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ABSTRACT The terahertz (THz) band is a candidate technology for future sixth-generation (6G) wireless
networks that could support increasingly demanding requirements, such as high wireless traffic volumes
and transmission rates. However, the limited range and high propagation losses at these frequencies present
several challenges that must be overcome. One emerging solution is the use of reconfigurable intelligent
surfaces (RIS), which optimize communication network performance in combination with ultra-massive
multiple-input multiple-output (UM-MIMO) antennas. UM-MIMO’s large number of antennas provides
highly directional beams, enabling reliable data propagation from the transmitter to the receiver at THz
frequencies. However, it can substantially increase implementation complexity. This paper proposes a joint
hybrid precoder and RIS optimization algorithm to overcome these challenges. The algorithm is designed
to maximize the achievable rate of THz UM-MIMO communications by segregating digital and analog
precoder computations and adopting hybrid architectures: fully connected (FC), array-of-subarrays (AoSA),
and dynamic array-of-subarrays (DA0oSA). The proposed algorithm supports multicarrier transmission and
the use of multiple, parallel RIS panels deployed throughout the propagation path. Numerical simulations
demonstrate the efficiency and versatility of the algorithm, particularly in contexts where THz systems
operate under severe constraints. System-level simulations in a 300 GHz office environment reveal that
distributing multiple parallel RIS panels throughout the environment yields the maximum achievable
throughput. RIS deployment offers the greatest coverage and throughput gains in low-density scenarios but

provides diminishing returns as density increases.

INDEX TERMS 6G, Hybrid Precoding, RIS, THz communications, UM-MIMO

I. INTRODUCTION
ECENT years have been marked by an unprecedented
growth in the number of devices interconnected across
wireless communication networks. Along with this phe-
nomenon and to cope with the challenges of connectivity, low
latency, and high bit rates, an evolution of wireless commu-
nication systems is increasingly required in support of this

paradigm shift [1].
The development of 6G communication systems emerged
in response to the limitations of current Long Term Evolution
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(LTE) and fifth-generation (5G) systems. According to ITU-
R Recommendation M.2083, 5G is designed to achieve a
downlink data rate of up to 20 gigabits per second (Gbps)
[2], [3]. As a result, the increasing pace of wireless commu-
nications worldwide means that 5G communications are no
longer sufficient. The volume of data is growing, as are the
binary throughput requirements. This compromises the user-
level experience, which was one of 5G’s greatest strengths.
The transition from 5G to 6G requires improving energy and
spectrum efficiency to allow the peak data rate to increase
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from the current theoretical maximum of 20 gigabits per
second (Gbps) to 1 terabit per second (Tbps) [4].

Millimeter wave (mmWave) bands (30-300 GHz) are be-
ing adopted to support 5G technologies. Additionally, this
band will be crucial for the deployment of 6G technologies,
enabling indoor wireless communications systems to reach
gigabit-per-second data rates. The mmWave spectrum is di-
vided into multiple smaller frequency blocks, each of which
may have a different bandwidth depending on the user’s
requirements for the proposed 5G service. In particular, the
28 GHz band has been successfully developed and deployed
for commercial use in several countries, including Japan and
the United States [5].

The terahertz (THz) band is considered a key wireless
technology for meeting the future requirements of 6G sys-
tems and solving the spectrum scarcity problem observed in
mmWave systems due to reduced bandwidth availability [1],
[6]. The large bandwidth available in the THz band enables
transmission of high data rates of up to Tbps. This provides
higher spectrum efficiency, faster speeds, and lower latency
compared to existing millimeter wave (mmWave) systems
[7].

Although THz waves allow for higher data rates over the
wireless network, their range is limited because of the very
short wavelengths, which are more susceptible to atmospheric
propagation loss that affects the entire communication chan-
nel. This creates spectral windows with different bandwidths
and distance variations, resulting in high path attenuation for
line-of-sight (LoS) links [1]. Furthermore, the THz channel
is highly sparse when electromagnetic waves are reflected,
refracted, or absorbed by rough surfaces. This results in at-
tenuation and waves scattered in all directions. The higher
the frequency used, the greater the degree of sparsity [8].
The THz band severely limits feasible transmitter-to-receiver
distances, requiring the implementation of high-gain antennas
capable of directing the incoming signal for it to be success-
fully transmitted.

Multiple-input multiple-output (MIMO) is a fundamental
key technology for wireless communication systems, as it
utilizes multiple antennas at both ends of the link to increase
the spectral efficiency, the spatial degree of freedom (DoF), as
well as the number of users that can be served simultaneously.
In addition, such systems are capable of handling multiple
streams of data, as described in [9], [10]. To overcome the
high path loss and interference observed in both mmWave
and THz bands, high-gain antennas are employed in MIMO
systems. In fact, given the increasing demands of these bands,
UM-MIMO becomes essential, as these systems allow the
large number of antenna elements present at each end to be
grouped, thereby increasing the transmission throughput and
steering the narrow beam onto the strongest possible path
between the transmitter and receiver [9]. By implementing
beamforming in massive MIMO systems, it is possible to
increase spectrum efficiency and also multipath capability,
overcoming the attenuation present in mmWave and THz fre-
quency bands, thus increasing the communication distance.

2

RISs, due to their programmable capability to alter the
properties of the incident EM wave and direct it to the desired
user without the need for power amplifiers or sophisticated
signal processing, have attracted the attention of the scientific
community and industry as a promising technology for THz
systems [11], [12]. Such a capability is especially important
for the creation of intelligent wireless communication envi-
ronments, namely Smart Radio Environments (SRE), which
can help overcome the severe limitation of signal transmission
distance in the THz band, as described in [13], [14]. Because
propagation at high carrier frequencies suffers greatly from
blockage between the transmitter and receiver, the reliability
of the LoS path is limited. Therefore, it is necessary to create
multiple possible paths (multi-paths) to ensure unrestricted
coverage when the LoS is obstructed. Thus, MIMO systems
aided by RIS panels implemented on metamaterials or meta-
surfaces can be expected to be a good solution to improve the
propagation paths that are severely degraded in the THz band,
overcoming the high energy absorption that occurs during
communication from the transmitter antennas to the receiver
using the THz frequency band.

The implementation of RIS panels in communication sys-
tems has been evaluated in [14] and [15], where the au-
thors propose a physical channel modeling for RIS-aided
wireless communication systems in the mmWave band. The
introduction of RIS structures for the THz band is based
on a RIS graphene model, where this framework is con-
sidered as one of the most efficient structures towards the
THz frequency spectrum for almost completely reflecting
the THz wave in an operating frequency range of 0.1 to 4
THz [16]. Some optimization/beamforming designs for RIS-
based MIMO communication systems in the mmWave and
THz frequency bands have already been explored in [17]-
[26]. In particular, in [20], [25], [26] the authors have de-
veloped optimization frameworks that maximize the system’s
capacity and achievable rate while aiming to minimize outage
probability and transmit power. Furthermore, the authors in
[26] consider a mobile mmWave MIMO system, and propose
a blockage-aware, outage-constrained beamforming frame-
work to minimize outage probability and maximize achiev-
able rate simultaneously. These works have demonstrated that
the joint optimization of the precoding structure and RIS
elements leads to enhanced spectral and energy efficiency,
and a better bit error rate (BER) performance, resulting in
an improved MIMO wireless communication design in the
mmWave/THz frequency bands, which can become a viable
solution to achieve 6G performance requirements.

