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Abstract 

Since the number of active electronic devices connected to the network is increasing every year, 

finding energy-efficient and high-capacity solutions has become vital. With the constant evolution of 

wireless network technologies, regular updates have become a standard practice. It is crucial to employ 

relevant methods and technologies, even if they are still in the developmental or emerging stage in 

scientific community or the market. 

 The purpose of this study is to suggest effective solutions to enhance spectral and energy efficiency, 

with a focus on large scale Multiple Input Multiple Output (MIMO) approaches. With this aim, a scheme 

was proposed which enhances performance and reduces energy consumption by using Index 

Modulations (IM), which convey additional information bits mapped onto the indexes of the active 

resources. A system-level and physical study has demonstrated that the approach is capable of surpassing 

previous schemes with higher data transfer rates. Additionally, this thesis considered the use of a new 

type of reconfigurable surface which is capable of redirecting and reflecting electromagnetic waves, 

resulting in improved user reception. This innovative technology is known as Reconfigurable Intelligent 

Surfaces (RIS). 

The main contributions of the thesis consist of proposing a new technique called Precoding-aided 

Transmitter side Generalized Space-Frequency Index Modulation (PT-GSFIM), that can select 

resources, specifically antennas and sub-carriers in an Multi User – Multiple Input Multiple Output 

(MU-MIMO) system. Additionally, the study includes an evaluation of Cloud Radio Access Network 

(C-RAN) deployment for fifth generation (5G) and Beyond 5G (B5G) radio networks based on PT-

GSFIM designs for MIMO downlink transmissions; Finally, the research evaluates a RIS system's 

effectiveness in serving as a primary technology for future 6G networks operating within the Millimeter-

Wave (mmWave) and Terahertz (THz) bands. 

The initial contribution puts forward a precoding based approach combined with GSFIM 

transmissions. PT-GSFIM selects active antennas and subcarriers which carry amplitude and phase 

modulated symbols using additional information bits. This approach also uses Complex Rotation 

Matrices (CRMs) as a Signal Space Diversity (SSD) technique to take advantage of frequency diversity. 

The scheme was purpose-built for MU-MIMO systems, which uses a precoder to eliminate interference 

between users. Additionally, the study proposes three robust detection algorithms on receiver side, for 

the signals in this GSFIM schemes.  

Continuing on the same topic, a system-level evaluation is proposed, using a 5G/B5G based C-

RAN deployment, employing the GSFIM-based approach and the proposed detectors in a MU-MIMO 

system. Three scenarios were considered (two outdoor Urban Macro e Urban Micro and one Indoor) for 

5G New Radio (NR) utilizing the frequency bands of 3.5 GHz and 28 GHz. The throughput values 

demonstrate superiority over traditional MU-MIMO schemes and generalized spatial modulations 

(GSM).  
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In the last contribution, a RIS-based large-scale MIMO system was presented and assessed as a 

potential solution for future post-5G or sixth Generation (6G) wireless communications. Specifically, an 

iterative algorithm was implemented, which successfully integrates precoder with individual phase 

tuning of the RIS panel elements in a MIMO-OFDM link that operates at mmWave and THz frequencies. 

A system evaluation was conducted in two scenarios, one based on Urban Micro Truncated (UMT) and 

the other on Indoor Open Office (IOO). The results illustrate enhancements in throughput values and 

coverage area. 

These proposals are relevant to the problems mentioned above, providing potentially effective 

solutions in terms of spectral efficiency (SE) and energy efficiency (EE). 

Keywords: MIMO, PT-GSFIM, RIS, 5G, 6G, SE e EE  
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Resumo 

 Uma vez que o número de dispositivos eletrónicos ativos aumenta todos os anos, tornou-se vital 

encontrar soluções eficientes em termos energéticos e de elevada capacidade. Com a constante evolução 

das tecnologias de redes sem fios, as atualizações regulares tornaram-se uma prática corrente. É crucial 

empregar métodos e tecnologias relevantes, mesmo que ainda estejam em fase de desenvolvimento ou 

emergentes na comunidade científica ou no mercado. 

 O objetivo deste estudo é sugerir soluções eficazes para melhorar a eficiência espetral e energética, 

centrando-se em abordagens baseadas em MIMO (Multiple Input Multiple Output) em grande escala. 

Com este objetivo, foi proposto um esquema que melhora o desempenho e reduz o consumo de energia 

através da utilização de modulações de índice (IM), o que implica a inclusão de bits adicionais de dados 

para identificar recursos ativos. Um estudo físico e ao nível do sistema demonstrou que a abordagem é 

capaz de ultrapassar esquemas anteriores com taxas de transferência de dados mais elevadas. Além 

disso, esta tese considerou a utilização de um novo tipo de superfície reconfigurável que é capaz de 

redirecionar e refletir ondas eletromagnéticas, resultando numa melhor receção pelo utilizador. Esta 

tecnologia inovadora é conhecida como Superfícies Inteligentes Reconfiguráveis (RIS). 

As principais contribuições da tese consistem em propor um esquema de Modulação por Índice de 

Espaço-Frequência Generalizado do lado do Transmissor Auxiliado por Pré-codificação (PT-GSFIM), 

que pode selecionar recursos, especificamente antenas e sub-portadoras em um sistema Multi User - 

Multiple Input Multiple Output (MU-MIMO). Além disso, o estudo inclui uma avaliação da 

implementação de redes de acesso via rádio na nuvem (C-RAN) para redes de rádio de quinta geração 

(5G) e para além do 5G (B5G) com base em conceções PT-GSFIM, para transmissões de downlink 

MIMO; por último, a investigação avalia a eficácia de um sistema RIS para servir como tecnologia 

principal para futuras redes 6G que operam nas bandas de ondas milimétricas (mmWave) e terahertz 

(THz). 

A contribuição inicial apresenta uma abordagem baseada na pré-codificação combinada com 

transmissões GSFIM. Este esquema utiliza bits de informação especiais para selecionar antenas e sub-

portadoras que transportam símbolos modulados em amplitude e fase. As matrizes de rotação complexas 

(CRM) são também utilizadas nesta abordagem, como técnicas de diversidade de espaço de sinal (SSD), 

a fim de tirar partido da diversidade de frequência. O esquema foi concebido para sistemas MU-MIMO, 

que utilizam um pré-codificador para eliminar a interferência entre utilizadores. Adicionalmente, o 

estudo propõe três algoritmos de deteção fiáveis para os sinais neste esquema GSFIM. 

A segunda contribuição propõe uma avaliação ao nível do sistema utilizando uma implementação 

C-RAN baseada em 5G/B5G, empregando a abordagem assente em GSFIM e os detetores propostos 

num sistema MU-MIMO. Foram considerados três cenários (dois exteriores Urban Macro e Urban 

Micro e um Indoor) para 5G NR utilizando as bandas de 3,5 GHz e 28 GHz. Os valores de transferência 

de dados, demonstram superioridade em relação aos esquemas MU-MIMO tradicionais e às modulações 

espaciais generalizadas (GSM).  
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Na última contribuição, um sistema MIMO em larga escala baseado em RIS foi apresentado e 

avaliado quanto à sua eficácia em futuras comunicações sem fios pós-5G ou de sexta geração (6G). 

Especificamente, foi implementado um algoritmo iterativo, que integra com sucesso o pré-codificador 

com sintonização de fase individual dos elementos do painel RIS numa ligação MIMO-OFDM que 

opera em frequências mmWave e THz. Foi efetuada uma avaliação do sistema em dois cenários, um 

baseado em Urban Micro Truncated (UMT) e o outro em Indoor Open Office (IOO). Os resultados 

ilustram melhorias nos valores de débito e na área de cobertura. 

Estas propostas são relevantes para os problemas acima mencionados, fornecendo soluções 

potencialmente eficazes em termos de eficiência espetral (SE) e eficiência energética (EE). 

Palavras-chave: MIMO, PT-GSFIM, RIS, 5G, 6G, SE, EE.  
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Chapter 1 - Introduction 

 

The first chapter introduces the main goals of research and the work developed including all 

necessary contributions to this research. It also introduces the motivation and goals and the main 

overview of this thesis research. 

1.1. Motivation and Scope 

With the advancement of technology, communications are forced to evolve to maintain the quality 

criteria demanded by modern society. We are currently facing challenges that require digital 

communications to be reliable and efficient in order to be able to interconnect all types of devices 

required by human beings on planet Earth. Since the first generations of mobile communications, we 

have gone from communications to serving people to people, to serving all kinds of existing connections 

of devices, whether these are objects, machines, smart connections, and more. These types of 

connections improve the way communications interact within society and how people and cities live. 

These types of digital tools are the pillars of the modern world we live in today. Seeing that services and 

applications become increasingly digital, such as 3D technology or mixed reality for example, they will 

consume large amounts of data during the communication process [1].  Since energy is not unlimited, it 

is vital that we make sure that future devices and their communications consume less energy making 

them more efficient.  

While the number of electronic devices connected to the network increases year by year, most of 

them are not the traditional mobile devices, such as smartphones. As it is reported, future networks need 

to be prepared for the emergence of newer types of communication and connections or various types of 

devices, such as: smart watches, sensors, implants, etc [2] . As the world's mobile data traffic increases, 

wireless network upgrades are mandatory with each new generation. Over several decades, we have 

experienced the evolution of mobile communications over five generations, through new technologies, 

standards, marketing, services and others [1]. Managing this growth while improving the mobile user 

experience requires continued network evolution, especially in topics of efficiency and resource 

allocation. Since technology is also integrated into any type of device these days, both industry and the 

scientific community are striving to make systems more efficient with each generation iteration 

providing improvements over its predecessor [3].  

According to the report in [4], show that the growth of the mobile market with the adoption of the 

newly implemented mobile digital transmission technologies, specifically the fifth generation (5G), is 

expected to reach a staggering 472 Exabytes of traffic generated per month by 2028. This type of mobile 

traffic generated, contains an interesting fact, the traffic does not depend only on the traditional cell 

phone market, but also on other services and digital applications that require a mobile connection, such 

as gaming services, streaming, IoT (Internet of Things) sensors, localization, communication, etc [2].  It 

is now possible to use 5G mobile communications to display statistical and augmented reality (AR) data 
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on multiple user terminals at a Formula 1 race in real time. This type of application allows the user to 

experience the driver's view during the race [5]. Such experiences require technology that is not yet 

ready to be scaled up to the macroscopic level across all types of scenarios and environments on the rest 

of the world. During the Internationale Automobil-Ausstellung Mobility 2023 conference [6], several 

companies showed great interest in mobility associated with digital services for cars, as well as the 

various autonomous driving systems, or even self-driving cars. As mentioned before, these vehicles 

require a lot of connectivity, since there are a large number of systems that require iteration between the 

servers and the vehicle [7] [8]. 

Although studies indicate that traffic generated, whether by voice or other traditional mobile 

services, is indeed decreasing, on contrast, internet data consumption on mobile devices has increased 

dramatically [9]. This type of behavior may be associated with the pandemic SARS-CoV-2 declared by 

the World Health Organization (WHO) on March 11, 2020, which forced the transformation of services 

and applications to a digital format [10]. As can be seen from the study carried out in [11], there was 

indeed a period during the lockdown when mobile traffic did decrease, but after this period, the volume 

of devices has increased to values pre-pandemic and still growing. Even though people used their mobile 

devices, most of them used the fixed/domestic wireless networks, WI-FI for example [11]. Much of the 

traffic generated belongs to the video streaming category, whether it is video calls, streaming, etc, which 

in telecommunications implies the transfer of large volumes of data rate. Autoridade Nacional de 

Comunicações (ANACOM), the operator responsible for managing mobile traffic in Portugal, reported 

there was an increase of more than 50% over the previous year, relating only to the consumption of 

mobile Internet and its services. [3] 

Despite the efforts that academia and industry made with 5G, there are already efforts to modernize 

it, either to a newer sub-versions or bands (5G New radio - 5G NR), or to a new standalone generation, 

the sixth generation (6G) [12]. Although 6G is expected to be ready by 2030, we are entering into the 

beginning of the era of the Industry 4.0 society and smart connections [13] [14].  

