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demands of extreme data rates, ultra-low latency, and dense connectivity. However,
conventional metasurface-based antennas have been rather mechanically actuated or
statically optimized phase configurations that introduce significant limitations on time
adaptability and scalability. The main contribution of this work is a novel Al-augmented
metasurface synthesis framework based on deep Q network (DQN) reinforcement learning
that makes reconfigurable antenna array capable of real-time, continuous beam steering.
As compared to the conventional heuristic methods, for example, genetic algorithms (GA),
particle swarm optimization (PSO), the approach based on DRLs has rapid policy conver-
gence, has relatively less computational latency, and is autonomous to adapt to dynamic
wireless conditions. Based on this architecture, subwavelength metasurface unit cells are
dynamically modulated in phase with respect to their feedback from the environment and
control to modulation arm steering angles, providing seamless angular coverage within
+60° at 28 GHz. Compared with conventional optimization-based approaches, it is shown
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Revised  18.06.2025 mental validation that peak realized gain of 14.5 dBi, radiation efficiency of over 88%, and
Accepted 15-07-2025 beam reconfiguration latency of less than 10 ms are possible. This work validates the use
of DRL for intelligent control in electromagnetic systems, providing a scalable low-latency
antenna solution for the next-generation 6G infrastructure that is based on adaptive and
autonomous beamforming.
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INTRODUCTION

The development of sixth-generation (6G) wireless
communication calls for antenna systems with the abil-
ity for agile, real-time beamforming for high-capacity,
ultralow latency, and intelligent radio. Indeed, metasur-
faces, which are engineered two-dimensional structures
based on subwavelength unit cells, have been of con-
siderable interest because of their potential to manip-
ulate electromagnetic waves with high precision among
emerging technologies. Thanks to these structures,
these compact, energy-efficient alternatives are possi-
ble but with superior control over amplitude, phase, and
polarization as compared to traditional phased arrays.

However, conventional metasurface-based beam steer-
ing suffers from significant limitations of its poten-
tials. Many implementations are static configurations,
mechanical actuators, and they solve the problem offline
using genetic algorithms (GA) and particle swarm opti-
mization (PSO). All these approaches are effective under
static or predictable conditions, however, with limited
reconfigurability, high computational overhead, and sig-
nificant latency, and the approaches are not suited for
real-time applications in dynamic 6G environments. To
improve these problems, as a solution, this proposed
work integrates a metasurface framework augmented
with deep reinforcement learning (DRL) for dynamic,
adaptive beam steering. In particular, the phase state
of each of the metasurface unit cells is then controlled
in real time by a deep Q-network (DQN) model taking
feedback from the propagation environment along with
the desired steering objectives. The control mechanism
is based on this learning, allowing a quick and contin-
uous beam redirection without any mechanical tuning,
and thus can be a scalable solution to the next-gener-
ation wireless systems. Figure 1 shows a Conceptual

CONVENTIONAL AI-AUGMENTED
Fixed Beam Dynamic
Phase Tuning
Agile
Mechanical Beam

Steering

dnamic
Phase
Tuning

Fig. 1: Conceptual illustration of problem scenario—
conventional versus Al-augmented metasurface beam
steering.

illustration of problem scenario of conventional versus
Al-augmented metasurface beam steering.

LITERATURE REVIEW

Because of the inadequacies of both mechanically or
statically configured metasurface architecture, this has
become an essential requirement in the development of
intelligent antenna systems. In recent research, a wide
variety of beam-steering techniques are investigated to
improve tunability, latency, and integration feasibility of
metasurfaces within dynamic wireless environments in
particular to the situation of 6G networks.

In 2023, [5] included their MEMS actuated metasur-
face for beam steering to mid frequency. Despite its
reconfigurability, it had a defect of up to 100 ms in
operational latency and fragile deployability, respec-
tively, making it unsuitable for ultra-responsive 6G
scenarios. Later, [1,7] presented a tunable liquid crys-
tal-based metasurface that achieved wider angular
coverage, but the system was still slow to respond
(>200 ms) and was driven by high voltages and hence
was not practical.

Reference [6] use a materials point of view by devel-
oping a graphene-integrated metasurface with electrical
tunability and switching time around 20 ms. Although
the design was promising, the process of fabricating its
design and its high cost limit its deployment scalability.
Reference [3,11] used GA to optimize the beam profile of
phase synthesis on the algorithmic side. Nevertheless,
the GA-based technique was computationally intensive
and suitable only for offline optimization and did not
satisfy the resilience to real-time adaptability.

