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ABSTRACT: The mitigation of non-line-of-sight (NLoS) blockages in modern multi-user wireless networks increasingly relies on recon-
figurable metasurfaces (RMSs) for adaptive beamforming. However, achieving high-resolution phase control typically requires complex,
heavy biasing networks, which strictly limit deployment on payload-constrained aerial platforms. To address this, this paper presents
the design and system-level performance analysis of a low-profile, 1-bit reconfigurable metasurface operating at 5.67 GHz, developed
toward eventual integration on Unmanned Aerial Vehicle (UAV) platforms for real-world NLoS mitigation. Designed on a single-layer
dielectric substrate, the 10 x 10 meta-atom array uses a row-column addressing architecture that drastically reduces control circuitry to
just 20 biasing lines, making it a lightweight and readily fabricable candidate for future UAV-mounted deployment. Adaptive twin-beam
steering patterns were synthesized across a +10° to +60° design space in which two-tier simulations confirmed reliable beam-pointing
accuracy (deviations below 1.5°) for target angles up to +40°, while revealing significant pointing degradation at £50° and beyond due
to element-pattern roll-off. To assess its potential for payload-constrained applications, the metasurface operation as a UAV-mounted
relay was evaluated via a simulated NLoS communication scenario within this validated £40° range. The system shows strong spa-
tial selectivity, effectively isolating targeted users from interference and demonstrating its capability to restore blocked data links under
simulated deployment conditions. By delivering a decisive 8 to 14 dB Signal-to-Noise Ratio (SNR) advantage to maintain a stringent
1073 Bit Error Rate (BER), this work establishes the hardware-efficient metasurface as a promising, deployment-ready design for future
resilient aerial communication systems, with physical prototyping and real-world flight testing planned as the next stage of this research.
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1. INTRODUCTION

he rapid expansion of modern wireless networks, particu-

larly within sub-6 GHz frequency bands, has been driven
by the exponential demand for massive connectivity in multi-
user environments and emerging Internet of Things (IoT) ap-
plications [1,2]. However, a fundamental challenge in these
deployments is the susceptibility of wireless links to severe
signal degradation and complete outages caused by physical
blockages, such as buildings in dense urban environments [3].
Traditionally, mitigating these non-line-of-sight (NLoS) blind
spots required deploying additional active base stations or re-
lays, which significantly increases both infrastructure costs
and overall network energy consumption [4]. Recently, Re-
configurable Intelligent Surfaces (RIS), also known as Recon-
figurable Metasurfaces (RMSs), have emerged as a promis-
ing, energy-efficient paradigm [5-8]. By dynamically alter-
ing the electromagnetic properties of their meta-atoms, these
surfaces can control the propagation environment, effectively
routing signals around obstacles to establish robust communi-
cation links [9—11]. Beyond enhancing wireless communica-
tion, RMSs are also used for spatial sensing and localization,
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allowing systems to efficiently scan their environment and pin-
point distant targets [12].

To maximize the spatial flexibility of RMS technology, inte-
grating these surfaces with mobile aerial platforms such as Un-
manned Aerial Vehicles (UAVs) has attracted considerable at-
tention [13, 14]. As shown in Figure 1, UAV-mounted metasur-

FIGURE 1. Geometric illustration of the proposed UAV-mounted re-
configurable metasurface, dynamically mitigating NLoS blockages to
serve distributed terrestrial users.
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faces can leverage 3D mobility to dynamically position them-
selves in optimal locations, restoring blocked communication
links on demand and serving distributed terrestrial users [15].
Despite this immense potential, the practical deployment of
UAV-mounted RMS is strictly bounded by aerodynamic stabil-
ity and payload limits [16]. Many existing reconfigurable meta-
surface designs rely on bulky, multi-layer dielectric substrates
and complex biasing networks to achieve wideband perfor-
mance or continuous phase control [17, 18]. Such heavy con-
figurations are severely detrimental to flight time and UAVs’
operational efficiency [19]. Consequently, there is a critical
need for ultra-lightweight, single-layer metasurface architec-
tures that can maintain high electromagnetic performance with-
out burdening the aerial platform [20].

Among various phase-control techniques, 1-bit coding meta-
surfaces — typically using PIN diodes to switch between two
discrete phase states (e.g., 0° and 180°) — offer an optimal bal-
ance among hardware simplicity, low cost, and beamforming
efficacy [21-24]. Recent advancements aimed at simplifying
the reconfiguration and design of intelligent surfaces have in-
troduced structurally low-complexity unit cells [25] alongside
advanced analytical tools such as composite vortex manipula-
tion [26]. However, controlling large-scale arrays remains a
significant hurdle. Independent control of every meta-atom in
a 2D array dramatically increases the number of control lines,
leading to severe routing congestion and increased structural
weight [27]. To solve this problem, row-column addressing ar-
chitectures present a highly hardware-efficient alternative [28—
30]. By coupling elements vertically and horizontally, the com-
plexity of the control circuitry is drastically reduced. To trans-
late these 1D row and column constraints into highly functional
2D beamforming patterns, advanced synthesis algorithms, such
as the Multiple Partition Cross Modulation (MPCM) encoding
scheme, are required [28, 31, 32]. Despite these attempts, trans-
lation of these row-column addressing metasurfaces into a de-
sign specifically optimized for payload-constrained aerial de-
ployment remains largely unexplored, as prior works require
multiple substrate and bonding layers that effectively double
the metasurface weight [28]. Moreover, while extensive re-
search has focused on the physical design and full-wave val-
idation of reconfigurable metasurfaces [33, 34], there remains
a notable gap in translating these hardware metrics into rigor-
ous, system-level communication performance [35, 36].

