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An Optically Transparent Near-Zero-Index Grating Metamaterial for Enhanced
On-Glass Millimeter-Wave Radiation
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Abstract— An optically transparent antenna (OTA) based on a grat-
ing metamaterial is proposed for launching high-gain millimeter-wave
radiation on glasses. This design incorporates a glass-based dielectric
image line with a grating made of a transparent conductive film (TCF),
which provides an effective near-zero-index response through precise
manipulation of spatial harmonic dispersion. To effectively overcome
the intrinsic loss issue of TCF and control the power leakage, the field
confinement in the grating metamaterial is engineered for optimizing the
purely leakage-induced and total modal attenuations at the zero phase-
progress state. The prototyped grating metamaterial antenna features
an average optical transmittance of 76% over the visible spectrum.
The antenna is validated to generate a near-broadside directive beam,
achieving a realized gain exceeding 23 dBi and a total efficiency higher
than 60% from 21.1 to 22.3 GHz. Through leaky mode confinement
control and complex dispersion relationship engineering, this work offers
a promising solution to realizing OTAs with a substantially improved gain
and aperture efficiency.

Index Terms— Antenna efficiency, grating, near-zero-index (NZI) meta-
material, optically transparent antenna (OTA), transparent conductive
film (TCF).

I. INTRODUCTION

The advances in the fifth/sixth-generation wireless communication
and the Internet-of-Things technology have led to a growing demand
for antennas with soft visual impact [1], [2], [3]. Against this back-
ground, optically transparent antennas (OTAs) [1], [2], [3], [4], [5],
[6], [7], [8] are drawing intensive attention from both the academic
and industrial communities. The OTAs are expected to implement
the same wireless transceiving function as their conventional, opaque
counterparts [9], [10], [11], [12] while simultaneously enabling
efficient utilization of visible spectrum resources [13], [14], [15].
By integrating OTAs with diverse transparent platforms, including
eyeglasses [15], [16], building windows [4], [5], [6], automobile
windshields [17], [18], solar cell panels [19], [20], [21], and display
screens [22], [23], [24], [25], much more physical space is opened
up for establishing wireless connections. For example, Fig. 1 demon-
strates two potential OTA applications: fixed wireless access in urban
areas and forward obstacle detection for vehicles.

As a key material for constructing OTAs, the transparent conduc-
tive films (TCFs) have been intensively investigated, which include
the indium-tin-oxide (ITO) films [4], [5], [6], meshed metal films
(MMFs) [4], [5], [26], [27], [28], [29], [30], [31], conductive
multilayer films [32], [33], [34], etc. For keeping high optical
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transmittance, the TCFs are manufactured with submicrometer- or
nanometer-scale thicknesses, which are significantly smaller than
their microwave-frequency skin depths and thus raise a severe ohmic
loss issue. In comparison to the opaque copper sheets, the sheet
resistances of MMFs are typically one order of magnitude higher,
while those of ITO films can even be two orders of magnitude
higher [4]. Due to high sheet resistances, the OTAs in current
literature exhibit relatively lower gains than conventional opaque
metal-based antennas. It was shown in [35] that the transparent patch
antenna made of a conductive multilayer film offers a realized gain of
—2 dBi. An optically transparent ITO monopole antenna investigated
in [17] exhibits an optical transmittance of 70%, a radiation efficiency
near 60%, and a realized gain of 2 dBi. An MMF patch antenna
with an optical transmittance of 62% was proposed in [36], which
offers a radiation efficiency of 43% and a realized gain of 2.6 dBi.
An optically transparent cavity-resonator millimeter-wave (mmW)
was proposed in [37], which exhibits an optical transmittance of 71%,
a radiation efficiency of 45%, and a realized gain of 4.5 dBi. The
development of OTAs with improved gain and radiation efficiency
remains a grand challenge [38], [39], [40].

In this work, we propose an optically transparent leaky-wave
metamaterial, in the form of a grating-loaded dielectric image line
(DIL), for realizing a high-gain OTA. This structure exhibits an
effective near-zero-index (NZI) leaky-wave state with low attenuation
property, contributing to a more uniform aperture field distribution.
The NZI materials and metamaterials with an infinitely stretched
wavelength offer a unique platform for wave manipulation [41],
[42]. Compared with the resonant-type NZI response [43], [44], the
NZI effect derived from the spatially modulated leaky-wave structure
exhibits higher material loss tolerance and is more advantageous
for radiation applications. The innovation and contribution of the
proposed design are outlined as follows. First, by manipulating the
leaky mode’s transverse confinement, strong field confinement on
TCFs is avoided and the TCF’s attenuating effect is effectively
suppressed. Furthermore, the OTA’s broadside gain and aperture
efficiency are enhanced by engineering the complex propagation
constant dispersion of the grating metamaterial at its NZI state.