Pin diode switched metasurfaces by [2],[9] were used
to investigate binary beam control with simple biasing
circuitry. However, these systems had a low resolu-
tion for fine-grained steering and only operated at dis-
crete angular steps. However, [4],[8] introduced hybrid
machine learning techniques to enhance adaptability
and sensing, though the system addition complexity
arose with the multimodel ML integration.

The ability to solve this problem using DRL has been
proven recently. For example, The reconfigure reflect
arrays using a real-time controller realized from prox-
imal policy optimization (PPO) that ran roughly sub 15
ms in simulation. Like [10] they also combine the atten-
tion mechanisms with DRL, allowing learning of envi-
ronment-aware beam control policies to sharply reduce
signal fluctuation under multipath fading.
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This work then uses a DQN-based DRL algorithm for
continuous and real-time phase modulation of sub-
wavelength metasurface unit cells different from such
existing approaches [12]. Latency below 10 ms as well
as wide-angle adaptive beam steering over +60°, radia-
tion efficiency greater than 88%, and a peak gain of 14.5
dBi are achieved by the proposed system. Moreover,
it achieves good balance between control granularity,
hardware simplicity, and scalability of integration, which
could act as a strong 6G antenna platform candidate
for the future. Table 1 shows the comparison of recent
beam-steering technologies.

PROPOSED DESIGN AND METHODOLOGY

Metasurface Architecture and Substrate Selection

A desighed metasurface for high performance beam
steering in 6G mm wavy communication systems oper-
ating at 28 GHz is specifically proposed. It consists of
a planar two-dimensional array of electronically recon-
figurable unit cells that are able to dynamically mod-
ulate the phase of incident electromagnetic waves.
Fabricated on a Rogers RO4003C substrate well utilized
for high-frequency antenna design because of its advan-
tageous electromagnetic and thermal properties, these
unit cells are made. A low dielectric loss tangent (tan &
= 0.0027) and stable relative permittivity (er = 3.55) from
the RO4003C substrate provide the lowest signal atten-
uation and phase integrity in the array, respectively.
Furthermore, its excellent thermal and mechanical
stability guarantees the reliability of the performance
under variable environmental conditions. These prop-
erties of the substrate make them especially suited for
small, high gain metasurface realizations in advanced
6G antenna arrays where efficiency and manufacturing
feasibility play a vital part in the size and weight con-
straints of the desired antenna arrays.

Unit Cell Desigh and the Mechanism of Phase
Modulation

A surface-mounted varactor diode integrated with a
square microstrip patch element is used to structure
the unit cell of the proposed metasurface with a tun-
able electromagnetic response as shown in figure 2.
The varactor diode embedded across a strategically
positioned gap introduces a variable capacitance, the
amount of which is controlled using an external DC bias-
ing network, while the patch functionally serves as the
primary radiating and reflecting element. It enables the
local reflection phase of the unit cell to be dynamically
adjusted. The unit cell can vary the reflected electro-
magnetic wave phase because of the capacitance vari-
ation of the varactor from zero to a full 360° range,
allowing it to continuously and in real-time steer the
beam. Carefully designed high impedance paths, there-
fore, bias lines through paths that isolate the RF sig-
nal from the DC control voltages, eliminating undesired
interference control voltages. It features a compact
electronic phase control mechanism with low latency
that is well-suited to fast beam reconfiguration in mm
wave 6G antenna systems.

Phase Shift Modeling

The equivalent circuit with the microstrip patch, the
varactor diode, and the underlying ground plane governs
the phase response ® of each metasurface unit cell. It
can be analytically modeled to predict the phase shift
behavior as a function of the diode tunable capacitance,
which is a response to this. The relevant governing
equation is:

® = arctan| = oCv (1)

Table 1: Comparison of recent beam-steering technologies.

Author Technology Steering Peak Gain Radiation Reconfiguration | System
Range Efficiency Speed Complexity

Wang et al. (2023) MEMS £30° 11 dBi 70% >100 ms High

Chen et al. (2022) Liquid Crystal +45° 10 dBi 68% >200 ms High

Zhang et al. (2024) Graphene +£50° 12.5 dBi 75% ~20 ms Very high

Li et al. (2023) GA Optimization +40° 12 dBi 72% ~150 ms (offline) | High

Kumar et al. (2023) PIN diode switching | Discrete 9.5 dBi 65% ~50 ms Low

Gupta et al. (2023) DRL (PPO) +55° 13.8 dBi 80% ~15 ms Moderate
Zhao et al. (2024) DRL + Attention +60° 13.9 dBi 82% <15 ms High
Proposed System DRL-AI (DQN) +60° 14.5 dBi >88% <10 ms Moderate
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Fig. 2: Proposed metasurface unit cell design.

