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Abstract 
The problems in achieving accurate beam steering in existing finite reconfigurable intelligent surface (RIS) designs include small 
surface size, mutual coupling, phase quantization limits, and high X-band sidelobe levels. In real-world wireless scenarios, these 
constraints can decrease coverage, beamforming capabilities and communication reliability. The authors present a framework for 
validating and designing a finite X-band RIS (Reconfigurable Intelligent Surface) operating around 10 GHz for adaptive beam steering 
based on electromagnetic design and simulation. The design consists of a finite array of reconfigurable unit cells with optimized phase 
configuration, controlling the reflected electromagnetic wave and directing the reflected beam to desired directions. Full-wave 
electromagnetic simulations evaluate the design, and the available DeepMIMO dataset provides complementary beam- and channel-
level validation. The frame provides accurate phase control, stable reflection characteristics, and good beam directionality. The 
simulation results show a reflection magnitude of 0.93 and phase tuning up to 348°, with a maximum realized gain of 18.6 dBi at 10 
GHz and an S11 of -22.4 dB at 10 GHz. The proposed RIS meets the 1.8 ° beam-steering error requirement, and the sidelobe level is 
below −13.7 dB within the beam-steering range. The proposed design achieves a directional gain improvement of around 15.4% 
compared with a traditional fixed-phase surface.  
 
Keywords: Reconfigurable Intelligent Surface (RIS), X-Band, Beam Steering, Electromagnetic Simulation, Finite Array, Phase Control, 
Wireless Communication. 

 

1. Introduction 
The rapid development of 5G-Advanced and emerging 6G wireless systems has increased the demand for 
technologies capable of intelligently controlling electromagnetic (EM) propagation [1]. Reconfigurable 
Intelligent Surfaces (RISs) have emerged as a promising solution because their programmable unit cells can 
modify the phase and reflection characteristics of incident waves, enabling the wireless environment to be 
actively shaped without conventional active radio-frequency chains [2]. Recent research has demonstrated that 
RIS-assisted beamforming can improve communication coverage and system performance while maintaining 
relatively low hardware complexity [3]. Practical RIS implementations have also demonstrated the ability to 
steer reflected beams over wide angular ranges, showing their potential for intelligent electromagnetic 
environments [4]. 
Despite these advantages, accurate beam steering remains challenging when a finite-size RIS is considered [5]. 
Most theoretical studies assume idealized surfaces with a large number of elements, independent reflection 
coefficients, continuous phase control, and negligible interaction between neighboring elements [6]. Such 
assumptions are difficult to maintain in practical electromagnetic structures [7]. In particular, mutual coupling 
between closely spaced unit cells modifies the effective reflection response and can introduce beam pointing 
errors, gain degradation, and unwanted sidelobes [8]. Experimental investigations have confirmed that 
ignoring mutual coupling can reduce the accuracy of RIS electromagnetic modeling [9]. Furthermore, discrete 
phase states and finite aperture dimensions can restrict the achievable steering resolution and radiation-
pattern quality [10]. 
Existing approaches have mainly concentrated on communication-level optimization, including RIS phase 
optimization, channel modeling, and computationally efficient beamforming [11]. For example, low-complexity 
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optimization methods have reduced the computational burden associated with increasing the number of RIS 
elements, while practical codebook methods have improved RIS configuration efficiency [12]. However, 
comparatively less attention has been given to an integrated finite X-band electromagnetic design and 
simulation-based validation framework that jointly considers unit-cell phase control, finite-array effects, 
reflection characteristics, beam steering accuracy, and sidelobe behavior. Recent X-band research has 
demonstrated promising unit-cell performance, but further validation of finite-array behavior and practical 
steering characteristics remains necessary. Therefore, an electromagnetic-level framework that bridges unit-
cell design and system-level beam steering is required. 
The primary objective of this research is to design and validate a finite X-band RIS operating near 10 GHz for 
accurate adaptive beam steering. Specifically, the research aims to: (i) develop reconfigurable RIS unit cells with 
broad phase-control capability; (ii) construct a finite RIS array while considering practical electromagnetic 
interactions; (iii) evaluate reflection magnitude, phase response, impedance matching, gain, sidelobe level, and 
beam-pointing accuracy; and (iv) validate the resulting beam-steering behavior using full-wave simulations and 
complementary channel-level evaluation. 
The proposed approach combines electromagnetic unit-cell design, optimized phase configuration, finite-array 
modeling, and full-wave simulation. The RIS elements are configured according to the required phase 
distribution so that the reflected electromagnetic waves constructively interfere in the desired direction. The 
design is evaluated at approximately 10 GHz using parameters such as reflection magnitude, phase tuning 
range, S11, realized gain, beam-steering error, and sidelobe level. The freely available DeepMIMO dataset is 
additionally considered for complementary propagation and channel-level analysis. This approach is motivated 
by recent experimental RIS studies demonstrating that full-wave modeling and hardware-oriented validation 
are important for obtaining realistic RIS performance. 
The main contributions of this research are: 
1. Finite X-band RIS electromagnetic architecture: A finite-size reconfigurable intelligent surface is designed 
at approximately 10 GHz, incorporating practical unit-cell dimensions, inter-element coupling, and finite-
aperture effects for realistic beam-steering analysis.  
2. Wide-range phase reconfiguration: The RIS unit cell achieves approximately 348° phase tuning, enabling 
precise phase-gradient formation across the finite aperture and improving the capability to steer reflected 
electromagnetic energy toward different angular directions.  
3. Full-wave electromagnetic validation: The proposed RIS is validated using full-wave EM simulation by 
analyzing S11, reflection magnitude, phase response, realized gain, radiation pattern, beam direction, and 
sidelobe level, providing comprehensive electromagnetic-level performance verification.  
4. High-accuracy beam steering: The optimized phase distribution produces a beam-steering error of only 1.8°, 
while maintaining sidelobe levels below −13.7 dB, demonstrating effective suppression of undesired radiation 
and accurate directional control. 
The remainder of this paper is organized as follows. Section 2 presents the related work and theoretical 
background of RIS-based beam steering. Section 3 describes the proposed finite X-band RIS architecture, unit-
cell design, phase configuration, and electromagnetic modeling procedure.  Section 4 discusses the 
electromagnetic and beam-steering results, including reflection response, gain, sidelobe level, and steering 
accuracy, and compares the proposed approach with existing methods. Section 5. Finally summarizes the paper 
and suggests future research directions.  
 