The latest generation already being commercialized - 5G, shows good benefits for the standards of 

today. Given this situation, the networks are already operating in frequency bands above 7-15 Gigahertz 

(GHz) such as the millimeter-wave (mmWave) band with frequencies up to 300GHz. This increase 

allows the spectrum to become less dense and allows to accommodate more users or more bandwidth 

[15]. While the 5G network can already achieve reliable low-delay communications, it is expected that 

this parameter will be further reduced in future 6G networks. This will allow cloud servers or computing 

servers to almost process the data they receive in a small fraction of time [13]. It is rumored that 6G will 

provide connections with a higher level of location accuracy than the previous generation and data rates 

on the order of terabits, reducing latency and power consumption. [13].  

One critical aspect is the importance of the energy efficiency, since mobile devices are subject to 

high energy consumption when active. To have a long lifetime, it is necessary to achieve low power 

consumption during communications. Many of these devices are not always physically connected to the 
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power grid, so they rely on cloud-based computing services to complete their tasks. To enhance the 

energy efficiency (EE), researchers proposed solution to optimize the resources already available in 

Multiple-Input-Multiple-Output (MIMO) antennas technology in the different domains such as 

frequency, space, channel or even time [13]. As time goes by, spectral resources start to become scarce 

and, as a result, it becomes necessary to use more antennas, in other words more energy. One of the 

solutions found by the scientific community is Index Modulations (IM), which attempts to dynamically 

arrange which resources should be assigned, allocated, or activated. IM are techniques that aim to 

improve spectral efficiency (SE) and energy consumption and are one of the promising techniques for 

the new generation of 6G. With this optimization, it becomes possible to improve the properties of 

communications in terms of EE and SE, while maintaining reduced complexity [16]. IM have attracted 

the attention of the research community in the last decade as a very promising solution, since they consist 

of indexing special symbols in the modulations used to make communication from larger constellations 

more efficient, thus improving SE. One of the great capabilities of IM is that it can reduce or even 

eliminate the interference that occurs between users when there are a high number of transmissions 

occurring at the same time. [15]. Since communication systems may contain multiple transmitting and 

receiving antennas, i.e. MIMO schemes, it is necessary to come up with schemes or modifications for 

cases where, instead of activating all the antennas for a single receiver, a combination of active antennas 

can be used for each receiver or some method that manages to disperse the data correctly [13]. Instead 

of classic phase and amplitude methods, it is possible to use the resources of larger constellations in 

certain periods, times or even domains, thus making communications more reliable and efficient, or 

even reducing electromagnetic interference. By using the various domains together, whether they are 

spatial, frequency, time or even channel, it is possible to form a kind of pattern which is only used to 

activate, for example, the transmit antennas of a MIMO system, or even the Orthogonal Frequency 

Division Multiplexing (OFDM) sub-carriers or slot times [15]. 

Even though 5G already achieves good performances using MIMO links and communication 

between devices, it still cannot currently provide the communication rates necessary for certain 

applications, such as edge computing, or the reliability that future services might need [17]. One other 

problem that 5G suffers, is also the lack of coverage when using the higher bands. According to some 

studies, 6G mobile network is expected to be able to accommodate a high density of devices, around 

500 billion, and with a scalability 1000 times greater than 5G [18]. This will require the use of a volume 

of new frequencies that have not yet been explored, offering transfer values in the order of hundreds of 

gigabits (Gbps) or even terabits (Tbps) per second [19]. While working in these high frequency bands 

can bring advantages, there are physical limitations. Terahertz (THz) and sub-THz communications are 

a strong bet in this field, since this type of communication, despite being micro-scale (only used for 

small distance communications), offers good performance capacity in open spaces, i.e., when there are 

almost no obstacles and line of sight (LOS) communication is possible. Faced with this situation, this 

type of communication suffers from high attenuation over long distances which often results in a lower 
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signal to noise ratio (SNR) value  [20].  However, in cases of Non LOS (NLOS), which is when receivers 

do not have a direct line with the transmitter, normally they can be impaired [13]. However, academic 

activity and researchers have already proposed solutions to this type of problem, in which it is expected 

that in future generations it will be possible to physically implement this solution. One solution that 

seems to be very promising is the use of special panels that can partially reflect part of the incident 

electromagnetic wave, taking advantage of some of the dissipated energy, resulting in a small signal 

boost at the receiver. 

Reconfigurable Intelligent Surfaces (RIS) are a new type of hardware panel with a special surface 

material that allow the modification and manipulation of certain parameters of the electromagnetic wave 

by tuning its phases [21]. This type of passive element panel is made up of a predetermined number of 

small, low-cost antennas, which are able to modify the properties of the electromagnetic wave, creating 

a funnel or a radius of greater concentration for certain areas. RIS has been designed as a key technology 

to assist or aid wireless communications by improving the coverage of Base Stations (BSs) or Cells, or 

even by enhancing channel conditions. Although it is still very early days, it is expected that good 

performance will be achieved when these two technologies are more mature [22].  Normally these types 

of RIS surfaces are built as flat surfaces, depending of the favorable electromagnetic wave propagation 

conditions. Technologies such as mmWaves and THz are able to work in conjunction with RIS, 

providing some significant gains. They are very useful in cases of NLOS, where there are obstacles 

capable of blocking wireless communications [23]. 

The type of material/surfaces which RIS are made, can be placed on multiple types of surfaces, such 

as building roofs, facades, furniture, clothing, etc. Typically, are easy to install, as they are passive 

elements, and can be placed on multiple structures, or even on other types of surfaces [24]. One of the 

greatest benefits of RIS, is to offer SE improvements, as they are surfaces that can be reconfigured 

dynamically. When it comes to energy consumption, they are known as environmentally friendly, 

because they are considered to be passive systems, since they are able to use part of the propagation 

energy of the incoming waves [25]. Most of the times RIS are compatible with most wireless network 

technologies. With this type of technology, it will be possible to shape and adapt environments and sites 

in order to obtain the best possible coverage, without affecting power consumption [26]. 
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1.2. Objectives and Goals 

After the brief introduction about the topics related to the work that will be presented in this thesis, 

it is clear what problems or challenges wireless communications are currently facing. Working in higher 

frequency bands is not always the best solution for the different foreseen scenarios. In some cases it is 

necessary to optimize the resources, techniques and methods that already exist or are emerging, and 

demonstrate their performance and robustness. To this end, solutions such as IM are one of the most 

promising techniques for demonstrating the possible optimizations that are needed in mobile 

communications, whether as SE or EE. To continue along the same topic of efficiency, it is important to 

explore the concept of RIS, that is still emerging in the scientific community. RIS can also make it 

possible to improve SE and EE when used on higher frequency bands, such as mmWaves and sub-THz. 

Both types of techniques can be integrated into 5G/B5G systems or on future new generations such as 

6G. 

The main objective of this thesis is to propose a design and integration of spectrum and energy 

efficient techniques into wireless communication networks. Considering the aforementioned objective, 

the work consisted of three phases, each with specific sub-objectives, as follows: 

• Scheme using IM based on two domains used simultaneously (space and frequency) and 

targeted at multi-user (MU) downlink communications – a new scheme was proposed that works on 

two IM domains (both in the spatial and frequency domain), which was given the name Precoding-aided 

Transmitter side Generalized Space-Frequency Index Modulation (PT-GSFIM), and manages to remove 

interference between users in MU-MIMO transmissions. The approach incorporates a precoder at the 

transmitter side to assist in the transmission of PT-GSFIM. Complex Rotation Matrices (CRM) has been 

used as a technique for Signal Space Diversity (SSD) to exploit frequency diversity, which, when 

combined with IM schemes corresponds to a novel approach. Three specific algorithms have also been 

developed to detect Generalized Spatial-Frequency IM (GSFIM) symbols. Since the precoder removes 

all the multi-user interference (MUI), the receiver only has to implement single-user (SU) detection. 

The performance, effectiveness and SE of the proposed PT-GSFIM approach was demonstrated and 

compared against other existing methods; 

• Integration of the PT-GSFIM into C-RAN deployments, followed by thorough system-level 

evaluation considering B5G networks – the use of the PT-GSFIM algorithm in a MU system in a 

Cloud-Radio Access Network (C-RAN) was studied and evaluated, with the purpose of assessing its 

performance, effectiveness and SE in downlink transmissions in realistic Beyond 5G (B5G) scenarios. 

In order to analyze the potential benefits of the proposed PT-GSFIM-based C-RAN, a detailed system-

level assessment was presented for three different three-dimensional scenarios (one indoor and two 

outdoor), taken from the standardized 5G New Radio (5G NR), using two different numerologies and 

frequency ranges; 
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• Optimization and evaluation of reconfigurable intelligent surfaces based technologies, also 

named as RIS, integrated into post-5G/6G networks operating at higher frequency bands 

(mmWave/sub-THz) – In this topic, an iterative algorithm has been proposed to achieve the joint design 

of the access point precoder and the phase-shifts of the RIS elements, considering large scale MIMO 

OFDM links. The study includes the system-level analysis of a RIS-aided network deployment in post-

5G/6G. The network operates in two different frequency bands, mmWave and sub-THz, considering 

both near-field and far-field propagation models. Two distinct environments, Indoor Open Office (IOO) 

and Urban Micro Truncated (UMT), were examined. The findings demonstrate that the adoption of the 

proposed RIS-based approach can effectively increase the throughput and coverage area. 

In the following sub-section 1.3, we will describe all the works published during this doctoral 

process. Sub-section 1.4 will then give an overview of each published article, highlighting the objectives 

and results found during the research. Figure 1 contains a summary of all the research carried along this 

thesis. 

 

Figure 1 - Summary of the goals and research. 
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1.3. Research Contributions 

The research carried out over the last few years has allowed some questions to be raised and 

answered. This work has resulted in the publication of some scientific articles on the topics mentioned 

above, resulting in a new scheme based on generalized index modulations in space and frequency, with 

the goal of improving SE and performance in terms of Bit Error Rate (BER). Proceeding on the same 

topic, we evolved to use the same approach but considering a system level design to prove that is possible 

to integrate this method on a MU-MIMO system based on standards for 5G NR systems and scenarios. 

In the last article, we explored the possibility of optimization and integration of combined RIS-assisted 

MIMO schemes operating in sub-THz bands into future post-5G/6G systems. This shown that is possible 

to improve the overall throughput and coverage area of receivers when we have cases NLOS with the 

BS. 

Although this thesis focuses on the three articles presented in the chapters that follow, it was also 

necessary to develop and collaborate on other work within the same themes. This additional work was 

important to achieve the goals of the thesis resulting not only on the three main publications presented 

in this dissertation but also allowed the contribution to other three papers. All the published articles that 

resulted from this work are summarized in the table below, where they are marked as first author (FA), 

and as co-author (CA). There was a total of 6 publications, 3 FA and 3 CA.  