To bridge this gap, this paper presents the design, electro-
magnetic validation, and system-level performance analysis of
a 1-bit reconfigurable row-column addressing metasurface op-
erating at 5.67 GHz. The proposed 10 x 10 array employs a
double-metallic-layer structure in which the row and column
control paths are realized directly through patch segmentation
and a via-connected ground strip. The proposed design requires
no additional multi-layer routing or auxiliary biasing layers, en-
suring minimal payload weight for aerial platforms. By inte-
grating SMP1340-040LF PIN diodes and employing the row-
column addressing scheme, the surface achieves optimized,
low-SLL twin-beam steering using only 20 control lines. The
primary contributions of this work are twofold: First, a rig-
orous two-tier electromagnetic validation of the row-coulmn
addressing scheme is conducted, comparing analytical Array
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Factor (AF) modeling with physical full-wave numerical sim-
ulations. This analysis demonstrates that the surface main-
tains high pointing accuracy (deviations < 1.5°) up to +40°,
while explicitly identifying the physical limitations of the row-
column architecture at extreme angles (> +50°). Second, the
direct quantification of the surface’s communication viability is
presented through Monte Carlo-based Quadrature Phase Shift
Keying (QPSK) reflectarray simulations. By evaluating spatial
selectivity, the system demonstrates an 8 to 14 dB Signal-to-
Noise Ratio (SNR) gain for targeted multi-user receivers under
dynamic blockage scenarios, thereby establishing a definitive
link between hardware-efficient metasurface design and highly
reliable aerial wireless network performance.

2. RECONFIGURABLE METASURFACE DESIGN AND
UNIT CELL SIMULATION

2.1. Row-Column Encoded Reconfigurable Metasurface Design

The practical deployment of UAV-mounted Reconfigurable
Metasurfaces (RMSs) is strictly bounded by payload capaci-
ties and aerodynamic stability, necessitating ultra-lightweight
hardware designs. Traditional metasurfaces that feature fully
independent element control require a dedicated biasing line
for every meta-atom. For a 10 x 10 array, this translates to
100 individual control lines, which inevitably leads to severe
routing congestion, requires bulky multi-layer printed circuit
boards (PCBs), and significantly increases the device’s struc-
tural weight. To overcome this limitation, the proposed design
implements a cross-wired “mesh matrix” configuration, widely
recognized in array synthesis as a row-column (RC) addressing
architecture. By coupling elements vertically and horizontally,
the entire array can be controlled using only 20 biasing lines
(10 rows and 10 columns). This dramatic reduction in hard-
ware complexity allows the RMS to be fabricated on a single,
ultra-lightweight substrate layer, making it highly suitable for
UAV integration.

The fundamental building block of this mesh matrix con-
figuration is a square-shaped meta-atom with dimensions of
25mm x 25mm (L x W), designed to operate in the sub-
wavelength regime at 5.67 GHz (A ~ 52.9 mm). As depicted in
Figures 2(a) and (b), the meta-atom structure consists of three
layers: a segmented copper patch on the front, a 0.813 mm-
thick Rogers RO4003C dielectric substrate in the center, and
a ground plane on the back. To facilitate the row-column bi-
asing, the top patch is divided into distinct vertical segments
separated by gaps (denoted by the parameter L8, with the main
center gap being 1 mm wide). Table 1 summarizes the meta-
atom’s dimensional details.

The left segment of the top patch forms a continuous verti-
cal line across the array, acting as the column control (see Fig-
ure 2(c)). In contrast, the right segment is isolated on the top
layer but is connected through a via hole to a continuous hor-
izontal metal strip etched into the ground plane on the back,
acting as the row control. This bottom metal layer simultane-
ously serves as the continuous ground plane required to make
the structure a fully reflective metasurface (see Figure 2(d)).
An SMP1340-040LF PIN diode is mounted across the 1 mm
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center gap, bridging the segments. By applying a positive DC
bias voltage to a specific vertical patch on the top layer and
grounding the corresponding horizontal segment on the bot-
tom layer, the diode at that exact intersection is forward-biased. ]
LA

This mechanism allows the array to toggle between horizontal
and vertical configurations, altering the surface current distri-
bution and phase response without complex multi-layer rout-
ing. Note that the incident electric field is polarized in the x-
direction as shown in Figure 2. Additionally, note that unin-
tended activation at non-targeted row-column intersections is
inherently prevented by the array’s physical structure. Adja-
cent row-to-row and column-to-column segments are separated
by small physical gaps, providing direct galvanic isolation be-
tween non-intersecting control lines, while row control lines
(embedded in the ground plane) and column control lines (on
the top patch layer) are further isolated from one another by
a 0.813 mm-thick Rogers RO4003C dielectric substrate. Con-
sequently, a given PIN diode is forward-biased only when its
corresponding column line is held at a positive DC voltage, and
its corresponding row line is simultaneously grounded; diodes
at any other row-column combination remain reverse-biased,
since they do not receive this specific voltage-and-ground pair-
ing.

To accurately account for conductor losses in the simula-
tion, the patch and ground plane use annealed copper, mod-
eled as a lossy metal with an electrical conductivity of o =
5.8 x 107 S/m. The Rogers RO4003C dielectric substrate was
selected for its excellent high-frequency stability, featuring a
relative dielectric constant (g,-) of 3.55, relative permeability of
1, and loss tangent (tan d) of 0.0027. The PIN diode is mod-
eled as a series RLC circuit. Under forward bias (ON state),
the diode is represented by a resistance of 1 {2, an inductance of
0.45nH, and a capacitance of 0 pF. In the reverse-biased (OFF
state), the resistance increases to 10 €2 and the capacitance to
0.16 pF, while the inductance remains at 0.45nH. These pa-
rameters are derived directly from the component datasheet.
The impedance difference between these two equivalent cir-
cuits provides the reflection phase contrast, which is subse-
quently used to form 1-bit phase encoding on the metasurface
array.
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FIGURE 2. Design and geometrical parameters of the reconfigurable
metasurface: (a) unit cell structure, front view, (b) rear view, (c) full
structure 10 x 10 array, front view, and (d) rear view.

