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ABSTRACT Reconfigurable Intelligent Surfaces (RISs) are considered to be a key enabling technology for
6G as they can potentially provide a boost in performance with a high energy efficiency. RISs rely on the use
of arrays with a large number of low-cost quasi-passive reflecting elements which can be individually tuned
in order to shape the radio wave propagation. This can effectively enable the implementation of smart radio
environments, increasing the capacity and improving the coverage of the system. Since most RISs related
studies focus on evaluating the gains of RIS based solutions in simplified communication scenarios, in this
paper we investigate the potential benefits of RISs when integrated into future wireless networks within
the context of post-5G/ 6G systems. With this aim, we present an iterative algorithm for accomplishing the
joint design of the access point precoder and phase-shifts of the RIS elements considering a multi-stream
multiple-input multiple output (MIMO) orthogonal frequency division multiplexing (OFDM) link. Based on
this approach, we then present the system-level evaluation of a RIS-aided post-5G/6G network deployment
operating in two different bands, mmWave and sub-THz, and which considers both near-field and far-
field propagation models. The results obtained in two different environments namely, Indoor Open Office
(IOO) and Urban Micro Truncated (UMT), show that the adoption of the proposed RIS-based approach can
effectively improve the throughput and coverage area.

INDEX TERMS Reconfigurable intelligent surfaces, MIMO, system level evaluation, mmWave, terahertz.

I. INTRODUCTION
In recent years, services based on mobile internet have grown
exponentially in wireless cellular networks. The considerable
increase in the number of connected devices requires the
development of new strategies that are capable to improve
the quality and reliability of mobile communications. This
is an effort that has been enabling the research community
to propose several novel solutions for future evolutions of
wireless networks [1]. Increasing spectral and energy effi-
ciency is a principle that is transverse to each generation of
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mobile communications, whose basis started with multiplex-
ing techniques (e.g. Orthogonal Frequency Division Multi-
plexing (OFDM) techniques), which were later on expanded
with the spatial domain resorting to methods such as multiple
input multiple output (MIMO) schemes. Recent improve-
ments include index modulations which can explore the
indexes of resource blocks to carry information, for example
the spatial resources, frequency resources or even both, as in
the case of generalized spatial-frequency index modulation
(GSFIM) [2].

Recent studies have been documented in the literature
which can potentially address some of the challenges that
must be tackled in future sixth generation wireless networks
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(6G) [3]. One particular approach within the context of the
physical layer encompasses reconfigurable intelligent sur-
faces (RIS) [4]. This new paradigm shift can potentially
increase the quality of communication links in wireless com-
munications [5]. The main idea underlying the use of RIS
is the creation of smart environments which can improve
wireless communications while also being able to target other
type of applications such as location, sensing, and wireless
power transfer [6]. Since networks are constantly developing
towards a software-based solution, the notion of smart envi-
ronments is not new.

RIS can be synthesized as an ‘‘intelligent’’ surface com-
prising a large set of periodic elements that can change the
phase (and also the amplitude) of incident waves [7]. These
structures are programmable, and they can be used to control
electromagnetic wave propagation by generating constructive
or destructive interference in the desired directions. Such fea-
ture allows us to improve the quality of the links between the
transmitter and receiver. RIS may be attached to practically
any surface, including walls, furniture, building panels, and
clothes. Another advantage of this technology is that its oper-
ation is typically quasi-passive, making it a low complexity
and energy efficient approach. Due to the low power con-
sumption and the possibility to be embedded in surrounding
objects, these surfaces can be seen as a cost-effective solution
for future wireless networks [8]. One of the main objectives
of using RIS aided systems is to extend the coverage of a
wireless network. Considering this purpose, the authors in [9]
analyzed the optimal location and orientation of a RIS in
order to maximize the cell coverage when considering the
communication from a BS to a single user. It was concluded
that besides being located at a moderate distance from the
BS, the RIS should be deployed vertically to the direction
from the BS to the RIS. Although these types of surfaces can
implement passive beamforming towards the receiver, they
also work in full-duplex [4].

The large distance attenuation that takes place in the mil-
limeter wave (mmWave) and Terahertz (THz) bands makes it
difficult to achieve large coverage under the limitation of the
maximum available base station (BS) transmit power. This
phenomenon tends to worsen especially in systems designed
for outdoor environments (even when considering highly
directional antenna arrays). Another particular characteristic
that is verified at mmWaves and THz bands is that the propa-
gation channel tends to be spatially sparse, which results in a
lower number of propagations paths. Such challenges can be
coped with the aid of RISs, since these devices can operate as
a centralized beamformer that can increase the channel gains.
Moreover, RIS can also create additional propagation paths
around major obstacles and enable line-of-sight (LOS) links
to distant receivers [10].

In [11], the authors addressed an indoor scenario consid-
ering the use of RISs and the application of deep learning
algorithms for maximizing the SNRs at the receivers. Their
work focused on the design of a deep neural network that
can provide the best received signal strength between users

and transmitters, with the aid of RIS panels. In [12] the
authors studied a system operating at the THz band using
a RIS for an indoor and outdoor scenario that optimizes
the phase shifts of the individual elements in order to assist
an ultra-massive MIMO (UM-MIMO) communication link.
Performance results showed that the approach was capable of
effectively extending the communication range. The authors
in [13], developed an algorithm to calculate the ideal phases
for each RIS element in order to maximize the capacity of
the transmission. In their study, a MIMO-OFDM link with
frequency-selective fading channel and perfect channel state
information was considered. Promising gains were shown on
high and low SNRs values.

According to the literature, due to their energy efficiency,
RIS can be a viable alternative to traditional amplifiers and
relays when considering multi-user communication scenar-
ios, as demonstrated by the authors in [14]. The authors
in [15] described a system with a single access point (AP)
that distributes packets to several users. The system is able to
improve the performance of both orthogonal multiple access
(OMA) and non-orthogonal multiple access (NOMA) with
the aid of RIS. Although, they considered only a single
antenna for both transmitter and receiver, it was proved that
RIS can enhance both the capacity and rate of the system.
Nevertheless, point-to-point communications in MIMO sys-
tems aided by RIS are still a challenge.

