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ABSTRACT Massive multiple-input, multiple-output (MIMO) systems operating in the millimeter wave
(mmWave) and terahertz (THz) frequency bands offer high data rates and spatial multiplexing, yet they face
significant propagation challenges. Reconfigurable intelligent surfaces (RISs) and their different architec-
tures have emerged as a promising solution to these challenges, having the potential to enhance system
performance. This paper addresses the joint sum-rate maximization problem in multi-user, multi-stream,
multi-carrier MIMO systems aided by multiple parallel RIS panels. To minimize the inter-user interference,
we adopt a problem formulation that adds a regularization term. To solve the resulting problem, we then
propose a regularized cyclic block proximal gradient (MU-RCBPG) algorithm, which can jointly optimize
precoders and RIS phase shifts without increasing the complexity compared to traditional single-valued
decomposition (SVD)-based methods. The resulting algorithm has a flexible design that allows it to support
configurations with beyond-diagonal RIS (BD-RIS), conventional diagonal RIS (D-RIS), and active D-RIS.
Numerical results demonstrate that the MU-RCBPG algorithm outperforms existing RIS-aided schemes in
various scenarios.

INDEX TERMS BD-RIS, beyond-5G/6G, mmWave–THz links, multi-carrier communications,
MU-MIMO.

I. INTRODUCTION

MASSIVE multiple-input, multiple-output (MIMO)
systems, enabled by the emergence of millimeter-

wave (mmWave) and terahertz (THz) frequency bands,
represent a pivotal advancement in the evolution of multiuser
wireless networks [1].

The impetus for operating in the mmWave/THz band
derives from the critical requirements of 5G and 6G networks
for ultrahigh data rates, ultra-low latency, and ubiquitous
connectivity [2], [3], [4]. These requirements propel the
exploration and adoption of higher frequencies, where
broader bandwidths become available. The mmWave/THz
frequency bands offer vast, underutilized spectral resources
[5]. However, they also introduce new propagation chal-
lenges due to the severe path loss and molecular absorption,

limited diffraction, and increased sensitivity to blockage.
In order to capitalize on the full potential of these bands,
the implementation of large-scale antenna arrays is imper-
ative for directional beamforming and spatial multiplexing.
Additionally, the dense packing of antennas enabled by short
mmWave/THz wavelengths supports spatial multiplexing at
an unprecedented scale, thereby enhancing the potential
of massive and ultra-massive MIMO (UM-MIMO) sys-
tems [1], [5], [6]. In comparison to lower frequency bands,
mmWave/THz communications offer substantial advantages,
including ultra-wide bandwidth, enhanced spatial resolution,
and superior directionality. These characteristics are essen-
tial for high-capacity, dense urban environments. The use of
ultra-narrow beams, enabled by mmWave/THz bands, has
been demonstrated to enhance security, mitigate interference
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among users, and combat path loss by concentrating the
signal on a specific user direction. However, these advantages
are accompanied by several disadvantages in terms of propa-
gation that limit their practical deployment. Due to their short
wavelengths, these bands are highly susceptible to scatter-
ing and dispersion, particularly when interacting with rough
surfaces. Furthermore, mmWave and THz signals experi-
ence significant attenuation due to atmospheric absorption,
resulting in substantial power loss over distance. Although
ultra-narrow beams help to mitigate the effects of higher
attenuation, signal blockage by obstacles such as buildings,
foliage, or human bodies can severely impair connectivity.
To ensure robust and high-performance communications,
these challenges necessitate the implementation of comple-
mentary technologies to maintain reliable links [7].

Reconfigurable intelligent surfaces (RISs) have emerged
as a key enabler for enhancing signal propagation, over-
coming mmWave/THz propagation impairments. In environ-
ments where there is no direct line-of-sight (LoS) between
users and BSs, RISs can effectively reconfigure the wireless
channel by creating virtual LoS paths. This enhances signal
coverage and reliability. RISs can steer, focus, or scat-
ter incident waves in the desired direction, compensating
for the absence of natural multipath propagation in high-
frequency bands [8]. They can be broadly categorized into
diagonal RIS (D-RIS) and beyond-diagonal RIS (BD-RIS),
with the latter encompassing group-, and fully-connected
topologies. D-RISs represent the most explored configura-
tion, where each reflecting element operates independently,
forming a diagonal phase shift matrix. Its simplicity comes
with limited control over wavefronts. BD-RISs have been
shown to offer greater flexibility and superior performance,
allowing inter-element connectivity, forming symmetric and
unitary scattering matrices. Fully-connected BD-RISs pro-
vide the highest degrees of freedom (DoF), at the cost of
increased hardware and computational burden. The RISs
can be classified into reflective architectures, including pas-
sive, active, single-, group-, and fully-connected. While
passive RIS architectures have a lower cost of implementa-
tion, making them more energy-efficient, active RISs offer
signal amplification, improving channel capacity. However,
this is accompanied by increased complexity and power
consumption [9].
A substantial body of literature has emerged on the sub-

ject of systems comprising D-RISs, such as [10], [11], [12],
[13], [14], [15], and [16]. These works have emphasized
the value of joint optimization in RIS-aided MIMO systems
and demonstrated the increase in performance and system
capabilities that results from the addition of RISs to MIMO
systems. The authors in [14] proposed a multiuser, mul-
tistream algorithm for maximizing the sum-rate using the
Gaussian multiple-access and broadcast (MAC-BC) dual-
ity, where they have shown the impact of adding multiple
parallel RISs to enhance MU-MIMO system capabilities.
This work assumes a prior implementation of dirty paper
coding (DPC), which is a significantly complex operation.

The authors also compared the results with those of a linear
precoding algorithm first presented in [16], which does not
assume any prior coding and represents a less complex, more
cost-effective solution. However, both [14] and [16] assume
the transmission of a single subcarrier, which is not consis-
tent with the 5G standard of orthogonal frequency-division
multiplexing (OFDM) waveform. Consequently, there is a
need for more adaptive, flexible, and versatile algorithms that
optimize multistream RIS-aided MU-MIMO communication
over multiple subcarriers multiplexed in frequency.

More recently, various optimization strategies have been
developed to handle the increased dimensionality and con-
straints of BD-RIS, such as [9], [17], [18], [19], [20], [21],
[22], [23], and [24], which underline the relevance and
the need for unified algorithms that scale reliably across
BD-RIS-aided MIMO networks, and significantly enhance
spectral efficiency and channel capacity. This paradigm aims
to improve achievable rates while also reducing the complex-
ity of joint optimization frameworks under realistic system
constraints. The authors in [17] and [20] present different
algorithms and variations, which aim to maximize the achiev-
able sum-rate of a multiuser MIMO system. The authors
in [17] consider a BD-RIS-assisted multi-user multiple-input
single-output (MU-MISO) system and propose a two-stage,
low-complexity beamforming design framework. This frame-
work separates the optimization of passive (at the BD-RIS)
and active (at the BS) beamforming using a closed-form
method. They present a closed-form approximation to the
optimal passive beamforming matrix that maximizes the sum
of effective channel gains. This approach achieves significant
computational gains over classical alternating optimization
methods. The authors in [20] address the weighted sum-
rate (WSR) maximization problem in a similar MU-MISO
downlink system employing a fully-connected BD-RIS. They
introduce an efficient alternating optimization algorithm,
which they named FP-PSLA, which iteratively optimizes
the active (BS) and passive (BD-RIS) beamforming matrices
using closed-form solutions within a fractional program-
ming framework (FP). Their results demonstrate that the
proposed method substantially reduces computational com-
plexity while achieving nearly optimal WSR performance,
particularly in large-scale networks.

The existing body of literature on the subject indicates that
RISs, particularly BD-RISs, present a promising avenue for
scalable and flexible system designs. This consensus lends
further credence to the growing interest and effectiveness of
RISs in complex scenarios. However, the majority of system
models are constrained to simplified topologies, as summa-
rized in Table 1.

This paper contributes to the literature by addressing
a broader setting and by proposing a unified algorithm
for joint optimization of precoding and RIS matrices. The
objective of the algorithm is to maximize the sum-rate perfor-
mance of the multi-parallel RIS-aided MU-MIMO network,
comprising multi-stream and multi-carrier communications
at mmWave/THz frequency band. Since the optimization

1844 VOLUME 7, 2026



TABLE 1. Comparison of supported configurations of the proposed algorithm with those of the relevant literature.

problem is non-convex and involves large-scale systems, the
block proximal gradient (BPG) method is adopted. Although
this approach does not guarantee finding global optimal solu-
tions for non-convex problems, it enables the development of
algorithms that strike a good balance between complexity and
performance [25], [26].