To substantiate the suitability of the proposed design
for payload-constrained aerial deployment, an approximate
component-level mass budget was evaluated. The core meta-
surface structure totals approximately 140 g, which comprises
a 250mm X 250 mm Rogers RO4003C substrate (=~ 91g,
based on a material density of 1.79 g/cm?), a segmented copper
patch, ground-plane layers (= 39 g combined, assuming stan-
dard 1 oz copper cladding), 100 SMP1340-040LF PIN diodes
(= 0.7g), and row-column biasing wiring (= 10g). The
requisite control electronics — consisting of a microcontroller,
20-channel driver circuitry for the biasing lines, a control PCB,
and connecting cables — add an estimated 40 g. Furthermore,
a rigid mounting bracket to secure the assembly to the UAV
frame is estimated at 87 g, assuming a lightweight, ribbed
3D-printed PLA structure. This yields a total component-level
mass of approximately 267 g. Even when incorporating con-
servative engineering margins for protective housing, auxiliary
connectors, and fabrication tolerances, the final payload mass
remains well below 1kg. This confirms the system’s strict
compatibility with the payload capacities of small quadcopter
UAVs commonly used for aerial metasurface deployments.

2.2. Simulated Unit-Cell Characteristics

The unit cell was characterized via full-wave simulations in
Computer Simulation Technology (CST) Microwave Studio
Suite by applying “unit cell” periodic boundary conditions to
the = and y axes, and an open boundary was applied on the z-
axis, coupled with a Floquet port serving as the wave-stimulus
source.
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FIGURE 3. Unit cell simulation results: (a) reflection magnitude, (b)
reflection phase, and (c) phase difference between ON and OFF states.

Figure 3(a) plots the reflection amplitude for both diode
states. The reflection magnitude remains above —2.6 dB across
the entire observed spectrum, confirming that most incident
wave energy is reflected, and absorption losses are minimal,
which are mandatory conditions for an efficient reflective meta-
surface. The curves display resonance valleys corresponding to
phase shifts. The OFF state reaches a minimum reflection mag-
nitude of approximately —1.72 dB at 5.59 GHz, while the ON
state reaches —2.50 dB at 5.76 GHz. At the target operating fre-
quency of 5.67 GHz, the reflection magnitudes are nearly iden-
tical at —1.33 dB (OFF) and —1.39 dB (ON), corresponding to
linear amplitudes of 0.858 and 0.852, respectively. Figure 3(b)
shows the reflection’s phase response as a function of frequency
for both diode conditions. Both curves show distinct resonance
positions where the OFF condition curve (black) transitions at
approximately 5.53 GHz, whereas the ON condition curve (red)
shifts to a higher frequency around 5.67 GHz. This resonance
shift is the fundamental mechanism driving the phase difference
required for beamforming.

Figure 3(c) plots the resulting phase difference between ON
and OFF states as a function of frequency. The phase differ-
ence peaks precisely at 5.67 GHz. At this target frequency, the
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OFF condition yields a reflection phase of 34.40°, while the
ON condition shifts to 177.55°, producing a maximum phase
difference of 143.15°. Because this frequency provides opti-
mal phase contrast for 1-bit spatial encoding, 5.67 GHz was
established as the operating frequency for the array. Table 2
summarizes final extracted excitation parameters.

TABLE 2. Parameters for diode condition at 5.67 GHz.

Diode State  Binary State (s,) Amplitude (a,) Phase (¢)
OFF 0 0.858 34.40°
ON 1 0.852 177.55°

3. ARRAY CONFIGURATION AND SIMULATION RE-
SULTS OF FULL 10 x 10 RMS STRUCTURE

3.1. Row-Column Configuration and State Mapping

The metasurface array consists of a 10 x 10 grid of meta-atoms
arranged in the x and y planes with a uniform inter-element
spacing of d = 25 mm along both axes. Each meta-atom in
the array can be in one of two diode states, represented by the
binary state variable s,, € {0, 1}, where s,, = 0 for the OFF
state and s,, = 1 for the ON state. Based on S-parameters
extracted in Table 2, the excitation amplitude and phase of each
element can be mapped from these binary states via:

an = aorr + (@ON — GOFF)Sn (D
On = orF + (PoN — PoFF)Sn 2

with agrr = 0.858, ¢orr = 34.40°, aon = 0.852, and
¢on = 177.55°. This linear mapping provides two possible
excitation conditions for each element, which forms the basis
of 1-bit phase encoding in the metasurface array.

The pattern encoding on this metasurface is achieved by ap-
plying independent control voltages to row (z) and column (y)
lines. Because the row and column biasing networks operate in-
dependently, applying a voltage to row x or column y activates
all meta-atoms along that respective row or column. Conse-
quently, the resulting 2D pattern is formed by the direct spa-
tial superposition of activated 1D rows and columns. In the
realization, the metasurface employs static DC biasing, where
all selected control lines are held at a constant voltage simul-
taneously, allowing the active meta-atoms to continuously sus-
tain their targeted reflection phases. While a fully independent
10 x 10 array would offer 21°° possible phase configurations,
the proposed row-column mesh architecture intrinsically cou-
ples states of the meta-atoms. Because the 2D phase distribu-
tion is dictated by the intersection of 1D rows and 1D columns,
the resulting phase pattern evaluated in this simulation is math-
ematically separable. For a 10-element linear sequence, there
are 210 = 1024 possible state configurations. By computing
1D responses, this study directly synthesizes 1D beamform-
ing patterns. While the current simulation restricts its scope to
these separable 1D profiles, this structural framework is inher-
ently compatible with dynamic space-time coding algorithms.
In future hardware implementations, advanced schemes, such
as Multiple Partition Cross Modulation (MPCM) [28], can be
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applied directly to this architecture to break the separable limi-
tation and efficiently synthesize fully functional, non-separable
2D spatial profiles.

