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ABSTRACT This paper presents the design, simulation, and experimental validation of six passive
anomalous reflectors using 2-bit digital coding metasurfaces (DCMs) that can enable quasi-continuous
single-beam steering for 5G n257 mm-wave applications. The design starts with a square-shaped meta-atom
illuminated by a plane wave under an oblique incidence of —45°, enabling four discrete reflection phases
with 90° phase increments. Each metasurface is constructed using identical meta-atoms in one direction and
specific coding sequences in the orthogonal direction. Each supercell may contain equal or unequal numbers
of meta-atoms per phase state, achieving anomalous reflections in the desired directions. As a demonstration,
the design goals are six passive anomalous reflectors that produce six beams directed at —32°, —17°, —7°,
+7°,417°, and +32°. An expanded angular range with a minimal step size is also achieved by varying the
frequency of the incident oblique beam. The full-wave simulations show good agreement with the analytical
predictions. The far-field received power is measured across 27.5-29.5 GHz and compared to that of a
perfect electric conductor (PEC). The measured frequency responses closely match those of the simulations,
confirming the effectiveness of the proposed structures. These results are intended to facilitate a practical
solution for wide-angle single-beam steering for mm-wave wireless communications with obstructed line-
of-sight (LOS).

INDEX TERMS Anomalous reflection, digital coding metasurfaces, phase-gradient, oblique incidence,
single-beam steering, millimeter-wave applications.

I. INTRODUCTION

Fifth-generation (5G) millimeter-wave (mm-wave) frequen-
cies have attracted considerable attention in recent years
because of their potential applications in advanced wireless
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communication systems for both indoor and outdoor environ-
ments, offering enhanced performance and functionality [1],
[2], [3]. These applications leverage the unique advantages
of mm-waves—namely, large available bandwidth and short
wavelengths—which enable miniaturization of components,
improved spatial resolution, and high-speed data trans-
mission [4], [5], [6]. However, several challenges must
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be addressed to ensure the practical deployment of mm-wave
communications, including free-space signal attenuation,
limited coverage range, and strong sensitivity to obstacles,
all of which can degrade signal reliability [7], [8], [9].
To address these issues, researchers are actively developing
innovative solutions to improve signal robustness and extend
the operational range [10].

Metasurfaces, the two-dimensional counterparts of bulk
metamaterials, have emerged as powerful tools for manipulat-
ing electromagnetic (EM) waves in unprecedented ways, par-
ticularly at mm-wave frequencies [11], [12], [13]. They have
proven effective in optimizing the wireless communication
channels in complex propagation environments, especially
finding practical applications in the emerging fields of
intelligent reflecting surface (IRS) [14] and reconfigurable
intelligent surface (RIS) [15]. A phase-gradient metasurface
consists of an array of subwavelength meta-atoms engineered
to impart spatially varying phase shifts to incident waves,
thereby enabling wavefront control based on generalized
Snell’s law [16], [17]. This allows metasurfaces to support
diverse functionalities such as beam steering, focusing, and
wave shaping [18]. In reflective configurations, metasurfaces
can also help compensate for radiation loss by redirecting
incoming energy toward the desired directions to provide
connectivity for non-line-of-sight (NLOS) communications
by precisely controlling the reflection phase and amplitude.
Once a meta-atom is conceptualized and designed, its
complex reflection response can serve as a building block
for metasurfaces that can realize engineered anomalous
reflection behaviors [19], [20], [21].