Although some results obtained with test bench prototypes
exist in the literature [16], [17], they all comprise small-scale
configurations. Furthermore, the use of RIS-assisted systems
combined with MIMO configurations in Cloud Radio Access
Network (C-RAN) requires more in-depth research into the
optimization process and overall impact. The authors in [18]
considered a RIS-aided cellular network and also presented
an algorithm for joint optimization of the active beamforming
at the BS and passive beamforming of the RIS. Their simula-
tion results showed some performance improvements against
other existing algorithms. In [19], the authors presented one
of the first system-level studies of a RIS-aided network
deployment, using two frequencies of fifth generation new
radio (5G NR) namely, the C-band (3.5GHz) and mmWave
band (28GHz). While assuming a simplified operation in
the far-field region with the RIS configured as anomalous
reflectors, they demonstrated through a three-dimensional
simulator how RISs can benefit a typical 5G urban network.
Also, in [20], authors studied a system level design with an
improved antenna model that analyses the pathloss, power
and overall coverage between the transmitter and receiver
with the aid of relayed RIS. Their results showed that the
impact of the placement of RIS can affect the performance
of the system, specially at edges of the sector cell. Despite
the promising results of these initial studies, more research on
the integration of RIS in future wireless networks is required
before large-scale experimental deployments can become a
reality. In fact, at the mm-Wave or THz frequencies, the
distances between BSs will tend to be short enabling users to
be connected to more than one BS simultaneously. Therefore,
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it is important to study whether RIS panels integrated into
these Micro/Pico cells can effectively increase the cover-
age area as well as the throughput within the context of
mmWave/THz networks in post-5G/6G RAN.

Motivated by the above work, in this paper we study the
integration of RIS-assistedMIMOcommunications operating
in mmWave/sub-THz bands into future post-5G/6G net-
works. Considering this objective, we first present an algo-
rithm for joint precoding and RIS optimization which is then
used as a basis for the system-level evaluation of a post-
5G/6G RAN operating with multiple APs/BSs, multiple RIS
panels and multiple users. Several numerical evaluations are
presented and analyzed under different configurations, which
demonstrate the effectiveness of the proposed optimization
algorithm and the beneficial impact of the RISs. The main
contributions of this paper can be summarized as follows:

• Targeting scenarios where the communication for differ-
ent users is based on orthogonal multiple access, we pro-
pose a new algorithm that jointly computes the precoder
and the phase shifts of RIS panels placed in between the
receiver and the transmitter. Such strategy aims to max-
imize the achievable rate in a multicarrier point-to-point
MIMO communication. The proposed algorithm uses
the alternating maximization (AM) method to decouple
the optimization variables and split the main problem
into two simpler ones. The first subproblem is then
solved using the singular value decomposition (SVD)
combined with water filling whereas the second one is
addressed with the accelerated proximal gradient (APG)
approach. We refer to the resulting algorithm as AM-
SVD-APG;

• We integrated the proposed RIS aided scheme into a
post-5G/6G RAN based on MIMO-OFDM which oper-
ates at the mmWave and sub-THz bands and considered
numerologies 3 and 5 of 5G New Radio in order to
perform a thorough system level assessment. For this
assessment, both near-field and far-field propagation
models were considered.

• A thorough system level evaluation was presented and
analyzed for two main scenarios of 5G NR. The first
scenario was set for mmWave (28GHz), and considered
an Urban Micro Truncated (UMT) environment where
several BSs transmit to multiple receivers with the aid
of RIS panels placed around the cells. The second sce-
nario was set for sub-THz (100GHz) and considered
a deployment in an indoor environment surrounded by
obstacles (Indoor Open Office - IOO). Results show that
the throughput and coverage area of a post-5G/6G RAN
can effectively improve, when integrating the proposed
RIS-based approach.

The paper is organized as follows: Section II presents
the system model for the RIS-assisted MIMO-OFDM sys-
tem. Section III derives the joint precoding and RIS design
algorithm followed by the description of the evaluated
system-level scenarios in section IV. Performance results

FIGURE 1. Example of a MIMO-OFDM communication system aided by
RIS, consisting of BS, UE, and RIS panel with NRIS reflecting elements.

are then presented and analyzed in section V. Finally, the
conclusions are outlined in section VI.
Notation: Bold lower and upper-case letters represent vec-

tors and matrices, respectively. Ca×b denotes the space of
complex matrices of dimensions a × b, (.)H denotes the
conjugate transpose of a matrix/vector, ∥·∥F is the Frobenius
norm of a matrix, diag (a) is a diagonal matrix with elements
of a on its diagonal, and In is the n× n identity matrix.

II. SYSTEM MODEL
Targeting practical scenarios where the communication for
different users is based on orthogonal multiple access, as for
example in orthogonal frequency division multiple access
(OFDMA), let us consider the downlink connection of a
point-to-pointMIMO communication system operating at the
mmWave/THz band, as illustrated in Figure 1. In this figure,
we observe an AP/BS with an array of Ntx antennas trans-
mitting to a user equipment (UE) with Nrx antennas, with the
aid of a RIS panel with NRIS elements. It is assumed that the
system adopts OFDM to cope with frequency selective fad-
ing. In this study we essentially consider two scenarios. The
first scenario is based on an outdoor environment in which
a BS serves several users, with different carrier frequency
and distance pathways than those discussed in the second
scenario. The second scenario, on the other hand, is based
on indoor environment, in which surrounding obstacles can
easily block or obstruct the communication link. Such fact
presents itself as critical especially in cases where direct LOS
is used, or when the signal suffers attenuation losses. Both
cases can be assisted with RIS panels with NRIS reflective
elements each with the purpose of improving communication
links.

Every transmission comprises up to Ns simultaneous data
streams per subcarrier k , which are represented as s [k] =[
s1,k . . . sNs,Nc

]T , where si,k ∈ C corresponds to an ampli-
tude and phase modulated symbol with E

[
∥s [k]∥2

]
= Ns.

Using a baseband representation, the signal arriving at a user
at each subcarrier k ,R [k] ∈ CNs× 1, can be modeled after the
combiner as

R [k] =
√

ρW [k]H H [k]F [k] s [k]+W [k]H n [k] , (1)
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where k = 1, . . . ,Nc, Nc is the total number of subcarriers
allocated to the target user, ρ denotes the power per stream
and per subcarrier, W [k] ∈ CNrx×Ns is the user combining
matrix, H [k] ∈ CNrx×Ntx is the overall frequency domain
channel matrix between the BS/AP and user, which includes
the paths through the RIS panel, F [k] ∈ CNtx×Ns is the BS
precoder matrix, s [k] ∈ CNs× 1 is the vector of symbols and
n [k] ∈ CNrx× 1 is the noise vector whose elements follow
an independent zero mean circularly symmetric Gaussian
distribution with covariance σ 2

n INrx . The total channel matrix
H [k] can be represented as

H [k] = H [k]S,D
+H [k]R,D 8H [k]S,R , (2)

where, H [k]S,D
∈ CNrx×Ntx is the channel between the

BS/AP and the user, H [k]R,D
∈ CNrx×NRIS is the channel

between the RIS panel and user, 8 ∈ CNris×Nris is the matrix
that models the effect of the RIS elements, having a diagonal
structure with 8 = diag (ϕ), where ϕ =

[
ϕ1, . . . , ϕNris

]T
and ϕm denotes the phase shift of the mth element of the RIS,
and H [k]S,R

∈ CNRIS×Ntx is the channel between the BS/AP
and the RIS panel.