Based on the proposed design philosophy, a 20-GHz OTA is
prototyped using ITO films and quartz glass, characterized by an
averaged optical transmittance of 76% over the visible spectrum
from 400 to 760 nm. The prototyped OTA is experimentally validated
to deliver a maximum realized gain of 23.6 dBi and a peak radiation
efficiency of 67%. This competitive radiation performance is achieved
under the usage of TCFs with much higher loss than opaque metal
sheets. Hence, the proposed NZI grating metamaterial design would
significantly boost the performance of mmW OTAs, opening up
new prospects for ubiquitous wireless communication and sensing
applications deployed on diverse optically transparent platforms.

II. THEORETICAL MODELING

The high sheet resistances of TCFs impose a challenge for achiev-
ing a uniform field distribution over a large-scale optically transparent
aperture. To confront the intrinsic ohmic loss issue in the TCF-based
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OTA on glass

Base station

Fig. 1. Potential OTA applications in ubiquitous wireless communication
and sensing, where OTAs are invisibly deployed on building windows and
vehicular glasses.

Fig. 2. Ilustration of the grating metamaterial OTA along with the
instantaneous electric field distribution.

OTA designs, this work presents an innovative solution that leverages
complex dispersion engineering of leaky-wave metamaterials. This
approach hinges on balancing the attenuation caused by power
leakage and material absorption at the metamaterial’s NZI radiative
state, through which we suppress the total modal attenuation and
excite high-gain broadside radiation.

Fig. 2 schematically illustrates the proposed OTA design based on a
grating metamaterial, in which an optically transparent grating made
of TCF couples the propagation mode in the glass substrate DIL
to free-space radiation. The phase constant By of the fundamental
propagation mode in the unloaded DIL is governed by the dispersion
equation [45]

sr\/ﬂg -k = \/grk(z) — B3 tan (\/erk% - ﬁgh) (1)

where ¢ and h denote, respectively, the dielectric constant and
thickness of the glass substrate, and k) is the free-space wavenumber.
A uniform field distribution in the DIL’s width direction, i.e., the
x-direction, has been assumed in (1). The periodic modulation of
DIL through grating loading generates spatial harmonics with phase
constants 8, = Bog + 2mn/p, where n is an integer and p is the
grating period. Here, we require the —Ist-order spatial harmonic to
have a near-zero phase constant, i.e., B_1 ~ 0. Under this condition,
the grating metamaterial is characterized by an effective near-zero
index that enables broadside radiation.

We then demonstrate the approach to regulate the attenuation
constants caused by the material loss and power leakage at the
grating metamaterial’s effective NZI state. Examine the concrete
grating-loaded DIL structure given in Fig. 3, where the dielectric
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Fig. 3. Grating-loaded DIL structure and its equivalent array model.

constant of the quartz glass substrate is 3.65, DIL’s width w is
chosen as 21 mm, and the grating strip width is denoted by s.
The grating structure and DIL ground are made of TCFs with
resistances Rg being, respectively, 5 and 2 2/sq. The element of this
periodically loaded DIL is shown in the left-bottom inset of Fig. 3.
The complex propagation constant of 8 — joyota the grating-loaded
DIL is extracted via [45]

cos [(B — jootal) P] = (A11 + A) /2 2)

where Aq; and Aj, are the entries of the metamaterial element’s
transfer matrix A. We note that oy, accounts for the total modal
attenuation due to leakage radiation, material losses, and stopband
effect. Since the dielectric loss of quartz glass is negligible, the ohmic
dissipation on TCF grating and ground is the cause of material-loss-
related attenuation. The phase constant 8 in (2) is restricted in the
light cone of the first Brillouin zone, i.e., the region of —1st-order
spatial harmonic.

