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Abstract—In the near-field meta-steering method, the near
electric-field phase distribution is dynamically altered by rotating
a pair of phase-gradient metasurfaces that are typically made
out of dielectric lattices or metal patterns printed on bonded
dielectric substrates. As a lightweight alternate, a new class of
fully metallic metasurfaces (MMs) is proposed in this paper. The
lack of dielectrics not only substantially reduces the cost and
weight but also increases its potential in space and high-power
applications. More importantly, the new metallic metasurfaces
are designed such that they can be made by cutting narrow slots
in fully planar thin metal sheets, retaining structural rigidity
while reducing the complexity, cost and weight. The same MM
works for any polarization. Each cell in the new MMs has close to
ideal phase shift and transmission magnitude greater than −0.9
dB. A prototype was designed and fabricated to validate this
MM-based beam-steering concept in the Ku-band. The maximum
measured steering range in zenith is ±42°, with a full 360°
steering in the azimuth. The measured 3-dB gain bandwidth
is 700–800 MHz (5.6–6.4%), and the measured gain variation
(scan loss) when steering over the whole range is 2.2–4.5 dB.
The weight density and thickness of each MM are 0.88 g/cm2 and
0.8λ0, respectively. Including the feed, the total antenna height
is 4.9λ0.

Index Terms—Antenna, beam-steering, dielectric-free metasur-
face, Ku-band, lens, laser-cut, metal-only, metallic manufactur-
ing, meta-steering system, phase shifting surface (PSS), phase
correction surface (PCS), phase transformation, polarization-
insensitive, satellite-on-the-move (SOTM), wide-angle.

I. INTRODUCTION

BEAM-STEERING antennas have been a subject of exten-
sive research due to their ability to provide uninterrupted

data connectivity to moving platforms, including satellite com-
munication on-the-move (SOTM) applications [1]–[3]. Beam-
steering enabled front-end antennas also ensure interference-
free and secured end-to-end communication links. Traditional
parabolic reflector dishes [4]–[6] commonly used in most
applications need complicated tilting and rotation mechanisms
and are bulky for moving platforms. Phased arrays [7]–[9]
are preferred due to their planar low-profile and ability to
steer the beam quickly. Nevertheless, at higher microwave and
millimeter-wave frequencies, phased arrays with high gains
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suffer from significant feed losses and are also expensive
[10]. Reflect/Transmit arrays (R/TAs) have several promising
merits. However, in most cases, arrays are placed in the free
space and illuminated by a horn antenna obeying a con-
siderable focal distance, contributing to an increased overall
height of the antenna system. Besides, in-plane translation and
rotation of the feed and arrays to steer the beam in 2D planes
limit their deployment in volume constraint applications [11]–
[16]. Recently, folded reflect and transmit arrays have been
investigated based on ray-folding design principles [17]–[19].
However, the beam was steered either by using active radio-
frequency (RF) components [17] or multiple feeding sources
[18], [19] to resolve the feed/panel rotation and translation
issues of conventional R/TAs.

In contrast to those classical approaches, a metasurface
based near-field phase transformation method, also known as
Near-Field Meta-Steering (NFMS), has gained considerable
interest since it was introduced in 2017 [20]. In these systems,
two metasurfaces are placed very close to the aperture of a
fixed-beam base antenna in its near-field region, leading to a
planar, low-profile configuration. While the base antenna is
fixed, the two metasurfaces are rotated independently to steer
the antenna beam dynamically in the elevation and azimuth
directions [20]–[26]. In most of the reported beam-steering
antenna systems, the metasurface design strategy uses multiple
dielectric and metal layers. In such designs, arrays of different
metal patches such as squares are printed on dielectric slabs,
and three or more such slabs are bonded together to form the
metasurface. The need for low-loss dielectric slabs increases
the system’s overall cost and limits their use in some space and
high-power microwave systems [27]–[29]. In addition, they
need specialized manufacturing facilities to bond them into
a single metasurface. The limited bandwidth of the original
near-field meta-steering systems was successfully addressed
using a pair of fully dielectric near-field phase transforming
structures [24], [25]. However, the wedge-shaped stepped
dielectric structures made antenna systems bulky and heavy
and hence, undermined some advantages of these antenna
systems. A recently presented 30-40 GHz antenna system
with two planar all-dielectric phase transformers addressed the
height limitation, but the weight of dielectric would still be
significant if the antenna system is designed for high gain at
10-15 GHz frequencies [30].

An all-metal Near-Field Meta-Steering antenna system
could be a potential candidate for low-cost, lightweight mobile
systems as well as for high-power directive energy microwave
systems. However, only one such has been successfully
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demonstrated so far [31], which was inspired by the original
beam-steering system in [20]. This antenna has a pair of
all-metal metasurfaces, each of which has four metal layers
separated by two-dimensional arrays of waveguides. The pres-
ence of waveguides makes the metasurfaces non-planar and
heavy and, in addition, increase manufacturing complexity and
overall cost. Moreover, in these all-metal metasurfaces, phase
transformation is achieved by circularly-polarized polarization
conversion. Hence, each metasurface is limited to one sense of
circular polarization for which it is designed (only RHCP or
LHCP), and they cannot handle linear polarization at all. Phase
transformation by polarization conversion is also known to
have very limited bandwidth. Indeed, these are not limitations
for the intended narrowband high-power applications in [31]
but can limit their application to telecommunication systems.

