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ABSTRACT This paper presents a transparent saltwater in glass structure working simultaneously as a
tunable UHF antenna and EMI shielding window. The proposed structure has high transparency (~91%),
which is achieved through its use of salty water as a conductive medium held within a clear and hollow glass
rectangular prism, allowing its use as an optical window. On one hand, the saltwater in glass structure plays
arole as an EMI shielding window with a shielding effectiveness (SE) above 20 dB in the C-band. On the
other hand, the proposed structure works as a frequency-and beam-tunable UHF antenna by using dual-port
feeding configurations. Experimental results show that for a basic configuration using single-port feeding,
the antenna has a —6 dB bandwidth ranging from 350 to 680 MHz and efficient radiation efficiency (~60%)
over the band. For advanced configurations, a tunable frequency and directional radiation pattern can be
achieved with enhancing gain compared to the basic configuration. These results demonstrate the proposed
antenna can be used as a bi-functional device, i.e., as a tunable antenna and EMI shielding window. To the best
of our knowledge, this is the first demonstration of such a bi-functional device with transparent performance.

INDEX TERMS Transparent antenna, EMI shielding window, saltwater, tunable antenna, UHF antenna.

I. INTRODUCTION

Currently, broadcasting applications have become very pop-
ular and play an important role in delivering multimedia ser-
vices to users through mobile or handheld devices [1]. Most
broadcasting applications such as television now operate on
the ultra-high-frequency (UHF) band. However, the UHF
band is one of the most challenging bands for antenna design
because antennas that operate on this band are normally large,
which therefore limits their practical applications [1], [2].
To overcome this problem, our idea is to design a highly
optical transparency (OT) external antenna using saltwater as
a transparent liquid conductor. Due to the high transparency
of the saltwater, the proposed antenna can overcome the size
issue that affects conventional UHF antennas without many
conformity or aesthetic problems while also serving as an
observation window in the construction industry at the same
time. Generally, many types of solid transparent antennas
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have been extensively studied using a solid transparent thin
film such as indium tin oxide [2], graphene [3], multilayer
film [4], a metal mesh [5], or a conductive fabric [6], [7].
In terms of conformability, the antenna in [7] is fabricated
using a highly flexible PDMS-conductive fabric composite.
The reconfigurability is achieved by activating and deacti-
vating the slots using PIN diodes. However, the metal mesh,
multilayer film, and conductive fabric have relatively low
average transparency (<80%) in the visible band from 400 to
700 nm, whereas the graphene has high sheet resistance and
indium tin oxide is expensive because the cost of the rare-
earth indium component [2]-[5]. With the low transparency,
most previous transparent antennas are designed to work at a
high frequency to reduce the size to fit specific applications,
such as their installation onto the windshields of vehicles [4].

Due to its great optical transparency (OT) >95% at a
salinity level of 40 ppt), low cost, and ready availability,
saltwater has recently been explored as a potential candidate
for developing a new class of high-transparent antennas [8].
For transparent antennas, saltwater as the conductive part
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conducts electric charges in the form of ions. So far, many
different types of saltwater antennas have been reported
[8]-[17]. In one study [8], a basic broadband water monopole
was demonstrated, and the performance of the antenna was
investigated by dissolving salt in pure water. In order to
improve the performance of the antenna in [8], one study
in [9] introduces a feeding probe loaded with a nut and
washer. Another sea-water monopole [10], [11] utilized
the insertion of a dielectric base between the water and
ground plane to maximize the bandwidth. In other work [12],
a high-efficiency seawater monopole with an average
radiation efficiency above 60% is proposed for maritime
wireless communications from 40 to 200 MHz. Howeyver,
saltwater, on the other hand, has a low conductivity; therefore,
most existing saltwater antennas use a cylindrical structure
to reduce the ohmic loss and improve radiation efficiency
[11], [12], [14]-[17]. Tt should be noted that by using the
cylindrical structure, the light arrives at the antenna not only
at a normal but also at an oblique incidence angle; there-
fore, the transparency of the antenna is significantly reduced
due to strong reflection and refraction occur. To overcome
this problem, in previous work [13] we presented a planar
saltwater dipole antenna with very high optical transparency.
However, a dipole antenna with a feeding point between two
arms is not feasible as a window because the connectors are
not transparent. On the other hand, the rapid development of
wireless technologies such as mobile and satellite communi-
cations give rise to an unwanted and undesirable EM wave,
i.e., EM interference (EMI). The EMI is a common issue for
electronic components used in various industries, including
military, defense, and aerospace etc. [18]—[20]. Therefore, the
EMI shielding technologies become more urgent to protect.
Highly conductive materials such as metallic copper that are
typical of EMI shielding materials, however, they are opaque
materials which limits transparent applications. Meanwhile,
a typical transparent conductive material such as indium tin
oxide (ITO) is very limited for the EMI shielding due to
the trade-off between the optical transparencies and shielding
effectiveness [19].