The grating-loaded DILs with thicknesses h of 1.5, 2.5, and
3.5 mm are investigated, where the corresponding grating strip widths
s are 5.6, 4.8, and 2.0 mm, respectively. The grating period p
for all three cases is fixed as 8.7 mm, i.e., 0.61 at 20.8 GHz.
As shown in Fig. 4(a), all the phase constant curves cross zero
around 20.8 GHz, at which the grating metamaterial’s effective
refractive index nef = (B — jooral)/ko has a vanishing real part.
The extracted total attenuation constants for the three cases are shown
in Fig. 4(b). Although grating-loaded DILs in cases #1—#3 share the
same NZI frequency, their phase dispersion and attenuation behaviors
are distinctive. In Case #1, the unit cell consisting of a wide strip
over a low-profile (4 = 1.5 mm) grounded substrate acts as a thin
cavity resonator, which exhibits a strong phase dispersion when g - p
crosses zero. Its excessively thin substrate also leads to a high power
leakage rate and intensity ohmic loss on TCFs, which manifests as
a large aota)- For Case #3 with an excessively thick substrate (h =
3.5 mm), although the strong phase dispersion is avoided, a severe
open-stopband effect—indicated by a sharp rising of attenuation near
the NZI frequency—is observed in Fig. 4(b). Between those extreme
cases, the grating-loaded DIL in Case #2 with an optimized thickness
h = 2.5 mm and strip width s = 4.8 mm features a small phase
slope near NZI frequency and a moderate total attenuation constant
primarily caused by radiation leakage. Since the DIL parameters have
been specially engineered to accommodate the optically transparent
leaky-wave antenna design with lossy TCFs, they are different from
the typical values reported in [46].

To proceed, we examine the ratio of the radiation-induced atten-
uation constant (or power leakage rate) a,q to the total attenuation
constant ota], Which reflects the radiation efficiency of a leaky-wave
structure [47]. For Cases #1 and #2 where the grating-loaded DIL
operates in the passband, o;,q is equal to the attenuation constant
with all the materials assigned lossless. For Case #3, open-stopband
attenuation should also be excluded when calculating o,q. According
to Fig. 4(c), the grating-loaded DIL in Case #2 with optimized
transverse structure parameters achieves the highest apyq/0¢ora] around
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TABLE I
OTA STRUCTURAL PARAMETERS (UNIT: mm)
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Fig. 4. (a) Phase constant dispersion. (b) Attenuation constant dispersion.
(c) Ratio of ayaq to o). (d) Broadside gain enhancement factor for the
grating-loaded DILs in Cases #1—#3.

the NZI frequency, indicating an efficient broadside radiation perfor-
mance. To quantitatively analyze the broadside radiation intensity
of the proposed NZI grating metamaterial, we develop a simplified
array model as shown in the right-top inset of Fig. 3, where the
grating-loaded DIL structure is modeled as an array of radiators
fed with a phase progress of B - p and attenuated amplitudes. The
array gain function Garray dependent on the observation angle 0 is
formulated as

2
N—-1
Garmay 0) = | > [ Praam/ Pne WP R0sn®@lmp | p o 0) - (3)
m=0

where Dgje denotes the directivity pattern of the metamaterial array
element. Ppyq,m/Pj, denotes the power radiated by the mth element
normalized to the input power Pj, of the array, and N is the total
number of the elements. Over a length element d/ along the leak-
wave structure, the radiated power d Py,q is related to the transmission
power decrease dP via

dPrag =20 - Pin - € 2wl dl. 4)

Integrating (4) on both sides over the length of mth unit cell leads to

P, (m+1)p
radm _ 20tpad / e 200l gy

in mp
= @ (] — e_zatotalp) e_zatotalmp. 5)
Utotal
Then we define the following figure of merit (FOM) as the ratio of
the array’s broadside realized gain to the element’s directivity, i.e.,

Garray (0 = 00)

FOM =
Dele ®=0°)
: 2
— _( otal + )N
= Orad (1 _ e—Zatotal[’) w (6)
Utotal 1 — e~ (@ tiB)p

Maximizing this gain enhancement factor necessitates: 1) properly
increasing the power leakage rate op,q and 2) keeping a low total
modal attenuation constant oq,). Through the control of wave atten-
uation and leakage properties, enhanced radiation with an improved
aperture efficiency is expected to be achieved. The calculated FOMs
for the grating-loaded DILs in Cases #1—#3 are depicted in Fig. 4(d).
The optimal design in Case #2 exhibits a notably higher gain
enhancement FOM near the broadside-radiation frequency, which is
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Fig. 5. (a)—(c) Simulated electric field magnitude distributions. (d)—(f) Real-
ized gain patterns for the grating-loaded DILs in Cases #1-#3.

attributed to its moderate total attenuation constant (qq,)) and the
maximized ratio of power leakage rate to total modal attenuation
constant (Qrad/Cotal)-