Table 1 - Table of Publications 

Date Publications 

September 2020 
Precoded generalized spatial modulation for downlink MIMO 

transmissions in beyond 5G networks (CA) 

August of 2021 
A generalized space-frequency index modulation scheme for 

downlink MIMO transmissions with improved diversity (FA) 

September 2021 
Low Complexity Hybrid Precoding Designs for Multiuser 

mmWave/THz Ultra Massive MIMO Systems (CA) 

February 2022 
System-level assessment of a C-RAN based on generalized space–

frequency index modulation for 5G new radio and beyond (FA) 

March 2022 

System-level assessment of low complexity hybrid precoding 

designs for massive MIMO downlink transmissions in beyond 5G 

networks (CA) 

May 2023 
Performance Assessment of a RIS-empowered post-5G/6G network 

operating at the mmWave/THz bands (FA) 

After presenting the summarized version of the contributed research in the above table, the details 

of each contribution are presented below, starting with the chronological order of publication, with peer 

review and including its Scimago/Scopus Journal Ranking: 
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• J. P. Pavia, V. Velez, B. Brogueira, N. Souto, and A. Correia, “Precoded Generalized Spatial 

Modulation for Downlink MIMO Transmissions in Beyond 5G Networks,” Applied Sciences, 

vol. 10, no. 18, p. 6617, Sep. 2020, doi: 10.3390/app10186617. 

❖ Journal: Applied Sciences from MDPI; ISSN: 20763417; H-Index:101; Quartile Q2. 

• V. R. J. Velez, J. P. C. B. B. Pavia, N. M. B. Souto, P. J. A. Sebastião and A. M. C. Correia, "A 

Generalized Space-Frequency Index Modulation Scheme for Downlink MIMO Transmissions 

With Improved Diversity," in IEEE Access, vol. 9, pp. 118996-119009, 2021, doi: 

10.1109/ACCESS.2021.3106547. 

❖ Journal: IEEE Access from IEEE Inc.; ISSN: 21693536; H-Index:204; Quartile Q1; 

• J. P. Pavia  V. Velez, R. Ferreira, N. Souto, M. Ribeiro, J. Silva and R. Dinis, “Low Complexity 

Hybrid Precoding Designs for Multiuser mmWave/THz Ultra Massive MIMO Systems,” 

Sensors, vol. 21, no. 18, p. 6054, Sep. 2021, doi: 10.3390/s21186054. 

❖ Journal: Sensors from MDPI; ISSN: 14243210, 14248220; H-Index: 219; Quartile Q1. 

• V. Velez, João Pedro Pavia, Catarina Rita, Carolina Gonçalves, Nuno Souto, Pedro Sebastião 

and Américo Correia, “System-Level Assessment of a C-RAN based on Generalized Space–

Frequency Index Modulation for 5G New Radio and Beyond,” Applied Sciences, vol. 12, no. 

3, p. 1592, Feb. 2022, doi: 10.3390/app12031592. 

❖ Journal: Applied Sciences from MDPI; ISSN: 20763417; H-Index:101; Quartile Q2. 

• J. P. Pavia, V. Velez, N. Souto, M. Ribeiro, P. Sebastião, and A. Correia, “System-Level 

Assessment of Low Complexity Hybrid Precoding Designs for Massive MIMO Downlink 

Transmissions in Beyond 5G Networks,” Applied Sciences, vol. 12, no. 6, p. 2812, Mar. 2022, 

doi: 10.3390/app12062812. 

❖ Journal: Applied Sciences from MDPI; ISSN: 20763417; H-Index:101; Quartile Q2. 

• V. R. J. Velez, J. P. C. B. B. Pavia, N. M. B. Souto, P. J. A. Sebastião and A. M. C. Correia, 

"Performance Assessment of a RIS-Empowered Post-5G/6G Network Operating at the 

mmWave/THz Bands," in IEEE Access, vol. 11, pp. 49625-49638, 2023, doi: 

10.1109/ACCESS.2023.3277388. 

❖ Journal: IEEE Access from IEEE Inc.; ISSN: 21693536; H-Index:204; Quartile Q1; 
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1.4. Thesis Overview 

The work produced within this thesis is focused on two main research areas, that were previously 

mentioned. The study in each area was directed related to other co-authored papers, even if the main 

chapters of this thesis are based on publications as FA. As a result, we give a broad outline of all the 

work developed during the PhD in this sub-section, emphasizing and connecting all the contributions 

mentioned in the preceding paragraph. 

1.4.1. Index Modulations 

In an effort to make wireless communications more efficient, and achieve lower latencies and higher 

data rates, the scientific community has turned to innovative physical layer solutions to improve their 

SE and EE. One of the main solutions available for mobile communications that has been attracting 

researchers corresponds to IM schemes. In addition to obtaining good results in studies already carried 

out, they have advantages over other methods, such as that their hardware simplicity, which can be 

relatively low. IM is a digital modulation technique that allows special bits to be indexed within the 

structure of a transmission packet according to the active resources (whether they are antennas, carriers, 

radio frequency chains, etc), thus allowing additional information to be sent. There are several types of 

IM, the most common being Spatial Modulation (SM) and its variants [27].  

The first contribution in this topic was through a CA study on the application of IM in spatial 

modulations, more specifically using the Generalized Spatial modulation (GSM) version [28]. In this 

study, a Multilevel Quadrature Amplitude modulation (M-QAM) constellation of up to 1024 levels was 

used, where a BS with Ntx antennas transmits a number of symbols (Ns), to a user receiver with a number 

of receiver antennas (Nrx). Traditional M-QAM models do not explore the spatial domain. When 

considering the incorporation of the IM, the index bits select the transmit antennas through a switcher, 

as shown on Figure 2.  

 

Figure 2 - Typical GSM scheme of transmitter side [29]. 
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To better explore this capacity on IM scheme, in our paper, we used a GSM mapper to select the 

correct antenna on the spatial domain. Figure 3 shows the proposed scheme based on GSM used with 

the incorporated precoder. The singular value decomposition (SVD) based precoder combined with 

GSM, and with the assistance of an alternating direction method of multipliers (ADMM) algorithm at 

the receivers, was able to achieve better SE and EE than a conventional MIMO system. The proposed 

detector for the receivers also offers less complexity compared to its conventional counterpart. The 

proposed scheme was named GSM MU-MIMO. In order to eliminate inter-user interference and to 

convert the MU transmission into numerous independent SU links, a block diagonal precoder is 

implemented at the BS.  

 

Figure 3 - Transmitter and receiver scheme of GSM-MU-MIMO [28]. 

In Figure 4, it is possible to verify that the algorithm provides a promising alternative, that can 

improve the system SE when compared to the use of higher-level modulations in conventional MU-

MIMO. To compare the three algorithms, the same binary rate, measured in bits per second (bps), was 

maintained for each set of comparisons. 

 

Figure 4 - Comparison of BER performance versus SNR between GSM-MU-MIMO and MU-

MIMO [28]. 
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Following on from the previous paper [28], we developed the IM-based approach resulting in the 

first FA paper [27]. This article is described in Chapter 2, where all the information is detailed. Although 

there have been studies on SU and MU in SM/GSM transmissions and IM-OFDM, one of the 

contributions was to propose an approach based on a SVD precoder combined with various IM domains, 

namely both the spatial and frequency domains. The proposed scheme, extends the initial approach 

presented in [30]. Our scheme, which we refer to as PT-GSFIM, combines the index bits to select the 

resources simultaneously, whether they are spatial (the antennas) or frequency (the OFDM sub-carriers). 

This ability to select resources allows us to bring improvements that IM offers. We have a number of 

transmitting antennas (Ntx) that represent the total number of available ones to use, a number of total 

available subcarriers (Nf), a number of active sub-carriers (Naf), and a number of active antennas (Na). 

Each of these parameters can be changed to obtain the maximum performance. Figure 5 shows an 

example of how this type of scheme works. Each block corresponds to a selected sub-carrier with a 

selected antenna.  To select the antennas which corresponds to the spatial slots available, we use the Na 

parameter. The sub-carriers of OFDM are represented as Naf  parameter. Together, they form a structure 

that contains the transmitting symbols represented as number of symbols (Ns). Then these symbols 

encode spatial bits and conventional modulated symbols and serve as the basis for constructing the 

complete PT-GSFIM symbol. 

 

 

Figure 5 - Example of GSFIM scheme using space and frequency simultaneously [30]. 

 

In addition to the combination of precoder and IM, CRMs were also used to assist implementation 

as SSD on the transmitter side. SSDs, allows to make use of the frequency diversity. This technique can 

produce the potential gains of PT-GSFIM scheme in a context of downlink in a cellular transmission 

with MIMO schemes. The precoder scheme on the transmitter side allowed us to eliminate possible 

interference between the different users’ signals, thus providing three new types of detectors. These new 

types of detectors allow the complexity to be reduced, while still enabling good reception performance. 

The three detector algorithms that have been used, were derived from existing methods and were 

modified in order to accommodate the PT-GSFIM signals. The algorithms correspond to Ordered Block 

Minimum Mean-Squared Error (OB-MMSE), Multipath Matching Pursuit with slicing (sMMP) and 

ADMM [31] [32] [33]. According to our analysis, the proposed algorithms offered less complexity than 
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a traditional transmission using a Maximum Likelihood Detector (MLD), improving BER performance, 

i.e., there is lower BER, thus improving its SE compared to MU-MIMO and GSM schemes. Also in our 

results, it was possible to use a lower constellation scheme in a downlink system, which allowed it to 

outperform other algorithms using higher constellations. Chapter 2, all the technical details of the study 

involved with the PT-GSFIM algorithm are explained in detail. 

Still on the subject of IM, we continued the work carried out in the first article on PT-GSFIM, and 

considered the evolution and integration of the proposed approach into a C-RAN system based on 5G 

NR standards, described here [34]. The core idea behind C-RAN is to partition the BS functions by 

separating the main BS into the Base Band Unit (BBU) and Remote Radio Head (RRH), and then 

conglomerating the BBUs from numerous sites into a sole geographical point such as a cloud data center, 

applying cloud computing and virtualization approaches [35]. Another advantage is that it permits us to 

manage Radio Frequency (RF) chain resources remotely, without having to physically go to all the sites, 

allowing the management of carrier aggregation, for example. Figure 6 shows an example of a C-RAN. 

 

Figure 6 - Working principle of C-RAN [36]. 

In the system level evaluation considered in this work, we used a number of BSs and Access Points 

(APs) (which simulate BSs but they are small - micro cells) in order to try and recreate a real mobile 

device situation. We also considered three distinct scenarios using two numerologies of 5G NR, as 

stated, in order to test the overall SE at a system level. In this type of scenario, PT-GSFIM was studied 

as a downlink alternative to conventional MU-MIMO, with different M-QAM constellations adopted 

for comparison purposes. As with the PT-GSFIM approach presented in the previous work, an SVD 

precoder combined with CRM is used in the C-RAN integration in order to remove interference between 

users connected to the same BS/APs while providing additional diversity. Two of the three scenarios 

used are based on Urban Micro (street canyon) (UMi) – that focus on micro cells, and Urban Macro 

(UMa) – that focus on large cells, both of which were used with LOS and NLOS beams.  The third 

scenario evaluated was an Indoor (InD), that represents the different types of offices where the receivers 

BBU 

RRH 

    BBU 
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are placed. On both urban and indoor scenarios, a frequency band of 30 GHz, and a 70 GHz was used 

(optional one along with the primary band of 30 GHz, but only on indoor scenario). All the specifications 

used are described in [34]. The assessment was based on link-level simulations, which provide input to 

the system-level simulator, which then simulates multiple deployments with multiple APs and users 

operating simultaneously. As expected, the PT-GSFIM approach outperformed the traditional GSM and 

MU-MIMO schemes. Chapter 3 presents the published article in which all the work summarized above 

is detailed. 

