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Abstract: The fast growth experienced by the telecommunications field during the last few decades
has been motivating the academy and the industry to invest in the design, testing and deployment of
new evolutions of wireless communication systems. Terahertz (THz) communication represents one
of the possible technologies to explore in order to achieve the desired achievable rates above 100 Gbps
and the extremely low latency required in many envisioned applications. Despite the potentialities,
it requires proper system design, since working in the THz band brings a set of challenges, such
as the reflection and scattering losses through the transmission path, the high dependency with
distance and the severe hardware constraints. One key approach for overcoming some of these
challenges relies on the use of massive/ultramassive antenna arrays combined with hybrid precoders
based on fully connected phase-shifter architectures or partially connected architectures, such as
arrays of subarrays (AoSAs) or dynamic AoSAs (DAoSAs). Through this strategy, it is possible to
obtain very high-performance gains while drastically simplifying the practical implementation and
reducing the overall power consumption of the system when compared to a fully digital approach.
Although these types of solutions have been previously proposed to address some of the limitations
of mmWave/THz communications, a lack between link-level and system-level analysis is commonly
verified. In this paper, we present a thorough system-level assessment of a cloud radio access network
(C-RAN) for beyond 5G (B5G) systems where the access points (APs) operate in the mmWave/THz
bands, supporting multi-user MIMO (MU-MIMO) transmission with massive/ultra-massive antenna
arrays combined with low-complexity hybrid precoding architectures. Results showed that the
C-RAN deployments in two indoor office scenarios for the THz were capable of achieving good
throughput and coverage performances, with only a small compromise in terms of gains when
adopting reduced complexity hybrid precoders. Furthermore, we observed that the indoor-mixed
office scenario can provide higher throughput and coverage performances independently of the
cluster size when compared to the indoor-open office scenario.

Keywords: terahertz (THz); multiuser ultra-massive-MIMO; hybrid precoder design; system-level
simulation; cloud radio access network (C-RAN); beyond 5G (B5G); 6G

1. Introduction

In recent years we have been witnessing the increasing deployment of the fifth gener-
ation of wireless communications (5G). This generation represents a significant mark in
the way we communicate, enabling new applications that would be otherwise infeasible
with the technology of previous generations. Therefore, several new technologies were
incorporated into 5G which were crucial to achieving all the requirements that are needed
for the operation of these systems. However, the telecommunications field is experiencing
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fast growth over the last few decades, which has been motivating the academy and the
industry to invest in the design, testing and deployment of the next generation of wireless
communications (6G). Within this context, terahertz (THz) communications have been
attracting more and more attention, being referred to by the research community as one of
the most promising research fields on the topic, not only for the availability of spectrum
but also because of the achievable rates that can be offered to the users [1,2].

THz systems are becoming feasible due to the recent advances in the field of THz
devices, and they are expected to ease the spectrum limitations of today’s systems [3]. How-
ever, there are several issues that can affect the system performance, such as the reflection
and scattering losses through the transmission path, the high dependency between range
and frequency of channels in the THz band and also the need for controllable time-delay
phase shifters. Such limitations require not only the proper system design but also the
definition of a set of strategies to enable communications [4,5]. According to the literature,
some of the challenges for beyond 5G networks (B5G) are the fabrication of plasmonic
nano array antennas, channel estimation, precoding, signal detection, beamforming, and
beamsteering [6]. To overcome the distance limitation in THz communications, one can
take advantage of the very large antenna arrays that can be implemented at these bands
while minimizing interference between multiple users. However, when working with
massive/ultra-massive arrays of antennas, a fully digital precoder is often not feasible
and hybrid designs must be used instead. Regarding the hybrid precoder, it is neces-
sary to adopt the most adequate architecture in order to maintain the intended trade-off
between performance and complexity. Fully-connected (FC) structures based on phase
shifters, arrays of subarrays (AoSAs) and dynamic arrays of subarrays (DAoSAs) repre-
sent some of the most referred to architectures in the literature [7–11]. From the energy
efficiency (EE) and power consumption perspective, which are particularly relevant, and
the mmWave/THz bands, the use of partially connected (PC) structures, such as AoSAs
and DAoSAs, can be more efficient than fully connected structures. In particular, DAoSAs
represent a much more appealing solution since they can offer a good compromise (in
terms of performance) between fully connected structures, which have a higher imple-
mentation complexity (especially with a massive number of antennas), and AoSAs, which
are lighter but can suffer significant degradation in performance. Concerning this topic,
one can find in the literature a wide range of schemes for multiple-input multiple-output
(MIMO) systems considering both uplink and downlink scenarios [7–11], but there is a
significant imbalance between the number of approaches aimed at those scenarios for
hybrid precoding at higher frequencies. The authors of [12] proposed two algorithms
for low-complexity hybrid precoding and beamforming for multi-user (MU) mmWave
systems. Even though they assume only one stream per user, i.e., the number of data
streams (Ns) is equal to the number of users (Nu), it is shown that the algorithms achieve
interesting results when compared to the fully-digital solution. The concept of precoding
based on adaptive RF-chain-to-antenna was only introduced in [13] for single user (SU)
scenarios but showed promising results. In [14], a nonlinear hybrid transceiver design
relying on Tomlinson–Harashima precoding was proposed. Their approach only considers
FC architectures but can achieve a performance close to the fully-digital transceiver. Most of
the hybrid solutions for mmWave systems aim to achieve near-optimal performance using
FC structures, resorting to phase shifters or switches. However, the difficulty of handling
the hardware constraint imposed by the analog phase shifters or by switches in the THz
band is an issue that limits the expected performance in terms of SE. In [15], the authors
proposed a low complexity design based on the alternating direction method of multipliers
(ADMM) that can approximate the performance of a hybrid precoder to the fully-digital
performance. It is targeted to the millimeter wave (mmWave)/THz bands and can incorpo-
rate different architectures at the analog component of the precoder, making it suitable for
supporting ultra-massive MIMO (UM-MIMO) in severely hardware-constrained systems
that are typical at these bands. There are some recent experimental demonstrations of
hybrid precoding schemes for MIMO mmWave communications, as mentioned in [16,17].
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However, these implementations still have limitations in the size of the adopted arrays and
the number of RF chains. Regarding the applications of these schemes in the THz band,
the technology is still in the early stages and there are still no UM-MIMO implementations
with hybrid precoding/beamforming. Nevertheless, there are already some simpler MIMO
implementations in THz, such as the ones mentioned in [18,19].

