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Real-time programmable coding metasurface antenna for
multibeam switching and scanning
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Novel electromagnetic wave modulation by programmable dynamic metasurface promotes the device design freedom,
while multibeam antennas have sparked tremendous interest in wireless communications. A programmable coding antenna
based on active metasurface elements (AMSEs) is proposed in this study, allowing scanning and state switching of multiple
beams in real time. To obtain the planar array phase distribution in quick response, the aperture field superposition and
discretization procedures are investigated. Without the need for a massive algorithm or elaborate design, this electronically
controlled antenna with integrated radiation and phase-shift functions can flexibly manipulate the scattering state of multiple
beams under field-programmable gate array (FPGA) control. Simulation and experimental results show that the multiple
directional beams dynamically generated in the metasurface upper half space have good radiation performance, with the
main lobe directions closely matching the predesigned angles. This metasurface antenna has great potential for future
applications in multitarget radar, satellite navigation, and reconfigurable intelligent metasurfaces.

Keywords: programmable coding metasurface, multibeam modulation, real-time control, antenna

PACS: 07.05.Tp, 03.65.Vf, 41.20.Jb

1. Introduction

Metasurfaces, artificial electromagnetic (EM) metama-
terials constructed in two dimensions, consist of subwave-
length elements arranged periodically or nonperiodically over
a surface.!!) Due to the unique and intriguing tailoring of EM
wave properties, in recent decades, metasurfaces have been
extensively and attractively investigated in the frequency do-

1.12-81 They provide new

main, varying from acoustic to optica
platforms and play efficient devices for achieving novelty be-
haviors, such as negative refraction,[*! invisibility cloaking, 6!
and optical illusion,!®! that are scarcely possible to tune with
natural materials. Moreover, compared to the conventional
EM wave modulation method, metasurfaces enjoy low profile,
mass and cost, which aids in the development of integrated and
light-weight systems.

Recently, coding metasurfaces characterized by binary
numbers have evolved as a result of the pursuits in high-
freedom metamaterial research. By modifying the topol-
ogy structure of the unit cells, several relatively fixed cod-
ing modes are quantized from EM medium parameters. This
approach offers a highly flexible mechanism and a simpli-
fied process for designing metasurface functionality.*~13 Tn
Ref. [12], X-shaped digital metasurfaces are used to convert
the circularly polarized (CP) incident waves into bi-foci with
direct spatial-power editing, adopting dual geometric phase
coding. Furthermore, on the same metasurface platform, ac-
tive reconfigurable metasurfaces embedded with tunable mate-

rials or active components can produce dynamic transitions of
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diverse EM responses.!!4201 Utilizing a field-programmable
gate array (FPGA) control module, in Ref. [18], the author
proposed a transmissive metasurface placing two positive-
intrinsic-negative (PIN) diodes on the radiating layer, which
can efficiently generate orbital angular momentum (OAM)
vortex waves with multimode convergent switching. Instead
of relying on cell shape modifications to acquire the desired
performance, active metasurfaces can actualize versatile prop-
agation features on uniform elements as needed, breaking the
constraints of passive structures, whose EM responses are dif-
ficult to alter once the design is finalized. This dramatically ex-
pands the design freedom and system application of metasur-
faces in the reflection half space and reflection-transmission
full space. Consequently, such programmable active metasur-
faces are paving the way for antennas, imaging, and new wire-
less interactive systems to be explored.