III. JOINT PRECODING AND RIS OPTIMIZATION
After introducing the system model in the previous section,
we present the problem formulation which aims at maximiz-
ing the achievable rate in a MIMO-OFDM communication
link aided byRIS panels. Considering a total ofNf subcarriers
(with Nc subcarriers allocated to the target user), a cyclic
prefix length of NCP and assuming perfect channel knowl-
edge, then the achievable rate in bits/s/Hz for the user is given
by [13]

R =
Nf(

Nf + NCP
)
Nc

Nc∑
k=1

log2 det
(
INs +

ρ

Pn
F [k]H H [k]H

×H [k]F [k]
)

. (3)

Defining the power constraint at each subcarrier as
∥F [k]∥2F ≤ Ns (which results in a total effective transmitted
power of Puser = ρNsNc for that user) and assuming that the
RIS panel only allows tuning the phase shifts of the individual
reflecting elements, with this tuning being the same at all
subcarriers, then we can formulate the problem as

min
F [k] ∈ CNtx×Ns
ϕ ∈ CNris×1

f (F [k] , ϕ) = −

Nc∑
k=1

ln det

×

(
INs +

ρ

Pn
F [k]H ×H [k]H H [k]F [k]

)
subject to ∥F [k]∥2F ≤ Ns

|ϕi| = a, i = 1, . . . ,NRIS , (4)

where F [k] ∈ CNtx×Ns is the BS/AP precoder matrix, Pn
denotes the noise power in each sub-band (Pn = σ 2

n ), and
a is the amplitude of each reflection element in the RIS. It is

TABLE 1. Algorithm 1: am-svd-apg.

important to note that the constants present in the achievable
rate expression (3) were dropped in the definition of the
objective function f (F [k] , ϕ) and that the combiner is not
part of the adopted optimization problem.

To solve problem (4), first we use the AMmethod, in order
to decouple the optimization variables and simplify the prob-
lem. This approach allows problem (4) to be split into two
subproblems which are simpler to address. The first subprob-
lem is defined by fixing ϕ in (4) and then solving over F[k],
which results in the following formulation

min
F[k]∈CNtx×Ns

−

Nc∑
k=1

ln det
(
INs+

ρ

Pn
F [k]H H [k]H H [k]F [k]

)
s.t. ∥F [k]∥2F ≤ Ns. (5)

This problem can be solved using the SVD combined with
a water filling algorithm [21], [22]. The SVD of the channel
matrix at subcarrier k can be written as

H [k] = U [k]3 [k]V [k] , (6)

where U [k] is the matrix with left singular vectors, 3 [k]
is the diagonal matrix with the singular values in decreas-
ing order, and V [k] is the matrix containing the right sin-
gular vectors. The precoder matrix is then set as F [k] =
V:,1:Ns [k]D [k], where D [k] = diag

(
d1, . . . , dNS

)
is

obtained using a water-filling algorithm applied to the sin-
gular values of H [k], (that is, to the diagonal of 3 [k]) with
a total allocated power of Ns.

The second subproblem corresponds to minimizing (4)
overϕ, with the precoder matricesF[k] (k = 1, . . . ,Nc) fixed
and can be rewritten as

min
ϕ∈CNris×1

−

Nc∑
k=1

ln det
(
INs +

ρ

Pn
F [k]H H [k]H H [k]F [k]

)
+ I|ϕ|=a (ϕ) , (7)

where I|ϕ=a| (ϕ) is the set indicator function which returns
zero if |ϕi| = a for any i = 1, . . . ,NRIS , and returns+∞ oth-
erwise. The use of the indicator function allows us to incorpo-
rate the RIS phase shifts constraint defined in (3) directly into
the objective function, thus resulting in an unconstrained opti-
mization problem. To address the optimization problem in (7)
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which is nonconvex and difficult to solve due to the constant
amplitude phase-shift constraint, we apply an APG method
[23]. This method relies on iteratively applying a gradient-
based step, followed by a proximal mapping. In order to
improve the typical slow convergence of proximal gradient
methods [24], the APG method computes the gradient step
over an extrapolated point, which is a linear combination
of the previous two estimates. Therefore, in the proposed
approach we adopt the extrapolated variable defined as

y(q)
= ϕ(q)

+
q

q+ 3

(
ϕ(q)
− ϕ(q−1)

)
, (8)

where q is the iteration number and q
/
(q+ 3) corresponds

to the extrapolation parameter (as suggested in [23]). The
algorithmwill thus consist of iteratively updating the estimate
ϕ(q+1), by applying the proximal operator to a gradient step
over y(q), namely

ϕ(q+1)
= proxαI[ϕ]=a

(
y(q)
− α(q)

∇f
(
y(q)

))
, (9)

with α(q) denoting the step size (can be found through back-
tracking line search [23]). The proximal operator for a func-
tion g is defined as proxg (z) = argmin

x̂
g

(
x̂
)
+

1
2

∥∥x̂− z
∥∥2

which for (9), can be calculated as the projection over the
set of vectors whose elements have modulus to equal a.
Therefore, we can rewrite (9) as

ϕ(q+1)
=

(
y(q)
− α(q)

∇f
(
y(q)

))
∅

[
y(q)
− α(q)

∇f
(
y(q)

)]
,

(10)

where ∅ denotes the Hadamard division. The gradient of
f (y) can computed using (the details of the derivation are
presented in Appendix)

∇f
(
y(q)

)
= −

ρ

Pn

Nc∑
k=1

diag
[(

H [k]R,D
)H

H [k]F [k]

×

(
INS +

ρ

Pn
F [k]H H [k]H H [k]F [k]

)−1
× F [k]H

(
H [k]S,R

)H]
. (11)

Table 1, summarizes all steps of the proposed joint pre-
coding and RIS optimization algorithm, which we refer to as
AM-SVD-APG.

