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The development of high-performance optically transparent radio frequency (RF) radiators is limited by
the intrinsic loss issue of transparent conductive films (TCFs). Instead of pursuing expensive endeavors to
improve the TCFs’ electrical properties, this study introduces an innovative approach that leverages
leaky-wave mode manipulation to mitigate the TCFs’ attenuating effect and maximize the RF radiation.
Our finding reveals that the precise control of the mode confinement on glass-coated TCFs can create a
low-attenuation window for leaky-wave propagation, where the total attenuation caused by TCF dissipa-
tion and wave leakage is effectively reduced. The observed low-attenuation leaky-wave state on lossy
TCFs originates from the delicate balance between wave leakage and TCF dissipation, attained at a par-
ticular glass cladding thickness. By leveraging the substantially extended radiation aperture achieved
under suppressed wave attenuation, this study develops an optically transparent antenna with an
enhanced endfire realized gain exceeding 15 dBi and a radiation efficiency of 66%, which is validated
to offer competitive transmission performance for advancing ubiquitous wireless communication and
sensing applications.

� 2024 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Converting radio frequency (RF) power from a source or guided-
wave structure into free-space radiation [1,2] is a fundamental
topic in physics and engineering. This process plays a pivotal role
in a broad spectrum of applications such as wireless communica-
tion [2,3], wireless power transfer [2,4], remote sensing [5], and
biomedical imaging [6,7]. Intensive research has been dedicated
to the generation and regulation of RF radiation via radiators (i.e.,
antennas) constructed with opaque metallic layers or patterns
[2], leading to the emergence of radiator designs based on leaky-
wave structures [8–16], open resonators [17–21], and artificially
engineered materials [22–24]. In recent years, the concept of opti-
cally transparent antennas (OTAs) [25–30] has garnered significant
interest from both academia and industry. OTAs are expected to
fulfill the same fundamental functions as their traditional, opaque
counterparts in transmitting (Tx) and receiving (Rx) radio
waves without affecting the utilization of visible light resources
[25–28]. Specifically, they can be invisibly integrated into various
transparent platforms, such as windows [31,32], solar panel shields
[33–35], and display screens [36–39], offering promising opportu-
nities for ubiquitous wireless communication and sensing
applications.

To implement the concept of OTAs, transparent conductors—
which are commonly in the form of transparent conductive films
(TCFs)—are of vital importance. Two major categories of TCFs have
been developed, which are transparent-conductive-oxide films
[25,40–42] and meshed metal films [25,43–48]. The transparent-
conductive-oxide films, such as indium-tin-oxide (ITO) film [38–
40], take advantageof decent optical transmittance and canbe easily
mass-produced via deposition technologies [25,40,41]. Neverthe-
less, the high sheet resistance of transparent-conductive-oxide
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films, typically a few ohms per square (X�sq�1) in the RF region
[25,40–42], poses a significant challenge for realizing high radiation
performance. Themeshedmetal films, on the other hand, can offer a
lower sheet resistance in an order of 0.5 O�sq�1 [25,43–48].
However, the diffraction of light caused by the micro-sized metal
gridswould have detrimental effects on optical imaging and display
[38].

The difficulty for a thin conductive film to achieve both high
optical invisibility and low sheet resistance originates from the
mutual constraint between the optical transmittance and carrier
density [28,39–41]. To enhance the optical transmittance of a
homogeneous TCF, it is a feasible approach to lower its plasma
frequency (i.e., the threshold frequency allowing the passage of
light) below the visible-light range. This however requires smal-
ler carrier density and hence leads to reduced electrical conduc-
tivity [39–41]. For this reason, TCFs are also known as optically
transparent lossy films [25,40]. The intrinsic loss issue of TCFs
has been shown to severely constraint the performance of opti-
cally transparent radiators [25–27,31,32,37–39,46,49–55]. First,
the significant ohmic dissipation in TCFs can reduce the radiation
efficiency, which is defined by the ratio of radiated power to the
power accepted by the radiator. Additionally, the rapid decay of
electromagnetic waves in lossy TCF structures hinders the cre-
ation of an electrically large aperture for generating directive
radiation. As a key metric, the gain of a radio-wave radiator qual-
ifies its ability to concentrate radiation power in a specific direc-
tion [2]. Due to the limited radiation efficiency and directivity
caused by TCF losses, most existing designs of OTAs [25–27,31,
32,37–39,46,49–55] exhibit significantly lower gains than their
opaque metal-based counterparts. To improve the OTA’s radia-
tion performance, Song et al. [56] proposed to selectively metal-
ize the structure edges with high current density, which
increased the antenna’s gain from �5 to 0 dBi and efficiency from
38% to 68%. Moreover, the gold nanolayer deposition [57] was
introduced to improve the OTA’s efficiency, but this degraded
the OTA’s optical transparency inevitably.