 

1.4.2. Millimeter-Waves and Terahertz Communications and Reconfigurable Intelligent 

Surfaces 

Millimeter-wave and terahertz technologies have gained popularity in the wireless research 

community due to their potential for providing large and underutilized bandwidths that can enable ultra-

high-speed connections, for example the desired rates of 100 Gbps. However, working in the THz band 

presents challenges such as reflection and scattering losses along the transmission path, high dependency 

on distance. The high signal attenuation present at these frequencies necessitates the use of very large 

antenna arrays to achieve low complexity and power consumption, alongside of Hybrid analog/digital 

schemes/designs to obtain optimal performance. A hybrid design algorithm is suitable for both mmWave 

and THz MIMO systems. As for, we proposed in [37], a design that can accommodate various analog 

and digital architectures, such as phase shifters, switches, inverters, antenna selection, and more. This 

makes it applicable to support multi-user ultra-massive MIMO (UM-MIMO) in severely hardware-

constrained THz systems.  

Figure 7 shows an example of hybrid precoding scheme.  Both the precoder and combiner consist 

of discrete digital and analog processing units, as the analog precoder is placed after of transmitting 

antennas e before of the FFT blocks on receiver.   
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Figure 7 – Design of a Hybrid precoding, both transmitter and receiver sides [37].  
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Figure 8 shows the different analog architectures that were considered for the design of the proposed 

hybrid precoding. The different architectures can encompass various structures, including fully 

connected, arrays of subarrays (AoSA), and dynamic arrays of subarrays (DAoSA), which are suitable 

for THz communications. 

 

Figure 8 - Example of and hybrid precoding design, intended to a THz system [37]. 

Hybrid schemes benefit from lower energy consumption in analog schemes and reduced complexity 

in digital schemes, making energy consumption a primary target. Such schemes allow us to enhance 

system SE, while reducing the overall energy consumption. 
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Continuing the previous work on hybrid designs, a system-level evaluation was conducted on a C-

RAN [38]. In this case we proposed an evaluation of a C-RAN designed for beyond-5G systems, 

integrating this hybrid schemes, with specifically focus on APs that operate in the mmWave/THz bands, 

supporting MU-MIMO transmission with massive/ultra-massive antenna arrays combined with low-

complexity hybrid precoding architectures.  

 

Figure 9 - Throughput vs number of users when using hybrid precoding systems into a C-RAN 

[38]. 

In figure 9, we observe that digital precoding, offers better throughput in contrast to the analog 

precoding, which benefits the power consumption. In this evaluation, we shown a throughput vs number 

of users, using Ntx=100 and Nrx=4, 12tx

RFN = , Ns=2. Parameter F in Figure 9 corresponds to the number 

of sub-carriers used in each configuration. Schemes based on double phase shifters (DPS) present a 

better performance when compared to the ones based on single phase shifters (SPS). In general, hybrid 

design algorithms provide a performance level similar to fully digital precoders while presenting less 

complexity for implementation purposes. 

According to many studies [39], RISs are the next key technology for the development of mobile 

networks capable of meeting EE requirements. As mentioned above, this type of surface uses passive 

elements to re-shape the direction of the electromagnetic wave during its propagation. Figure 10 shows 

an example of a RIS panel comprising several tunable elements, where each element corresponds to a 

phase shifter. We can see an example in Figure 10 (a) where a symbol is transmitted and part of the 

reflection of the incident wave is reflected back to the receiving antenna (b) and (c). 
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Figure 10 - Example of a RIS panel, with several tunable elements [40]. 

Figure 11, shows an example of a RIS deployment, assisting an AP with the objective to increase 

the received signal, on a NLOS case. 

 

Figure 11 - RIS example in a room, showing an increase on receiver signal [23]. 

In this subject on RIS [41], we have considered combining with massive and ultra-massive arrays 

of antennas considering the integration into future mmWave/THz communication systems. The 

proposed approach was studied both at the physical and at the system level.  The scenarios used are 

based in the UMT, where multiple BSs transmit the signals to multiples users/receivers, and in the IOO 

environment, which represents the casual offices around and inside of the cities. The UMT, represents 

dense urban scenarios (e.g. large cities). The IOO scenario contains some obstacles that could deflect or 

impact the propagation of original signal. We considered two scenarios from 5G NR Standards, one in 
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the mmWave band (28 GHz), and another one operating in sub-THz frequencies (100 GHz). This 

requires us to adopt two different propagation models. The aim was to demonstrate, in a traditional 

MIMO environment, how RIS can assist this type of communication, which is prone to high attenuation, 

and improve the coverage of the same system.  

To accomplish this, we designed a new joint precoder and RIS optimization algorithm for OFDM 

transmissions with multiple sub-carriers and large-scale MIMO. The algorithm presented is called 

Alternating Maximization-Singular Value Decomposition-Accelerated Proximal Gradient (AM-SVG-

APG) and consists of the combined use of alternating maximization (AM) and the Singular Value 

Decomposition (SVD) methods, with the accelerated proximal gradient (APG) used to perform the 

individual optimization of the RIS elements. The aforementioned algorithm performs the computational 

calculation to optimize the best phase shifts for each element of the RIS panel. Each RIS panel is 

composed of a number of (Nris) RIS elements. The number of Nris elements has influence on average 

BER and throughput results. The placement of RIS panels between the transmitter and receiver also 

impacts the performance, even if only slightly.  Link-level simulation results have demonstrated that the 

proposed approach is highly effective in achieving the full potential gains of RIS-assisted 

communications. The results actually show two interesting situations: the transmitted power values 

show that it is possible to slightly improve performance in terms of BER, depending on the position of 

the RIS panels (remember that these elements are passive and do not amplify the signal); and that the 

throughput values in relation to the distribution of the service by users can offer improvements in signal 

coverage of up to 53% and up to 58% of throughput. This demonstrates the feasibility of achieving high 

transmission rates using RIS technology in both indoor and outdoor environments at mmWave and sub-

THz bands. 

All of the aforementioned details are provided in Chapter 4, which contains the entirety of the 

article, from its analysis and synthesis to its results. 
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Chapter 2 - A Generalized Space-Frequency Index Modulation Scheme for Downlink 

MIMO Transmissions With Improved Diversity 

 

As mentioned above, multidimensional IM schemes are an alternative physical layer approach that 

can provide wireless communications with improved tradeoff between SE, power consumption and 

implementation complexity. As a possible solution, instead of adding more antennas and resources, IM 

could change the paradigm of how the various resources are activated through the transmission of 

implicit information masked inside these wireless resources. 

This chapter presents the contribution of the proposed PT-GSFIM scheme, that combines part of 

the information bits into the respective active antennas and subcarriers, which also carry modulated 

symbols. As will be explained below, in this contribution, more importance has been given to MU cases, 

as there have not yet been many studies on this subject and adopting this type of approach. To improve 

even further the performance without causing more complexity on the transmitter and receiver, SSD 

techniques were considered, through the adoption of CRM, which increases the diversity for a downlink 

transmission in a MIMO system. One of the main benefits of the adopted precoder is the capability to 

remove MUI from the received signals. In order for the receivers to be able to directly decode the PT-

GSFIM signals, three detection algorithms have been proposed: the OB-MMSE, sMMP, and ADMM. 

The performance results were obtained in terms of BER for different algorithms. We also tested, how 

different number of users (Nu) can impact the performance in a MU scenario, while keeping the same 

SE and same constellation. 

Below is the published and accepted paper containing all the information on the scheme mentioned, 

including the method used to analyze it and the algorithms used for comparison purposes. 

Paper details: 

▪ Title: A Generalized Space-Frequency Index Modulation Scheme for Downlink MIMO 

Transmissions with Improved Diversity 

▪ Date of Publication: 20 of august of 2021 

▪ Journal: IEEE Access  

▪ Scimago/Scopus Journal Ranking: Quartile 1 

▪ Publisher: IEEE inc. 
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ABSTRACT Multidimensional Index Modulations (IM) are a novel alternative to conventional 

modulations which can bring considerable benefits for future wireless networks. Within this 

scope, in this paper we present a new scheme, named as Precoding-aided Transmitter side 

Generalized Space-Frequency Index Modulation (PT-GSFIM), where part of the information bits 

select the active antennas and subcarriers which then carry amplitude and phase modulated 

symbols. The proposed scheme is designed for multiuser multiple-input multiple-output (MU-

MIMO) scenarios and incorporates a precoder which removes multiuser interference (MUI) at 

the receivers. Furthermore, the proposed PT-GSFIM also integrates signal space diversity (SSD) 

techniques for tackling the typical poor performance of uncoded orthogonal frequency division 

multiplexing (OFDM) based schemes. By combining complex rotation matrices (CRM) and 

subcarrier-level interleaving, PT-GSFIM can exploit the inherent diversity in frequency selective 

channels and improve the performance without additional power or bandwidth. To support 

reliable detection of the multidimensional PT-GSFIM we also propose three different detection 

algorithms which can provide different tradeoffs between performance and complexity. 

Simulation results shows that proposed PT-GSFIM scheme, can provide significant gains over 

conventional MU-MIMO and GSM schemes. 

INDEX TERMS Index Modulation (IM), Precoding-aided Transmitter side Generalized Space-

Frequency Index Modulation (PT-GSFIM), Multiple-Input Multiple-Output (MIMO), 

Orthogonal Frequency Division Multiplexing (OFDM), Multiuser-MIMO (MU-MIMO).

I. INTRODUCTION 

Due to the increased number of devices connected 

to the internet and to the amount of mobile traffic 

services growing up every day, new and more 

efficient solutions are needed to improve current 

wireless networks. Therefore, newer solutions are 

necessary to offer higher mobility communications 

with a higher spectral and energy efficiency (EE). 

This implies much higher transmission rates, with 

substantial  lower  latencies,  enabling  new  types  of 
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applications such as: extended reality, internet of 

everything, autonomous connected vehicles and so on. 

Amongst the potential physical layer solutions for 

future wireless systems, index modulation (IM) 

schemes have been captivating a lot of research 

interest in the wireless community. Instead of using 

conventional multiple-input multiple-output (MIMO) 

with a large number of radio frequency (RF) chains 

and scaled power consumption, IM has attracted 

researchers as an alternative because of its interesting 

tradeoffs between number of data streams, 

performance and EE [1], [2]. These characteristics 

benefit both the receivers and transmitters enabling 

reduced complexity implementations [3], [4]. All these 

advantages make IM schemes potential candidates for 

future of wireless communications, namely for B5G 

and 6G networks [5]. 

IM techniques convey additional information bits 

contained implicitly in the index of the selected 

element (in the spatial, frequency, temporal/time or 

channel domain), such as the active antenna subset, as 

is done in generalized spatial modulations (GSM) [6] 

or the active subcarrier subset, as is done in IM aided 

orthogonal frequency division multiplexing (IM-

OFDM) [7]. 

Spatial modulation (SM) is an IM scheme that is a 

simplification of MIMO with lower implementation and 

computational complexity, and it only requires a single 

RF chain to convey additional information [8]. In SM, 

only one antenna is active at any given time which often 

transmits a conventional amplitude and phase 

modulated (APM) symbol, such as phase shift keying 

(PSK) or quadrature amplitude modulation (QAM). 

Alternatively, information can be sent solely through the 

index of the active transmit antenna, as is done in space 

shift keying (SSK) modulation [9]. Comparatively, SSK 

can be seen as a low complexity implementation of SM 

since it does not require inter-antenna synchronization 

(IAS) and the complexity of the detection is smaller. 