In this paper, we present a highly transparent structure
which can work simultaneously as a tunable UHF antenna
and EMI shielding window. The high transparency of the
structure is achieved using salty water held within a clear
and hollow glass rectangular prism as a conductive medium.
On one hand, the structure can be used as an EMI shielding
window due to the saltwater layer acts as an EM radiation
barrier. On the other hand, we add RF feeding sources connect
with the saltwater layer as conductive part and window frame
as ground plane making the structure can work as a tunable
antenna. Two advanced configurations of the antenna with
two feeding ports are also proposed to achieve frequency-and
beam-tunable characteristics and to enhance the gain of the
antenna. The measured results demonstrate that the proposed
structure can be used as a bi-functional device, i.e., as a UHF-
tunable antenna and an EMI shielding window.
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FIGURE 1. Conceptual illustration of the transparent liquid-based
window simultaneously playing as UHF antenna and EMI shielding.

Il. CONCEPT AND SCHEMATIC

Fig. 1 illustrates the concept of the transparent saltwater in
glass structure that can work simultaneously as a tunable UHF
antenna and EMI shielding window. Due to its high optical
transparency, the structure allows visible light to pass through
unchanged; therefore, it can alternate as a conventional win-
dow. On one hand, the conductive salty water layer of pro-
posed structure will serve as a radiation barrier to block EM
interference from outside so that the radiation essentially can-
not penetrate to interfere with electronics in the room. On the
other hand, the proposed structure can be used as antenna to
transmit/receive desire RF waves for certain wireless com-
munication applications, e.g., the UHF band for broadcast
television applications. This approach is not only simple but
also meets aesthetical requirements and is therefore feasible
for use in many practical applications. It should be noted
that due to the tunable-characteristic of the liquid antenna,
it could be developed to work at other different frequencies
for wireless communications and other important spectrums.
This paper is an initial work on that kind of bi-functional
device; therefore we demonstrate with the UHF band as an
example. Schematic of proposed structure when it works as
a transparent liquid antenna with different configurations is
shown in Figs. 2(a)-(c). In the basic configuration, as shown
in Fig. 2(a), the transparent liquid antenna is fed by a single
port and a thin metal strip on the top of the feeding probe
for better excitation [8]. It should be noted that the metal
strip is placed inside the glass container and is separated
from the ground plane the glass layer to avoid short circuited.
However, the single-port configuration usually shows a low
gain and cannot easily achieve tunable characteristics. There-
fore, we propose advanced configurations using dual port
feeding, as shown in Figs. 2(b) and (c). It should be noted that
in all configurations, the window frame plays as the ground
planes of the antenna. As shown in Fig. 2(b), two ports are
arranged opposite each other along the z-axis. In this way,
two ground planes can be hidden in the upper and lower
edges of the window frame without any effect on the trans-
parency. By changing the phases of two these ports, we can
control the current distribution on the antenna; therefore,
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FIGURE 2. Schematic of the transparent liquid antenna under different
configurations: (a) single feeding port (left: front-view, right: side-view),
(b) dual opposite feeding ports, and (c) dual orthogonal feeding ports.

TABLE 1. Optimized dimensions of the liquid antenna. (Unit: millimeters.)

Parameter w c t, L ty
Value (mm) 15 15 1 15 3

we expect to achieve frequency-tunable characteristic and an
omnidirectional radiation. We also propose another advanced
configuration with ports 1 and 2 arranged along the z-axis and
x-axis, respectively. As shown in Fig. 2(c), two ground planes
also exist on the left side and lower edge of the window frame
and do not cause any aesthetic problems. With this proposed
configuration, we expect to achieve a directional radiation
pattern.