In 2014, Cui et al. introduced digital coding metasurfaces
(DCMs) as a novel design approach for discrete phase
control at the meta-atom level [22]. In n-bit DCMs, meta-
atoms are designed to produce reflection phases quantized in
increments of 27 /2", enabling a wide range of functionalities
such as beam splitting [23], [24], [25], radar cross section
(RCS) reduction [26], and beam scanning [27], [28]. The
simplest case is 1-bit coding, in which two meta-atoms
with a 180° phase difference are used. However, the beam
manipulation capability of 1-bit DCMs is limited due to
high quantization phase errors [29]. In contrast, 2-bit DCMs
offer four discrete states with 90° phase increments, allowing
finer phase control and improved single-beam scanning
performance [30], [31], [32]. In [31] and [32], 2-bit coding
metasurfaces were demonstrated under normal incidence
based on the generalized Snell’s law to achieve anomalous
reflection. However, in those designs, the cluster size of each
meta-atom within a supercell is fixed—meaning each phase
state is repeated equally—which restricts angular resolution
due to the direct relationship between the supercell size and
reflection angle.

To date, most reported anomalous reflectors using DCMs
have been designed under normal incidence [22], [23],
[24], [25], [26], [27], [29], [30], [31], [32], [33], [34],
[35], [36]. However, in real-world environments, incident
waves frequently arrive at oblique angles, and thus additional
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FIGURE 1. Schematic representation of beam steering using digital
coding metasurfaces under an obliquely incident plane wave at —45°.

considerations are needed when designing metasurfaces for
oblique incidence to fully exploit their potential [37], [38],
[39], [40], [41]. Despite recent progress, there is still a
need to investigate reflective DCMs under oblique incidence
conditions to achieve wide-angle, wideband single-beam
steering in practical applications. None of the aforementioned
studies have evaluated the beam squint phenomenon, which
refers to a frequency-dependent shift in the main beam
direction.

In this paper, we propose six passive anomalous reflectors
using 2-bit DCMs designed under an oblique plane wave
incidence of —45° to achieve reflections in the desired
directions. Each metasurface comprises a 60 x 60 array
of identical meta-atoms arranged along one direction, with
specific coding sequences applied along the orthogonal
direction. As a demonstration, the design goals in this study
are six anomalous reflectors that generate six beams directed
at —32°, —17°, —7°,+7°,+17°, and +32°. The beam squint
phenomenon is also investigated for each structure, which
enables a finer angular resolution through frequency tuning.
Finally, six separate metasurfaces were designed, fabricated,
and measured. Each panel produces one narrow beam at its
prescribed angle, and the measured received powers agree
well with the full-wave simulations.

Il. DESIGN AND PRINCIPLE
Fig. 1 depicts the representation of beam steering using digital
coding metasurfaces (DCMs) under a —45°y-polarized
incident plane wave. Each metasurface generates a single
anomalously reflected beam steered toward a specific angle.
The structure consists of a dielectric substrate (RO4350B)
with a thickness of 0.5 mm, relative permittivity of 3.55,
and loss tangent of 0.0027, sandwiched between a bottom
metallic ground layer and a patterned top metallic patch layer.
Metasurface performance is evaluated using an antenna array
model based on distinct coding sequences.

A general metasurface of size M x N meta-atoms is
considered. According to the array factor formulation, the far-
field pattern under an arbitrary incidence is given by [39]:

M N
FOrd) =D > exp ( —j(®0n. n)

m=1 n=1

+ kon(m—O.S)[sin 0y cos ¢, + sin 0; cos ¢,~]
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FIGURE 2. Illustration of generalized Snell’s law for a 2-bit reflective
metasurface under arbitrary incidence, demonstrating anomalous
reflection.

+ koPy(n—0.5)[sin 6, sin ¢, + sin 6 sin ¢,-])),

ey

where (6;, ¢;) and (6,,¢,) denote the -elevation and
azimuth angles of the incidence and reflection, respectively.
Py = Py = P is the meta-atom period, ko is the free-space
wave vector, and ®(m, n) represents the phase of the (m, n)-th
meta-atom. For 2-bit coding, ®(m, n) = 0, 7 /2, 7, or 37 /2
corresponds to coding states 0-3.

