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Abstract—This paper presents a I11/V compound silicon
(Si) and gallium arsenide (GaAs) metasurface antenna to
achieve beam-forming at 94 GHz. The metasurface antenna
consists of a flat-panel system architecture and works in a
holographic manner. The guided mode launched into the Si
layer is converted to a planar wave-front using a quasi-optical
pillbox feeding architecture, significantly simplifying the
design process of the metasurface antenna. It is demonstrated
that the developed metasurface can switch its radiation pattern
in the azimuth plane by selectively activating between multiple
input ports while beam forming in the elevation plane can be
achieved by actively tuning the metamaterial elements forming
the metasurface aperture. The simulated reflection coefficient
patterns suggest an impedance matching better than -15 dB at
all input ports is achieved at 94 GHz. The radiation patterns of
the antenna clearly demonstrate the 3D beam scanning
capability of the presented metasurface antenna (#=0°/15°,
9=0°/+£90°) at millimeter-wave frequencies.

Index Terms—antennas, metasurface, metamaterial,
silicon, gallium arsenide, beam forming, millimeter-wave.

l. INTRODUCTION

Antennas with reconfigurable radiation characteristics
have been in the forefront of research conducted within the
antennas and propagation community for several decades.
Synthesizing a desired wave-front on an antenna aperture to
produce a radiation pattern of interest has been
conventionally realized using the phased-array technique as
the beam-shaping mechanism [1, 2]. Typically, a phased
array antenna consists of an array of individual radiating
elements that sample the aperture at a Nyquist limit. Each
individual antenna within the composite phased array
aperture requires a phase-shifting circuit, and also a power
amplifier to compensate for the insertion losses of the phase
shifting circuits. As a result, although beam-shaping
capability can be achieved to an excellent fidelity, phased
array antennas typically exhibit a complex physical hardware
architecture and consume a considerable amount of power.
These cost and power constraints have historically limited
the use of the phased-array technology mostly to military-
based applications.

Metamaterials are artificial, sub-wavelength structures
that can be engineered to achieve electrical properties that
are not available in nature, with applications ranging from
negative-index media to invisibility cloaks [3-6] to name a
few. An array of metamaterial elements (or meta-elements)
sampled at a sub-wavelength limit across a planar, two-
dimensional (2D) surface forms a metasurface aperture [7].
Metasurface antennas can offer the advantage of
synthesizing a desired amplitude and phase profile at the
antenna aperture without the need for the phase shifting
technology. This property enables metasurface antennas to
exhibit on-par radiation characteristics with phased arrays
but at a fraction of cost and power consumption
requirements. Moreover, metasurface antennas can be
designed to have a flat-panel system architecture [8-16], and
thus, has found numerous applications from radar imaging
[17-26] to wireless power transfer [27-29]. In this paper, we
present our most recent advancements towards realizing the
first 111-V silicon (Si) — Gallium Arsenide (GaAs) flat panel
reconfigurable metasurface antenna at millimeter-wave
frequencies.

1. METASURFACE ANTENNA

A. Pillbox Feeding Structure

The metasurface antenna consists of a dual-layer pillbox
feeding structure as depicted in Fig. 1. The pillbox design is
a well-known architecture in the literature and enables a
planar wavefront to be achieved in a quasi-optical manner
[30]. The dielectric material for the bottom layer of the
pillbox feed is silicon (Si), &=11.9, p=10 kQ.cm and 350um
thick, while the dielectric layer for the top layer is gallium
arsenide (GaAs), &=12.8 and 175um thick. The pillbox has
a multi-port feeding architecture, consisting of three
coplanar-waveguide (CPW) feeding ports.

The architecture of the feeding ports is depicted in detail in
Fig. 2. As shown in Fig. 2, the wave is launched into the Si
substrate by the CPW feed ports, which are connected to 1
mm end launch PCB connectors for the fabricated protype of
the antenna. The guided mode launched by the CPW feeding



ports in the Si layer is radiated by surface-integrated-
waveguide (SIW) horn antennas etched into the Si substrate.
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Fig. 1. Pillbox feeding architecture (a) overall view of the
pillbox (b) layer-by-layer depiction of the pillbox (without
the metasurface etched onto the top metal layer). Azimuth:
yz-plane, elevation: xz-plane.
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Fig. 2. CPW feeding structure of the metasurface antenna.
W:=50 mm, L;=50 mm.

The radiated wavefront by the SIW horn antenna has a
cylindrical profile as shown in Fig. 3.
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Fig. 3. Phase of the guided mode pattern launched through
port 1 (center) into the Si substrate at 94 GHz.