To evaluate these states, the far-field radiation pattern is cal-
culated using the Array Factor (AF) equation. For an array with
inter-element spacing d and excitation of the n-th element ex-
pressed as a pair of amplitude a,, and phase ¢,,, the AF as a
function of the angle relative to the main lobe direction is given

by [37,38]:
+1) sin9+¢n] ) , 3

AF(0) :i @y, €XP (j [kd (n— N

where N = 10 denotes the number of elements; k = 27/
is the wavenumber; and A is the wavelength at the operating
frequency. The term (n—2+1) in Equation (3) places the phase
reference point at the center of the array, so that the resulting
pattern is symmetric about the main lobe direction (# = 0°)
when all elements are in phase. The resulting patterns are then
normalized relative to their peak values to facilitate analysis and
comparison across configurations:

AF(6)

AFrom(0) = L AR )]

“)
The beam direction ey, can be determined from the angular
position that yields the value AF,,m(0) = 1:

Opeam = arg m;lX(AF(G)) (5)

3.2. Beamforming Optimization and Simulation Strategy

Because the row-column architecture relies on separable 1D
gradients, it cannot perfectly recreate arbitrary 2D phase gradi-
ents. This mathematical constraint inherently introduces quan-
tization errors, which typically appear as elevated side-lobe lev-
els (SLLs). Therefore, an optimization strategy is required to
find the “best fit” configuration that minimizes energy leakage.

All 1,024 configurations are comprehensively evaluated us-
ing a MATLAB analytical script based on the AF formulation.
SLL is a key metric for evaluating radiation pattern quality, rep-
resenting the ratio of the highest sidelobe amplitude to the main
lobe:

AFg;
SLLdB — 920 10g10 <| suielobemaxl) . (6)

|AFmain710be |

where |AFigelobe max| denotes the peak amplitude of the high-
est sidelobe outside the main lobe region. The targeted pat-
tern is a twin-beam, featuring two symmetrical main lobes at
+6 and —6. Therefore, the definition of SLL is adapted to the
highest peak outside these two main lobes [6]. The algorithm
sorts all local peaks from highest to lowest, selecting the third
peak as the SLL value. A lower SLL value indicates a supe-
rior beam-steering quality, concentrating radiation energy into
targeted multi-user directions while mitigating unwanted inter-
ference.

To ensure the highest degree of rigor, a complementary two-
tier validation strategy was employed using both MATLAB and
CST Microwave Studio:
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* Tier 1: Analytical Optimization (MATLAB): The AF
calculation in MATLAB computes in milliseconds, mak-
ing it highly effective for rapid algorithmic sorting (the
Multiple Partition Cross Modulation or MPCM method)
to find optimal states among thousands of possibilities.
However, the AF approach assumes isotropic radiators
and fundamentally ignores mutual coupling between adja-
cent unit cells and element pattern roll-off at wide angles.

* Tier 2: Full-Wave Physical Validation (CST): Due to
the extreme computational cost of solving a full 10 x 10
mesh matrix with discrete lumped diode elements, CST
cannot be used to optimize states. Instead, it is used to
validate the physical reality of the specific configurations
selected by MATLAB. Specifically, full-wave simulation
is performed at the individual unit-cell level to extract the
true cos?(#) element pattern and complex reflection coef-
ficients of the physical structure. The full 10 x 10 far-field
radiation pattern is then synthesized using CST’s inher-
ent Array Factor calculation. Because this approach maps
the isolated unit-cell response onto a spatial grid rather
than solving the entire finite array electromagnetically, dy-
namic mutual coupling between dissimilar adjacent states
(e.g., ON next to OFF) and finite edge effects are not ex-
plicitly captured.)

For the +10° configuration, MATLAB calculates the main-
lobe direction at 7.30°, while CST provides a value of 7.00°.
Each element in the CST 3D model was configured according
to the amplitude and phase pairs mapped from the binary states
calculated in MATLAB. The far-field results of the CST sim-
ulation were then directly compared with analytical patterns to
evaluate the metasurface’s true physical performance.

3.3. Full Structure Simulation Results

For each state configuration s = [sq, sa,. .., S10], the array
factor AF(0) is calculated using Equation (3), then normal-
ized as shown in Equation (4). From the normalized pattern,
two characteristic quantities are extracted: the direction of the
main beam B¢y, using Equation (5), and the SLL values using
Equations (6) and (7) with a twin-beam adaptation. The result
of this process is a comprehensive database containing 1,024
pairs, which serves as a reference for the selection stage. For
selecting reflection angles, twelve targets were used for evalua-
tion, namely £10°, +20°, +30°, £40°, +50°, and £60°. This
selection is intended to verify the twin-beam characteristics of
the resulting radiation pattern and evaluate beam-steering per-
formance at the two reflection angles.

The selection was implemented in MATLAB, with the angu-
lar resolution for the AF calculation set to Ny = 1000 points
evenly distributed across the angular range from —90° to +90°.
Peak detection was performed using the findpeaks function,
and the SLL was calculated as the third-highest peak because
the twin-beam criterion was used. Table 3 summarizes pattern
selection results for all twelve angles, along with the binary
state, actual direction produced, and SLL values in dB and lin-
ear scales calculated using MATLAB. The results in this table
show that the proposed metasurface can direct reflections with
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TABLE 3. Pattern selection results from MATLAB.