This paper aims to realize a high-performance 2D beam-
steering antenna system that can be fabricated at a low cost
by designing mechanically robust, lightweight and low-cost
fully metallic metasurfaces (MMs). The novelty of this work
is a new class of metallic metasurfaces that do not need any
dielectric or expensive radio frequency (RF) laminates as used
in previously reported designs [20]–[22], hence cutting the
cost of low-loss dielectric substrates significantly. Previous
multilayered printed metasurfaces [20] made of RF laminates
need specialized fabrication facilities to bond different layers
into a single surface. The MMs reported in this paper only
need thin and cheap metal sheets. The novel slots-in-sheets
(SiS) type MMs have the required structural rigidity to self-
support with only support needed at edges, where they do not
impact the EM performance of the metasurface. It is an entirely
different and new class of MM design strategy compared with
other metallic metasurfaces reported in [31] that have used
an array of bulky waveguides between two adjacent metal
layers. The cells in the new MMs can provide a continuous
and complete phase shift range from 0° and 360° with an
excellent transmission magnitude larger than -1 dB, which is
required in the NFMS system to mitigate adverse effects due
to even small undesirable reflections from the metasurfaces.
Furthermore, these MMs are used within the near-field region
of the antenna, thus reducing the overall height of the antenna
system compared to some other metallic metasurfaces that are
used at least a few wavelengths away from the feed antenna.
Unlike waveguide-type MMs [31] that are only compatible
with circular polarization, the MMs proposed here can be used
for circular and linear polarization, i.e. the steered beam di-
rection is polarization independent. To the best of the authors’
knowledge, fully 2D metallic metasurfaces have never been
investigated previously for NFMS antenna systems.

The demonstrated beam-steering antenna does not need
active RF components or multiple feeding sources for beam
steering. Measurements confirm that it can steer the beam in
elevation to a maximum elevation angle of 42° and azimuth
the whole 360°. The total electrical height of the proposed
antenna system is only 4.9λ0, which is 41%, 66% and 71%
less than that of the recently reported beam-steering antenna
systems in [24], [25], and [31], respectively.

The rest of the paper is arranged such that Section II
presents the configuration of the proposed beam-steering an-
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Fig. 1. An example for demonstrating the beam-steering principle using two
independently rotatable MMs placed very close to the horn’s aperture.

tenna system and explains the operating principle briefly.
The design strategy of the metasurfaces and the impact of
critical parameters are discussed in Section III. Section IV
describes complete design examples, including the design of
a customized 3D printed conical horn antenna. Section V is on
the fabrication of the prototype, and Section VI presents the
measured results. Cross-polar rejection of the antenna system
and the effect of metal conductivity on the system performance
are studied in Section VII. Finally, the paper is concluded in
Section VIII.

II. ANTENNA CONFIGURATION

In order to evaluate the efficacy of the proposed metallic
metasurfaces, a 2D beam-steering antenna system is devel-
oped, which is inspired by the original near-field phase trans-
formation method demonstrated in [20]. The configuration of
the antenna system is shown in Fig. 1, which shows a pair
of MMs placed very close to the aperture of a horn antenna
with a fixed beam. S1 represents the spacing between a base
antenna and the first metasurface, and the spacing between
the two metasurfaces is represented by S2. The horn is static
while the pair of MMs are independently rotated around the
z-axis to dynamically steer the beam to desired azimuth and
elevation angles within a large conical space.

The horn antenna creates an aperture field distribution,
which is successively transformed by the two MMs. In prin-
ciple, each MM introduces a linear phase progression to the
near electric field, thus effectively tilting the beam to an offset
angle. Since a typical horn suffers from a non-uniform phase
profile in its aperture [32], the lower MM has dual roles, i.e.
phase correction in addition to the linear phase progression.
The aperture phase distribution in a plane parallel to the
antenna aperture is dynamically controlled by the relative an-
gular positions (ω1, ω2) of the two metasurfaces. A continuous
rotation of one MM, keeping the other static, changes both
elevation and azimuth angles of the beam. When both MMs
are synchronously co-rotated by the same angle in the same
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Fig. 2. Cell topology for a generic metallic phase-shifting cell: (a) Top view;
(b) Side view showing four planar metallic layers separated by air gap of H .

direction, the beam azimuth angle changes between 0° and
360° without changing the elevation angle. Alternatively, when
both MMs are synchronously counter-rotated with the same
angle but in the opposite directions, the elevation angle of the
beam is changed while the azimuth angle remains the same
[20], [33], [34].

III. DESIGN OF METALLIC METASURFACES

The key components of the near-field meta-steering antenna
system are two new MMs made of metallic phase-shifting
cells. The detailed design strategy and critical parametric
studies of metallic cells and MMs are given in this section.

A. Metallic Phase-Shifting Cell

All phase-shifting cells in the metasurface have been de-
signed with the aim to provide a continuous and complete
360° phase shift with an insertion loss of less than 1 dB.
In addition, these cells do not require commercial dielectric
laminates, and their mechanical robustness is ensured through
the design strategy of introducing only narrow slots in thin
and lightweight metal sheets.

The configuration of the metallic cell is shown in Fig. 2,
which has a length (P ) of λ0/2 (= 12 mm), where λ0 is
the free-space wavelength at the design frequency of 12.5
GHz. There are four identical thin planar sheets of metal, each
having a thickness (T ) of 0.3 mm (= λ0/80) and separated
by a distance (H) of 6 mm (= λ0/4). It is to be mentioned
here that the quarter-wavelength (λ0/4) separation distance
used between two metal layers in a metasurface is based on
numerical simulations and analytical analysis reported in [35].
This is the optimal distance between adjacent layers of a quad-
layer unit cell that can provide a complete 360° phase range
with high transmission magnitude ( > −1 dB) needed for
the near-field metasurfaces. A Jerusalem-cross shaped slot is
etched in the middle of each metal sheet. The transmission
through the cell was studied by analyzing it for unit-cell
boundary conditions using full-wave simulations with the
frequency-domain solver of CST Microwave Studio (MWS).