The fabricated feeding port structure with the CPW — SIW
conversion is shown in Fig. 4. As can be seen in Fig. 4, the
SIW horn antenna has a pin (diameter=50um and
thickness=85um) embedded inside the waveguide,
optimizing the impedance match seen at the input of the
CPW. The pin is gold coated (coating thickness is 1pm).
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Fig. 4. CPW to SIW transition. The rim of the horn antenna
etched within the Si substrate can be seen.

The pillbox feeding structure of the metasurface consists of
two layers, Si (bottom) and GaAs (top), with the two layers
sharing a reflector rim etched on the opposite side of the
feeding ports. As depicted in Fig. 5, the guided mode
launched into the Si layer (with a cylindrical wavefront)
propagates towards and reflects off of the reflector rim. The
reflected signal couples to the top GaAs layer, which then
propagates in the opposite direction. The coupled wave in
GaAs layer has a planar wavefront and leaks out through the
meta-elements into free-space as it propagates, generating
the desired radiation pattern of interest.
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Fig. 5. The coupling of the guided mode launched in Sil
substrate (bottom) to the GaAs substrate (top) and its
radiation into free-space through the metasurface layer.
Dimensions: h1=350um and h=175um.

The guided mode wavefront inside the Si and GaAs layers
are shown in Fig. 6. A picture of the Si wafer during the
fabrication process of the pillbox design is shown in Fig. 7.
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Fig. 6. Launched E-field guided mode wave patterns at 94
GHz (phase) inside (a) Si substrate (b) GaAs substrate.
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Fig. 7. Picture of the Si wafer in the middle of through etch.

B. Metasurface Design

The quasi-optical metasurface antenna operates in a
holographic manner. Within the holographic framework, the
guided mode pattern launched by the feeding port works as
a reference-wave. In order to examine the design process, let
us consider a one-dimensional (1D) microstrip transmission
line loaded with complementary, slot-shaped meta-elements
as depicted in Fig. 8. The launched magnetic field (H-field)
along this transmission line can be given as follows:

nref = Hoe_jﬂx y (1)

Because the 1D metasurface architecture depicted in Fig. 8
consists of complementary slot-shaped meta-elements, we
consider the H-field as the guided mode reference exciting
the meta-elements. From antenna theory, the array factor
(AF) for the presented antenna can be calculated as [31]:

AF (9) = zam.i (W)e*JﬂX. ekaX, singcosp (2)

i=1

Reference-wave

Desired Aperture Field

Fig. 8. Depiction of a 1D microstrip transmission line
loaded with complementary metamaterial elements.

In (2), i refers to the meta-element number, w is the
frequency, g is the wavenumber in dielectric and k is the
wavenumber in free space. Although sharing a similar AF
definition, the presented metasurface concept differs from
conventional array antennas in that the aperture is sampled
at a subwavelength limit, in comparison to the regular Ao/2
limit where /o is the free-space wavelength. This aspect of
the presented design enables the guided mode to be modeled
as a continuous hologram while ensuring that the antenna
architecture does not rely on the phase shifting technology
to achieve beam forming.

In (2), 8 and ¢ indicate the beam-forming direction (p=0°
for the 1D example and hence cos(¢) = 1 can be dropped)
while « denotes the polarizability of the meta-elements. The
radiation from a sub-wavelength sized complementary
metamatetrial element can be modeled as a magnetic dipole
with dipole moment of the element can be given as m=aH
[31]. Therefore, using the amplitude and phase variation
caused by the polarizability distribution of the meta-
elements, the guided mode (reference-wave) can be
modulated into a desired waveform on the metasurface
aperture to radiate a radiation pattern of interest in the far-
field. This radiation pattern synthesis process does not
require any phase-shifting circuit and power amplifiers.
From (2), in order to maximize the array factor in @, it is
evident that the polarizability distribution of the meta-
elements should be chosen as

Ay (W) - ejﬂxi eik& sing (3)

Interacting (1) and (2), one can calculate a continuous
holographic phase grating with a phase range of 0 - 2x. This
ideal phase grating for a given 6-direction is retrieved using
the metasurface layer with element polarizabilities defined
in (3) being applied to the reference-wave in (1). This
selection performs surprisingly well despite the assumption
that the guided mode holographic reference is not perturbed
by the scattering from the meta-elements (weakly-scattered
regime) and the Lorentzian limited O — & radians achievable
phase range of the complementary meta-elements. In this
work, we realize the desired aperture wave-front by
sampling the antenna aperture at phased-matched points
using weakly-scattering, weakly-resonant, slot-shaped meta-
elements as the radiating metamaterial element type.