The main contributions of the paper can be summarized as
follows:

• We formulate the joint achievable sum-rate maximiza-
tion problem, defined over the precoders and the phase
shifts of all RIS elements, considering a multi-stream
MU-MIMO communication system aided by multiple
parallel RIS panels. Since eliminating the inter-user
interference directly using block-diagonalization (BD)
precoding would require a singular value decomposition
(SVD) per user and subcarrier, an operation with consid-
erable computational cost, we proposed an alternative
problem formulation that adds a regularization term to
the objective function, which drives it towards a solution
with reduced inter-user interference.

• In order to determine a solution to the adopted problem
formulation, an iterative algorithm (MU-RCBPG) based
on regularized cyclic block proximal gradient (CBPG) is
derived. Using the CBPG method allows us to simplify
the joint optimization process by alternately optimizing
the precoders and the RIS matrices. The exact expres-
sions for the required gradients and proximal operators
are presented. As CBPG is a first-order optimiza-
tion method, it is particularly appealing to large-scale
problems involving a large number of transmit/receive
antennas, RIS elements, users, and subcarriers, such as
the one we are addressing here. This makes our approach
more scalable. While initially designed for BD-RISs,
the algorithm was also extended to less complex scenar-
ios where the RIS elements are independent from each
other, assuming a D-RIS setup. Furthermore, we present
an extension of the proposed algorithm to active
(amplified) D-RISs.

• We present numerical results that show the capabilities
of the MU-RCBPG in scenarios comprising multiple

users, multiple streams, multiple subcarriers, and mul-
tiple parallel D-, and BD-RIS panels, and we compare
them with a standard BD precoding algorithm with
passive and active blind RISs, and algorithms from the
literature.

This paper is organized as follows: section II introduces the
receive signal model taken into account in the multi-stream,
multicarrier RIS-assisted mmWave/THzMU-MIMO system,
section III presents the problem formulation and the proposed
joint optimization algorithm of precoders and RISs matrices,
section IV presents the numerical results of the link level
simulations, and section V outlines the conclusions of our
study.
Notation: Matrices and vectors are represented in boldface
letters in upper and lower case letters, respectively. Cm×n

denotes the space ofm×n complex matrices. In is the identity
matrix of dimension n × n. The superscript (·)−1, (·)T , (·)∗,
and (·)H denote the inverse, transpose, complex conjugate,
and Hermitian transpose, respectively. ln(·) represents the
natural logarithm. E{·} denotes the expectation operator. |x|
represents the modulus of the complex number x and |X|
represents the determinant of thematrixX. diag(·) denotes the
diagonal matrix with the elements of a vector on the diagonal.
Tr{·} denotes the trace, ∥ · ∥F the Frobenius norm, and N (·)
the null space. ℜ{·} and ℑ{·} denote the real and imaginary
parts. Symbol ⊘ denotes the Hadamard division.

II. SYSTEM MODEL
This section aims to describe the system model of a multi-
carrier, multiuser MIMO (MU-MIMO) system that operates
in the mmWave/THz band and is capable of serving Nu users
simultaneously, each with Nrx receive antennas. The multiple
links are established with the aid of Npan RIS panels, each
comprising Nris elements, as illustrated in figure 1.
The channel is modeled on the assumption that the system

uses OFDM to cope with frequency-selective fading. At the
receivers, the resulting vector for the k th subcarrier of the uth

user, rk,u, can be written using

rk,u =
√

ρkHk,uFksk + nk,u (1)
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FIGURE 1. Layout considered for the RIS-assisted MU-MIMO communication
system.

where u = 1, . . . ,Nu and k = 1, . . . ,Nc, Nc being the total
number of subcarriers allocated to each user. sk ∈ CNuNs×1

represents the symbol vector containing the amplitude and
phase modulated symbols with E{∥sk∥22} = NuNs, where Ns
is the number of streams transmitted simultaneously. Fk ∈
CNtx×NuNs represents the precoder and ρk the power per
stream and per subcarrier. Although we are assuming the BS
precoder, F, is fully digital, it is straightforward to transition
to hybrid structures by finding a product of digital-analog
precoder matrices that minimizes the Frobenius distance to
matrix F, as outlined in [27], [28], [29]. Vector nk,u ∈ CNrx×1

represents the Nrx complex noise components at the receiver,
which are assumed to be independent zero-mean circularly
symmetric Gaussian samples with covariance σ 2

n INrx [30],
[31]. The matrix Hk,u ∈ CNrx×Ntx is the k th subcarrier fre-
quency domain channel between the BS and the uth user, and
can be defined for each subcarrier k and user u as

Hk,u = HS,Uu
k +

Npan∑
i=0

HRi,Uu
k 8iH

S,Ri
k (2)

where HS,Uu
k ∈ CNrx×Ntx represents the direct channel

between the BS and the user u, HRi,Uu
k ∈ CNrx×Nris , the chan-

nel between the ith RIS and the user u, HS,Ri
k ∈ CNris×Ntx the

channel between the BS and the ith RIS and 8i ∈ CNris×Nris

is the ith RIS matrix. The definition in (2) is based on the
assumption that the RISs are used in scenarios involving
significant blockage losses and are positioned far apart, with
LOS to the BS, but not to each other. Furthermore, under
the assumption of effective RIS beamforming, signal reflec-
tions will not be directed towards other RISs. In scenarios
where inter-RIS reflections could occur, optimization and
performance estimation would become even more complex.
Therefore, as in [10], [13], [14], and [21], we ignore the
effects of coupling between different panels and neglect
multiple reflections when defining the total channel matrix.
The considered mmWave/THz model includes channels with
one LoS and Nray non-LoS (NLoS) components, where the
rays arrive in clusters [32]. If the distance between the BS
and the uth user, dS,Uu , is greater than the Fraunhofer dis-
tance, defined as DF ≜ 2L2array/λ [33], Larray being the
largest dimension of the array, we can assume a far-field

propagation model with planar wavefronts and write the
channel frequency response between the BS and the uth user,
at subcarrier k , as

HS,Uu
k =

√
β
S,Uu
LOS aUu (φ

Uu←S
0 , θ

Uu←S
0 )

× aHS (φ
S→Uu
0 , θ

S→Uu
0 )e−j2π

dS,Uu
λk

+
1

√
KRice

Nray∑
l=1

√
β
S,Uu
NLOS (l)α

S,Uu
l aUu (φ

Uu←S
l , θ

Uu←S
l )

× aHS (φ
S→Uu
l , θ

S→Uu
l )e−j2πτl fk (3)

which describesHS,Uu
k as the sum of one LoS and Nray NLoS

components. The subcarrier frequency, fk , can be calculated
as fk = fc + B

Nc
(k − 1 − Nc−1

2 ), where B is the bandwidth
and fc the carrier frequency. λk is the subcarrier wavelength
according to λk = c/fk , c being the speed of light in vacuum.
τl is the delay of the l th path, andKRice is the ratio between the
LoS andNLoS components, which indicates the quality of the
channel and the relative fading the path is subjected to [34].
α
S,Uu
l ∈ CNray×1, is the l th NLoS complex gain between

the BS and the user u, while β
S,Uu
LOS and β

S,Uu
NLOS represent

the path loss of the LoS and NLoS channels, respectively.
An approximation of the path loss between the BS and the
uth user can be computed as follows [35]

βS,Uu =
GtxGrx

( 4π
λ
)2(dS,Uu )η

ekabs(f )dS,Uu (4)

where Gtx and Grx are the gains of the transmit and receive
antennas, respectively, η is the path loss exponent, and kabs(f )
is the coefficient of molecular absorption at the frequency f
[35]. The clusters and the rays within each cluster are mod-
eled to have specific angles of arrival (AoA) and departure
(AoD). aS (φ

S→Uu
l , θ

S→Uu
l ) and aUu (φ

Uu←S
l , θ

Uu←S
l ) repre-

sent the array response vectors at the AoD and AoA from the
large transmitter antenna array at the BS to the uth receiver
antenna array, respectively, for the considered azimuth φl and
elevation θl . Under the assumption of a uniform planar array
(UPA) implementation, the array response vectors at the BS
and user u can be calculated, respectively, as [36], [37]

aS (φ
S→Uu
l , θ

S→Uu
l )

=

[
1, . . . , ej

2π
λ
dtx (p sinφ

S→Uu
l sin θ

S→Uu
l +q cos θ

S→Uu
l ), . . .

]T
,

(5)

and

aUu (φ
Uu←S
l , θ

Uu←S
l )

=

[
1, . . . , ej

2π
λ
drx (p′ sinφ

Uu←S
l sin θ

Uu←S
l +q′ cos θ

Uu←S
l ), . . .

