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Abstract—This paper presents an accurate modeling frame-
work for reconfigurable intelligent surfaces (RISs) in multiple-
input multiple-output (MIMO) communication systems, leverag-
ing channel information to enhance system performance. The
proposed method combines hybrid ray-tracing (RT) and full-
wave analysis to derive deterministic channel responses, estab-
lishing a closed-form relationship between the communication
channel matrix and the RIS’s load impedances. This accurate
modeling framework enables the construction of a non-diagonal
impedance matrix that effectively captures critical structural
factors of the RIS, such as truncation effects and mutual coupling
between elements. Building on this, an optimization framework is
developed to co-optimize the RIS configuration and beamforming
matrix using an alternating optimization technique, with the goal
of maximizing the minimum achievable rate among multiple
users. A 3 x 3 RIS-assisted system operating in an indoor
environment is considered to validate the approach. The results
reveal that integrating the optimized RIS significantly boosts
the achievable rate for all users. Specifically, the user rates
increase from approximately 1.91 bps/Hz in the no-RIS scenario
to 2.51 bps/Hz with the optimized RIS deployed.

I. INTRODUCTION

Reconfigurable intelligent surfaces (RISs) are being ex-
plored as a promising technology in next-generation wireless
communication systems, with potential to enhance the spec-
tral and energy efficiency of multiple-input multiple-output
(MIMO) systems [1]. MIMO systems, which utilize multiple
antennas at both the base station (BS) and user devices
are designed to exploit spatial diversity and multiplexing to
achieve higher data rates and improved reliability. However,
the performance of MIMO systems can be significantly limited
by adverse channel conditions, such as signal fading, interfer-
ence, and blockage.

RISs, composed of sub-wavelength unit cells, address
these challenges by dynamically manipulating electromag-
netic waves through reconfigurable components, such as PIN
diodes [1] and varactor diodes [2]. By precisely optimiz-
ing their configuration and controlling their electromagnetic
properties, RISs can actively shape the wireless propagation
environment. In MIMO systems, deploying optimized RISs
enhances communication channel capacity by improving the
signal-to-interference-plus-noise ratio (SINR), and enabling
more effective spatial multiplexing. These advancements drive
significant benefits, including increased spectral efficiency,
expanded coverage, and reduced energy consumption, estab-
lishing RISs as a promising technology for future wireless
networks.

Despite their potential, several challenges arise when in-
tegrating RISs into MIMO communication systems. First, in
most existing literature RISs are often modeled as arrays of
phase shifters that adjust the phase shifts of reflected signals
to achieve constructive or destructive interference at receiving
locations [3], [4]. However, such simplified models fail to
capture critical RIS structural factors, including truncation
effects, and most importantly, mutual coupling between RIS
elements in different states, which results in a non-diagonal
impedance matrix that requires optimization. These omissions
result in discrepancies between theoretical predictions and
actual performance. Second, statistical channel models, such
as the Rician and Rayleigh fading models [5], are often
used to describe communication channels. While these models
account for environmental effects, advancements now enable
the derivation of deterministic, site-specific models, such as
ray-tracing (RT) modeling, to provide more accurate chan-
nel representations and assist in the configuration of RIS.
Lastly, existing optimization methods for RIS configuration
have primarily focused on redirecting beam directions [1] or
optimizing reflection coefficients [3]. A more sophisticated
optimization approach is required that can co-optimize the
beamformers at the BS and the RIS configuration.

To address these challenges, this work explores the integra-
tion of an RIS into a practical MIMO communication system
by leveraging deterministic channel information in a sub-6
GHz frequency band. The objective is to co-optimize the RIS
configuration and beamforming vectors to maximize the min-
imum achievable rate among users, ensuring fairness in signal
quality while incorporating environmental effects. To achieve
this, a hybrid technique combined RT with full-wave analysis
is employed [2]. This approach enables systematic evaluation
of RIS scattering properties while accurately modeling envi-
ronmental effects within the communication channels. Further-
more, in this work, varactors are employed as tunable elements
on the surface, offering continuous capacitance adjustment to
achieve precise control over the RIS configuration. Finally,
this paper adopts an alternating optimization framework that
iteratively refines the RIS configuration and beamforming
matrix, while adhering to practical constraints such as power
limitations for transmitters and bounded varactor capacitance
values. We previously proposed using the hybrid technique
in a single-input single-output (SISO) system [2]. This paper
extends that work to MIMO systems.
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Fig. 1: Illustration of a MIMO communication environment with
three linear antennas as Txs, each separated by A/2 at an operating
frequency of 5.8 GHz. The RIS is centered at (0, 0, 0) with 1D
control. The total electric field distribution is evaluated within the
region indicated by orange dots, with the targeted users at (1.3, 3.13,
0) m, (1.8, 2.38, 0) m, and (2.3, 1.63, 0) m, marked as red circles.
Signal distributions at these locations are plotted for three different
beamforming vectors, each designed to maximize the achievable rate
for a specific user.