Deploying multiple RIS panels in UM-MIMO environ-
ments introduces significant technical challenges beyond
those encountered with single-RIS setups. First, the algorith-
mic and computational complexity increases considerably be-
cause jointly optimizing the BS precoders and the phase shifts
of several RIS panels creates high-dimensional, non-convex
problems. Often, these problems require techniques such as
alternating optimization or semidefinite relaxation, which are
not always scalable or practical for large systems [27], [28].
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Furthermore, although link-level assessment is necessary to
evaluate local rate gains, only a system-level evaluation can
realistically capture broader performance trends in coverage,
user interference, and multi-cell coordination. This approach
is especially relevant in scenarios with distributed RIS de-
ployments or coordinated RAN architectures, where metrics
such as average throughput, edge coverage, and network-
wide capacity are critical for understanding deployment vi-
ability. Studies in the literature, such as [19], [21], [23],
[29], [30], demonstrate that using multiple RIS panels can
overcome severe signal blockage between the base station and
users. This allows the system to achieve improved rates, ser-
vice throughput, and coverage. Furthermore, multiple RISs
can enhance the rank of the MIMO channel matrix, miti-
gate multipath fading, and optimize the performance of spa-
tial multiplexing by adjusting the RIS-assisted communica-
tion channel. This is particularly important in multi-stream
and multi-carrier systems, where establishing multiple strong
propagation paths is desirable yet challenging to accomplish
in the THz band due to channel sparsity. Regarding the prac-
ticality of RIS implementation in THz band systems, recent
literature (e.g., [31]) has shown promising results, demon-
strating that RISs can effectively enhance communications
system capabilities.

Although RISs have been shown to positively impact sys-
tem performance, incorporating them into a MIMO system
can increase the complexity and overall computational cost of
channel estimation (CE). Despite the paramount pertinence
of CE to RIS-aided communications, several studies have
already addressed CE schemes for conventional RIS-aided
environments, such as [32]-[37]. Therefore, we focus on de-
signing a joint hybrid precoding and multiple RIS optimiza-
tion framework and performing a system-level assessment
under the assumption that full channel state information (CSI)
was acquired beforehand.

The high attenuation present in the THz band is addressed
by the implementation of UM-MIMO and its hybrid pre-
coder framework. Instead of using fully digital precoders, it
has become more important to adopt hybrid (digital-analog)
architectures, as these require a reduced number of dedi-
cated radio frequency (RF) chains, thus reducing the overall
precoding complexity and consuming less power than fully
digital solutions [38]. The implementation and benefits of hy-
brid precoding architectures have already been addressed and
demonstrated in [18], [19], [21]-[23], [26], [29], [30], [39]-
[45]. Although hybrid architectures were initially proposed
to enhance energy efficiency by providing a lower RF-chain
count than fully-digital architectures, works such as [18],
[19], [21]-[23], [26], [29], [39] have demonstrated interest in
applying hybrid precoding architectures to frameworks that
aim to maximize the system’s capacity due to their reduced
implementation cost compared to fully-digital approaches. In
addition, the authors in [39]-[41] have demonstrated that the
analog precoding part can be reduced to a simple projection
operation in a flexible precoding algorithm designed to cope
with different precoding architectures. The authors in [29]
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present a beam training scheme with hierarchical codebooks
and two cost-efficient hybrid beamforming designs for RIS-
assisted massive MIMO. They propose a cooperative beam-
training procedure in which the precoders, RIS matrices, and
combiners are all optimized simultaneously. The authors in
[30] propose a space-orthogonal scheme that jointly opti-
mizes the precoders, RIS matrices, and decoders in a multi-
user MIMO system. Both of the aforementioned works are
highly relevant. However, the authors propose solutions that
optimize multiuser transmission and detection and seek spa-
tial orthogonalization. On the other hand, our work focuses
on optimizing single-user MIMO links with multiple access
established in time and frequency domains, whilst seeking
a simple, low-complexity approach. Table 1 summarizes the
most relevant works from the literature and compares them
against the proposed framework.

This paper focuses on the design of an efficient and ef-
fective RIS-assisted wireless communication environment by
optimizing the individual RIS elements and transceivers, in
order to combat the severe distance limitation in the THz
band. It is assumed that the system operates with orthogonal
frequency division multiplexing (OFDM) and that multiple
parallel RIS panels are deployed between the transmitter and
receiver. The main goals of our study will be centered on the
use of large antenna arrays at the transmitter and receiver,
the implementation of hybrid schemes at the transmitter to
reduce its complexity, and the implementation of an algorithm
for optimal design of the precoder and RISs phase shifts.
Physical layer simulations will be conducted to demonstrate
the effectiveness of the proposed approach. In addition, the
effect of the presence of multiple RIS panels on the system’s
aggregated throughput and coverage will also be addressed.
The main contributions of this paper can be summarized as
follows:

- We propose a joint hybrid precoder and multiple RIS
optimization algorithm that maximizes the achievable rate of
THz UM-MIMO communications. This algorithm also facili-
tates implementation in hardware-constrained systems, which
are typical at these frequency bands. The proposed approach
accomplishes this by separating the digital and analog pre-
coder computations and adopting different hybrid architec-
tures: fully connected (FC), array-of-subarrays (AoSA), and
dynamic array-of-subarrays (DAoSA). Additionally, the al-
gorithm can incorporate alternative implementations to phase
shifters, such as switches and antenna selectors, for the analog
component.

- To cope with the frequency-selective channels typical of
THz UM-MIMO systems, the proposed algorithm considers
multicarrier transmission. It assumes the adoption of multi-
ple, parallel RIS panels deployed in the vicinity of the base
station and users. This helps overcome the severe distance
limitations of these bands.

- Link-level simulations demonstrate the efficiency and
versatility of the algorithm. The results show that the algo-
rithm enables different trade-offs between performance and
implementation complexity compared to a fully digital refer-

3
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TABLE 1. Comparison of supported configurations of the proposed algorithm with those of the relevant literature.

Reference Optimization objective Link Hybrid Precoding | Multi-RIS | Multi-carrier | System-Level Assessment
[18] Ergodic Sum-Rate MISO v v - v
[19] Weighted Sum-Rate MISO v v v -
[20] Transmit Power MISO - - - v
[21] Achievable Rate MIMO v v - -
[22] Weighted Sum-Rate MIMO v - v -
[23] Achievable Sum-Rate MISO v v v -
[24] Achievable Rate MISO - - v -
[25] Outage Probability and Ergodic Capacity | MISO - - - -
[26] Outage Probability and Achievable Rate | MIMO v - - -
[29] Achievable Sum-Rate MIMO v v - -
[30] Weighted Sum-Rate MIMO - v - -

Proposed Achievable Rate MIMO v v v v

ence approach. This makes the algorithm especially relevant
in contexts where THz systems operate under severe hardware
constraints.

