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Abstract 
This paper presents a numerical analysis of chessboard-coding metasurface antennas, focusing on the impact of binary 

coding defects on beamforming radiation characteristics. Chessboard-coding metasurface antennas, composed of 1-bit unit 

cells with binary phase distributions (0° and 180°), enable near-field wavefront control for beam steering applications. Beam 

tilting is achieved by introducing binary defects, which break phase continuity and affect radiation performance. This study 

investigates a planar antenna and examines the effects of binary defects in metasurface unit cells by analyzing reflection 

characteristics, impedance variations, and radiation patterns at 9 GHz. Twelve defect configurations are simulated to observe 

beam tilting and distortion patterns, revealing a strong dependence on defect location. The spatial distribution of defects within 

the metasurface lattice is categorized into inner and outer regions, according to their impact on beam characteristics. Numerical 

results show that binary defects can redirect beams in both azimuth and elevation. The defective cell locations in the 5 × 5 

chessboard pattern reveal symmetric beam shifts in azimuth (0°, ±50°, ±110°, and ±137°) and elevation (+17.5° and +22.5°), with 

antenna gains ranging from 4.1 to 5.3 dBi compared to a 5.57 dBi baseline. Impedance bandwidths are observed approximately 

within the 8.4–9.5 GHz range. These findings offer valuable design insights for developing robust, reconfigurable metasurface 

antennas suited for next-generation 6G communication systems operating in the centimeter-wave band. 

 

Keywords: chessboard-coding metasurface; binary coding defects; beamforming radiation; phase discontinuities; 

metasurface antennas 

 

 

1.  Introduction 

The advancement of electromagnetic (EM) wave 

manipulation techniques has led to the emergence  

of metasurface antennas, which have demonstrated 

remarkable capabilities in beamforming, wavefront 

shaping, and polarization control. Unlike traditional 

phased-array antennas, which require complex  

phase-shifting networks and high-power-consuming 

components, metasurface antennas provide a compact, 

low-cost, and efficient solution for controlling the 

propagation of EM waves using subwavelength-scale 

resonant elements (Kanjanasit et al., 2023; Rahman  

et al., 2025).  

Metasurface antennas are a subclass of 

engineered surfaces designed to manipulate EM 

waves through precisely arranged subwavelength unit 

cells. Unlike conventional antenna arrays, metasurface 

antennas control wavefront propagation through 

phase discontinuities introduced by the unit cells, 

which can be either passive or active (Zhang et al., 

2017; Sheng et al., 2022; Wang et al., 2024; Vinod & 

Khairnar, 2024; Tantipiriyakul & Kanjanasit, 2024). 

By adjusting the phase response of individual unit 

cells, metasurface antennas enable functionalities 

such as beam steering, beam splitting, and 

polarization conversion. One of the most significant 
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advantages of metasurface antennas is their ability to 

operate with minimal energy consumption while 

maintaining high efficiency in wave manipulation. 

These characteristics have led to their integration into 

modern communication systems, where they provide 

solutions for dynamic beamforming and spatial signal 

control. 

Among the various types of metasurfaces, 

digital coding metasurfaces have gained significant 

attention due to their ability to implement binary or 

multi-bit phase modulation in a straightforward and 

programmable manner. Coding metasurfaces are 

typically designed using a binary 0/1 encoding 

scheme. Digital metasurfaces encode unit cells with 

discrete phase states, typically ‘0’ and ‘1’ 

(corresponding to phase shifts of 0° and 180°), 

enabling real-time manipulation of the reflection and 

transmission properties of EM waves (Cui et al., 2016; 

Ma et al., 2022; Cui et al., 2020). Such metasurfaces 

have been widely investigated for applications in 

wireless communication, radar, satellite communication, 

and beamforming in 5G and beyond networks 

(Selvaraj et al., 2025). The concept of digital coding 

metasurfaces was first introduced as a means of 

simplifying the complex design process of traditional 

metasurfaces. Instead of relying on continuous phase-

gradient distributions, digital coding metasurfaces use 

discrete phase shifts to achieve similar wavefront 

control effects (Cui et al., 2014). The coding strategy 

allows metasurfaces to be reconfigured easily using 

digital circuits, making them an attractive option for 

real-time adaptive applications. By arranging these 

binary-coded unit cells into specific patterns, various 

wavefront modulation effects can be achieved. This 

concept has been extended to space-time coding 

metasurfaces, which introduce temporal variations to 

further enhance the control of EM wave behavior 

(Zhang & Cui, 2021).  

Chessboard-coding metasurfaces are a class of 

digital metasurfaces designed with alternating binary-

coded unit cells, forming a checkerboard-like pattern. 

This arrangement allows for constructive and 

destructive interference effects, enabling precise 

beam shaping and wavefront manipulation. Such 

metasurfaces have been widely explored for their 

ability to control EM wave reflection and transmission 

efficiently (Galarregui et al., 2013; Xue et al., 2018; 

Tantipiriyakul & Kanjanasit, 2023). However, a 

major limitation of such designs is their inherently 

static beamforming nature, which lacks adaptability. 

Furthermore, while binary coding defects (particularly in 

clustered or spatially correlated forms) can 

significantly influence electromagnetic behavior, 

there is a lack of systematic analysis on how these 

defect patterns affect beam directionality, stability, 

and overall radiation performance. 