When transitioning from a link-level perspective to a system-level analysis, we must
deal with several other issues, such as distance limitation, signal-to-noise ratio (SNR)
degradation, weak coverage areas and blind zones, which are particularly relevant when
working in the high-frequency spectrum [11,20,21]. This is the main reason why network
and resource allocation planning are crucial when deploying these systems for cellular com-
munications, independently of the scenario under study [11,22]. There are few system-level
evaluations of mmWave schemes in the literature, such as the ones mentioned in [23,24],
but beyond all the proposals in the field of system-level analysis very few examples have
been extended to the 5G New Radio (5G NR) standard of the 3rd Generation Partnership
Project (3GPP) and for the THz level (e.g., 100 GHz) as we cover in this paper. This standard
suggests the use of deterministic cluster delay lines (CDLs) for link-level simulations, which
requires the definition of average angles of departure (AODs) and arrival (AOAs) and
also a tapped delay line (TDL). For system-level simulations, a full three-dimensional (3D)
modeling of a radio channel is recommended since this type of analysis requires a statistical
approach [25,26].

Motivated by the work above, in this paper, we study a cloud radio access network
(C-RAN) for 5G and beyond systems which is based on the adoption of low complexity
hybrid precoding designs for massive and ultra-massive multi-user MIMO (MU-MIMO)
schemes operating in the mmWave/THz bands. As far as the authors are aware there are
no previous studies similar to the one presented in this paper focusing on the system-level
evaluation of robust hybrid algorithms with different architectures (FC, AoSA, DaoSA, etc.)
at the THz band. The C-RAN studied in this paper assumes that each access point (AP)
uses the precoder to remove the multi-user interference (MUI) generated at the receivers,
breaking the MU communication into equivalent small SU links, which enables a lower
complexity at the receiver side. We consider a virtualized C-RAN, where the network
determines which APs are to be associated with each terminal. The cell moves with and
always surrounds the terminal in order to provide a cell-center experience throughout
the entire network. Each terminal designated as user equipment (UE) is served by its
preferred set of APs. The actual serving set for a UE may contain one or multiple APs and
the terminal’s data are partially or fully available at some cluster with potential serving
APs. The AP controller (Central Processor) will accommodate each UE with its preferred
cluster and transmission mode at every communication instance while considering load
and channel state information (CSI) knowledge associated with the cluster of APs [27].

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

• Thorough system-level assessment of a virtualized C-RAN with two clusters sizes,
namely, size 1 and 3, where the APs operate in the mmWave/THz bands with
massive/ultra-massive antenna arrays combined with low-complexity hybrid precod-
ing architectures. The system-level simulations were performed based on link-level
results between the APs and multiple terminals, where it is considered that the ADMM
algorithm from [15] is applied for hybrid precoding design at the transmitter side.

• System-level evaluation of the proposed C-RAN in two 5G NR three-dimension (3D)
scenarios, namely, the indoor-mixed office (InD-MO) and indoor-open office (InD-OO).

• System-level evaluation demonstrates that low-complexity hybrid precoding-based
C-RAN deployments in an indoor scenario can enable the practical implementation
of those schemes, which rely on massive/ultra-massive antenna arrays to combat
distance limitation and minimize the MUI. While these hybrid designs sacrifice some
performance, significant throughput performance and coverage improvements can
still be achieved over typical cellular networks.
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• System-level assessment of the proposed based C-RAN with the fifth numerology of
5G NR in the 3D indoor-mixed office scenario with different parameters, such as the
number of transmitting antennas per user and the number of subcarriers, with the
results benchmarked against two alternative MU-MIMO schemes.

In Table 1, we present a list of acronyms adopted along with the text in order to
improve the readability of the paper. The paper is organized as follows: Section 2 presents
the model for the low-complexity hybrid precoding system and the system-level scenario
that is considered in the evaluation. Section 3 presents and discusses the system-level
simulations results, whereas the conclusions are outlined in Section 4.

Table 1. Table of acronyms.