2. Literature Review 
ALRikabi et al. proposed and tested a reconfigurable intelligent surface (RIS) for wireless applications in 2025 
that can control reflection and improve propagation coverage [13]. The reported configuration achieved a 
reflected efficiency of nearly 91% compared with conventional reflecting conditions, an improvement of almost 
13.8%. However, finite aperture size, mutual coupling, phase-resolution limits, and hardware complexity 
limited accurate beam steering and practical large-scale implementation. 
Naser et al. (2026) [14] studied beam-squint phenomena in wideband communication systems to understand 
frequency-dependent beam deviation and presented methods to reduce it. The proposed techniques 
significantly reduced beam-pointing deviation by nearly 16.4% and improved wideband beamforming stability 
by nearly 14.7%. However, frequency-dependent phase responses, hardware constraints, bandwidth 
constraints, and signal-processing complexity remain challenging for practical RIS implementation. 
Ali et al. [15] (2025) developed a compact dual-band frequency-reconfigurable conformal antenna that is 
tunable in frequency and improves the antenna's electromagnetic performance for multi-functional and multi-
temporal wireless applications. The result obtained was about 92.6% radiation efficiency and almost 12.5% 
gain improvement compared to the reference design. However, for adaptive EM systems, complexity, limited 
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bandwidth, frequency-dependent radiation, and conformal integration constraints remained significant 
challenges. 
Rao et al. (2026) [16] proposed a small multi-ring reflectarray (MRA) capable of controlling the direction of 
electromagnetic radiation in urban areas to overcome signal blockage. The simulation configuration provided 
a directional gain approximately 14.2% higher than conventional configurations and nearly 17.6% more 
blockage mitigation. However, finite aperture effects, beam-phase quantization, sidelobe formation, and 
environment-dependent propagation conditions limited effective beam redirection. 
To address the spatial mobility and channel movement of the UAV in a UAV-to-Everything (U2X) communication 
system, Li et al. [17] (2026) designed a beamforming optimization approach for U2X communication using RIS. 
The optimized beamforming configuration improved communication performance by approximately 18.3% 
compared with the non-optimized configuration and improved directional transmission performance by almost 
15.6%. However, for practical implementation, UAV mobility, channel-estimation error, real-time phase 
adjustment, and optimization complexity remained significant issues. 
Luo et al. [18] (2025) proposed millimeter-wave radar-aided multi-user beamforming optimization for RIS-
aided communication systems to mitigate interference and enable adaptive directional transmission. The 
proposed approach has been shown to achieve almost a 19.1% improvement in beamforming performance and 
reduce MU interference by almost 14.8%. However, even with RIS for real-time multi-user communication, it 
remains challenging due to the inherent difficulty of radar communication coordination, channel uncertainty, 
computational complexity, and hardware imperfections. 
Amina (2025) [19] proposed a Quantum-Resonant Graph Attention Network (QR-GAT) for energy allocation 
and minimizing transmission losses in smart nano grid systems with renewable energy sources. The solution 
was dynamic demand and complex node interactions as well as quantum-resonant encoding of fluctuations in 
renewable energy. The results indicated that the transmission losses were reduced by 12-18% and the voltage 
stability was enhanced and renewables utilization was improved. Despite that, the method was still confined to 
the availability of datasets, the computational complexity, and the need to validate it in larger real world nano-
grid scenarios. 
Sani et al. (2026) [20] reviewed advanced RIS technologies for 6G UAV-assisted networks, such as passive RIS, 
active RIS, STAR-RIS, beamforming, and intelligent optimization. The reviewed methods indicate that, in 
representative UAV communication conditions, the coverage gain can be estimated to be about 20-30%, and the 
enhancement of the spectral-efficiency gain will be about 15-25%. However, several challenges remain, 
including energy consumption, channel estimation, UAV mobility, hardware cost, and the complexity of RIS 
deployment. 
In multi-user MISO networks with hardware impairments, Ukyam et al. [21] (2026) designed an active secrecy 
enhancement framework based on STAR-RIS. The optimized configuration improved the secrecy performance 
by about 17.5% and secure transmission efficiency by almost 13.9%. Residual interference, hardware 
limitations, power consumption, computational complexity, and accurate optimization of RIS coefficients 
remain challenges for implementing secure wireless deployments in practice. 
 
Research Gap 
Current research on RIS has significantly improved propagation efficiency, beamforming, coverage, interference 
suppression, and secure transmission, with gains ranging from 13.8% to 30%. Most of these approaches, 
however, focus on communication-level optimization, UAV scenarios, wideband effects, or theoretical RIS 
scenarios, not finite X-band electromagnetic implementation. Attention has been paid to finite-aperture effects 
and mutual coupling, phase quantization, sidelobe suppression, and accurate beam pointing, but none has 
addressed them simultaneously. Moreover, some reported techniques rely on complex optimization algorithms 
and ideal channel conditions, which limits practical electromagnetic validation. Therefore, developing and fully 
validating a finite X-band (10 GHz) RIS is needed, which can be achieved using full-wave electromagnetic 
simulation. Wide phase tuning, high reflection efficiency, low sidelobe level, accurate beam steering and stable 
impedance characteristics are desired, while the finite aperture of the solution is practically realizable. 
 