The dynamic control of the capacitance of the varac-
tor diode Cv, through the use of DC bias voltage, is to
be addressed in this recurrence equation where w=2nf
is the angular frequency, Cv is the capacitance of
the varactor diode, and L and R represent the effec-
tive inductance and resistance of the unit cell circuit.
This equation also represents the theoretical basis for
real-time phase modulation and captures the reactive
relationship between the inductive and capacitive com-
ponents. The varying of the capacitance Cv leads to an
induced phase @ to also vary, such that a controllable
phase gradient exists across the array. By introducing a
spatial variation of the phase shifts on the metasurface,
generalized Snell’s law is used to synthesize a desired
beam-steering angle from the metasurface, resulting
in agile and continuous redirection of electromagnetic
(EM) waves.

Al-Driven Phase Control via DRL

Figure 3 gives the flowchart of DRL-based phase profile
synthesis process. The proposed metasurface architec-
ture utilizes a DQN-based DRL agent as a control law
to govern the phase configuration of each unit cell in
real time in order to achieve autonomous and adaptive
beam steering. Based on the principle of reinforcement
learning, this intelligent control framework gains feed-
back reward to improve its steering accuracy in the
electromagnetic environment by interacting with the
electromagnetic environment and learning an optimal
phase distribution policy. The agent’s properties consti-
tute the state space of the agent which includes prop-
erties of the incident electromagnetic wave, the desired
beam direction, and dynamic environmental feedback
such as signal strength or interference conditions. The
action space is assigning new phase values to each cell
to create a phase gradient across the metasurface.
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Fig. 3: Flowchart of DRL-based phase profile
synthesis process.

A reward function is designed for maximizing the key
performance metrics, the main-lobe beam accuracy, the
overall gain, and the side-lobe suppression. The agent
learns and adapts its neural policy network by improving
its ability to operate in time-variant channel conditions
and in the presence of time-variant target directions,
by progressively estimating the optimal action value
function using the principles of Q learning. It makes it
a DRL-based approach, which eliminates the need for
precomputed phase profiles or, more importantly, man-
ual tuning and brings the scalability and low latency
required for real-time electromagnetic wavefront con-
trol in 6G applications.

Feedback loop between the DRL agent and environment.
Phase settings are updated iteratively based on perfor-
mance evaluation of the rewards (e.g., signal strength
and angular error) in light of the observed beam direc-
tion. Figure 4 gives the flowchart of deep reinforcement
learning based phase control loop.

The DQN-based reinforcement learning agent used for
dynamic phase tuning of the metasurface elements is
outlined by Algorithm 1 and includes the learning and
control flow. Iteratively, the agent has interaction with
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Fig. 4: Flowchart of deep reinforcement learning-
based phase control loop.

Algorithm 1: Deep Q-Network (DQN)-Based
Phase Control for Metasurface Beam Steering

Input: Initial phase configuration ®o, environment state so,
reward function R

Output: Optimized phase distribution ®*

1: Initialize replay buffer D and Q-network with random
weights 6
2: for episode = 1 to N do
3: Initialize environment and obtain initial state so
4: fort=1toTdo
5: Select action a, (new phase profile) using e-greedy
policy:
a, = argmax_a Q(s,, a; 6) with probability 1-¢, else
random
6:  Apply phase configuration ®, based on action a, to
metasurface
7:  Measure beam direction accuracy and signal
strength — compute reward r,
8:  Observe next state s, ,
9.  Store transition (s, a,, r,, s,,,) in D
10:  Sample random minibatch from D
11:  Update Q-network parameters 6 using gradient

descent
12: end for
13: end for

14: Return optimal phase distribution
®* = argmax Q(s, a; 6)

a simulated electromagnetic environment which gives
it a beam state, and it chooses a set of phase config-
urations (action) to maximize its predefined reward
function. Beam direction accuracy, peak gain, side lobe
suppression, etc., are used to compute the reward. The
agent learns an optimal control policy in a gradual way
by updating Q networks through experience replay. A
scalable approach for intelligent 6G antenna systems
without the need to precompute the phase maps or
manually optimize is enabled in this method for real
time, low-latency beam steering.

Simulation-Driven Training Procedure

The DRL agent learns the policy in a closed loop sim-
ulation environment with electromagnetic modelling
tightly coupled with the learning. In the CST Microwave
Studio, full-wave simulations are performed for various
beamforming scenarios; steering angles and such envi-
ronmental dynamics of multipath propagation and signal
degradation are simulated to represent real operational
conditions. The CST solver is made to interact through
a custom co-simulation loop with an external Python-
based DRL interface to exchange candidate phase con-
figurations with the metasurface model and to receive
corresponding electromagnetic performance metrics
(e.g., gain, beam direction, and side-lobe level) for
feedback.