II. METHODOLOGY

This work employs a hybrid technique that combines RT
with full-wave analysis to evaluate the impact of RIS in a site-
specific MIMO communication system. Unlike conventional
wireless communication systems, where channel state infor-
mation (CSI) is typically obtained through measurements and
feedback protocols [6], this approach utilizes electromagnetic
shooting and bouncing ray (SBR)-based RT simulations to
derive the RIS-assisted channel matrix. The process models
the downlink signal propagation from the antennas at the BS,
acting as transmitters (Txs), to the RIS, and subsequently to
the antennas at the user terminals, acting as receivers (Rxs),
while accounting for environmental effects. For the simulation,
a ray density of 4 rays per wavelength and a maximum
of 2 bounces are assumed, chosen based on the dimensions
of the RIS and the observation region to strike a balance
between computational efficiency and accuracy [7]. Following
this, finite element method (FEM)-based full-wave analysis is
conducted using Ansys HFSS (high-frequency structure simu-
lator) to evaluate the RIS’s scattering behavior, incorporating
key factors such as truncation effects, and mutual coupling.
By employing the hybrid technique, we establish a closed-
form relationship between the total fields in the environment
and the non-diagonal impedance matrix, which accounts for
mutual coupling and tunable load effects. By optimizing the
load impedance, we maximize communication performance,
demonstrating the effectiveness of this approach.

In this work, we consider a system involving M Txs, T field
points with K user terminals positioned among the field points,
and N reconfigurable elements in the RIS. The beamformer
(W € CM>K) is defined as a matrix containing vectors
[w1,wa, - ,wk], which each corresponds to an optimum
value of beamforming coefficients at Tx for each Rx user.

The total received electric fields (E) form a T" x K matrix,
with each column corresponding to the total received electric
field associated at the 7' field points with a specific user’s
beamforming vector. This matrix is defined as a combination
of the communication channel matrix H € CT*™ and the
beamforming matrix W, according to [2]

E = fIW = {Hu + G?T [diag(ZloadS) - G”]_l Ho}w
1

Here, H, € CT*M represents the sub-channel matrix captur-
ing the contributions from the Txs and the unloaded RIS to the
field points. Similarly, Hy € CV*M denotes the sub-channel
matrix between the Txs and the RIS load elements, incorpo-
rating the effects of the unloaded RIS structure, including the
dielectric substrate, top and bottom conducting layers [8]. Both
matrices, H, and Hg, account for environmental interactions
to ensure accurate modeling. The term GRT € CT*N repre-
sents the electric field response at the observation points, as
indicated by the orange dots in Fig. 1, due to currents induced
at the load locations on the RIS. This matrix includes not
only the effects of the tunable loads but also contributions
from structural components, as well as environmental factors.
The equivalent impedance of the tunable loads on the RIS is
denoted by Zgas € CV*1, while Gy € CVN*N accounts for
the self- and mutual coupling among the load elements.