]T
,

(6)

where p, q = 0, . . . ,
√
Ntx − 1 and p′, q′ = 0, . . . ,

√
Nrx −

1 are the relative positions of the (p, q)th transmit antenna
and (p′, q′)th receive antenna. dtx and drx are the spacing
between antennas that make up the rectangular arrays at the
transmitter and receiver, respectively. The channel frequency
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response at subcarrier k , between the BS and the ith RIS,
HS,Ri
k , and between the ith RIS and the uth user, HRi,Uu

k ,
can both be written in a similar way to (3), by replacing
the user angles of arrival with the RIS angles of arrival.
The pathloss coefficients should also consider the distances
between the considered pair and the gain of the RIS. The
array response vectors at the AoD and AoA from the large
transmitter antenna array at the BS to the surface of the ith

RIS, and from the surface of the ith RIS to the uth user, can
also be calculated, similar to (5) and (6).

In specific cases where the distances dS,Uu (BS-User
u), dS,Ri (BS-RIS i), or dRi,Uu (RIS i-User u) are less
than the Fraunhofer distance, a spherical wavefront near-
field (NF) propagation model should be assumed and (3)
must be adapted, to include the effect of all the individual
path distances between each transmitting-receiving antenna
pair [38]. Therefore, assuming an NF propagation model and
unit-normalized power radiation patterns along the directions
of interest for both the transmitting and receiving antennas,
we can rewrite (3), for subcarrier k , as [10]

HS,Uu
k (n,m) =

√
β
m,n
LOSe

−j2π dm,n
λk

+
1

√
KRice

Nray∑
l=1

√
β
m,n
NLOS (l)|α

m,n
l |e

−j2πτ
m,n
l fk ,

(7)

thus, representing the channel frequency response between
the mth transmit antenna at the BS to the nth receive antenna
at user u. τm,n

l is the delay of the l th path between elements m
and n, and α

m,n
l is the complex gain of the l th path between

elements m and n normalized as
∑Nray

l=1 E[|α
m,n
l |

2] = 1.
In order to compute the path loss of the LOS and NLOS
channels, βm,n

LOS and β
m,n
NLOS , respectively, we consider the gains

of the mth transmit antenna at the BS and the nth receive
antenna at user u, and the distance of the individual (m, n)
pair, dm,n. For the NFmodel, the path loss coefficient between
the mth transmit antenna and the nth receive antenna can be
computed as [10], [35]

βm,n
=

GmGn
( 4π

λ
)2(dm,n)η

ekabs(f )dm,n. (8)

III. PROBLEM FORMULATION AND PROPOSED
ALGORITHM
In this section, we present the problem formulation and
introduce the proposed algorithm for joint optimization of
the precoders and RIS elements. The main objective is
to maximize the achievable sum-rate of the multi-stream,
multi-carrier, multi-user and multi-parallel RIS MIMO link,
previously described in section II.

A. PROBLEM FORMULATION
Assuming perfect channel knowledge, the achievable sum-
rate, in bits per second per Hertz (bits/s/Hz), can be given

by [39]

R =
Nc∑
k=1

Nu∑
u=1

ln

∣∣∣∣INs + ρk,u

σ 2
n
FHk,uH

H
k,u9

−1
k,uHk,uFk,u

∣∣∣∣ , (9)

where ρk,u/σ
2
n is the signal-to-noise ratio (SNR) of the k th

subcarrier from the uth user, Fk,u ∈ CNtx×Ns the precoder
of the uth user in subcarrier k with Fk = [Fk,1, . . . ,Fk,Nu ],
and9k,u represents the interference, i.e., the amount of power
that user u receives in subcarrier k that was intended for the
other users. The total interference experienced by user u in
subcarrier k is given by

9k,u = INrx +
Nu∑
u′=1
u′ ̸=u

ρk,u′

σ 2
n

Hk,uFk,u′FHk,u′H
H
k,u. (10)

In order to maximize (9), we formulate the optimization
problem as

min
F,8

f (F, 8)

= −

Nc∑
k=1

Nu∑
u=1

ln

∣∣∣∣INs + ρk,u

σ 2
n
FHk,uH

H
k,uHk,uFk,u

∣∣∣∣ (11a)

s.t.
Nc∑
k=1

Nu∑
u=1

∥Fk,u∥2F ≤ NcNuNs (11b)

Nc∑
k=1

Nu∑
u′=1
u′ ̸=u

Hk,u′Fk,u = 0 u = 1, . . . ,Nu (11c)

8i ∈ R i = 1, . . . ,Npan (11d)

where R represents the set of feasible RIS matrices, whose
specific definition depends on the type of RIS. The restric-
tion (11c) is equivalent to enforcing other users’ channels,
Hk,u′ , to lie in the null space of the uth user’s precoder, Fk,u,
thus eliminating inter-user interference.

In order to ease the complexity of imposing the con-
straint (11c), we redefine the optimization problem using

min
F,8

f (F, 8) =

−

Nc∑
k=1

Nu∑
u=1

ln

∣∣∣∣INs + ρk,u

σ 2
n
FHk,uH

H
k,uHk,uFk,u

∣∣∣∣
+ γ ∥

√
ρk,u

σn
Hk,uFk,u∥2F (12a)

s.t.
Nc∑
k=1

Nu∑
u=1

∥Fk,u∥2F ≤ NcNuNs (12b)

8i ∈ R i = 1, . . . ,Npan (12c)

where we remove constraint (11c) and add the regularization
component,

∑Nc
k=1

∑Nu
u=1 γ ∥

√
ρk,u
σn

Hk,uFk,u∥2F . The constant
γ represents the regularization parameter and matrix Hk,u ∈

C(Nu−1)Nrx×Ntx represents all user channels in subcarrier k ,
[Hk,1 . . .Hk,Nu ]

T , with the uth user’s Nrx lines removed, thus
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representing the channel associated with the interference gen-
erated by the transmission of the signal directed at user u on
all other users.

The proposed objective function employs a squared
Frobenius norm penalty, which serves as a differentiable
surrogate for the aggregate multi-user interference leakage.
Theoretically, this formulation transforms the traditionally
non-convex and tightly coupled SINR-based sum-rate maxi-
mization into a Lagrangian-style unconstrained optimization
suitable for CBPG methods. In multi-user MIMO systems,
traditional interference-nulling techniques, such as block
diagonalization, act as a ‘‘hard’’ constraint and force the
precoders into the null space of the matrixHk,u, which can be
computationally expensive. This often comes at a significant
cost to the desired signal power, especially in rank-deficient
or highly correlated channels. Our regularization term shifts
this paradigm to a soft-interference management framework.
This transforms the sum-rate maximization problem from a
constrained interference-nulling formulation into an uncon-
strained trade-off between signal enhancement and interfer-
ence suppression. By minimizing this term, the algorithm
solving this problem inherently seeks a balance: it favors
orthogonality when interference is high but allows for con-
trolled leakage if the resulting gain in the user’s own link bud-
get disproportionately increases the total sum-rate. By allow-
ing controlled interference leakage, the system can exploit
stronger signal subspaces when they provide a net sum-
rate gain. Since the regularization term is embedded directly
in the objective function, it tends to guide both precoder
and RIS updates toward solutions with reduced interference
leakage across all optimization blocks. Later in section IV,
we demonstrate that a moderate regularization weight signif-
icantly improves the achievable sum-rate, while excessively
large values overly prioritize orthogonality and degrade per-
formance. The regularization factor γ therefore serves as a
tunable parameter that governs the trade-off between inter-
user interference suppression and sum-rate maximization.

B. ALGORITHM DERIVATION
In order to find a proximal solution to (12a), we use the
cyclic block proximal gradient method (CBPG) [26]. As a
first-order optimization method, the CBPG is well-suited
to dealing with large-scale problems (i.e. large number of
transmit/receive antennas, RIS elements, users, and subcar-
riers), such as the one we are addressing here. To implement
the CBPG, we can use the indicator function, defined for a
generic set A as IA(x), and which returns 0 if x ∈ A and
+∞ otherwise. This allows us to rewrite the problem as
min
F,8

f (F, 8) =

Nc∑
k=1

Nu∑
u=1

[
− ln

∣∣∣∣INs + ρk,u

σ 2
n
FHk,uH

H
k,uHk,uFk,u

∣∣∣∣
+γ ∥

√
ρk,u

σn
Hk,uFk,u∥2F + IP (Fk,u)

]
+

Npan∑
i=1

IR(8i)

(13)

where IP and IR are the indicator functions for sets P and
R, respectively, which are defined as

P =
{
P ∈ CNtx×Ns : ∥P∥2F ≤ Ns

}
and

R =
{
R ∈ CNris×Nris : RHR = INris

}
,

for the case of BD-RIS.
The CBPG consists of cyclically picking a block and per-

forming a proximal gradient step with respect to the chosen
block [26]. For a given iteration, q, and gradient step, t , the
precoders and RIS matrices can be updated using