Still, the spectral efficiency (SE) is also smaller than 

SM. GSM generalizes the concept of SM to multiple 

active antennas during transmission. Instead of 

activating a single transmit antenna, several antennas 

are activated simultaneously in order to transmit 

multiple M-ary modulated symbols [10], [11]. The 

additional information is conveyed implicitly through 

the respective indexes of the antenna-activation pattern. 

Even though SM schemes present some advantages 

over conventional MIMO, such as mitigating inter-

channel interference (ICI) and better performance in 

terms of bit-error rate (BER) and EE, they also bring 

some drawbacks. In fact, the use of only one active 

antenna (or a reduced number in the case of GSM) limits 

the SE for the same number of available transmit 

antennas, also sacrificing some diversity gain [2], [11], 

[13].  

Channel state information (CSI) is required in many 

MIMO schemes. It can be exploited at the transmitted 

side in order to reduce the complexity of receivers, and 

is referred to as CSIT, or at the receiver side, being 

referred to as CSIR, which is the most commonly used 

in SM/GSM schemes [6]. The use of CSIT combined 

with precoding can enable the use of SM, denoted as 

precoded SM (PSM), when there are strict complexity 

constraints at the receiver. In this case additional 

information bits are mapped to the index of the targeted 

receiver antenna during each transmission [12]. 

Generalized Precoding aided SM (GPSM) is an 

extension of PSM similar to GSM, which permits 

multiple receive antennas to be activated during each 

timeslot/transmission [13]. Quadrature SM (QSM) is 

another type of extension of SM, which divides the 

transmission into independent real and imaginary 

chunks that can be transmitted by different antennas 

simultaneously, with additional information bits being 

used for selecting the active antennas [14]. QSM is able 

to increase the SE of the system when compared to SM. 

Generalized Precoding aided QSM (GPQSM) 

generalizes the QSM concept to the receiver side, 

improving the SE over GPSM [15]. 

IM-OFDM, uses a similar approach to SM/GSM 

techniques but relies on the indices of existing 

subcarriers of a conventional OFDM transmission [16], 

[17]. In this case, only a subset of the subcarriers are 

activated depending on the index bits [18] and only 

these subcarriers convey M-ary signal modulated 

symbols [19], [20]. When index bits are triggered, they 

indicate which subcarriers inside a block of an OFDM 

frame should be activated during communication [4], 

[6]. In [21], the authors proposed a precoding technique, 

using IM on MIMO-OFDM systems, which tries to 

decrease the receiver complexity at the downlink. This 

is done by applying precoding to each subcarrier 

frequency so that the OFDM frames are received 

orthogonally without interference. A different approach 

is Layered Orthogonal Frequency Division 

Multiplexing with IM (L-OFDM-IM) which was 

proposed to increase SE in OFDM-IM scheme [22]. It 

splits the subcarriers into n layers, with the index bits 

selecting active subcarriers that can overlap but are 

distinguishable through different carefully designed 

constellations. Recently, a lot of attention has been 

directed to schemes that involve the use of multiple 

signal constellations aided by IM [23] – [26]. The 

objective is to bring some improvements in SE and 

diversity to OFDM-IM schemes. In [23], it was 

introduced an OFDM-IM scheme named dual mode IM 

aided OFDM (DM-OFDM), that divides the subcarriers 

into two major groups, which are modulated with 

different constellations “modes”, that correspond to two 

index subsets. Unlike an OFDM-IM system, where a 

subcarrier is switched on or off according to the index 

bits, DM-OFDM modulates all subcarriers which 

improves the SE [23]. In [24], generalized (G) DM-

OFDM extends the previous idea to multiple 

constellations that are changeable according to the 
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information bits of each OFDM subblock, with a minor 

loss in performance. Additionally, the authors in [25] 

proposed a novel multiple-mode (MM) OFDM-IM 

scheme where all subcarriers are activated with different 

types of PSK/QAM signal constellations. In order to 

improve the number of transmission patterns, the full 

permutations of the distinguishable modes are also used 

to convey additional information. This approach was 

generalized in [26] (G-MM-OFDM-IM) by allowing 

different subcarriers to carry signal constellations of 

different sizes while conveying the same number of IM 

bits. These schemes were shown to improve the SE over 

OFDM-IM and DM-OFDM at the cost of additional 

complexity. 

Even though in this paper we focus on the use of IM 

in the space and frequency domain, there are other 

approaches proposed in the literature. For example, IM 

can also be applied in the time domain (TD), by using 

time slots which are activated according their indices, 

and can also be combined with space-time block codes 

(STBC) [27]. In [28], the authors presented a new type 

of IM-based uplink called IM–multiple access (IMMA), 

that uses a non-orthogonal multiple access (NOMA) 

method, operating with time slots similarly to 

transmission division multiple access (TDMA). In 

IMMA, each user can select his own time slot 

independently without the need of scheduling, but also, 

time slots can be shared with multiple users. Another 

different IM approach corresponds to channel domain 

IM (CD-IM), also known as media-based modulation 

(MBM), where information bits are transmitted via 

different channel realizations generated through 

available RF mirrors [29].  

Regarding the research work that has been done in 

SM/GSM, besides single-user (SU) transmission, 

several multiuser (MU) schemes have been proposed 

for downlink and uplink scenarios. While the uplink can 

be addressed as a direct extension of SU GSM [30], the 

downlink requires a different approach.  In the 

downlink, the users will typically have a limited number 

of antennas which can make them prone to MU 

interference (MUI). In this case one can resort to PSM 

to exploit the independence of multiple antennas and 

achieve higher SE and EE [31].  Resorting to precoding, 

the IM approach can be implemented at the transmitter 

side [34] or at the receiver side [31]. Receive SM (R-

SM), consists in using some of information bits for 

selecting the receiver antennas, which will in fact 

receive the intended signals [31] – [33]. A specific 

precoder or special preprocessing stages must be 

adopted to achieve the desired antenna activation 

pattern at the receiver. One drawback of this approach 

concerns the fact that the receiver antennas must remain 

active all the time, even though only a portion of them 

receive symbols [32]. In [34], the authors adopted a 

different form of precoded space domain IM, which 

tries to improve SE by using a virtual GSM applied at 

the transmitter side through the use of precoding. In this 

case, virtual active antennas transmit M-ary modulated 

symbols using a precoder in order to mitigate MUI and 

allow SU GSM detection.  

Besides the different versions that IM can assume, 

which depend on the specific dimension that is 

exploited, several authors have recently started to 

propose multidimensional schemes that are based on 

combinations of multiple one-dimensional IM [4]. For 

example, in generalized space-frequency IM (GSFIM) 

[35], both SM and OFDM-IM schemes are combined to 

make use of the frequency domain and spatial domain 

simultaneously. In this case, index bits are used for 

selecting the active antennas and subcarriers at each 

transmission interval.  The authors in [35] explored this 

approach showing good results both in achievable rates 

and BER when compared with conventional schemes. 

However, only SU scenarios were considered. One 

problem with OFDM, and consequently with OFDM-

IM and GSFIM is that it does not exploit the frequency 

diversity which can degrade the performance when 

some subcarriers experience deep fades. In this case, 

low-rate channel codes can be adopted but this reduces 

the system’s SE. As an alternative, in [36] the authors 

proposed the use of subcarrier interleaving for 

improving the performance of OFDM-IM. 

Motivated by the work above, in this paper we 

assume an OFDM MU downlink transmission as the 

baseline and propose a precoding-aided, transmitter 

side multidimensional IM scheme which we refer to as 

PT-GSFIM. In PT-GSFIM, part of the information bits 

are used to select resources in the spatial and frequency 

domain whereas the remainder of the bits APM 

symbols. To help circumvent the poor performance 

problem of uncoded GSFIM we adopt the concept of 

signal space diversity (SSD), which was originally 

presented in [37], into the design of the signal. The use 

of SSD enables us to associate the bits over several 

subcarriers and benefit from the diversity effects 

inherent to a frequency selective channel, while 

keeping the mapping/de-mapping process simple. In 

this case, we integrate SSD into PT-GSFIM using 

complex rotation matrices (CRM), which were 

proposed in [38] to achieve time-diversity within the 

context of downlink transmission in a cellular system 

with multiple transmit antennas. At the transmitter side 

we consider that a precoder is used for removing MUI. 

Regarding the receiver, we propose several types of 

detectors with different tradeoffs in terms of 

complexity and performance. The main contributions 

of this paper can be summarized as follows: 

• A frequency and space domain IM scheme 

that we refer to as PT-GSFIM, is designed for 

the downlink of MU-MIMO systems. To 

simplify the implementation, PT-GSFIM 

independently encodes part of the 

information bits onto spatial indexes 

(selecting active virtual antennas) and part 

onto frequency indexes (active subcarriers). 
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FIGURE 1.  System Model: PT-GSFIM transmitter (a) and receiver (b). 

• The remaining information bits are mapped 

onto M-ary modulated symbols. To handle 

MU downlink scenarios, PT-GSFIM 

incorporates a precoder applied to each 

subcarrier but to the whole set of transmit 

antennas (active and inactive) which keeps 

the local structure of a conventional 

transmitted GSM signal intact. This allows 

the removal of MUI and transforms a MU 

communication into multiple independent SU 

communications. 

• To avoid the problem of having active 

subcarriers experiencing deep fades at the 

same time that some inactive subcarriers 

experience stronger channels, the proposed 

PT-GSFIM integrates SSD, implemented 

using CRM matrices applied over each sub-

block. Combined with subcarrier level 

interleaving, this approach can exploit the 

inherent diversity in frequency selective 

channels whilst keeping the structure of the 

PT-GSFIM signal intact from the point of 

view of the receivers. Improved performance 

can thus be obtained without any additional 

power or bandwidth. 

To accomplish reliable detection of the 

multidimensional PT-GSFIM signal at the 

receiver’s side, three different algorithms are 

presented. The proposed approaches are 

generalized versions of three known GSM 

algorithms that were modified in order to 

cope with the special structure of PT-GSFIM 

signals with CRM, which must consider the 

joint   combination   of   active  antennas  and 
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FIGURE 2.  Example of the structure of each PT-GSFIM symbol in the space-frequency domain with Nf=4, Naf=3, Ns=4, Na=2. 

 

subcarriers. It is shown that the three derived 

algorithms provide different tradeoffs 

between performance and complexity. 

The paper is organized as follows: Section II 

presents the system model which is followed by the 

PT-GSFIM transmitter structure formulation in section 

III. The three different algorithms proposed for signal 

detection are described in section IV alongside their 

respective complexities. Performance results are then 

presented in section V. Finally, the conclusions are 

outlined in section VI. 

Notation: Matrices and vectors are denoted by 

uppercase and lowercase boldface letters, respectively. 

(.)T and (.)H denote the transpose and conjugate 

transpose of a matrix/vector, 
p

  is the 
p

-norm of 

a vector, 
0

  is its cardinality, supp(x) returns the 

support of x,    is the floor function and 
nI  is the n 

× n identity matrix. 

II. SYSTEM MODEL 

Let us consider the downlink of an OFDM-based 

MU-MIMO system where a BS equipped with Ntx 

antennas transmits to Nu users, each with Nrx antennas, 

as shown in Fig. 1. 