 

2.  Objective 

This study aims to investigate how binary 

coding defects affect the beamforming performance 

of chessboard-coding metasurface antennas. Using 

full-wave simulations based on the finite element 

method (FEM), the research analyzes the influence of 

binary defects on radiation characteristics. Particular 

attention is given to how the spatial placement of 

defects within the metasurface lattice-especially 

between central (inner) and peripheral (outer) unit 

cells-impacts beam direction, gain, and main lobe 

stability. The study further characterizes the pattern 

distortion and beam tilting caused by different 

defect scenarios within a 5 × 5 chessboard-coded 

configuration. Based on these analyses, practical 

design guidelines are proposed for developing 

metasurface antennas that maintain directional 

performance despite coding imperfections. Finally, 

the feasibility of using binary defects as a passive 

method for beam steering is explored, with potential 

applications in future 6G centimeter-wave 

communication systems (Testolina et al., 2024). 

 

3.  Materials and Methods 

This section outlines the methodology used to 

design, simulate, and analyze digital chessboard-

coding metasurface antennas with binary defects for 

beam adjustment. The antenna performance is 

investigated through numerical analysis based on the 

Finite Element Method (FEM) using Ansys HFSS 

(Ansys Inc., 2024). The approach involves designing 

the metasurface unit cells based on digital coding 

principles and implementing the chessboard-coding 

pattern, incorporating binary defects for beam 

steering.  

 

3.1 Theoretical Modeling  

A chessboard-coding metasurface is an engineered 

surface designed to manipulate electromagnetic 

waves through a structured phase distribution. It 

consists of subwavelength unit cells, each capable of 

imparting a specific phase shift to the incident wave. 

In a binary coding metasurface, these phase shifts are 

typically out-of-phase, creating a chessboard-like 

arrangement where adjacent elements reflect waves 

with different phase responses. This structure allows 

precise control over the far-field scattering pattern, 
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enabling functionalities such as beam steering, 

wavefront shaping, and anomalous reflection. The 

fundamental equation governing the far-field 

scattering of the coding metasurface is given by: 

𝐹(𝜃, 𝜑) = 

∑ ∑exp⁡(𝑗𝜑𝑚𝑛) × 𝑒𝑥𝑝 {𝑗𝑘0𝑠𝑖𝑛𝜃 [𝐷𝑥 (𝑚 −
1

2
) 𝑐𝑜𝑠𝜑 + 𝐷𝑦 (𝑛 −

1

2
) 𝑠𝑖𝑛𝜑]}

𝑁

𝑛=1

𝑀

𝑚=1

 

      (1) 

where k0= ω c⁄ = 2π λ⁄   represents the free-space 

wavenumber, and Dx and Dy define the unit cell 

dimensions along the x- and y-axes, respectively. The 

reflection phase response of each element, denoted as 

φ
mn

, determines how the wavefront is modulated. The 

angles θ and φ define the observation direction in the 

far field, allowing for a comprehensive description of 

how the scattered waves propagate. 

  The cheeseboard coding pattern follows  

a controlled binary phase encoding strategy, where 

different subregions reflect incident waves with 

distinct phase shifts. This configuration allows 

constructive and destructive interference to modify 

the scattered wavefront, leading to significant control 

over the diffraction properties of the metasurface. 

Unlike traditional reflective surfaces, where waves 

obey the law of reflection, a coding metasurface 

redistributes energy into multiple diffraction orders by 

engineering the phase response of its elements. The 

exponential phase term exp(jφ
mn
) in the equation 

represents the local phase shift introduced by each 

metasurface element, while the summation accounts 

for contributions from all unit cells. This collective 

behavior determines how waves interfere in the far 

field, resulting in beam steering, wave redirection, or 

diffraction pattern manipulation. 

 

3.2 Chessboard-Coding Metasurface Antenna 

Structure  

Figure 1 illustrates the structural design and 

modified configuration of a chessboard-coding 

metasurface antenna, highlighting different stages of 

the coding pattern implementation and feeding 

mechanism. The metasurface antenna design is 

presented in five subfigures, labeled (a)–(e), depicting 

the patch array structure, coding distribution, 

coordinate system, feeding mechanism, and side-view 

layout. This design approach is crucial because  

it leverages the phase response of coding elements. 

Based on the study by Kanjanasit et al. (2023), the 

planar artificial magnetic conductor (AMC) antenna 

was analyzed in terms of its dimensions, and a 5 × 5 

metasurface configuration was recommended as 

optimal for high-gain enhancement. A larger patch 

lattice dimension can lead to radiation degradation 

due to non-uniform near-field interactions that disrupt 

phase coherence across the metasurface. Figure 1a 

illustrates a top view of a 5 × 5 uniform square patch 

array, where each patch unit cell is assigned a binary 

state of ‘1’. In this configuration, ‘1’ represents AMC 

elements, which are known for their zero-degree 

reflection phase properties. AMC elements act as 

high-impedance surfaces, allowing constructive 

interference of reflected waves. When an incident 

electromagnetic wave impinges on this metasurface, 

the AMC elements ensure that the reflected wave 

remains in-phase, which is essential for wavefront 

shaping and beam redirection applications. This 

configuration serves as a baseline metasurface 

structure, where all elements have the same reflection 

characteristics, resulting in a uniform phase 

distribution. 

Figure 1b depicts a modified chessboard-

coding metasurface, where unit cells are assigned 

binary states ‘0’ and ‘1’, creating an alternating 

checkerboard-like structure. Here, the binary state “0” 

represents perfect electric conductor (PEC) elements, 

which introduce a 180° phase shift (out-of-phase 

reflection phase) in contrast to the AMC elements 

with zero-degree reflection phase. By alternating 

between AMC and PEC elements, the metasurface 

introduces phase discontinuities that enhance wave 

scattering capabilities. This structure is widely  

used to generate diffuse reflection, improving 

electromagnetic stealth and beamforming efficiency. 