- We present system-level simulations in which the pro-
posed approach is integrated into a post-5G/6G radio access
network (RAN) operating at 300 GHz. The evaluated en-
vironment corresponds to the 5G New Radio indoor office
scenario. The results show that the maximum achievable
throughput is obtained by distributing multiple parallel RIS
panels throughout the environment. Adding multiple RIS
panels to the office scenario reveals that the highest coverage
and throughput gains occur with the lowest density settings,
and the lowest gains occur with the highest density settings.

This paper is organized as follows: section Il introduces the

receive signal model and hybrid precoding architectures taken
into account in the multicarrier RIS-assisted THz UM-MIMO
system, section III presents the proposed hybrid precoding
and RIS optimization algorithm. Section IV shows the numer-
ical results and presents a description of the system model and
the 5G New Radio (NR) scenario considered for the system-
level assessment. Section V outlines the conclusions of our
study.
Notation: Matrices and vectors are represented in boldface
letters in uppercase and lowercase, respectively. The super-
script [.]T and [.]¥ denote a transpose and conjugate transpose
matrix/vector, respectively. I, is the identity matrix of di-
mension n X n, |.| is a modulus operator, ||.||r is the Frobenius
norm and det (.) represents the determinant.

Il. SYSTEM MODEL

Consider a UM-MIMO system operating in the THz band,
characterized by an end-to-end channel matrix with N, trans-
mit antenna arrays and N,, receive antenna arrays. The com-
munication link is established with the aid of N,,, RIS panels
consisting of N, reflective elements. Fig. 1 illustrates the
considered UM-MIMO system in an indoor environment with
the direct channel between the BS and the user partially
blocked by several existing obstacles.

The channel will be modeled assuming that the system
adopts OFDM to cope with frequency-selective fading. Pre-
vious studies, such as [46]-[54], have already addressed the
issue of frequency selectivity in systems operating in the

4

Base Station

FIGURE 1. System model layout considered for the RIS-assisted
UM-MIMO communication system.

mmWave/THz bands in indoor environments. Additionally,
the work in [49], [51]-[54] included measurements of the
indoor channel and demonstrated that, while the number of re-
solvable multipath components is small in the THz bands and
thus less challenging than rich-scattering microwave chan-
nels, the used bandwidths tend to be greater than the coher-
ence bandwidth, even in indoor environments. Additionally,
although our evaluation was carried out in an office/indoor
scenario, our approach can be applied to other environments,
such as outdoors, where the ’frequency-selective’ character-
istic tends to be more pronounced. On the user end, after
combining, the resulting vector, rf , for each subcarrier k of
the modeled scenario can be represented as

¢ = VoW HiFrrFpp s + Wiing M

wherek = 1, ..., N., N, being the total number of subcarriers
allocated to the user, the matrix H; € CN=*Nx represents
the overall frequency domain channel matrix between each
transmit and receive antenna, sy € CM*!, is the symbol
vector containing the amplitude and phase modulated sym-
bols with E{|si||3} = N,, where Nj is the number of
streams transmitted simultaneously. Fgp, € CNer XNs and
Frr € CNoXNer gre the digital baseband and analog precoder
matrices, respectively, assuming a total of Ngr RF chains,
with Ny < Ngp < Ni. Wy € CV*Nee denotes the combiner
matrix applied at the user, and p the power per stream and
per subcarrier. The Gaussian noise vector, n; € CNex1
represents the N,, complex noise components at the receiver,
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assumed to be independent zero-mean circularly symmetric
Gaussian samples with covariance U,%INW [55], [56].
Considering the MIMO system aided by N, parallel RIS
panels, the overall channel matrix , Hy, can be defined for
each subcarrier k as
Npan
H, =H" +) H/ " ®H) 2)
i=0

where H}™” € CN=>Ni represents the direct channel between
the BS and the user, H;” € CN+*Nis the channel effect
between the ith RIS and the user, Hf’i € CNisXNe the channel
effect between the BS and the ith RIS and ®; € CNis*Nris jg
the ith RIS diagonal phase shift matrix, ®; = diag(¢p;) with
i = [0i1,- - pin]-

The RISs are modeled such that each element, <p,~7n(i =
1,...,Nyan)(n = 1,...,Nys), acts as a new signal source,
capturing and redirecting the incoming signals transmitted by
the BS. Assuming discrete phase shifts with &, quantization
bits, each ¢; , can take M = 2™ possible phase shift values.

The considered THz model includes channels with a LoS
and N,,, non-line-of-sight (NLoS) components, where the
rays arrive in clusters [57]. If the distance between the BS and
the RIS, ds ;, is greater than the Fraunhofer distance defined
as Dy £ 2L3,my /A [58], Layray being the largest dimension of
the array, we can assume a far-field propagation model with
planar wavefronts. Assuming one single ray per cluster and
N4y as the sum of all rays from all clusters, we can write the
channel frequency response between the BS and the user, at
subcarrier k, according to [59], as

S.D
H ™ =

.. ds.D
D —j2mSL DS aD<S\_H( 1S—D pS—D
\/ Pros¢ TN ap (g, 00 )ag (¢ 7, 07)
sD N
n NLOS Z
KRice I—1
x ag (¢ 7P, 67 P)e 2T (3)

which describes Hi’D as the sum of its LoS and NLoS
components. It is also important to note that, in the adopted
wideband channel model, the channel is considered to be flat
for each subcarrier.

The subcarrier frequency, fy, can be computed through
fi = fe+ #(k — 1 — %z1), B being the bandwidth and
fo the carrier frequency. 7; represents the delay of the /th
path and K;., denotes the ratio between the LoS and NLoS
components, indicating the quality of the channel and the
relative fading the path is subjected to [60]. o)’ € CNwx1
is the /th NLoS complex gain between the BS and the user,
whereas f3; ;¢ and [y, represent the path loss of the LoS
and NLoS channels, respectively.

An approximation of the path loss between the BS and the
user can be calculated as [61]

55’[) _ szer
(55)2dS

o Pap(f = 6P)

glavs(f)ds.p 4)
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where G, is the transmit antenna gain, G, the receive antenna
gain, 7 is the path loss exponent, and k. (f ) is the coefficient
of molecular absorption at frequency f [62].

The clusters and the rays within each cluster are modeled to
have specific angles of arrival (AoAs) and departure (AoDs),
soag(¢7 P, 057P) and ap (PS5, P<5) represent the array
response vectors at the AoD and AoA from the large trans-
mitter antenna array at the BS to the receiver antenna array,
respectively, for the considered azimuth ¢; and elevation 6;.

Assuming a uniform planar array (UPA) implementation,
the array response vectors for the transmitter and receiver can
be calculated as [15], [63]

aS((;SfHD, efﬁD) _
|:17 ey ejowdu(PSin #37P sin 67 7P4-g cos 9’5—»1))’ - :| T )
and
an(@,005) =
[1, RN eizTﬂd’x(P/ sin ¢P5 sin 075 4¢’ cos 91’)*_5)7 - ] T ®

respectively, with p,g = 0,...,v/Nyx — 1 and p',¢ =
0,...,v/Nx — 1, representing the relative position of the
(p, q)th transmit antenna and (p’, ¢')th receive antenna. d,,
and d,, are the spacing between antennas composing the
transmitter and receiver square array, respectively.