With the advancement of wireless technology, multibeam
antennas are now capable of concurrently covering multiple
target areas and achieving multichannel transmission via spa-
tial beam isolation, which promotes the frequency utilization
and system communication capacity. Adopting an elaborate
phase-shift network, phased array antennas can flexibly con-
struct desired multiple beams by controlling the amplitude and
phase of EM waves. However, these widely applied antennas
with excellent radiation performance contain complex con-
trol circuits and bulky expensive equipment, which are rarely
conducive to miniaturized design. Compared with large-scale
phased array antennas, the emergence of metasurfaces pro-
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vides a novel way for multibeam forming. In Ref. [21], when
the metasurface patch antenna is separately fed from disparate
ports, the narrow beams are shifted in different directions with
a suppressed sidelobe. A broadband transmission-mode cod-
ing metasurface is also presented in Ref. [22], using frequency
variation to steer twin beams in symmetrical directions with a
scanning range of 30°-50.5°. Similarly, multiple beams can
be guided by reflective and transmissive metasurface antennas
by means of geometric partitioning, periodic sequence cod-
ing, and amplitude-phase modulation. Although no feed net-
work is required, these passive designs of the unit cell limit
the application to a restricted area because the beam direction
is relatively fixed once the meta-atom configuration is defined.
Driven by the increased demand, programmable metasurface
antennas have garnered more attention in the dynamic beams
editing. There are now limits in the upper half space of reflec-
tive metasurface antennas,>3->%1 which can only be dynami-
cally switched for a symmetric multibeam or an asymmetric
dual beam, due to design flaws in active devices or differences
in multibeam generating methods. Therefore, high-efficiency,
low-cost, and flexible multibeam antenna design is still an un-
remitting pursuit in the wireless field of multichannel trans-
mission and radar detection.

FPGA

(01,601) (62,2
(03,03) (61,04

Fig. 1. Schematic diagram of the presented real-time programmable multi-
beam metasurface antenna.

A programmable reflective array antenna based on active
metasurface elements (AMSEs) is presented to achieve inde-
pendent generation and real-time dynamic modulation of mul-
tiple beams. This single-feed antenna features radiation and
phase-shift functions thanks to an array of 32 x 32 X-band
1-bit phase-reconfiguration metasurface elements and FPGA
control modules. A schematic diagram is depicted in Fig. 1.
Without massive algorithm optimization, by utilizing the aper-
ture field superposition strategy, directive beams of different
numbers and large coverage angle domains are agilely ac-
quired in the upper half space of the metasurface. Owing to
its large array size, simulations and experiments validate that
the electronically reconfigurable antenna can execute multi-
beam scanning and state switching with good performance in
directionality and simplicity. It has promising applications in

multitarget radar, satellite navigation and other wireless mul-
tichannel systems.

2. Design and discussion
2.1. Design of the AMSE

A structural diagram of the AMSE is exhibited in
Fig. 2(a), which consists of a classic three-layer metal struc-
ture adopting the resonance tuning method. On the top, a
copper rectangular patch embedded with a PIN diode, is con-
nected through two metallic via holes to the ground (GND)
plate and a DC bias circuit network to switch the resonant
state. Serving to fully reflect incident waves, the metal GND is
situated in the middle slotted with a single hole, while the DC
circuit carrying the bias voltage is printed on the bottom layer.
Additionally, Taconic TLX-8 (& = 2.55 and tan § = 0.0019)
and FR4 (&, = 4.4 and tan § = 0.025) act as the drilled dielec-
tric substrates between the three metallic layers, whose thick-
nesses are 1.58 mm and 0.5 mm, respectively. The other pa-
rameters of the AMSE structure are p = 16 mm, [, = 6.3 mm,
I, = 9.6 mm. In the microwave working band, the equivalent
circuit of the selected PIN diode (Skyworks SMP1320) in the
on state consists of Rony = 0.5 Q and Loy = 0.7 nH, and that
in the off state consists of Lopr = 0.5 nH and Copr = 0.24 pF,
both in series and with low insertion loss.
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Fig. 2. (a) Perspective view and geometric structure, (b) simulated ampli-
tude and phase results for AMSE.

The simulated on/off state amplitudes and phases of
reflected waves for the proposed AMSE are displayed in
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Fig. 2(b). Simulated by CST Studio Suite, the reflection losses
are less than 0.9 dB and the phase difference is 180° & 20° in
9.3 GHz-9.5 GHz, which are acceptable for the 1-bit phase-
reconfiguration requirement. Therefore, equipped with both
radiation and phase-switching capabilities, the AMSE can
facilely implement the binary states “0” and “1” through its
reversed modes.