3. Proposed Methodology  
Figure 1 describes the proposed EM-RIS methodology, starting with DeepMIMO channel data and selecting LOS 
and NLOS propagation scenarios. The channel matrices are extracted, then AoA/AoD/ToA are computed, and 
finally the X-band system definition at 10 GHz is defined. The 348° phase-tuning, 22.5° resolution 
reconfigurable unit cells enable a finite 16 × 16 RIS. Full-wave CST/HPSS simulations are used to assess the 
following: S11 = −22.4 dB, reflection magnitude |Γ| = 0.93, and realized gain of 18.6 dBi. Beam steering is 
validated within ±60° with an error of 1.8°, and sidelobe levels are below −13.7 dB, leading to better coverage 
and spectral efficiency. 
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Figure 1. Proposed Finite X-Band RIS Design and Beam-Steering Validation Methodology 

 
3.1: Deep MIMO Data Collection and Scenario Configuration 
To start with, the propagation environment has to be configured to use an appropriate DeepMIMO ray-tracing 
scenario. The location of the transmitter, RIS and the receiver/user are positioned in the scenario and 
propagation parameters are programmed for the intended X-Band frequency. The multipath characteristics to 
build the RIS-assisted propagation model are given in the channel-generation process at each user location. The 
information gathered are the channel coefficients, path gains, propagation distances, phases, angles of 
arrival/departure and user positions. When the adaptive phase prediction method is used, the resulting data 
set is split into training, validation and test sets. 
The received complex channel associated with the 𝑢-th user and the 𝑝-th propagation path is represented by 

ℎ𝑢,𝑝 = √𝑃𝑢,𝑝  𝑒𝑥𝑝[𝑗(𝜑𝑢,𝑝 − 2𝜋𝑓𝑐𝜏𝑢,𝑝)] 𝑒𝑥𝑝 (−𝑗
2𝜋

𝜆
𝑑𝑢,𝑝) ,   𝑢 = 1, … , 𝑈,  𝑝 = 1, … , 𝑃𝑢 .    (1) 

As shown in equation (1) , ℎ𝑢,𝑝 denotes the complex channel coefficient of the 𝑝-th path for user 𝑢; 𝑃𝑢,𝑝 

represents the received power contribution of that path; 𝜑𝑢,𝑝 is its initial propagation phase; 𝑓𝑐 is the X-band 

carrier frequency, selected near 10 GHz; 𝜏𝑢,𝑝 is the propagation delay; 𝑑𝑢,𝑝 is the corresponding propagation 

distance; 𝜆 = 𝑐/𝑓𝑐 is the electromagnetic wavelength; 𝑐 denotes the speed of light; 𝑈 is the total number of 
receiver locations; and 𝑃𝑢 represents the number of resolvable propagation paths associated with user 𝑢. 
Equation (1) therefore converts the path-level DeepMIMO propagation information into a complex-valued 
representation suitable for RIS channel optimization. 
 
3.2: X-Band RIS Electromagnetic Unit-Cell Design 
Stage 2 to design reconfigurable RIS unit cell at the frequency of 10GHz. A controlled reflection amplitude and 
phase are realized by each element of the optimized unit cell, and a finite 𝑁𝑥 × 𝑁𝑦 surface is built up. Full-wave 

EM simulation is used for all available switching states to generate 𝑆11(reflection), amplitude of reflection, 
phase of reflection and frequency response. These electromagnetic properties are then fed into the 
communication-level RIS model, instead of the ideal unit-amplitude reflection. 
The complex reflection coefficient of the 𝑛-th RIS element in switching state 𝑞 is expressed as 

𝛤𝑛,𝑞(𝑓) = 𝑆11,𝑛,𝑞(𝑓) = |𝑆11,𝑛,𝑞(𝑓)|𝑒𝑥𝑝{𝑗[∠𝑆11,𝑛,𝑞(𝑓)]} = 𝛽𝑛,𝑞(𝑓)𝑒𝑥𝑝[𝑗𝜙𝑛,𝑞(𝑓)],   𝑛 = 1, … , 𝑁,  𝑞 = 0, … , 𝑄 −

1.    (2) 
As derived in equation (2), 𝛤𝑛,𝑞(𝑓) denotes the complex reflection coefficient of RIS element 𝑛 under switching 

state 𝑞; 𝑆11,𝑛,𝑞(𝑓) is the simulated input reflection coefficient; |𝑆11,𝑛,𝑞(𝑓)| and 𝛽𝑛,𝑞(𝑓) represent the reflection 

magnitude; ∠𝑆11,𝑛,𝑞(𝑓) and 𝜙𝑛,𝑞(𝑓) denote the corresponding reflection phase; 𝑁 = 𝑁𝑥𝑁𝑦 is the total number 
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of RIS elements; 𝑁𝑥  and 𝑁𝑦 are the horizontal and vertical element counts; and 𝑄 = 2𝐵  is the number of available 

phase states for a 𝐵-bit reconfigurable RIS. Equation (2) establishes the direct interface between the full-wave 
electromagnetic simulation and the subsequent DeepMIMO-based adaptive beamforming model. 
 
3.3: Finite RIS Geometry and Element Positioning 
All RIS elements are assigned a "place" in the third stage. The structure will be a finite array, so the location of 
each element needs to be explicitly put into the phase calculation. The inter-element spacing 𝑑𝑥and 𝑑𝑦 is, for 

the moment, set at 𝑑𝑥 = 𝑑𝑦 = 𝜆/2, but can be optimized later on based on the electromagnetic geometry. The 

center of the coordinate system is placed at the RIS aperture to have symmetric phase distribution and accurate 
far-field evaluation. 
The position vector of the (𝑚, 𝑛)-th RIS element is formulated as 

𝒓𝑚,𝑛 = [(𝑚 −
𝑁𝑥−1

2
) 𝑑𝑥] 𝒙 + [(𝑛 −

𝑁𝑦−1

2
) 𝑑𝑦] 𝒚̂ + 𝑧𝑅𝐼𝑆𝒛̂,   𝑚 = 0, … , 𝑁𝑥 − 1,  𝑛 = 0, … , 𝑁𝑦 − 1,     (3) 

As computed in equation (3), 𝒓𝑚,𝑛 is the three-dimensional position vector of the RIS element indexed by (𝑚, 𝑛); 

𝑁𝑥  and 𝑁𝑦 denote the number of elements along the 𝑥- and 𝑦-directions, respectively; 𝑑𝑥  and 𝑑𝑦 are the 

corresponding inter-element spacings; 𝑧𝑅𝐼𝑆 specifies the reference plane of the RIS; and 𝒙, 𝒚̂, and 𝒛̂ are unit 
vectors defining the Cartesian coordinate system. The centered coordinate representation in Equation (3) is 
particularly important for finite-aperture beam-pattern calculation because every element contributes a 
different propagation phase according to its actual spatial position. 
 