We consider also the adoption of an OFDM scheme, 

where part of the information is mapped onto 

conventional M-sized APM symbols and the other part 

is encoded both on spatial and frequency indexes. While 

the encoding onto the spatial indexes follows the same 

GSM approach from [39], the mapping onto the 

frequency indexes assumes the grouping of the 

subcarriers into Nf-sized subblocks inside which only 

Naf subcarriers are active for each user. We assume a 

simple mapping of the bits to the transmitted block 

matrix, where the encoding onto spatial indexes is 

accomplished independently from the encoding to the 

frequency indexes, using simple look-up tables (LUTs): 

one for the spatial resources and one for the frequency 

resources in each subblock. While this independent 

mapping sacrifices some SE (the number of available 

space-frequency blocks that can be indexed is reduced) 

it makes the mapping/de-mapping process easier as well 

as the detection, as we will show further ahead. It is 

important to note also that the approach based on a pair 

of LUTs is adequate when the number of active antenna 

combinations and active subcarrier combinations is 

small, as is the case of the scenarios considered in this 

paper. If the number of combinations is large, then a 

combination strategy can be employed as described in 

[40] and [20]. Fig. 2 illustrates an example of the 

structure adopted for each PT-GSFIM symbol for the 

case of frequency domain sub-blocks with Nf=4 

subcarriers each, where Naf=3 of them are active 

subcarriers, thus encoding frequency domain index bits. 

These active subcarriers convey GSM symbols ([39]) 

which encode both spatial bits and conventional 

modulated symbols, and are thus used as the base 

element for constructing the whole PT-GSFIM symbol.  

In this example each user’s GSM symbol has a size of 

Ns=4 with Na=2 active (nonzero) positions.  
According to the figure, the gth PT-GSFIM symbol, 

1N Ns fu

g



s , for the uth user can be written as 
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( ) ( ),,1 af

T
TT u Nu u

g g g

 =
  

s s 0 s , which corresponds to 

the concatenation of (Nf -Naf) length-Ns vectors of zeros 

with Naf GSM symbol vectors 
1

,
Nsu i

g



s  that are 

defined as 
, , ,

,1 ,0 0 0 0
T

a

u i u i u i

g g g Ns s =  s , 

where 1, , afi N= , 1, , uu N=  and 

1, , .GSFIMg N= The symbols ,

,

u i

g j
s , 1, , aj N=  are 

selected from an APM constellation. Assuming a MU 

downlink scenario where precoding is applied, we can 

write the transmitted signal as 

             
1

uN

u

g u g g

u=

= =x F s Fs ,            (1) 

where ( ) ( )1 u

T
TT

N

g g g
 =
  

s s s . Matrix 1 uN
 =  F F F  

with 
N N N Ntx f s f

u



F , denotes the precoder matrix. 

After the precoders (and interleavers, which are 

explained further ahead), we consider that the 

frequency domain symbols are grouped into N-sized 

blocks and converted to the time domain by the Inverse 

Fast Fourier Transform (IFFT) blocks. A cyclic prefix 

(CP) with length larger than the delay spread of the 

channel is then added to each block before 

transmission. Note that each of the described PT-

GSFIM symbols carries a total of bits per user given 

by 

( )( )2 2 2log log log ( )fs

a af

NN

bits af N a NN N N M   = + +
  

. 

(2) 

To illustrate, if 64-QAM is employed in the case of 

Fig. 2, a total of 47 bits are mapped to a symbol, i.e., 

an average of 11.75 bits per subcarrier are being 

transmitted to each user. 

III. TRANSMITTER STRUCTURE 

A. PRECODER DESIGN 

Assuming that the CP has been dropped and the time 

domain samples have been converted to the frequency 

domain through an N-point Fast Fourier Transform 

(FFT), the gth PT-GSFIM symbol received by the uth 

user can be written as 

1

=
uN

u u u u u u j u

g g g g g u g g j g g

j
j u
=


+ = + +y H x n H F s H F s n ,     

(3) 

where 
1N Nrx fu

g



y , 
1N Nrx fu

g



n  represents noise and 

N N N Nrx f tx fu

g



H  is the frequency domain channel 

matrix between the BS and user u. Since we are 

considering an OFDM system, the channel matrix 

follows a block diagonal structure, i.e, 

 ,,1 ,blkdiag ,..., ,..., fu Nu u u f

g g g g=H H H H            (4) 

with 
, rx txN Nu f

g


H , 1,..., ff N= . In the right side of 

expression (3), the second term represents interference 

between users. Each of the precoder matrices can be 

designed in order to eliminate all this MUI at all the 

receivers following the block diagonalization 

approach described in [43]. However, since many 

positions of the PT-GSFIM symbol, 
u

gs , are empty, 

with part of the information encoded in the equivalent 

channel impulse responses, we do not apply any of the 

power loading optimization approaches from [43] 

(even though power control can still be applied 

between users). Due to the block diagonal structure of 
u

gH , the signals transmitted on each subcarrier only 

generate interference on that subcarrier. This means 

that the precoder matrices 
uF  can be designed 

independently for each subcarrier and follow a block 

diagonal structure, namely 

 ,1 ,blkdiag ,...,
fu u u N=F F F ,            (5) 

with ,
tx sN N

u f


F , 1,..., ff N= . To cancel all MUI, 

each of the component precoder matrices 
,u fF   is 

designed so as to enforce ,

,

v f

g u f =H F 0  for all v u . 

Let us define the matrix that concatenates all the 

channel matrices between the BS and all users except 

user k, in subcarrier f as 

( ) ( ) ( ) ( ),, 1, 1, 1, u

T
TT T T

N fu f f u f u f

g g g g g

− + =
  

H H H H H .  

(6) 

This matrix models the propagation of the signal 

targeted to user u, when it arrives at all the other 

receivers where it will constitute interference, 

therefore it can be referred to as the interference 

channel matrix. To avoid the generated interference 

one can design the respective precoder matrix 
,u fF

using an orthonormal basis of the null space of 
,u f

gH . 

First, we compute the respective singular value 

decomposition (SVD) given by 

( ) ( )1 0,

, , , , 
H

u f

g u f u f u f u f
 =
 

H U Λ V V ,        (7) 

where ,u fU  is the matrix with the left-singular vectors,  

,u fΛ  is a rectangular diagonal matrix with the 

decreasing nonzero singular values, 
( )1

,u fV  contains the 

right singular vectors corresponding to the nonzero 

singular values and 
( )0

,u fV   contains the remainder right 

singular vectors. Since the columns of  
( )0

,u fV  span the 

null space of 
,u f

gH , to guarantee zero MUI each 

precoder matrix can be set as 
( )  0

, , :,1:u f u f sN=F V . The 

resulting signal at each receiver then reduces to 
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ˆ=u u u u

g g g g+y H s n ,     (8) 

where ˆ =
u u

g g uH H F  is the equivalent SU channel and no 

MUI exists. Bearing in mind that both u

gH  and 
uF  have 

a block diagonal structure, ˆ u

gH  will also be block 

diagonal. According to the presented system model, 

only a few positions of u

gs  will tend to be nonzero. 

Therefore, u

gs  is a sparse vector and this sparsity can be 

exploited for reducing the transmitted power. To 

accomplish this, we can apply the same approach that 

we discussed in [34] for virtual GSM transmissions, 

where an alternative signal is generated which 

minimizes the transmitted power while ensuring that the 

signals arriving at the receivers are identical to the 

original ones. 

Although in this paper we are assuming fully-digital 

precoders, it is possible to reduce the implementation 

complexity of the proposed solution by adopting an 

hybrid precoder design where the signal processing is 

split into two separate parts: a reduced digital one and 

an analog part which is typically supported on analog 

phase shifters. The hybrid design can be simply 

achieved through direct approximation of the fully-

digital precoder matrices using the product of smaller 

digital precoder matrices and an analog precoder matrix 

(the same for all subcarriers), as described in [41] and 

[42]. As also explained in [42], an additional 

cancellation step should be included in this 

approximation-based approach in order to remove 

residual inter-user interference. 

B. COMPLEX ROTATION MATRICES 

According to the signal model (8) where ˆ u

gH  is 

block diagonal, each individual GSM symbol vector 

composing a PT-GSFIM is subject to the effect of the 

channel on a single subcarrier. In order to exploit the 

inherent diversity of frequency selective channels that 

are typical in mobile propagation environments, we 

can apply SSD techniques. SSD was originally 

proposed in [37] and can be used in an OFDM system 

so as to improve its performance without requiring 

additional power or bandwidth. A simple way to 

implement SSD is to resort to CRM so as to associate 

each GSM symbol that makes up the main PT-GSFIM 

symbol to different subcarriers instead of only one. 

The process of applying CRM consists in working with 

a rotated super-symbol. In this case we apply the 

spreading over the frequency direction only, i.e., all the 

different spatial components are subject to the same 

rotation. The rotated length-NsNf super-symbol for 

each user u can be expressed as 

( )
f s

u u

g N N g=  s Α I s ,       (9) 

and the transmitted signal becomes (1)

TABLE 1. Algorithm 1: OB-MMSE-based GSFIM detector 

 
      

( ) ( )( )
1

u

f s u f s

N

u

g u N N g N N N g

u=

=  =  x F Α I s F I Α I s  

              (10) 

Matrix 
N Nf f

fN



Α  can be selected from the family 

of orthonormal complex matrices (OCRM), which are 

defined as  

1/ 2

2

2 2

1//2 /2

/2 /2

/ , 2

det( ) 2

/ , 2

CRM

CRMCRM CRM

CRM

CRM CRM

j j

CRMj j

M

MM M

M CRM

M M

e je
M

je e

A

M

 

 

−

−

 
 = 
 


= = =

 

  −  

A

Α A

Α Α
Α

Α Α

    (11) 

where 2n

CRMM =  (n≥1), det( )
CRM CRMM M

=A A and φ 

being the rotation angle [38]. To better reap the benefits 

of frequency diversity, a symbol interleaver (subcarrier-

wise) should be employed so that the effective group of 

subcarriers allocated to each PT-GSFIM symbol is 

spread far apart within the overall bandwidth. 
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TABLE 2. Algorithm 2: multiblock sMMP detector 

 

IV. SIGNAL DETECTION 

A. PROPOSED ALGORITHMS 

According to the transmitted structure described in 

the previous section, where a precoder removes all the 

MUI, the receiver only needs to implement SU 

detection. If no CRM is employed, the block diagonal 

structure of ˆ u

gH  in (8) allows us to simplify the 

detection process. In this case the techniques proposed 

for GSM, such as the ordered block minimum mean-

squared error (OB-MMSE) detector  from [44], the 

multipath matching pursuit with slicing (sMMP) from 

[45] or the alternating direction method of multipliers 

(ADMM) based detector from [39], can be directly 

applied to PT-GSFIM by simply preceding those 

algorithms by an active subcarrier detection step.  

This initial detection can be accomplished by working 

with matrix ( )1

rx f

u

N N g
vec−


=Y y , where ( )1

m nvec−


  

denotes   the   inverse  of   the   vectorization  operator

TABLE 3. Algorithm 3: ADMM-based GSFIM detector  

 
 ( )vec , which is defined as 1 1: mn m n

m nvec−  

 →  

such that ( )( )1

m nvec vec−

 =X X  for any m nX . The 

indexes of the 
afN  columns of Y with larger Euclidean 

norm and which also match a valid active subcarrier 

combination are selected as those which will be 

processed. Each of these columns, together with the 

corresponding channel matrix ,u f

g
H  are then used as 

inputs for the GSM detection algorithms mentioned 

previously, which will estimate the active antennas and 

APM symbols for that individual subcarrier. In the 

case of CRM being employed, a different approach 

must be adopted since each GSM symbol is spread 

over several subcarriers. In this case the received 

signal can be written as 

                ˆ=u u u u

g g g g+y H s n         

u u u

g g g= +H s n ,             (12) 

where ( )ˆ
f s

u u

g g N N= H H Α I  is the overall equivalent
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channel “seen” by user u for the gth PT-GSFIM symbol. 