As shown earlier in Fig. 5(b), analyzing the phase-front of
the coupled wave in the GaAs layer, it is evident that the
guided mode inside in GaAs has a planar wavefront. This
observation ensures that the metasurface has, ideally, a



constant phase value for each column, suggesting that we
can design a 2D metasurface using the mathematical
foundation laid out for the 1D model. This aspect of the
proposed design also brings the advantage that the biasing
of the meta-elements across the metasurface can be
achieved using a single biasing line per column as opposed
to individually biasing the metamaterial elements to achieve
dynamic beam forming. This can significantly simplify the
biasing circuitry required to tune the meta-elements across
the metasurface aperture. The designed metasurface antenna
is depicted in Fig. 9 while the fabricated prototype by the
NASA’s Jet PropulsionLLaboratory is shown in Fig. 10.
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Fig. 9. Méfésurface antenna design. L,=44.5, W,=49,
a=0.085, b=tapered from 0.38 to 0.4, ¢=0.17. Units: mm.
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Fig. 10. Fabricated Si/GaAs quasi-optical metasurface

antenna design with the etched meta-elements.

1. RESULTS

The simulated reflection coefficient patterns at the input
ports (S11 and Sy) are shown in Fig. 11. It should be noted
that due to structural symmetry, Sss is identical to Sz, and is
not shown in Fig. 11. Fig. 11 also shows the cross-coupling
S-parameter results in between multiple ports (Si2 and Szs).
Analyzing Fig. 11, it is evident that the metaurface antenna is
well matched, with the Si; and Sy, levels remaining below -
15 dB at 94 GHz. As shown in Fig. 11, the cross-coupling
levels between the input ports are -28 dB for Sy; (and hence
for Ss1) and -11 dB for Sy at 94 GHz. However, the input
ports of the presented quasi-optical metasurface antenna are
to be activated not simultaneously but sequentially. Because
a simultaneous excitation of the input ports is not required,
this coupling does not exhibit a challenge for the presented
metasurface antenna architecture.
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Fig. 11. Simulated S-parameter results for the metasurface
antenna for multiple input ports.

The simulated radiation patterns of the metasurface antenna
are shown in Fig. 12. When fed through the first port, the
metasurface radiates at #=15°, ¢=0° with a directive gain
31.9 dBi, resulting in an aperture efficiency of 59%. This
beam control along the elevation plane is governed by (2)
and can be dynamically tuned by controlling the coupling
responses of the meta-elements using active elements, such
as PIN diodes [32, 33]. Switching to port 2 and port 3
enables the metasurface to reconfigure its radiation pattern in
the azimuth plane, with the metasurface antenna radiating at
0=15°, »=90° when port 2 is activated and at #=15°, ¢p=-90°
when port 3 is activated. The half-power-beamwidth
(HPBW) values are recorded to be 5.5° for ports 2 and 3 and
4.4° for port 1 whereas the directivity difference between
these scenarios is reported to be 3.1 dB. It should be noted
that due to the frequency-dependence leaky-wave
characteristics of the guided-mode, sweeping the operating
frequency results in beam-scanning in the elevation
direction. This feature can be useful for applications where
the aperture wave-front synthesis is required to be achieved
in an entirely passive manner. This feature of the antenna
will be demonstrated in future work.

0

51
10}
5|
-20|
-25|

-30 ¢

Normalized Directivity (dBi)

-35

-40

Angle (Degrees)
Fig. 12. Simulated radiation patterns of the metasurface
antenna at 94 GHz when fed through ports 1-3. Feed 1 (E-
plane, ¢=0°). Feed2 (H-plane, »=90°) and feed 3 (H-plane,
»=-90°).



IV. CONCLUSION

We have demonstrated a Si/GaAs based metasurface
antenna for beam forming at millimeter-wave frequencies.
The antenna synthesizes a radiation pattern of interest using
the holographic principle by means of modulating a guided
mode reference into an aperture wavefront of interest. The
developed metasurface can achieve 3D beam steering by
appropriately tuning the meta-elements and switching
between multiple input ports. Measurements of the fabricated
antenna are currently underway at the NASA’s Jet
Propulsion Laboratory. Future work will look at techniques
to develop diodes on Si/GaAs substrate to achieve dynamic
modulation of the metasurface layer. The presented antenna
offers a significant potential for a number of platforms where
the available space for antenna integration is limited, such as
CubeSats, Smallsats, Rovers and Landers.
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