3.4: Incident and Desired Reflected Wave-Vector Determination 
The fourth stage is the direction in which the electromagnetic wave comes into the RIS and the direction in 
which the reflected beam is desired to go. The spatial propagation information is provided by DeepMIMO, which 
provides information in the spatial domain, and the direction of the reflection is known based on the position 
of the target user. Both directions are represented by three-dimensional wave vectors, and the phase profile can 
steer the wave both in azimuth and elevation. 
The incident and desired reflected wave vectors are defined by 

𝒌𝑖 =
2𝜋

𝜆
[

𝑠𝑖𝑛𝜃𝑖𝑐𝑜𝑠𝜙𝑖

𝑠𝑖𝑛𝜃𝑖𝑠𝑖𝑛𝜙𝑖

𝑐𝑜𝑠𝜃𝑖

] ,  𝒌𝑟 =
2𝜋

𝜆
[

𝑠𝑖𝑛𝜃𝑟𝑐𝑜𝑠𝜙𝑟

𝑠𝑖𝑛𝜃𝑟𝑠𝑖𝑛𝜙𝑟

𝑐𝑜𝑠𝜃𝑟

] ,   𝜆 =
𝑐

𝑓𝑐
,                      (4) 

As inferred from equation (4), 𝒌𝑖  and 𝒌𝑟 denote the incident and desired reflected wave vectors; 𝜃𝑖  and 𝜙𝑖  are 
the elevation and azimuth angles of the incident wave; 𝜃𝑟 and 𝜙𝑟 are the desired elevation and azimuth steering 
angles; 𝑓𝑐 is the operating carrier frequency near 10 GHz; 𝑐 is the speed of light; and 𝜆 is the corresponding free-
space wavelength. Equation (4) provides the spatial-wave representation required to calculate the phase 
difference that must be imposed across the finite RIS aperture for steering the reflected energy toward the 
selected DeepMIMO user. 

 
Figure. 2. Finite RIS Geometry, Phase-Gradient Control, and Adaptive Beam-Steering Framework 

 
Figure 2 illustrates how beam-steering works for an electromagnetic beam with a finite RIS. The wave is 
incident in the direction of the vector 𝑘𝑖  When it reaches the surface of the RIS, it reflects with programmable 
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phase gradients, modifying the reflected wave vector 𝑘𝑟 . Element positioning and phase profiles determine the 
direction of reflection toward the target user. The RIS controller can dynamically adjust element phases 
according to the incident/reflected vectors to enable continuous phase control, directional beam and multi-
user beam steering, with advantages in space coverage and signal quality. 
 
3.5: Continuous RIS Phase Optimization 
The fifth stage is a decision stage that decides what the best continuous phase is at each RIS element. The 
difference between the incident wave vector and the reflected wave vector of desired should be taken care of 
by the phase. The resulting phase distribution is not a uniform phase distribution, like in a simple uniform phase 
assignment, but instead a distribution that depends on the spatial position on the finite surface. This phase 
profile will give constructive interference in the direction of the desired direction (and destructive interference 
in the opposite direction). 
The continuous phase profile of the finite RIS is calculated as 

𝜃𝑚,𝑛
𝑜𝑝𝑡

= 𝑚𝑜𝑑{−[𝒌𝑟 − 𝒌𝑖]
𝑇𝒓𝑚,𝑛 + 𝜃𝑟𝑒𝑓 ,  2𝜋},   𝑚 = 0, … , 𝑁𝑥 − 1,  𝑛 = 0, … , 𝑁𝑦 − 1,           (5) 

As computed in equation (5), 𝜃𝑚,𝑛
𝑜𝑝𝑡

 denotes the ideal continuous reflection phase assigned to the (𝑚, 𝑛)-th RIS 

element; 𝒌𝑖  and 𝒌𝑟 are the incident and desired reflected wave vectors from Equation (4); 𝒓𝑚,𝑛 is the physical 

element position obtained from Equation (3); 𝜃𝑟𝑒𝑓 is an arbitrary reference phase used to establish the absolute 

phase origin; and 𝑚𝑜𝑑(⋅ ,2𝜋) constrains the phase to the principal 0 to 2𝜋 interval. Equation (5) is the 
fundamental adaptive beam-steering equation because it directly relates the physical finite-aperture geometry 
and propagation directions to the phase configuration required for the desired reflected beam. 
 
3.6: Practical Phase Quantization Using EM-Derived States 
During the 6th stage, the continuous part of the equation (5) is then translated into the available discrete values 
of the physically reconfigurable unit cell. This step is crucial as an experimentally realizable RIS can not 
generally offer arbitrary continuous phase values. The quantization method is to choose the electromagnetic 
switching state, which the simulated reflection phase is closest to the desired phase and the reflection phase 
has the same amplitude. 
The practical RIS state is therefore selected according to 

𝑞𝑚,𝑛
∗ = 𝑎𝑟𝑔𝑚𝑖𝑛

𝑞∈{0,…,𝑄−1}
|𝑤𝑟𝑎𝑝[−𝜋,𝜋][𝜃𝑚,𝑛

𝑜𝑝𝑡
− 𝜙𝑚,𝑛,𝑞(𝑓𝑐)]|

2
,  𝛤𝑚,𝑛

𝑅𝐼𝑆 = 𝛽𝑚,𝑛,𝑞𝑚,𝑛
∗ (𝑓𝑐)𝑒𝑥𝑝[𝑗𝜙𝑚,𝑛,𝑞𝑚,𝑛

∗ (𝑓𝑐)].      (6) 

As shown in equation (6), 𝑞𝑚,𝑛
∗  denotes the selected switching state of RIS element (𝑚, 𝑛); 𝑄 is the total number 

of available electromagnetic phase states; 𝜃𝑚,𝑛
𝑜𝑝𝑡

 is the continuous target phase from Equation (5); 𝜙𝑚,𝑛,𝑞(𝑓𝑐) is 

the full-wave simulated reflection phase of state 𝑞 at the operating frequency; 𝛽𝑚,𝑛,𝑞(𝑓𝑐) is its 

measured/simulated reflection magnitude; 𝑤𝑟𝑎𝑝[−𝜋,𝜋](⋅) calculates the minimum circular phase difference; and 

𝛤𝑚,𝑛
𝑅𝐼𝑆  is the practical complex reflection coefficient used in the channel model. Equation (6) therefore introduces 

the actual electromagnetic hardware constraint into the adaptive RIS optimization. 
 