The channel frequency response at subcarrier k, between
the BS and .the ith RIS, Hi”, and between the ith RIS and
the user, HZ’D , can both be written in a similar way to (3),
by replacing the AoDs and AoAs. The pathloss coefficients
should also consider the distances between each pair and the
gain of the RIS’s elements. 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 user, can also be calculated, similar to (5) and
(6).

In specific cases where the distances ds p (BS-User), ds g,
(BS-RIS i), or dg, p (RIS i-User) 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 [64]. Therefore, assuming
an NF propagation model and unit-normalized power radi-
ation patterns along the directions of interest for both the
transmitting and receiving antennas, we can rewrite (3), for
subcarrier k, as [65]

g dman
G (n,m) =/ Bgse ™"

Niay
—— N
+ =D/ Bios(Dlai™"le >, (7)
\/m; NLOS l ’

thus, representing the channel frequency response between
the m™ transmit antenna at the BS to the n'" receive antenna
""" is the delay of the /™ path between elements

at the user. 7
m and n, and o)™" is the complex gain of the /™ path between

5
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FIGURE 2. Hybrid precoder general model layout.

elements m and n normalized as > 0" El|la)""?] = 1. To
compute the path loss of the LOS and NLOS channels, 3]
and By, Tespectively, we consider the gains of the m™
transmit antenna at the BS and the n" receive antenna at
the user, and the distance of the individual (m, n) pair, d,, .
For the NF model, the path loss coefficient between the mth
transmit antenna and the n'" receive antenna can be computed
as [61], [65]

ﬁm7n = ﬂekdﬁ(ﬁd}n,n-
T (4rw

(3)2 (dyy )" (8)

lll. PROPOSED HYBRID PRECODER ALGORITHM

In this section, the algorithm for joint optimization of the
hybrid precoder and RIS matrices is introduced.

A. ALGORITHM DERIVATION

After introducing the received signal model in section II,
this subsection presents the problem formulation that aims to
maximize the achievable rate in a multistream, multicarrier,
and multi-RIS UM-MIMO link. Assuming perfect channel
knowledge, the achievable rate, in bits per second per Hertz
(bits/s/Hz), for the target user is given by [66]

Ny
R=————— lo det (I
(Nf ¥ New)N, Z g2 [ N,

+ £-Fiy i HY! HkFRFFBBk)] ©)
n

where N, is the number of subcarriers allocated to the destina-
tion user, from a total of Ny subcarriers, Ncp the cyclic prefix
length, and P, the noise power of each subband.

With the goal of maximizing (9), we can describe the

optimization problem as

min  f(Fgr,Fpp,,...,Fpp, ,01,...,0n,,) =
Frr, Fpp, ¢
N,
— Z log, {det <IN
k=1
p FgBkF HY HkFRFFBBk):|
(10a)
st. ||FrrFgp, |7 < N, (10b)
Frr € MerXNRF (10¢)
|<Pln| - b i= 1 pam n= 1 . Nri.v
(10d)

where My, «n,, is the set of feasible analog precoding ma-
trices, depending on the chosen RF architecture, and b and
@i represent the amplitude response and the phase shift of
the nth element from the ith RIS panel.

Although the objective function contains the hybrid pre-
coder matrix divided into its digital and analog components,
Fpp, and Fgr, respectively, as shown in Fig. 2, in order to
reformulate the problem into a more convenient form, we
introduce an auxiliary variable, Fy, = FrrFpp, with F; €
CNoxNs " and simplify the objective function. Considering
that, the problem can be rewritten as

min S(Fq,...

Ny =
Frr, Fpp, F, 0 # WI)

,FN,»78017~-~

— Zlogg [det (IN + FHHHHka)]
k=1

(11a)

st. Fy = FprFps, (11b)

|FrrFps |7 < Ny (11c)

Frr € My, xNgr (11d)
loinl =D, i=1,...,Npan, n=1,...,Nys

(1le)

To ease complexity, we first solve the problem over F; and
; only, relaxing constraints (11b) and (11d). This makes the
problem simpler to address, being equivalent to optimizing
for a fully-digital precoder, F;. The resulting simplified prob-
lem can then be represented as

mln F(Fq,...

» PNoan ) =
F, ¢

7FN(1<)017"'

A
~ 3 log, [det (IM + IkaHHkHHkaﬂ (12a)
k=1 n

S.t. ||FkH1%“ <N
|501n|_b l_]- pan»nzla”riix

(12b)
(12¢)

To find a solution for this optimization problem, we use
the accelerated proximal gradient method (APGM) [67]. To
implement this method, we can use the indicator function,
which is defined for a generic set A, as Z4(x), returning 0
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if x € A and 400 otherwise. Therefore, we can rewrite the
problem as

min f(Fq,...

F, o ) <le7un)

7FNC7()017 e

/mn

JrZID (Fy) +ZIL{N ®i)

where Ip and 7y, are the indicator functlons for sets D and
U, respectively, which are defined as

D = {X € C"*N . || X|Z < N}, (14)

(13a)

and
Uy, ={ueC" > |u,|=a, n=1,...,Ny}. (15)

The APGM method consists of applying a gradient step,
relative to F; and ¢;, followed by a proximal mapping. The
variables used in the following gradient step are a linear com-
bination of the two previous steps. This linear combination
uses a weighting parameter, often called the extrapolation
parameter, which can be computed for the gth iteration as
@ = 1

p + 3 (16)
The implementation of APGM corresponds to lines 2 to 7 in
algorithm 1, which runs for Q iterations.

To complete the algorithm, constraints (11b) and (11d) are
reintroduced, replacing the equality constraint (11b) by an
approximation problem. This results in the following formu-
lation for the second stage of the algorithm:

(17a)

N¢
min Z F, — FrrFps |2
pin HH v — FreFap |

S.t. |FRF;z,m =a,p=1 Ny, m=1,... Ngp
(17b)
|FreFpp |7 <Ns, k=1,...,N.. (17¢)

In this case, we solve the minimization problem using the
alternating direction method of multipliers (ADMM), as de-
scribed in [39], which was first used in RIS-aided MIMO
system design in [68]. The resulting algorithm consists of
two computational cycles, the first Q iterations optimizing
the precoder matrices, Fy, as fully digital precoder matrices,
according to the relaxation of the constraints (11b) and (11d),
and the second Q' iterations optimizing its digital and ana-
log components, Fpp, and Fgp, respectively. The resulting
algorithm is summarized in algorithm 1, where o re(presents
the step size for each iteration of the APGM and P, ) Y( )
R() and G©) are auxiliary variables used to compute the pro-
jection and apply the iterative evolution of the optimization
variables.

The gradients can be found using the approach described
in [69], resulting

Vrif (Fi, ) = — - HHF,

-1
<IN—|— FHHHHka> , (18)
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and

Ve:f (F, Hka

N
= —Pﬁ deg{
" k=1

<1N+ FHHHHka> F,?(Hf”’)”} (19)

The total channel matrix, Hy, varies with the RIS response
vector, (;, (or its extrapolated vector, Y;), which means that
H;. will also be updated during algorithm iterations.

The function prox.,, represents the proximal mapping ap-
plied to the APGM. In this case, g corresponds to the indicator
function ,Z, of a set, which reduces prox., to a Euclidean
projection described as

FOX = . 5
proYets H—VZIKXFZ , otherwise

and
proxer, (u) = a(u @ |ul). 21

In step 11 in algorithm 1, J] ,(.) is the Euclidean projection
onto set M, which can be calculated according to the hybrid
architecture to be used [41].