Acronym Designation

3D Three-dimensional
3GPP The 3rd Generation Partnership Project

5G The fifth generation of wireless communications
5GNR 5G New radio

6G The sixth generation of wireless communications
ADMM Alternating direction method of multipliers

AM Alternating minimization
AOA Average angle of arrival
AOD Average angle of departure
AoSA Array of subarrays

AP Access point
B5G Beyond 5G
BER Bit error rate

BLER Block error rate
CDL Cluster delay line

C-RAN Cloud radio access network
CSI Channel state information

DAoSA Dynamic array of subarrays
DPS Double phase shifters
EC Energy consumption
EE Energy efficiency
FC Fully-connected

InD-MO Indoor-mixed office
InD-OO Indoor-open office
LASSO Least absolute shrinkage and selection operator

LOS Line-of-sight
MIMO Multiple Input Multiple Output

MU Multi-user
MUI Multi-user interference

MU-MIMO Multi-user MIMO
mmWave Millimeter wave

NLOS Non-line of sight
PC Partially-connected

QPS Quantized phase shifters
UM-MIMO Ultra-massive MIMO

SE Spectral efficiency
SNR Signal-to-noise ratio
SPS Single phase shifters
SU Single-user

TDL Tapped delay line
TRP Transmission and reception point
THz Terahertz
UE User equipment

UPA Uniform planar array
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Notation: Matrices and vectors are denoted by uppercase and lowercase boldface
letters, respectively. (.)T and (.)H denote the transpose and the conjugate transpose of a
matrix/vector, ‖ · ‖p is the `p-norm of a vector, ‖ · ‖0 is its cardinality, b·c is the floor
function and In is the n × n identity matrix.

2. System Model
2.1. Transmitter and Receiver Model

Let us consider a mmWave/THz hybrid MU-MIMO system, where an AP is equipped
with Ntx antennas that transmit to Nu users simultaneously over F carriers. Each user
is equipped with Ntx antennas that transmit to Nu users simultaneously. Each user is
equipped with Nrx antennas over F carriers, such as the one described in Figure 1. Ns
data streams are transmitted to each user and to each subcarrier, which can be represented
as sk =

[
sk,1

T . . . sk,Nu
T]T , with sk,u ∈ CNs×1. Since a fully digital design would require a

dedicated RF chain per antenna element, both the digital and analog processing blocks
of the precoder and combiner are separated. By following this approach, it is possible
to use reduced digital blocks with only a few radio frequency (RF) chains, which can
be complemented by the analog blocks that are based on networks of phase-shifter and
switches solely. It is assumed that NuNs ≤ Ntx

RF ≤ Ntx and Ns ≤ Nrx
RF ≤ Nrx, where Ntx

RF
and Nrx

RF are the number of RF chains at the AP and each user, respectively. The received
signal model at user u and subcarrier k after the combiner can be written as:

Yk,u =
√

ρuWH
BBk,u

WH
RFu

Hk,uFRFFBBk sk + WH
BBk,u

WH
RFnk,u, (1)

where Hk,u ∈ CNrx×Ntx is the frequency domain channel matrix (assumed to be perfectly
known at the transmitter and receiver) between the AP and the uth receiver at subcarrier k.
FRF ∈ CNtx×Ntx

RF and WRFu ∈ CNrx×Nrx
RF represent the analog precoder and combiner, with

u = 1, . . . , Nu, ρu denoting the average received power and vector nk,u ∈ CNrx×1 contain
independent zero-mean circularly symmetric Gaussian noise samples with covariance
σ2

nINrx . The digital baseband precoders are denoted by FBBk ∈ CNtx
RF×Nu Ns and the combiners

by WBBk,u ∈ CNrx
RF×Ns . In order to maintain the complexity of the implementation limited,

the analog component is the same for all subcarriers, which means that FRF and WRF will
be the same for all subcarriers.

Considering the major issues related to spectral efficiency (SE), energy consumption
and hardware implementation for THz pointed out in the introduction, in this study,
we considered the architectures depicted in Figure 2 [15,28–31]. The FC architecture is
the closest to the performance of the digital architecture, but it is also the most power-
consuming of the hybrid architectures. This is the main motivation for the development of
partially connected architectures (AoSAs and DAoSAs) with the aim of trying to achieve
similar performances to FC structures, but with lower energy consumption. The AoSAs
architectures, especially the ones based on phase shifters, can be divided into two categories,
namely, the ones based on single-phase shifters (SPS) and the ones based on double-phase
shifters (DPS). Increasing the number of phase shifters connected to each antenna results in
an improved performance but entails a higher energy consumption. On the other hand,
DAoSAs represent a much more appealing solution due to the good compromise between
performance and energy consumption (EC). However, the choice of the most suitable
architecture depends on several aspects, which are related to the calculation of the FRF
and FBB matrices. When considering an FC structure with SPS, the FRF will be dense with
all elements having unit amplitude. Nevertheless, if we consider the case of the AoSA
architecture, the FRF elements also have unit amplitude, but the matrix structure is
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FRF = blkdiag{fRF,1, . . . , fRF,NRF} =

 fRF,1 . . . 0
...

. . .
...

0 · · · fRF,NRF

, (2)

with fRF,i =

[
f1

RF,i, . . . , f RF,i
Ntx
NRF

]
∈ UNtx/N

RF,1
for i = 1, . . . NRF. In the case of the DAoSA

architecture, the matrix is similar to the case of the AoSA but can have a number of non-null
columns in each row of up to the maximum number of subarrays that can be connected to
an RF chain (Lmax). If we consider DPS-based architectures, the amplitude of the elements
becomes less than or equal to 2.

Figure 1. Transmitter and receiver structure of a multiuser OFDM mmWave/THz MIMO system
with hybrid precoding for an InD scenario.
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Figure 2. Different precoder architectures for a mmWave/THz MIMO system based on phase shifters.