The presence of PEC elements ensures that incident 

waves are scattered in multiple directions, disrupting 

coherent reflection. The combination of ‘1’ and ‘0’ 

states is the fundamental principle behind coding 

metasurfaces, enabling precise control of reflected 

wavefronts.  

Figure 1c presents the physical coordinate 

system in the x-y plane, allowing the identification of 

each unit cell location in the metasurface. The rows 

are labeled “A–E” and columns as “1–5”, forming a 

grid-like system for referencing individual unit cells. 

This labeling scheme is essential for analyzing 

localized phase responses and tuning specific unit 

cells with defects. The coordinate system enables 

systematic defect identification and phase 

optimization of unit cells. Certain unit cells can be 

selectively modified to achieve anomalous 

electromagnetic behaviors.  
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Figure 1d illustrates the bottom-layer 

schematic layout of the coplanar waveguide (CPW)-

fed aperture feeder, which is responsible for exciting 

the metasurface structure. The CPW-fed aperture 

mechanism consists of a short-end configuration, 

allowing efficient coupling of electromagnetic energy 

into the metasurface. CPW-fed apertures offer several 

advantages, including wideband impedance matching, 

low-profile integration, and ease of fabrication. The 

short-end CPW aperture design enhances field 

coupling between the feeding and the metasurface 

patches, ensuring efficient wave excitation and 

controlled radiation characteristics. This feeder design 

plays a crucial role in achieving resonant behavior at 

the desired operating frequency, typically around 9 

GHz in operation.  

Figure 1e presents a side-view schematic of the 

two-layer metasurface antenna, illustrating the 

layered structure of the metasurface assembly. The 

metasurface consists of an upper layer with a patch 

array and a substrate layer made of FR4 dielectric 

material. The FR4 substrate provides mechanical 

support and ensures proper impedance matching for 

efficient electromagnetic wave interaction. The CPW-

fed aperture is located beneath the substrate, enabling 

electromagnetic energy coupling to the upper 

metasurface layer. The layered configuration allows 

the metasurface to function as a resonant cavity, 

optimizing wave reflection and beamforming 

properties. This design facilitates high-gain radiation, 

low-profile integration, and frequency-selective 

response, making it suitable for applications in 

wireless communication using beamforming 

antennas. 

The optimized design parameters of the 

proposed metasurface antenna are summarized in 

Table 1. According to Balanis (2005), the driven 

feeder consists of a narrow aperture element with a 

designed length (Ls) = 14 mm and width (Ws) = 1.0 

mm. The length Ls is theoretically derived from one 

wavelength at ~9 GHz, while the Ws parameter is 

initially estimated as one-tenth of the aperture width 

during the preliminary design phase. Based on Simons 

(2001), the primary design of the short-ended CPW 

feeder, with a 50-Ω characteristic impedance, includes 

a feedline width (Wf) = 2.0 mm and a gap (G) = 0.2 

mm, guiding the wave signal to the narrow aperture 

efficiently. The metasurface comprises a FR4 

dielectric slab (relative permittivity εr = 4.4, loss 

tangent = 0.025), positioned between the primary 

feeder and a 5 × 5 chessboard-patterned patch array. 

The design parameters of the square patch-based 

chessboard pattern are derived from the supercell 

configuration analysis. To design the metasurface 

structure, a frequency selective surface (FSS) 

composed of square patches backed by a ground plane 

is employed. This configuration acts as an AMC, 

reflecting incident waves in-phase at its resonant 

frequency, as described by Feresidis et al. (2005). For 

an AMC, resonance occurs when the reflection phase 

reaches 0° at the target frequency (f
o
). The patch size 

and unit cell period are determined using both 

analytical and empirical methods to achieve 

resonance under normal incidence. The effective 

wavelength in the dielectric medium is calculated as 

follows: 

𝜆𝑒𝑓𝑓 =
𝑐

𝑓𝑜√𝜀𝑒𝑓𝑓
⁡⁡ , 𝜀𝑒𝑓𝑓 ≈

𝜀𝑟+1

2
                     (2) 

where c denotes the speed of light in free space, given 

as 3  108 m/s. The resonant patch array arrangement 

for the AMC is approximated to operate at 9 GHz, 

using P  0.2eff, where P is the unit cell periodicity. 

For this design, the array period (P) = 3.9 mm, and the 

patch length (L) = 3.7 resulting in an inter-element 

gap of approximately 0.2 mm. In this coding 

metasurface, two types of unit cells are defined: 

binary ‘1’ elements, represented by a partial patch  

(L = 3.7 mm, P = 3.9 mm), and binary ‘0’ elements, 

which are full patches (L = P = 3.9 mm). The overall 

planar metasurface structure has dimensions of  

25 × 25 mm² (~0.75λ × ~0.75λ at 9 GHz), ensuring 

compatibility with the designed frequency range and 

enabling efficient electromagnetic wave manipulation.