F(q+1)
k,u = F(q)

k,u − t∇F∗k,u f (F
(q)
k,u, 8

(q+1)) (14)

and

8
(q+1)
i = 8

(q)
i − t∇8∗i

f (F(q), 8
(q)
i ), (15)

respectively, where ∇F∗k,u f and ∇8∗i
f are the gradients of f

with respect to the conjugate of the precoders, and RISs,
respectively.
Lemma 1: Considering (12a), the gradients of f w.r.t. the

conjugate of the precoders, and BD-RIS matrices, ∇F∗k,u f and
∇8∗i

f , can be defined, respectively, as

∇F∗k,u f = −
ρk,u

σ 2

[
HH
k,uHk,uFk,u

×

(
INs +

ρk,u

σ 2 FHk,uH
H
k,uHk,uFk,u

)−1
+ γH

H
k,uHk,uFk,u

]
. (16)

and

∇8∗i
f = −

Nc∑
k=1

Nu∑
u=1

ρk,u

σ 2

[(
HRi,Uu
k

)H
Hk,uFk,u

×

(
INs +

ρk,u

σ 2 FHk,uH
H
k,uHk,uFk,u

)−1
FHk,u

(
HS,Ri
k

)H
+γ

(
H
Ri,Uu
k

)H
Hk,uFk,uFHk,u

(
HS,Ri
k

)H]
. (17)

with H
Ri,Uu
k ∈ C(Nu−1)Nrx×Nris representing all chan-

nels in subcarrier k between the ith RIS panel and the
users, [HRi,U1

k , . . . ,HRi,UNu
k ]T , with the uth user’s Nrx lines

removed, representing the interference generated by the
transmission of the signal directed at user u to all other users.

Proof: see Appendix A.
After the proximal gradient step, the algorithm will

also update the estimate optimization variables by applying
a proximal operator, prox∝g, to impose constraints (12b)
and (12c). The proximal operator for an arbitrary function g
can be defined as prox∝g(z) = argmin

x̂
g(x̂)+ 1

2∥x̂−z∥
2 which,

for (12b), can be calculated as an Euclidean projection, where
g corresponds to the indicator function, I, of set P , and can
be computed as

prox∝IP (Z) =

Z , ∥Z∥2F ≤ Ns√
Ns
∥Z∥F

Z , otherwise
. (18)
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Regarding constraint (12c), the proximal operator for set R,
prox∝IR , can be described as

prox∝IR (Z) = UVH , (19)

where U and V are obtained from the singular value decom-
position (SVD) of Z, with Z = U3VH . It is important to
note that applying proximal mapping to indicator functions
such as (18) and (19) essentially results in a block projected
gradient algorithm, as clarified in [26], [40], [41], and [42].
To find the most suitable gradient step, we use the back-

tracking line-search method [40], [41]. For a given gradient
step, t , decreasing by a factor, β, and a linear extrapolation
slope, α, the stop condition can be generically defined, for
complex optimization variables, as f (x + t1x) ≤ f (x) +
2αt ℜ

{
∇f (x)H1x

}
[40]. Aiming to minimize the objective

by jointly optimizing the precoder, F, and RIS matrices, 8,
and considering a descent direction for the gradients, the
backtracking line search should run until

f (Fcandidate, 8candidate) ≤ f (F, 8)

+ 2αt ℜ
{
1FH (−1F)

}
+ 2αt ℜ

{
18H (−18)

}
(20)

holds, where 1F = Fcandidate−F and 18 = 8candidate
−8,

to take into account projections after the gradient descent.
The resulting algorithm consists of a total of Q CBPG

iterations, where, for each main iteration, q, the precoder
matrices of all Nc subcarriers from all Nu users, and the
elements of all Npan RIS panels are updated in two alter-
nating cycles, with the backtracking line search used to find
an adequate gradient step according to (20). This step has
initial values of t8 and tF for the RIS panels and precoders,
respectively. The algorithm is designed to stop either when
the number of iterations reaches its limit, Q, or when the
relative difference between consecutive objective function
values reaches a threshold ε (in the simulations we adopted
ε = 10−5). The resulting multiuser regularized CBPG
(MU-RCBPG) algorithm is summarized in algorithm 1.

Due to the reciprocal nature of certain passive BD-RIS net-
works, some algorithm implementations consider projections
of symmetric, unitary RIS matrices. This symmetry con-
straint can easily be incorporated in our proposed algorithm
using the projection defined in [17]. In this scenario, the set
R must be redefined as

R =
{
R ∈ CNris×Nris : RHR = INris ,R = RT

}
,

effectively restricting the solution space to the set of complex
symmetric unitary matrices. This approach ensures that the
optimized matrix satisfies the losslessness and reciprocity
conditions for passive BD-RIS architectures.

The proposed CBPG-based algorithm with backtracking
line search is known to converge under standard condi-
tions, namely that the objective function is bounded, admits
block-wise Lipschitz continuous gradients, each block update

Algorithm 1MU-RCBPG -Multiuser Regularized CBPG for
Joint Optimization of Precoders and RIS Panels

Input: R(0), HS,D, HS,i, Hi,D, F(0), 8(0), Q, tF , t8, α, β
Output: F(Q), 8(Q)

1: repeat
2: Compute ∇8∗i

f using (17), for all i
3: repeat
4: Update 8

(q+1)
i using (15), for all i

5: Project 8(q+1)
i using (19), for all i

6: until condition (20) holds
7: Compute ∇F∗k,u f using (16), for all k, u
8: repeat
9: Update F(q+1)

k,u using (14), for all k, u

10: Project F(q+1)
k,u using (18), for all k, u

11: until condition (20) holds
12: until q > Q or

∣∣∣ f (F(q+1),8(q+1))−f (F(q),8(q))
f (F(q+1),8(q+1))

∣∣∣ < ε

corresponds to a well-defined proximal subproblem, the fea-
sible sets associated with the individual blocks are closed and
convex, and a sufficient descent condition is enforced [26].
The objective function, defined in (12a), is smooth with
respect to each optimization block when the remaining vari-
ables are fixed. For fixed BD-RIS coefficients, for example,
the objective is smooth in the precoders because its gradient
only involves matrix multiplications and inverses of positive
definite covariance matrices. There are no singularities due to
strictly positive noise variance. Under finite transmit power
constraints, the feasible precoder set is compact, and the
corresponding Hessian is bounded. This implies the gradient
is Lipschitz continuous on the feasible set. Similarly, when
the precoders are fixed, the objective function is smooth with
respect to the BD-RIS coefficients. However, although it is
closed and bounded, the set of feasible BD-RIS matrices
is not convex. Therefore, we cannot guarantee pointwise
convergence. Furthermore, a backtracking line search is used
to adaptively enforce the required descent condition without
needing to know the closed-form Lipschitz constants explic-
itly. These constants are analytically intractable to derive
because they rely on nested matrix products, log-determinant
terms, and covariance matrix inverses that depend on the
precoders and BD-RIS coefficients. Since the feasible set of
BD-RIS matrices is nonconvex, the only conclusion that can
be drawn is that the sequence of objective function values,
f (F(q), 8(q)), q ≥ 0, is nonincreasing and bounded below,
and therefore converges. Proving that the associated sequence
of points f (F(q), 8(q)) converges to a stationary point for our
formulation is highly nontrivial, but it may be something
to explore further as future work. However, the functional
convergence of the objective function is sufficient for our
purposes since we can ensure that the objective function is
decreasing. Under these assumptions, the proposed algorithm
with backtracking line search generates a sequence of feasi-
ble iterates with monotonically decreasing objective values.
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Therefore, any point obtained at the end of the algorithm,
f (F(q), 8(q)), will potentially be a good solution.

The complexity of the BD-RIS matrix design is primarily
influenced by the SVD required for projection (19) (line 5
of algorithm 1), which has a complexity order of O(N 3

ris).
Regarding the complexity of the precoder matrix design,
it is primarily influenced by the computation of its gra-
dient (line 7 of algorithm 1), which has a complexity of
O(N 2

txNrxNu). By considering I8 as the number of line search
loops for the RISs, algorithm 1 has a complexity order of
O(Q(I8NpanN 3

ris+NcN
2
uN

2
txNrx)), which means that the com-

plexity of the MU-RCBPG grows linearly with the number
of RIS panels, subcarriers and receive antennas per user.
An increase in complexity stems from the quadratic depen-
dency on the number of users and transmit antennas at the
BS. Due to the required projection of the BD-RIS matrices,
the MU-RCBPG exhibits a cubic dependency on the num-
ber of RIS elements. This demonstrates that our approach
does not increase the computational complexity compared
to traditional SVD-based methods, yet it achieves improved
performance, as will be seen later in section IV.