Regarding the complexity, the proposed algorithm of
AM-SVD-APG mainly involves the SVD computations in
step 3 as well as some matrix/vector multiplications and
a small matrix inversion in step 5. It can be seen that
this results in an overall computational complexity order
of O

(
QNc

(
NtxNrxNris + NtxN 2

rx + N
3
rx

))
. For comparison,

the APG algorithm in [12] has a complexity order of
O

(
NcNtxN 2

rx + NcQ
(
NtxNrxNris + N 3

rx+ N 2
rxNris + NsNtx ×

Nrx)) and the projected gradient method (PGM) algorithm
from [32] has a complexity of
O

(
Q

(
N 3
rx + N

2
rxNtx + NrxN

2
tx +NrxNtxNris + N

3
tx
))

(it is
important to note that PGM does not consider multicarrier

FIGURE 2. IOO environment where black dots are represented as AP, and
blue dots RIS panels. Users are shown in red dots that are dispersed in
random positions across the floor. IOO scenario without RIS (left) and
with RIS assistance (right).

transmissions). While the complexity of AM-SVD-APG
algorithm has a strong dependency on the receiver array
size due to the SVD that is calculated in all iterations, in a
typical downlink scenario the receiver array is much smaller
than that of the transmitter array and RIS panel. There-
fore, the complexity growth of AM-SVD-APG and APG
is mainly caused by the product of these three dimensions
weighted by the number of sub-carriers and iterations, namely
O (QNcNtxNrxNris). As for PGM, it also grows with the
product of these dimensions as well as with O

(
QN 3

tx
)
.

IV. SYSTEM-LEVEL CONFIGURATION AND SCENARIOS
After presenting the signal model for the individual links
between BS and user as well as the proposed joint precod-
ing and RIS design algorithm, in this section we describe
the setup adopted for the post-5G/6G RAN system level
assessment, detailing the target scenarios that were evaluated.
The considered scenarios are based on two modified 3GPP
environments [25]: the IOO environment, which corresponds
to a traditional office space, and the UMT, which corresponds
to a truncated Urban Micro Outdoor environment, that is
based on urban micro dense areas.

The IOO scenario focuses on high user density inside
buildings with offices that have indoor obstacles, such as
walls and corridors. This scenario assumes that common
offices have areas around 120 × 50 m2, as illustrated in
Figure 2. In this case we considered sub-THz links with a
carrier frequency of fc=100GHz, and the bandwidth is B =
0.4GHz. UEs are uniformly placed, with aminimum distance
of 1 meter around APs and RIS. The red dots on Figure 2
show the UEs settled on the scenario. The UEs are randomly
and uniformly placed in each scenario at a given distance
and angle from the APs or from the associated RIS panel.
Depending on the distance, there is a probability of having a
LOS and NLOS links. In the case of the NLOS links, it was
also considered fading due to multipath following a Rayleigh
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distribution with shadowing effect according to a Lognormal
distribution. All parameters and equations are described in
Tables 7.4.1-1 and 7.4.2-1 of [25].

A maximum of two UEs can be served simultaneously by
each RIS panel, with the maximum distance between RIS and
each UE being 7 m. The panels are represented as the bigger
blue dots in Figure 2. On the APs side, they are represented
as black dots, and they can support up to 14 UEs associated
to each one. The maximum distance between AP and UEs
is 17 m. For each AP placed, there are 6 nearest RIS panels
coupled to that AP. The maximum distance between AP
and RIS panels, is 17 m. For comparison purposes, we also
simulated the same scenario, but without any influence of RIS
panels, as shown on the left side of Figure 2.
The UMT scenario illustrated in Figure 3, focuses on

micro cells with high user densities. This represents cases
of high traffic loads in city centers with dense indoor areas.
According to the scenario specifications, it has a truncated
area of 470 × 400 m2. In our study, the operating frequency
was set to fc=28GHz and the bandwidth to B = 0.4 GHz.
The Inter Site Distance (ISD) of UMT scenario is 200 m.
UEs are also uniformly placed with a minimum distance of
1 meter around their respective BSs and RIS panels. The
distribution of UEs across the scenario was based on the same
spatial distribution of UEs described before for the previous
scenario. The maximum distance between each UE and the
associated BS is up to 89 m. Three different configurations
were considered for the UMT scenario. In first one, each BS
can accommodate up to 25 UEs, and does not have any aid
from RISs, as shown on the top image of Figure 3. In the
second configuration, almost all RIS panels were placed at
85 m from the nearest BS and the maximum distance between
each UE and the corresponding RIS panel is 18 m. Up to two
UEs can be linked to each corresponding RIS panel with a
total of 20 RIS and 4 BS deployed. On average there are 5 RIS
inside each BS coverage area, as represented in the middle
image of Figure 3. In the third configuration the RIS panels
are placed at 67 m (north and south sides), 58 m (left and right
sides) or 88 m (diagonally) from the nearest BS, as displayed
on bottom image of Figure 3. In this last deployment, there
are 26 RIS panels and 4 BSwhichmeans that on average there
are 6.5 RIS linked to each BS coverage area. This alternative
setup manages to be more realistic, because RIS panels are
placed at different distances. We must consider that it may
not be always possible to place all RIS panels at exactly the
same distance from the BSs, in a realistic deployment.

We consider that each RIS panel can be divided into small
panels (called sub-panels), with NRIS corresponding then to
the number of elements in each sub-panel. This can be seen
in Figure 4 where RISs are integrated into a hexagonal grid
on the right size of same figure.

The total power transmitted by each AP at 100 GHz is set
to 100mW (20dBm) for the IOO scenario, whereas 3.16W
(35dBm) are transmitted from each BS at 28 GHz, in the case
of the UMT scenario, see Table 7.8.1 of [25]. To serve the
UEs, two types of links are considered namely a direct link

FIGURE 3. UMT scenario, without RIS (top image), with RIS placed at the
same distance from the nearest BS (middle image) and with RIS placed at
different distances of BS (bottom one).

between BS/AP and UE and an indirect link through the RIS.
In the IOO case, due to the high attenuation at the sub-THz
band for NLOS, it is assumed that there is only a direct link
or only an indirect link, which is represented as 1C. For
the UMT case there are double-links, where UEs are served
simultaneously by a RIS and BS, which corresponds to 2C.
The noise power is N0= -88 dBm for the bandwidth B = 0.4
GHz. The spacing between each element of the RIS panel is
dRIS= λ/2=5.4 mm (28GHz) and dRIS=1.5 mm (100GHz),
resulting in an area of A=5.42=29.16mm2 andA=2.25mm2

per element. The gains of the individual antenna elements
of the arrays are 0 dBi for both the transmitter and receiver.
Table 2 summarizes the parameters used in our two scenarios.