Normally, a saltwater antenna shows relatively low radia-
tion efficiency due to the high ohmic loss of the saltwater [13].
Therefore, in the next sections, first we investigate the opti-
cal and electrical performance capabilities of saltwater with
different salinity levels. Secondly, we conduct a parametric
study to optimize the performance of the basic configuration
by means of port feeding. Thirdly, the performance outcomes
of the advanced configurations of the antenna are investi-
gated. Finally, measurements are carried out to validate the
simulation findings.

IIl. OPTICAL AND SHIELDING ANALYSIS

A. OPTICAL AND CONDUCTIVITY OF SALTWATER

Fig. 3 depicts the measured conductivity and optical trans-
parency of saltwater at various salinity levels ranging
from 35 to 200 parts per thousand (ppt). The conductivity
is measured using a portable electrical conductivity meter,
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FIGURE 3. Measured optical transparency (black squares) and
conductivity (red circles) of saltwater corresponding to different salinity
levels at room temperature.

while the optical transparency is carried out using a UV/VIS
spectrophotometer connected to a computer. It should be
noted that optical transparency in Fig. 3 is the average value
in the visible band.

As illustrated in Fig. 3, when the salinity rises, the con-
ductivity rises rapidly while the optical transparency falls
slightly. It is also reported in a previous study by the
authors [8], [13], under certain temperature and pressure
conditions, the conductivity of saltwater increases with an
increase in the salinity level. However, the salinity of salt-
water at a certain point reaches its saturation limit, meaning
that the conductivity of saltwater is limited. Under ambient
conditions, the maximum salinity of saltwater at 263 parts
per thousand (ppt) corresponds to conductivity of 25 S/m.
To prevent the saltwater from becoming saturated, we use
saltwater at 200 ppt for our antenna design. This salinity level
ensures that conductivity of the saltwater remains as high
as 20 S/m with a very high optical transparency of 91.5%.

B. EMI SHIELDING ANALYSIS

First, we theoretically analysis the EMI shielding effective-
ness (SE) of the proposed structure using plane-wave shield-
ing theory [21]. We assume that the saltwater as a conductive
layer will mainly contribute of shielding effectiveness of the
structure. Therefore, the shielding of the proposed structure
can be theoretically determined as:

70

Nsw

+201og e'/% (1)

EMISE = 201log 1

where ngo and 7y, are intrinsic impedance of free space and
saltwater layer (ng = 377%); ty, and &, are thickness
and skin-depth of the saltwater, respectively. The ng, =
J2afu]og, and 8y, = 1/4/7mf oy, are the functions of
conductivity of saltwater (oy,,) and frequency (f). In (1), the
first component is the attenuation due to the reflection of
power at the interfaces whereas the second term is the atten-
uation due to power converted to heat as the wave propagates
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FIGURE 4. Shielding effectiveness of the saltwater in glass structure with
(a) different salinity levels, (b) different thickness of the saltwater layer.

through the structure. Using (1), the total EMI SE of proposed
structure is calculated.

Then, the EMI SE of the proposed structure was inves-
tigated by simulation and then verified by measurement.
The simulation was conducted using ANSYS HFSS. We use
the saltwater properties which are available in the library
of the HFSS, however, the conductivity is modified to the
experimental values. The SE the structure is investigated at
different salinity (S) and thickness (#;) of saltwater layer
to study the effect of these key parameters on its shielding
performance as shown in Fig. 4. Fig. 4(a) shows the SE of
the proposed structure from 7.5 to 8.5 GHz with salinity of
the ASA structure changes from 35 to 200 ppt, whereas both
thicknesses of the glass and saltwater layers were fixed at
1 mm. Results revealed that the SE of the proposed structure
increased as the salinity increased. By combining the results
in Figs. 3 and 4(a), it can be concluded that the higher the
conductivity, the better shielding performance achieved for
the ASA structure. Fig. 4(b) shows the SE of the structure
as a function of saltwater layer thickness in the band. In this
simulation, we fixed the salinity at 200 ppt and changed the
thickness of the saltwater layer to investigate the shielding
behaviour of the structure. The proposed structure’s EMI
SE increased with the increase in saltwater layer thickness
from 1 to 10 mm.
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FIGURE 5. a) EMI SE measurement setup and (b) measured EMI SE of the
saltwater in glass structure in comparison with the theoretical calculation
and simulation.