C. SPECIAL CASE OF D-RIS
D-RISs are a specific configuration of BD-RISs, also known
as single-connected BD-RIS [7], where each element oper-
ates independently. Therefore, the ith RIS matrix can be
represented as 8i = diag(ϕi), with ϕi = [ϕi,1, . . . , ϕi,Nris ]

T

as the vector of phase shift values of each RIS element.
In order to use the MU-RCBPG for a scenario with a D-RIS,
we first need to redefine the setR as

R =
{
r ∈ CNris×1 : |rj| = a , j = 1, . . . ,Nris

}
,

which no longer forces the RIS matrix to be a unitary
matrix, but instead, given that it is a diagonal matrix,
forces its diagonal to consist only of complex values with
amplitude a.

For a given iteration, q, and gradient step, t , the RIS array
response vector, ϕi, can be updated using

ϕ
(q+1)
i = ϕ

(q)
i − t∇ϕ∗i

f (F(q), ϕ
(q)
i ), (21)

where ∇ϕ∗i
f is the gradient of f with respect to the conjugate

of the RIS diagonal vector.
Lemma 2: Considering (12a), the gradient of f w.r.t. the

conjugate of the ith D-RIS vector, ∇ϕ∗i
f , can be defined as

∇ϕ∗i
f = −

Nc∑
k=1

Nu∑
u=1

ρk,u

σ 2

(
diag

[ (
HRi,Uu
k

)H
Hk,uFk,u

×

(
INs +

ρk,u

σ 2 FHk,uH
H
k,uHk,uFk,u

)−1
FHk,u

(
HS,Ri
k

)H]
+ γ diag

[(
H

(Ri,Uu)
k

)H
Hk,uFk,uFHk,u

(
H(S,Ri)
k

)H])
.

(22)

Proof: see Appendix B.

The proximal operator for the redefined R can be calcu-
lated as an Euclidean projection described as

prox∝IR (z) = a(z⊘ |z|). (23)

In summary, lines 2, 4, and 5 of algorithm 1 must be
modified to reflect the new gradient and projection definitions
using (22), (21), and (23), respectively.
The complexity of the D-RIS matrix design is primarily

influenced by the computation of its gradient, as in (22),
which has a complexity order ofO(NcNuNrisNtx(Nu−1)Nrx).
Therefore, the D-RIS version of algorithm 1 has complexity
order ofO(Q(NpanNcNuNrisNtx(Nu− 1)Nrx +NcN 2

uN
2
txNrx)),

which shows a linear dependency on the number of RIS
panels, RIS elements, subcarriers and receive antennas, but
a quadratic dependency on the number of users and transmit
antennas at the BS.

D. SPECIAL CASE OF ACTIVE D-RIS
Conventional passive D-RISs are inherently limited by the
absence of signal amplification, which presents challenges
when it comes to enhancing link quality, particularly over
long distances. Active D-RISs, which integrate active circuit
components such as negative resistance elements or ampli-
fiers within each reflecting unit, have been introduced as an
advanced paradigm to overcome this limitation. These com-
ponents enable the phase and amplitude of incident signals
to be dynamically controlled. This active design not only
enables adaptive beamforming and channel reconfiguration,
but also compensates for path loss attenuation, signifi-
cantly improving the signal-to-noise ratio (SNR) and spectral
efficiency [43].

In the presence of active D-RISs, we must consider the
noise amplification caused by the active elements themselves
and redefine the model of the received signal in (1) as

rk,u =
√

ρkHk,uFksk +
Npan∑
i=0

HRi,Uu
k 8in

Ri
k,u + nk,u (24)

where vector nRik,u ∈ CNris×1 represents the Nris complex
noise components at the ith RIS. nRik,u is composed of two
components: one related to the thermal noise captured by the
RIS panel, which is assumed to have a power identical to
the one at the receiver (σ 2

n ); the other represents the noise
generated internally by the RIS element components (e.g.
amplifiers). The noise at the RIS is modeled by the following
distribution

nRik,u ∼ CN (0,Fσ 2
n INris ), (25)

where F is the noise factor associated with the RIS. There-
fore, the matrix given in (10), which contains the total noise
plus interference (normalized by the noise σ 2

n ), should be
redefined as

9k,u = INrx +
Nu∑
u′=1
u′ ̸=u

ρk,u′

σ 2
n

Hk,uFk,u′FHk,u′H
H
k,u

+ F
Npan∑
i=0

HRi,Uu
k 8i8

H
i

(
HRi,Uu
k

)H
. (26)
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Considering active RISs with a fixed amplitude gain we have
8i = diag(ϕi), with |ϕi,1| = . . . = |ϕi,Nris | = a, where
a > 1, therefore resulting in

9k,u = INrx +
Nu∑
u′=1
u′ ̸=u

ρk,u′

σ 2
n

Hk,uFk,u′FHk,u′H
H
k,u

+ a2F
Npan∑
i=1

HRi,Uu
k

(
HRi,Uu
k

)H
. (27)

This adopted definition of the total interference plus noise
matrix means that the system’s sum-rate, as defined in (9),
remains unchanged.

Disregarding inter-user interference, we can rewrite (27) as

9k,u = INrx + a
2F

Npan∑
i=1

HRi,Uu
k

(
HRi,Uu
k

)H
, (28)

and redefine the problem formulation in (11a) as

min
F,8

−

Nc∑
k=1

Nu∑
u=1

ln

∣∣∣∣INs + ρk,u

σ 2
n
FHk,uH̃

H
k,uH̃k,uFk,u

∣∣∣∣ , (29)

with H̃k,u = KH
k,uHk,u, where Kk,u is a lower triangular

matrix obtained from the Cholesky decomposition of 9−1,
which is given as 9−1k,u = Kk,uKH

k,u. Given the problem
representation in (29), the proposed algorithm can be applied
directly by replacing the total channel matrix of each user in
each subcarrier, Hk,u, with the modified matrix, H̃k,u.

This formulation adopted for active RIS corresponds to
highly relevant practical scenarios, particularly when it is
assumed that the power supplies to the BS and RISs are
independent. However, it is important to note that other, more
complex formulations may be adopted, particularly those in
which it is assumed that the power supplied to the BS and
RIS is shared. In this case, incorporating power budget and
hardware consumption constraints [44] results in a different
problem formulation, meaning that the proposed algorithm
cannot be extended directly. Nevertheless, it is possible to
apply an approach similar to that followed in this paper,
resulting in a different, more complex algorithm that accounts
for the additional constraints and variables.

IV. SIMULATION RESULTS
This section presents the simulation results and performance
of the proposed algorithm and compares them with the
performance of several algorithms from the literature in
terms of achievable sum-rate. Additionally, we emphasize the
potential performance gains of adding non-reciprocal fully
connected BD-RIS and active/passive D-RIS panels to the
UM-MIMO system by also benchmarking the results against
two simpler transmission schemes: BD-precoding with no
RIS panel and BD-precoding with one or multiple RIS
panels without reconfiguration capabilities (‘‘blind RIS’’).
Although channel estimation (CE) is a highly relevant topic
in RIS-aided communications, several studies have already

addressed CE schemes for conventional RIS-aided environ-
ments, such as [45], [46], [47], [48], and [49]. However,
for BD-RIS-aided systems, the task of estimating the full
channel matrices is considerably more complex and chal-
lenging, as well as being computationally expensive. Several
works on BD-RIS-aided CE have recently been developed,
including [50], [51], [52], and [53]. Therefore, we assume
prior full channel state information (CSI) acquisition, and our
main focus is on designing BD-RIS-assisted beamforming
schemes that maximize the system’s sum-rate.

The simulated scenario consists of one BS transmitting to a
small area, such as a room or office, where one or more RISs
are deployed. The RISs are more advantageous in scenarios
involving LoS blockage and the strict presence of NLoS com-
ponents. Therefore, it is assumed that the RISs are positioned
so as to guarantee LoS links to users deployed in a region with
obstructed direct links to the BS. It was also assumed that all
RISs served all users within the zone without LoS to the BS.
The operating frequency is set to 100GHz, with an occupied
bandwidth of 480kHz per subcarrier. We apply path loss
exponents of 2.05 and 4.6 for LOS and NLOS propagation,
respectively, based on [54]. The number of propagation paths
is set to Nray = 3, and the azimuth and elevation AoD/AoA
are uniformly random distributed in (−π, π) and (−π

2 , π
2 ),

respectively. For the indirect link through each RIS, we apply
Krice = 10, while the direct link has no LOS component
(Krice = 0). The averaging of all simulated results is done
over 100 random channel realizations. Simplification of the
setup is achieved through simulation in a two-dimensional
coordinate system, where the third coordinate is assumed
to be equal and constant for the BS, RIS panels, and users.
Considering dS,U as the distance between the BS and the
center of the 3× 3m room, the BS is assumed to be at (0, 0),
the 4 RIS panels at (dS,U − 0.5, 1.5), (dS,U − 0.5,−1.5),
(dS,U + 0.5, 1.5) and (dS,U + 0.5,−1.5), and the users are
randomly distributed throughout the room, either closer to
or farther from the RISs. However, they always maintain the
same distance from the BS. For instance, for a user at position
(x, y), dS,U =

√
x2 + y2 with −1.5 < y < 1.5 must hold.