 
Table 1 Physical dimensions of a chessboard-coding metasurface antenna comprising a patch array and a narrow CPW-fed 

aperture, presented in millimeters (mm) 

P L Ls Ws Wf G H 

3.9 3.7 14 1.0 2.0 0.2 2.4 

 



TANTIPIRIYAKUL, & KANJANASIT 

JCST Vol. 15 No. 4, October-December 2025, Article 135 

5 

 
Figure 1 Structural design of the chessboard coding metasurface antenna: (a) Uniform 5×5 AMC patch array (binary ‘1’); 

(b) Alternating AMC/PEC coding (binary ‘1’/‘0’) for phase control; (c) Unit cell identification using X–Y coordinates; (d) 

CPW-fed aperture with short-end excitation; (e) Side view showing two-layer structure with FR4 substrate 

 

 
Figure 2 Illustration of twelve defective unit-cell configurations in a chessboard-coded metasurface, including cells A2, A4, 

B1, B3, B5, C2, C4, D1, C3, C5, E2, and E4, where the digital sequence uses ‘0’ and ‘1’ to represent 180° and 0° reflection 

phases, respectively 
 

3.3 Binary Chessboard-Coding and Defective 

Implementation  

In metasurfaces, binary states control phase 

response, and a chessboard pattern enables beam 

manipulation. Defects in the coding disrupt phase 

continuity, affecting reflection, impedance, and 

radiation behavior. To implement binary defects, 

selected individual unit cells of ‘0’ state are 

systematically replaced with ‘1’ state unit cells, 

introducing localized phase discontinuities within the 

metasurface structure. This defective strategy alters 

the uniform phase distribution, leading to the 

controlled beam radiation. By optimizing the 

placement of defected unit cells, the metasurface can 

achieve the beam forming. The binary defects process 

enables beam control over the reflected wavefront. 

Figure 2 illustrates twelve distinct unit-cell 

configurations with defective binary coding 

sequences in a chessboard-coding metasurface design. 

Each unit cell, labeled as A2, A4, B1, B3, B5, C2, C4, 

D1, C3, C5, E2, and E4, features a unique binary 

coding pattern composed of ‘0’ and ‘1’ state.   

 

4.  Results and Discussion 

The antenna structure was modeled and 

simulated using Ansys HFSS. The antenna structure 
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was excited by using a 50-ohm lumped port and 

surrounded by an air box with radiation boundaries to 

simulate open-space conditions. The solution 

frequency was set at 9 GHz with a linear sweep from 

8 to 11 GHz. Adaptive meshing was applied with a 

maximum of 15 passes and a convergence criterion of 

0.02. The reflection, impedance, and far-field 

radiation were extracted to evaluate resonance 

behavior, impedance matching, and radiation 

characteristics. 

  

4.1 Characteristics of Baseline Antenna  

The radiation characteristics of the metasurface 

antennas at 9 GHz are shown in Figure 3. The 

radiation pattern illustrates how the system directs 

energy into space and provides insights into its 

directional capabilities. Figure 3a presents the 

radiation pattern, where the main lobe is directed 

broadside, indicating that the metasurface antenna is 

designed to radiate energy primarily in this direction. 

The minimal side lobes and back lobes suggest that 

the system effectively suppresses unwanted radiation 

in other directions, enhancing efficiency and reducing 

interference. This configuration serves as a reference, 

potentially before any modifications are made to 

improve performance. The perspective of these 

responses effectively demonstrates the key parameters 

needed to evaluate the efficiency and performance of a 

metasurface-based antenna at 9 GHz. 

Figure 3b shows the linear gain distribution, 

highlighting the fundamental beam characteristics 

before phase variations are introduced through the 

metasurface design. The y-axis (Phi, φ) represents the 

horizontal direction, ranging from -180° to 180°, 

offering insight into how the antenna radiation is 

distributed in the x-y plane. Similarly, the x-axis 

(Theta, θ) represents the elevation angle, spanning -

180° to 180°, allowing for an analysis of the vertical 

direction. The peak of a linear gain in this figure 

reaches approximately 3.63 (5.57 dBi), with the 

highest concentration of radiation occurring near θ ≈ 

0°, indicating a strong broadside-directed beam. 

The beam structure in the baseline case is 

primarily symmetrical and aligned along the 

broadside direction, indicating that the chessboard-

coding metasurface, in its initial configuration, 

generates a highly focused main beam with minimal 

deflection. This structured broadside radiation pattern 

demonstrates the metasurface’s ability to effectively 

manipulate EM waves, producing a well-defined 

directional beam. The baseline radiation pattern 

serves as a reference for evaluating the effects of 

binary defects on beam steering, acting as a 

benchmark case. When unit-cell defects are 

introduced, the modifications to the chessboard 

metasurface resulting from changes in binary coding 

sequences create anomalous distributions. These 

alterations can be assessed in relation to the baseline 

to determine their impact on radiation characteristics. 

To investigate impedance behavior, a 

parametric study was carried out by varying the patch 

length (L) and aperture width (Ws) of the metasurface 

antenna, as shown in Figure 4. The antenna is 

designed to operate at 9 GHz under a series resonance 

condition introduced by the short-ended feed. Varying 

L with fixed Ws (1 mm) allowed tuning of the 

reflection phase for each unit cell. Since AMC 

performance is highly sensitive to patch dimensions, 

this tuning ensured consistent phase behavior and 

preserved the target resonance frequency. Conversely, 

adjusting Ws with fixed L (3.7 mm) helped reduce 

mutual coupling between the aperture and 

metasurface, improving impedance matching.

 

 
Figure 3 Baseline radiation characteristics of the chessboard-coding metasurface antenna at 9 GHz, (a) illustrating the 

perspective radiation pattern and (b) showing the gain distribution as functions of the elevation angle (θ) and azimuth angle 

(φ), centered at θ = 0°, indicating broadside radiation 
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Figure 4 Impedance variations at 9 GHz showing real (Re) and imaginary (Im) components: (a–b) for patch lengths L = 3.5–

3.8 mm (fixed Ws = 1 mm), and (c–d) for aperture widths Ws = 0.5–1.25 mm (fixed L = 3.7 mm) 

 

 
Figure 5 Responses of radiation patterns (a linear gain) in a y-z plane of twelve defective unit cells in a chessboard coding 

metasurface design, labeled A2, A4, B1, B3, B5, C2, C4, D1, D3, D5, E2, and E4 

 

4.2 Radiation with Binary Defects  

Figure 5 presents twelve radiation patterns in 

linear gain at 9 GHz for the chessboard coding 

metasurface design with defective unit cells, offering 

a key visualization of how coding irregularities 

influence beam shape, direction in the y-z plane 

(corresponding to the elevation angle θ), and 

scattering characteristics. Each radiation pattern 

corresponds to a specific defective unit cell, labeled 

A2, A4, B1, B3, B5, C2, C4, D1, D3, D5, E2, and E4. 