The number of minimum metal layers in the cell is critical
to achieving the desired phase shift with the lowest insertion
loss. To understand the significance, we analyzed cells with
one-, three- and four identical metal layers in CST MWS. The

width (W ) of the slots in cells was fixed to 0.5 mm (= λ0/48),
and the length LM and LE were varied from 3 mm to 12 mm
and from 1 mm to 9.5 mm, respectively. Some cells, where
slots overlap within a cell or between adjacent cells, were not
feasible and were excluded from the simulations. The phase
of the transmission through cells is plotted against magnitude
in Fig. 3. It is clear from the graph that cells with a single
metal layer can provide phase shifts only in a limited range
of around ±27°. Three-layer cells can continuously cover the
phase range between ±46° and ±180° while maintaining a
transmission magnitude greater than −1 dB, but they cannot
cover a phase range of about 94° (see phase gap in Fig. 3). In
contrast, four-layer cells cover the complete 360° phase range
with high-transmission magnitude.
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Fig. 3. The phase transmission coverage of the new metallic cells with a
minimum transmission magnitude of -1 dB.

Another critical parameter that impacts the transmission
bandwidth and total phase range covered by the cell is the
thickness of the metal sheets. To investigate this further, we
simulated four-layer cells with three different metal thickness
values. The transmission characteristics of these three cells are
plotted in a frequency range around the operating frequency
in Fig. 4. It is evident that cells with thinner metal sheets
provide larger bandwidth and vice versa. It must, however,
be mentioned that higher bandwidth comes at the cost of re-
duced mechanical stability and the need for additional support
structures.

We considered cells with an intermediate thickness of 0.3
mm in the metasurfaces design presented in this paper for
mechanical stability. At the design frequency of 12.5 GHz,
the transmission magnitudes and phases of all viable cells
against the two physical parameters are presented in Fig. 5.
Each data point in the plot represents a cell with unique
LM and LE . The data indicates that there exists a cell that
provides any desirable phase value between 0° and 360° with
a transmission magnitude > −1 dB (Fig. 5). Furthermore,
the design approach ensures that the proposed cell topology
is electrically invariant to a 90° rotation [36]; hence it is
polarization invariant, which is a highly desirable property for
mobile systems.



IEEE TAP..... 4

1 0 1 1 1 2 1 3 1 4- 6 0
- 5 0
- 4 0
- 3 0
- 2 0
- 1 0

0

 T  =  1 7  µm
 T  =  0 . 3  m m
 T  =  0 . 9  m m

F r e q u e n c y  ( G H z )

|S 2
1| (

dB
)

- 7 0 0
- 6 0 0
- 5 0 0
- 4 0 0
- 3 0 0
- 2 0 0
- 1 0 0
0
1 0 0

 Ph
ase

 (0 )

Fig. 4. The transmission magnitude and phase response for metal sheets with
different thicknesses in a four-layer metallic cell.
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Fig. 5. The transmission magnitude and phase of metallic cells. The lengths
of slots were swept as follows: LM = 6 to 12 mm; LE = 1 to 5 mm.

B. Metallic Metasurfaces

A metasurface used for beam steering is a periodic 2-D array
of identical supercells where each supercell is a 1-D array of n
distinct cells. The number of individual cells (n) in a supercell
can be determined by n = 2π/δ under the consideration of a
complete cycle of 360° phase wrapping point in a metasurface.
Here, δ denotes the phase difference between adjacent cells in
a supercell that is defined by

δ = dk0sin(τ) (1)

where d denotes inter-element spacing, k0 is the wavenum-
ber in free space, and τ is the desired beam tilt angle of the
metasurface.

(a) (b)

P
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3λ0
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z

Fig. 6. Supercell topology: (a) Stratified perspective view of four layers; and
(b) Top view showing the corresponding unit-cell arrangement.

For instance, due to the six discretized steps of phase shift,
i.e. δ=60°, n = 6 cells are required to form a supercell to tilt
the output beam to τ = 19.5° off-broadside direction. These
six cells are selected from the pre-recorded database (Fig. 5) in
such a way that they have the highest transmission magnitude
and a phase shift closest to the ideal phase shift. The first cell
is assigned a phase of 15° to ensure that subsequent phases can
be achieved with highly transmitting phase-shifting cells. Fig.
6 shows the supercell structure, and Table I gives the detailed
parameters of each metallic cell at a design frequency of 12.5
GHz. All the cells used in a supercell have a transmission
magnitude greater than −0.9 dB, and the maximum difference
between the ideal and actual phase is only 3°. The total length
of the supercell is 72 mm (= 3λ0). It was simulated with
CST MWS using Floquet space harmonics and excited with
fundamental TE mode propagating along +z-axis to study its
electromagnetic (EM) behavior.