2.2. Theoretical method

In the schematic diagram of reflective planar array an-
tenna illustrated in Fig. 3(a), the spherical EM wave originat-
ing from the horn feed needs to form an equal-phase wavefront
on the array plane, and the required phase compensation for
each element E,, (m,n) is

(pf (m,n) = _kO(Rfmn _F)v (1)

where ko = 27/ Ao denotes the wavenumber in free space. Ry,
is the distance between the feed source phase center and each
particle in the reflectarray surface, and F is the focal length.
To produce multiple independent-directivity pencil beams in
the far field, by exploiting the superposition of the aperture
fields correlated with each beam, the distribution after phase
summation should satisfy the following relationship:

L
Py, (m,n) = arg (Z e‘j""E'""'“’), )
=1

where w; = (sin 6; cos ¢y, sin 6 sin @) refers to the unit projec-
tion vector of the /-th beam aimed at (6}, ¢;) on the xoy plane.
Next, the addition theorem is introduced for conversion into a

(a) (b)

[-beam
(01,01

Blemett/“EGn n

plane wave and to yield a multibeam, ) in which the phase
distribution on the surface can be expressed as

Dy (m,n) = Dy (m,n) + Py, (m,n)

L
—kO(Rfmn — F) + arg < Z e_JkOEmn'ul> , (3)
=1

where @y represents the continuous phase gradient needed
to achieve the multibeam on each cell. Moreover, to establish
the coding phase pattern activated by the AMSE, the binary
quantized phase is supposed to be discretized according to the
fuzzy phase approximation as

0, &vp+AQ €[—n/2,7/2),

4
7, duptAgd /212, O

D _pit (m,n) = {
Ag@, a constant, is the reference phase of the metasurface cen-
ter. Consequently, once the phase coding sequence is acquired,
for this metasurface antenna, the far-field multibeam radiation
pattern is approximately obtained in accordance with the clas-
sical reflectarray antenna theory.?’]

M N
F(0,9) = cos™0 Z ZAe (m,n)

m=1n=1
« e (=ikoRgnn+j P1vit+iko Emn-u) )

Here, 6 and ¢ denote the elevation and azimuth angles in the
spherical coordinate system. The amplitude excited on each
element is represented by A, (m,n), and the radiation pattern
is expressed as cos?® 0, which is based on an approximate co-
sine mode.

(c) P1-bit

Fig. 3. Generation of a four-beam aimed at elevation and azimuth angles of (25°, 30°), (30°, 135°), (22°, 220°), and (30°, 300°). (a) Reflective
planar array antenna schematics. (b) Simulated normalized 2D radiation pattern in the u—v coordinate system. (c) Quantized phase distribution. (d)
Compensated phase distribution. (e) Phase distribution after aperture field superposition. (f) Phase distribution after addition.
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Assuming the predesigned four-beam is located at ele-
vation and azimuth angles of (25°, 30°), (30°, 135°), (22°,
220°), and (30°, 300°), figures 3(c)-3(f) show the phase dis-
tributions in each processing step, and the normalized two-
dimensional (2D) radiation pattern in the u—v coordinate sys-
tem (u = sinB@cos @, v = sin B sin @) is depicted in Fig. 3(b),
calculated on the basis of the aforementioned equations.

2.3. Simulation and analysis

To validate the radiation performance, a full-wave cal-
culation is executed using CST Studio Suite with open (add
space) boundary conditions, and the far-field monitor is set
at 9.37 GHz. A lumped element is selected to emulate the
on/off state of the diode on the element surface, i.e., O or 1
encoding in Eq. (4). The metasurface section of the reflec-
tarray antenna comprises 32 x 32 AMSEs, occupying an area
of 512 mmx512 mm. With a radiation gain of 10.7 dB and
a 3-dB bandwidth of 52°, an X-band linearly polarized horn
antenna is mounted 410 mm (F /D = 0.8) above the plane as
a focal source, making a compromise between the spillover
efficiency and the illumination efficiency.!'”! By altering the
precalculated coding sequence, various scatter patterns will be
induced in the upper half space of the two-dimensional sur-
face.

dB
W 20.51

B 0.51

—30 30

90 / 90
B —20 —10 0

Normalized pattern (dB)

Fig. 4. Simulated radiation patterns of a five-beam and a four-beam: (a)
five-beam settling at elevation angle 6 = 20°, (b) four-beam in ¢ = 135°
plane.