The DRL agent refines its policy by maximizing a reward
function that encompasses key performance goals to the
extent of accurate beam pointing, high gain, and mini-
mal interference during the training process. Q-learning-
based DQN framework is used to do the iterative policy
updates, and training continues until convergence. The
model proves to be trained, and after training it performs
the phase reconfiguration in sub 10 ms latency, allow-
ing its use in dynamic, time-sensitive applications. By
simulating this, we ensure that any intelligent metasur-
face antenna can be seamlessly integrated with a phys-
ics-based EM modeling, showing that Al can be actually
deployed in practical 6G communication environment.

ELECTROMAGNETIC THEORY AND BEAM

It is a core principle of beamforming in antenna arrays,
and is equally fundamental in metasurface-based sys-
tems, to control the direction EM wave propagation. This
is done by introducing a spatially varying phase gradient
over the aperture of the metasurface, which changes the
direction of the reflected or transmitted wavefront. The
innovation of the present work is the ability to use DRL
to generate and update phase gradients in real time and
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make the direct connection between Al-based decision-
making and the resulting electromagnetic behavior.

In the far field, the generalized array factor dictates the
direction of the main radiation lobe 6 for a linear meta-
surface array:

0= sin" (Lm] 2)
d

2w

Ais the free space wavelength, d is the spacing between
the adjacent unit cells (d < A/2, otherwise grating lobes
are present), and AQ® is the incremental phase shift per
element. The mathematical foundation that defines the
DRL phase profile ® to the produced beam direction
0 is provided by this equation. The phase distribution
optimized by the agent across the metasurface leads to
creating a tunable phase gradient A® allowing for con-
tinuous and adaptive beam steering.

The ability to extensively generate linear and nonlinear
phase gradients in practical applications enables not
only the most basic features of basic beam redirection
but also advanced functionality including suppression of
side lobes, beam multiplexing, and focus control. Even
in the presence of complex channel conditions, the DRL
agent is able to learn to generate phase configurations
that generate smooth interference-free wavefront bend-
ing. The following simulation results are shown to be
visually substantiated by this theoretical formulation.

A color-coded electromagnetic simulation showing spa-
tial phase modulation across a metasurface is presented
as Figure 5. At normal incidence, the incident planar

---- Deflected Beam

60

45

30

15

Y-axis (cm)
=)
Electric V/im

X-axis (cm)

Fig. 5: Electromagnetic field distribution across
the metasurface.

wavefront propagates, then directs the incident wave-
front according to the phase tuned unit cells. A smooth
redirection of a reflected wavefront toward a desired
angle is achieved by the gradient in phase distribution
(phase distribution is either static or controlled by DRL).
The intensity of the electric field is represented by the
color contours, and they display clearly the curvature of
the wavefront, representative of the success of beam
steering. The theoretical foundation of the connection
between phase gradient synthesis and the angular con-
trol of the electromagnetic beam is substantiated by this
visualization, and it proves that the conformal metasur-
face is as a real-time controller of wave propagation.

This top-view color-mapped plot in figure 6 shows the
electric field distribution of the metasurface under
28 GHz Al control. The DQN reinforcement learning
agent learns to dynamically redirect the originally inci-
dent wavefront at 0° at +45° through phase modulation.
Visual confirmation of effective beamforming is appar-
ent in the plot through regions of constructive interfer-
ence along the new beam path as well as destructive
cancellation in undesired directions. This result con-
firms that the Al can generate good and efficient phase
gradients in real time, indicating that the metasurface
aperture is steered with its agility and precision to push
the electromagnetic energy. The first result is in good
agreement with other figures, which validate the elec-
tromagnetic modeling framework by correlating the
phase profile learned by the algorithm with physically
meaningful beam trajectories. It is demonstrated that
the proposed DRL-based system can achieve accurate,
responsive, and real-time beam control in the next gen-
eration of metasurface antenna platforms.
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Fig. 6: Electric field distribution across the

Al-controlled metasurface.
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SIMULATION AND MEASUREMENT SETUP
Simulation Configuration

