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TABLE 3. Comparison of proposed TAs with other work.

This work is an expansion of the published letter as we
expand our understanding of this low resistance heterostruc-
ture AgITO electromagnetic behavior and study the array
performance. Moreover, The T-junction is fabricated using
transparent AgITO for the first time. The major problem of
making double-coated structure is conducting one of the two
sides to double treatments of substrate heating, back deposi-
tion and RF reactive ions during the other side deposition.
Therefore, the multilayers and semiconductors-based thin
films structure are highly affected and the conductivity will
drop to tenths of ohms/cm2. We overcome such drawbacks
in our deposited double side AgITO heterostructure films by
crucial variation of deposition parameters.

V. RF-EH SYSTEM
The AgITO TAA was tested by using a wideband horn
antenna that has 10.2, 11.8 dBi gain values at 5.2, and
5.8 GHz, respectively as a transmitter antenna. The AgITO
TAA to horn distance was fixed at 20 cm, where the RF
received power was measured using the oscilloscope as a
spectrum analyzer on RF mode. Fig. 13 illustrates the RF
received power variation versus frequency by AgITO TAA
using 10 dBm transmitted power.

The AgITO TAA was applied for RF-EH system
in Fig. 14 (a) which consists of RF source (horn antenna),
receiving antenna AgITO TAA, simple half-wave rectifier
circuit (HWR) [34], matching circuit in between the AgITO
antenna and the HWR. The matching circuit consists of short
ended stub with 4.5 mm length and it is used to match the
input impedance of the receiving antenna (around 50�) with
the input impedance of HWR circuit (6=50�). For obtaining
the DC output volt, the SMS7630 Schottky diode is used
in the HWR circuit [35]. The output volt is taken through
a smoothing capacitor (C=1pf) and a parallel load resistor
(RL= = 750 �). The rectifier circuit is designed to operate

FIGURE 14. (a) RF-EH system diagram, and (b) Image of Vo on voltage
meter.

at 4.5-6 GHz where maximumDC output volt and conversion
efficiency are located. However, it can be conducted to work
at the wideband AgITO TAA first frequency region at 2.4 and
3.5 GHz with lower output volt [8], [36].

For obtaining the output volt at different levels of received
RF power (Pr ), the horn is fed by RF generator with differ-
ent levels of transmitted power (PT = 0-30 dBm) at 5.2,
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and 5.8 GHz. A voltmeter was used to monitor the DC output
voltage (Vo) through the load resistance. Fig. 14 (b) shows
the rectenna array Vo =0.308 volt for received power (Pr ) =
−5 dBm at 5.8 GHz. Fig. 15 (a) presents the array’s Vo
versus Pr for the four frequencies. Fig. 15 (b) shows the esti-
mated rectenna efficiency versus Pr using the rectenna con-
version efficiency equation [37]. The rectenna array attends
a maximum efficiency of 46.8%, 53.5% at 5.2 and 5.8 GHz,
respectively.

FIGURE 15. AgITO TAA (a) Vo, (b) Efficiency variation versus RF received
power.

Despite the TAA expected low rectenna efficiency at the
lower band of frequencies, it’s a common case in multiband
RF-EH where rectenna efficiency is not high for all the
different operating frequency bands. A low efficiency could
be obtained due to the lower value of the antenna efficiency at
the corresponding frequency and also due to poor impedance
matching between the antenna and rectifier at the concerned
frequency compared to single-band RF-EH [39]. In a real
harvesting case, the ambient RF power is not stable and
available all day at one specific frequency according to the
conducted RF spectrum study presented in [40]. In other
words, no specific RF band provides the highest RF-EH capa-
bility. Therefore, multiband RF-EH system in conjunction

with rechargeable batteries or supercapacitors is the most
practical solution [40]–[42].

VI. CONCLUSION
Thin film-based transparent microstrip antennas (single ele-
ment and antenna array) have been presented. The sputtered
AgITO conductive thin film on double-sided SLG deposition
parameters were optimized to promote the lowest reported
thin-film sheet resistance of about 0.9 �/Sq., the applied
microscopic analysis on the AgITO thin-film proved high
quality and homogeneity. AgITO transparent single ele-
ment antenna and the AgITO transparent antenna array were
designed and fabricated by patterning the double side coated
SLG substrate. The AgITO TAA achieves reasonable gain
(< 3 dBi) over frequency wide bandwidth of 4.6-6.8 GHz
with a maximum gain of 5 dBi and 70.8% radiation effi-
ciency at 5.8 GHz. The AgITO TAA has a stable forward
and backward radiation pattern over a wide bandwidth.
Finally, the harvested volt at −5 dBm received power was
about 0.308V that could enable successful integration with
EH system’ applications on glass windows.
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