Fig. 2 illustrates the generalized Snell’s law for a reflective
metasurface under arbitrary incidence, showing that the
reflection angle is determined by the phase-gradient, inci-
dence angle and operating frequency. When the metasurface
consists of a finite number of meta-atoms, the maximum of
|F (6, ¢r)| in (1) occurs at angles 6, ¢ satisfying [42]:

1 1
— + — —siné; 2
2T 1) @)
where s = 0,£1,...and 'y = SyP and I'y = S,P,
as shown in Fig. 2, are the physical periods along the x- and
y-directions, respectively. To form the phase-gradient DCM,
meta-atoms with identical phase values are arranged along
the x-axis, while specific 1D coding sequences are applied
along the y-axis. In this study, all metasurfaces are invariant
along y, i.e., I'y — oo, and the main beam corresponds to

0.5 = arcsin (s/\o

s = —1. The first-order diffraction angle becomes:
A
Or.—1 = arcsin( % _ sin Qi) 3)
Iy
For 6; = —45°, the radiation condition of the main

beam is considered to be within §; < 6, 1 < 6, where
0; = 45° is the specular reflection angle, corresponding to
'y — oo. At 28 GHz, this yields I'y > 7.57 mm. Given
the meta-atom period P = 2.15 mm, the minimum valid
value of 'y is 4P = 8.6 mm, corresponding to a lower limit
of 6, _1 = —32°.

In this study, CST Studio is used to design meta-atoms
and perform full-wave simulations under oblique incidence
using the finite-difference time-domain (FDTD) method.
MATLAB facilitates the rapid computation of gradient
distributions and far-field responses. Finally, Ansys HFSS
simulates the metasurfaces under the excitation of a standard
horn antenna using the hybrid finite element-boundary
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FIGURE 3. Analytically predicted normalized radiation patterns at 28 GHz,
showing steering at different angles for (a) DCM-1 through (f) DCM-6.

integral (FEBI) method, optimizing both computational
accuracy and resource efficiency.

IIl. ANALYTICAL AND NUMERICAL SIMULATIONS

The design and analysis of the proposed DCMs are performed
using both analytical modeling and full-wave simulations.
To validate the design, we set the operating frequency to
f = 28 GHz (within the 5G n257 mm-wave band), with the
incident wave defined by 6; = —45°, and the digital coding
level set to n = 2. In our design, each structure consists of
60 x 60 subwavelength square meta-atoms, with a total size
of 12)¢ x 12)¢ at 28 GHz.

A. ANALYTICAL RESULTS
As established in the previous section, the lower steering
limit is —32° with S, = 4. Based on this, additional
supercell sizes are selected with S, = 5, 6, 8, 12, and 28,
which result in reflected angles at —17°, —7°, +7°, +17°,
and 432°, respectively. The proposed design can be extended
beyond the six demonstrated cases. Next, we investigate six
anomalous reflectors obtained from the determined supercell
sizes with distinct 2-bit coding sequences. The 1D coding
sequences of each DCM within its determined Sy are defined
as follows:

e Code 1: 0123...(Sxy = 4)

e Code 2: 01123...(S, =5)

o Code 3: 001223...(S, = 6)

o Code 4: 00112233...(S, = 8)

o Code 5: 000111222333...(Sx = 12)

o Code 6: 0000000111111122222223333333...(S, =28)

Codes 1, 4, 5, and 6 feature equal repetitions of ele-
ments 0-3, resulting in equal cluster sizes per phase state.
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FIGURE 5. Structure of 2-bit meta-atom in four states: (a) element 0,
(b) element 1, (c) element 2, (d) element 3. All dimensions in mm:
P =2.15, ag = 1.70, a; = 1.88, a, = 1.95, as = 2.15.

o [*element 0 >element 1 ~element 2 ©element 3] O [-element 0 = clement 1 >clement 2 6clement 3

0.1 \\ \\
\, 200

\
-0.2. \/ 2300 \\\

27 2715 28.5 295 30 27 215 285 295 30
Frequency (GHz) Frequency (GHz)
(@) (b)

Reflection Phase (deg)

Reflection Amplitude (dB)

FIGURE 6. Simulated (a) reflection amplitude and (b) reflection phase
response of the meta-atom in each 2-bit state under —45° plane wave
incidence.