These patterns can be categorized into three regional 

sets based on spatial distribution of defects, 

determined by the unit cell position within the 

chessboard pattern. Set 1 (peripheral outer unit cells) 

includes A2, A4, E2, and E4; Set 2 (centrally located 

inner unit cells) includes B1, B3, B5, D1, D3, and D5; 

and Set 3 (side-adjacent inner unit cells) consists of 

C2 and C4. The variation in these radiation patterns 

highlights the impact of phase discontinuities and 

coding defects on the metasurface’s ability to 

manipulate electromagnetic waves. The main 

radiation lobe provides crucial insights into the 

efficiency and directivity of beam shaping, which is 

essential for beam steering applications. 

The investigation of Row A (A2 and A4) and 

Row E (E2 and E4), located at the outer regions of the 

chessboard pattern, reveals that unit cells maintain a 

noticeably tilted main lobe. This indicates that defects 

in these unit cells impact beam distortion at 

corresponding elevation angles. The beam remains 

symmetrically upright off-boresight along the y-

direction, with variations in direction and shape. A 

small back lobe is observed in both A2 and A4, though 

it remains within an acceptable range. These radiation 

patterns show that while the coding defects influence 

local phase shifts, the metasurface still provides 

effective beam control, making it suitable for 

beamforming with minimal interference. 
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Next, Set 2, consisting of Row B and Row D, 

includes unit cells B1, B3, B5, D1, D3, and D5, 

located at a closer distance compared to Set 1. The 

evaluation exhibits noticeable beam tilting, but at 

smaller angles than in Set 1. This suggests that the 

defective coding sequences in these unit cells 

introduce symmetry in the wavefronts along the y-

direction, except for B3, which remains aligned with 

the azimuth (φ ≈ 0°). The main lobes of B1, B5, D1, 

and D5 are slightly displaced from the vertical axis, 

leading to beam misalignment. Additionally, the 

presence of low sidelobes indicates that defective unit 

cells cause non-uniform phase accumulation, 

resulting in increased energy dispersion in undesired 

directions. 

In Set 3, which includes unit cells C2 and C4 

with defects, the radiation patterns exhibit strong 

asymmetry and increased back-lobe radiation 

(approximately θ ≈ 180°), indicating a significant 

impact of coding defects on beam performance. The 

main lobes are no longer well-aligned, and sidelobes 

become more pronounced. This behavior can be 

advantageous in applications requiring efficient 

backward radiation, such as advanced communication 

networks. The presence of strong back lobes suggests 

that a portion of the radiated energy is redirected in 

the opposite direction of the metasurface. These 

patterns emphasize the critical impact of localized 

phase discontinuities, demonstrating that even minor 

defects in unit-cell coding can significantly alter 

global radiation characteristics. 

To observe the effect in the azimuth direction, 

Figure 6 presents the top-view radiation patterns (x-y 

plane) for ten defective unit cells (excluding C2 and 

C4, which exhibit backward re-direction) in a 

chessboard coding metasurface design. The unit cells 

are categorized into small groups based on their 

spatial distribution of defects within the array and 

associated phase discontinuities. The presence of 

defective unit cells alters the expected beam 

directionality, affecting the wave manipulation 

efficiency. The radiation patterns are classified into 

three groups: Group 1 (A2, A4, E2, and E4), Group 2 

(B1, B5, D1, and D5), and Group 3 (B3 and D3). All 

radiation patterns maintain a strong main lobe in an 

off-boresight direction. 

Group 1 exhibits significant beam tilting and 

highly symmetric radiation patterns, with main lobes 

deviating sharply from the broadside direction along 

the x and y-axis. The E2 and E4 unit cells display 

greater beam tilting than A2 and A4, indicating that 

defects in these unit cells cause substantial phase 

disruptions, impairing the metasurface ability to 

maintain a controlled and focused beam. 

Group 2 demonstrates moderate beam tilting 

while maintaining a more structured main lobe 

compared to Group 1. The symmetric unit cells B1, 

B5, D1, and D5 show radiation patterns along the x 

and y-axis indicative of spatial diffraction effects due 

to phase inconsistencies. This group represents a 

transitional phase, where defective coding influences 

wavefront control, but beam distortion remains 

manageable. Group 3 exhibits stable and symmetric 

radiation patterns along only the x-axis, maintaining 

well-centered main lobes with minimal phase 

disturbance from coding defects. The beam directions 

remain close to the broadside, suggesting that these 

unit cells retain better phase integrity compared to 

those in the previous groups.

  

 
Figure 6 Top-view radiation patterns (a linear gain) in a z-y plane of ten defective unit cells in a chessboard coding 

metasurface design 
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The twelve radiation patterns reveal the 

varying impact of coding defects in a chessboard-

coding metasurface. While some defective unit cells 

cause beam distortion, others result in significant 

misalignment, pronounced sidelobes, and increased 

energy scattering. These findings are essential for 

understanding the practical challenges of 

implementing metasurface designs in real-world 

applications. In beamforming and wireless 

communication, coding defects can degrade signal 

strength and increase interference, negatively 

affecting overall system performance. Addressing 

these defects is crucial for enhancing directivity and 

ensuring efficient radiation control in advanced 

metasurface-based technologies.  

