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Abstract—A metasurface-driven 3D beam-scanning (elevation,
azimuth or both) antenna solution is presented in this paper. A
pair of novel phase gradient metallic metasurfaces (PGMMs)
is designed using the near-electric field phase transformation
method operating in the Ku-band. Rotating PGMMs indepen-
dently atop a static, fixed beam base antenna will enable wide-
angle beam-steering in both azimuth and elevation planes. A
prototype is made and tested to validate the predicted results. The
measured results exhibit excellent beam scanning performance
with the highest elevation angle of ±38◦ and a full 360◦

in the azimuth. This beam-steering approach does not rely
on active radio-frequency components. Moreover, the proposed
metasurface obviates costly dielectrics, reducing additional cost
and weight, and is suitable for stressed environmental conditions
such as high-power systems and inter-satellite or deep-space
communication systems.

Index Terms—Beam-steering/scanning, dielectric-free, high-
gain, high-power, inter-satellite, metal, metasurface, near-field
transformation, passive, phase-gradient device, phase-shifting
surface, satellite communication.

I. INTRODUCTION

Highly directive beam-steering antenna systems have been
at the pivot of an extensive range of applications in space,
land and water [1]–[3]. Such antenna technology can provide
interference-free, power-saving, and highly secured seamless
end-to-end communication independent of the satellites’ ori-
entation [4]–[6]. In recent years like defence, satellite commu-
nication has also been greatly interested in many non-military
applications. This elevates the demand for high-performance
antenna technologies at an extremely low cost. In addition, the
antenna system must be light, low-profile, low-power driven
and easy to manufacture to be compatible with mass-market
production [7].

Various technologies have been adopted to achieve beam-
steering antennas in the literature. For example, mechanically
fully rotatable reflectors, active electronically phased arrays,
and reflect/transmit arrays are the conventional ways of steer-
ing the antenna beams [8]–[11]. Despite having some merits,
these antenna systems are subject to physical and electrical
limitations. For example, some of them are heavy and bulky,
and others require a lot of 3D or lateral area to perform
beam-steering functions. Due to active components and feed
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Fig. 1. Beam-steering antenna configuration using a pair of phase gradient
metallic metasurfaces.

networks, arrays are lossy. Some techniques are only feasible
for the high-end user due to high production costs [12],
[13]. Due to cryogenic temperature and high radiation, the
dielectric-based architecture further prohibits deployment in
deep space networks (DSNs) or inter-satellite communication
systems. Such extreme conditions can alter the dielectric
properties or damage the materials; even dielectric properties
are not yet known [14].

All-metal architectures could be a possible choice to address
those challenges. Metals are cheap and can withstand extreme
environmental conditions. Therefore, our primary concern is
to avoid the dielectric entirely and build the metasurface with
only metal to address those challenges. The near-field meta-
steering (NFMS) strategy in developing beam steering antenna
systems was introduced in [15] for the first time. However, the
metasurfaces proposed in [15] are multilayered metal patches
printed on dielectrics. In this method, two metasurfaces are
positioned in a base antenna’s near-field area and separately
rotated to direct the beam in the elevation and azimuth planes.
The NFMS system provides some significant advantages,
including a simple design strategy, low profile, high electrical
performance, low power requirements, and low cost.978-1-6654-8237-0/22/$31.00 c©2022 IEEE



The rest of this paper is ordered as follows. The beam-
steering method is explained in Section II. The design strategy
of the phase gradient metallic metasurfaces is discussed in
Section III. Section IV presents the predicted and measured
antenna performance. Section IV summarizes the paper.

II. BEAM-STEERING METHOD

The NFMS antenna configuration is shown in Fig. 1. The
antenna comprises a feed and a pair of highly transparent
phase gradient metallic metasurfaces (PGMMs) stacked over
the feed. PGMM I and II have linear phase progression in their
output plane. They are typically identical if the feed radiates
plane waves. Otherwise, PGMM I needs to be customized to
make it compatible with the feed to simultaneously provide
linear phase progression and phase error correction. The
corresponding orientation and beam tilting angles of PGMM I
and II are denoted by ω1, ω2, δ1, and δ2, respectively. Here, it
is worth mentioning that the beam tilting angles (δi) defined by
each metasurface can be fixed at the design level of PGMMs
using (1), where ∆φ represents the progressive phase steps,
∆d stands for cells’ spacing in the array, and λ0 is a free-space
wavelength. In such a configuration, the feed is static, and
PGMM I and II are independently rotated to scan the beam
in the azimuth and elevation plane continuously. The beam
peaks (θ, φ) at elevation and azimuth planes can be estimated
analytically using (2) and (3) [16].