Several schemes were proposed in the literature to calculate the matrices FRF and
FBB, such as [12,29]. The approach suggested in [15] can calculate FRF and FBB by the
approximation of the digital F for any of these four structures. The overall optimization
problem can be then expressed as:

min
FRF,FBBk

F

∑
k=1

∥∥∥Foptk
− FRFFBBk

∥∥∥2

F
(3)

subject to FRF ∈ CNtx×Ntx
RF

(4)∥∥FRFFBBk

∥∥2
F = NuNs. (5)

In this formulation, the matrix Foptk
denotes the fully-digital precoder and Equation (5)

enforces the transmitter’s total power constraint and CNtx×NRF is the set of feasible analog
precoding matrices, which is defined according to the adopted RF architecture. In order to

enforce FRFFBBk,u to lie in the null space of
¯
Hk,u ∈ C(Nu−1)Nrx×Ntx , we write the following

restriction to the overall optimization problem expressed in (3) to (5):

FRFFBBk,u ∈ N
(

¯
Hk,u

)
, (6)

with k = 1, . . . , F and u = 1, . . . , Nu.
¯
Hk,u is a matrix corresponding to Hk with the Nrx lines

of user u removed, which we denote as N
(

¯
Hk,u

)
. Other RF constraints can be directly

integrated into the objective function of the optimization problem in order to cope with the
different RF architectures.

2.2. Channel Model

Even though mmWave and THz bands share a few similarities, the THz channel
presents several unique features that differentiate it from the mmWave channel. In the THz
band, the very high scattering and diffraction losses tend to result in a much sparser channel
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in the angular domain with fewer multipath components (typically less than 10) [20].
Because of the referred phenomenon, the gap between the line of sight (LOS) and non-line
of sight (NLOS) components tends to be very large, which often makes LOS-dominant
with NLOS-assisted [28]. An additional aspect relies on the much larger bandwidth of
THz signals which can suffer performance degradation due to the so-called beam split
effect, where the transmission paths squint into different spatial directions depending
on the subcarrier frequency [29]. In light of this, in this paper, we consider a clustered
wideband geometric channel, which is commonly adopted both in mmWave [12] and THz
literature [5,6,30,31]. However, it should be noted that the hybrid precoding/combining
approach proposed in this paper is independent of a specific MIMO channel. In this case,
the frequency domain channel matrices can be characterized as:

Hk,u = γ

(
αLOS

u ar

(
φr,LOS

u , θr,LOS
u

)
at

(
φt,LOS

u , θt,LOS
u

)H
+

+
Ncl
∑

i=1

Nray

∑
l=1

αi,l,uar

(
φr

i,l,u, θr
i,l,u

)
at

(
φt

i,l,u, θt
i,l,u

)H
)

e−j2πτi,u fk ,
(7)

where Ncl denotes the number of scattering clusters with each cluster i, with a time de-
lay of τi,u and Nray is the number of propagation paths per cluster. αLOS

u and αi,l,u are
the complex gains of the LOS component and of the lth ray from cluster i. Index u is
the user (u = 1, . . . , Nu), fk = fc +

B
F

(
k− 1− F−1

2

)
(k = 1, . . . , F) is the kth subcarrier

frequency, B is the bandwidth, fc is the central frequency and γ is a normalizing factor
E
[∥∥Hk,u

∥∥2
F

]
= Ntx Nrx. Vectors at

(
φt

i,l,u, θt
i,l,u

)
and ar

(
φr

i,l,u, θr
i,l,u

)
represent the transmit

and receive antenna array responses at the azimuth and elevation angles of
(

φt
i,l,u, θt

i,l,u

)
and

(
φr

i,l,u, θr
i,l,u

)
, respectively. Vectors at

(
φt,LOS

u , θt,LOS
u

)
and ar

(
φr,LOS

u , θr,LOS
u

)
have sim-

ilar meanings but refer to the LOS path angles
(

φt,LOS
u , θt,LOS

u

)
and

(
φr,LOS

u , θr,LOS
u

)
. By

carefully selecting the parameters of the channel model it is possible to make it depict
a mmWave or a THz channel. As represented in (7), this channel model includes both
LOS and NLOS components. In the case of the NLOS components, we consider complex
Gaussian distributed paths gains, as in [32]. Radio propagation measurements have shown
that this type of cluster-based channel model can yield good agreements with real channel
behavior at mmWave and subTHz frequencies [33].

2.3. System-Level Scenario

The indoor hotspot deployment scenario focuses on small cells and high user density
in buildings. This scenario, described in Table 2, represents InDs with a total area of 120 m
× 50 m. There are 12 small tri-sectored cells that are deployed with an inter-site distance
(ISD) of 20 m. In this case, the AP antenna height is 3 m. The coverage radius of the APs is
R = 6.7 m. The carrier frequency option is 100 GHz (THz waves). The bandwidth chosen
is Bt = 400 MHz corresponding to numerology five of 5G NR. Up to 16 carriers can be
aggregated up to 6.4 GHz of bandwidth. It is important to note that in case of the number of
users and wireless devices increasing relative to the numbers considered here, the expected
behavior of the overall system will remain the same as long as carrier aggregation is used,
and they will not cause inter-interference as long as they operate in different bands. A total
of 15 users per AP are distributed uniformly and all users are indoors with 3 km per hour
velocity as can be seen in Figure 3. A full buffer model is assumed. Our 3D simulation
channel model considers the 5G NR indoor office wireless propagation environment in
terms of physical aspects of mmWave and THz waves.
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Table 2. Evaluation parameters for indoor-office scenario.

Parameters Indoor-Office

Layout Room size (WxLxH) 120 m × 50 m × 3 m
ISD 20 m

AP antenna height hAP 3 m (ceiling)

UE location
LOS/NLOS LOS and NLOS
Height hUE 1.5 m

UE mobility (horizontal plane only) 3 km/h

Min. AP-UE distance (2D) 0

UE distribution (horizontal) Uniform

Figure 3. Indoor-office scenario layout.