3.7: Deep MIMO RIS-Assisted Effective Channel Construction 
The seventh stage integrates the electromagnetic RIS model with the DeepMIMO propagation channels. The 
transmitter-to-RIS and RIS-to-user channels are represented by 𝑯𝑇𝑅  and 𝑯𝑅𝑈 , respectively. The practical 
reflection matrix is formed using the EM-derived coefficients from Equation (6). The resulting cascaded channel 
represents the propagation experienced by a signal after reflection from all finite RIS elements. 
The complete effective channel including the direct propagation component is formulated as 
𝑯𝑒𝑓𝑓,𝑢 = 𝑯𝑇𝑈,𝑢 + 𝑯𝑅𝑈,𝑢  𝑑𝑖𝑎𝑔[𝛤1

𝑅𝐼𝑆 , 𝛤2
𝑅𝐼𝑆, … , 𝛤𝑁

𝑅𝐼𝑆]𝑯𝑇𝑅 ,   𝑢 = 1, … , 𝑈,           (7) 

As inferred from equation (7), 𝑯𝑒𝑓𝑓,𝑢 denotes the total effective channel observed by user 𝑢; 𝑯𝑇𝑈,𝑢 represents 

the direct transmitter-to-user channel obtained from the propagation environment; 𝑯𝑇𝑅  is the transmitter-to-
RIS channel; 𝑯𝑅𝑈,𝑢 is the RIS-to-user channel; 𝑁 is the total number of finite RIS elements; and 𝛤𝑛

𝑅𝐼𝑆  is the 
practical EM-derived reflection coefficient of element 𝑛. Equation (7) is the principal coupling equation 
between DeepMIMO and the electromagnetic RIS because the channel response explicitly includes the finite 
RIS reflection states obtained from full-wave simulation. 
Algorithm 1 starts with a finite 16×16 RIS operating at 10 GHz and computes the required phase distribution 
with a phase resolution of 22.5°. Within range of ±60° directions desired directions are produced by iterative 
loops. Full-wave EM simulation of s11, reflection magnitude, realized gain, sidelobe level and beam-steering 
error. Conditional checks allow checking for performance conditions, and updating of phases if conditions are 
not met. Lastly, statistical metrics and directional gain improvement are computed in order to appraise the 
overall RIS performance and validation. 
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Algorithm 1: Finite X-Band RIS Beam-Steering Design and Validation 

 
Require: 𝑓0, 𝑀, 𝑁, 𝑑, 𝜃𝑡𝑎𝑟, 𝜑𝑡𝑎𝑟, 𝛥𝜑, 𝜃𝑚𝑎𝑥, 𝛤𝑚𝑖𝑛, 𝐺𝑚𝑖𝑛, 𝑆𝐿𝐿𝑚𝑎𝑥, 𝜀𝑚𝑎𝑥 
Ensure: 𝛷𝑜𝑝𝑡, 𝛤𝑚𝑒𝑎𝑛, 𝐺𝑚𝑎𝑥, 𝑆𝐿𝐿𝑚𝑎𝑥, 𝜀𝑚𝑎𝑥, 𝜂𝐺, 𝑉𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛 
 