A rigorous analysis of the electromagnetic performance of
the proposed Al-controlled metasurface based on the CST
Studio Suite 2023 is made. The periodic boundary condi-
tion is applied in a unit cell level characterization, where
an infinite array is emulated. The extraction of reflection
phase response over 26-30 GHz frequency range possibly
yielded key parameters like reflection phase response
for tuning range evaluation of the varactor-based unit
cell. Then, full-array simulations were done using an
open (radiating) boundary configuration to closely mimic
the free space condition in order to assess the metasur-
face beamforming behavior on a whole. Excitation was
supplied through the waveguide ports to ensure uni-
form illumination, and each simulation was performed
with an adaptive tetrahedral mesh refinement with the
mesh element count varying between 10,000 and 20,000
at each frequency and each structural complexity. The
results from this simulation campaign yielded the import-
ant electromagnetic metrics of S11, radiation patterns at
multiple steering angles, peak realized gain, overall radi-
ation efficiency, and electric field distributions at various
phase states. Finally, these simulation results served as a
benchmark on performance to validate the metasurface’s
capability prior to fabrication and experimental testing.

Fabrication and Measurement Procedure

Since Rogers RO4003C boasts of a low dielectric loss
tangent and an excellent electromagnetic stability over
the millimeter wave frequency range, this substrate has
been selected for use in the fabrication of the proposed
metasurface array using standard printed circuit board
(PCB) photolithography and chemical etching tech-
niques. The critical dimensions necessary for accurate
phase control were transferred onto the copper-clad
dielectric substrate with high precision, but the layout,
which had previously been optimized in simulation, was
transferred on to the dielectric surface. Manually sol-
dered surface-mounted varactor diodes allowed for tun-
ing of the phase response of each unit cell via DC bias.
Care had to be taken not to route the bias lines so as
to cause electromagnetic interference or to be decou-
pled by RF chokes and capacitors. Once fabricated, the
prototype was mounted onto a motorized rotation stage
inside the Satimo SG24 anechoic chamber for measure-
ment. The vector network analyzer (VNA) connected to
a standard gain horn antenna was used to characterize
the system. Return loss (S11), far-field pattern, and gain
were measured across several beam-steering angles.
The performance of the metasurface’s beamforming

was validated through comparison to simulation results,
and it was assessed to determine how viable it is for
integration into the 6G antenna system.

Anechoic Chamber Measurement Setup

Figure 7 shows the setup of measurement in the anechoic
chamber. The fabricated metasurface array was exper-
imentally validated within a Satimo SG24 near-field
anechoic chamber where the free space conditions are
mimicked by the absorptive wall treatments that min-
imize unwanted reflections. In order to scan the beam
angularly, it was mounted on a high-precision-drive-
motorized rotation platform that allows for 60 degrees
beam angular scanning across the +60 degrees range.
S parameter and realized gain were measured with a stan-
dard gain horn antenna used either as the transmitting or
receiving reference on a Keysight N5247B PNA-X VNA. The
near-field measurement system of the chamber captured
the electromagnetic field over the predefined surface and
transformed it using the available spherical near-field to
far-field transformation algorithms in the Satimo software
suite. Interestingly, by placing one of the metal wires as a
surface charge source away from the semiconductor sur-
face, this approach allowed the reconstruction of the far-
field radiation patterns of the metasurface with accuracy,
thus allowing direct comparison to simulation. It also
verified the beamforming capabilities of the Al controlled
metasurface in practical operation. Table 2 gives the sim-
ulation and measurement parameters.

RESULTS AND ANALYSIS
Return Loss and Impedance Matching

Full-wave simulations is carried out in the CST
Microwave Studio 2023 to ascertain the electromagnetic

Absorptive Reference
chamber walls horn antena

____T?afie'_d _______ -

Rotation stage

E
(o]
5
Rotation stage Vector network
Metasurface analyzer
under test

Fig. 7: Setup of measurement in the anechoic
chamber.
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Table 2: Simulation and measurement parameters.

Parameter Value

26-30 GHz

CST Microwave Studio 2023

Periodic (unit cell), open (full array)

Frequency range

Simulation tool

Boundary conditions

Excitation Waveguide port

Adaptive tetrahedral mesh (10k-20k
cells)

Mesh type

Measurement system | Satimo SG24 chamber, keysight
N5247B PNA-X VNA

Rogers RO4003C substrate

Rotating fixture with calibrated
angular steps

Fabrication material

DUT mounting

performance of the metasurface based on scattering
parameters and impedance characteristics. In addition,
the return loss (S11) was found below -10 dB through-
out the 27-29.5 GHz frequency range, indicating a suc-
cessful impedance matching and low reflection losses
across the intended operational band. This demonstrates
equally strong coupling between the incident wave and
the metasurface, which is critical to efficient beamform-
ing. Periodic boundary conditions were used at the unit
cell level in simulations to model infinite array behavior
in order to accurately characterize the phase response.
For that, an open space (radiating) boundary configura-
tion was used for full-array simulations to simulate free
space propagation. The excitation source was the wave-
guide ports uniformly stimulating the metasurface, and
the adaptive tetrahedral mesh which employs 10,000 to
20,000 elements is chosen in order to ensure solution
convergence with high electromagnetic fidelity. Finally,
the structural and material choices used in the design
are validated by these results, and the presence of meta-
surface with high-frequency 6G applications is confirmed.