The inherent contradiction between the high optical trans-
mittance and low sheet resistance of TCFs [39,40,58] renders it
challenging to improve OTAs’ radiation performance solely
through the effort of material science. In this study, we present
a new approach that manipulates electromagnetic leaky-wave
mode for suppressing the attenuation effect of TCFs. Our finding
shows that for a thin TCF-grounded glass slab waveguide (GSW),
the radio-wave power carried by its fundamental transverse-
magnetic (TM) propagation mode is predominantly distributed
in the air region rather than being confined near the TCF, which
effectively suppresses the ohmic loss on the TCF. Nontrivially, we
uncover that the total attenuations due to TCF loss and wave
leakage can be substantially minimized at a unique glass-slab
thickness, which ratifies the existence of a low-attenuation mode
and provides a unique condition for high-gain endfire radiation.
The prototyped transparent leaky-wave antenna features an
extended aperture size of 7.9k0 � 1.9k0 (k0 is the free-space
wavelength at the frequency f0 = 8.6 GHz) and optical transmit-
tance higher than 80%, and it is verified to deliver an exception-
ally high realized gain of 15.2 dBi and a radiation efficiency of
66% at f0. Furthermore, a wireless image transfer experiment is
conducted to validate the excellent transmission performance
of the proposed OTA. Owing to the optical transparency and
high-gain endfire radiation performance, the proposed antenna
can be integrated onto vehicular roof glasses, serving for com-
municating with the front targets and detecting the obstacles
in the way. In essence, this study creates a pathway for realizing
OTAs with high gain and improved efficiency, offering promising
prospects for widespread applications in wireless communica-
tion and sensing.
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2. Concept and theory

To start with, we investigate the fundamental characteristics of
radio waves propagating in a TCF-grounded GSW, which is an opti-
cally transparent leaky-wave structure featuring a simple configu-
ration. This structure consists of a glass slab with a thickness of h
and a relative permittivity of er, grounded by a TCF with a sheet
resistance of Rs. The TCF-grounded GSW structure features a com-
pact profile only half that of a pure dielectric waveguide. Addition-
ally, the grounding also effectively eliminates RF power leakage
beneath the dielectric waveguide, thus avoiding the potential risk
of RF field exposure when the OTA is mounted on vehicle glasses.
As illustrated in Figs. 1(a)–(c) and theoretically interpreted in what
follows, the confinement and attenuation behavior of the wave on
the TCF-grounded GSW can be effectively controlled via adjusting
the glass-slab thickness h. This adjustment yields an optimal solu-
tion for minimizing the total attenuation constant caused by the
power leakage and TCF dissipation, essential for extending the
leaky-wave radiation aperture and maximizing the realized gain
in the GSW’s endfire direction (as illustrated in Fig. 1(b)).

As shown in Figs. 1(a)–(c), for a two-dimensional (2D) TCF-
grounded GSW extending along the +y axis, electromagnetic fields
of its TM modes exhibit cosinusoidal or sinusoidal variation along
the transverse direction (+z axis) in the glass slab (0 < z < h), while
exhibiting an exponentially decaying behavior along the +z axis in
the air (z > h) [59]. As derived in Appendix A Section S1, the disper-
sion equation for its phase constant b under TM modes is given by
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where k0 represents the wave number in free space. For the funda-
mental TM1 propagation mode of the TCF-grounded GSW, its phase
constant b can be solved from Eq. (1) and asymptotically expressed
by
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when h is significantly smaller than the free-space wavelength k0.
Eq. (2) intuitively indicates that a thicker GSW can lead to an
increased phase constant, or equivalently, a reduced phase velocity.
Here, we denote the power transmitted in the air and glass slab as
Pair and Pslab, respectively, and the total transmitted power in the
TCF-grounded GSW as Ptotal = Pair + Pslab. The explicit expressions
for Pair and Pslab are provided in Section S1. The theoretically calcu-
lated power ratios Pair/Ptotal and Pslab/Ptotal that depend on the
normalized glass-slab thickness h/k0 are shown in Fig. 1(d). This
figure shows that, as glass-slab thickness increases, the transmitted
power tends to be confined within the glass slab rather than
distributed into the air.