In contrast, Codes 2 and 3 use unequal repetitions of the
coding elements within a supercell. This implies that the
cluster size for each phase state can be independently selected
according to the desired supercell size, which does not affect
the main beam direction. The reflected beam can be steered
in finer angular increments by selectively varying the cluster
size assigned to each phase state.

Fig. 3 presents the analytically predicted normalized far-
field radiation patterns, showing the distinct beam directions
achieved via different coding sequences. To further illustrate
the angular steering capability enabled by varying the
supercell size, Fig. 4 shows the relationship between the
number of meta-atoms in the supercell (Sy) and the resulting
reflected beam angle 6, _;. By incrementally increasing Sy
from 4 to 28, the reflected beam can be tuned across a range
of —32° to +32°. Notably, the associated angular step size
is non-uniform, as shown on the right axis of Fig. 4. These
increments become progressively smaller with increasing
Sy—transitioning from coarse steps at smaller S, to much
finer steps at larger S.

B. FULL-WAVE SIMULATION RESULTS
The geometry of the 2-bit square-shaped meta-atoms is illus-
trated in Fig. 5. Each meta-atom has a period P = 2.15 mm
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FIGURE 7. Full DCM configurations and zoom-in views of 1D coding
sequences for (a) DCM-1 with Code 1 through (f) DCM-6 with Code 6.

(= 0.2\ at 28 GHz), with a metallic patch over an RO4350B
substrate and a PEC ground plane. By varying the square
patch width from ap to az, 90° phase shifts of 0°, 90°,
180°, 270° at the designed frequency are realized. As shown
in Fig. 6, CST simulations under a —45°y-polarized incidence
confirm that these phase states are achieved with phase errors
within £20° across 27.5-29.5 GHz. The reflection amplitude
exceeds —0.21 dB for all states across the band. The
designed meta-atoms are polarization-sensitive due to their
non-isotropic structure under the oblique incidence, resulting
in a larger reflection phase error between the coding states.
This larger phase error could be unsuitable for a 2-bit coding
strategy at the metasurface level. The derived analytical
phase profiles are then used to generate full metasurface
layouts. Fig. 7 shows the physical layouts of all six structures.
Fig. 8 shows the simulated far-field radiation patterns of all
metasurfaces using CST under —45° oblique plane wave
excitation. In all cases, single-beam radiation is observed with
weak specular reflection at +-45°, attributed to PEC backing
(not accounted for in the analytical model). The phase
error effects on the overall radiation performance, such as
beam pointing and the presence of undesirable grating lobes,
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FIGURE 8. CST-simulated far-field radiation patterns at 28 GHz for
(a) DCM-1 with Code 1 through (f) DCM-6 with Code 6.
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FIGURE 9. Frequency-dependent far-field radiation patterns for all DCMs
showing beam squint effect: (a)-(f) correspond to DCM 1-6.

can also be observed. Noted that DCM-1 serves as the
first equal cluster configuration that steers the reflected
beam to —32°. Similarly, DCM-4, also employing equal
clusters, redirects the beam to +7°. To achieve intermediate
beam steering angles between these discrete values, DCM-2
and DCM-3 utilize coding with unequal cluster sizes.
Specifically, DCM-2 steers the beam to —17°, whereas
DCM-3 directs it to —7°.

Table 1 summarizes the analytical and simulated beam
steering angles and performance metrics of the metasurfaces.
The small angular differences in beam pointing of the
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TABLE 1. Simulated Performance of the DCMs for Different 6.