To verify the simulated shielding performance, the Mea-
surement of the structure under test (SUT) is conducted using
a pair of waveguide-to-coaxial adapters, as shown in Fig. 5(a).
The SUT consists of a saltwater layer with a thickness and
salinity of 3 mm and 200 ppt, respectively which is held
between two clear quartz glass layers (f; = 1 mm, ¢ = 4.3,
tand§ = 0). The SE can be determined from the power
transmission coefficient (S;) in dB as SE = |S,;|, which
is measured using a vector network analyzer connected to the
adapters, as shown in Fig. 5(a). Fig. 5(b) shows the calculated,
simulated, and measured EMI SE of the SUT which is in good
agreement between them. The SUT shows a measured SE
above 20 dB with an average value of 23.5 dB in the band.

IV. TUNABLE UHF LIQUID-BASED ANTENNA

A. SIMULATION RESULTS

Due to the liquid amount between two glass layers is
kept unchanged to ensure the shielding level, therefore,
we use different feeding configurations to achieve the tun-
able characterization for the proposed structure when it
works as an antenna. This section will go through bellow
order: first, the single feeding port configuration is pre-
sented; second, dual port feeding configurations (also called
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FIGURE 6. (a) Reflection coefficient and (b) total radiation efficiency of
the proposed antenna with different widths of the metal sheet.

advanced configurations) including opposite and orthogonal
postures are carried out.

As we aforementioned, a transparent liquid antenna usually
has low radiation efficiency compared to a typical metal
antenna due to its higher ohmic loss. Therefore, it is impor-
tant to understand the mechanism and optimize the radiation
efficiency of the liquid antenna. The radiation of an antenna
can be defined as in (2).

R
n= _ frad 2)
Rrad + Rloss

where R4 and Rj,g are correspondingly the radiation resis-
tance and loss resistance of the antenna. Because the antenna
is a monopole type, R;,q = 73R [22]. The loss resistance
can be determined from the conductivity of saltwater (o) and
from the dimension of the antenna, as expressed by (3).

L

Ripss = —— 3
loss o Wi, ( )

where L, W, and ¢, are the length, width, and thickness of the
saltwater layer, respectively.

The (1) and (2) show that the radiation efficiency of
the saltwater antenna can be enhanced when o and ¢, are
increased. However, the conductivity of saltwater is limited
as we are aforementioned whereas the increasing of ¢, leads
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FIGURE 7. (a) Reflection coefficient and (b) radiation efficiency of the
proposed antenna with different widths of the antenna and metal sheet.

to a heavy window design. Therefore, we have fix the 7, at
3 mm that ensures an EMI SE above 20 dB. In additional,
a metal strip is loaded on the top of the feeding probe (see
Fig. 2) to improve the excitation of the antenna [8]; and the
antenna’s dimensions, such as the length of the metal strip (c)
and the width of the antenna (W) are optimized to maximize
the antenna’s efficiency. It worthy to note that the metal strip
is very thin (thickness 0.05 mm) and therefore does not affect
the transparency of the antenna.

Fig. 6 shows the reflection coefficient and total radiation
efficiency of the single-port transparent liquid antenna when
the length of the metal strip varies from 5 to 15 cm. As shown
in Fig. 6(a), when c increases, the resonant characteristics of
the antenna do not have much of an effect and the impedance
matching level is slightly poorer. However, the radiation
efficiency of the antenna is significantly improved when
cincreases from 5 to 15 cm, as shown in Fig. 6(b). This occurs
because the metal strip acts as a radiator, which contributes
to an increase in the total radiation efficiency of the proposed
liquid antenna. Therefore, the length of the metal strip is kept
as long as the width (W) of the saltwater antenna to maximize
its efficiency.

Fig. 7 shows the resonant characteristics and radiation
efficiency of the liquid antenna when its width varies from
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FIGURE 8. Reflection coefficient of the transparent liquid antenna with
dual co-phase port feeding and dual reserve-phase port feeding: (a) two
ports opposite, and (b) two ports orthogonal.