Degree (°) Binary State (s,) Main Lobe (°) SLL (dB)
10 1111100000 7.30 —10.41
20 1100011110 18.83 —5.28
30 1001100010 31.44 —3.29
40 0110010010 42.25 —4.10
50 1101001011 50.90 —3.34
60 0101101000 61.89 —1.73

—10 1100000011 —12.52 —3.12
—20 0111100011 —18.83 —5.28
—-30 1100110011 —30.54 —5.39
—40 1011001101 —39.55 —3.53
—50 1100101101 —47.48 —4.00
—60 0001011010 —61.89 —1.73

a small beam-direction deviation toward the target, generally
less than 3° across the entire steering range +60°.

To validate results of MATLAB array factor calculations,
each of the twelve selected configurations was resimulated in
CST Microwave Studio using an array model with a 10 x 10
matrix configuration. Each element in CST was configured ac-
cording to the amplitude and phase pairs mapped from the bi-
nary state of the selection results in Table 3. Far-field results
of the CST simulation were then compared with patterns cal-
culated by MATLAB. Figure 4 shows a far-field comparison in
polar coordinates normalized to a linear scale of 0 and 1 be-
tween the array factor calculations in MATLAB (blue curve)
and the simulations in CST Microwave Studio (red curve) for
the twelve patterns, each accompanied by a visualization of
a 10 x 10 matrix. The green cells represent elements in the
ON state (s,, = 1), while the red cells represent the OFF state
(sn, = 0).

For configuration at the target angle £10°, the far-field com-
parison shows excellent agreement between the MATLAB re-
sults and the CST simulation. All the resulting radiation pat-
terns show a twin-beam characteristic with two symmetrical
main lobes at angles of +6 and —6 perpendicular to the array’s
normal direction. For the +10° configuration, MATLAB cal-
culates the main lobe direction at 7.30°, while CST provides a
value of 7.00°. Similarly, for the —10° configuration, MAT-
LAB returns —12.52° and CST returns —12.00°.

Next, for £20°, £30°, and +40° configurations, the differ-
ence in angular values between MATLAB calculations and CST
simulations ranges from 1° to 1.25°. This difference remains
within an acceptable tolerance for beam-steering applications
and indicates that the metasurface can still maintain steering
accuracy at intermediate angles. At the —50° configuration,
results from MATLAB and CST continue to show consistent
agreement with beam directions of —47.48° and —46.00°, re-
spectively, representing a deviation of 1.48°. However, at the
+50° configuration, a significant discrepancy arises. MAT-
LAB calculates the main lobe direction at 50.90°, while CST
identifies the peak at 14.00°. This 36.90° difference indicates
that at certain configurations within the extreme angle range,
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there is a shift in radiation-pattern characteristics that cannot
be fully represented by the array factor model in MATLAB.
A similar condition is also observed in the £60° configuration.
MATLAB calculates the beam direction at 61.89° and —61.89°
for +60° and —60° configurations with states 0101101000 and
0001011010, and CST provides angles of 3.00° and —3.00°.

The significant difference at angles approaching the +90°
limit indicates that the radiation pattern from MATLAB with
a uniform radiation distribution across all angles no longer ac-
curately represents the physical array response calculated from
CST. In the CST simulation, the total radiation pattern is the
product of the array factor and the element pattern of the meta-
atom, where the element pattern experiences a significant re-
duction at angles above £50° from the normal direction. The
discrepancy is primarily attributed to the element-pattern roll-
off at wide angles, which is inherently captured in the CST sim-
ulation via the full physical array geometry but is entirely absent
from the isotropic-radiator assumption underlying the MAT-
LAB Array Factor formulation. This effect becomes more pro-
nounced at extreme beam angles approaching +£90°, where the
element pattern contribution deviates most significantly from
an isotropic response, particularly for configurations with com-
plex, highly alternating ON/OFF state distributions.

Results in Table 4 show that the difference between these
two values varies depending on the beam-steering configu-
ration. For configurations ranging from £10° to £30°, the
SLL from the CST simulation tends to be lower than that from
MATLAB. For example, at the +10° configuration, MATLAB
yields an SLL of —10.41 dB while CST yields —24.88 dB, and
at the —10° configuration, values are —3.12dB in MATLAB
and —8.55 dB in CST. The sidelobe angle locations within this
range are also consistent between the two methods, with devia-
tions generally under 1°. Conversely, at +40°, 50°, and £60°
configurations, the SLL from numerical simulation (CST) is ac-
tually higher than the AF calculation. For example, at +-50°, the
AF SLL is —3.34dB while CST’s is only —0.15 dB, indicat-
ing a sidelobe whose amplitude is nearly equivalent to the main
lobe. This applies not only to the SLL magnitude but also to the
sidelobe’s angular location. In the +50° configuration, MAT-
LAB identifies a sidelobe at —14.32°, while CST identifies it
at —49.00°; similarly, at +-60°, it is at 3.33° in MATLAB and
at —53.00° in CST, and a similar pattern is observed at —60°.
This large shift in angular location indicates that, at angles ap-
proaching +90°, taken together, these results indicate that the
degradation at extreme steering angles arises from a combina-
tion of these mechanisms, with element-pattern roll-off as the
primary driver, and finite-array effects, phase quantization, and
mutual coupling acting as secondary contributors. The struc-
ture of the radiation pattern undergoes changes that cannot be
captured by the analytical array factor formulation.

At +10°, despite a small AMain of only 0.30°, the ASLL
reaches +14.47 dB, indicating that even at well-validated steer-
ing angles, the analytically predicted sidelobe level can differ
substantially from the full-wave result. More critically, at the
extreme angles of +50°, +60°, and —60°, the AMain values
reach 36.90°, 58.89°, and 58.89°, respectively — deviations
on the order of tens of degrees rather than fractions of a de-
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TABLE 4. Comparison of far-field radiation metrics between MATLAB and CST simulations.