The complexity of the fully digital precoder matrix de-
sign is primarily influenced by the computation of its gra-
dient (used in line 3 of algorithm 1), which has a com-
plexity of O(N2N,,). This calculation should be performed
for every subcarrier and therefore represents a complexity
of O(N.N2N,,). The complexity of the RIS matrix design
is primarily influenced by the computation of its gradient
(used in line 4 of algorithm 1), which has a complexity of
O(N.N,isNiyN,,). This operation should be performed for
each RIS panel and therefore represents a complexity of
O(NpanNeNyisNi Ny ). As described in [39], the update of
variables Fgr and Fpp (lines 9 and 10 of algorithm 1, re-
spectively) represent a complexity order of O(N;NgrNy, +
NZ:N;x + Njr). The updates of the auxiliary variables R
and G (lines 11 and 12 of algorithm 1, respectively) require
simple element-wise sums and divisions, both representing
a complexity of O(NgrNy,). Therefore, for a total of Q and
Q' iterations of the first and second stage of the proposed
algorithm, respectively, and considering only the dominant
terms, the overall complexity order for the proposed algo-
rithm is O(Q(NcNt,%er +NpanNchisNthrx) +Ql (NS‘NRFNIX +
N2:N,y)). This means that, in terms of complexity order, there
is a quadratic dependency on the number of transmit antennas
and RF chains considered in the hybrid architecture. Further-
more, the complexity of the APGM-ADMM algorithm grows
linearly with the number of subcarriers, receive antennas, RIS
elements and panels, and transmitted symbols.

B. HYBRID ARCHITECTURES

In this work, we employ various architectures of the ana-
log precoder, as illustrated in Fig. 3, including fully con-
nected (FC), array-of-subarrays (AoSA), and dynamic array-
of-subarrays (DAoSA). Some variants of these architectures

7
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Algorithm 1 APGM-ADMM Iterative optimization of the hybrid precoder and RIS matrices

Input: rk,Hf’, H,", F,(()O), i ,p, Q. Q. RO GO
Output: FBB FRF s go.(Q

1: P(O) F(O) Y(O) e ‘PZ(O)

2: forq— , 7Q—1do

3: F,(:H_l) = prox«z, P,Eq)— x VF:f(P,((q),Yi(q))> k=1,...,N,
4: cpqu) = proxy«r,, Y»(q)— x Vyi*f(P/Eq),Yi(Q))) i=1,...,Noan
s PUTY S FE o (BT S FW) k=1N

. Yi(q+1) 80(q+1)+q13 (CP,(qH) 80,@) i=1,. Npan
7: end for
8
9

cforg =0,...,0 —1do .
‘1 N, YH / / N, ! YH -
) (S, OB+ (R - G0)) (S FRE + 1 )
7 ! _1 7
+1 +1)H +1 +1)H (0
0. FFY = (FE;IF g >> FUADHRO 1 N,
11: R@+1D) — HM(FI(QIIF/H) _ G(q/))
2 GUWHD = gW) L FETY —RE+D

13: gnd for
14: FRF — R(Ql)

3 ch t ) e Q)
15: Fpp (F;{FFRF) ol
16: Fpp \/NVHFRFFBB”;1FBB

— — —
RP Precoder] RP Precoder] RF Precoder
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/ e P
RE Chain e RF Chain ] e . :
: i o : e : g
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FIGURE 3. Fully connected (left), array-of-subarrays (middle), and Aray-of Subarrays
dynamic array-of-subarrays (right) analog precoding architectures using
phase-shifters and switches.

Array-of-Subarrays

FIGURE 4. Phase shifters-based (left), switches-based (middle), and
antenna selection (right) examples of the analog precoding architectures
based on array-of-subarrays.

are also considered. As an example, Fig. 4 shows three
variants of the AoSA architecture using phase shifters and
switches. This subsection describes all of the architectures

. . . . 3) Dynamic Array of Subarrays (DAoSA
and variants that were considered in more detail. ) Dy y ys ( )

In the AoSA design, each RF chain is connected directly to
1) Fully Connected (FC) a fixed subset of antennas; in the DAoSA structure, however,

The FC hybrid design divides the signal coming from each each RF chain is linked to one or more subsets. Furthermore,

RF chain into various phase shifters. Thereafter, the signal 1t enables different numbers of subarrays to be connected

conveyed from each phase shifter from different RF chains is to each RF chain, meaning different RF chains can have
combined before its transmission in each antenna [17]. different numbers of transmit antennas [17], [70].
2) Array of Subarrays (AoSA) 4) Unquantized Phase Shifters (UPS)

The RF precoder that employs AoSA divides a group of
antennas by the number of active RF chains, denominated
as subarrays. In this work, the number of subarrays is set as
Ngr, and the size of each subarray is given by N7y /Nsa, thus
dividing the number of transmitter antennas equally per each
subset [41].

This architecture employs phase shifters with an infinite res-
olution. Can be used as a benchmark, since they can provide
a closer performance to the fully digital RIS architecture,
applying a phase between [0, 27].
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5) Quantized Phase Shifters (QPS)

Although UPS structures can be seen as an ideal solution,
QPS is a more realistic case since the number of phase shifts
that can be implemented is finite. Assuming phase shifters
with N, bits, each one can take 2™ different values of phase.

6) Switches (Swi)
In this case, phase-shifters are replaced by switches, which
will determine which antenna the signal will pass through.

7) Antenna Selection (AS)
In this architecture, the RF precoder will connect only one
antenna per RF chain.

IV. NUMERICAL RESULTS

The results in this paper have been obtained using a Matlab
simulator, based on the Monte Carlo method, to mimic a 6G
indoor environment scenario in order to evaluate the perfor-
mance of the algorithm that optimizes the hybrid precoder
and the RISs, derived in section III, operating in the THz fre-
quency band. Furthermore, the impact of the various hybrid
architectures outlined in III-B, such as FC, AoSA, DAoSA,
and their variations, will be analyzed and evaluated. As a
benchmark, we refer to the fully digital framework presented
in [65], which was extended to multi-carrier. In the scenario
considered, the frequency is set to f = 300 GHz, and only
the indirect path, transmitter-RIS-receiver, is active, with an
obstructed LoS path, transmitter-receiver. The path loss expo-
nent between the transmitter and RISs is equal to the path loss
between RISs and the receiver, which is n;,_,is = nyjs_ e =
2.05. The Rice factor is set to Kz;.. = 10, and the bandwidth is
B = 8 GHz. The distance between adjacent antenna elements
in the transmitter, d,,, in the RISs, d,;, and in the receiver,
d,, were assumed to be d;, = d,, = d,;; = 5.4 mm. Thus,
the area of each RIS element is A,;; = dZ,. The coordinates of
the BS, RIS, and user are defined as (0 m, 0 m), (2 m, 2 m),
and (dy—,» m, 0 m), respectively, where d,,_,, represents the
distance between the transmitter and the receiver. Depending
on the distance between each transmit and receive antenna
pair, we apply either a far-field propagation model with planar
wavefronts, or a near-field propagation model with spherical
wavefronts, according to (3) or (7), respectively. The number
of NLoS signal paths is set to 3, with N,, = 36 receiver
antennas, N,;; = 1280 elements, Ny, = 2 streams, N;, = 2560
transmit antennas, and N, = 115 subcarriers.