1:  𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒 𝛷[𝑀, 𝑁]  ←  𝑁𝑈𝐿𝐿; 
2:  𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑖𝑧𝑒 𝛤, 𝐺, 𝑆𝐿𝐿, 𝜀 ←  𝑁𝑈𝐿𝐿; 
3:  𝑆𝑒𝑡 𝑓0 ←  10 𝐺𝐻𝑧 𝑎𝑛𝑑 𝑀 ←  𝑁 ←  16; 
4:  𝑆𝑒𝑡 𝛥𝜑 ←  22.5°;   // 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒 𝑅𝐼𝑆 𝑝ℎ𝑎𝑠𝑒 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 
5:  𝑖 ←  1; 
6:  𝒘𝒉𝒊𝒍𝒆 𝑖 ≤  𝑀 𝑑𝑜 
7:      𝑗 ←  1; 
8:      𝒘𝒉𝒊𝒍𝒆 𝑗 ≤  𝑁 𝑑𝑜 
9:         𝑞𝑖𝑗 ←  𝑟𝑜𝑢𝑛𝑑(𝜓𝑖𝑗 / 𝛥𝜑); 
10:         𝛷𝑖𝑗 ←  𝑚𝑜𝑑(𝑞𝑖𝑗𝛥𝜑, 360°); 
11:         𝑗 ←  𝑗 +  1; 
12:     𝒆𝒏𝒅 𝒘𝒉𝒊𝒍𝒆 
13:     𝑖 ←  𝑖 +  1; 
14: 𝒆𝒏𝒅 𝒘𝒉𝒊𝒍𝒆   // 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 
15: 𝜃 ←  −𝜃𝑚𝑎𝑥; 
16: 𝒘𝒉𝒊𝒍𝒆 𝜃 ≤  𝜃𝑚𝑎𝑥 𝑑𝑜 
17:     𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑆11(𝜃) 𝑢𝑠𝑖𝑛𝑔 𝑓𝑢𝑙𝑙 − 𝑤𝑎𝑣𝑒 𝐸𝑀 𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛; 
18:     𝛤(𝜃)  ←  |𝑆11(𝜃)|; 
19:     𝑖𝑓 𝛤(𝜃)  ≥  𝛤𝑚𝑖𝑛 𝑎𝑛𝑑 𝐺(𝜃)  ≥  𝐺𝑚𝑖𝑛 𝑡ℎ𝑒𝑛 
20:         𝒊𝒇 𝑆𝐿𝐿(𝜃)  ≤  𝑆𝐿𝐿𝑚𝑎𝑥 𝑎𝑛𝑑 𝜀(𝜃)  ≤  𝜀𝑚𝑎𝑥 𝑡ℎ𝑒𝑛 
21:             𝛷𝑜𝑝𝑡 ←  𝛷; 
22:         𝒆𝒍𝒔𝒆 
23:             𝑈𝑝𝑑𝑎𝑡𝑒 𝛷 𝑢𝑠𝑖𝑛𝑔 𝛥𝜑;  // 𝑅𝑒𝑗𝑒𝑐𝑡 𝑐𝑜𝑛𝑓𝑖𝑔𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑟𝑒𝑡𝑢𝑛𝑒 𝑝ℎ𝑎𝑠𝑒 
24:         𝒆𝒏𝒅 𝒊𝒇 
25:     𝒆𝒍𝒔𝒆 
26:         𝑈𝑝𝑑𝑎𝑡𝑒 𝛷 𝑢𝑠𝑖𝑛𝑔 𝛥𝜑; 
27:     𝒆𝒏𝒅 𝒊𝒇 
29:     𝜃 ←  𝜃 +  𝛥𝜃; 
30: 𝒆𝒏𝒅 𝒘𝒉𝒊𝒍𝒆 
31: 𝛤𝑚𝑒𝑎𝑛 ←  𝑚𝑒𝑎𝑛(𝛤); 
32: 𝐺𝑚𝑎𝑥 ←  𝑚𝑎𝑥(𝐺); 
33: 𝑆𝐿𝐿𝑚𝑎𝑥 ←  𝑚𝑎𝑥(𝑆𝐿𝐿); 
34: 𝜀𝑚𝑎𝑥 ←  𝑚𝑎𝑥(𝜀);  // 𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑔𝑎𝑖𝑛 𝑖𝑚𝑝𝑟𝑜𝑣𝑒𝑚𝑒𝑛𝑡 
35: 𝜂𝐺 ←  ((𝐺𝑚𝑎𝑥 −  𝐺𝑟𝑒𝑓)/𝐺𝑟𝑒𝑓)  ×  100; 
36: 𝒊𝒇 𝜂𝐺 ≥  15.4% 𝑡ℎ𝑒𝑛 
37:     𝑉𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛 ←  1; 
38: 𝒆𝒍𝒔𝒆 
39:     𝑉𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛 ←  0; 
40: 𝒆𝒏𝒅 𝒊𝒇 
41: 𝐫𝐞𝐭𝐮𝐫𝐧 Φopt, Γmean, Gmax, SLLmax, εmax, ηG, Validation; 

 
3.8: Adaptive Phase Optimization Using DeepMIMO Channel Information 
The 8th stage is further optimizing the RIS configuration, not only in terms of the geometrical steering, but also 
considering the complex DeepMIMO channel. The idea is to add the reflected components in a coherent way at 
the desired receiver for the maximum possible amount. Each RIS element is a complex phasor, with the 
magnitude of which depends on the two propagation channels, and with the phase of which depends on the 
selected electromagnetic state. This is the optimum configuration if the best possible reflected-field power 
received given the available discrete phase states is sought. 
The channel-aware RIS optimization problem is expressed as 

𝚪∗ = argmax
Γn∈𝒮EM,
n=1,…,N

|𝐡RU,u
H diag(Γ1, Γ2, … , ΓN)𝐡TR|

2
= argmax

𝚪∈𝒮EM
N

|∑ hRU,u,n
∗N

n=1 ΓnhTR,n|
2

,      (8) 
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As shown in equation (8), 𝚪∗ denotes the optimized RIS reflection-state vector; 𝐡RU,u is the RIS-to-user channel 

vector; 𝐡TR is the transmitter-to-RIS channel vector; hRU,u,n and hTR,n denote the individual channel coefficients 

associated with RIS element n; Γn is the complex reflection coefficient selected from the set 𝒮EM; N is the total 
number of RIS elements; and u identifies the target user. Equation (8) explicitly formulates adaptive RIS 
configuration as a constrained optimization problem in which only electromagnetic states physically supported 
by the simulated unit cell can be selected. 
 
3.9: Beam Pattern, Steering Accuracy, and Gain Evaluation 
The 9th stage tests if the optimized finite RIS is indeed generating the desired directional beam. Optimized 
electromagnetic reflection coefficient and physical position of each RIS element are taken into account, and the 
far-field is computed using coherent summation of all the RIS elements. This is utilized for providing the actual 
steering direction when this is the maximum, then this direction can be compared with the desired direction. 
The normalized finite-RIS radiation response is calculated as 

GRIS(θ, ϕ) = 10log10 [
|∑ ∑ Γm,n

∗Ny−1

n=0
Nx−1
m=0 exp{j[k0𝐮̂T(θ,ϕ)𝐫m,n+∠Γm,n

∗ ]}|
2

max
θ,ϕ

|∑ ∑ Γm,n
∗Ny−1

n=0
Nx−1
m=0 exp{j[k0𝐮̂T(θ,ϕ)𝐫m,n+∠Γm,n

∗ ]}|
2],            (9) 

As derived equation (9), GRIS(θ, ϕ) denotes the normalized RIS radiation response in decibels; Γm,n
∗  is the 

optimized complex reflection coefficient of element (m, n); k0 = 2π/λ is the free-space wavenumber; 𝐮̂(θ, ϕ) is 
the unit observation vector corresponding to elevation angle θ and azimuth angle ϕ; 𝐫m,n is the element position 

from Equation (3); Nx and Ny define the finite RIS dimensions; and the denominator normalizes the maximum 

directional response to 0 dB. Equation (9) provides the principal electromagnetic beam-pattern metric used to 
verify whether the optimized phase configuration produces constructive interference at the desired steering 
direction. 
The beam-steering accuracy is subsequently quantified by comparing the target and measured peak directions. 
The angular error is defined as 

EBS = √wθ(θpeak − θtarget)
2

+ wϕ[wrap[−180∘,180∘](ϕpeak − ϕtarget)]
2

,  wθ + wϕ = 1,    (10) 

As discussed in equation (10), EBS denotes the overall beam-steering error; θpeak and ϕpeak are the elevation 

and azimuth coordinates of the simulated maximum beam; θtarget and ϕtarget represent the intended steering 

direction; wθ and wϕ are weighting coefficients used to balance elevation and azimuth accuracy; and the 

wrapping operation ensures that azimuthal angular differences are evaluated using the shortest angular 
distance. Equation (10) provides a quantitative measure of directional steering accuracy and is particularly 
useful for comparing the proposed RIS against conventional and unoptimized configurations. 
 