Fig. 5(a)—(c) displays the simulated electric field magnitude distri-
butions at 20.8 GHz for the grating-loaded DILs in cases #1—#3, each
having an aperture length of 8.3\ at 20.8 GHz. The grating-loaded
DILs are excited using a rectangular waveguide operating on the
fundamental TEjgmode. The corresponding 3-D realized gain pat-
terns for the three cases are shown in Fig. 5(d)—(f). It is noted that
the theoretically predicated metamaterial’s refractive indexes in these
three cases are equal to zero at 20.8 GHz according to Fig. 4(a).
For Case #1 with an extremely thin DIL, the excessively large
power leakage rate leads to a fast-decaying aperture field distribution.
Despite achieving a radiation efficiency of 63.8%, the antenna’s
broadside gain is limited to 5.3 dBi, due to the restricted size of
the effective aperture. In contrast, the over-thick DIL in Case #3
yields an excessively low power leakage rate, and thus the radiation
efficiency is as low as 10.6%, resulting in a degraded realized gain of
only 4.0 dBi. As shown in Fig. 5(b) and (e), the grating-loaded DIL
design in Case #2 offers a relatively uniform leak-wave aperture, and
it achieves a radiation efficiency of 68.5% and an enhanced broadside
gain up to 17.1 dBi.

ITII. ANTENNA DESIGN, MEASUREMENT, AND DISCUSSION

By leveraging the low-attenuation NZI state of the grating-loaded
DIL structure, this section proposes the design of an optically
transparent leaky-wave antenna with high-gain broadside radiation
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(a) Prototyped OTA with simulated 3-D realized gain pattern.
(b) Electric field magnitude distribution at 20.8 GHz.

Fig. 6.

performance. The proposed antenna structure is shown in Fig. 6(a),
which consists of a transversely expanded TCF grating with a size
of lpx wy = 8.184 x 5.27X (at 20.8 GHz) and a grounded quartz
glass substrate. The grating structure is excited by a compact 1:4
series-feed waveguide power divider. The step glass structures with
upper and lower layer heights of #; = 1 mm and 4y = 1.5 mm are
introduced in the output waveguide branches for improving the mode
transition from the power divider to the DIL structure. The heights
of the grating-loaded DIL and the feeding waveguides are 2.5 and
4.3 mm, respectively. Local perturbations have been applied to the
grating parameters, i.e., the strip width s; and spacing p;, for sidelobe
suppression. The key structural parameters of the prototyped grating
metamaterial antenna are listed in Table 1.

The simulated 3-D realized gain pattern of the prototyped antenna
at 20.8 GHz is also shown in Fig. 6(a), which validates that a
directive beam with a peak gain of 23.2 dB is launched toward
the near-broadside direction. The simulated electric field magnitude
distribution over a plane slightly above the grating is shown in
Fig. 6(b). The electric field is uniformly distributed over the first eight
grating elements, which account for 60% of the total aperture area.
This uniform aperture distribution is achieved through the precise
control of the attenuation constant of the NZI grating metamaterial.

Fig. 7(a) displays the fabricated optically transparent
grating-loaded DIL structure, where the grating pattern made
of 5-Q/sq ITO film is deposited on a 2.5-mm-thick quartz glass
substrate. The ground of the prototyped DIL structure is a 2-Q/sq
ITO film. The thicknesses of the 5- and 2-Q/sq ITO films are
270 and 680 nm, respectively. The skin depth of the ITO material
with a bulk conductivity orrg = 7.4 % 10° S/m at 21 GHz is about
4.0 pum, which is significantly larger than the film thicknesses.
Fig. 7(b) displays the assembled OTA with a four-way waveguide
power divider. The waveguide power divider is made of aluminum
and processed via the computer numerical control (CNC) metal
machining technique. The whole assembled structure is fixed on
a circular acrylic plastic panel, and it is connected to a standard
WR-42 waveguide. The inset of Fig. 7 reports the averaged
optical transmittance of the antenna aperture measured using a
spectrophotometer. Over the visible spectrum of 400-760 nm,
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Fig. 7. Photograph of (a) optically transparent grating metamaterial and
(b) fully assembled OTA.
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Fig. 8. (a) Reflection coefficients of the prototyped OTA. (b) Realized gain

and total efficiency of the prototyped OTA.

the mean value of the measured optical transmittance is 76%.
Consequently, the proposed OTA based on ITO films and quartz
glass is validated to offer a decent optical transmittance.