Radiation Pattern and Steering Capability

Far-field simulations were used to evaluate the
beam-steering performance of the metasurface, which
was augmented with Al for different phase gradient con-
figurations. The DQN-based control algorithm controlled
for the phase profile across the aperture and thus
dynamically adjusted the phase profile spanning a +60°
main lobe redirection range in a smooth and continuous
way. Results show that the agent is capable of steering
precisions in real time, without offline optimization or
manual calibration, which makes the agent suitable for
6G beamforming application.

Simulated polar radiation patterns for steering angles of
-60°, 0°, and +60° are depicted in Figure 8. The main

= = Steering at -60°
Steering at 0°
— Steering at +60°

270°

180°

Fig. 8: Simulated radiation patterns at -60°, 0°, and
+60° steering angles.

lobe for each configuration will be well defined with
minimal distortion and SLL less than -12 dB. The beam
shape remains consistent with suppression of spurious
radiation, thus confirming the robustness of the system
and its high directional fidelity over the whole angular
span.

Gain Performance Analysis

Electromagnetic coherence and efficiency of the control
scheme driven by Al were assessed in terms of the real-
ized gain across the +60° steering range. At the end of
the angular spectrum, the simulations suggested negli-
gible drop off in peak gain with a stable peak gain of
approximately 14.5 dBi. Therefore, the aperture degra-
dation induced by aggressive beam redirection is com-
pensated well for by the DRL-based phase synthesis
since the flat gain profile indicates that constructive
interference is maintained across the aperture.

The gain variation over the steering angle is shown in
Figure 9. Near uniform gain distribution solidifies the
system’s ability to achieve consistent performance
under dynamic conditions while being ideally adapted
to mobile, user-centric cases of dynamic receiver posi-
tion changes because of prolonged scanning and user
movement.

Latency and Reconfiguration Time Comparison

Intelligent beam-steering systems have a high recon-
figuration latency that is critical in dynamic 6G
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Fig. 9: Gain versus steering angle.

communication environments in which changes in
beam-steering direction need to be performed rapidly.
It is found that the proposed DRL-based metasurface
control framework has considerably better response
time than traditional optimization methods in terms
of response time. By having the DQN controller once
trained, it is able to update the phase distribution
directing the beam in less than 10 ms. The simplicity of
this low latency operation comes from the fact that the
agent is able to decide without requiring the iterative
computation that happens at deployment time through
the pre-learned policy.

However, heuristic optimization algorithms, such as
the GA and the PSO, typically require lengthy iterative
search processes with related reconfiguration delays
within the range of \(50 ... 150\, ms\). Likewise, mechan-
ically tunable beam-steering systems using MEMS compo-
nents are inherently latency limited and response agile
by construction. However, these shortcomings make the
conventional approach less suitable for time-sensitive
application, for example, implementation in the form
of real-time user tracking, vehicular communications, or
ultra reliable low latency communications (URLC).

140

120

100

80

60

Latency (ms)
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Fig. 10: Beam reconfiguration time comparison.

A bar chart showing different beam-steering tech-
nologies’ reconfiguration time is shown in Figure 10.
Moreover, the DRL-based system provides sub 10 ms
latency, which is significantly better than GA (120 ms),
PSO (-90 ms), and MEMS base systems (>100 ms). The
proposed method therefore provides a high-speed
adaptive control solution in next-generation wireless
infrastructures, and this performance advantage corrob-
orates it as a good solution.

The proposed Al-controlled metasurface system is sim-
ulated, and experimentally measured performance
parameters are compared between the two cases in
Table 3. An excellent match is found between the peak
realized gain and the deviation is therefore only 0.2 dB,
confirming the accuracy of the electromagnetic model.
In both simulated as well as the measured results,
the return loss (S11) remains below -10 dB, validating
proper impedance matching across the desired 27-29.5
GHz band. Some small frequency shift (up to ~100 MHz)
because of minor fabrication tolerances as well as sol-
dering inequities was observed. We experienced prac-
tical existence of the DRL-driven phase control because
the pointing error of a beam directed by the DRL was

Table 3: Simulated versus measured performance metrics.