5 to 15 cm. We can observe from Fig. 7(a) that the resonant
frequency of the antenna does not change much, whereas
the impedance matching level is significantly improved when
W increases. On the other hand, when W increases from
5 to 15 cm, the radiation efficiency of the antenna also
increases significantly (Fig. 7(b)) despite the fact that the
impedance matching becomes poorer with an increase in W.
This likely stems from the ohmic loss of the antenna, which
decreases when W increases. However, we can also observe
from Fig. 7(b) that the total radiation efficiency of the antenna
increases rapidly with W below 10 cm and that it increases
slowly when W exceeds 10 cm. Therefore, in this study,
we chose W = ¢ = 15¢m as the optimum dimensions of the
antenna. The optimum dimensions of the antenna are listed
in Table 1. It worthy to note that this is an initial work on
this kind of bi-functional device and length and width of
the structure seem small that may limit its application as a
window. Therefore, we are aiming to extend our work with
bigger size structure for broader use cases.

Figs. 8(a) and (b) correspond to the configuration with two
ports arranged opposite to each other along the z-axis (see
Fig. 2(b)) and arranged orthogonally along the z-axis and
x-axis (see Fig. 2(c)), respectively. For each configuration,
two ports are fed in a co-phase and reserve-phase configu-
ration relative to each other in an effort to investigate their
resonant characteristics.
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FIGURE 9. Surface current distribution at the resonant frequencies of the
transparent liquid antenna: (a) opposite ports, co-phase feeding,

(b) opposite ports, reserve-phase, (c) two orthogonal ports, co-phase, and
(d) two orthogonal ports, reserve-phase.

FIGURE 10. 3D radiation pattern of the transparent liquid antenna with
(a) opposite ports, co-phase feeding; (b) opposite ports, reserve-phase
feeding; (c) orthogonal ports, co-phase feeding; and (d) orthogonal ports,
reserve-phase feeding.

As shown in Fig. 8(a), when we change from the co-phase
feeding mode to the reserve-phase feeding mode, the resonant
frequency of the antenna moves from the higher band to the
lower band. However, in the configurations where the two
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(b)

FIGURE 11. (a) Fabricated antenna, and (b) Measurement setup of the
transparent liquid antenna in an anechoic chamber (the inset shows a
closer look of the antenna under test (AUT)).

ports are arranged orthogonally, we can observe a reserve
trend because the resonant frequency of the antenna moves
from a lower to a higher band when we change from reserve-
phase feeding to co-phase feeding. Therefore, both configu-
rations demonstrate that a tunable frequency can be realized
by the interchange between co-phase feeding to reserve-
phase feeding. However, the configuration with opposite
ports shows a much wider frequency-tunable range compared
to the configuration with orthogonal ports, making it a more
suitable configuration for frequency-tunable purposes.

In order to understand the mechanism associated with
the resonant characteristics of the two advanced configura-
tions, the current distributions at the resonant frequencies of
the configurations are assessed at the resonant frequencies,
as shown in Fig. 9. In each case, two ports are also fed in the
co-phase and reserve-phase configurations relative to each
other. It is well-know that a longer current will introduces a
lower resonant frequency and vice versa. In Fig. 9, we use the
length of arrows to indicate the length of currents. As shown
in Fig. 9(a), the current is distributed into different short
segments with different directions, demonstrating that the
antenna is working at a higher resonance level. When the two
ports are fed in the reserve-phase configuration, as shown
in Fig. 9(b), the current is uniformly distributed along with
the antenna from port 1 forward to port 2. This type of
current distribution indicates that the antenna is working in
the fundamental resonance condition. Therefore, the resonant
frequency in this case is much lower than that of co-phase
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FIGURE 12. Measured reflection coefficients of the transparent liquid
antenna in comparison with the simulation: (a) single feeding port,
(b) opposite feeding ports, and (c) orthogonal feeding ports.

feeding in Fig. 9(a). Figs. 9(c) and (d) show the current dis-
tribution of the configuration with orthogonal feeding ports
when ports 1 and 2 are fed in the co-phase and reserve-phase
conditions, respectively. We find that the current distribution
in these cases is quite similar, indicating that both cases are
operating at the fundamental resonance. The length of the
current in Fig. 9(c) is slightly longer than that in Fig. 9(d),
resulting in the resonant frequency of co-phase feeding
being slightly lower than in reserve-phase feeding, as shown
in Fig. 9(b).