V. NUMERICAL RESULTS
In this section, we start by presenting the performance
of the proposed algorithm AM-SVD-APG using link-level
simulations and then extend the evaluation to system level
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FIGURE 4. Example of RIS Panel with 3 sub-panels used in all simulated
environments (left), and a hexagonal grid where 4 BS are located in the
center (right).

TABLE 2. Parameters of simulated scenarios.

considering the integration into a post-5G/6G RAN. In our
evaluation, we assume that the channels can have a LOS
component and Nray NLOS paths. For the case when the RIS
is located far from the transmitter, i.e., when the distance
between them, dS,R, is larger than the Fraunhofer distance
defined as DF ≜ 2L2array

/
λ [26] (Larray is the largest dimen-

sion of the array), we assume a far-field propagation model
with planar wavefronts and express the channel frequency
response between the AP and RIS as

H [k]S,R
=

√
β
S,R
LOSe

−j2π dS,R
λ aR

(
φR←S
0 , θR←S

0

)
× aHS

(
φS→R
0 , θS→R

0

)
+

√
β
S,R
NLOS

KRice

Nray∑
l=1

α
S,R
l aR

(
φR←S
l , θR←S

l

)
× aHS

(
φS→R
l , θS→R

l

)
e−j2πτl fk

)
, (12)

where fk = fc + B
Nc

(
k − 1− Nc−1

2

)
, B is the bandwidth, fc

is the carrier frequency, τl is the delay of path l and Krice
specifies the ratio between the LOS and NLOS components.
The coefficients α

S,R
l represent the complex gains of the

NLOS rays, βS,R
LOS is the path loss of the LOS path and β

S,R
NLOS

denotes the path loss of the NLOS channel. This path loss can
be approximated as [27]

β
S,R
NLOS =

GtxAR
4π (dS↔R)

2 e
−kabs(f )dS↔R . (13)

where Gtx is the transmit antenna gain, AR is the RIS ele-
ment area, kabs(f ) is the molecular absorption coefficient at

FIGURE 5. Achievable rate versus iterations number obtained with the
proposed AM-SVD-APG for a scenario with f=28GHz, Ntx =64, Ns=3,
Nrx =16, and Nc=1.

frequency f [28], and dS→R is the distance/length between
the transmitter (source) and the RIS panel (RIS).

The vectors aR
(
φR←S
l , θR←S

l

)
and aS

(
φS→R
l , θS→R

l

)
,

denote the RIS and transmitter array response vectors
at the (azimuth, elevation) angles of

(
φR←S
l , θR←S

l

)
and(

φR→S
l , θR→S

l

)
, respectively. If a uniform planar array (UPA)

is adopted, then the steering vector for the transmitter can be
written as [29]

aS
(
φS→R
l , θS→R

l

)
=

[
1, . . . , ej

2π
λ
dant

(
p sinφS→R

l sin θS→R
l +q cos θS→R

l

)
, . . .

. . . , ej
2π
λ
dant

(
(
√
Ntx−1) sinφS→R

l sin θS→R
l +(

√
Ntx−1) cos θS→R

l

)]T
,

(14)

where p, q = 0, . . . ,
√
Ntx − 1 are the indices of the respec-

tive antennas, λ is the wavelength and dant is the inter-
element spacing. The steering vectors can also be described
using a similar notation for both aR

(
φR←S
l , θR←S

l

)
and

aD
(
φD←S
l , θD←S

l

)
. In the case when the distance between

the RIS and the transmitter is smaller than the Fraunhofer
distance we assume a near-field propagation model with
spherical wavefronts. In this case the expression in (12)
must include the effect of the distances of the paths between
each individual transmit antenna element and each RIS ele-
ment [30]. Regarding the other channels, namely H [k]R,D

and H [k]S,D, we adopt the same model, and thus they can
also be expressed similarly to (12) (for the far field case).

A. LINK LEVEL EVALUATION
Regarding the link level evaluation, the results are presented
in terms of bit error rate (BER) and measure the single-link
performance between the transmitter and the user, consider-
ing the cases of no RIS and of RIS-aided communication.
Whereas the precoder and RIS phases shifts are computed
according to Algorithm I, for the combiner we apply a mini-
mummean squared error (MMSE) based equalizer computed
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FIGURE 6. BER Comparison versus horizontal distance for a scenario with
f=28GHz, Ntx =64, Ns=3, Nrx =16, Nris=144 or 576 elements with Nc=1,
where RIS panel is placed at a fixed position of (20m, 8m) and the user
position changes between the receiver (RX) and the transmitter (TX).

using the equivalent channel as

WH [k] =
(

(H [k]F [k])H H [k]F [k]+
ρ

Pn
INs

)−1
× (H [k]F [k])H . (15)

The assessment of the RIS optimization algorithm was
performed through Monte Carlo simulations for different
types of configurations, in a RIS assisted OFDM-MIMO
system that operates both in IOO and UMT scenarios. The
coordinates of the AP/BS and User are (0 m, 0 m), and (1 m to
d , 0 m), respectively. Each variation of parameter d along the
simulations, corresponds to changing the distance between
the receiver and the transmitter (which will also affect the
distance between the UE and the RIS panel).

The subcarrier spacing (SCS), transmission time interval
(TTI), cyclic prefix (CP), and the number of symbols per
slot, are all defined by the proposed 5G NR scalable OFDM
numerology [31]. Our UMT and IOO scenarios were sim-
ulated considering the numerologies 3 and 5, respectively.
In each scenario, we considered antenna arrays with Ntx =
64 up to 256 elements at the transmitter side. The receiver
side has the same number of antennas namely, Nrx = 16,
in all simulations. Different numbers of transmitted symbols
per subcarrier were considered in the simulations, ranging
from Ns=1 up to Ns=3. The number of OFDM subcarriers
(Nc) used in the evaluations is Nc = 60, 120, 132 or 180.
All these numbers are multiples of 12, which corresponds to
the number of subcarriers of a physical resource block in 5G
NR [31].