Performance Metric Simulated Value Measured Value Deviation/Error

Peak realized gain 14.5 dBi 14.3 dBi -0.2 dB

Return loss (511 @ 28 GHz) <10 dB <10 dB 0 dB (Excellent match)
Operational bandwidth 27-29.5 GHz 27-29.4 GHz ~100 MHz shift
Beam-steering range +60° +60° 0°

Beam pointing error — +2° Within acceptable limit
Reconfiguration latency <10 ms =10 ms Near match

Radiation efficiency >88% — (estimated =85-87%) Slight expected reduction
Side Lobe Level (SLL) <12 dB <12 dB Negligible difference
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within +2 degrees in the full range of +60 degrees.
Finally, reconfiguration latency was found to be con-
sistent with simulation proving that the DQN agent was
responsive to the real world in a real-time manner. All of
these results, therefore, validate the robustness, accu-
racy, and deployability of this proposed metasurface
system in both ideal and real-world conditions.

EXPERIMENTAL VALIDATION

Some real-world applicability of the Al-controlled meta-
surface was subsequently verified, and testing per-
formed on a physical prototype produced and tested in a
Satimo SG24 Satimo anechoic chamber. Real-time phase
tuning was enabled by integrating the array with varac-
tor diodes constructed on a Rogers RO4003C substrate.
Far-field radiation patterns and return loss were mea-
sured using a Keysight PNA-X VNA to confirm beam steer-
ing across +60° having a peak gain of 14.3 dBi and side
lobe levels below -12 dB. The results were extremely
close to the simulations, which validate the proposed
system’s ability to be efficient, low latency, and suitable
for practical use in adaptive 6G applications.

Fabrication Process

A metasurface array was fabricated on a Rogers
RO4003C substrate (tan & = 0.0027, stable relative per-
mittivity, and high thermal and chemical resilience) to
be used as an array at 28 GHz. The layout of this design
was optimized using simulation and transferred on to the
copper-clad laminate by standard photolithography and
chemical etching techniques. Each unit cell was man-
ually soldered to surface-mounted varactor diodes and
DC biasing networks, so that the dynamic phase tuning
could be enabled. Minor misalignment and inconsistency
of solder joints were found in assembly, as well as at
the diode contact points, resulting in a small frequency
offset (~150 MHz) in measured results. Finally, hardware
implementation is confirmed as the fabrication of the
prototype successfully maintained the overall struc-
tural integrity and electromagnetic performance within
acceptable tolerances.

Measurement Results

An experimental characterization of the fabricated
metasurface prototype was conducted within a Satimo
SG24 near-field anechoic chamber that enables high
fidelity electromagnetic performance characterization
by extracting the full 3D radiation pattern from the
measurement and transforming it to representative far-
field results. The S11 scattering parameters (return loss)

and impedance matching over the intended operational
frequency band were measured using a Keysight N5247B
PNA-X VNA. The prototype was mounted on a precision
rotatable stage for angular scanning under realistic free
space conditions, and the measurement setup com-
prised a standard gain horn antenna.

Results of the experimental tests smoothed out well
with predictions of simulation. Particularly, the mea-
sured return loss stayed below the value of -10 dB
across the frequency range from 27 to 29.5 GHz, thus
confirming efficient impedance matching. It demon-
strates excellent fidelity in DRL-controlled beam redi-
rection having a deviation of less than 0.5 dB from the
simulated data for the peak realized gain, and equal to
or better than +2° deviation from target-directed beam
steering. From the results we can verify the reliability
of the hardware implementation and also of the simula-
tion models.

Figure 11 shows overlaid plot of simulated versus mea-
sured S11 across the 26-30 GHz band showing good cor-
relation and validation of the prototype’s impedance.

Figure 12 illustrates the proposed experimental setup
including the metasurface prototype mounted on a
rotatable stage, the horn antenna (reference horn
antenna) and several absorber panels lined in the cham-
ber, and the cables that are connected to the VNA.
Measured results are found to be in good agreement
with those of simulation, for which the practical viabil-
ity of the Al-augmented metasurface system is demon-
strated. Finally, the low discrepancies in gain and beam
steering effectively prove the repeatability and robust-
ness of the proposed design that is the right candidate
for real-time, reconfigurable antenna application in the
emerging 6G networks.
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Fig. 11: Measured versus simulated return loss (S11).
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PROPAGATION MODELING AND CHANNEL RESPONSE

In dynamic wireless channel conditions including mul-
tipath interference and signal fading, the performance
of the beam steering of the proposed metasurface sys-
tem was further evaluated in order to further determine
the real-world applicability of the proposed metasurface
system.