TABLE I
DIMENSIONS AND TRANSMISSION COEFFICIENTS OF EACH CELL

Cells
Ideal Phase

Cell slot dimensions Transmission coefficients
LM LE Actual Phase |S21|

(°) (mm) (mm) (°) (dB)

C1 15 8.7 2.9 18 -0.391
C2 75 7.5 3.7 74 -0.001
C3 135 8.0 3.1 134 -0.091
C4 195 8.4 2.6 195 -0.901
C5 255 9.8 1.4 255 -0.057
C6 315 9.1 2.8 315 -0.578

The field propagation through the supercell is given in Fig.
7, which indicates that the outgoing field is tilted at an angle
(τ ) of 19.5°. The predicted far-field pattern through a finite-
sized array of 8 supercells along the x-axis is given in Fig. 8.
The beam peak is at 19.5°, as expected. It is to be noted here
that the far-field pattern in Fig. 8 is obtained by classical array
theory, where patterns of a single supercell are multiplied with
an array factor of 8×48 finite-sized array. To obtain this, we
first simulate a supercell with periodic boundary conditions.
The fields of the supercell are used to compute the far-field
pattern of the element, which is then multiplied with an array
factor of a finite-sized 8×48 rectangular array.

Plane wave normal incidence

Supercell

τ

Fig. 7. Near electric field (Ey) magnitude in a cross-section of a supercell
to verify 19.5° refraction at the design frequency of 12.5 GHz.
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Fig. 8. Normalized far-field elevation pattern cut of a finite aperture at 12.5
GHz obtained from supercell simulations using array theory.

We have investigated the performance of six (6) unit cells
employed in metallic metasurfaces for TM and TE oblique
incidence angles through full-wave EM simulations. The trans-
mission coefficients of six (6) unit cells are presented in Fig. 9
at the design frequency of 12.5 GHz for a maximum incident
angle of 30°. The transmission coefficient magnitudes are
almost constant and higher than −1 dB for TM incidence
waves, as illustrated in Fig. 9 (a). For TE incidence waves,
the magnitude of transmission coefficient drops below -3dB
for the 5th unit cell for the incident angle larger than 15°.
The maximum phase variation between the largest oblique and
normal incidence angles of the TM waves is around 18°, as
depicted in Fig. 9 (b). On the other hand, TE incidence waves
are relatively more sensitive to oblique angles greater than 20°.
The maximum phase variation remains about 18° for oblique
angles less than 20° for all cells except 4th and 5th for the
TE incidence waves. Compared with TM incidence waves, the
phase response of the cells is more sensitive to larger oblique
incidence angles of TE waves.

The supercell was arrayed to develop a metasurface for an
aperture diameter of 6λ0 (= 144 mm), which is the diameter
of the horn discussed later in Section IV (A). The top view of
the MM is shown in Fig. 10. For this aperture, two supercells
are used along the x-axis and twelve along the y-axis. The
MM is shaped to circular to match the aperture of the horn.
Two identical metasurfaces can be used to steer the beam in an
ideal base antenna with uniform aperture phase distribution.
However, the horn does not have a uniform aperture phase
distribution. Hence, this metasurface can only be used as the
upper MM (UMM). In addition to providing linear phase
progression, the lower metasurface must also correct the phase
error in horn aperture field distribution, which is explained in
the following section. It is to be further noted here that cells
of different dimensions are used in metasurface in contrast
to the unit cell simulation data where cells with periodic
boundaries are simulated. This arrangement of different cells
in the metasurface may create phase errors, which, based on
our supercell simulations, are not significant in changing the
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Fig. 9. Transmission (a) magnitude and (b) phase of six unit cells for oblique
incidence at 12.5 GHz.

beam direction.

IV. DESIGN OF THE ANTENNA SYSTEM

For concept demonstration, we have designed a conical horn
antenna and fabricated it using low-cost equipment available
in the laboratory. The design details of the horn and its
compatible lower MM (LMM) are separately explained in the
following two subsections.

A. Conical Horn

A conical horn with an aperture diameter (D) of 144 mm
(= 6λ0) and the flare height (H) of 75 mm (= 3.125λ0) was
designed to operate at 12.5 GHz. The horn was excited through
a WR-75 waveguide-to-coaxial adapter, which is fixed to a
13.5mm×7.5mm slot at the center of a metal sheet (Fig. 14).
A 2 mm thick circular base with a diameter of 50 mm was
attached to the bottom part of the horn to screw the metal sheet
and feed to the horn through four pre-cut holes. The top of the
horn cone has a 7.6 mm wide extended circular edge with a
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Fig. 10. Arrangement of supercells in the upper MM to deflect the beam at
an off-broadside direction of 19.5°.

thickness of 2.4 mm, which was created so that MMs can be
securely attached to the horn in the near-field region. For this
purpose, the edge-ring has twelve (12) holes separated by an
angular spacing of 30°. A few design details and parameters
are labeled in Fig. 14. The conical horn antenna was analyzed
and optimized using the full-wave time-domain solver of CST
MWS for the frequency range between 11.5 GHz and 13.5
GHz.

B. Dual-Mode Lower Metallic Metasurface

The LMM was designed for two simultaneous functions
(phase correction and linear phase progression) following a
three-step design process.

1) A linear phase progressive MM was designed following
the design strategy explained in Section III (B). Its phase
profile is indicated in Fig. 10. In this design example,
τ is equal to 19.5°; hence we can use the same phase
difference δ to define a supercell discussed in Section
III (B). Two supercells along the x-axis and twelve
repetitions along the y-axis are required to cover the
aperture of the horn.

2) Secondly, a phase correction surface (PCS) was designed
based on the non-uniform near-field aperture phase dis-
tribution of the horn, which was probed in a full-wave
EM simulation. Its phase profile was recorded (Fig. 11).
The design methodology for a PCS has been discussed
at length in previous publications [37]–[39] and are not

repeated here for brevity. The PCS diameter is kept the
same as the horn aperture size. It is also noted that the
four corner parts of PCS are truncated to make its shape
circular, similar to the horn aperture.