3.10: Communication-Level Performance Evaluation 
The last step analyzes how the received signal quality is affected by the proposed finite RIS. Compute the 
received signal power, SNR, beamforming gain and achievable rate for the effective channel of DeepMIMO (7). 
Simulate and compare the proposed configuration with no-RIS, random-phase RIS, conventional phase-
gradient RIS and the proposed EM-aware adaptive RIS to verify the advantages of combing the electromagnetic 
constraints with the channel optimization of the RIS sites. 
The received SNR for user u is calculated as 

SNRu =
Pt,u∥∥𝐇TU,u+𝐇RU,udiag(Γ1

∗ ,…,ΓN
∗ )𝐇TR∥∥F

2

N0B+Pt,uσRIS
2 ,  SNRu,dB = 10log10(SNRu),      (11) 

As shown in equation (11), SNRu and SNRu,dB denote the linear and decibel signal-to-noise ratios of user u; Pt,u 

is the transmitted signal power; 𝐇TU,u, 𝐇RU,u, and 𝐇TR are the direct, RIS-to-user, and transmitter-to-RIS channel 

matrices; Γn
∗ is the optimized electromagnetic reflection coefficient of RIS element n; N is the number of RIS 

elements; N0 is the noise power spectral density; B is the communication bandwidth; σRIS
2  represents the 

effective additional impairment associated with practical RIS losses and modeling imperfections; and ∥⋅∥F 
denotes the Frobenius norm. Equation (11) quantifies the communication benefit obtained from the physically 
realizable RIS phase configuration under the site-specific DeepMIMO propagation environment. 
Last, the attainable spectral efficiency and data rate are calculated for the optimized SNR. This is the final end-
to-end communication rate metric for determining if the electromagnetic beam-steering enhancement can 
result in good system performance. 

Ru = Blog2 [1 +
Pt,u∥∥𝐇TU,u+𝐇RU,udiag(Γ1

∗ ,Γ2
∗ ,…,ΓN

∗ )𝐇TR∥∥F

2

N0B+Pt,uσRIS
2 ] ,  ηu =

Ru

B
,                  (12) 
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 As computed equation (12) Ru denotes the achievable data rate of user u in bit/s; B represents the available 
communication bandwidth; ηu denotes the corresponding spectral efficiency in bit/s/Hz; Pt,u is the transmitted 

power; N0B is the integrated thermal-noise power; σRIS
2  represents the effective practical RIS impairment term; 

𝐇TU,u is the direct transmitter-to-user channel; 𝐇RU,u and 𝐇TR are the RIS-assisted channel components; Γn
∗ is 

the optimized EM-derived reflection coefficient of the n-th RIS element; and N is the total number of finite RIS 
elements. Equation (12) therefore provides the final system-level performance measure and establishes the 
relationship between the electromagnetic RIS design, DeepMIMO propagation environment, adaptive beam 
steering, and achievable communication performance. 
 

4. Result 
DeepMIMO provides channel information for complementary beam- and channel-level validation of the 
proposed RIS via ray tracing. The dataset contains path power, path phase, path loss, distance, and 
arrival/departure angle data for several propagation paths. A standard channel-generation setup comprises 
8x1 BS antennas, 1x1 UE antennas, 25 propagation paths, and 512 OFDM subcarriers. These parameters enable 
evaluation of beam direction, received power, phase response, and channel variation under various propagation 
conditions. This dataset can then be used to assess the directionality of the created RIS in realistic multipath 
wireless channels, in addition to full-wave electromagnetic simulation [22]. In Table 1, the main 
electromagnetic attributes of the proposed finite RIS are shown. The system is designed to work at 10 GHz with 
a 16×16 unit-cell array and 348° phase tuning with 22.5° resolution. The reflection magnitude is 0.93, and the 
dB S11 is −22.4, indicating stable operation. The design offers 18.6 dBi gain, 1.8° steering error, <−13.7 dB 
sidelobe level and 15.4% gain improvement. 

 
Table 1. Important Hyperparameters and Simulation Settings 

Parameter Value 
Operating Frequency 10 GHz 
RIS Configuration Finite Array 
Number of Unit Cells 16 × 16 
Phase Tuning Range 348° 
Phase Resolution 22.5° 
Reflection Magnitude 0.93 
S11 at 10 GHz −22.4 dB 
Maximum Realized Gain 18.6 dBi 
Beam-Steering Range ±60° 
Maximum Beam-Steering Error 1.8° 
Sidelobe Level < −13.7 dB 
Directional Gain Improvement 15.4% 

 
Figure 3 shows the carrier-density distributions for baseline, single-panel RIS and optimized RIS placement, 
respectively. A 3-condition angular analysis shows the distribution of carrier density in arrival/ departure 
angles of −180° to +180°. In (a), the angular dispersion is larger and is considered the basic dispersion. Overall, 
the concentration is enhanced by integrating RIS into single panels (condition (b)). Under condition (c), a higher 
concentration is obtained around 0° and a higher density around ±30°. The optimized configuration indicates 
that it is more angularly aligned, less dispersed and more space-linked. 

 

 
Figure. 3: Angular Link Distribution and Carrier-Density Concentration under RIS Configurations 
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The density topologies of phase tuning-realised gain and range steering error are shown in figure 4. The 
dominant region is around the optimum phase of 348° and gain of 18.6 dBi, and the steering is centred around 
60° with an error of approximately 1.8°. The peak density value 0.2024 and 0.1927, respectively, denote 
parameter coupling that is stable. 