MATLAB CST Difference
Target (°) Main (°) Side(°®) SLL (dB) Main(°) Side(°) SLL(dB) AMain(°) ASLL (dB)
+10 7.30 37.03 —10.41 7.00 36.00 —24.88 0.30 +14.47
+20 18.83 —0.09 —5.28 18.00 0.00 —9.40 0.83 +4.12
+30 31.44 2.97 —3.29 31.00 3.00 —3.62 0.44 +0.33
+40 42.25 1.89 —4.10 41.00 2.00 —2.90 1.25 —1.20
+50 50.90 —14.32 —3.34 14.00 —49.00 —0.15 36.90 -3.19
+60 61.89 3.33 —-1.73 3.00 —53.00 —6.28 58.89 +4.55
—10 —12.52 —31.08 —3.12 —12.00 —31.00 —8.55 0.52 +5.43
—20 —18.83 0.09 —5.28 —18.00 0.00 —9.40 0.83 +4.12
—30 —30.54 —0.09 —5.39 —30.00 0.00 —7.88 0.54 +2.49
—40 —39.55 68.56 —3.53 —39.00 0.00 —3.39 0.55 —0.14
—50 —47.48 —0.09 —4.00 —46.00 0.00 —1.18 1.48 —2.82
—60 —61.89 —3.33 —-1.73 —3.00 53.00 —6.33 58.89 +4.60

gree, confirming that beyond +40°, the array factor model no
longer provides a physically reliable prediction of the beam di-
rection. These substantial shifts are concentrated specifically at
target angles > 4-50°, reinforcing the £40° practical operating
limit identified in Section 3.3. The right two columns in Table 4
show the difference between the MATLAB calculations and the
CST simulations for the main lobe (AMain) and side lobe level
(ASLL).

It is worth noting that the obtained phase contrast of 143.15°
deviates from the ideal 180° condition typically targeted for 1-
bit phase encoding, corresponding to a phase error of 36.85°.
To quantify the impact of this deviation on beamforming perfor-
mance, a benchmark comparison was performed between the
actual diode-based excitation (aopr = 0.858/34.40°, apn =
0.852/177.55°) and an idealized 1-bit condition (unity reflec-
tion amplitude, exact 180° phase contrast), applied to identi-
cal binary state configurations across all twelve target angles
evaluated in Table 3. With respect to beam-pointing accu-
racy, the results as shown in Figure 4 indicate that the aver-
age beam-direction deviation from the target angle is compa-
rable between the two conditions (approximately 1.3° for the
ideal case versus 1.6° for the actual case), with both remaining
below 2.7° across the full +10° to +60° design range. This
shows that the main beam direction is governed primarily by
the inter-element phase progression dictated by the selected bi-
nary state pattern rather than by the magnitude of the phase con-
trast itself, confirming that the non-ideal phase contrast does not
substantially compromise steering accuracy. The effect of the
non-ideal phase contrast is instead concentrated in the sidelobe
level. The ideal 180° condition achieves a lower (more neg-
ative) third-peak SLL than the actual 143.15° configuration in
eleven of the twelve evaluated angles, with an average SLL im-
provement of approximately 1.1 dB and a maximum improve-
ment of 4.25 dB observed at —30°; only at +10° does the ac-
tual configuration show a marginally lower SLL, attributed to
a small shift in secondary-peak location rather than a system-
atic advantage. This confirms that the residual sidelobe level
observed in our design results from imperfect destructive can-
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cellation between ON and OFF elements caused by the phase
deviation from the ideal condition. Since the physical array ge-
ometry, element spacing, and boundary conditions remain iden-
tical between actual and ideal cases — only the per-element ex-
citation amplitude and phase differ — this SLL degradation is
attributed specifically to non-ideal phase contrast rather than to
mutual coupling, whose contribution should remain effectively
unchanged between the two cases given the fixed array geome-
try. While further optimization of the unit-cell geometry could
yield a phase contrast closer to the ideal 180°, such component-
level refinements fall outside the scope of this work.

4. SYSTEM-LEVEL COMMUNICATION PERFOR-
MANCE

4.1. Wireless Communication Setup and Simulation Scenario

While previous sections validated the electromagnetic perfor-
mance of the row-column encoded metasurface — demonstrat-
ing accurate beam pointing and low Side-Lobe Levels (SLLs)
up to +40° — these physical-layer hardware metrics do not
inherently quantify data transmission reliability. For practi-
cal deployment, particularly when the RMS is mounted on a
UAV to restore communication links blocked by urban infras-
tructure, it is critical to translate these radiation patterns into
system-level communication performance. To bridge this gap,
this section evaluates spatial selectivity and signal robustness
using standard modulation schemes, to evaluate the physical
beam-steering accuracy towards reliable multi-user data links.

To evaluate this system-level performance, a simulation sce-
nario was designed to emulate a typical NLoS (Non-Line-of-
Sight) wireless communication environment aided by a UAV-
mounted RMS. As depicted in Figure 5, the scenario consists
of a ground transmitter placed directly below the metasurface at
coordinates (0, 0), a metasurface antenna hovering at a height
of H = 10m at coordinates (0, H), and three spatially dis-
tributed ground receivers (Rx1, Rx2, Rx3) positioned at angles
of +20°, +30°, and +40° relative to the normal direction of the
metasurface. The transmitter emits a vertically modulated sig-
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FIGURE 4. Normalized far-field radiation patterns comparing the simulation using MATLAB and CST for target steering angles of (a) £10°, (b)

4+20°, (¢) £30°, (d) £40°, (e) £50°, and (f) £60°.

nal upward, resulting in a perpendicular angle of incidence on
the metasurface. The RMS then redirects the signal toward the
targeted receivers according to the activated 1-bit phase pattern.
The horizontal position (X,) and slant distance (r,.) of each re-
ceiver are calculated using trigonometry based on right-angled
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triangles formed between the UAV height and the ground pro-
jection:

X, = Htané,, @)
H
"~ cosd,’ ®)
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Rx1 Rx2 Rx3|
X

TXY

FIGURE 5. Geometric model of the communication scenario, illustrat-
ing the spatial relationship between the ground transmitter, the UAV-
mounted metasurface, and the distributed receivers.