For this particular scenario in any considered operating frequency, the number of
clusters, the number of subarrays (scatterers) per cluster and the positions of the clusters
are determined by the detailed steps and procedures of [25].

According to the 5G 3GPP 3D channel models, the number of clusters and scatterers
are determined using the Poisson and uniform distributions with specific parameters. Since
we extend the operating frequency range up to 100 GHz, specific multi-antenna solutions
and techniques need to be employed depending on the utilized spectrum. For higher
frequency bands, the transmission is characterized by a considerable signal attenuation
that limits the network coverage. To overcome this limitation, one of the key features is
the adoption of a very large number of multi-antenna elements with a given aperture to
increase the transmission/reception capability of MU-MIMO and beamforming. Since
managing transmissions in higher frequency bands are complicated, beam management is
necessary to establish the correspondence between the directions of the transmitter and
the receiver-side beams by identifying the most suitable beam pair for both downlink
and uplink.



Appl. Sci. 2022, 12, 2812 10 of 23

3. Numerical Results

In this section, we present the numerical assessment of both the link- and system-level
of a massive/ultra-massive MU-MIMO downlink scheme operating in the mmWave/THz
band integrated into a 5G NR system, where the APs are based on the low complexity
ADMM-based hybrid precoding designs. Link-level results are presented in terms of bit
error rate (BER) and measure the performance of the signal across the entire communication
chain, from transmitter to receivers. Both the link- and system-level diagrams can be found
in references [15,27].

3.1. Link-Level Simulations

Considering that both the transmitter and receivers are equipped with uniform planar
arrays (UPAs) with

√
Ntx ×

√
Ntx antenna elements at the transmitter and

√
Nrx ×

√
Nrx at

the receiver, the respective array response vectors are given by

at/r

(
φt/r

i,l,u, θt/r
i,l,u

)
= 1√

Ntx/rx
×
[

1, . . . , ej 2π
λ d(p sin φt/r

i,l,u sin θt/r
i,l,u+q cos θt/r

i,l,u),

. . . , ej 2π
λ d((
√

Ntx/rx−1) sin φt/r
i,l,u sin θt/r

i,l,u+(
√

Ntx/rx−1) cos θt/r
i,l,u)
]T

,
(8)

where λ is the signal wavelength, d is the inter-element spacing (a d = λ/2 is assumed)
and p, q = 0, . . . ,

√
Ntx/rx − 1 are the antenna indices. We consider a sparse channel with

limited scattering where Nray = 1 and Ncl = 9. The angles of departure and arrival were
selected according to a Gaussian distribution whose means are uniformly distributed in
[0, 2π] and whose angular spreads are 10 degrees. The results are presented for an NLOS

and LOS channel. This last case considers a ratio of E
[∣∣αLOS

u
∣∣2]/ Ncl

∑
i=1

Nray

∑
l=1

E
[∣∣αi,l,u

∣∣2] = 10,

which means we are admitting very weak NLOS paths when compared to LOS.
In a first approach, we compared several solutions available in the literature concerning

the hybrid precoding, such as AM [12], LASSO [34] and ADMM [15] based precoding. In
Figure 4, we assumed a scenario with Ntx = 100, Nrx = 4, Ntx

RF = 12, Nu = 4 and Ns = 2, in
which we change the number of subcarriers. To ensure a fair comparison, all schemes have
a SE close to 2 bits per channel use (bpcu) per user. In this study, we considered that the
hybrid precoding algorithms (LASSO and ADMM) can be applied to an architecture based
on SPS or DPS, as proposed by [35].

It can be observed that the ADMM based on a DPS scheme outperforms both versions
of AM and LASSO (SPS/DPS), and the gains tend to be slightly greater when the symbols
are distributed over a larger number of subcarriers (F). However, the larger the number of
subcarriers the greater will be the number of the required RF chains to maintain a good
performance. In general, the ADMM precoding algorithm is the one that can achieve
the best results at the cost of some additional computational complexity and it is also
the most flexible since it can cope with different architectures, as explained in [15]. In
the next subsection of the paper, we will compare these three methods based on system-
level simulations.

In order to understand how many RF chains are necessary to maintain good perfor-
mance as the number of subcarriers increases, we simulated the ADMM algorithm for
a scenario with Ntx = 256, Nrx = 4, Nu = 4 and Ns = 2 and we changed the number of
subcarriers, as can be seen in Figure 5. By maintaining the same number of RF chains as
the number of subcarriers increases, some performance degradation results can be seen
when we compare the curves of F = 256 and F = 512. In fact, in the case of F = 828, 10 RF
chains were insufficient to provide acceptable performance and therefore 14 RF chains
were employed.
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Figure 4. BER performance versus SNR achieved by different methods by changing the number of
subcarriers and considering a system with Ntx = 100, Nrx = 4, Ntx

RF = 12, Nu = 4 and Ns = 2 (only
NLOS component).

Figure 5. BER performance versus SNR achieved by the proposed precoder with Ntx = 256, Nrx = 4,
Nu = 4, and Ns = 2, by changing the number of subcarriers and the number of RF chains (only NLOS
component).
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After studying the performance of the ADMM precoder considering the variation
of the number of subcarriers, F, and RF chains, it is important to understand the main
differences in terms of performance when considering architectures based on SPS, DPS, as
well as the impact of quantized phase shifters (QPS). The results are shown in Figure 6. It
can be seen that a better performance can be achieved when considering a design based on
a DPS over SPS. It is important to remember, however, that the architecture based on DPS
provides better performance but requires the use of twice the number of phase shifters in
the implementation.