CHANNEL MODEL AND SIMULATION ENVIRONMENT

To enable the evaluation of the robustness of the pro-
posed Al-controlled metasurface under realistic wireless
conditions, a channel modeling was conducted inside a
Rayleigh fading environment (a typical nonline of sight,
NLoS, scenario) typical for dense urban and indoor 6G
deployments. The aged channel dynamics within the
simulation include time-varying channel dynamics, that
is, angle of arrival (AoA) fluctuations, phase shifts, and
multipath reflections, which resemble the reality of the
electromagnetic variability. The effects were effected
using a co-simulation framework that blends MATLAB-
based institute modelling with the CST Microwave
Studio’s electromagnetic solver for the most precise
synchronization of the Al control logic and physical wave
propagating behavior.

Dynamic tests were performed on the DRL enhanced
metasurface under a range of dynamic test conditions
including variable receive position rifle sweep of +60°,
delayed multipath propagation components, and SNR
variability. The scenarios we designed were designed
very specifically with the goal of rigorously assessing
how adaptable the system was, in particular, how adapt-
able was the system in maintaining beam integrity and
targeting accuracy in the presence of channel distor-
tions. Our results showed that the DRL agent effectively
stabilizes the beam direction and retains high gain when

suffering from rapid environmental variations, indicating
the possibility of its application in the real-time deploy-
ment in a complicated 6G wireless networks.

Performance in Multipath Environments

The metasurface controlled by the proposed DRL is
shown to exhibit good performance against a multipath
rich propagation environment that has angular spread,
Doppler variations, and fluctuating channel conditions.
However, it was shown that despite the inherent com-
plexity of such environments, the system maintained
stable and high-gain beam steering over the complete
angular range of +60°. Also, of note, the envelope cor-
relation coefficient (ECC) remained below 0.05 in all the
tested applications, which is a key property to help the
system work properly in multiuser MIMO situations. In
real time, the DRL agent adapted the phase distribution
of the metasurface to compensate angular distortion
and path loss channel impairments and essentially main-
tained accurate alignment of the metasurface’s main
lobe with the dominant incoming signal component.

The RSS versus steering angle for three distinct prop-
agation conditions: free space, Rayleigh fading, and
multipath reflection environments are presented in
Figure 13. The phase of the metasurface was controlled
by the Al to consistently outperform the static phase
configuration methods in terms of higher link reliability,
sharper beam directionality, and higher signal fidelity
under all conditions. The system’s ability to dynamically
self-tune without human retuning to a time-varying envi-
ronment shows its potential for implementation in 6G
wireless infrastructures in real time. These results verify
that the metasurface system with Al augmentation is not
only good at dealing with ideal free space conditions but
is also very robust in highly challenging electromagnetic
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Fig. 13: Received signal strength versus angle.
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environments. It meets the requirement of beam integ-
rity retention and maximum received signal power under
channel fading and interference, which ensures its fea-
sibility in next-generation communication scenarios such
as high-density urban deployment, mobile terminal, and
vehicular network.

CONCLUSION AND FUTURE SCOPE

The dynamic beam-steering metasurface architecture
presented in this work is an Al-enhanced metasurface,
with a study that addresses the key issues in future
6G wireless system application. A real-time and con-
tinuous beam redirecting system based on DQN-based
reinforcement learning framework and reconfigurable
phase tunable metasurface array is achieved, and the
system shows a gain of 14.5 dBi and radiation effi-
ciency higher than 88%. Finally, we demonstrate the
high fidelity beam control, low side lobe levels (SLL
<12 dB), and ultrafast reconfiguration latency less
than 10 ms, which are accomplished using better per-
formance than the existing systems of mechanical,
MEMS-based, or optimization-driven approaches. The
DRL agent accomplishes without any computational
overhead and without iterative feedback loops the
adaptation to varying signal and channel conditions.
In addition, the system showed robust behavior under
Rayleigh fading and multipath propagation conditions,
and under such conditions, corresponding to dynamic
high mobility 6G applications, indicating feasibility of
the system. For future work, the 3D beamforming and
elevation angle control through volumetric or stacked
metasurface array are investigated, the federated
learning for distributed control of large-scale antenna
platform is explored, and hybrid analog-digital archi-
tectures on supporting real-time hardware acceleration
with light power fractional consumption at network
edge are under investigation. Finally, overall, the pro-
posed DRL-augmented metasurface provides a solid
basis for developing the next generation of intelligent,
reconfigurable, and adaptive antenna systems in line
with the 6G networks’ requirements.
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