In the following we propose three different algorithms 

that can be adopted for the detector. The first one is a 

generalization of the OB-MMSE from [44] and is 

shown in Algorithm 1. The main differences in the 

presented algorithm reside in step 2 and 3 which have to 

be computed over both the spatial and frequency 

dimensions and require working with the equivalent 

channel matrix for the whole PT-GSFIM symbol 
u

gH . 

Furthermore, instead of working with the possible 

antenna combinations, the extended algorithm considers 

the possible joint combination of active antennas and 

subcarriers, and sorts these
( ) ( )2 2log log

2

NN fs
af N Na af

N

combN
  +

      =  

combinations according to the measured reliability (step 

4). In this case we use  to denote the set of possible 

supports of u

gs , i.e.,  1,...,
combNI I=  with 

( )supp u

i g
I = s  and 1,2,..., combi N= . Each of these 

possible antennas and subcarrier combinations is 

processed using a block MMSE detector applied with a 

fixed support (step 7). This step involves an element-

wise projection over set 
0
, denoted as ( )

0

N Ns f
 . 

The algorithm runs until the threshold condition is 

satisfied (step 8), otherwise it will end only after all the 

combinations are processed in which case the best 

estimate will be selected. 

The second approach is based on the sMMP from 

[45] which we extend for a multiblock structured signal 

such as GSFIM. The resulting detector is shown in 

Algorithm 2. It follows a greedy strategy similar to the 

orthogonal matching pursuit (OMP) algorithm [46], but 

instead of performing a tree search along a single path, 

it uses parallel search to build a list of candidates and 

selects the best estimate at the end. The algorithm 

comprises a total of 
a afN N  iterations. Defining L as the 

number of child candidates, in each iteration, the 

algorithm expands each of the previous iteration 

candidates into L newer candidates with an additional 

component that is selected so as to maximize the 

correlation with the previous residual. While the total 

number of candidates can keep increasing along the 

iterations, some of them may overlap and can be 

removed. In order to adapt the algorithm to GSFIM 

signals, it has to work jointly with the spatial and 

frequency dimensions and with the equivalent channel 

matrix for the whole PT-GSFIM symbol. Furthermore, 

step 8 has to be modified so that a new candidate is only 

added to the list if the selected component does not 

exceed a total of 
aN nonzero components in that 

subcarrier, nor if it results in a total of subcarriers with 

nonzero components exceeding 
afN .  

The third detector is based on the application of 

ADMM, following an approach that is an extension of 

the one adopted in [39] for GSM. First, we formulate the 

maximum likelihood detector (MLD) detection problem 

as 

( )
2

2
min   

u
g

u u u

g g gf −
s

s y H s    (13)  

   0subject to  s fN Nu

g s    (14) 

  ( ),

0supp ,   1,...,u i

g fi N =s         (15) 

 ( )supp u

g s ,    (16) 

where 
0

 represents the complex valued APM 

constellation set, including symbol 0. 
0

represents the 

set of possible supports of ,u i

gs  according to possible 

GSM symbols i.e., it is the set with valid (virtual) 

active antenna combinations including the null support 

(all antennas inactive).  denotes the set of possible 

supports of ,u i

gs  according to the valid active subcarrier 

combinations. It is important to highlight that since 

this problem formulation is different from the original 

one presented in [39], mostly due to constraints (15) 

and (16), the whole algorithm has to be derived again, 

as will be done next. Introducing auxiliar variables, x, 

r, z, we can integrate constraints (13)-(14) into the 

objective function and at the same time make it 

separable by rewriting the MLD problem as  

( )
0

0

2

2
1

min   ( ) ( ) ( )
f

N Ns fu
g

N

u u u u i

g g g g

i

f I I I
=

− + + +
s

s y H s x r z

              (17) 

   ,
subject to  ,   1,...,

u i i

g fi N= =s x       (18) 

u

g =s r          (19) 

       u

g =s z .   (20) 

Working with s instead of u

gs  in the expressions, the 

augmented Lagrangian function (ALF) for this 

problem is given by 

0

2

, ,
2

1

( , , , , , , ) ( ) ( )
f

x r z

N

u u i

g g

i

L I I  

=

= − + +s x r z u v w y H s x r

( ) ( )
0

2 2 2 2

2 2 2 2
( )N Ns f x rI  + + + − − + + − −z s u x u s v r v

  ( )2 2

2 2z+ + − −s w z w               (21) 

where ρx, ρr, ρz are penalty parameters and 
1

, , s fN N 
u v w  are scaled dual variables. We then 

apply the dual ascent method to the dual problem 

which requires us to iteratively accomplish the 

independent minimization of the augmented 

Lagrangian over s, x, r and z combined with the dual 

variables update through gradient ascent. This results 

in the following sequence of steps: 

• Step 1: Minimization of the ALF over s. This step 

consists in solving 

( ) ( )
2 2 21

2 22
min

t u u

g g x
+

= − + + − −
s

s y H s s u x u  

( ) ( )2 2 2 2

2 2 2 2r z + + − − + + − −s v r v s w z w .

 (22) 

A closed-form solution to this problem can be obtained 

from * , , ( , , , , , , ) 0
x r z

L   =
s

s x r z u v w  which, leads to 
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( ) ( ) ( ) ( )( ) ( ) ( )( )(1 Ht t t t tu u

g g x r 
+

= + − + −s Φ H y x u r v     

( ) ( )( ))t t

z+ −z w                (23) 

with  

( ) ( )( )
1

f s

H
u u

g g x r z N N  
−

= + + +Φ H H I .   (24) 

• Step 2: Minimization of the ALF over x. This step 

solves 

( ) ( )
0

2 21

2 2
1

min ( )
fN

t i

x

i

I 
+

=

  
= + + − − 

  


x
x x s u x u .  

 (25) 

The minimization involves an indicator function 

applied to each individual subcarrier and can be 

obtained as  

( )
( )

( )
( )

( )
( )( )0

1 1 1

,   1,...,
t t t

i i i

fi N
+ + +

=  + =x s u ,  

 (26) 

i.e., as the projection over set 
0

, ( )
0

. . This 

projection can be performed by selecting the 
aN  

largest magnitude elements whose indices also match 

a valid active antenna combination.   

• Step 3: Minimization of the ALF over r. The third step 

solves 

( ) ( ) 2 21

2 2
min ( )

t

rI 
+

= + + − −
r

r r s v r v .  (27) 

which also involves an indicator function and whose 

solution corresponds to the projection over set , 

namely 
( ) ( ) ( )( )1 1t t t+ +

=  +r s v .    (28) 

This projection can be accomplished by selecting the 

afN  columns of matrix ( ) ( )( )11

s f

t t

N Nvec
+−

= +R s v  

with larger Euclidean norm and which also match a 

valid active subcarrier combination, while nulling all 

the others. The result is then simply set as ( )vec=r R . 

• Step 4: Minimization of the ALF over z. The fourth 

step solves 

( ) ( ) 
0

2 21

2 2
min ( )N Ns f

t

zI 
+

= + + − −
z

z z s w z w .  

(29) 

whose solution can also be obtained as a projection, 

but in this case over set 
0

s fN N
 

( ) ( ) ( )( )
0

1 1
N Ns f

t t t+ +
=  +z s w .   (30) 

It can be implemented elementwise using simple 

rounding to the closest element in 
0
. 

• Step 5: Dual variable update. The last main step 

updates the dual variables according to 
( ) ( ) ( ) ( )1 1 1t t t t+ + +

= + −u u s x ,          (31) 

TABLE 4. Number of real flops for the different GSFIM detectors  

 
 

( ) ( ) ( ) ( )1 1 1t t t t+ + +
= + −v v s r ,   (32) 

( ) ( ) ( ) ( )1 1 1t t t t+ + +
= + −w w s z .   (33) 

The overall sequence of steps is summarized in 

Algorithm 3, where I  denotes the complement of the 

support set I (i.e.,  1,..., \s fI N N I= ) and Q is the 

maximum number of iterations.  It is important to note 

that the projections of both step 6 and step 7 can be 

simplified to simple cardinality-based projections if 

set 
0

 or set  are very large, i.e., there is a big 

number of valid active antenna combinations and/or 

valid active subcarrier combinations. In this case, 

projection ( )
0

  is obtained by zeroing the 
s aN N−  

smallest magnitude elements whereas ( )  is 

computed by zeroing the 
f afN N−  columns of R with 

smaller Euclidean norm. Algorithm 3 includes a final 

polishing procedure (step 11) where the projected 

MMSE estimate is computed for the reduced problem 

with the support fixed. Regarding the initialization of 

the algorithm, the warm and random start procedures 

described in [39] can be directly extended. Note that 

compared with [39], the proposed ADMM algorithm 

works with the joint spatial and frequency dimensions 

and besides several differences in previously existing 

steps, it also includes two main additional steps, 

namely: an additional projection (step 7) and an 

additional dual variable update (step 20). 

B. COMPUTATIONAL COMPLEXITIES 

In Table 4, we present the respective worst-case 

complexities in number of real floating-point 

operations (flops) of the three proposed algorithms 

alongside the maximum likelihood detector. In the 

case of GSFIM-OB-MMSE, Ncomb corresponds to the 

number of possible supports of  
u

gs and is given by
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FIGURE 3.  Comparison of CRM rotation angle φ of PT-GSFIM in a 
MU scenario with Nu=4, Ntx=8Nu, Nf=4, Naf=3, Ns=8, Na=1, Nrx=4, 
QPSK (SNR=0dB). 

 

2 2log log

2

fs
af

a af

NN
N

N N

combN

     +          = . (34) 

In the presented complexities it is assumed that no 

earlier termination of the GSFIM-ADMM algorithm 

occurs. Furthermore, to arrive at the expressions we 

considered that each complex-valued sum, 

multiplication and squared absolute value computation 

counts as 2, 6 and 3 real flops. We also took into 

account that some matrix operations do not need to be 

repeated after the first iteration (ex: matrix 

multiplication ( )
H

u u

g gH y  in step 5 of GSFIM-ADMM 

algorithm). In section V we use the presented 

complexity expressions to compare the three 

algorithms in different scenarios. 

V. PERFORMANCE RESULTS 

In this section, the performance of the proposed PT-

GSFIM scheme with the different detection algorithms 

are assessed and compared against other MU-MIMO 

systems.  Monte Carlo simulations were run according 

to the system model presented previously. The adopted 

channel model was the Extended Typical Urban model 

(ETU) [47] (similar conclusions could be reached for 

other severely time-dispersive channels). It is assumed 

that all the channel coefficients are independently drawn 

according to a complex Gaussian distribution ( )0,1

, and that all users experience the same path-loss. The 

symbols ,

,

u i

g fs  transmitted in the active positions 

(subcarrier and antenna) are randomly selected from an 

M-QAM constellation with equal probabilities and with 
2

,

, 1u i

g fE s  =
  

.  To understand the impact of the CRM 

rotation angle φ on the performance of PT-GSFIM, Fig. 

3 shows the BER results obtained for different sizes of 

Nf. We assume a scenario with Nu=4, Ntx=8Nu, Ns=8, 

Na=1, Nrx=4, SNR=0 dB (per user), QPSK and GSFIM-

ADMM detector.  It can be observed that in general the 

results  do   not   exhibit   significant   sensitivity   to   the 

 

FIGURE 4.  BER performance of PT-GSFIM in a MU scenario with 
Nu=4, Ntx=5Nu, Nf=4, Naf=3, Ns=5, Na=2, Nrx=5, QPSK (5.75 bpcu per 
user). 