Here, X, is the horizontal distance from the origin to the re-
ceiver, and r,. is the actual path length traveled by the reflected
electromagnetic wave. Table 5 summerizes resulting spatial co-
ordinates for the three receivers.

TABLE 5. Position of the three ground receivers.

Receiver Angle 8 (°) X (m) r(m)
Rx1 +20 3.64 10.64
Rx2 +30 5.77 11.55
Rx3 +40 8.39 13.05

4.2. Channel Modeling and Modulation Scheme

The evaluated architecture adopts a Reconfigurable Intelligent
Surface (RIS) paradigm [5, 6]. Signal modulation is performed
entirely at the active ground transmitter. The UAV-mounted
metasurface acts as a passive, reconfigurable reflector, using
the 1-bit phase encoding on the meta-atom array to apply a spe-
cific spatial phase gradient. The metasurface does not alter the
underlying information carried by the signal; it solely dictates
the wave propagation characteristics (beam direction, magni-
tude, and phase shift).

The channel coefficient h,, ., which connects the metasurface
operating with pattern p to receiver r, is defined by combining
the complex array response in the receiver direction with the
free-space path loss:

_ AF,(0rer)

7r -
P Ty ’

h ©

where AF,(6,,) is the complex value of the array factor for
the p-th pattern evaluated at the specific angle of the r-th re-
ceiver, carrying both magnitude and phase information.
Quadrature Phase Shift Keying (QPSK) modulation was se-
lected for evaluation due to its robust noise immunity and
widespread use in standard communication protocols. Each
QPSK symbol consists of two orthogonal components [39],
which are the in-phase (I) and quadrature (Q) components:

1
= (b +jbo), brbo € {—1,+1}. (10
Sk ﬁ(f Jbq), br,bg € } (10)
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The normalization factor == ensures a unitary symbol power
(|sx|? = 1). The received signal at receiver r under pattern p is
modeled as:

(11)
where n represents the Additive White Gaussian Noise
(AWGN), modeled as a complex number with real and
imaginary components that are normally distributed with zero
mean and variance Ng/2. Ny is determined by the evaluated
Signal-to-Noise Ratio (SNR):

norm
Yp,r = hp,r © S+,

~ SNRy,’

No SNRji, = 105NRa/10 (12)
where P; = 1 is the normalized symbol power. The AWGN
model effectively represents the accumulation of various envi-
ronmental and thermal noise sources in the wireless link.
Monte Carlo simulations were performed in MATLAB using

parameters detailed in Table 6.

TABLE 6. Communication performance calculation parameters.

Parameter Value
Operating Frequency 5.67GHz
Number of QPSK Symbols 10,000
Transmitter SNR 10dB
Metasurface Height (H) 10m

4.3. Spatial Selectivity and BER Analysis

To analyze the metasurface’s spatial selectivity, we evaluate
data streams under both “matched” (pattern aligned with the
receiver angle) and “mismatched” (pattern aimed at a different
receiver) conditions. For the qualitative constellation analysis,
we transmitted 10,000 QPSK symbols per receiver. The quali-
tative results of the QPSK simulation are presented as constella-
tion diagrams in Figures 6(a), (b), and (c). Figure 6(a) displays
the reception when the +20° pattern is activated. Rx1, posi-
tioned exactly at the target angle, has a highly coherent diagram
with symbol points tightly clustered into the four ideal QPSK
quadrants. This confirms that Rx1 is situated within the high-
gain main beam. Conversely, Rx2 (+30°) and Rx3 (+40°) dis-
play severely dispersed symbol points scattered across I and )
planes without cluster formation. This indicates spatial isola-
tion, as they receive only heavily attenuated sidelobe radiation.
This behavior is highly consistent across all configurations. In
Figure 6(b), activating the +30° pattern yields clear clusters
solely for Rx2. In Figure 6(c), the +40° pattern isolates the
clean signal exclusively to Rx3. The phase-coding scheme ef-
fectively creates an exclusive spatial communication channel
for the targeted receiver, demonstrating excellent multi-user in-
terference rejection.

To provide quantitative validation, we analyzed the Bit Er-
ror Rate (BER) as a function of Signal-to-Noise Ratio (SNR)
(Figure 7). To ensure statistical reliability near the 103 thresh-
old, we calculated the Bit Error Rate (BER) at each SNR point
across five independent Monte Carlo trials, yielding an effec-
tive sample size of 500,000 bits. Furthermore, a single global
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FIGURE 6. Received QPSK constellation diagrams illustrating multi-user interference rejection. Each panel shows the signal quality across three
spatially distributed receivers when the metasurface beam is directed toward (a) +20°, (b) +30°, and (c) +40°.
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FIGURE 7. BER Curves as a function of SNR for target pattern configurations of: (a) +20°, (b) +30°, and (c) +40°.