DCM Supercell Size Reflection @ 28 GHz Squint QLL (dB) SLL (dB)
Ty Analytical Numerical @ 28.5 GHz @ 28.5 GHz
1 8.6 mm (= 0.8X¢) —31.5° —32° 6.1° -30 —145
2 10.75 mm (= 1.0Ap) —16.4° —17° 4.4° —21.5 —10.0
3 12.9 mm (= 1.2X0) —6.6° —7° 4.1° —18.0 —11.8
4 17.2 mm (= 1.6A0) +6.5° +7° 3.5° —17.6 —9.1
5 25.8 mm (= 2.4X0) +16.3° +17° 2.3° —24.8 —83
6 60.2 mm (= 5.6A\0) +31.4° +32° 1.2° —24.4 —8.7
x10”
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FIGURE 10. Comparison of the reflected power for the metasurfaces and
a PEC of the same size at 28 GHz to calculate the directional efficiency.

predicted and the simulated far-field radiation patterns could
be attributed to the phase error and mutual coupling effects
in the actual structures, which are not considered in the
analytical model. The results confirm excellent agreement
between the predicted and simulated beam directions, with
squint reduction as the supercell size increases. This is also
visualized in Fig. 9, where the beam direction shifts with
frequency owing to the squint. The figure shows that in
addition to spatial coding, varying the frequency of the
obliquely incident beam provides a secondary degree of
control, allowing even finer angular steps in beam steering.
Smaller supercell sizes result in a higher sensitivity to
wavelength changes, whereas larger I, values produce more
stable beams.

Quantization lobe level (QLL) and sidelobe level (SLL)
are also reported in Table 1. The QLL is defined as a local
peak near —6,, while SLL represents the maximum sidelobe
excluding QLL. The half-power beamwidth (HPBW) ranges
from 4.3° to 5.1° across codes. Specular reflection at 45°
is at least 10 dB lower than the main beam at 28.5 GHz.
In some cases, an elevated SLL is due to higher-order space
harmonics (SH) that arise between the incident direction and
main beam.

The directional efficiency of a reflective metasurface at a
given frequency is defined as the ratio of the power reflected
from the metasurface in its intended steering direction
to the specularly reflected power from a perfect electric
conductor (PEC) of the same size [34]:

pMS
n= PPT x 100% (4)
H
where PMS and PPEC denote the power reflected from
the metasurface collected in the main lobe direction and
the specularly reflected power from the PEC reference
surface, respectively. To evaluate the directional efficiency
numerically, the reflected power at 28 GHz for each of the
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TABLE 2. Comparison of some features of the proposed work with similar other designs.

Ref. Mode / Incidence Bandwidth Bit Layer Beam Single QLL (dB)  Continuous  Reconfiguration
Num. Num. Direction (°)  Beam Beam Steering
[31] Reflective / normal 5.85-6 GHz 1-bit 1 60 %60 +30 No - N.A. Passive
[31] Reflective / normal 5.85-6 GHz 2-bit 1 60 %60 30 Yes N.A. N.A. Passive
[23] | Transmissive / normal 10.4-11.2 GHz 1-bit 1 422, +32, +49 No - N.A. Passive
[35] Reflective / normal 11.1 GHz 1-bit 1 40x40  +7.9,+16.2 No - N.A. Active
[37] Reflective / oblique 300 GHz 1-bit 1 36x36 15, 48 Yes N.A. N.A. Active
[34] Reflective / normal 530-730 GHz 2-bit 1 64 x64 38 Yes N.A. N.A. Passive
[36] Reflective / normal 7.2 GHz 2-bit 1 16x16 —-30 Yes —11 N.A. Active
[43] Reflective / normal 35-43 GHz prephased 1-bit 1 20%20 —15, 15,30 Yes 7.5 N.A. Passive
[44] Reflective / normal ~ 34.3 t0 49.9 GHz prephased 1-bit 2 20x%20 0, 15, 30 Yes —9.8 N.A. Passive
Here | Reflective / oblique 27.5-29.5 GHz 2-bit 1 60x 60 -3;2,1-71752-7 Yes —19 Yes Passive
= = Sim. PEC = = Sim. DCM —— Mea. PEC —— Mea. DCM
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FIGURE 11. (a) Photograph of one of the fabricated reflectors with
12 x 12)¢ size. (b) Measurement setup inside the anechoic chamber. =
o
5
six proposed structures, as well as for a PEC reference of -
identical dimensions, is shown in Fig. 10. é ]
z