δi/j = sin−1

(
∆φ

2π
× λ0

∆d

)
(1)

θ = sin−1

{
1

k

√
δ21 + δ22 + 2δ1δ2 cos (ω1 − ω2)

}
(2)

φ = tan−1

(
δi
δj

)
= tan−1 δ1 sin(ω1) + δ2 sin(ω2)

δ1 cos(ω1) + δ2 cos(ω2)
(3)

For a numerical example, let us assume that both PGMMs
have identical beam tilt angels, i.e. δ = δ1 = δ2 = 19.5◦. If
PGMM II is rotated anticlockwise from ω2 = 30 to 180◦ in
the step of 30◦ while PGMM I is static and its linear phase
progression is aligned with the base antenna axis, the beam
will move both in elevation and azimuth planes. Using (2) and
(3), the beam locations in the elevation and azimuth planes are
estimated, and numerical values are listed in Table I. Similarly,
the beam can be steered either at the azimuth or elevation
plane only by synchronous co-rotation or counter-rotation of
the metasurface pair.

III. BEAM TILTING METALLIC METASURFACE

As discussed in Section II, the PGMMs are the key com-
ponents to steer the beam in the NFMS antenna system. They
consist of supercells, and each supercell is composed of unique
cells (meta-atoms). For example, the PGMMs are designed to
steer the antenna beam at 19.5◦ offset. Therefore, according to
(1), a supercell of six distinct cells is needed if the progressive

TABLE I
BEAM PEAK POSITIONS WHILE PGMM I IS STATIC AND PGMM II IS

ROTATED ANTICLOCKWISE.

PGMM I and II

(Angular positions)

Beam Pointing

Positions

ω1 (◦) ω2 (◦) θ (◦) φ (◦)

0 30 38.6 15

0 60 34.6 30

0 90 28.3 45

0 120 20.0 60

0 150 10.4 75

0 180 0.0 90

(a) (b)

C1 C2 C3 C4 C5 C6

P

P

Fig. 2. Supercell topology: (b) top view shows the corresponding unit-cell
arrangement, and (a) side view of four thin metal layers.

phase step (∆φ) is 60◦ and ∆d = 12 mm. The front view of a
supercell configuration made of such six cells is shown in Fig.
2 (a). The supercell size is 3λ0, and each cell’s periodicity (P )
is λ0/2, where λ0 is the operating wavelength at 12.5 GHz.
They are made of four identical 0.3 mm thin sheets of metal,
as shown in Fig. 2 (b). Each metal sheet has a cross slot
cut in the centre, and a λ0/4 air gap separates each metal
layer. The width of all slots is fixed to 0.5 mm, and the
middle and edge slot lengths are varied to tune the desired
phase and magnitudes of the transmitting electric fields. Cells
were simulated in CST Microwave Studio (CST MWS) under
periodic boundary conditions to choose the required cells.
The transmission coefficients of the selected best six cells
are plotted in Fig. 3. A linear phase progression of 60◦ is
observed, with the least transmission magnitude of -0.9 dB.
The respective middle and edge slots’ dimensions of cell 1 to
6 are (in mm): (8.7, 2.9), (7.5, 3.7), (8.0, 3.1), (8.4, 2.6), (9.8,
1.4), and (9.1, 2.8).

The PGMMs are then formed by arranging the supercells
in a 2D array, as pictorially demonstrated in Fig. 4. In this
strategy, the supercell described in Fig. 2 is periodically
arranged along the x-axis of linear phase progression and the
orthogonal axis (y-axis), where the phase will be invariant.
Such two identical PGMMs can move the beam in the ele-
vation and azimuth planes following the method discussed in
Section II. However, the horn used to demonstrate the beam
steering concept here does not radiate plane waves; hence
PGMM I should be redesigned to operate in dual modes for
simultaneous phase correction and linear phase progression.
The design strategy of phase correcting metasurface and dual-
mode metasurface was explained at length in [17]–[19] and is
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Fig. 3. Transmission coefficients of the best six cells to form the supercell.
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Fig. 4. Supercell arrangement to form a PGMMs extended in a 2D plane.

not reiterated for brevity.
A conical horn made of 3D printing facilities is considered

to demonstrate the beam steering concept using a pair of
PGMMs. The horn’s circular aperture diameter and flare
height were fixed to 6λ0 and 3.125λ0, respectively, to get
the optimum performance. Therefore, two supercells along the
x-axis and 12 repeats along the y-axis are necessary to fill
the whole horn’s aperture. Circular-shaped PGMMs similar in
size to the horn’s aperture were modeled following the design
strategy demonstrated in Fig. 4. The PGMMs were fabricated
using laser-cut technology. The minimal metal was ablated
from thin metal sheets, hence retaining enough mechanical
strength to hold it up without any external supports. The
top views of fabricated PGMM I and II are shown in Fig.
5 (a) and (b), respectively. Such four identical metal sheets
for each PGMM are then stacked vertically using λ0/4 nylon
spacers to form the PGMMs, as shown in Fig. 5 (c). The
assembled four-layered PGMM I and II are then stacked over
the horn to complete the beam-steering antenna prototype, as
demonstrated in Fig. 1. The air gap between the horn and