Fig. 10 shows the simulated 3D radiation pattern of the
transparent liquid antenna with different advanced config-
urations and feeding phases. By using opposite feeding
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FIGURE 13. Measured gain and total radiation efficiency of the transparent liquid antennas: (a) single port feeding; (b) opposite
ports, co-phase feeding; (c) opposite ports, reserve-phase feeding; (d) orthogonal ports, co-phase feeding; and (e) orthogonal

ports, reservephase feeding.

ports, the antenna acts as an omnidirectional antenna
(Figs. 10(a) and (b), whereas it shows directional radiation
characteristics when two feeding ports are arranged orthogo-
nally to each other, as shown in Figs. 10(c) and (d). This result
shows that the configuration with opposite feeding ports can
be used for broadcasting applications such as television while
the configuration with orthogonal feeding ports is more suit-
able for applications that require a high-directivity antenna,
such as satellite communications.
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B. MEASUREMENT RESULTS AND DISCUSSION

Fig. 11(a) shows the fabricated saltwater in glass structure
with feeding so that it can work as an antenna. We can observe
a very high optical transparency is still maintained. Fig. 11(b)
shows a far-field measurement in an anechoic chamber using
the NSI-2000 measuring equipment. The inset image in
Fig. 11(b) depicts the fabricated transparent liquid antenna
(advanced configuration), where the two feeding ports are
orthogonally arranged along the x- and z-axis. We find that
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the fabricated antenna retains its very good transparency.
Figs. 12 shows the simulated and measured reflection coef-
ficients. The measured S1; is assessed using a network ana-
lyzer E5071B, with the findings in good agreement with the
simulation results. As shown in Fig. 12(a), the transparent
liquid antenna with single-port feeding (see Fig. 2(a)) shows
a very wide —6 dB bandwidth ranging from 350 to 680 MHz
(of 330 MHz; 64%). This frequency nearly covers the band
for ultra-high-definition TV (UHD TV) applications. The
reflection coefficient of the antenna with feeding using two
opposite (see Fig. 2(b)) is shown in Fig. 12(b). As expected,
the resonant frequency of the antenna moves significantly to a
higher band when we change from the reserve-phase feeding
to the co-phase feeding configuration. It was observed that
the antenna in the reserve-phase configuration shows a wide
—6 dB bandwidth ranging from 260 to 750 MHz (490 MHz;
97%), while the resonant band of the co- phase configuration
is much higher, from 1.03 to 1.32 GHz (290 MHz; 24.6%).
This result demonstrates that frequency-tunable characteris-
tics of the transparent liquid antenna can be achieved by feed-
ing a different phase between two opposite ports. Fig. 12(c)
presents the simulated and measured reflection coefficients
of an antenna with a feeding configuration of two orthogonal
ports (see Fig. 2(c)). For the configuration with orthogonal
ports, the antenna shows a small left-shift of the resonant
frequency from 600 to 550 MHz when we change from
reserve-phase to co-phase feeding. The —6dB bandwidths
of the antenna in the reserve-phase and co-phase configura-
tions are 330 MHz (500 to 830 MHz; 49.6%) and 240 MHz
(460 to 700 MHz; 41.3%), respectively.

Fig. 13 depicts the simulated and measured gain and the
total radiation efficiency of the transparent liquid antenna.
The antenna in the basic configuration with a single port
shows typical performance outcomes with the average gain
and total radiation efficiency on the UHF band being 1.73 dBi
and 69%, respectively (Fig. 13(a)). As shown in Figs. 13 (b),
the antenna in the advanced configuration with two opposite
co-phase ports feeding shows an efficiency rate as high as
63% with an average value of 58.8% and gain up to 5.4 dBi
on the resonant band from 1.03 to 1.32 GHz. Meanwhile,
as shown in Fig. 13(c), the feeding configuration with the
two opposite reserve-phase ports exhibits higher efficiency
up to 71% and lower gain levels up to 4.5 dBi compared
to the co-phase feeding configuration. This can be explained
by the radiation characteristic of the antenna in the co-phase
feeding configuration, which is more directive than that of the
reserve-phase configuration, as shown in Figs. 9(a) and (b).
Figs. 13(d) and (e) show the gain and efficiency of the
antenna when two ports are arranged orthogonally. We find
that the co-phase and reserve-phase feeding configuration
exhibit similar average gain and efficiency outcomes over
the resonant bands. The average gains of the co-phase and
reverse-phase configurations are 5.8 and 6.8 dBi, respec-
tively, whereas the corresponding average efficiency rates
are 56% and 60%. The simulated and measured radiation
patterns of the proposed antenna with different feeding
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FIGURE 14. Measured radiation pattern of the transparent liquid
antennas on the xoy-and xoz-planes: (a) single port feeding; (b) opposite
ports, co-phase feeding; (c) opposite ports, reserve-phase feeding;