 

4.3 Effect of Binary Defects on Reflection   

Reflection (S11) responses are essential for 

evaluating the performance of a chessboard-coding 

metasurface antenna. This parameter provides critical 

insights into the matching properties, which are 

essential for optimizing metasurface antenna design. 

 The reflection coefficient is plotted as a 

function of frequency, measured in dB. Figure 7 

illustrates the reflection coefficient characteristics for 

twelve unit-cell configurations with defects in a 

chessboard coding metasurface design. A low 

reflection coefficient (S11 less than −10 dB) is 

desirable, with a pronounced dip around 9 GHz in the 

baseline. Each subplot corresponds to a specific 

defective unit cell, labeled A2, A4, E2, E4, B1, B5, 

D1, D5, B3, D3, C2, and C4. The primary objective 

of this analysis is to investigate how binary coding 

defects influence the resonant frequency, depth of 

reflection nulls, and operational bandwidth. In an 

ideal chessboard-coding metasurface, the reflection 

follows a predictable resonance due to its periodic 

binary phase coding (0° and 180°), which facilitates 

controlled scattering and reflection. However, defects 

in the binary sequence disrupt the phase balance, 

leading to resonance shifts, multiple reflection dips, 

and variations in reflection depth.  

Most unit cells show stable resonance with 

minimal distortion, except for C2 and C4, which 

display a noticeable shift in the reflection dip. These 

unit cells exhibit multiple dips in the reflection 

coefficient, indicating the presence of additional 

resonance modes despite coding defects. The deep 

reflection dips suggest good impedance matching and 

efficient wave absorption around 9 GHz, except for 

A4, which shows increased reflection, indicating 

poorer impedance matching. This phenomenon, 

known as resonance splitting, occurs when localized 

phase discontinuities introduce unwanted scattering, 

leading to secondary resonances. The wider 

bandwidth resulting from these secondary resonances 

may be beneficial for applications requiring 

broadband metasurface functionality. However, the 

slight distortions in the reflection curve imply that the 

defects cause minor phase perturbations, slightly 

broadening the resonance bandwidth and affecting 

phase uniformity. 

Defective cells C2 and C4 exhibit weak 

resonance and degraded reflection performance. In 

these unit cells, the reflection coefficient does not 

drop significantly below −10 dB, indicating poor 

impedance matching and higher reflection losses. 

These coding defects likely introduce mutual 

impedance effects, disrupting the expected resonance. 

The phase mismatches across these unit cells result in 

partial destructive interference instead of complete 

cancellation at the resonance frequency.  

Figure 8 shows the reflection phase responses 

of twelve unit cells from a chessboard-coding 

metasurface antenna, compared to a baseline (non-

defective) antenna. The baseline exhibits a sharp 

phase shift near 9 GHz, indicating normal resonance 

behavior. In contrast, the defective cells show varying 

deviations, including shifted resonance points and 

uneven phase transitions. These differences are most 

noticeable in the 8.5–9.5 GHz range, which is 

important for beam steering. The results show that 

binary defects disrupt the phase profile, leading to 

beam tilting and distortion. The impact also depends 

on the location of the defect in the metasurface, 

supporting a classification into inner and outer 

regions. This highlights the importance of spatial 

placement in designing metasurfaces that can tolerate 

defects. 
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Figure 7 Characteristics of reflection coefficients of twelve defective unit cells (A2, A4, E2, E4, B1, B5, D1, D5, B3, D3, 

C2, and C4), compared to the baseline and plotted as a function of frequency (8−11 GHz) 

 

 
Figure 8 Reflection-phase responses of twelve defected unit cells, consisting of A2, A4, E2, E4, B1, B5, D1, D5, B3, D3, 

C2, and C4, compared to the baseline and plotted as a function of frequency (8−11 GHz) 

 

4.4 Effect of Binary Defects on Impedance   

The real part of the impedance represents the 

resistive component of the antenna impedance.  

In practical antenna designs, an impedance close to  

50 ohms is preferred to ensure maximum power 

transfer. The real impedance plot indicates that, at 9 

GHz, the impedance value is relatively stable and 

close to 50 ohms. To analyze the impedance behavior, 

the real part of the impedance for twelve defective 

unit-cell configurations in a chessboard coding 

metasurface design is plotted as a function of 

frequency over the 8–11 GHz range. Figure 9 

illustrates the real part of the impedance (Re), with 

each subplot corresponding to a specific defective unit 

cell, labeled A2, A4, E2, E4, B1, B5, D1, D5, B3, D3, 

C2, and C4. However, binary coding defects introduce 

phase discontinuities that significantly affect the 

impedance behavior, leading to resonance shifts and 

multiple peaks. The analysis of real impedance 

variations across these unit cells reveals distinct 

impedance characteristics and their influence on 

metasurface performance. 

All defective cases, except for the C2 and C4 

unit cells, exhibit a smooth decrease in real impedance 

with frequency and show double-tuned impedance 

matching near 9 GHz. This gradual variation indicates 

a stable frequency response, making these cells 

suitable for wideband metasurface designs that 
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require low distortion and consistent wave control. 

However, the presence of multiple resonance peaks 

and sharp impedance shifts at certain frequencies 

suggests resonance splitting caused by binary coding 

defects. These effects are likely due to mode coupling, 

which can lead to energy loss at unintended 

frequencies. The variation in real impedance among 

unit cells plays a critical role in overall metasurface 

performance. In contrast, cells such as C2 and C4, 

which show poor resistance matching around 9 GHz, 

demonstrate degraded resonance behavior and are 

more prone to performance instability. 