To evaluate the convergence behavior of the proposed AM-
SVD-APG algorithm as well as the effect of the initialization,
Figure 5 present the achievable rate versus the iteration
number, considering the UMT scenario with the following
parameters: Ntx=64, Ns=3, Nrx=16 and Nc=1. The RIS
panel is located at (50 m, 5 m) and the user at (55 m, 0 m).
In the figure we defineQin as the number of times steps 4 and
5 of the algorithm are repeated inside each main iteration.

The term ‘accel’ is used in the legend when we refer to the
algorithm working with the extrapolated variable, as defined
in (8). In the ‘no accel’ case, the algorithm does not work
with the extrapolated variable when updating the phases of
the RIS elements, in other words we set the extrapolation
parameter to 0 and (8) reduces to y(q) = ϕ(q). We can
observe that the accelerated algorithm takes less than 10 main
iterations to converge if steps 4 and 5 of the algorithm are
repeated several times inside each main iteration (Qin=30).
This is a consequence of the fact that steps 4 and 5 imple-
ment an inner iterative method for providing an estimate for
the solution of subproblem (7). Therefore, repeating them
several times potentially provides a better solution for the
RIS phases before proceeding to the following main iteration
and attempt to solve subproblem (5) in step 3 to obtain an
updated precoder matrix. It is important to note however, that
this fast convergence happens only when using the extrapo-
lation step (accelerated version of AM-SVD-APG) since the
non-accelerated algorithm with Qin=30 requires at least 50-
100 main iterations to converge. Furthermore, it can also be
observed that different initializations for the RIS, such as the
static RIS with all the elements set as ϕi=1 (simple reflector),
or a random initialization of the phases, do not seem to impact
the final solution, resulting only in minor variations on the
number of required iterations for the algorithm to converge.

Figure 6 shows the BER performance versus the distance
for the individual link between the transmitter and a UE.
For this comparison we use a power of Puser=35dBm and
we fixed the RIS panel at position (20m, 8m). By analyzing
this figure, it is possible to observe curves for five different
configurations. The parameters used to draw the comparison
on UMT scenario are: Ntx=64, Ns=3, Nrx=16, Nris=144 or
576 elements, and Nc=1. Curves with the proposed AM-
SVD-APG algorithm are presented and assume the existence
of direct and indirect links between transmitter and receiver.
To compare with our algorithm, we include results obtained
with the APG algorithm from [12], and with the well-known
PGM algorithm from [32]. While the curves of the RIS aided
communication links are always better than the conventional
case without RIS, the best BER performance is achieved with
AM-SVD-APG algorithm, with higher gains obtained when
using a larger number of RIS elements.

By considering the same base configuration, we also
present the BER versus transmitted power allocated to a user
(i.e. Puser ) in Figure 7 considering various positions of the
RIS panel. In order to better understand the impact of the RIS,
we divide these results into two figures, one with only 144,
and the other with 576 RIS elements. The UE was placed at
a fixed position of (55, 0) m. On the top image of Figure 7,
we can observe the different distances used when a RIS panel
with 144 elements is placed between the transmitter and the
receiver (UE). The reference curve corresponds to a link
without any aid from a RIS. It can be observed that the best
curve obtained with Nris=144 corresponds to the case where
the RIS is placed at (50,5) m which represents a setup where
the UE is closer to the AP/BS. Another curve showing good
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FIGURE 7. BER versus transmitted power when the receiver is fixed at
(55 m, 0 m), with a configuration of f=28GHz, Ntx =64, Ns=3, Nrx =16 and
Nc=132, but with Nris=144 elements (top) or 576 (bottom).

FIGURE 8. Throughput achievable with RISs in the UMT scenario, when
Ns=1, Ntx =64, Nrx =16 and Nc=132.

results correspond to the case of the RIS placed at (10,5)
m, i.e., close to the transmitter. As expected, the RIS panel
introduces a positive impact in the communication link by
decreasing the BER at the UE for the same transmitted power.
When the number of RIS elements increases to Nris=576, the
performance improves, while becoming less sensitive to the
placement of the RIS.

FIGURE 9. Coverage versus transmitted power with RISs in the UMT
scenario, when Ns=1, Ntx=64, Nrx=16 and Nc=132.

B. SYSTEM LEVEL ANALYSIS
In the system level evaluation, we measured the over-
all throughput across the downlink considering a post-
5G/6G RAN integrating the proposed RIS-aided scheme,
as described in section IV. The main goal was to evaluate
the achievable binary rate or throughput (in Gbps) versus the
number of users served by both BS/AP and RIS.

To evaluate how the RIS operates in our system level
scenarios, we compared a standard communication without
any effect of RISs against a deployment containing RIS
panels. The former consists only of direct links between the
transmitters and the receivers. The other cases consist of a
combination of direct link connections and RIS-aided con-
nections. They are represented as a percentage of users that
are receiving signals from the BS plus the percentage of users
with RIS connections, namely as %BS+%RIS. For example,
100%BS+0%RIS, means that all users are attached to the
BS, whereas 60%BS+40%RIS, represents 60% of spread out
users linked to a BS only and the remaining 40% served by
RIS panels also. When we consider the UMT scenario, the
case100%BSs+0%RIS assumes that the UEs are uniformly
distributed within a radius of 85 m (see Figure 3 top). On the
other hand, when simulating cases with BSs and RIS operat-
ing simultaneously, users that are connected to BSs will be
uniformly distributed within a circle with a radius of 67 m.
Moreover, the users attached to RIS panels will be uniformly
distributed inside the ring defined between previous circle
and a circle with a radius of 85 m (see Figure 3 middle). This
means that users served by RISs are distributed across the
exterior ring (RIS area) which has an area representing 38%
of the total area defined by the larger 85 m radius circle.

In Figure 8, it is shown the throughput performance versus
number of users in the UMT scenario. The throughput curves
of Figure 8 were obtained with amaximum transmitted power
of 3.16 W. It is worth mentioning that we kept most of the
settings adopted in Figures 5-7. We can observe that in Fig-
ure 8, we also provide a curve representing the case without
RIS. In these results we used Ns=1, Nc=132 and a RIS panel
with NRIS=144 or 576 elements. It is important to note that
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FIGURE 10. Throughput, demonstrating how RIS can affect the rate, as a
function of the number of served UEs, when Ntx =64, Ns=3, Nrx =16. RIS
are located at the same distance from nearest BS.