The ability to control the power distribution in the air and glass
enables the confinement of waves in TCF-grounded GSWs to be
regulated, which further allows the wave attenuation and leakage
properties to be fine-tuned. The perturbation method [60] is
applied to calculate the attenuation constants aTCF and arad, which
measure power decay due to the TCF loss and power leakage,
respectively. As derived in Appendix A Section S2, the explicit
expression of the attenuation coefficient aTCF is

aTCF ¼ xe0e2rRs

erbh 1þ sinð2ThÞ
2Th

h i
þ b sinðThÞ½ �2T2

s3

ð3Þ

where e0 is the permittivity of vacuum, and x is the angular fre-
quency; T and s denote the transverse wave numbers in the
glass-slab and air regions, respectively. The calculated results of
aTCF for the TCF’s sheet resistance Rs = 3 O�sq�1 and different



Fig. 1. Demonstration for finding the low-attenuation leaky-wave state on a lossy TCF. (a–c) Schematic plots of electric field and current distributions along with far-field
radiation patterns of TCF-grounded GSW with different thicknesses. (d, e) Theoretically calculated (d) proportions of powers distributed in different regions and (e)
normalized attenuation constants due to TCF loss and leakage radiation. Results are given under the relative permittivity of the lossless glass slab chosen as er = 7.3, the TCF’s
sheet resistance Rs = 3 O�sq�1, and frequency f0 = 8.6 GHz. Pair: the power transmitted in the air; Pslab: the power transmitted in the glass slab; Ptotal: the total transmitted
power in the TCF-grounded GSW; k0: the wave number in free space; JTCF: surface current density on TCF; arad: attenuation constant due to leakage radiation; aTCF:
attenuation constant due to TCF loss; atten const: attenuation constant.
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normalized glass-slab thicknesses h/k0 are represented by the solid
line with circle markers shown in Fig. 1(e). The TCF-loss-induced
attenuation coefficient increases with the normalized glass-slab
thickness h/k0 because of enhanced field confinement near the
TCF. Because most of the power distributed in the air region is
hardly captured by the height-limited Rx port, it would predomi-
nantly contribute to the endfire leaky-wave radiation. The attenua-
tion constant describing the leakage radiation is therefore
approximately evaluated by arad = � [1/(2L)] � ln[(Ptotal � Pair)/
Ptotal], where an exponential decay of power is assumed and the
GSW length L is set as 9.2k0. As derived in Section S2, the explicit
expression of the attenuation constant arad is given as

arad ¼ � 1
2L

ln
1þ sinc ð2ThÞ

1þ sinc ð2ThÞ þ ½T4h=ðers3Þ�sinc2ðThÞ

( )
ð4Þ

which is depicted in Fig. 1(e) and indicates that arad is inversely
related to the normalized glass-slab thickness h/k0. The total atten-
uation constant aTCF + arad is then calculated and represented by the
dashed curve shown in Fig. 1(e). Thus, both excessively thin and
thick GSW can lead to a relatively high total attenuation, which is
attributed to either large radiation-induced attenuation arad or large
TCF-loss-induced attenuation aTCF. The rapidly decaying electric
field and current distributions in these two cases are schematically
illustrated in Figs. 1(a) and (c), respectively. For a glass slab with a
vanishing thickness (shown in Fig. 1(a)), the weak wave confine-
ment of the GSW leads to a rapid escape of power into free space,
which manifests as a high leakage-induced attenuation. At the other
extreme, for an excessively thick glass slab (shown in Fig. 1(c)), the
strong confinement of the wave near the TCF induces an intensified
and locally distributed surface current |JTCF|, causing high ohmic
dissipation. As an exceptional effect observed in Fig. 1(e), a mini-
mized total attenuation constant is attained by tuning the glass-
slab thickness close to 0.06k0. This special point corresponds to a
balanced power leakage and material dissipation achieved at an
optimal wave confinement level, which in turn maximizes the wave
propagation distance on the TCF.
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By leveraging the TCF-grounded GSW designed for suppressing
total attenuation of the wave, we propose an approach to generate
high-gain radiation on a lossy TCF. To focus the electromagnetic
power in a specific direction (i.e., to realize a high gain), both an
electrically large aperture and high radiation efficiency are
required. A TCF-grounded GSWwith an excessively small (or large)
thickness as shown in Fig. 1(a) (or Fig. 1(c)) can only offer a very
limited aperture size owing to its excessively large power leakage
rate (or TCF-induced attenuation). Furthermore, an excessively
thick TCF-grounded GSW exhibits low radiation efficiency owing
to significant TCF losses. Consequently, the antenna gains in these
two cases (shown in Figs. 1(a) and (c)) remain low. Nevertheless,
once the GSW structure is designed under the condition in which
the total attenuation is suppressed (shown in Fig. 1(b)), a substan-
tially increased aperture size and improved radiation efficiency can
be achieved simultaneously, which maximizes the realized gain of
RF radiation excited on the TCF.
3. Numerical analysis