The multibeam generation at identical elevation angle and
different azimuths is displayed in Fig. 4(a), where the five-
beam settles at an elevation angle 8 = 20° with even allocation
of the azimuths within 360°. From the simulated result, five
distinguished main lobes formed with uniform radiation en-
ergy. The gain is approximately 21.51 dB and the half-power
bandwidth (HPBW) is dispersed around 3.7° for these beams,

while the sidelobe level (SLL) is less than —11 dB in each
azimuth, suggesting good beamforming capability. In addi-
tion, Table 1 gives the average gain of the five equally spaced
beams at different fixed elevation angles, which deteriorates
with an increscent field angle, as expected. In turn, for beams
of the same azimuth and diverse elevation angles, similar re-
sults can be obtained. When the directions are preset to (38°,
135°), (20°, 135°), (15°, 315°), and (38°, 315°), as in the one-
dimensional (1D) pattern shown in Fig. 4(b), four recognizable
pencil-shaped beams are observed. The two laterally symmet-
ric beams pointing at 37.9° and 38.0° have slightly less power
than the two asymmetric beams pointing at 20.9° and 15.0°
in the middle. The HPBWs of this four-beam vary from 3.7°
to 4.0°, which keeps the beam direction deviation within the
tolerable range. The simulation indicates that this metasurface
reflectarray antenna has the ability to manipulate spherical EM
wave illumination into independent-direction multiple beams
in both the elevation and azimuth dimensions.

Table 1. Average gain of the five-beam at different fixed elevations.

Elevation 0° 20° 40° 60°

Gain (dB) 26.50 20.51 18.12 15.41

On the basis of fixed elevation and azimuth angles, to fur-
ther illustrate the versatility of beam generation, the study is
extended to the configuration and dynamic manipulation of
beams with arbitrary pointing directions and various numbers.
As demonstrated in Figs. 5(a) and 5(b), this reconfigurable an-
tenna is capable of producing asymmetric two-beam and three-
beam with excellent radiation performance. The simulated
beam directions of (11°, 225°) and (33°, 315°) and of (5°, 0°),
(20°, 180°) and (30°, 315°) well match the predesigned angles.
More beams than these cases can also be received despite the
reduction in scattering power. While the simulated six-beam
pointing at (22°, 0°), (10°, 90°), (10°, 270°), (15°, 180°), (21°,
135°), and (21°, 225°) has unambiguous directivity, the overall
performance is poorer in terms of variable main lobe magni-
tude or high SLL, as illustrated in Fig. 5(c). The formation
of the seven-beam in Fig. 5(d), whose simulated deflections
are (0°, 0°), (11°, 90°), (11°, 270°), (20°, 90°), (20°, 270°),
(31°, 0°), and (31°, 180°), reflects a similar situation. Follow-
ing that, four-beam with the same preset angles are depicted
in Figs. 5(e) and 5(f) using 16 x 16 and 32 x 32 reflectarrays,
respectively. The former beam splits into five beams and fails
to create directional pencil beams, in contrast to the distinct
scattering state of the latter four-beam, illustrating that the ar-
ray size has a considerable influence on the aperture field su-
perposition. Furthermore, the coding sequence was calculated
using an optimization method with precomputed angles of (0°,
0°), (10°, 320°), (15°, 45°), (20°, 150°), and (25°, 240°). In
comparison to the unoptimized three-dimensional (3D) pattern
(Fig. 5(g)), the optimized 3D pattern (Fig. 5(h) has a smaller
SLL and a modest difference in main lobe gain.
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\ 4

(e) ()

(2) (h)

Fig. 5. Simulated 3D radiation patterns: (a) two-beam pointing at (11°, 225°) and (33°, 315°); (b) three-beam pointing at (5°, 0°), (20°, 180°),
and (30°, 315°); (c) six-beam pointing at (22°, 0°), (10°, 90°), (10°, 270°), (15°, 180°), (21°, 135°), and (21°, 225°); (d) seven-beam pointing
at (0°, 0°), (11°,90°), (11°,270°), (20°, 90°), (20°, 270°), (31°, 0°), and (31°, 180°). Four-beam pointing at (22, 45°), (22°, 135°), (16°, 225°)
and (16°, 315°) realized with (e) a 16 x 16 reflectarrays and (f) a 32 x 32 reflectarrays. Five-beam pointing at (0°, 0°), (10°, 320°), (15°, 45°),
(20°, 150°) and (25°, 240°) simulated by (g) unoptimized sequence and (h) optimized sequence.