(d) orthogonal ports, co-phase feeding; and (e) orthogonal ports,
reserve-phase feeding.

configurations are depicted in Fig. 14. We observed good
agreement between the simulation and measurement out-
comes. As shown in Fig. 14(a), the antenna shows an omni-
directional radiation pattern on the xoy-plane, while it acts
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as a directional antenna on the xoz-plane. The radiation pat-
tern of a conventional metal monopole. Figs. 14 (b) and (c)
show the radiation pattern of the antenna with two opposite
co-phase and reserve-phase feeding ports at their resonant
frequencies, respectively. Both configurations exhibit omni-
directional radiation characteristics. However, we find that
the co-phase configuration is operating at a higher resonance
level while the reserve-phase configuration acts as a typical
dipole at the fundamental resonance level. On the other hand,
the antenna using two orthogonal feeding ports shows direc-
tional radiation patterns, as presented in Figs. 14 (d) and (e).
This result demonstrates that a tunable radiation pattern can
be achieved by changing from the configurations with single
and two opposite feeding ports to that with orthogonal feeding
ports.

TABLE 2. Performance comparison between the proposed structure with
reported transparent antenna/emi shielding.

Center Antenna Shielding
Ref frequency OT pt.:rformance performance
(GHz) (%) Galr.l Eff. EMI SE
(dBi) (%) (dB)
8] 2.65/- 85 23 71 -
[12] 0.063/- N/A N/A 61.3 -
[14] 1.5/- N/A 0.1 50 .
[19] -/2.45 68.4 - - 31.4
[20] 10 45 y - 82
[24] /15 91 . . 26
This 0.6/8 915 173 69 235
work

Table 2 gives performance comparison between the pro-
posed Dbi-functional structures with existing transparent
antennas/EMI shielding structures. It should be note that
the comparison is given separately because most of reported
transparent devices, to best our knowledge, are neither
antenna nor EMI shielding structures. As shown in Table 2,
the proposed structure shows a highest OT with good antenna
and EMI performance among the reported works so far.

V. CONCLUSION

This paper presented a highly optical transparent saltwater in
glass structure which can work as a tunable UHF antenna and
EMI shielding window at the same time. The proposed struc-
ture uses a salty water layer as conductive medium, which
is held within a clear and hollow glass rectangular prism.
The overall optical transparency of the structure is over 91%.
On one hand, the structure shows a shielding effectiveness
(SE) above 20 dB in the C-band allowing it to be used as an
EMI shielding window. On the other hand, we add RF feeding
sources connect with the saltwater layer as conductive part
and utilize window frames as ground planes making the
structure can work as a tunable antenna. To improve the radi-
ation efficiency of the antenna, a thin metal strip was loaded
into a feeding probe to achieve greater excitation. Advanced
configurations of the antenna with two feeding ports are also
proposed to achieve frequency-tunable characteristics and to
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enhance the gain of the antenna. Measurement results show
that for the basic configuration with a single feeding port,
the antenna has a —6 dB bandwidth from 350 to 680 MHz
and efficient radiation efficiency (~60%) over the band. For
advanced configurations, tunable characteristics or a direc-
tional radiation pattern can be achieved with an enhanced gain
compared to that of the basic configuration. These results
demonstrate that the proposed structure can be used as a
bi-functional device, i.e., as a tunable UHF antenna and an
EMI shielding window. It is also worth to note that one of
most concerns regarding to water-based antennas is how to
guarantee the performance under extremely temperature con-
ditions in winter since salty water will be frozen. In this case,
some anti-frozen liquid such as propylene glycol (PG) could
be added to lower the freezing point up to —55°C [25]. This
problem will be carefully investigated in our future works
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