Figure 6. BER performance versus SNR achieved by the proposed precoder with Ntx = 256, Nrx = 4,
Nu = 4, Ntx

RF = 14, F = 828 and Ns = 2, considering several versions of the algorithm (only NLOS
component).

In this same figure, we include QPS curves, which correspond to the SPS architecture
with quantized phase shifters. It can be observed that, as expected, there is a performance
loss when comparing the QPS curves against the ideal SPS, but this degradation is greatly
reduced when using phase shifters with only 4 bits of quantization. Beyond, the choice of
the parameters of the scenario, the BER performance can be improved by increasing the
number of iterations of precoding algorithms.

3.2. System-Level Simulations

Bit and block error rate (BER/BLER) results obtained from link-level simulations are
used as input for the system-level evaluation. As presented in the system model section,
we consider an indoor office virtualized C-RAN, where the network determines which
APs are to be associated with each UE. The total number of sites with APs is 12, which
are equally spaced. Each site with APs consists of three transmission and reception points
(TRPs), each one equipped with UPAs with Ntx antennas, while UEs also have one UPA
with Nrx antennas. The number of antennas Ntx of each array is 100 or 256 antennas
whereas the separation between antennas of the array is a half wavelength. The signal-
to-noise ratio (SNR) in dB considered in the system-level simulations is obtained from
SNR = (Es/N0) + 10 log(Rs/B) dB, where Rs is the total transmitted symbol rate per
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antenna and user, B is the total bandwidth, and Es/N0 is the ratio of symbol energy to noise
spectral density in dB. Values Es/N0 are obtained from the link-level BLER results. The
BLER can be expressed using the BER, according to the following expression

BLER = 1 − (1 − BER)L (9)

where L is the length of the block in bits. L can be calculated as L = 2× F, since the selected
modulation is quadrature phase shift keying (QPSK) and each subcarrier transports a
symbol with 2 bits. By maintaining the reference BLER (BLER re f ) equal to 0.1 as the F
increases, we must decrease the respective reference BER (BER re f ).

We considered the fifth numerology of 5G NR with spacing between the subcarriers
of 480 KHz. The transmission time interval (TTI) of this numerology is 31.25 µs and the
total bandwidth is Bt = 400 MHz. Up to 16 carriers can be aggregated if more bandwidth
and higher binary rates, according to the 5G NR specifications, are to be achieved. We used
the 3D InD-MO channel model specified by 3GPP [25] which has a LOS probability (PLOS)
equal to 1 for a distance lower than 1.2 m between the AP and terminals. The probability of
NLOS components is PNLOS = 1− PLOS and depends on the distance between the AP and
the terminals. Previously, we started our study by comparing several solutions available in
the literature concerning hybrid precoding algorithms in terms of BER versus SNR.

Based on those results, we decided to analyze the performance of a system, where
the APs operate in the mmWave/THz bands with massive/ultra-massive antenna arrays
combined with those different hybrid precoding architectures. For this evaluation, first,
we start by considering that the cluster size is equal to one. When the RAN cluster size
is one (1C), we have the traditional cellular network where each AP generates inter-site
interference. When the RAN cluster size is three, the network is partitioned into three
adjacent site sets and each user is served at the same time by three TRPs generating
much less inner interference. It is important to note that the throughput presented in
the following figures concerns the average throughput value of the various UEs moving
randomly throughout the 200 s of simulation. Initially, the terminals are placed uniformly
distributed inside each sector served by an UPA antenna. The movement of the terminals
is “Random waypoint around AP”. At every 0.5 ms of simulation, the SNR at all terminals
is calculated. Those blocks which are received with SNR > SNRtarget are considered in
the throughput calculation. The blocks that are received with SNR < SNRtarget are not
counted in the throughput due to the throughput definition itself. SNRtarget is the SNR
value for BLERre f = 0.1. In practical terms, each block received with SNR < SNRtarget would
be retransmitted until it is correctly received. However, we do not consider this situation in
the simulations.

Figure 7 is based on the link-level simulation of Figure 4 presented in the previous
subsection. In general, it is observed that the greater the number of subcarriers, the greater
will be the throughput. As expected, the digital precoder is the one that presents the best
performance in terms of throughput as the number of subcarriers and users increases.
However, it is possible to approach its performance by considering the use of hybrid
algorithms and their different architectures. The ADMM based on an SPS scheme is the
one that presents the worst performance for a lower number of subcarriers, but when this
parameter is increased it obtains a similar performance to the AM precoding algorithm. The
LASSO precoding algorithm with DPS and F = 512 can obtain a slightly higher performance
when compared to the ADMM DPS with F = 512. However, by increasing the number of
subcarriers we observe that both algorithms obtain very similar performances. The blue
curves represent the theoretical curves of average throughput value expected to be obtained
based on the formula Throughput = Rbmax(1− BLERre f ), where BLERre f = 0.1 and Rbmax is
the maximum binary transmission rate considered for the two cases F = 512 and F = 828.
Contrary to what can be seen for F = 512, a loss of performance of the algorithms for F = 828
when compared to the curve of average throughput value expected for the case of F = 828,
is observed. Moreover, we observe that with a fixed number of RF chains, the throughput
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of hybrid schemes tends to be closer to digital with F = 512 than with F = 828. When
considering the digital precoding for F = 828 and 3C, a maximum SE of 1.9 bps/Hz/user
can be obtained. Note that, this fact is also verified in the later graphs.

Figure 7. Throughput (Gbps) vs. number of users for different methods with Ntx = 100, Nrx = 4,
Ntx

RF = 12 and Ns = 2, by changing the number of subcarriers (only NLOS component).