Since the performance of our algorithm relies on the value
chosen for the regularization term, γ , Fig. 2 aims to provide
an overview of how the achievable sum rate varies in multi-
carrier, multi-user, and multi-RIS scenarios with different γ

values. Fig. 2a shows the evolution of the achievable sum-rate
as the regularization factor varies from 0 to 10. As can be
seen, using a regularization factor of 0 (i.e., not applying the
regularization) results in a low achievable sum-rate, which
increases substantially with the introduction of the regular-
ization term; however, performance decreases considerably
for values of γ above 0.5. This is an expected effect, as it
implies an increase in the weight of the regularization term
applied to each algorithm iteration and, consequently, placing
greater importance on finding values that keep the precoders
as orthogonal as possible, even if sacrificing some of the
achievable sum-rate. Using a smaller sample interval when
0 ≤ γ ≤ 1 enables us to conclude that, for this scenario,
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FIGURE 2. Performance of the proposed algorithm with different γ values.
Scenario: Ns = 2, Ntx = 256, Nrx = 4, Nris = 128, Ptx = 30 dBm, dS,U = 100 m.
(a) Benchmark with Nu = 3, Npan = 1, Nc = 1, (b) Multi-carrier, (c) Multi-user,
(d) Multi-RIS.

there is a ceiling of around 27 bps/Hz that is obtained with
γ values between 0.05 and 0.17. Therefore, it is reasonable
to assume that using a regularization factor value within
this range will optimize the performance of this algorithm
in this scenario. Fig. 2b, 2c, and 2d show the performance
dependency on γ in multi-carrier, multi-user and multi-RIS
scenarios, respectively. Fig. 2b shows the difference in perfor-
mance with 1, 16, and 32 subcarriers. Note that the bandwidth
of the transmitted signal varies with the number of subcarriers
(480 kHz/subcarrier), and so does the power allocated for
each subcarrier. Therefore, the direct comparison of the
sum-rates between the three scenarios is unfair. However,
as the number of subcarriers increases, it shows that the
increase in the value of γ seems to have less impact. Assum-
ing 0.05 ≤ γ ≤ 0.17 (as previously estimated), it is
relatively safe to conclude that the number of subcarriers is
not a significant factor in selecting a suitable value for γ .
Fig. 2c shows the difference in performance with various
numbers of users, ranging from 3 to 24 users. As expected,
the greater the number of users, the greater the impact of
the value of γ on the achievable sum-rate. Fig. 2d shows
that the range of gamma selections that produced the best
results in thismulti-user scenario tends to fall between 0.1 and
0.17. Fig. 2b shows the difference in performance with 1,
2, or 4 RIS panels. As expected, the achievable sum-rate
differs, but the behavior of the three curves is generally the
same. We mentioned that the best observed values of γ for
the multi-carrier and multi-user scenarios with a single RIS
panel tended to be between 0.1 and 0.17. However, this is
not the case when we increase the number of panels. For
scenarios with 2 and 4 RIS panels, performance is higher
when selecting γ from the intervals [0.03, 0.09] and [0.03,

FIGURE 3. Convergence performance of the proposed algorithm. Scenario: Nu = 3,
Ns = 2, Ntx = 256, Nrx = 4, Nris = 128, Npan = 2, Nc = 1, dS,U = 120 m.

0.07], respectively. Since the single-RIS window, [0.1, 0.17],
has no interception with the two multi-RIS windows, we can
generalize γ by assigning a value that varies linearly with the
number of RIS panels (Npan). In this case, we propose the
adoption of the value of γ = 0.16/Npan which yields 0.16,
0.08, and 0.04 for 1-, 2-, and 4-RIS scenarios, respectively,
which fall within the best ranges [0.1, 0.17], [0.03, 0.09],
and [0.03, 0.07], respectively. This behavior was observed
in several other scenarios, so we defined the values of γ as
γ = 0.16/Npan. The same approach can be used to define γ

in settings where these may not be appropriate.
Fig. 3 illustrates the convergence performance of the

proposed algorithm in the first 50 iterations. This sce-
nario includes 3 users, 256 transmitting antennas at the
BS, 2 streams, 4 receive antennas, 1 subcarrier per user,
2 BD-RIS panels with 128 reflecting elements, and a distance
of 120 meters between the BS and the users. Note that the
objective function value at iteration 0 is the result of com-
puting the objective function with the initial values F(0) and
8(0). Fig. 3 confirms that the proposed algorithm converges
in a relatively small number of iterations. This is significant
given that the complexity of the MU-RCBPG grows linearly
with the number of panels but cubically with the number of
RIS elements. Furthermore, as seen in Fig. 3, the number of
iterations required for convergence increases with the SNR.
This behavior is expected in interference-limited multi-user
systems [55], [56]. This is a consequence of the system
transitioning from a noise-limited to an interference-limited
regime. At a noise-limited regime (low SNR), the objective
function is dominated by the desired signal power, leading
to a relatively well-conditioned and ‘smooth’ optimization
landscape. However, as the transmit power (and thus the
SNR) increases, the noise floor ceases to act as a natural
regularizer for the objective function’s Hessian, and we con-
sider the system to be in an interference-limited regime [55],
[56]. The algorithmmust then performmuch higher-precision
suppression of multi-user interference to reach a stationary
point, as even marginal leakage becomes significant relative
to the low noise power. This increased coupling between the
user precoders and the resulting sensitivity of the sum-rate
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FIGURE 4. Comparison of BD-RIS algorithms’ performances. Scenario: Nu = 8,
Ns = 1, Ntx = 256, Nrx = 1, Nris = 128, Npan = 1, Nc = 1, Ptx = 25 dBm.

to small phase shifts at the multiple RIS panels necessitates
a higher number of iterative steps to achieve convergence.
It is important to note that the convergence behavior of the
proposed algorithm can depend on several system parameters,
such as the number of users, transmit and receive antennas,
RIS elements and panels, and subcarriers. Increasing these
dimensions generally enlarges the optimization space and
strengthens the coupling among optimization variables. This
results in a more complex, non-convex landscape and poten-
tially slower convergence. While larger antenna arrays and
RIS deployments potentially increase the available degrees
of freedom and achievable sum-rate, they also increase the
dimensionality of the block-coordinate updates. Additionally,
multi-carrier transmission introduces frequency coupling in
the RIS optimization, which may impact convergence speed
despite the fact that the per-iteration computational complex-
ity scales linearly with the number of subcarriers.
Fig. 4 shows how the performance of the proposed

approach varies with the distance between the BS and the
users, compared to BD-precoding, the heuristic two-stage
solutions to the WSR maximization problem, proposed
in [17], which use fractional programming (FP) and reg-
ularized zero forcing (RZF), and the FP-based projected
successive linear approximation (FP-PSLA) algorithm, pro-
posed in [20]. These algorithms only consider single-RIS,
single-antenna, and single-carrier users. Therefore, in order
to compare the proposed algorithm against those benchmark
algorithms, we use a simpler scenario which includes 8 users,
256 transmitting antennas at the BS, one receive antenna and
one subcarrier, a single BD-RIS panel at (dS,U − 0.5, 1.5)
with 128 reflecting elements, and a total transmitting power
of 25 dBm. Even though this is a scenario for which the
benchmark algorithms were designed, our approach is able to
achieve higher sum-rates for all simulated distances. As the
distance between the BS and the users increases, the gain
resulting from our approach also increases compared to the
BD-precoding and the two algorithms from [17], thus proving
its effectiveness for medium and long transmission distances.
The gain resulting from using our algorithm appears to be
consistent with that of the FP-PSLA from [20], indicating

FIGURE 5. Comparison of BD-RIS algorithms’ performances. Scenario: Nu = 4,
Ns = 1, Ntx = 256, Nrx = 1, Nris = 128, Npan = 1, Nc = 1, dS,U = 100 m.