The imaginary part of the impedance 

represents the reactive component of the antenna. 

Figure 10 presents the responses of the imaginary part 

(Im) for twelve defective unit-cell configurations in a 

chessboard coding metasurface, plotted as a function 

of frequency (GHz). At resonance, the imaginary part 

should approach zero to minimize reactive power 

losses and maximize power transfer efficiency. The 

imaginary impedance is near zero at 9 GHz, 

confirming that the system operates efficiently at this 

frequency with minimal reactive losses. All defective 

unit cells, except C2 and C4, exhibit multiple 

reactance conditions and resonance splitting. These 

unit cells display significant fluctuations in their 

imaginary impedance, characterized by multiple zero-

crossing points. The presence of multiple reactance 

peaks indicates resonance splitting, caused by phase 

discontinuities introduced by coding defects. In 

contrast, C2 and C4 show minimal influence near the 

zero-crossing points, indicating reduced resonance.  

 

 
Figure 9 Real part responses (Re) of impedance (compared to the baseline) for twelve defective unit cells, consisting of A2, 

A4, E2, E4, B1, B5, D1, D5, B3, D3, C2, and C4, plotted as a function of frequency (8−11GHz) 

 

 
Figure 10 Imaginary-part responses (Im) of impedance (compared to the baseline) for twelve defective unit cells, consisting 

of A2, A4, E2, E4, B1, B5, D1, D5, B3, D3, C2, and C4, plotted as a function of frequency (8−11 GHz) 
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Figure 11 Comparison of real (Re) and imaginary (Im) impedance components for four defective unit cells (A2, A4, E2, and 

E4), simulated using Ansys HFSS and CST Studio Suite 

 

To validate the simulated impedance 

characteristics, CST Studio Suite (Dassault Systèmes., 

2024) was used alongside the Ansys HFSS solver for 

cross-verification. Figure 11 presents a comparative 

analysis of the impact of binary defects on antenna 

impedance, focusing on four representative cases: A2, 

A4, E2, and E4. These cases correspond to different 

spatial positions of defects within the metasurface, 

enabling evaluation of their localized influence on 

impedance behavior. Full-wave simulations from both 

Ansys HFSS and CST Studio Suite show comparable 

behavior, confirming that the position of binary 

defects significantly affect both the resistive and 

reactive components of the antenna impedance. The 

minor variations between Ansys HFSS and CST 

Studio Suite simulations are attributed to differences 

in the port excitation models used to excite the feed 

structure. 

 

4.5 Characteristics of Gain Distribution  

The gain distribution illustrates the beam 

characteristics and directivity, emphasizing the 

impact of unit-cell defects in the metasurface antennas 

(A2, A4, E2, E4, B1, B5, D1, D5, B3, D3, C2, and 

C4), which are crucial for beamforming, radiation 

control, and electromagnetic wave manipulation, as 

shown in Figure 12. These gain characteristics (linear 

gains) demonstrate how binary coding metasurface 

defects affect wave reflection and beam symmetry. In 

particular, they highlight the influence of radiation 

caused by the unit cells with out-of-phase change in 

the targeted coordinate system within the chessboard 

pattern. The beam-tilting effect is presented through a 

comparative analysis of the radiation behavior, where 

modifications in the binary coding sequence alter the 

unit cells. In the far-field gain patterns, the maximum 

gain varies from approximately 2.5 (3.9 dBi) to 3.3 

(5.3 dBi) for all defected unit cells, except for C2 and 

C4, which exhibit a decreased peak gain of 

approximately 2.0 (3.1 dBi). This indicated the 

metasurface’s efficiency in directing radiated energy 

toward specific angular regions. These gains result in 

a slight drop compared to the baseline value of 3.63 

(5.57 dBi).  

When analyzing the θ (elevation) and φ 

(azimuth) angles, the modified unit cells cause a shift 

in the main beam, resulting in the beam tilting toward 

off-boresight angles. This causes the beam to shift 

away from the broadside and tilt toward both the right 

and left when the A2, A4, B1, and B5 cells are 

defected. Symmetric high-gain regions appear in 

azimuth (φ) at approximately ±100° for A2 and A4, 

±50° for B1 and B5, and in elevation (θ) at +25° for 

A2 and A4, and +17.5° for B1 and B5. These results 

confirm that changes in the binary coding sequence 

effectively redistribute energy within the metasurface. 

This enables adaptive beam tilting with step sizes of 

Δθ = 7.5° (elevation) and Δφ = ±50° (azimuth). 

In regions where the beam tilts at similar 

elevation angles of +17.5° for D1, D5, E2, and E4, 

prominent high-gain regions are observed at 

approximately ±137° for D1 and D5, ±110° for E2 and 

E4 in azimuth (φ). These findings further support the 

ability of modifications to the binary coding sequence 

to facilitate dynamic energy redistribution. Facilitates 

adaptive beam steering with no change in elevation 

and Δφ = ±27° in azimuth. 

For tilt only in the up and down directions, the 

phase modifications at B3 and D3 cause a shift in the 

main beam, resulting in radiation patterns along the x-

direction. Notable high-gain regions emerge at 

approximately +22.5° in elevation (θ) and at +0° and 

−10° in azimuth (φ), indicating wavefront distortions 

due to phase mismatches. These results confirm that 

modifying the binary coding sequence enables 

dynamic energy redistribution within the metasurface, 

enhancing adaptive beam tilting performance along 

the ±x direction. 
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Specifically, the phase modifications at C2 and 

C4 cause a deviation in the main beam direction, 

resulting in a backward radiation pattern. Distinct 

high-gain regions appear at approximately +180° in 

elevation (θ), indicating wavefront distortions caused 

by out-of-phase mismatches. These findings confirm 

that altering the binary coding sequence facilitates 

dynamic energy redistribution in the reverse direction 

relative to broadside.