Notably, the reflected power peaks at the main lobe
directions of DCM 14 surpass the specular reflection from
the PEC, resulting in directional efficiencies above 100%.
Values exceeding unity do not violate energy conservation.
They indicate a more focused redistribution of the incident
power in the desired non-specular direction than the redi-
rected power from the PEC in the specular direction. This
enhanced directional efficiency highlights the effectiveness
of the structures in concentrating the reflected energy in
specific angular regions. Conversely, DCM-5 and DCM-6
exhibit reflected power peaks below that of the PEC, leading
to reduced directional efficiencies. This decline primarily
stems from the larger supercell sizes, resulting in fewer
supercells fitting within the fixed aperture, thus reducing
the angular concentration and peak intensity of the reflected
power in the main beam direction.

IV. EXPERIMENTAL VALIDATION

A. MEASUREMENTS

To experimentally validate the analytical and numerical
results, prototypes of all six proposed metasurfaces were
fabricated and tested in an anechoic chamber. Fig. 11(a)
shows a photograph of one of the fabricated metasurfaces,
each with a physical size of 129 x 12)¢ at 28 GHz.
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FIGURE 12. Normalized measured and simulated S,; between Tx and Rx
horn antennas for each DCM and the PEC reference under —45° oblique
incidence at (a) —32°, (b) —17°, (c) —7°, (d) +7°, (e) +17°, and (f) +32°.

Fig. 11(b) illustrates the experimental setup for measuring
the reflected power. The setup includes a metasurface
under test (MUT) and two QRH40 horn antennas, one for
transmission (Tx) and one for reception (Rx), connected
to a vector network analyzer. The phase centers of both
horns are aligned with the center of the MUT. A separation
distance of 60 cm (& 56)g) is maintained between the
MUT and antennas to ensure far-field conditions. The Tx
horn antenna remains fixed, providing a constant oblique
incidence angle of —45° during the characterization. The Rx
horn is repositioned according to the anomalous reflection
characteristics of each metasurface, ensuring that it captures
the redirected beam in the correct direction.

To evaluate the beam steering performance, a perfect
electric conductor (PEC) of the same size as the metasurface
is used as a reference. Each MUT is tested under the same
—45° oblique incidence, and the reflected power is measured
at its respective steering angle: —32°, —17°, —=7°, 47°,

195909



IEEE Access

E. Farokhipour et al.: Anomalous Reflectors Using 2-Bit Coding Metasurfaces Under Oblique Incidence

+17°, and +32°. Fig. 12 shows the normalized measured and
simulated S»; responses between the Tx and Rx horns for
each case, across 27.5-29.5 GHz. The results are achieved
using the FEBI method in HFSS, which offers computational
efficiency for full-wave simulations. The results confirm that
the metasurfaces outperform the PEC in directing energy
toward the intended angles, validating their functionality.

Across all cases, the gain variation within the frequency
band is approximately 3.5 dB. Minor frequency offsets
between the measurements and simulations are observed and
can be attributed to fabrication tolerances, misalignment,
and measurement errors. At higher frequencies, discrepancies
may also arise because of differences in conductor and
dielectric losses of the materials in simulation and fabrication,
and alignment inaccuracies during the measurement, which
are neglected in the simulations. These experimental results
confirm the practical viability of the proposed structures for
real-world deployment in mm-wave wireless systems that
require passive and directional beam control.