4 different RIS sizes appear since each RIS panel is divided
into sub-panels when serving more than 1 user. Therefore,
the cases of NRIS=72 or 288) correspond to cases of 2 users
being associated to a panel of 144 and 576, respectively.
When the UEs are served with a direct link only (without any
RIS), we have a total average throughput of approximately
22.4Gbps for 300 users (represented as a red line). If RIS pan-
els are added to the C-RAN, the throughput can be increased
between 7% to 28% when considering a distribution of UEs
of 60%BS+40%RIS, represented by black lines. Note that
in this case, NRIS elements correspond to half size, since
two UEs have been assigned per RIS. For the other case
of 80%BS+20%RIS (blue lines), the increase in throughput
is between, 22% and 38%. As we observed before, we can
conclude that by increasing the number of RIS elements, the
communication link can be boosted. In fact, the case with
NRIS=576 elements achieve the best performance across the
UEs.

Figure 9 presents the coverage versus transmitted power
equivalent for the same conditions of Figure 8. The com-
parison between Figure 9 and Figure 8 shows that there is a
direct correspondence between the throughput performance
and the associated coverage. For the maximum transmitted
power of 3.16W, the smallest coverage is achieved by the case
of 100%BS+0%RIS with 63% whereas the highest coverage
is 88% which is obtained by the case 80%BS+20%RIS with
NRIS=576. This represents a coverage gain of 38%.

In order to provide a clear example of how RISs can impact
the performance of the network, we also tested different types
of configurations in the UMT scenario. For this purpose,
we adopted a higher number of Nc combined with more
spatial streams and larger transmit arrays.

Figure 10 presents the throughput results with this dif-
ferent arrangement considering a configuration of Ntx=256,
Ns=3, Nrx=16, Nris=144 or 576, and Nc=132 or 180.
When we increase the number of subcarriers per user (Nc)
from 132 to 180, we need to reduce the total number of
users, from 300 to 216, in order to keep constant, the total

FIGURE 11. Throughput vs number of users when Ns=3, Nrx=16, Nc=132.
RIS are located at the same distance from the nearest BS.

number of subcarriers with data Nf=3300. It is observed
that the case with distribution of users 80%BS+20%RIS can
achieve a gain of 40% when using Nc=132, and the case
72%BS+28%RIS achieves a gain 39% when using Nc =180.
It is important to mention that these two cases (Nc =132 and
180) with 100%BS+0%RIS, even with a higher number of
UEs connected to BSs, cannot achieve the same throughput as
the cases with the aid of RIS. This behavior can be explained
because UEs were spread out using a different spatial dis-
tribution from the distribution of UEs that are served only
by BSs. For a fair comparison, there should be 38% of UEs
attached to RIS and the remaining 62% of users attached to
BSs. The curves with 60%BS+40%BS or 44%BS+56%RIS
have two UEs attached to each RIS panel. They correspond to
half size RIS, namely, NRIS=288 and 72. They have a worse
spatial distribution of users when compared to the case of all
UEs attached to a BS. That is the reason why the performance
results of NRIS=144 are better than with NRIS=288. Consid-
eringNRIS=288 as reference, the throughput gain forNc=132
is 19% and for Nc=180 is 23%. In the case of NRIS=144, the
throughput gain is 31% for Nc=132 and 28% for Nc=180.
With NRIS =72, the throughput gain is 11% for Nc =132 and
for Nc=180 the gain is 10%.
From this point on, we will compare how the transmitter

antenna array can affect the overall throughput of the system.
In Figure 11, we evaluate the throughput using Nc=132 and
Ntx=64 or 256 antennas but keeping the other parameters the
same as in the previous case. As it was seen before, the best
throughput can be achieved with the highest number of RIS
elements, namely with 576 RIS elements. It can be observed
that with 80%BS+20%RIS, NRIS=576 and Ntx=256 it is
possible to achieve up to 37% better performance than the
standard link (100%BS+0%RIS with Ntx=256). The best
case for Ntx=64, corresponds to 80%BS+20%RIS with
NRIS=576, where we observe an increase of 40% face to the
100%BS+0%RIS. The worst case for Ntx=256, corresponds
to 60%BS+40%RIS with NRIS=72, where it can be seen an
increase of 11% compared to the 100%BS+0%RIS case.
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FIGURE 12. Comparison of different achievable throughput using Ns=3,
Nrx =16, Nc=132 in the UMT scenario shown on bottom image of figure 3.

Based on these results, we can expect that the proposed RIS
based approach can be effective inMIMO schemes with large
antenna arrays and also with RIS panels with a large number
of elements. To assess this behavior, we tested the same UMT
scenario but with RIS panels located at different distance
from the nearest BS, as illustrated in Figure 3 (bottom image),
as it is a more realistic approach to place the RIS panels.

Figure 12 shows the simulated throughput when consid-
ering the bottom scenario of Figure 3, which represents
a more realistic/typical deployment. The same parameters
configuration adopted in Figure 11 was used in this case,
which allows us to verify that similar results were obtained.
The maximum transmitted power was set as 3.16 W. There
is a different spatial distribution of UEs when compared to
the previous two figures. In the cases of 74%BS+26%RIS,
there is a single UE attached to each RIS, and two for the
cases of 48%BS+52%RIS. The latter spatial distribution of
UEs is worse than the distribution of UEs for 100BS+0%RIS,
while the opposite occurs for the former one. The spa-
tial distributions that have a better uniformization are close
to the cases with spatial distributions of 80%BS+20%RIS
and 60%BS+40%RIS respectively. This last one is the best
that has a uniform spatial distribution of UEs. The best
results are achieved when using Ntx=256 antennas, a distri-
bution of 74%BS+26%RIS and NRIS=576 elements. In such
case, we can observe an increase of 58% over the case
100%BS+0%RIS. The worst case happens when we have
Ntx=64, which corresponds to 48%BS+56%RIS, consider-
ing NRIS=72. In such case, we observed an increase of only
4% compared to the 100%BS+0%RIS results.

Figure 13 presents the coverage versus the total power
transmitted by each BS for the same setup of Figure 12.
When we compare Figure 13 with Figure 12, we observe
that there is a direct correspondence between the throughput
performance and the associated coverage. For the maxi-
mum transmitted power of 3.16 W with Ntx=64, the small-
est coverage is achieved in the case 100%BS+0%RIS with
43.6% whereas the highest coverage is obtained in the case
of 74%BS+26%RIS and NRIS=576 with 66.8%. This is a

FIGURE 13. Coverage of throughput using fixed parameters as Ns=3,
Nrx =16, Nc=132, relative to the realistic UMT scenario presented in
previous Figure 11.

coverage gain of 52%. Moreover, for Ntx=256, the small-
est coverage is achieved for 100%BS+0%RIS resulting in
53.9%, whereas the highest coverage is 70.7% which is
obtained for 74%BS+26%RIS with NRIS=576. This is a
coverage gain of 31%. When comparing the coverage perfor-
mance of Figures 9, which considersNs=1, against Figure 13,
which considers Ns=3, we observe a coverage loss of 31% as
the number of spatial streams per user increases.