From the preceding illustrative examples, large angu-
lar pointing and a limited number of multiple beams can be
achieved by the programmable coding metasurface antenna.
When the number of beams is less than 6, the required beams
have comparable gains, and the radiation waveforms are in-
dependent and uniform. Meanwhile, since the deviations are
all less than 1°, the pointing is acceptable compared to the
HPBWs. Nevertheless, as the number of beams grows, the
difference in the SLL and the main lobe amplitude shrinks due
to the coupling effect between the units. In fact, the multibeam
radiation performance is significantly related to the surface di-
mensions. On the one hand, the more units there are on the
surfaces, the lower the SLL generated and the more uniform
the gain and waveform of the desired beams. On the other
hand, the 1-bit quantization, although facilitating the subse-
quent control of the physical circuit, causes phase discontinu-
ities that have inevitable effects on the scattering properties
of the antenna. Hence, in the numerical theory calculation
process, the optimization algorithm is applied to procure the
ideal phase distribution, which can promote the radiation en-
ergy uniformity of the preset beams in different angular do-
mains and enhance the adaptability of the phase-only metasur-
face antenna to some extent.

3. Experiment and comparison
3.1. Experiments and results

As an experimental verification, utilizing printed circuit
board (PCB) technology, the array antenna prototype shown
in Figs. 6(a) and 6(b) is machined and fabricated.
tains a metasurface reflector, a horn feed, and a polymethyl

It con-
methacrylate support structure. To achieve flexible expan-
sibility in the future, the reflective portion is assembled by
four compact metasurface subarrays with a total area of 4 x
256 mmx256 mm. The metasurfaces cover a two-layer dielec-

tric substrate inlaid with printed circuits, diodes, and FPGA
control modules through miniaturized design. As shown in
Fig. 6(c), the control modules are made up of 4 x4 AL-
TERA Cyclones connected in parallel to receive and process
the coded information from the computer, as well as control
the bias circuit voltage to steer the on/off state of the PIN
diodes on the 32 x 32 AMSEs in real time, resulting in the
phase state changing once in only every 2 ps.

Fig. 6. Metasurface antenna and experiment: (a) manufactured prototype,
photographs of (b) AMSEs and (c) FPGA control modules, (d) test environ-
ment.

Therefore, the radiation and phase-shift are both inte-
grated into the reflection plane, meaning that the scanning and
state switching of the EM wave beams can be dynamically
turned in real time by programming. The experiment is imple-
mented in a standard microwave anechoic chamber shown in
Fig. 6(d), where the antenna prototype is placed on a turntable
and a custom-made X-band horn used as the feed source is set
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in front of the surface geometric center with a focal length of
F =410 mm. Simultaneously, as a detector, a broadband horn
antenna is used to test the far-field radiation of the reflectar-
ray antenna. The horns are linked to the two ports of a vec-
tor network analyzer (Anritsu MS4644A), and the observation
frequency point is selected at 9.37 GHz.

On the one hand, the multibeam scanning function of the
metasurface antenna is inspected. Three orthogonal beams,
including a symmetric double-beam on the ¢ = 0° plane (xoz
plane) and a single-beam on the ¢ = 90° plane (yoz plane), are
scanned with equal gradients in the elevation direction, where
the normalized patterns at 10° intervals are selectively shown
in Figs. 7(a)-7(c). The simulation and test radiation results
are basically in agreement, and the main lobe pointing at each
elevation angle remains consistent with the calculation, which
proves the accurate dynamic modulation of multibeam scan-
ning in different orientations. Meanwhile, a decreased gain