To interpret the theory of the low-attenuation leaky-wave
mode in a TCF-grounded GSW, this section numerically investi-
gates a three-dimensional (3D) TCF-grounded GSW structure con-
sisting of a lossy glass slab. The full-wave analysis is carried out
using the numerical software Ansys HFSS� (ANSYS, USA), and the
details of the numerical simulation are reported in Appendix A Sec-
tion S3. Fig. 2(a) shows the structure of a TCF-grounded GSW with
thickness h and connected to two stepped transitions. The glass
slab constituting the GSW is characterized by a relative permittiv-
ity of 7.3 and a loss tangent (tand) of 0.008, and the sheet resis-
tance of the TCF ground is set as 3 O�sq�1. The upper two layers
of stepped transitions are composed of quartz glass with a relative
permittivity of 3.75. Power excitation is applied at the waveguide
(WG) port 1 (P1), and port 2 (P2) serves to receive the residue
power. Fig. 2(b) displays the simulated electric-field intensity dis-
tributions on the y–z cut plane at f0 = 8.6 GHz for the glass-slab
thickness values of 0.7 (0.020k0), 2.0 (0.057k0), and 2.6 mm



Fig. 2. Numerical analysis of propagation characteristics in a TCF-grounded GSW. (a) 3D TCF-grounded GSW structure. The feeding waveguide (WG) port sizes are
16.0 mm � 5.3 mm. (b) Simulated electric-field magnitude distributions for different glass-slab thicknesses h at f0 = 8.6 GHz on the y–z cut plane. The power put into the GSW
is 1 W and |E|max = 1 kV�m�1. (c, d) Numerically computed (c) phase constant and (d) total attenuation constant at f0 dependent on glass-slab thicknesses h. (e) Attenuation
constants describing leakage radiation, TCF loss, and glass loss. L: GSW length (L = 320 mm); w: width of the glass substrate (w = 66 mm); w1: width of the TCF (w1 = 42 mm);
h1 and h2: heights of the first- and second-layer quartz glasses, being 1.5 and 2.0 mm, respectively; Lf1 and Lf2: lengths of the first- and second-layer quartz glasses, being 44
and 11 mm, respectively; P1: waveguide port 1; P2: waveguide port 2; atotal: total attenuation constant; aglass: attenuation constant due to the dielectric loss in glass.
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(0.075k0). As seen, the excessively thin GSW structure with
h = 0.020k0 causes a rapid leakage of power, which significantly
limits the propagation distance of the wave. At the other extreme,
an excessively thick glass slab (h = 0.075k0) leads to overly strong
wave confinement that intensifies the attenuating effect of lossy
TCF. As an exceptional case shown in the middle subfigure of
Fig. 2(b), by adjusting the GSW’s thickness to 0.057k0, a low-loss
propagation state with a substantially reduced total attenuation
constant is achieved, which yields a maximized wave propagation
distance.

Fig. 2(c) shows the phase constant of the 3D TCF-grounded GSW
extracted from the instantaneous electric field distribution. The
results are given at a fixed frequency of 8.6 GHz and for various
glass-slab thicknesses h. As shown in Fig. 2(c), the GSW with a
thicker glass slab yields a larger phase constant, which agrees with
the theoretical result given by Eq. (2). The enhanced slow-wave
effect implies that the propagation mode tends to become more
confined near TCF as the slab thickness increases. The total atten-
uation constant atotal for the propagation in the TCF-grounded GSW
structure is retrieved from the transmission and reflection coeffi-
cients, and the result is presented in Fig. 2(d). The total attenuation
constant atotal can be broken down into components corresponding
to leakage radiation, ohmic loss of TCF, and dielectric loss of glass;
namely, atotal = arad + aTCF + aglass. The procedure to numerically
compute attenuation constants arad, aTCF, and aglass is presented
in Appendix A Section S4, and Appendix A Fig. S1 shows attenua-
tion constants of involved cases with different material settings.
Fig. 2(e) shows the dependence of extracted arad, aTCF, and aglass
on the glass-slab thickness h at f0 = 8.6 GHz. As the glass-slab thick-
ness h increases, the radiation-induced attenuation constant arad
decreases because of the enhanced wave confinement. Neverthe-
75
less, the enhanced wave confinement in turn causes increased
power dissipation in the lossy TCF and glass slab, leading to
increases in aTCF and aglass. By carefully selecting the glass slab
thickness to attain a balance between radiation-induced and
lossy-material-induced attenuations, a ‘‘low-attenuation
window”—represented by the green shaded region in Fig. 2(e)—
can be created, which explains the existence of the minimum-
total-attenuation point.
4. Antenna design and measurement