Following the study on the required number of RF chains to accommodate an increas-
ing number of subcarriers discussed in Figure 5, it is necessary to understand how the
system behaves when considering different RAN cluster sizes. In Figure 8, we can conclude
that increasing the number of RF chains for higher values of F allows us to reach greater
levels of throughput. Furthermore, when the cluster size increases to three (3C), as the
number of users increases, the difference becomes more notorious due to the lesser inner
interference caused by the network partitioning. When we have Nu = 180, the achieved
throughput increases from 105.7 Gbps to 133.3 Gbps if the cluster size triples. It must be
noted that for smaller blocks, such as F = 16 up to 128, the system performance is indepen-
dent of cluster size. When F presents higher values, we observed that the performance
difference of 1C and 3C increases with the block size.
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Figure 8. Throughput (Gbps) vs. number of users for different number of subcarriers, RF chains
and cluster sizes, considering the proposed precoder with Ntx = 256, Nrx = 4 and Ns = 2 (only NLOS
component).

At this point, we already know that the throughput increases as the number of subcar-
riers increases and the ADMM precoding algorithm constitutes an interesting alternative
since it can present a good performance and can cope with different architectures, facilitat-
ing their implementation. However, it is worth understanding how the system behaves
when the AP antennas are combined with different architectures based on phase shifters,
as can be seen in Figure 9. Independently of the adopted architecture, it is observed that
the throughput increases as the number of subcarriers increases. However, the adoption
of a DPS architecture can provide a higher throughput when compared to an architecture
based on SPS. This difference is even more notorious when we increase the cluster size
from 1 to 3. Considering an F = 828 and 1C the version of the algorithm based on SPS can
reach a throughput of 85.79 Gbps whereas the one based on DPS can reach a throughput
of 99.99 Gbps. When we have 3C, both versions of the algorithm can obtain a significant
improvement over the values obtained for 1C. The first one can reach a throughput of
around 127.3 Gbps and the latter one reaches 132 Gbps. In fact, the version based on a DPS
architecture with 3C is the one that can closely approach the digital precoding curve.
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Figure 9. Throughput (Gbps) vs. number of subcarriers for different versions of the algorithm (SPS
and DPS) and cluster sizes, considering the proposed precoder with Ntx = 256, Nrx = 4, Ntx

RF = 14,
Ns = 2 and Nu = 180 (with LOS component).

After previously analyzing two different solutions based on phase shifters, we now
evaluate the performance of the system in terms of throughput and coverage with more
realistic phase shifters, i.e., phase shifters with quantization. Figure 10 is based on the
link-level simulation of Figure 6 presented in the previous subsection. From this figure,
we observe that, as expected, by increasing the number of quantization (QPS curves) it is
possible to approach the performance of the ideal unquantized version of the algorithm (SPS
curve). Furthermore, it can also be seen that by increasing the cluster size, the throughput
can almost double when the number of subcarriers is large. Moreover, we observe that
by increasing the cluster size from 1C to 3C that the hybrid precoders curves get closer
to the digital precoder curve. A lower throughput loss, due to the quantization effect, is
also observed.

Following the conclusions about the previous figure concerning the impact of quan-
tized phases shifter in the hybrid architectures, we decided to study the system performance
using the same hybrid architecture in the InD-MO and the InD-OO scenarios. The through-
put per user results of Figure 11 and the average coverage results of Figure 12, were
simulated considering a precoder based on QPS with Nb = 3 and 4 bits. It can be observed
in Figure 11 for the InD-MO scenario, that by increasing the cluster size the throughput
will improve and if we consider the effect of using more quantization bits the difference
becomes more notorious. When the cluster size increases from one to three, we can observe
at 100 mW that the throughput doubles in both cases of quantization. If we consider the
InD-OO scenario, the obtained gains present a similar behavior as the power increases but
the throughput we can reach will be significantly lower. The difference between these two
scenarios lies in the relative weight of the LOS and NLOS components, as the attenuation
losses associated with them are the same in both scenarios. In the InD-MO scenario, the
PLOS is 1 up to 1.2 m and decreases to 0.368 at 6.5 m.
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Figure 10. Throughput (Gbps) vs. number of subcarriers for different versions of the algorithm
(with and without quantization) and cluster sizes, considering the proposed precoder with Ntx = 256,
Nrx = 4, Ntx

RF = 14, Ns = 2 and Nu = 180 (only NLOS component).

Figure 11. Throughput (Mbps) versus mean value of power required by each user (mW), considering
the proposed precoder with Ntx = 256, Nrx = 4, Ntx

RF = 14, Ns = 2, F = 828 and the quantization effect
(with LOS component).
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Figure 12. Coverage (%) versus mean value of power required by each user (mW), considering the
proposed precoder with Ntx = 256, Nrx = 4, Ntx

RF = 14, Ns = 2, F = 828 and the quantization effect
(with LOS component).