The primary objective is to maximize the minimum achiev-
able rate (Rui,) while adhering to power constraints for
each transmitting antennas. This is achieved through the co-
optimization of the beamforming matrix (W) and the tunable
load impedances (Z}o,4s) incorporated within the inverse non-
diagonal impedance matrix, [diag(Zieads) — Gu]_l, as de-
tailed in (1). Unlike the phase-shifter approach [3], where the
RIS is modeled as a simple diagonal phase-shifting matrix
that controls the electric field |E| through a straightforward
matrix-vector product, the model proposed in this paper pro-
vides a more comprehensive representation of RIS scattering
behavior. It explicitly incorporates mutual coupling effects
and systematically establishes the relationship between tunable
load impedances and channel matrices. To this end, we assume
a constant signal-to-noise ratio (SNR), with the noise power
denoted as o3, determined by the received signal strength
at the target user. Additionally, interference is defined as
the power received by unintended users, which we aim to
minimize. The achievable rate, serving as the performance
metric, is defined as [9]

|Ekk (w/w Zloads)|2 @)
Zj#k |Ekj(wj7Z10ads)|2+O'§ ’

where wy, is the beamforming vector designed to maximize the
achievable rate for the k™ user. The term |E};| represents the
signal strength received by the k" user due to the beamforming
for the j™ user, while |Eyy| denotes the strength of the desired
signal at the k™ user. In this formulation, the numerator,
| Exk|?, quantifies the power of the desired signal received at
the k™ user. The denominator, > ik [ B |2+ 02, captures the

Ry, = log, (1 +



combined effects of interference from the other K — 1 users,
and the noise power.

The maximization of the overall objective (i.e., the min-
imum achievable rate across the users) is subject to two
constraints. First, each Tx antenna is subject to a power
constraint, denoted by F,,, ensuring that the transmitted power
from each antenna does not exceed this limit. Second, the
imaginary part of the load impedance is constrained to be
within a specific range, which reflects the physical limitations
of the impedance elements in the RIS. These two constraints
guide the formulation of the optimization problem as follows

erlg‘iids f(W7 Zloads) = mkm{Rk (VV7 Zloads)}
K
s.t. Z \W,m|* = Py Ym o€ {1,2,..., M}, (3)
k=1

Zmin § S{Zloads[n]} S Zma)u n S {1727 s 7N}7

where wy. ., specifies the weight of the m™ Tx antenna in
the beamforming vector wy,. To solve the problem, we adopt
an alternating optimization strategy [9], which iteratively opti-
mizes the beamforming vector and the tunable load impedance
within the non-diagonal impedance matrix. The alternating
optimization process for maximum minimum-rate is outlined
in Algorithm 1. In this work, we utilize MATLAB’s built-
in optimization routine, ‘fmincon’, which is a gradient-based
optimization tool designed to solve non-linear optimization
problems.

Algorithm 1 Minimum-Rate Maximization Algorithm

1: Input: Sub-channel matrices H,, and Hy; Green’s ma-
trices GRT and Gyj; power constraints for transmitting
antennas P.

2: Initialize: RIS configuration Z)pq € CV*!; beamform-
ing matrix W € CMxK,

3: while not converged do

Optimize Zjy,gs With fixed W to maximize Ry,, sub-
ject to the imaginary part of Z)y,q4s being constrained
within [Zin, Zmax)-

5:  Optimize W with updated Z),qs to maximize R,
subject to power constraints P for the transmitting
antennas.

6: end while

7. return Optimized RIS configuration Zjq,s and beam-
forming matrix W.

ITI. SIMULATION RESULTS

TABLE I: MIMO communication system achievable rate (bps/Hz)

Receiving locations No RIS  With RIS deployed
(1.30, 3.13, 0) m 1.9174 2.5126
(1.80, 2.38, 0) m 1.9174 2.5121
(2.30, 1.63, 0) m 1.9174 2.5121

In this work, we conduct a MIMO communication example
with three Txs and three targeted users operated at 5.8 GHz as
shown in Fig. 1. The Txs are linear, single-polarized along the
z-direction and positioned at (6, -3, 0) m. They are spaced \/2
apart at the operating frequency. Each user is assumed to be
equipped with a single antenna. However, the methodology
presented in this work can also be extended to multi-user
MIMO systems where both the users and the BS are equipped
with multiple antennas. The RIS structure is identical to the
one proposed in [2], where varactor diodes serve as tunable
load elements, with capacitance values constrained between
0.2 and 0.9 pF. As a result, the load impedances (Zoaqs) are
determined by the corresponding capacitance values (Clyy).
The RIS is centrally positioned at (0, 0, 0) with dimensions
of 0.533 x 0.331 m and oriented parallel to the yz-plane. It
consists of 20 x 11 unit cells, each spaced by \/2 at the
operating frequency. Each unit cell contains two reconfigurable
elements, resulting in a total of 440 varactors distributed across
the surface. The RIS is controlled along one dimension (1D),
where each column of unit cells have the same states. The
three target users are located at (1.3, 3.13, 0) m; (1.8, 2.38,
0) m; and (2.3, 1.63, 0) m denoted as red circles in the Fig. 1.
Since we have three users, the beamforming matrix can be
written as