By leveraging the low-attenuation leak-wave state in a trans-
parent TCF-grounded GSW, we propose the design of an optically
transparent high-gain leaky-wave antenna, as shown in Fig. 3(a).
This antenna structure is based on the TCF-grounded GSW pre-
sented in Fig. 2(a), with the excitation structure assigned only at
the left end. To maximize the antenna gain, the selection of
glass-slab thickness h should consider two factors. First, to achieve
a significantly extended radiation aperture, the TCF-grounded GSW
should operate near the critical point of minimum total attenua-
tion to enable low-loss leaky-wave propagation. Second, it is nec-
essary to maintain a high radiation efficiency by using an
adequate power leakage rate (arad), which is more easily attainable
with a thinner GSW. In our theoretical model for evaluating the
antenna’s realized gain, the aperture fields are assumed to be uni-
formly distributed along the x-axis over an effective aperture
width of weff, while propagating along the y-axis with a complex
propagation constant of b � jatotal (where j is the imaginary unit).
The schematic illustration of the aperture current distribution
is shown in Appendix A Fig. S2, and as derived in Appendix A



Fig. 3. Demonstration of the optimal-gain design of the optically transparent endfire leaky-wave antenna. (a) Structure of the proposed transparent leaky-wave antenna.
(b) Theoretically and numerically calculated peak antenna realized gain in space (at f0 = 8.6 GHz) dependent on the glass-slab thickness h. (c–e) Numerically simulated
electric-field magnitude distributions and 3D realized gain distributions of the optically transparent leaky-wave antennas with h = 0.020k0, 0.052k0, and 0.075k0. The TCF and
glass slab widths follow the setting given in Fig. 2. u: the azimuth angle; h: the elevation angle; hopt: the optimal glass-slab thickness.
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Section S5, the angular distribution of realized gain G of the
antenna for a given glass-slab thickness h is

Gðh;u;hÞ ¼ g � lim
jrj!1

4pjrj2 EðrÞj j2
tjrj2 EðrÞj j2dX

¼ g
sinc2 k0

weff
2 sin h cosu

� �
sin h sinu� b=k0½ �2 þ atotal=k0ð Þ2

� sin2hsin2u þ cos2h
C b;atotalð Þ

ð5Þ

where h and u are respectively the elevation and azimuth angles, E
is the electric field, r is the position vector of the observation point,
g is the antenna’s total efficiency, and C(b, atotal) is the normalized
factor. On the slow-wave operating region of the grounded GSW,
the antenna’s realized gain pattern G(h, u; h) in Eq. (5) reaches its
peak value in the endfire direction of h = 90� and u = 90�, and the
optimal glass-slab thickness hopt is hence determined via

hopt ¼ argmax
h

½ max
h2½0;p�;u2½0;2p�

Gðh;u; hÞ� ¼ argmax
h

½Gðh ¼ 90�; u ¼ 90�; hÞ�

ð6Þ
Fig. 3(b) shows the theoretically calculated antenna peak real-

ized gain in space along with the numerical simulation results,
which are presented as a function of the normalized glass-slab
thickness. Both the theoretical and simulation results indicate that
the antenna’s peak realized gain in space reaches a maximum
value surpassing 15 dBi at the optimal thickness hopt = 0.052k0.
This optimal solution falls within the low attenuation window
(i.e., the shaded region in Fig. 2(d), and approaches the point of
minimum total attenuation marked in the figure).