similar behavior despite our solution’s superior performance.
Adding a single BD-RIS panel represents an 8% and 43%
gain, respectively, for distances of 50m and 100m when
considering a link with a blind RIS. For the same distances,
our approach can reach values representing gains of 28% and
218%, respectively, when compared to a scenario without RIS
panels, which is a considerable performance increase.
Fig. 5 illustrates how the performance of the proposed

approach varies with the total transmitted power, compared
to the same benchmark cases of the previous figure. This sce-
nario includes 4 users, 256 transmitting antennas at the BS,
one receive antenna, one subcarrier, a single BD-RIS panel
with 128 reflecting elements, and a distance of 100 meters
between the BS and the users. Adding a blind RIS to the sys-
tem enables the sum-rate to reach values representing a 40%
gain, for 30 dBm of transmitted power, compared to the sce-
nario without RIS panels. Considering the performance of the
BD-RIS algorithms with 25 dBm of total transmitted power,
the algorithms from [17], [20], and the proposedMU-RCBPG
achieve gains of 103%, 136% and 160%, respectively, com-
pared to the blind RIS. In low-power scenarios, the FP-PSLA
and the proposed approach demonstrate equivalent perfor-
mance. However, our approach outperforms the FP-PSLA
when power increases, possibly due to MU-RCBPG’s ability
to mitigate inter-user interference, which becomes more chal-
lenging in scenarios with increased signal power. Overall, the
proposed approach demonstrates superior performance in the
simulated scenario.
Fig. 6 shows how the multi-carrier performance of the

proposed approach with a single BD-RIS and a single D-RIS
varies with the total transmitted power per stream and per
subcarrier compared to BD-precoding. This scenario includes
4 users, 256 transmitting antennas at the BS, 4 streams,
8 receive antennas, and 16 subcarriers per user, a single
RIS panel with 128 reflecting elements, and a distance of
120 meters between the BS and the users. For scenarios
in which multiple subcarriers are transmitted simultane-
ously, our approach demonstrates significant improvements
compared to the blind RIS case. With 0 dBm of total trans-
mitted power per stream and per subcarrier, the proposed
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FIGURE 6. Comparison of proposed algorithm performance with multiple
subcarriers using BD-RIS and D-RIS. Scenario: Nu = 4, Ns = 4, Ntx = 256, Nrx = 8,
Nris = 128, Npan = 1, Nc = 16, dS,U = 120 m.

FIGURE 7. Comparison of proposed algorithm performance with BD-RIS and D-RIS.
Scenario: Nu = 4, Ns = 4, Ntx = 256, Nrx = 4, Nris = [128 − 512], Npan = 1, Nc = 1,
dS,U = 100 m.

MU-RCBPG can achieve 2.35 and 2.99 bps/Hz/subcarrier,
for scenarios assisted by a single D-RIS and BD-RIS
panel, respectively. With a more realistic power constraint
of 25 dBm, the MU-RCBPG achieves rates that are 6.6x
and 9x higher using a D-RIS and a BD-RIS, respectively,
when compared to the blind RIS. As expected, MU-RCBPG
with BD-RIS achieves higher sum-rates than with D-RIS,
demonstrating the benefits of using fully connected element
structures, like BD-RISs, over independent reflecting ele-
ments, such as D-RISs, in multi-carrier scenarios. However,
it must be emphasized that this performance improvement
comes at the cost of an increase in implementation complexity
and computing costs. This trade-off between performance
gains and complexity when using BD-RIS over D-RIS has
also been addressed in many recent works as [57], [58],
and [59].
Fig. 7 shows how the performance of the proposed

approach with a single BD-RIS and a single D-RIS varies
with the total transmitted power per stream. This scenario
includes 4 users, 256 transmitting antennas at the BS,
4 streams, 4 receive antennas, and one subcarrier per user,
and a distance of 100 meters between the BS and the users.

FIGURE 8. Comparison of D-RIS algorithms’ performances. Scenario: Nu = 3,
Ns = 3, Ntx = 256, Nrx = 8, Nris = 512, Npan = 1, Nc = 1, Ptx = 25 dBm.

To analyze the impact of having a larger number of RIS
elements in each RIS panel, we added curves with 128 and
512 elements. As expected, the more elements that com-
prise the RISs, the better the system’s performance in terms
of achievable sum-rate. Although it achieves better results
than the scenario without RIS panels, the blind RIS yields
low gains compared to those attained by the MU-RCBPG.
For settings with higher transmitted power per stream, the
MU-RCBPG with a 512-element D-RIS achieves a sum-
rate 5% higher than that of the 128-element BD-RIS. This
demonstrates that a BD-RIS with fewer elements can perform
similarly to a larger D-RIS. It also underscores the importance
of considering the trade-off between performance and com-
plexity when selecting the type and size of RISs.
Fig. 8 demonstrates how the performance of the pro-

posed approach with a single D-RIS varies with the distance
between the BS and the users, compared to the no RIS case,
the blind RIS case, and the classic block coordinate descent
(BCD) algorithm proposed in [16]. This scenario includes
3 users, 256 transmitting antennas at the BS, 3 streams,
8 receive antennas, and one subcarrier per user, a single
D-RIS panel with 512 reflecting elements, and a total trans-
mitting power of 25 dBm. To further analyze the performance
of both algorithms, curves were added for unquantized D-RIS
and 1-, 2-, and 3-bit quantized D-RIS. For Nb bits, we assume
that each element has 2Nb possible values to represent the
optimized phase shift, which is calculated by the algorithms.
As expected, the greater the distance between the BS and the
users, the greater the gain and advantage of adding RISs to
the system. However, the systems’ performance decreases as
the distance between the BS and the users increases, but the
gains associated with the use of joint optimization algorithms
become more pronounced. As can be seen in Fig. 8, quantiz-
ing the phases of the RIS elements can have some impact on
the system’s performance both for MU-RCBPG and BCD.
For example, 3 quantization bits can result in losses above
10%, even for smaller distances. As expected, the greater
the number of bits available for quantization, the greater the
achievable sum-rate. A good trade-off between performance
and complexity should also be considered when designing
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FIGURE 9. Comparison of D-RIS algorithms’ performances. Scenario: Ns = 2,
Ntx = 256, Nrx = 4, Nris = 512, Npan = 1, Nc = 1, Ptx = 25 dBm, dS,U = 100 m.

FIGURE 10. Comparison of proposed algorithm performance with passive and
active D-RISs. Scenario: Nu = 4, Ns = 4, Ntx = 256, Nrx = 4, Nris = 512, Npan = 1,
Nc = 1, Ptx = 25 dBm.

quantized RIS-aidedmultiuserMIMO systems. Nevertheless,
figure 8 shows that the proposed MU-RCBPG outperforms
the unquantized benchmark cases, even with 2- or 3-bit
quantization.

Fig. 9 demonstrates how the performance of the proposed
approach with a single D-RIS varies with the number of
users. This scenario includes 256 transmitting antennas at
the BS, 2 streams, 4 receive antennas, and one subcarrier
per user, a single D-RIS panel with 512 reflecting elements,
a total transmitting power of 25 dBm, and a distance of
100 meters between the BS and the users. Fig. 9 not only
demonstrates how the system achieves higher sum-rates when
using MU-RCBPG than BCD in multi-user scenarios, but
it also shows that it outperforms the benchmark cases in a
single-user scenario. With a blind RIS and without RIS, the
system achieves rates of 6.09 and 1.80 bps/Hz, respectively.
The BCD algorithm and the proposed MU-RCBPG achieve
10.89 and 17.30 bps/Hz, representing gains of 79% and
184%, respectively, compared to the blind RIS. The greater
the number of users, the greater the gain from using the joint
optimization algorithms compared to no RIS and blind RIS
implementations.

Fig. 10 demonstrates how the performance of the proposed
approach varies with the distance between the BS and the

FIGURE 11. Comparison of proposed algorithm performance with multiple D-RISs.
Scenario: Nu = 4, Ns = 2, Ntx = 256, Nrx = 4, Nris = 512, Npan = 1,2,4, Nc = 1,
dS,U = 120 m.

users when assisted by a single active D-RIS with gains of
+10 and +20 dB. The amplification of the active RIS is
assumed to be element-wise, meaning every RIS element
has a gain of 10 or 20 dB between the incident (incoming)
and the reflected (outgoing) signals. The noise model used
is the one described in III-III-D with a noise factor of 5 dB.
To evaluate the performance increase, we include the no RIS,
blind RIS, and passive RIS cases. This scenario includes
4 users, 256 transmitting antennas at the BS, 4 streams,
4 receive antennas, and one subcarrier per user, a single
passive/active D-RIS panel with 512 reflecting elements,
and a total transmitting power of 25 dBm. As expected, the
greater the gain in each RIS element, the greater the system’s
performance. For a distance of 100 meters between the BS
and the users, the proposed MU-RCBPG achieves sum-rates
that are 2.61x (passive), 2.09x (10 dB active), and 1.26x
(20 dB active) higher than those of blind RIS cases. Although
greater amplification results in greater noise introduced by
the RIS, the proposed approach outperforms blind RIS cases
in every considered scenario. Additionally, the performance
ofMU-RCBPGwith a passive RIS is similar to that of a 10 dB
amplified blind RIS, which further emphasizes the benefits
of using MU-RCBPG to simultaneously optimize both the
precoder at the BS and the phase shift matrix of the RISs.