channel normalization constant derived from the ideal 180°
benchmark was applied uniformly in all configurations to guar-
antee that reported SNR advantages reflect true relative channel
gains rather than normalization artifacts. As can be seen from
Figure 7(a), when employing the +-20° pattern, the matched re-
ceiver (Rx1) demonstrates the steepest decline in BER, achiev-
ing a target BER of 1073 at an SNR of merely 6 dB. In con-
trast, mismatched receivers (Rx2 and Rx3) require SNRs in ex-
cess of 20 dB to achieve equivalent reliability due to the low
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magnitude of sidelobe channels. Similar trends are observed
across the scanning range. For the +30° pattern, Rx2 reaches
a 1073 BER at 10dB SNR, while the mismatched Rx1 and
Rx3 curves nearly overlap, requiring 17 to 18 dB SNR (see Fig-
ure 7(b)). For the +40° pattern, Rx3 reaches the 10~2 thresh-
old at 10 dB SNR, outperforming the mismatched receivers by
approximately 8 dB (Figure 7(c)). In conclusion, the system-
level analysis proves that the proposed ultra-lightweight, row-
column encoded metasurface provides a decisive SNR advan-
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tage for targeted receivers. To further quantify the impact of
the non-ideal 143.15° phase contrast identified in Section 2.2,
an ideal benchmark case (180° phase contrast, unity reflection
amplitude) was additionally simulated under the same channel
normalization reference and included in Figure 7 as a dashed
reference curve. The results show that the matched receiver un-
der the actual 143.15° phase-contrast configuration requires a
modestly higher SNR than the ideal case to achieve the same
BER target, quantifying the performance margin attributable
to the non-ideal phase contrast and residual reflection loss of
diode states relative to an ideal 1-bit reflectarray. By yielding
an SNR gain of 8 to 14 dB compared to mismatched spatial con-
figurations, the device establishes itself as a robust and highly
deployable solution for maintaining reliable, spatially selective
communication links in UAV-assisted NLoS environments.

It is important to note that within this analysis, the metasur-
face’s array aperture gain is inherently embedded in the chan-
nel model, as the far-field array factor magnitude |AF, (6,5 )|
directly represents the coherent combination of all 100 meta-
atom contributions in the receiver direction, rather than treat-
ing the surface as a unity-gain reflector. Similarly, the sur-
face’s reflection efficiency is implicitly captured, since exci-
tation amplitudes used in the Array Factor calculation (agpr =
0.858,aon = 0.852) correspond to the actual |Sy;| reflection
magnitudes extracted from full-wave unit-cell simulation at
5.67 GHz, rather than assumed ideal (lossless) values. The re-
ceiver antenna gain is likewise implicitly accounted for within
the evaluated SNR, consistent with standard link-budget con-
ventions. We acknowledge, however, that the present model
does not explicitly include polarization mismatch or channel
fading/blockage effects. With a limitation considered in this
study, this deliberate simplification isolates the spatial selec-
tivity contributed strictly by the metasurface’s phase encoding.
Finally, omitted propagation effects would also influence the
reported BER. Multipath fading introduces random amplitude
and phase variations beyond the deterministic model in Equa-
tion (9). Furthermore, unintended UAV motion causes beam
misalignment and Doppler shifts, potentially necessitating real-
time beam tracking in a realistic scenario. These dynamic ef-
fects remain areas for future investigation.

5. CONCLUSION

Integrating Reconfigurable Metasurfaces (RMSs) with mobile
aerial platforms offers a powerful solution for bypassing wire-
less network blockages; however, real-world deployment re-
mains constrained by strict weight and payload limits. To ad-
dress this issue, this paper presents the design and system-
level analysis of a 1-bit reconfigurable metasurface operating
at 5.67 GHz. By employing a row-column addressing architec-
ture on a single-layer Rogers RO4003C substrate, the proposed
design drastically reduced biasing network complexity — re-
quiring only 20 control lines for a 10 x 10 array — minimizing
the structural weight required for aerial integration. The array’s
electromagnetic performance was evaluated through a two-tier
methodology. First, an analytical Array Factor (AF) model was
utilized to synthesize optimal twin-beam phase configurations
across a 120° field of view (+10° to +60°). Subsequent full-
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wave validation in CST Microwave Studio confirmed that the
metasurface achieves highly accurate adaptive beam steering
for target angles up to +£40°, maintaining beam direction devi-
ations strictly below 1.5°.

To translate these physical-layer metrics into practical util-
ity, we simulated the metasurface in a UAV-mounted commu-
nication scenario using Quadrature Phase Shift Keying (QPSK)
modulation. To isolate the metasurface’s spatial selectivity, the
current evaluation uses a simplified channel model that omits
complex propagation effects, such as multipath fading, block-
age, and polarization mismatch. Within this controlled frame-
work, the system demonstrated exceptional spatial selectivity.
Qualitative constellation diagrams showed clean signal recep-
tion exclusively at targeted spatial coordinates, while quantita-
tive Bit Error Rate (BER) analysis confirmed that targeted re-
ceivers gained an 8 to 14 dB Signal-to-Noise Ratio (SNR) ad-
vantage to achieve a 10~2 BER compared to mismatched chan-
nels. Despite these strong results within a +40° scanning range,
this study identified distinct limitations at extreme steering an-
gles. For target angles of 50° and +£60°, significant discrep-
ancies emerged between analytical AF predictions and physical
full-wave simulations, resulting in severe beam-pointing errors
and degraded side-lobe levels. This breakdown is attributed to
the inherent limitations of the row-column architecture’s phase
quantization and the element-pattern roll-off at wide angles,
which becomes increasingly dominant in highly complex, al-
ternating ON/OFF phase-state distributions. Future studies will
expand this operational range by integrating machine learning
algorithms capable of predicting and compensating for mutual
coupling effects during initial row-column pattern synthesis.
Furthermore, subsequent phases of this research will focus on
the physical fabrication of the metasurface prototype, empirical
chamber measurements, and integrating propagation variables
into a fully cascaded channel model that accounts for dynamic
UAV flight conditions.
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