To shed light on the formation of the optimal-gain radiation,
Figs. 3(c)–(e) show simulated electric-field distributions and 3D
realized gain distributions for the glass-slab thicknesses of 0.7
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(0.020k0), 1.8 (0.052k0), and 2.6 mm (0.075k0), respectively. As
shown in Fig. 3(c), for the excessively thin (h = 0.020k0) GSW with
a large power leakage rate arad, the rapid decay of leaky wave
power over a short distance contributes to a broad radiation beam
with a low peak realized gain. At the other extreme, for an exces-
sively thick GSW (h = 0.075k0), as shown in Fig. 3(e), the enhanced
wave confinement near the lossy TCF significantly increases the
TCF attenuation, which in turn limits the aperture size and radia-
tion efficiency. By tuning the glass-slab thickness to the optimal
value of 0.052k0, obtain a directive radiation pattern with a high
realized gain exceeding 15 dBi is obtained, as shown in Fig. 3(d).
This significantly enhanced gain is achieved because an appropri-
ate power leakage rate and low material attenuation are attained
simultaneously. As shown in Appendix A Fig. S3, for the 8.0–
9.0 GHz frequency range, the GSW-loaded antenna exhibits a
9.5 dB realized gain improvement compared to the metallic feed-
ing horn, which also demonstrates the effectiveness of the pro-
posed design. The numerical parametric study results of the
proposed antenna with h = 0.052k0 and different widths are shown
in Appendix A Fig. S4, which indicates that, given a feeding wave-
guide width of 16 mm, selecting GSW width parameters of
w = 66 mm (1.89k0) and w1 = 42 mm (1.20k0) ensures the optimal
realized gain.

Fig. 4(a) shows the prototype of the optically transparent leaky-
wave antenna that was fabricated according to the optimal-gain
design. The TCF-grounded GSW is constructed using a 1.8 mm-
thick soda-lime glass slab with er = 7.3 and tand = 0.008, which is
grounded by an ITO film. The ITO film has a thickness of 400 nm
and sheet resistance of 3 O�sq�1, which is deposited by using the
magnetron sputtering technique. The different layers of the GSW
structure and the stepped transition are fixed using transparent
acrylic screws. The details of the antenna fabrication are
reported in Appendix A Section S6. The optical transmittance of
the fabricated leaky-wave antenna was measured using a



Fig. 4. Experimental characterization of the proposed optically transparent endfire leaky-wave antenna. (a) Photograph of the fabricated transparent leaky-wave antenna and
(b) measured optical transmittance spectrum of the antenna. (c) Measured and simulated angular distributions of the antenna gain at f0 = 8.6 GHz on y–z and x–y cut planes.
(d, e) Measured and simulated results for (d) the reflection coefficient and (e) peak realized gain of the proposed optically transparent leaky-wave antenna. coef: coefficient.
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spectrophotometer. As shown in Fig. 4(b), the average optical
transmittance of the ITO-deposited region and clear-glass region
is higher than 80% for wavelengths ranging from 390 to 900 nm,
which confirms that the fabricated antenna is highly transparent
in the visible light spectrum and a part of the near-infrared
spectrum.

The radiation performance of the antenna is measured using a
standard SATIMO SG-24 multi-probe system (as shown in Appen-
dix A Fig. S5), with a typical dynamic range greater than 50 dB
and an antenna gain measurement limit exceeding 30 dBi.
Fig. 4(c) presents the measured angular distributions of the anten-
na’s realized gain at 8.6 GHz on the y–z and x–y cut planes, and the
numerically simulated results are presented in Appendix A Fig. S6.
The simulated 3D distribution of the realized gain is shown in Fig. 3
(d). Both measured and simulated results confirm that the pro-
posed transparent leaky-wave antenna achieves a high realized
gain of 15.2 dBi in the GSW’s endfire direction(i.e., +y direction).
Fig. 4(d) shows the simulated and measured reflection coefficients
of the proposed transparent antenna. From 8.4 to 9.4 GHz, the
measured reflection coefficient is lower than �15 dB, indicating
that the power has been injected into the antenna with almost
no reflection. Fig. S7 in Appendix A presents the measured and sim-
ulated radiation efficiencies of the prototyped antenna, showing
that the measured and simulated radiation efficiencies at 8.6 GHz
reach 66% and 69%, respectively. Fig. S8 in Appendix A reports the
proportions of the reflected power, radiated power, and ohmic dis-
sipation for the two-port TCF-grounded GSW (shown in Fig. 2(a))
and the corresponding one-port structure (shown in Fig. 3(a)) with
a substrate thickness of 1.8 mm. Because the antenna port is well-
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matched, the antenna efficiency is primarily limited by the high
sheet resistance of the TCF.