From this point on we will consider the IOO environment,
in which all RIS are placed at a distance of 10 m from the
nearest AP. To simulate the IOO scenario only with APs,
we distributed uniformly the UEs within a radius of 17 m.
When simulating the system with APs and RIS, the UEs
that are connected to APs are uniformly distributed within a
radius of 10 m, while the users attached to RIS are uniformly
distributed within a radius of 7 m (see Figure 2). The area
ratio of a circle with radius 10 m over another with radius
17 m is about 35%. This means that the users served by RIS
panels should be 65% of the total on average. 14 shows the
throughput that can be achieved with Nc=60, and Nc =120.
This scenario assumes a different carrier frequency than the
one considered in the UMT scenario. The system operates
at 100 GHz which, due to the shorter wavelength, allows us
to work with more elements at the RIS, i.e., NRIS=256 up to
2048. It is clear that the best throughput that can be achieved
in this scenario corresponds to the cases with a higher number
of RIS elements, namely NRIS =2048. We can also observe
that the instance where a RIS-aided UE is attached to a
dedicated RIS, with a distribution of 57%AP + 43%RIS, Nc
=60 and NRIS =2048, has a gain of 29% when compared
to the standard link (100%AP+0%RIS). The case labeled as
14%AP + 84%RIS with Nc=120, NRIS =2048, has a gain of
43% when compared to the reference 100%AP+0%RIS.

Considering the cases with Nc=120, we reduce the users
that are attached to the AP to keep a single user per RIS.
Furthermore, as we double the number of subcarriers per
user, Nc, we need to reduce to half the total number of users,
namely from 168 to 84, in order to keep constant, the total
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FIGURE 14. Throughput, demonstrating how RIS can affect the rate, in the
IOO environment using Ntx =64, Ns=2, Nrx =16.

number of subcarriers allocated with data symbols (Nf=840).
It can be observed that the case with 14%AP + 86%RIS and
Nc =60 can achieve higher throughputs than Nc =120, for
the maximum number of users served simultaneously. This
is explained by the worse spatial distribution of UEs with
Nc =120 when compared to the distribution with Nc = 60.
It is also important to point out that the adoption of RISs
allow us to achieve throughput improvements of 24% for
14%AP+86%RIS with NRIS=1024 and a gain of 13% when
we only use 256 reflective elements (case 57%AP+43%RIS
with NRIS =256).

VI. CONCLUSION
Due to its potential performance and implementation gains,
RISs are considered a key technology for future wireless
networks, in particular for post-5G and 6G systems. Within
this scope, in this paper we reported system-level assessments
of RIS-aided post-5G/6G RAN deployments operating at
mmWave (28 GHz) and sub-THz (100 GHz) bands. Consid-
ering scenarios where the communication for different users
is based on orthogonal multiple access, we first proposed
an iterative algorithm for accomplishing joint precoding and
RIS optimization in multicarrier point-to-point MIMO com-
munications. Link level simulation results showed that the
proposed approach can be more effective than other existing
approaches for harvesting the potential gains of RIS-aided
communications. This algorithm was then integrated into the
system level evaluation of a post 5G/6G RAN operating with
multiple BSs, RIS panels and users. The assessment was
performed over two different scenarios, IOO and UMT, and
considered both near-field and far-field propagation models.

Our numerical results showed that it is possible to pro-
vide large transmissions rates with the aid of RIS both in
outdoor and indoor environments at mmWave and sub-THz
bands. In fact, at 28 GHz the results showed improvements
in the overall throughput, with gains of up to 58% over a
deployment without any RIS, and coverage gains of up to
53% over the standard communication without any aid. It was
thus observed that it is possible to extend the coverage from

cell/BS, and also achieves better SNR at the UEs, increas-
ing the overall performance of the system. By increasing
the number of elements in each RIS panel, it is possible
to improve the results even further. Furthermore, to obtain
the best throughput gains, RIS panels should be placed near
the edge of the cells. However, the throughput performance
seems to not degrade substantially when RIS are placed at
different distances of the nearest BS/AP. As future work,
we intend to extend the joint active and passive beamforming
algorithm as well as the system level evaluation to multi-user
downlink/uplink and multi-cell MIMO scenarios, incorporat-
ing realistic low-resolution RIS phases-shifts and imperfect
channel knowledge.

APPENDIX
A. DERIVATION OF ∇ϕ∗ f (ϕ)

To derive the complex-valued gradient ∇ϕ∗ f (ϕ) we adopt
the procedure described in [33]. First, we write the complex
differential of f (F [k] , ϕ) with respect to ϕ∗ as

df = −
Nc∑
k=1

Tr

{
ρ

Pn

(
INs +

ρ

Pn
F [k]H H [k]H H [k]F [k]

)−1
×

(
F [k]H H [k]H dH [k]F [k]

+F [k]H dH [k]H H [k]F [k]
) }

(16)

From the total channel matrix expression (2) we can also
directly obtain THE following complex differential

dH [k] = H [k]R,D diag (dϕ)H [k]S,R (17)

Inserting this expression into (1) and using the following
relation that is simple to verify for a generic matrix Z

Tr {Zdiag (dϕ)} = diag (Z)T dϕ, (18)

we can rewrite (15) as

df =−
ρ

Pn

Nc∑
k=1

diag
[
HS,R [k]F [k]

(
INs+

ρ

Pn
F [k]H H [k]H

×H [k] F [k])−1 F [k]H H [k]H HR,D [k]

]T
dϕi

−
ρ

Pn

Nc∑
k=1

×diag
[
HR,D [k]H H [k]F [k]

×

(
INs +

ρ

Pn
F [k]H H [k]H H [k]

× F [k])−1 F [k]H HS,D [k]H
]T

dϕ∗i (19)

Then using table 3.2 from [33] results in following gradient
expression

∇ϕ∗ f (ϕ) = −
ρ

Pn

Nc∑
k=1

diag
[(

H [k]R,D
)H

H [k]F [k]
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×

(
INS +

ρ

Pn
F [k]H H [k]H H [k]F [k]

)−1
× F [k]H

(
H [k]S,R

)H]
(20)

which corresponds to the equation (11).
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