wi,1 W2,1 W31
W = [wy,ws, w3] = |wi2 w22 w2 . 4
wi3 W23 W33

Furthermore, we assume a 1 W (30 dBm) power constraint (6)
for each Tx antenna, with an SNR of 30 dB at each target user.
The optimization problem can be formulated as

VIVn%)\{“ f(W, Cvar) = m]in{Rk (W7 Cvar)} (5)
3
s.t. Z |wk,m,|2 = 1a vm7 (6)
k=1

0.2 < Cyyln] < 0.9 pF, Vn. 7)

The optimization results are presented and compared under
two distinct scenarios: without RIS and with the optimized
RIS deployed. In both cases, the beamforming matrix is opti-
mized. The results are summarized in TABLE 1. Furthermore,
Fig. 2(a) depicts the total electric field distribution, E, across
the receiving region for the optimized RIS configuration,
with the optimized beamforming matrix represented on a
decibel-milliwatt (dBm) scale. Fig. 2(b)-(d) illustrate the signal
strength corresponding to each beamforming vector, tailored
for individual users and combined with the optimized RIS
configuration. Notably, as the figures shown, the second user
experiences the lowest signal strength, which is reasonable
due to the influence of power constraints on each Tx an-
tenna, indirectly shaping the signal distribution through the
beamforming weights. Observe also that the beamformers tend
to suppress the electric field strengths at the locations of
the users they do not serve, which has the desired effect
of minimizing interference. While the signal and interference
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Fig. 2: Total electric fields (JE| in dBm) within the region of
interest in the presence of the optimized RIS highlighting 3 user
locations: (1.30, 3.13, 0) m, (1.80, 2.38, 0) m, and (2.30, 1.63, 0) m
marked by the red circles. The plots show (a) the total E-field with
all beamforming vectors summed together and (b)-(d) the E-field
distribution for the first, second, and third beamformers individually
active.

strengths vary across the users, the achievable rates remain
well-balanced. This aligns with the objective of maximizing
the minimum achievable rate to ensure fairness among all
users. The optimized beamforming matrix is

0.634 —17.42° 0.42/117.67° 0.65£ —1.83°
W = | 0.55£19.13°  0.48£117.57° 0.68£89.72°
0.404 —2.02° 0.48/89.26° 0.784 —143.81°
®)

The optimized varactor capacitance values, arranged from the
left to the right columns of the surface, are: [0.61 0.74 0.34

0.79 0.52 0.68 0.73 0.82 0.28 0.29 0.29 0.85 0.86 0.85 0.37
0.35 0.33 0.53 0.60 0.67] pF. The achievable rate shows a
consistent improvement through the alternating optimization
scheme, rising from approximately 1.91 bps/Hz to 2.51 bps/Hz
across the three users with the deployment of the optimized
RIS. The key parameters in (1) can be precomputed and reused
during the optimization process. This eliminates the need for
additional simulations in subsequent optimization iterations,
significantly reducing computational overhead.

IV. CONCLUSION

This work presents an effective alternating optimization
framework for maximizing the minimum achievable rate in
MIMO communication systems by optimizing both the beam-
forming matrix and RIS configuration using deterministic
channel information, derived through a hybrid RT and full-
wave analysis approach. A non-diagonal impedance matrix is
employed to account for mutual coupling, making the RIS
model closer to practical performance. A comparative analysis
of scenarios with and without RIS deployment demonstrates
the significant improvement in achievable rates for all users.
These results validate the potential of the proposed optimiza-
tion scheme to enhance MIMO system performance. Future
work include experimental validation, extending this work to
millimeter-wave (mmWave) frequency bands and developing
advanced optimization techniques that jointly optimize the RIS
configuration and beamforming matrix to address nonlinear
optimization challenges effectively.
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