A. LINK LEVEL RESULTS
The link-level evaluation results are presented in this subsec-
tion.

To evaluate the convergence behavior of the proposed ap-
proach, Fig. 5 presents the achievable rate (in bps/Hz) versus
the iteration number, considering different fully and partially
connected hybrid architectures. Each curve corresponds to
a different hybrid architecture and shows how the proposed
method converges at the end of the algorithm, after the op-
timized fully digital solution is disaggregated into its digital
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FIGURE 5. Achievable Rate convergence over iteration number of the
proposed algorithm using different fully and partially connected
precoding architectures. Ny, = 2560, N;x = 36, Ns = 2, Ngr =8, Nc = 115,
Nyis = 1280, Npap = 1, P = 37 dBm, ds p = 10 m.
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FIGURE 6. Achievable Rate vs Tx-Rx distance of the proposed algorithm
for different fully connected precoding architectures. Ny, = 2560,
Nix =36, Ns = 2, Ngr = 8, Nc = 115, N,is = 1280, Npgn = 1, Py, = 37 dBm.

and analog components. Fig. 5 shows that our approach con-
verges to a suboptimal solution in a relatively small number
of algorithm iterations, regardless of the chosen hybrid archi-
tecture. Therefore, it has an overall low computational cost
and low complexity.

Fig. 6 compares the achievable rate of different fully con-
nected hybrid architectures, in bps/Hz, as the distance be-
tween the BS and the user increases, using the algorithm
proposed in section III. Each curve corresponds to a dif-
ferent precoding architecture, and the parameters used are
N, = 2560, Ny = 2, Npr = 8, N, = 36 and the transmit
power P, = 5W with N,;; = 1280 elements (for a single
RIS panel). The worst performance is achieved using the AS
architecture, which is expected since only one antenna is used
per RF chain, which greatly reduces the degrees of freedom
and consequently the achievable rate of the system. The fully
connected structures using phase shifters and switches show
much better results compared to the AS. The highest rates are
achieved by the QPS and UPS architectures, which provide
performances close to the fully digital precoder. As expected,
UPS shows better results than the QPS architecture because
it uses infinite resolution phase shifters.
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FIGURE 7. Achievable Rate vs Tx-Rx distance of the proposed algorithm
for several variants of the AoSA hybrid precoding architecture. Ny, = 2560
, Nix =36, Ns = 2, Ngr = 8, Nc = 115, Ny = 1280, Npgn = 1, Py, = 37 dBm.
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FIGURE 8. BER vs Tx-Rx distance of the proposed algorithm for several
hybrid precoding architectures. Ny, = 2560, N;, =36, Ns =2, Ngr =8,
Nc =1, Nyis = 1280, Npgn = 1, P, = 37 dBm.

Fig. 7 compares the achievable rate of different AoSA
hybrid architectures, in bps/Hz, as the distance between the
BS and the user increases, using the algorithm proposed in
section III. Each curve corresponds to a different precoding
architecture, and the parameters used are N, = 2560, N; = 2,
Ngr = 8, N,y = 36 and the transmit power P, = 5W
with N,;; = 1280 elements (for a single RIS panel). For
the same reasons, and similar to the performance of the fully
connected AS architecture from Fig. 6, the worst performance
is achieved when using the AS architecture. The DAoSA and
the AoSA structures with phase shifters and switches show
better results compared to the AS. The highest performance
is achieved by the DAoSA architecture, with L,,, = 2,
which shows the curve closest to the fully digital precoder.
As expected, the dynamic control of the circuit associated
with the DAoSA architectures results in a higher spectral
efficiency (SE), at the cost of more complexity than the AoSA
architectures.

Fig. 8 shows the BER performance as a function of the
distance between the BS and the user for several fully con-
nected hybrid precoding architectures and for AoSA and
DAOSA using quantized phase shifters. The parameters used
are: N, = 2560, Ny = 2, Ngr = 8, N, = 36 and the transmit
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FIGURE 9. BER vs Tx-Rx distance of the proposed algorithm for the fully
connected QPS hybrid precoding architecture, considering a variation in
the number of RIS panels. Ny, = 2560, N;x =36, Ns =2, Npr = 8,

N = 115, N,;s = 1280, Py, = 37 dBm.

power P,, = 5W with N,;; = 1280 elements (for a single RIS
panel). The worst performance curves were obtained with the
fully connected AS and Swi, where the BER did not reach
values below 10~ !, even when the distance between the BS
and the user is under 5 meters. The BER values obtained with
Ao0SA, DA0SA, and fully connected UPS and QPS are quite
similar, with the fully connected UPS reaching lower BER
values compared to all other hybrid architectures when the
distance between the BS and the user is less than 30 meters.
Although there is still a gap to the fully-digital performance
curve, this gap can be shortened by using a larger number of
RIS panels, as shown in Fig. 9.

Fig. 9 shows the BER vs. distance for the fully connected
QPS hybrid precoding architecture based on quantized phase
shifters with a number of quantization bits, N, = 3. Consid-
ering a variation in the number of RIS panels, the scenario
parameters are N,, = 2560, Ny = 2, Ngr = 8, N, = 36, and
the transmit power P, = 5W with N,;; = 1280 elements
per RIS panel. As expected, the smaller the distance, the
lower the BER values for both architectures, and although
the fully digital precoder achieves lower BER values, the
behavior of the QPS is able to provide good performances
and even approximate to fully digital in some conditions.
In addition, it is clear that adding more RISs to the system
improves the BER performance in both scenarios and reduces
the differences in BER values between the hybrid and fully
digital precoders.

B. SYSTEM LEVEL RESULTS

This subsection introduces the indoor office 5G New Radio
scenario and assesses the performance of the proposed ap-
proach.

1) System-Level Model

In addition to link-level performance evaluations, system-
level assessments are crucial for understanding the practical
viability and scalability of multiple RIS-aided MIMO sys-
tems with hybrid precoding architectures. Link-level metrics
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FIGURE 10. High-level diagram of a wireless network access point with
RIS and user terminals.

offer insights into theoretical spectral efficiency and signal
quality gains under ideal conditions, while system-level sim-
ulations capture broader network dynamics, such as user dis-
tribution, interference patterns, mobility, and resource alloca-
tion strategies. These evaluations offer a more holistic view
of how the proposed methods perform in realistic deploy-
ment scenarios, highlighting potential bottlenecks and trade-
offs that may be overlooked at the link level. Incorporating
system-level results demonstrates the practical relevance of
our approach by providing evidence of its effectiveness in
large-scale networks and its potential to meet the performance
demands of next-generation wireless systems.

The system-level evaluation assumes an indoor office sce-
nario, which is the most appropriate given the range and path
attenuation limitations of the THz band [71]. In this scenario,
each user equipment (UE) receives data transmitted by the
BS, also called an access point (AP), as illustrated in Fig.
10. A distinct property of the office scenario is the presence
of furniture, which causes shadowing and much greater at-
tenuation of the received power than the line-of-sight (LoS)
path. This scenario involves the simultaneous use of two APs,
which are assumed to cause AP-to-AP interference due to
the high antenna gain used to compensate for high power
attenuation over distance in THz bands.