Fig. 8(a) shows the reflection coefficients (S11) of the proto-
typed OTA. The measured —10-dB impedance bandwidth spans
from 20.2 to 22.9 GHz, covering a fractional bandwidth of 12.5%.
Fig. 8(b) reports the measured and simulated results of the OTA’s
realized gain. The measured (or simulated) realized gain reaches
the peak value of 23.6 dBi (or 24.2 dBi) at 21.7 GHz. The 3-dB
bandwidth for the measured realized gain covers 20.4-23.0 GHz.
Fig. 8(b) also demonstrates the measured total efficiencies of the
prototyped metamaterial OTA along with the simulated counterparts.
The measured total efficiency attains a peak of 62% around the
frequency of maximum gain radiation, where the measured radiation
efficiency reaches 67%. The bandwidth for total efficiency exceeding
60% spans from 21.1 to 22.5 GHz. Fig. 9 demonstrates the OTA’s
directive radiation patterns at 20.3, 21.3, and 22.3 GHz. At these
frequencies, the E-plane half-power beamwidths (HPBWs) of the
OTA are 7.0°, 6.8°, and 6.5°, respectively, while the H-plane HPBWs
are 10.2°, 10.0°, and 8.8°, respectively.

Table II shows comparison of the proposed OTA with state-of-the-
art peripheral-fed directional OTAs in optical transmittance, realized
gain, radiation efficiency, and aperture efficiency. In comparison to
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TABLE II
COMPARISON OF THE PROPOSED OTA WITH STATE-OF-THE-ART PERIPHERAL-FED DIRECTIONAL OTA DESIGNS
R | memange | Omwe | vt | v | Pkt | e, | e,
[24] Ant. T® 1 x 8 Patch array 25.0-29.8 88% 1.96 x 4.85 6.7 24% 4.0%
[24] Ant. TT® 1 x 8 Patch array 25.4-30.0 88% 1.96x 4.85 9.2 41% 7.0%
[49] Ground-backed slot 1.89-2.24 T1% 2.00 x 2.00 5.5 60% 7.1%
[48]9 2 x 4 Patch array 56.4-62.0 68% 5.00 x 5.00 13.6 60% 7.3%
[2]@ 1 x 8 Monopole array 24.0-29.0 86% 1.95x3.90 9.7 61% 10.0%
[37] Cavity-backed slot 24.0-28.4 71% 1.61 x 1.40 49 45% 11.0%
[7] Traveling-wave antenna 7.50-10.0 80% 791 x 1.89 15.2 66% 17.6%
[23] CRLH metamaterial 4.70-5.30 88% 2.41x0.29 2.7 63% 21.2%
This work@ Grating metamaterial 20.2-22.9 76% 8.54 x 6.37 23.6 67% 33.5%

@The reported frequency band for |S11| < —10 dB. ®/,is the wavelength at the frequency where the peak realized gain is realized.
(OMeasured at the frequency of the peak realized gain. @Power dividers are used for feeding.
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Fig. 9. Normalized E-plane radiation patterns of the OTA at (a) 20.3, (b) 21.3,
and (c) 22.3 GHz. Normalized H-plane radiation patterns at (d) 20.3, (e) 21.3,
and (f) 22.3 GHz.

the OTA designs based on resonant radiators such as the microstrip
patch [24], [48], monopole [2], slot [37], [49], and the compos-
ite right/left-handed (CRLH) metamaterial [23], the proposed OTA
design based on the leaky-wave metamaterial structure effectively
avoids the severe ohmic loss issue arising at the resonance, thereby
offering a competitive radiation efficiency. Moreover, in the proposed
OTA array design, the antenna aperture is effectively extended in
length by fine-controlling the complex propagation constant of the
leaky-wave mode, while an adequate aperture width is ensured
through the usage of a power divider. Overall, the proposed optically
transparent metamaterial antenna based on the glass substrate grating
structure delivers enhanced radiation performance in terms of realized
gain and aperture efficiency.

IV. CONCLUSION

In conclusion, this work presents a feasible approach to launching
high-gain broadside radiation on a lossy TCF. The proposed optical
transparent radiator is based on an NZI grating metamaterial, which
allows flexible manipulation of the phase progress and transverse
confinement of the leaky-wave mode. By controlling the purely
leakage-induced and total modal attenuations at the grating metamate-
rial’s NZI state, our design realizes a competitive radiation efficiency
and a uniform distribution of aperture fields on lossy TCFs. As a proof
of the concept, an mmW OTA with an averaged optical transmittance
of 76% is prototyped, which delivers a realized gain higher than
23 dBi and total efficiency exceeding 60% from 21.1 to 22.3 GHz.
Compared with conventional resonant-type OTAs, the proposed OTA
design based on the leaky-wave metamaterial realizes boosted gain
and aperture efficiency. This improvement will enhance the mmW
transceiving capability of transparent glass surfaces, facilitating a
wide range of applications in ubiquitous wireless communication and
sensing.
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