In the InD-OO scenario, the PLOS is 1 up until 5.0 m and decreases to 0.538 at 49.0 m.
Knowing that the PNLOS is equal to 1− PLOS, we realize that in the InD-MO scenario the
weight of the NLOS component will be greater than that of the LOS component. Since
the attenuation losses of NLOS are much higher than those of the LOS component, the
received power of the Aps decreases rapidly with distance. Therefore, in the case of the
InD-OO scenario, the weight of the LOS component is greater than the one of the NLOS
component, so the transmitted power of the Aps decreases very slowly with distance
generating a strong inter-site interference, which affects the maximum throughput and
coverage that can be reached. Moreover, the channel can influence the results since with
a stronger LOS component the multipath (NLOS component) becomes weaker, which
worsens the spatial multiplexing and the spatial diversity effects. Figure 12 exhibits similar
behavior when compared to the previous figure, since the greater the cluster size and the
number of quantization bits, the greater the achieved coverage will be. With 3 and 4 bits of
quantization at 100 mW and when the cluster size increases from one to three, we obtain
a significant improvement which almost doubles the initial coverage. If we consider the
InD-OO scenario, the obtained gains in terms of coverage present a similar behavior as
the power increases but we can no longer obtain more than 73% of coverage (Nb = 4 bits
and 3C).

In order to understand the influence of the variation of the transmitted power (Pt)
of the Aps on the system-level simulation results, we considered two InD scenarios with
the proposed precoder based on a DPS architecture with Ntx = 256, Nrx = 4, Ntx

RF = 14,
Ns = 2 and F = 828. In Table 3, we present the results of average throughput per user for
both InD-OO and InD-MO scenarios when we vary the transmitted power (Pt) of each
AP. We considered that Pt ∈ {10, 100, 1000}mW. As expected, based on Figures 11 and 12,
the performance of scenario MO is higher than OO due to less inter-cell interference. For
the same reason cluster 3C presents higher performance than cluster 1C. We can check
that independently of the scenario and cluster size there is an optimum value of Pt, which
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is 100 mW. The highest values of throughput occur for 100 mW. This value of Pt was
considered in all system-level simulations of this paper. It corresponds to the best trade-
off between transmitted power and inter-cell interference. For cluster size one (1C) and
InD-OO, the performance with 10 mW tends to be higher than 1000 mW due to the high
inter-interference of this cluster. However, for cluster size (3C) the opposite occurs because
of the lower inter-interference of this cluster.

Table 3. Influence of the variation of the transmitted power of the Aps on the system results.

Transmitted Power
(mW)

Cluster Size
Average Throughput (Mbps)

MO OO

10 1C 542.6 388.3

10 3C 725.6 648.2

100 1C 551.6 411.6

100 3C 733.4 662.8

1000 1C 526.3 376.3

1000 3C 722.3 665.8

To reduce the large performance loss due to the adoption of a simple AoSA architecture,
we can allow the dynamic connection of more subarrays to each RF chain by adopting a
DaoSA structure and studying the impact of the use of SPS and DPS architectures from
a system-level perspective. The goal of these structures is to try to reach a compromise
between fully connected structures, which are more complex to implement (especially with
a massive number of antennas), and AoSAs (Lmax = 1), which are lighter but typically suffer
a large performance loss.

It is possible to conclude, through Figures 13 and 14, that the performance of the system
can be improved as the Lmax increases. The use of DPS instead of using SPS architectures
can provide higher throughputs but the difference between the gains tend to reduce when
the cluster size increases. When we have 1C the gains of the DPS over the SPS can surpass
50% and with 3C we obtain gains around 20%. In general, by combining the increase in
Lmax with the adoption of DPS and the cluster size, it is possible to improve the results, but
the gains become less pronounced for Lmax > 1. Performance close to the digital precoding
can be achieved when considering the use of a DPS scheme for Lmax = 4 and a cluster size
of three. When compared to the cluster size 1C, with 3C it is observed that the throughput
loss is lesser when adopting the hybrid schemes instead of the digital one.
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Figure 13. Throughput (Gbps) vs. number of subcarriers for different versions of the algorithm (SPS
or DPS) as a function of Lmax, considering the proposed precoder with Ntx = 256, Nrx = 4, Ntx

RF = 14,
Ns = 2 and Nu = 180 (with LOS component) and 1C.

Figure 14. Throughput (Gbps) vs. number of subcarriers for different versions of the algorithm (SPS
or DPS) as a function of Lmax, considering the proposed precoder with Ntx = 256, Nrx = 4, Ntx

RF = 14,
Ns = 2 and Nu = 180 (with LOS component) and 3C.
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4. Conclusions

In this paper, we described a cloud radio access network aimed at operating at the
mmWave/THz bands beyond 5G systems where the access points support multi-user MU-
MIMO transmission using massive/ultra-massive antenna arrays. In order to make the
implementation of this scheme feasible, low-complexity hybrid precoding based on several
analog architectures, namely fully connected, an array of subarrays and a dynamic array
of subarrays combined with single- or double-phase shifters, was considered. Numerical
evaluation of both the link- and system-level for the proposed cloud radio access network
downlink scheme integrated into a beyond 5G system showed that it is possible to obtain
a performance close to the digital precoding when considering scenarios with a larger
number of subcarriers and users. The use of partially connected architectures (array of
subarrays and dynamic array of subarrays) when compared with fully connected structures
tends to achieve good performances in terms of the trade-off between spectral efficiency
and energy consumption.

Assessment of the cloud radio access network deployments in two indoor office
scenarios at the THz band showed the capability of achieving significant improvements
in terms of throughput performance and coverage over typical cellular networks. The
indoor-mixed office scenario provides higher throughput and coverage performances in
comparison to the indoor-open office scenario independently of the cluster size, due to
less inter-site interference. The variation of the transmitted power of the access points can
impact the system results since in order to obtain a better performance an optimal value of
transmitted power of around 100 mW must be considered. Furthermore, it was observed
that the use of a larger cluster size, namely using 3C instead of 1C, tends to result in a lower
throughput penalty when replacing a fully digital implementation with a lower complexity
hybrid scheme (fully connected or dynamic array of subarrays).
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