3) Finally, the net phase profile, Φ(r, c) of LMM was
computed according to

Φ(r, c) = ΦMM (r, c) + ΦPCS(r, c) (2)

where ΦMM (r, c) and ΦPCS(r, c) denote the phase
values of metallic cells in MM and PCS, respectively,
at the (r, c) position in the 2-D coordinate system. For
example, let us consider the 1st row and 5th column
in Fig. 10 and Fig. 11. According to (2), the net phase
shift required at this location is 605° (= 255°+350°),
which is equivalent to a wrapped phase of 245°. A
metallic cell with a 245° phase shift and the best possible
transmission magnitude is found from the pre-recorded
database (i.e. the numerical equivalent of Fig. 5), and it
is positioned at this location, as indicated in the inset
of Fig. 12. The slot dimensions of this specific metallic
cell are (LM , LE) = (7.2 mm, 3.5 mm). Likewise, all
other metallic cells required for the LMM are found.
It is worth emphasizing that we have only used phase-
shifting cells with a transmission magnitude greater than
−1 dB in all designs presented in this paper. The top-
view of the LMM thus formed is shown in Fig. 12.
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Fig. 11. Phase distribution (12×12 cells) of a PCS that is required to correct
the aperture phase non-uniformity of a horn.

C. Impact of Interspacing between two metasurfaces

For the configuration shown in Fig. 1, the spacings S1

and S2 impact the beam-steering performance on the system
level. Theoretically, the parameter S1 should not be changed
as it is the distance where horn aperture phase distribution
was probed as explained for the dual-mode LMM in Section
IV (B). Hence, we fixed S1 and increased S2 from λ/8 to
λ. We investigated the impact of S2 for two extreme cases
of beam steering; when the beam peak is in the broadside



IEEE TAP..... 7

x

y

z
Screw 
holes

7.2

3.5

Fig. 12. The top-view of the dual-mode lower metallic metasurface.

(θ = 0°) direction and steered to θ = 38° direction. The
pattern cuts for the two steering cases are plotted in Fig.
13. In the broadside case, the lowest S2 has the highest
gain/directivity with no significant change in the sidelobe
levels. On the contrary, peak gain/directivity improves with
larger spacing when the beam is steered to 38° angles. We
selected an intermediate value for the proposed system and
fixed S2 to λ/6 in the measured prototype. In a near-field
meta-steering system, the aperture field distribution (amplitude
and phase) influences the gain and direction of the beam
peak. In this design approach, metasurfaces are formed ideally
by selecting highly transmitting cells, where cells’ coupling
effects between metasurfaces are ignored. This aspect impacts
the phase and amplitude of the aperture field distribution in a
practical system. The type of coupling is varied because the
metasurfaces are physically rotated, which impacts the system
gain differently. Therefore, the two cases demonstrated in Fig.
13 have different gain values for the same spacing between
two metasurfaces. The extension of this research aims at using
numerical optimization to address large gain variation even
when metasurfaces are rotated to steer the beam.

V. PROTOTYPING

The beam-steering performance of the antenna system was
validated by fabricating and measuring the prototype shown
in Fig. 14. The conical horn for the prototype was rapidly
fabricated by 3D printing using Omni3D [40] and polylactic
acid (PLA) material. The PLA is an easily 3D printable
polymer, inexpensive, available locally and widely used in
various applications [41]. The plastic horn’s inner surface was
covered with thin layers of conductive copper tape. The overall
weight of the horn is only 85.9 g. The performance of the horn
without MMs was first verified by testing it in the antenna
measurement chamber. These results are discussed in the next
section.
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(a) Beam at broadside direction, LMM at ω1=0° and UMM at ω1=180°.
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(b) Beam at 38° off-broadside direction, LMM at ω1=0° and UMM at ω1=30°.

Fig. 13. The far-field pattern cuts of an antenna system for (a) broadside
radiation and (b) 38° off-broadside radiation while interspacing between two
MMs is varied from λ/8 to λ.

Eight layers (four in each MM are identical) needed for the
two MMs were fabricated using high-precision laser cutting
technology. These layers were developed by etching the nar-
row slots in an austenitic Grade 316 Stainless Steel sheet that
has a thickness of 0.3 mm (= λ0/80) ±3%. The fabrication
tolerance of the laser cutting machine is about ±20 µm. For
stacking sheets in each MM without any supporting structure
in the middle part and for rotating MMs, twelve holes were
created at the outer ring with an angular spacing of 30°. They
are similar to and aligns with the holes on top of the horn
antenna. Precise separations between adjacent layers of MMs
were achieved using 6 mm (= λ0/4) plastic spacers and screws
inserted through the holes as mentioned above. The assembled
MMs were then stacked on the horn with similar spacers and
screws to complete prototyping. The lower MM was placed
very close to the horn, separated only by 1 mm (S1 = λ0/24)
spacers. The upper MM was placed 4 mm (S2 = λ0/6) away
from the lower MM. Each MM has a height of 19.2 mm



IEEE TAP..... 8

D=6λ0
U

p
p

er
 M

M

L
ow

er
 M

M

4 mm Spacer

19
.2

 m
m

3D printed horn

Circular base

H

Metal sheet

4 Layers of a MM6 
m

m
 S

p
ac

er

WR-75 Adapter

Fig. 14. A prototype of a two-dimensional beam-steering antenna system.

(= 0.8λ0), a weight of around 143.3 g and including feed,
the total antenna height is 118.4 mm (≈ 4.9λ0). It is to be
mentioned here that a large metal sheet at the bottom of the
horn in Fig. 14 is not part of the EM design but included to
firmly mount the prototype on the antenna under test (AUT)
stage within the anechoic chamber.