In the considered scenario, there is a variable number of
UEs, each at a height of 1.5 meters. The UEs are uniformly
distributed within the available area. Due to the low proba-
bility of coverage in several areas inside the scenario, mul-
tiple RISs have been introduced. A set of 12 RISs extends
coverage, increases the global throughput, and reduces the
outage probability. The RISs are positioned on walls and
ceilings around the APs, 10 meters away from each AP. The
considered heights are 3 meters for ceiling-mounted antennas
and RISs, and 2 meters for wall-mounted RISs. We built a 3D
channel model for the aforementioned scenario in the THz
frequency range based on the work in [72].

Fig. 11 illustrates the adopted network deployment. As
can be seen in the figure, even with RISs, not all areas are
completely covered. Specifically, areas far from the APs and
RISs. In Fig. 11, the black dots represent the location of the
APs, whose transmission range is outlined by black dotted

VOLUME 11, 2023

OFFICE wi RIS OFFICE wib RIS

FIGURE 11. lllustration of the Indoor Office scenario with Access Points
(AP) and UEs, with and without RIS.

TABLE 2. Simulation Parameters for the Office Scenario.

Parameter Value
Carrier Frequency 300 GHz
Bandwidth 8 GHz
User Mobility 0 — 3km/h
User distribution Uniform
Maximum # subcarriers Ny 16560
Number of sectors 6
Transmit Power 37dBm
Noise Figure 9dB
Area of RIS elements 0.25 mm?

lines; the blue dots represent the RISs, which are all located
at the same distance from the corresponding AP (outlined
by the black dotted line); and the red dots represent the UEs
distributed throughout the office model area.

At 300 GHz, the transmission is characterized by signif-
icant signal attenuation, which limits the scenario coverage.
To overcome this, we employ a large number of multi-antenna
elements, namely 2560, to increase the transmit/receive ca-
pability of UM-MIMO through beamforming [73]. The path
loss exponent is n = 4.6 for NLOS links between AP and
users, and n = 2.05 for LOS links including the transmit
antennas, the RIS and the receivers. The probability of having
LOS and NLOS links depends on the distance, d, between the
transmitter and receiver. The probability of LOS (Pros) can
be written as

1 ,d <12
Pos = { e~ T ,1.2<d <65  (22)
0.32¢~ 525 ,d>6.5

The parameters used in the simulations to characterize the
office scenario are shown in table 2.

2) System-Level Performance

The system performance is evaluated in terms of coverage in
percentages and throughput per sector in Gbps, considering
two different configurations: AP/BS only and AP/BS with
RISs distributed around the scenario. Each simulation curve

11



IEEE Access

Mendes et al.: Beamforming Optimization and System Level Assessment in RIS-Aided MIMO Systems Comprising Hybrid Precoding Architectures

—7— 100%AP+0%RIS,UHD
—%— 50%AP+50%RIS,UHD
>— 100%AP+0%RIS,HD
—©— 50%AP+50%RIS,HD
351 ——— 100%AP+0%RIS Mixed
—%— 50%AP+50%RIS, Mixed
30t —&— 100%AP+0%RIS,SD
—8— 50%AP+50%RIS,SD

IN)
a

Throughput/sector (Gbps)
N
o

0 20 40 60 80 100 120 140
Number of Users/sector
FIGURE 12. Throughput vs Number of users/sector of the proposed

algorithm for different numbers of subcarriers per UE with and without
RIS panels. Ny, = 2560, N;x = 36, N; = 1280, Npan = 6, Py, = 37 dBm.

has a label of the format %AP+%RIS. The curves consisting
only of direct links between the AP/BS and the receivers
are represented as 100%AP+0%RIS, meaning that all UEs
are connected to the AP/BS, while 50%AP+50%RIS, means
that 50% of the distributed UEs are connected to the nearest
AP/BS and the remaining 50% are connected to the nearest
RIS panels.

For the simulations, we considered three types of users. The
first type is served by Ultra High Definition (UHD) video; the
second, by High Definition (HD) video; and the third, by low-
resolution Standard Definition (SD) video. These types are
characterized by different signal-to-interference-plus-noise
ratio (SINR) thresholds to ensure coverage of each received
packet. UHD video requires receiving packets with 1380
subcarriers, resulting in a throughput of 2472.96 Mbps per
user. For the HD video service, packets with 460 subcarriers
are received, resulting in a throughput of 824.32 Mbps per
user. For the SD video service, packets have 115 subcarri-
ers, resulting in a throughput of 206.08 Mbps per user. An
additional scenario consisting of a mixed video service with
equal probabilities for UHD, HD, and SD video resolutions
was evaluated. Specifically, one-third of the total subcarriers
were allocated to UHD, one-third to HD, and one-third to SD.
The average throughput is 1167.78 Mbps, corresponding to
an average of 259 subcarriers. The required SINR for each
video quality imposes strong limitations on the number of
users that can be served. In order to facilitate beamforming for
each RIS panel, given the large number of subcarriers, every
panel was divided into subpanels of 1280 elements (arranged
in Ny, = 40 columns by N,,, = 32 rows), each allocated to
a different set of N, subcarriers.

Fig. 12 shows the throughput per sector versus the num-
ber of users per sector. The constant parameters used are:
N, = 2560, Ny = 2, N,, = 36 and the transmit power
P;. = 37 dBm. The variable number of subcarriers that are
characteristic of each curve is: N, = 1380, N. = 460, and
N, = 115 with N,;; = 1280 elements and N, = 6 RIS pan-
els. Every curve involving the presence of RISs considers the
proposed algorithm and fully digital precoding, assuming the
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FIGURE 13. Coverage vs Power transmitted of the proposed algorithm for
different numbers of subcarriers per UE with and without RIS panels.
Ng = 2560, Npx = 36, Ny = 1280, Npan = 6, Py, = 37 dBm.

existence of direct and indirect links between the transmitter
and receivers. The number of UE receivers in the scenario for
each simulation curve depends on the number of subcarriers
per user. Based on the parameters of table 2, the maximum
number of subcarriers within the bandwidth of 8 GHz is
N, = 16560. Curves with label "UHD" (N, = 1380) have
N, = 16560/1380 = 12 users per sector, the curves with
"HD" (N, = 460) have N, = 16560/460 = 36 users, and
the "SD" (N, = 115) include N, = 16560/115 = 144 users
in each sector. There are two curves with the label "Mixed",
which consider 64 users per sector (4 UHD, 12 HD, and 48
SD video service users). The maximum throughput received
by each user equipment, assuming transmission in one carrier
with QPSK symbols, and two streams per subcarrier Ny = 2,
depends on the number of subcarriers transmitted/received.
We have considered in this scenario numerology 5 of 5G NR,
where 14 OFDM symbols are transmitted every 31.25 ps.
The spacing between subcarriers is 480 KHz. As observed
from the performance curves, the introduction of RIS panels
located at the same distance from the APs and spread around
the scenario provides higher throughput compared to AP-only
links. This is due to the reduction in the number of users
experiencing outages. The throughput gain introduced by
including RIS panels, compared to single AP links, depends
on the video service quality and the number of users it serves.
It increases as the number of users per sector decreases. The
throughput relative gain for UHD video is 33% because the
RISs can efficiently beamform for each user. For HD and
mixed video, however, the gain drops to 14% due to the
greater number of users served simultaneously. For SD video,
the gain decreases to 3.4%, due to the large number of users
that the set of included RIS panels cannot serve. This reduces
the multiple access capacity of RIS beamforming for each
user. However, increasing the number of users and decreasing
video quality results in higher global throughput due to the
small required SINR, despite main lobe degradation. As the
number of users increases, more users will be close to the RIS
panels, contributing to an increase in total throughput.