B. DISCUSSION

Table 2 provides a comparison between this study and
recent related studies on digital coding metasurfaces in terms
of some key performance parameters, including, angle of
incidence, number of bit coding, QLL, and angular beam
steering performance. The works in [23], [31], and [35] rely
on 1-bit coding for reflective and transmissive metasurfaces
but do not achieve single-beam radiation under normal
incidence. While [31], [34], and [36] also introduce 2-bit
metasurfaces capable of single-beam steering, they are
limited to a discrete angular step. In contrast, the 1-bit
coding metasurfaces exploiting an integrated phase change
material (PCM) in [37] support single-beam steering by
increasing the incident angle from 0° to 75°, but with limited
angular flexibility. The works in [43] and [44] propose
prephased 1-bit metasurfaces for single-beam generation
under normal incidence. However, they require more complex
implementations, including multilayer stacks and complex
2D prephase distributions, in which the unit cell phases are
randomly predetermined before being controlled by one bit.
Compared with the 2-bit coding metasurface, the prephased
1-bit coding structure has a lower gain and a higher QLL
owing to the larger phase quantization error. Notably, [44]
requires two dielectric substrates, three copper layers, and an
air gap to achieve a 90° prephase shift.

In comparison, the reflective metasurfaces proposed here
offer 2-bit operation, wide-angle coverage, single-beam
radiation, low QLL, and practical implementation under
oblique incidence, making them suitable for next-generation
mm-wave applications. Unlike the reported works using
DCM in the literature that have been studied under a standard
normal incidence, anomalous reflectors of this study have
been investigated under a more practical oblique incidence
of —45°. Our reflectors are based on a 2-bit coding strategy
with a lower phase quantization error compared to the 1-bit
coding. This finer phase quantization minimizes phase errors
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across the aperture, leading to a reduced QLL of —19 dB
for all six reflectors, which is much lower than that typically
observed in 1-bit coding designs. The finer beam resolution
in the angular range from —32° to 32° is achieved due
to our specific coding strategy that is enabled by unequal
cluster sizes of meta-atoms per phase state. The passive
approach in our work leverages the geometric flexibility
of unequal cluster sizes per phase state within a 2-bit 1D
coding supercell. As a demonstration, six passive anomalous
reflectors using DCM are designed to generate single beams
directed at —32°, —17°, —7°, +7°, +17°, and +32°.

Passive DCM can play a crucial role in the development of
areconfigurable intelligent surface (RIS) for modern wireless
communication systems. The anomalous reflection from an
arbitrary incidence into an arbitrary desired direction based
on passive DCM is key to coverage enhancement through RIS
to provide connectivity for NLOS scenarios [45], [46]. The
design of a programmable supercell using an integrated active
material could be suitable for realizing dynamic beam control
through an active platform with fewer active elements [47].
This can be an implication of this study, which may inspire
the design of a programmable supercell compared with those
on the meta-atom level to reduce the active components of the
RIS for mm-wave beam steering applications.

V. CONCLUSION
This paper presents six passive anomalous reflectors using
2-bit phase-gradient digital coding metasurfaces (DCMs)
under an oblique incidence of —45°. Each reflector produces
single-beam radiation pointing at a specific angle for 5G
n257 mm-wave applications. Each structure was constructed
by placing identical meta-atoms along one axis and applying
tailored 1D coding sequences along the orthogonal axis to
control the beam direction. The performance of the proposed
reflectors was validated through analytical modeling, full-
wave simulations, and experimental measurements. The
measured frequency responses of the received power closely
matched the simulation results, confirming the ability to
redirect incident waves efficiently in the desired directions.
These passive reflectors can enhance signal coverage for
5G mm-wave communications in NLOS scenarios.
Furthermore, the successful design and validation of the
proposed passive DCMs under oblique incidence not only
advances the state-of-the-art for static continuous beam
steering using the unequal cluster concept but also could
establish a pathway towards RIS realization by designing
a programmable supercell. It is noted that while the size
of the meta-atoms could remain unchanged, the size of
the supercell could be modified by varying the number of
subwavelength meta-atoms. Moving from a subwavelength
meta-atom level towards a comparable or even larger than
operating wavelength supercell level programmability could
significantly reduce hardware complexity by decreasing the
number of active elements. This approach would facilitate
continuous beam steering through programmable supercell
exploiting unequal cluster with reduced number of active
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components than full-array reconfiguration at the meta-atom
level.
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