VI. MEASURED RESULTS

The antenna prototype was tested first by measuring its input
impedance using a multi-port vector network analyzer Agilent
PNA-X N5242A. Then pattern measurements were carried out
in an MI far-field anechoic chamber at the Commonwealth
Scientific and Industrial Research Organization (CSIRO).

First, the base horn antenna was measured. Its measured
gain and VSWR are compared with predicted values obtained
through full-wave simulations in Fig. 15. The measured results
agree well with the predicted results.
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Fig. 15. Measured and predicted impedance matching and gain of horn
antenna alone without metallic metasurfaces.

The beam-steering performance was then validated in two
steps. First, the antenna was measured only with the lower MM
at the design frequency of 12.5 GHz. The elevation pattern

cuts containing the beam peak are plotted in Fig. 16. These
patterns cuts are taken for the different angular position of the
lower MM at ω1 = 0°, 90°, 180° and 270°. In all cases, the
beam peak points at a 19.5° elevation angle, and the maximum
variation in peak gain is less than 0.3 dBi. It is to be noted
here that metallic metasurface, even when placed within the
near-field region of an antenna, deflects the antenna beam to
an angle as predicted through generalized Snell’s law [42]. The
antenna exhibits its maximum peak gain of 19.18 dBi when
the phase progression of the lower MM aligns with the base
antenna’s E-plane (i.e. ω1 = 90° and 270°). The sidelobe level
(SLL) is at least 12.38 dB below the main beam.
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Fig. 16. Measured radiation pattern cuts in the elevation plane of the antenna
system with only lower MM at 12.5 GHz.

The complete antenna system comprising the horn and two
MMs was then measured to validate the 2-D beam-steering
performance. The lower MM was kept static above the horn
(i.e. ω1 = 0°), and the upper MM was rotated anti-clockwise
around the z-axis in 30° steps from ω2 = 0° to 180°.

The VSWR shown in Fig. 17 was measured for seven
angular positions of upper MM, and it confirms that there is
no significant effect on matching due to metasurface rotation.
The measured input VSWR of the antenna is less than 2
from 11.44 GHz to 13.46 GHz except for a small range of
frequencies from 11.74 GHz to 11.83 GHz. The clean 2:1
VSWR impedance matching bandwidth of the beam-steering
antenna system is 13% (from 11.83 GHz to 13.46 GHz), and
it does not depend on rotation. It is worth mentioning that the
coupling between the metasurfaces and horn antenna mainly
affects the antenna input impedance matching, which is taken
into account in predicting overall antenna performance. The
antenna input impedance is well-matched because of the very
transparent nature of the proposed metallic metasurfaces. As
a result, overall coupling effects due to metasurface loading
are negligible, and hence, antenna performance is unaffected.

The radiation characteristics of the beam steering antenna
system were also tested over a wide frequency range. The
measured realized peak gain is plotted in Fig. 18 over a fre-
quency range between 12 GHz and 13 GHz for seven different
angular positions of upper MM. The measured peak gain, 3-
dB gain bandwidth, maximum peak gain, and the maximum
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Fig. 17. Measured VSWR of the beam-steering antenna system. LMM is
static (ω1 = 0°), and UMM is rotated from ω2= 0° to 180° in steps of 30°.

gain variation of the prototype at each frequency within the
band of interest are also summarized in Table II. The minimum
and maximum 3-dB gain bandwidths are approximately 700
MHz (5.6%) and 800 MHz (6.4%), respectively at the center
frequency of the operating band. The maximum measured peak
gain of 16.0 dBi is noted while the main beam is directed at
θ = 0° (boresight) for ω1 = 0° and ω2 = 180°. The gain
changes a little when the beam is steered. The maximum gain
variation measured at any frequency within the band is not
more than 4.5 dBi. Table II also shows the maximum beam
scanning ranges of the prototype at each frequency.
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Fig. 18. Measured peak gain of the beam-steering antenna system. LMM is
static (ω1 = 0°), and UMM is rotated from ω2= 0° to 180° in steps of 30°.

The radiation pattern cuts measured at elevation planes
where beam peaks exist are plotted in Fig. 19 for nine frequen-
cies between 12.1 GHz and 12.9 GHz. The beam is highly
directive, and SLLs are reasonably low for all frequencies
except for the maximum tilt case of ω2 = 0°. This is common
to many beam-steering systems based on metasurfaces. From
Fig. 19, it is clear that the antenna can steer the beam within
a large conical space ranging from 76° (±38°) to 84° (±42°),
with very good pattern quality throughout the frequency band
of interest. Overall, the experimental results have successfully

validated the beam-steering concept with MMs.
The automated MMs rotation system is being separately

developed in another project. The two MMs are attached to
ring gears with a standard GT2 timing belt profile around
the perimeter. The gears are then fixed to two lazy susan
bearings. The base antenna is set on a base pad having an
opening at the center for the RF cable, and the assembled
MMs are placed on top at appropriate height using a stand
placeholder. Two pancake stepper motors with suitable drivers
are used to control the fine micro-stepping rotation of each
MM through gears. For control signaling and communication
amongst different modules, a microcontroller-based Arduino
package is used.

VII. DISCUSSION

Table III shows a profile and performance comparison of
the proposed beam-steering antenna system with previously
published works. The predicted performance of the proposed
system is comparable to most of the printed metasurfaces
based designs. The proposed system achieves this without
using any dielectric that makes it suitable for intended low-
cost and high-power applications. The antenna profile is also
notably comparable with the beam-steering antenna systems
using a similar type of feed.