Fig. 11 shows how the performance of the proposed
approach with multiple D-RISs varies with the total trans-
mitted power per stream. To analyze the impact of having
multiple RIS panels, we added curves with one, two, and four
RISs. In the single RIS case, the RIS panel is assumed to be
located at (dS,U − 0.5, 1.5). Then, we added a second RIS at
(dS,U − 0.5,−1.5), followed by two more panels at (dS,U +

0.5, 1.5) and (dS,U + 0.5,−1.5). This scenario includes
4 users, 256 transmitting antennas at the BS, 2 streams,
4 receive antennas, and one subcarrier, and a distance of
120 meters between the BS and the users. It is clear that
adding more RIS panels increases the system’s performance.
With 20 dBm of transmitted power per stream, the transmis-
sion without a RIS achieves a sum-rate of 1.51 bps/Hz. The
case with one, two, and four blind RIS panels achieves, 4.15,
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6.50, and 9.76 bps/Hz, respectively. For the same scenario,
the MU-RCBPG achieves 20.86, 31.35, and 46.07 bps/Hz,
representing gains of 403%, 382%, and 372%, respectively.
Furthermore, the MU-RCBPG with two and four RIS panels
achieves a sum-rate that is 1.50x and 2.21x higher than the
single D-RIS scenario, respectively. It is important to note
that the MU-RCBPG with a single D-RIS outperforms the
approach with four blind RISs. This again shows the massive
impact of using the MU-RCBPG algorithm, instead of mirror
RISs with no reconfiguration capabilities.

V. CONCLUSION
In this paper, we addressed the joint design of the transmit
precoder and RIS phases in the context of multi-stream,
multi-carrier, multi-user MIMO communications aided by
multiple parallel BD-RIS panels. Aiming at the maximiza-
tion of the sum-rate while minimizing inter-user interference,
we proposed a problem formulation that includes a regular-
ization term and derived a joint optimization algorithm based
on the CBPG method. The algorithm can be tailored to mul-
tiple BD-RISs, D-RISs, and passive and active D-RISs. The
regularization term was shown to drive the algorithm toward
a suboptimal solution with minimal inter-user interference.
We presented a detailed performance analysis that showed
that the proposed MU-RCBPG algorithm often achieves
higher sum-rates than other benchmarked approaches. Addi-
tionally, it was demonstrated that the fully interconnected
elements structure (BD-RIS) considerably outperforms the
independent elements structure (D-RIS). Furthermore, the
use of multiple parallel RIS panels and adding amplification
to RIS elements was shown to substantially impact the sys-
tem’s performance. Finally, the proposed framework offers
a scalable and efficient solution for next-generation wireless
networks operating in mmWave/THz frequency bands.

APPENDIX
PROOF OF LEMMA 1 AND 2
A. PROOF OF LEMMA 1
As stated before, (12a) can be used to approximately max-
imize the total achievable sum-rate comprising Nu users
transmitting over Nc subcarriers. Its calculation depends on
NcNu contributions, totally independent of each other, which
means that for each pair of subcarriers and users, (k, u), there
is a distinct gradient of the function f with respect to the
precoder matrix, Fk,u. To simplify the derivation, we can
represent the gradient of f as the sum of the gradients of the
two terms in (12a), ∇Fk,u,F∗k,u f = ∇Fk,u,F∗k,u f1 + ∇Fk,u,F∗k,u f2.
By starting with the first term, f1, and considering the equality
d [ln det (X)] = Tr

{
X−1dX

}
[60], the differential df1Fk,u,F∗k,u

can be described as

df1Fk,u,F∗k,u = −Tr
{(

INs +
ρk,u

σ 2 FHk,uH
H
k,uHk,uFk,u

)−1
×

ρk,u

σ 2

(
FHk,uH

H
k,uHk,udFk,u + dFHk,uH

H
k,uHk,uFk,u

)}
.

By separating both terms according to Tr{A+ B} = Tr{A} +
Tr{B}, the two differentials can be calculated separately as

df1Fk,u = −
ρk,u

σ 2 Tr
{(

INs +
ρk,u

σ 2 FHk,uH
H
k,uHk,uFk,u

)−1
× FHk,uH

H
k,uHk,udFk,u

}
,

and

df1F∗k,u = −
ρk,u

σ 2 Tr
{(

INs +
ρk,u

σ 2 FHk,uH
H
k,uHk,uFk,u

)−1
× dFHk,uH

H
k,uHk,uFk,u

}
= −

ρk,u

σ 2 Tr
{[

HH
k,uHk,uFk,u

×

(
INs +

ρk,u

σ 2 FHk,uH
H
k,uHk,uFk,u

)−1]T
dF∗k,u

}
.

Using the definition dfZ ,Z∗ = Tr
{
AT
0 dZ+ AT

1 dZ
∗
}
[60], the

gradient of f1 with respect to F∗k,u can be written as

∇F∗k,u f1 = −
ρk,u

σ 2 HH
k,uHk,uFk,u

×

(
INs +

ρk,u

σ 2 FHk,uH
H
k,uHk,uFk,u

)−1
. (30)

Regarding the second term of (12a), referred to as f2, we can
separate both differentials with respect to Fk,u and F∗k,u, and
obtain

df2Fk,u = γ
ρk,u

σ 2 Tr
{
FHk,uH

H
k,uHk,udFk,u

}
,

and

df2F∗k,u = γ
ρk,u

σ 2 Tr
{
dFHk,uH

H
k,uHk,uFk,u

}
= γ

ρk,u

σ 2 Tr
{[

H
H
k,uHk,uFk,u

]T
dF∗k,u

}
.

Using the definition dfZ ,Z∗ = Tr
{
AT
0 dZ+ AT

1 dZ
∗
}
[60], the

gradient of f2 with respect to F∗k,u can be written as

∇F∗k,u f2 = γ
ρk,u

σ 2 H
H
k,uHk,uFk,u. (31)

By summing (30) and (31) we obtain the following equality:

∇F∗k,u f = −
ρk,u

σ 2

[
HH
k,uHk,uFk,u

×

(
INs +

ρk,u

σ 2 FHk,uH
H
k,uHk,uFk,u

)−1
+ γH

H
k,uHk,uFk,u

]
. (32)

The idea of subcarrier- and user-independent derivatives
does not hold for the optimization of RIS matrices, because it
relies on the contribution of all precoders from all the subcar-
riers of all users. Therefore, the gradient of f with respect
to each RIS matrix 8i can be represented as ∇8i,8

∗
i
f =∑Nc

k=1
∑Nu

u=1

[
∇8i,8

∗
i
f1 +∇8i,8

∗
i
f2

]
. By starting with the
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first term, f1, and considering the equality d [ln det (X)] =
Tr

{
X−1dX

}
[60], the differential df18,8

∗
i
can be written as

df18i,8
∗
i
= −Tr

{(
INs +

ρk,u
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H
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)}
.

By separating both terms according to Tr{A+ B} = Tr{A} +
Tr{B}, both differentials can be calculated separately as

df18i
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thus resulting in
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(33)

The gradient of the second term, f2, with respect to 8i and
8∗i , ∇8i,8

∗
i
f2, can be represented as
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and separating both differentials, we have
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which shows that
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By considering every contribution of every user and sub-
carrier, and by joining (33) and (34), we obtain the following
equality:

∇8∗i
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Nu∑
u=1

ρk,u

σ 2

[(
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B. PROOF OF LEMMA 2
In the case of D-RISs, the RIS elements are not connected
and, therefore, the gradient of f can be defined with respect
to each vector ϕi. Separating both terms of (12a), the gradi-
ent of f with respect to each vector ϕi can be represented
as the sum of the gradients of both terms, ∇ϕi,ϕ

∗
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f =∑Nc
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∑Nu
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∗
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and
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The gradient of the second term, f2, with respect to ϕi and ϕ∗i ,
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f2, can be represented as
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and separating both differentials, we have
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}
= γ

ρk,u

σ 2 diag
[(

H
Ri,Uu
k

)H
Hk,u

× Fk,uFHk,u
(
H
S,Ri
k

)H]T
dϕi
∗,

which shows that

∇ϕi∗ f2 = γ
ρk,u

σ 2 diag
[(

H
Ri,Uu
k

)H
Hk,u

× Fk,uFHk,u
(
H
S,Ri
k

)H]
. (37)

By considering every contribution of every user and sub-
carrier, and by joining (36) and (37), we obtain the following
equality:

∇ϕ∗i
f = −

Nc∑
k=1

Nu∑
u=1

ρk,u

σ 2

(
diag

[ (
HRi,Uu
k

)H
Hk,uFk,u

×

(
INs+

ρk,u

σ 2 FHk,uH
H
k,uHk,uFk,u

)−1
FHk,u

(
HS,Ri
k

)H]
+ γ diag

[(
H

(Ri,Uu)
k

)H
Hk,uFk,uFHk,u

(
H(S,Ri)
k

)H])
.

(38)
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