The measured and simulated results for the peak realized gain
of the antenna are presented in Fig. 4(e). The measured peak real-
ized gain in space reaches its maximum value of 15.2 dBi at
8.6 GHz. The variation in the peak realized gain is less than 1 dB
from 8.15 to 9.25 GHz, which verifies the stable radiation perfor-
mance of the antenna over a relatively wide bandwidth. The exper-
iment results reveal that the degrees of freedom offered by
electromagnetic mode manipulation can be exploited to overcome
the imperfection of materials [61] and realize high-performance
wave radiators. Fig. S9 in Appendix A displays the simulated peak
realized gain and radiation efficiency of the antenna based on the
ITO film with different sheet resistances. Although the antenna
with high resistance ITO film would have an enhanced optical
transparency, its RF radiation performance would be compro-
mised. In this design, the ITO film with a sheet resistance of
3 O�sq�1 is chosen to achieve an optical transmittance exceeding
80% and a peak antenna realized gain greater than 15 dBi.
5. OTA-based wireless transmission experiment

Optically transparent high-gain antennas provide a promising
opportunity to realize high-quality wireless communication with-
out affecting the utilization of visible light resources. Here, we
showcase the application of the proposed antenna for high-
quality wireless transfer of images. Fig. 5(a) demonstrates a sche-
matic of the wireless image transfer system, in which the Tx and



Fig. 5. Wireless image transfer based on the proposed OTA and reference antennas. (a) Schematic illustration and (b) photograph of the experiment setup, where two
computer-controlled universal software radio peripheral (USRP) devices are connected with Tx and Rx antennas. (c) Original and received images in three wireless image
transfer tests. For each test, wireless transmission is accomplished by using optically transparent leaky-wave antennas with different glass-slab thicknesses (h = 0.020k0,
0.052k0, and 0.075k0) and opaque metal-based leak-wave antenna with glass-slab thickness h = 0.052k0.
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Rx antennas are identical. When the system operates, the control
platform at the Tx end sends the image data into the universal soft-
ware radio peripheral (USRP) device, through which the baseband
signal with 20 MHz bandwidth is modulated onto a carrier wave at
f0 = 8.6 GHz and sent to the Tx antenna. The signal is then wire-
lessly transmitted, received at the Rx antenna, and demodulated
by the USRP at the Rx end. Finally, the received image can be recov-
ered on the right-hand control platform. Fig. 5(b) shows a pho-
tograph of the wireless image transfer system, which consists of
two National Instruments (NI) USRP-2954R devices and two NI-
PXle-8374 control platforms. In the experiment, the Tx and Rx
leaky-wave antennas are separated horizontally by a center-to-
center distance of 1.5 m (i.e., 43k0 at 8.6 GHz), and the emission
power is set to 0.01 mW. Additional information on the wireless
image transfer experiment is provided in Appendix A Section S7.
According to the Friis transmission equation [62], the received sig-
nal strength is directly related to the gains of the Tx and Rx anten-
nas, and enhancing the antenna gains would improve the wireless
transmission quality.

We test wirelessly transferring three images with sizes of
1020 � 1376 pixels, 900 � 1376 pixels, and 918 � 1376 pixels,
as shown in the leftmost column of Fig. 5(c). For each test, we com-
pare the transmission performance of the four types of antennas
0–3, which perform the Tx and Rx functions. Antenna 0 is an opa-
que leak-wave antenna (as shown in Appendix A Fig. S10) consist-
ing of a GSW grounded by a copper sheet with Rs = 0.025 O�sq�1.
Antennas 1–3 are optically transparent leak-wave antennas
grounded by ITO films with Rs = 3 O�sq�1; they differ in glass slab
thicknesses, which are h = 0.052k0, 0.020k0, and 0.075k0, respec-
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tively. The endfire realized gains of antennas 0–3 are 16.5, 15.2,
7.1, and 3.5 dBi, respectively. The images received at the Rx end
under different antenna settings are shown in the right four col-
umns of Fig. 5(c), and the corresponding constellation diagrams
of the received signals are shown in Appendix A Fig. S11. Enclosed
within the red solid frame in Fig. 5 are results obtained by using
optically transparent leaky-wave antenna 1 with an optimized
realized gain of 15.2 dBi. In this case, the received images exhibit
no distortion compared to the original images. In contrast, much
poorer image quality is observed when the wireless transceiving
is based on optically transparent leaky-wave antennas 2 (or 3),
which consists of an excessively thin (or thick) ITO-grounded
GSW. The third and second columns of Fig. 5(c) show the images
obtained via wireless transfer using the proposed optically trans-
parent high-gain antenna (antenna 1) and its opaque metal-
based counterpart (antenna 0). Evidently, the proposed design
methodology can improve the performance of optically-
transparent ITO-based antennas to a level comparable to that of
opaque metal-based antennas, despite the ITO film used for the
OTAs having sheet resistance two orders of magnitude higher than
that of the opaque copper sheet used for antenna 0.