The maximum height of the antenna is 118.4 mm (≈ 4.9λ0),
and its diameter (including extended edge for screws) is 159.2
mm. Even with auxiliary parts of the rotation system, the
maximum height of the antenna does not change significantly.
The height of the demonstrated antenna is approximately 84%
less than the 750 mm tall commercially developed reflector-
dish based mechanically tilted and rotated antenna system [43].
The total weight of the proposed pair of MMs is around 286.6
g, which also allows the use of low-power compact motors,
and hence the overall weight of the antenna system will be
much lighter than the weight of 100 Kg system [43]. Moreover,
unlike [14], [15], the antenna volume is always fixed during
beam steering due to the lack of laterally moving parts.

In all original simulations, the metal in the MMs was
modeled as a perfect electric conductor (PEC). Those simu-
lations, therefore, did not consider any losses in the MMs.
The comparison of measured and predicted results for a
PEC antenna indicates that there is approximately a 3.4 dB
difference in measured and predicted maximum peak gain
values. This issue was investigated later by modeling the
actual MM material, Grade 316 Stainless Steel (G316SS), with
a more accurate conductivity value. The agreement between
measured and computed results was good, as shown in Fig.
20 and Fig. 21. The discrepancies can be attributed to the
fabrication, assembling and measurement tolerances.

Stainless Steel is an alloy typically used in metal manu-
facturing for its mechanical strength and resistance against
rusting, and its conductivity is less than that of some other
metals. The gain of this antenna beam steering system can
be increased significantly using a pure metal with higher con-
ductivity, such as copper. To illustrate this, we simulated the
same antenna system with three different conductive materials
for the MMs: PEC, Copper and Stainless Steel G316SS. The
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TABLE II
MEASURED PERFORMANCE OF THE BEAM-STEERING ANTENNA SYSTEM OVER A 900 MHZ FREQUENCY BAND

MMs Orientation

Frequency (GHz) vs.

Peak Gain (dBi)

Max.

Peak Gain

(dBi)

3-dB

Gain BW

(MHz)

Fractional

3-dB Gain BW

(%)12.1 12.2 12.3 12.4 12.5 12.6 12.7 12.8 12.9

ω1=0°, ω2=180° 14.2 15.8 15.6 16.0 15.5 15.8 15.3 15.3 13.5 16.0 800 6.4

ω1=0°, ω2=150° 13.6 14.8 15.5 15.8 14.8 14.1 14.0 13.0 10.2 15.8 700 5.6

ω1=0°, ω2=120° 12.1 12.9 13.7 15.1 14.7 14.8 13.9 14.3 12.8 15.1 800 6.4

ω1=0°, ω2=90° 12.7 14.3 14.5 14.8 14.4 15.5 14.6 14.4 12.9 15.5 800 6.4

ω1=0°, ω2=60° 12.2 12.9 14.0 14.9 13.9 13.6 13.2 12.0 10.8 14.9 700 5.6

ω1=0°, ω2=30° 11.1 13.5 13.4 13.7 12.2 11.6 10.9 10.8 9.2 13.7 700 5.6

ω1=0°, ω2=0° 11.7 13.3 13.9 14.1 13.7 14.1 13.4 12.4 11.3 14.1 800 6.4

Max. Gain Variation (dBi) 3.1 3.0 2.2 2.3 3.3 4.2 4.3 4.5 4.3

Beam Steering Range (°) ±41 ±40 ±42 ±38 ±39 ±39 ±41 ±38 ±42
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Fig. 19. Measured far-field pattern cuts of a beam-steering antenna while LMM is static at ω1=0° and UMM is rotated from ω2=0 to 180° in steps of 30°.
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TABLE III
BEAM-STEERING ANTENNA SYSTEM PERFORMANCE COMPARISON WITH PUBLISHED WORKS

Ref. Frequency
(GHz)

Feed
&

Steering Method

MS/PT
Types

MS/PT
Thickness

(λ0)
&

Weight

Spacing
Feed–MS1

(λ0)
&

MS1–MS2
(λ0)

Peak Gain
(dBi)

Steering
Range (El/Az)

(0)

MS/PT
Aperture Size

(λ0)

Aperture
Efficiency

(%)

Profile
(λ0) Polarization

This work 12.5 Horn
NFMS-RP All-Metal 0.8

light
0.04
0.17

18.8 (Sim)
16.0 (Mea) ±42/360 6.0 21.35 (Sim)

11.21 (Mea) 4.9 All LP/CP

[31] 9.375 Horn
TA-RP All-Metal 0.94

heavy
0.63
1.25 – ±20/360 7.98 – 15.3 RHCP

[24] 30.0 WR28
NFMS-RP Dielectric 1.07/1.17

bulky
1.0
– 16.0 ±39/360 6.0 11.21 8.1 LP

[30] 34.5 Horn
NFMS-RP Dielectric 0.51

bulky
0.001
0.06 21.6 ±54/360 5.9 42.0 10.2 All LP/CP

[14] 30.0 Patch
Lens-TR Composite 0.335

light
10.73

– 27.3 ±50/360 19.5 – 8.4 RHCP

[20] 11.0 RCA
NFMS-RP Composite 0.12

heavy
0.29
0.15 19.4 ±46/360 6.0 24.41 1.3 All LP/CP

[21] 12.5 CTSA
NFMS-RP Composite 0.214

heavy
0.17

– 17.8 ±40/360 5.1 18.5 1.2 Dual LP

[22] 10.0 Horn
Lens-RP Composite 0.127

heavy
5.75
0.07 25.8 ±60/360 11.5 29.1 6.1 All LP/CP

‘–’ data is not available, NFMS – Near-Field Meta-Steering, RP-Risley Prism, RCA – Resonant Cavity Antenna, CTSA – Continuous Transverse Stub Array
TR-Translation and Rotation, MS/PT – Metasurface/Phase Transformer
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Fig. 20. Measured and predicted peak gain of antenna systems with different
types of metallic materials. Beam peak is at θ=0°, while ω1=0° and ω2=180°.

detailed thermophysical properties of these materials are listed
in Table IV [44]–[46].