Fig. 13 shows coverage versus transmitted power for dif-
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FIGURE 14. Aggregate Throughput vs Number of subcarriers per user of
the proposed algorithm with and without RIS panels. N, = 2560,
Npx =36, Nyjs = 1280, Npay = 6, Py, = 37 dBm.

ferent video service types, each corresponding to a spe-
cific number of users per sector, under the same condi-
tions as in Fig. 12. When we compare the coverage perfor-
mance in Fig. 13 with the throughput performance in Fig.
12 at a maximum transmitted power of 5 W (37 dBm),
we observe a direct correspondence between throughput
and coverage. The curve "100%AP+0%RIS,UHD" achieves
the smallest coverage of 53%. Adding RISs increases the
coverage to 70.5% ("50%AP+50%RIS,UHD" curve), pro-
viding a maximum coverage gain of 33%. The coverage
of the "100%AP+0%RIS,HD" curve is 71%. Compared to
the "50%AP+50%RIS,HD" curve, which has a coverage of
81%, the coverage relative gain is 14%. A coverage gain of
14% 1is also observed between the two mixed service curves
when RISs are included. The curve "100%AP+0%RIS,SD"
achieves 90.5% coverage, compared to 95% coverage for the
"50%AP+50%RIS,SD", giving a coverage gain of 5%. The
coverage gains in Fig. 13 closely match the throughput gains
in Fig. 12. Furthermore, only curve "50%AP+50%RIS,SD"
achieves coverage above 90% with a transmitted power of
1 W. The other cases require a maximum power of 5 W to
achieve maximum coverage. The highest coverage gain due
to the introduction of RISs in the scenario occurs when the
number of users per sector is reduced, and the number of
subcarriers per user is increased. This case corresponds to
the UHD video scenario, which achieves lower throughput
and coverage performance globally. The SD video scenario
achieves the highest throughput and coverage performance
but, considering that it already shows good performances
without RISs, it is the scenario presenting lower throughput
and coverage gains when introducing RISs, specially when
the transmitted power is high.

Fig. 14 illustrates the aggregate throughput for all office
scenarios with a total of six sectors (see table 2) versus
the number of subcarriers per user, considering a maximum
transmit power of 37 dBm (5 W). We evaluate the global
throughput for the same number of subcarriers per user as in
the previous two figures, including the additional throughput
for hybrid precoding architectures: fully connected QPS with
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3-bit quantization (cyan, labeled as "QPS/FC") and DAoSA
(green) with RIS in addition to APs. We also include a curve
for blind RIS (magenta), which are reflective surfaces without
reconfigurability capabilities and thus act as simple mirrors.
For SD video quality (N, = 115), there are 144 users per
sector uniformly distributed inside the office. In terms of the
number of users, this is the maximum load case. For HD
video quality (N, = 460), there are 36 users per sector, rep-
resenting the intermediate load case. For UHD video quality
(Nc = 1380), there is a total of 12 users per sector, which
is the minimum load case in terms of number of users. For
mixed video quality (N, = 259), there are 64 users per sector.
The red and blue curves correspond to the performance of
the fully digital precoder, with only APs, and by deploying
RISs in the vicinity of the APs, respectively. As shown in
Fig. 14, the red curve indicates a minimum global throughput,
irrespective of the scenario load, i.e., number of connected
users, in comparison to the blue, cyan, green, and magenta
curves. This observation aligns with the performance out-
comes depicted in Fig. 12. As expected, the inclusion of RISs
increases the global throughput independently of the sce-
nario load. However, the highest throughput gain is achieved
with the minimum load, and the lowest gain occurs with
the maximum load. It is clear that the cyan curve with fully
connected QPS shows minimal loss of throughput compared
to the blue curve, which represents the fully digital system.
The green curve with DA0oSA shows a loss in throughput as
the number of subcarriers per user increases, compared to
the fully digital case, due to the high number of subcarriers
and partial connections. As expected, the magenta curve with
simple reflectors shows the least throughput gain compared
to the AP-only scenario, regardless of the load. The reduced
throughput gain from applying blind RISs to the system,
compared to a system without RISs, emphasizes the impor-
tance of using reconfigurable RIS panels and a solution like
the proposed algorithm to optimize system performance. The
black curve represents the maximum theoretical throughput in
this scenario. In this case, every transmitted packet is received
without error. The curves of the maximum load case converge
to this line but do not reach it. The minimum load case (UHD
user) has the highest packet error rate, resulting in the lowest
global throughput. The higher packet error rate in this case
is due to the increased packet size and required SINR in the
presence of multipath selective fading, as well as uncovered
zones far from the APs and RISs.

V. CONCLUSION

In this paper, a RIS-based UM-MIMO scheme was investi-
gated and studied with the aim of improving the communi-
cation system for THz frequencies to support 6G communi-
cation requirements. The system was designed to cope with
several hybrid precoding architectures, which were evaluated
to determine their capabilities to provide an achievable rate
close to the one achieved by a fully digital precoder, while
reducing the overall implementation complexity and energy
costs. In addition, the performance of the system with and
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without RIS was addressed in order to evaluate the impact of
the addition of multiparallel RIS panels in the environment.

The link level results have shown that our system, when
using hybrid beamforming structures, is capable of achieving
SE levels close to the fully digital precoder scenario, while
reducing the system’s complexity and power requirements.
Among the analog architectures assessed, the fully connected
architecture using quantized and unquantized phase-shifters
has shown the best performance in terms of achievable rate,
as expected. Considering the AoSA architectures, the per-
formances tend to be farther from the fully digital case, as
also expected. Still, the version using dynamic switches for
each RF chain, DAoSA, can achieve better rates than the
other variants by trading off some additional implementation
complexity.

System-level simulations for an office scenario using 300
GHz and with up to 216 RIS panels demonstrated the impact
of the high absorption losses occurring at these frequen-
cies, and showed the potential benefits of the deployment
of a larger number of RIS elements and transmitter/receiver
antennas to overcome the more severe distance limitation.
The system-level results showed an overall increase in the
system’s throughput and coverage when several RIS panels
are spread around the environment. We can conclude that the
system’s throughput and coverage gains, which come from
the deployment of multiple RIS panels, depend hardly on
the number and type of users with different video resolution
services and the number of streams per user. Furthermore,
results have shown that, independently of the scenario load,
the system achieves higher throughput and higher coverage
when the received signal at the UEs comes from both the APs
and multiple RIS panels, instead of just the APs.

The work presented in this paper can be further extended by
adapting the algorithm to cope with multiple users (multiuser)
in the physical layer (link level), thus offering a centralized
solution comprising a multiple number of streams (OFDM),
users, and RIS panels for the UM-MIMO communication
design.
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