 

 
Figure 12 Gain distribution (linear gains) comparison of the chessboard-coding metasurface antenna with the defected unit 

cells, consisting of A2, A4, E2, E4, B1, B5, D1, D5, B3, D3, C2, and C4 

 
Table 2 Beam-tilted direction and gain for different defective metasurface unit cells in terms of Theta (θ) and Phi (φ) angles 

in degrees. The table presents the beam direction for each unit cell, including A2, A4, E2, E4, B1, B5, D1, D2, B3, D5, C2, 

and C4. (Baseline θ  0) 

Defected Cell A2 A4 E2 E4 

θ (elevation) +25  +25 +17.5 +17.5 

φ (azimuth) +100°  −112.5°  +110°  −115°  

Gain (dBi) with a linear value 4.39 dBi (2.75) 4.67 dBi (2.93) 4.52 dBi (2.83) 4.68 dBi (2.94) 

Defected Cell B1 B5 D1 D5 

θ (elevation) +17.5 +17.5 +17.5  +17.5  

φ (azimuth) +50°  −50°  +137  −137  

Gain (dBi) with a linear value 5.04 dBi (3.19) 4.98 dBi (3.16) 4.12 dBi (2.58) 4.05 dBi (2.54) 

Defected Cell B3 D3 C2 C4 

θ (elevation) +22.5  +22.5  +175  +175  

φ (azimuth) 0  −10  − − 

Gain (dBi) with a linear value 5.25 dBi (3.35) 5.01 dBi (3.17) 3.18 dBi (2.08) 3.12 dBi (2.05) 
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Table 2 summarizes the angles (in degrees) of 

a radiation beam direction and gain-peak (in dBi) 

responses for individual different defective 

metasurface unit cells in terms of Theta (θ) elevation 

and Phi (φ) azimuth angles. It compares unit cells A2, 

A4, E2, E4, B1, B5, D1, D2, B3, D5, C2, and C4, 

showing their respective beam directions relative to 

the baseline (θ ≈ 0°). The values highlight significant 

deviations, indicating notable changes in beam 

steering behavior. The results demonstrate how 

modifications in specific unit cells influence radiation 

direction, with elevation and azimuth angles tilting 

almost symmetrically, highlighting the adaptability 

for beamforming applications. 

 

4.6 Implications and Future Work 

This study presents the concept of a defect-

aware chessboard-coded metasurface integrated into a 

planar antenna, where the spatial impact of binary 

defects is not merely analyzed, but intentionally 

leveraged as a design parameter. By recognizing that 

localized defects within the periodic coding pattern 

can systematically influence beam direction, gain, and 

impedance, designers are empowered to either 

compensate for or harness these effects to improve 

overall antenna performance. A key implication is that 

such defect-aware metasurface designs enable precise 

manipulation of radiation wavefronts, supporting 

dynamic beam tilting in both elevation and azimuth 

enhancing adaptability for advanced 6G wireless 

communication systems in the centimeter-wave band. 

Building on the current simulation insights, 

future research will focus on several key directions. 

First, performance improvements related to gain 

enhancement and structural configurations that 

support greater beam tilting under increased defect 

conditions will be investigated. Experimental 

validation through the fabrication and measurement of 

prototype metasurface antennas is essential to confirm 

the effects of binary defects on beam direction and 

gain. Additionally, integrating tunable components such 

as PIN diodes or varactors will enable real-time 

control of defect states, supporting dynamic beam 

reconfiguration. Another important focus is the 

modeling of clustered or irregular defect patterns, 

which will help establish robust design strategies  

for large-aperture, defect-resilient metasurfaces. 

Furthermore, the application of machine learning 

techniques, such as data-driven optimization, could 

assist in predicting optimal defect configurations  

and compensation strategies, enhancing adaptive 

performance in practical scenarios. 

5.  Conclusion 

This research presents a numerical investigation 

of digital chessboard-coding metasurface antennas 

utilizing binary defects for beamforming applications. 

The proposed 1-bit phase-coded metasurface 

demonstrates significant advancements in beam 

reconfiguration by leveraging a binary ‘0’ and ‘1’ 

phase coding strategy. The results indicate that binary 

defects effectively enhance beam control, enabling 

radiation pattern reconfiguration. Full-wave FEM 

simulations show that binary-defected metasurfaces 

can modulate beam direction in both azimuth and 

elevation.  

A total of the twelve defective unit cell 

configurations within a 5 × 5 lattice were analyzed, 

revealing four distinct spatial response behaviors. 

Defects positioned at the corners of the outer lattice 

provide an elevation angle of approximately +17.5° 

and +25° with azimuth angles of ±110°, while inner 

lattice corner defects provide similar elevation angles 

with azimuth angles around ±50° and ±137°. Central 

defects along the electric field give an elevation of 

+17.5° with azimuth angles of +2.5° and +177.5°, 

while those along the magnetic field give similar 

elevation angles both of +180°, resulting in the 

radiation of the backward redirection. The antenna 

gains peaks range from 4.1 to 5.3 dBi for defective 

configurations, except for backward radiation at 3.1 

dBi, with a baseline gain of 5.57 dBi. The impedance 

bandwidths are approximately observed within the 

8.4–9.5 GHz frequency range. 

While the simulation results are promising, 

experimental validation is essential to confirm the 

real-world performance of binary-defected 

metasurface antennas. The findings contribute to the 

growing field of reconfigurable intelligent surfaces 

and pave the way for future advancements in 

metasurface antenna technology. 
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