Two extreme beam-steering cases, i.e. when the beam is
at the broadside (θ = 0°) direction, and the beam is at the
farthest from the broadside direction (θ = 39°), were simulated
with each material. The predicted results of the beam steering
antenna systems using new material models for the metal
metasurfaces are also shown in Fig. 20 and Fig. 21 for the
two extreme cases.

From Fig. 20, it is further apparent that the maximum peak
gain expected from copper MMs in the boresight direction
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Fig. 21. Measured and predicted peak gain of antenna systems with different
types of metallic materials. Beam peak is at θ=±39°, while ω1=0° and ω2=0°.

is 18.8 dBi, which is significantly greater than the maximum
peak gain of 16 dBi achievable using G316SS. A significant
improvement is also noted in Fig. 21 for the maximum beam
tilt situation if copper replaces G316SS. Further, this study
indicates that the copper MMs produce performance very close
to the ideal PEC MMs. The reason for the lower gain of the
prototype is that the conductivity of G316SS is 1/44th of the
conductivity of copper.

The predicted and measured pattern cuts of the antenna sys-
tem taken at the design frequency of 12.5 GHz are compared in
Fig. 22. The measured pattern cuts are in excellent agreement
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TABLE IV
MATERIAL PROPERTIES OF COPPER AND GRADE 316 STAINLESS STEEL

Property Copper G316SS

Electric Conductivity (S/m) 5.8×107 1.32×106

Material Density (kg/m3) 8930 8070

Thermal Conductivity (W/K/m) 401 17

Heat Capacity (kJ/K/kg) 0.39 0.53

Thermal Diffusivity (m2/s) 1.1514×10−4 3.97466×10−6

Young’s Modulus (kN/mm2) 120 193

with the predicted results. The maximum measured SLL is
−7.9 dB when the beam is tilted to the maximum elevation
angle. In all other cases, SLL is at least 12.6 dB below the
main beam. A comparison of measured and predicted beam
directions is given in Table V. The maximum difference in the
direction of the beam peaks in predicted and measured results
is not more than 1°. Overall, the predicted and measured
results successfully validate the concept of the proposed beam-
steering using fully metallic metasurfaces.
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Fig. 22. Measured and predicted normalized radiation pattern cuts at 12.5
GHz for seven angular positions of UMM while LMM is static (ω1 = 0°).
MMs are modeled and fabricated using G316SS.

In order to understand how this method of beam steering
affects antenna polarization, we have tracked the cross-polar
level as we steer the beam of this linearly-polarized antenna
away from the broadside direction. The results are summarized
in Table VI. It can be seen that although cross-polar level
changes with beam steering, the antenna maintains good cross-
polar discrimination in all beam directions.

TABLE V
BEAM POSITION COMPARISON AT 12.5 GHZ. LMM IS STATIC AT ω1=0°,

AND UMM IS ROTATED FROM ω2=0 TO 180°

Orientation of MMs Predicted Measured

ω1 (°) ω2 (°) θ (°) φ (°) θ (°) φ (°)

0 0 39 0 39 0

0 30 38 15 38 15

0 60 32 30 31 30

0 90 26 45 27 45

0 120 18 60 18 60

0 150 8 75 7 75

0 180 0 90 0 90

TABLE VI
CROSS-POLAR DISCRIMINATION AT 12.5 GHZ. LMM IS STATIC AT

ω1=0°, AND UMM IS ROTATED FROM ω2=0° TO 180°

Main Beam Co-polar Cross-polar Cross-polar

Direction Gain Gain Discrimination

(°) (dBi) (dBi) (dB)

0 15.5 -37.0 52.5

18 14.5 -1.8 16.3

31 12.8 -2.4 15.2

39 13.5 -30.0 43.5

VIII. CONCLUSION

This paper presents a class of planar fully metallic meta-
surfaces (MMs) that can be positioned in the near-field region
of an antenna, very close to its aperture, to design a high-
performance beam-steering antenna system. The proof-of-
concept antenna system is made of a horn antenna and a pair of
MMs that are placed at λ0/24 spacing from the horn antenna.
The design consideration of the metasurfaces is such that they
do not need any mechanical supporting structures or dielectric
substrates even the aperture size is considerably large. The
required mechanical robustness was achieved by designing a
new class of metallic metasurfaces composed of narrow slots
cut in metal sheets. The use of four identical metal layers in
each metasurface also reduces the complexity, prototyping cost
and large-scale production cost. The demonstrated system is
a significant step towards a low-cost, lightweight, near-field
meta-steering system and a radical departure from traditional
dielectric-based metasurfaces commonly used in such systems.
The measured results indicate that the proposed system has
good overall bandwidth and can steer the beam in a large apex
angle ranging from 76° to 84° while maintaining acceptable
pattern quality within the operating band of interest. Although
the measured maximum peak gain of the system is 16 dBi,
it can be significantly increased using a large aperture base
antenna (instead of the horn used here) or an array and a pure
metal with higher conductivity, such as copper.
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