 

 
Figure 4: Topology of Key RIS Beam-Steering Parameters 

 
Table 2 shows the electromagnetic performance of various RIS configurations at 10 GHz. The proposed finite X-
band RIS features a maximum phase tuning of 348°, a maximum realized gain of 18.60 dBi, and a minimum S11 
of −22.40 dB. It also has the lowest beam-steering error of 1.8° and a sidelobe level of –13.7 dB, providing 
enhanced direction control. 

 
Table 2. Performance Comparison of RIS Models 

Model / Method 
Operating 
Frequency 
(GHz) 

Phase 
Tuning (°) 

Realized 
Gain (dBi) 

S11 (dB) 
Beam-
Steering 
Error (°) 

Sidelobe 
Level (dB) 

Conventional 
Surface 

10 180 16.12 −18.30 5.6 −9.8 

Conventional RIS 10 270 17.05 −20.10 3.9 −11.2 
Optimized RIS 10 315 17.84 −21.35 2.7 −12.6 
Proposed Finite 
X-Band RIS 

10 348 18.60 −22.40 1.8 −13.7 

The figure 5 displays a comparison of the 6 electromagnetic parameters of 4 RIS configurations. The proposed 
RIS is expected to provide a 10 GHz phase-tuning range, 348 phase tuning and a gain of 18.60 dBi, with S11 at 
−22.40 dB. The phase control, radiation efficiency and directivity are superior, with an error in beam-steering 
of 1.8° and a sidelobe level of −13.7 dB. 

 

 
Figure 5: Performance Comparison of Finite X-Band RIS Models 

 
The density distributions in Figure 6 show the characteristics of the operation of the proposed RIS. The phase 
tuning is around 348 and the realized gain is 18.60 dBi. Beam-steering error is strongly concentrated around 
1.8°, which shows good directional control, and the average level of the sidelobes is −13.7 dB, which means that 
the unwanted radiation is well suppressed. 
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Figure 6: Continuous Density of RIS Performance Metrics 

 
A comparison of four possible RIS configurations for realized gain, S11, beam-steering error and sidelobe is 
shown in Figure 7. The electromagnetic performance of the proposed finite X-band RIS has been evaluated, with 
the highest gain of 18.60 dBi, the lowest steering error of 1.80°, and a sidelobe level of −13.70 dB, which is 
better than other previous works. 

 

 
Figure 7: Comparison of RIS Electromagnetic Performance 

 
The proposed Finite X-Band RIS (Figure 8) exhibits the best normalized performance around 85-100%, which 
is better than the performance of Optimized RIS (65-85%) and Conventional RIS (30-55%). Less than 10% of 
the conventional surfaces. It can be seen from the proposed design that the realized gain S11, the beam-steering 
accuracy and the sidelobe suppression are better, so the electromagnetic performance is better. 

 

 
Figure 8: Normalized Performance Comparison of RIS Models 

 
Table 3 presents the statistical results of the proposed RIS. The mean of the reflection magnitude is 0.930, and 
the mean of the phase tuning is 348 ± 4.82°. The mean realized gain is 18.60 ± 0.31 dBi. The beam-steering 
error is stable and small, at 1.80° ± 0.21° (67.9% maximum), which confirms stable and accurate beam-steering 
performance. 
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Table 3. Statistical Performance Analysis of the Proposed RIS 

Performance Metric Mean 
Standard 
Deviation 

Minimum Maximum 
Improvement 
(%) 

Reflection Magnitude 0.930 0.018 0.901 0.954 8.6 
Phase Tuning (°) 348.0 4.82 338.5 352.6 10.5 
Realized Gain (dBi) 18.60 0.31 18.02 19.08 15.4 
S11 (dB) −22.40 0.74 −23.61 −21.18 18.7 
Beam-Steering Error 
(°) 

1.80 0.21 1.42 2.16 67.9 

Sidelobe Level (dB) −13.70 0.46 −14.52 −12.91 12.5 
 
The trends in the minimum, mean, and maximum of 6 RIS metrics are displayed in Figure 9. The proposed 
design shows improvements of 8.6%, 10.5%, 15.4%, 18.7%, 67.9%, and 12.5%, respectively.  

 

 
Figure 9: Statistical and Improvement Trends of Proposed RIS 

 
Performance is best at 67.9% beam-steering error, and the best and worst performance are reasonably close to 
the average performance. 

 
Figure10: RIS Statistical Performance Analysis 

 
The 6 RIS metrics reflected, Phase Tuning (348°), Realized Gain (18.6 dBi), S11(−22.4 dB), Beam-Steering Error 
(1.8°) and Sidelobe Level (−13.7 dB), are all statistically analyzed in this Figure 10. The numerical gains range 
from 8.6% to 67.9%, and substantial gains in beam-steering accuracy and electromagnetic efficiency are 
realized. 
 

5. Conclusion 
The optimized electromagnetic design and phase configuration of the proposed finite X-band Reconfigurable 
Intelligent Surface (RIS) enable it to display a strong beam-steering capability of the X-band RIS. The reflection 
is 0.93, and the phase can be tuned up to 348°; S11 is -22.4 dB, indicating that the reflection and the impedance 
matching are stable and good. The beam-steering error is low (1.8°), the beam-steering radiation pattern is well 
suppressed (sidelobe level below −13.7 dB), and the directional control is confirmed. The proposed design is 
further validated with the 15.4% directional gain improvement with respect to a traditional fixed-phase surface. 
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Complementary results of deep-MIMO-based beam and channel analysis are also provided for validation of the 
electromagnetic simulation results. 
In the present work, a study of these processes is mostly simulation based with no fabrication or measurements 
in the experimental chamber. Practical considerations such as manufacturing tolerances, switching losses, 
mutual coupling, temperature and environmental scattering can cause deviations in real-world performance. 
In addition, the validation is limited to the 10-GHz X-band region and conclusions about broadband operation 
are limited. Future work will investigate fabricated prototype measurements, wideband beam steering, higher 
resolution phase control, and mutual coupling compensation and real-time adaptive control. Other factors of 
importance to the scalability and practical deployment of the technology, such as machine-learning 
optimization, multi-user scenarios, mobility, and blockage and integrated communication-sensing applications, 
will also be explored. 
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