and an increased 3-dB bandwidth would be observed when
the orthogonal beams are stepwise separated. The low gain at
the 10° azimuth is caused by the blocking effect. On the other
hand, the multibeam switching of the programmable antenna
is tested. Considering the experimental conditions, the multi-
beam is chosen to be generated in three observation planes
of @ =0° ¢ =45° and ¢ = 135°, and the far-field pat-
terns are shown in Figs. 7(d)-7(i). In conjunction with co-
polarization and cross-polarization, the measured results show
that the main lobes of the beams are roughly in line with the
simulation results, demonstrating the feasibility of multibeam
generating and switching multiple beams of different numbers
and directivity. Due to factors such as manufacturing toler-
ances and measurement alignment, together with edge diffrac-
tion and specular reflection, there is a certain degree of mea-
surement discrepancies in the experiment results.
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Fig. 7. Simulated and experimental results: (a) simulated 3D radiation pattern for three-beam scanning at 6 = 30°. Simulated and measured normalized gain
for three-beam scanning in the ¢ = 0° (b) plane and ¢ = 90° plane (c). (d) Simulated 3D radiation pattern of a four-beam pointing at (29°, 45°), (19°, 135°),
(29°, 225°), and (19°, 315°). Simulated and measured normalized gain of the four-beam in the ¢ = 45° (e) plane and ¢ = 135° plane (f). (g) Simulated 3D
radiation pattern of a five-beam pointing at (10°, 0°), (20°, 180°), (30°, 180°), (19°, 135°), and (29°, 315°). Simulated and measured normalized gain of the

five-beam in the ¢ = 0° (h) plane and ¢ = 135° plane (i).
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For the aperture efficiency of the multibeam antenna, with
reference to Ref. [23], the modification is expressed as

& A%G

=) T (6)
/= 4mA

n
where L denotes the number of generated main beams and A
represents the aperture area. Taking into account the tested
gains of the beams, the calculated aperture efficiencies of the
generated five-beam and four-beam are 28.6% and 23.7%, re-
spectively. The main loss mainly comes from the spillover
effect and element loss.

Despite the slight effect of the DC circuit on the phase dis-
tribution, in general, the overall radiation performance of the
large-size metasurface antenna is positive, and the feasibility
of the electronic-controlled multibeam generation is fully ver-
ified by experiments. The superiority of the proposed recon-
figurable antenna is that only programmable processing of the
FPGA is needed, and both radiation and phase-control can be
completed by the antenna surface itself, which is conducive to
the development of metasurface integration and low-cost array

antennas.

3.2. Performance comparison

Table 2 shows the performance comparison based on
metasurface antennas that can generate multiple beams re-
gardless of the feeding surface or radiation surface. Among
them, the authors in Ref. [22] achieved a frequency-scanning
of symmetric dual beams by varying the input frequency, while
scanning of three symmetric fan-beam is realized by switch-
ing over multiple feed points in Ref. [28]. Employing only
a single feed source, four asymmetric circularly polarized
beams are generated by a Berry phase transmission array in
Ref. [29], which has excellent aperture efficiency. In addi-
tion, the electronically controlled antenna based on a single
chip microcomputer can switch the beam state by transforming
the coding sequence.**! The proposed programmable reflec-
tarray antenna has the advantages of a large number of beams,
a high aperture efficiency and beam scanning/switching be-
havior through real-time variable modulation.

Table 2. Comparison with other multibeam metasurface antennas.

Ref Frequency =~ Max number B : Beam Beam Aperture Peak
el (GHz) of beams cam state switching ~ scanning  efficiency gain (dB)
[22] 8.1-12.5 2 symmetric No Yes not given not given
[28] 24 3 symmetric No Yes not given not given

[29] 4 4 asymmetric No No 36% 24.4
[24] 9 3 asymmetric Yes Yes not given not given

This work 9.37 5 asymmetric Yes Yes 28% 26.5

4. Conclusion References

In this paper, we proposed a programmable coding meta-
surface antenna that achieves agile-independent modulation
of a dynamic multibeam with a single feed. Assisted by the
strategies of aperture field superposition and phase discretiza-
tion, the required coding sequence for an arbitrary pointing
multibeam can be instantly obtained by a computer. Under
the real-time control of FPGAs, 32 x 32 1-bit phase reconfig-
urable active metasurface elements form the surface to provide
radiation and phase-shift functions. As experimental verifi-
cation, large angular scanning of orthogonal three-beam and
state switching of four- and five-beam demonstrate accurate
directionality and favorable HPBW, with an acceptable SLL.
Notably, the metasurface antenna enabled by tunable elements
has effectiveness and feasibility of EM wave manipulation in
real time, and this novel design scheme has promising poten-
tial for application in multitarget radar, satellite navigation,

and reconfigurable intelligent metasurfaces.
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