(a) (b)

(c)

4 Layers of MM 6 mm Spacers

Fig. 5. Photograph of fabricated (a) PGMM I, (b) PGMM II and (c) an
assembled four-layered phase gradient MM.

PGMM I is λ0/24, whereas λ0/6 nylon spacers separate two
metasurfaces. Including feed and two PGMMs, the overall
antenna height is around 4.9λ0. Each PGMM is 0.8λ0 thick
and weighs 143.3 g only.

IV. RESUTLS

The antenna performance was verified in two phases. The
horn antenna was first modeled and measured using the
PGMM I alone. Then, the whole antenna system (horn with
PGMM I and II) was tested to evaluate the beam-steering
performance in elevation and azimuth planes.

A. Horn with PGMM I

This measurement system fixed the horn, and PGMM I
was rotated at ω1 =0, 90, 180 and 270◦. For each case,
the antenna input impedance and realized gain were measured
over a wideband and plotted in Fig. 6. The VSWR indicates
negligible coupling effects between the horn and PGMM I. In
the worst-case scenario, the impedance matching bandwidth
and 3-dB gain bandwidth are 16% (from 11.5 GHz to 13.5
GHz) and 8.8% (from 11.9 GHz to 13.0 GHz), respectively.
At 12.4 GHz, the highest peak gain of 20.07 dBi is attained,
and for four different angular orientations of the PGMM I, the
gain variation at that frequency is just 0.57 dBi. The predicted
3D far-field radiation patterns at design frequency 12.5 GHz
are shown in Fig. 7. In all cases, the beam is well directed at
19.5◦ in the elevation plane, as expected, and side lobe levels
(SLLs) are at least 12.4 dB below the main lobe. Overall, it
validates the 360◦ beam scanning concept in the azimuth plane
by turning PGMM I.
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Fig. 6. Measured realized gain and VSWR when the horn is statice and
PGMM I is rotated atop the fixed-beam horn.

(a) ω1 = 0◦ (b) ω1 = 90◦

(c) ω1 = 180◦ (d) ω1 = 270◦

Fig. 7. Predicted 3D beam patterns and their positions when the horn is static
and PGMM I is rotated atop the fixed-beam horn.

B. Horn with PGMM I and PGMM II

This measurement system fixed the horn and PGMM I at
ω1 = 0, and PGMM II was turned counterclockwise around
the z-axis at a step of 30◦ from ω2 = 30◦ to 180◦. The
antenna input impedance, realized gain and far-field patterns
were measured for each case. The antenna input impedance
bandwidth is more than 8.8%, and the 3-dB gain bandwidth
is at least 700 MHz, irrespective of the rotation of PGMM II.

Fig. 8. Measured (solid curves) and simulated (dotted curves) far-field
radiation pattern cuts at 12.5 GHz. PGMM I is static, and PGMM II is rotated
from ω2 = 30◦ to 180◦ in steps of 30◦.

The 2D far-field patterns measured at design frequency 12.5
GHz in the elevation plane are plotted in Fig. 8. The predicted
pattern cuts are also included for a fair comparison. There is
good agreement between measured and predicted results. As
expected, the beam peaks are highly directive and well pointed
for all angular positions (ω2) of PGMM II, while PGMM I is
fixed at ω1 = 0. It can be observed that the measured SLLs
are reasonably low for all beam-steering scenarios, which is
at least 12.6 dB below the main lobe. The proposed antenna
prototype can steer the beam in the elevation plane from
+38◦ to -38◦ over an upper hemisphere with excellent pattern
quality. Both predicted and measured results validate the 3D
beam-steering concept using a pair of lightweight PGMMs.

V. CONCLUSION

A low-cost, low-profile, and lightweight 3D beam-scanning
antenna system has been successfully built and experimentally
tested using new planar and passive PGMMs. The proposed
PGMMs are mechanically robust and obviate the need for
additional supporting or costly dielectrics. The antenna can
steer the beam from broadside to ±38◦ without tilting the
antenna or using costly and lossy active phase shifters. Its
potential for space and high-power applications is increased
due to the absence of dielectric, which also significantly
decreases the cost and weight of the system.
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