6. Discussion and conclusions

Table 1 [37,38,51–56] compares comprehensively the proposed
OTA with other presentative designs developed in recent works.
These directional OTAs were constructed using resonant radiation
structures including patches [38,51,53,56], monopoles [55], the
composite right/left-handed (CRLH) metamaterial [37], the



Table 1
Comparison of the representative directional OTA designs.

Reference Antenna type Optical
transmittance

Area (km2 )a Peak realized gain
(linear/dB scaleb)

Radiation
efficiencyc

Gain/area (km�2)
(for large apertures)

[37] CRLH metamaterial 88%d 2.41 � 0.30 1.85/2.67 63% —
[51] Patch 62% 0.41 � 0.41 1.83/2.63 43% —
[52] Cavity-backed slot 71% 1.61 � 1.40 3.04/4.83 45% —
[53] Patch 69% 0.41 � 0.41 3.37/5.28 51% —
[56] Coplanar patch Not given 0.88 � 0.44 1.00/0.00 69% —
[54] Slot with ground 71% 2.05 � 2.05 3.55/5.50 60% 0.84
[38]
Antenna 1 Patch array 88%d 1.96 � 4.85 4.63/6.66 24% 0.49
Antenna 2 Patch array 88%d 1.96 � 4.85 8.24/9.16 41% 0.87

[55] Monopole array 86% 1.95 � 3.90 9.33/9.70 61% 1.23
This work Leaky-wave antenna 80% 7.91 � 1.89 33.11/15.20 66% 2.21

CRLH: composite right/left-handed.
a km is the wavelength at the frequency of maximum realized gain.
b dB-scale gain = 10�lg (linear-scale gain).
c The radiation efficiency is given at the frequency of maximum realized gain.
d These works report optical transmittance of the radiation structure alone.
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cavity-backed slot [52], and the ground-backed slot [54]. As shown
in Table 1 [37,38,51–56], the proposed OTA design based on the
low-loss leaky-wave structure offers a competitive optical trans-
mittance, enhanced radiation efficiency, and an outstanding
antenna realized gain which, on the linear scale, is more than 3.5
times higher than those of other designs. Besides that, the pro-
posed OTA features a significantly improved aperture usage rate
(i.e., the ratio of the maximum linear-scale realized gain to the
antenna’s electrical area), which reflects the overall advantage of
the proposed design.

Recently, significant efforts have been devoted to engineering
wave confinement in artificial electromagnetic structures, such as
spoof surface plasmon polariton (SSPP) structures [63–65]. In this
study, we leveraged wave confinement engineering to determine
an optimal radiation state for an optically transparent leaky-
wave structure, in which the dissipation on lossy TCFs is effectively
suppressed. As an emerging concept and technology, multi-
functional metasurfaces [66–68], which enable the flexible manip-
ulation of wave magnitudes, phases, and polarizations, have also
gained great interest. Incorporating metasurfaces into the optically
transparent leaky-wave antenna design for OTA’s functionalities
enhancement will be a future research topic.

In conclusion, this paper demonstrated the theory and
methodology for maximizing the endfire radiation gain for a
lossy TCF, addressing the problem that RF radiators made of TCFs
commonly exhibit low efficiency and low gain. Our method
leveraged the manipulation of the leaky-wave mode in a TCF-
grounded GSW, which mitigates the attenuating effect of TCFs
without the need to improve TCFs’ conductivity. By controlling
the transverse wave confinement in the TCF-grounded GSW,
strong field confinement near the lossy TCF is avoided, which
substantially suppresses the TCF-loss-induced attenuation. Sub-
sequently, the optimal GSW-thickness condition was derived to
minimize the total attenuation caused by material dissipation
and wave leakage, which provides a unique opportunity for gen-
erating high-gain radiation on a lossy TCF. Exploiting this low-
attenuation leaky-wave state, we proposed a transparent
antenna featuring an extended aperture size of 7.9k0 � 1.9k0
and high optical transmittance (> 80%). Solid experimental
results verified the prototyped antenna’s competitive radiation
performances, achieving an optimal realized gain of 15.2 dBi
and a competitive radiation efficiency of 66%. In essence, this
study provides an effective mode-manipulation approach for
mitigating the intrinsic loss issue of TCFs, creating a pathway
for realizing high-performance OTAs with promising applica-
tions in future ubiquitous wireless communication and sensing.
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