 

rotation angle (variations are due to simulation 

accuracy). What is relevant is the spreading of the PT-

GSFIM symbols over several subcarriers through the 

use of CRM combined with the interleaver in order to 

obtain additional diversity. It is important to note that 

even though this figure can show better BERs for 

smaller Nf, larger Nf tend to achieve better results at 

higher signal-to-noise ratios (SNRs) as we will show 

further ahead. Next, we evaluate the performance of the 

different receivers and the impact of the use of CRM in 

PT-GSIFM, with a rotation angle φ of 30º and 

reminding that the CRM is applied to each set of Nf 

subcarriers. We assume a base scenario with Nu=4, 

Ntx=5Nu, Nf=4, Naf=3, Ns=5, Na=2 and Nrx=5, which 

corresponds to a SE of 5.75 bits per channel use (bpcu) 

and per user. In Fig. 4, three different BER curves are 

shown for each of the proposed detectors. The 

“separate” curve corresponds to the direct application of 

the GSM detector preceded by an active subcarrier 

detection step. In this case no CRM is applied. The 

curves where “joint” appears in the legend consider the 

joint detection of the GSFIM symbols using Algorithm 

1-3. For this case, curves with and without CRM are 

included. It can be observed that the joint detection 

clearly provides substantial gains over the “separate” 

approach. The OB-MMSE algorithm achieved the best 

results followed by ADMM (with 10% of penalty). As 

for sMMP, it can be seen that it clearly underperforms. 
It is important to note that sMMP relies on 

consecutively finding, through correlation, the columns 

of the channel matrix that are more closely related the 

residuals of the constructed candidates (step 5 of 

algorithm 2). Since the cross-correlation between the 

different columns of the channel matrix has no 

guarantee of being close to 0 for the scenario of Fig. 4 

(channel matrix is random and squared), this will tend 

to result in errors even if no noise exists, causing 

irreducible BER floors. Increasing the number of child 

nodes, L, combined with CRM can improve the results, 

lowering  the  error  floor. In fact, in general, the use of 
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FIGURE 5.  Complexity of the different GSFIM detector algorithms 
for the MU scenario with Nu=4, Ntx=5Nu, Nf=4, Naf=3, Ns=5, Na=2, 
Nrx=5, QPSK (5.75 bpcu per user). 

 

FIGURE 6.  BER performance of PT-GSFIM in a MU scenario with 
Nu=4, Ntx=5Nu, Nf=4, Naf=3, Ns=5, Na=2, Nrx=5, 64-QAM (11.75 bpcu 
per user). 

 

CRM has a large positive impact on the performance of 

the studied receivers. For example, when using OB-

MMSE, CRM provides a gain of 5 dB at a BER of 10-5.  

It is important to note that even though OB-MMSE with 

CRM gives the best results with QPSK, it requires a 

higher computational complexity than the other 

approaches, as Nf increases. This can be observed in Fig. 

5, where we plot the complexity in flops of the different 

algorithms, using the expressions provided in section 

IV.B. As reference we also show the complexity of the 

MLD whose total number of flops is several orders of 

magnitude higher than the other alternatives, making it 

an unpractical solution. We can also see that the lowest 

complexity approach is the GSFIM-sMMP with 1 child 

node. However, this case revealed a poor performance 

in Fig. 4. Increasing the number of child nodes improves 

the BER results of GSFIM-sMMP but also increases its 

complexity, making GSFIM-ADMM the approach with 

the best tradeoff in terms of performance and 

complexity. 

Based on the previous scenario, the signal 

constellation was increased from QPSK to 64-QAM. 

 

FIGURE 7.  BER performance of PT-GSFIM in a MU scenario with 

Ntx=5Nu, Nf=4, Naf=3, Ns=5, Na=2, Nrx=4, QPSK (5.75 bpcu per user). 

 

 

FIGURE 8.  BER performance of PT-GSFIM in a MU scenario with 
Nu=4, Ntx=8Nu, Ns=8, Na=1, Nrx=4, QPSK (3 bpcu per user). 

 

The results are shown in Fig. 6. Most of the relative 

behavior of the curves observed in Fig. 4repeats itself in 

this graph. However, in this case, ADMM achieves the 

best results followed by OB-MMSE. As verified 

previously, the use of CRM clearly improves the results.  

Next, we study the influence of the number users on 

the performance of the receivers, considering basically 

the same scenario of Fig. 4, with a QPSK signal 

constellation and the use of CRM. Fig. 7 shows that 

independently of the chosen algorithm, the results 

improve by increasing the number of users. The 

improvement is achieved due to the additional transmit 

antennas (since Ntx=5Nu) combined with the power 

minimization step applied at the transmitter (detailed in 

[34]). It is important to note also that due to the use of 

block diagonalization based precoders, which remove 

all MUI and transform the signal arriving at each user to 

an equivalent SU channel (as shown in eq. (8)), there is 

no loss of diversity in this scenario. In fact, since we 

always use Ntx=5Nu and Ns=5 when we increase the 

number  of  users,  the  equivalent  received  SU  model 
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FIGURE 9.  BER performance of PT-GSFIM, PT-SDIM, PTSFIM and 
conventional BD MU-MIMO (Nu=8). 

 

(eq. (8)) always maintains the same dimensions. 

In the next scenario, which is shown in Fig. 8, we 

evaluate the impact of the CRM size, defined 

according to different values of Nf and Naf. Due to the 

very high computational complexity of OB-MMSE for 

large CRMs, we consider the adoption of the ADMM 

algorithm only. The system is operating with Nu=4, 

Ntx=8Nu, Ns=8, Na=1, Nrx=4, and QPSK.  Note that the 

SE of the different curves is not always exactly the 

same, but it stays very close to 3 bpcu per user (varies 

between 3 and 3.3). As reference, curves without CRM 

are also included. It can be observed that without 

CRM, using larger subcarrier subblocks (Nf) tends to 

degrade the performance due to the more challenging 

detection task making the curves exhibit irreducible 

BER floors. In fact, it is important to note this figure 

corresponds to a difficult underdetermined scenario, 

where the number of observations is smaller than the 

number of unknowns. With CRM, the behavior is 

reversed. Even though, for low SNRs a larger Nf 

achieves worse BERs, at higher SNRs the curves fall 

with a steeper drop and end up achieving better results. 

Comparing the curves of PT-GSFIM with CRM 

against the curves without CRM for the same 

dimensions in term of Nf and Naf, we can observe gains 

between 3 dB (smallest Nf) and 8 dB (largest Nf) for a 

BER of 10-4, due to the additional diversity.  

In the last set of results shown in Fig. 9, we present 

a comparison between multiple scenarios using a 

conventional Block Diagonalization (BD) MU-MIMO 

scheme from [43], GSM MU-MIMO from [34], and 

the proposed PT-GSFIM. Regarding PT-GSFIM, we 

present three different configurations, while keeping 

the same SE.  For all the curves we consider Nu=8, with 

the SE being close to 4 bpcu per user. ADMM based 

detection was adopted for all the schemes, i.e., for BD 

MU-MIMO, GSM MU-MIMO and PT-GSFIM. It can 

be observed that the proposed PT-GSFIM schemes can 

outperform both GSM and conventional MU-MIMO 

and the gains are higher when the symbols are spread 

over a larger number of subcarriers (Nf). 

VII. CONCLUSION 

In this paper we described a MU-MIMO system 

where a base station transmits precoded space-

frequency domain IM symbols. The proposed PT-

GSFIM scheme adopts SSD techniques which allows it 

to benefit from the diversity effects inherent to a 

frequency selective channel. To support the detection of 

PT-GSFIM signals at the receiver, three different 

algorithms were presented. As expected, it was 

observed that by increasing the size of the subcarrier 

subblocks while keeping the same SE, can result in 

improved performance when SSD is employed, since 

the symbols are spread over a larger number of 

subcarriers, benefiting from the frequency diversity 

effect. Performance results also demonstrated that the 

proposed scheme can outperform both GSM and 

conventional MU-MIMO.  
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Chapter 3 - System-Level Assessment of a C-RAN based on Generalized Space–

Frequency Index Modulation for 5G New Radio and Beyond 

 

Following on the work started in the previous paper about IM schemes, we proceeded to the study 

and system level evaluation of the integration the PT-GSFIM approach into C-RAN. In this case we 

considered a C-RAN deployment based on the standards of 5G and B5G systems, and we evaluated the 

performance of the adoption of PT-GSFIM links in MU-MIMO scenarios. Three different scenarios 

from the standards of 5G NR of 3GPP alliance were considered, along with two different frequencies. 

For UMa and UMi scenarios, we used two options of carrier frequencies: one with 3.5 GHz and another 

one with 28 GHz. For the indoor office scenario, we used an mmWave band operating at 30 GHz or 70 

GHz. We assumed three types of modulations, (from 4QAM up to 64QAM). Both scenarios have 

pedestrians moving at 3 km/h, with LOS or NLOS paths. In this contribution, instead of comparing 

simply the BER performance, we used the average throughput instead. We keep the same SE in every 

case to a better understanding and comparison.  

From our results we observed that the proposed PT-GSFIM based C-RAN obtains better results 

compared to a traditional MU-MIMO approach. In fact, we could also observe that it was possible to 

use a lower modulation constellation and obtain the same SE and better performance than the standard 

MU-MIMO. This shows that IM can potentially offer better SE and EE in mobile communications, 

whether in urban or indoor scenarios. All the information mentioned, with more details, is presented 

below. 
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System-Level Assessment of a C-RAN based on Generalized 

Space-Frequency Index Modulation for 5G New Radio and Beyond  
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Abstract: Index Modulations (IM) have been attracting considerable research 

efforts in recent years as it is considered a promising technology which can 

enhance the spectral and energy efficiency and help cope with the rising demand 

of mobile traffic in future wireless networks. In this paper, we propose a cloud 

radio access network (C-RAN) suitable for fifth generation (5G) and beyond 

systems, where the base stations (BSs) and access points (APs) transmit 

multidimensional IM symbols, which we refer to as Precoding-aided Transmitter 

side Generalized Space-Frequency IM (PT-GSFIM). The adopted PT-GSFIM 

approach is an alternative multiuser multiple-input multiple-output (MU-MIMO) 

scheme that avoids multiuser interference (MUI) while exploiting the inherent 

diversity in frequency selective channels. To validate the potential gains of the 

proposed PT- GSFIM based C-RAN, a thorough system level assessment is 

presented for three different three-dimensional scenarios taken from standardized 

5G New Radio (5G NR), using two different numerologies and frequency ranges. 

Throughput performance results indicate that the 28 GHz band in spite of its 

higher bandwidth and higher achieved throughput presents lower spectral 

efficiency (SE). The 3.5 GHz band having lower bandwidth and lower achieved 

throughput attains higher SE. Overall, the results indicate that a C-RAN based on 

the proposed PT-GSFIM scheme clearly outperforms both generalized spatial 

modulation (GSM) and conventional MU-MIMO, exploiting its additional 

inherent frequency diversity. 

Keywords: Index Modulation; Precoding; PT-GSFIM; Multi-user MIMO; System 

level simulation; 5G and beyond 5G 

 

1. Introduction 

As technology advances in wireless communications, more 

innovative solutions have been appearing. These solutions should be able 

to handle the increase of the number of devices connected to the network 
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and also the amount of mobile traffic services that are growing day by 

day. Newer generations are expected to offer better system robustness, 

higher mobility, spectral and energy efficiency than previous ones. 

Current fifth generation (5G) technology is capable, efficient and 

flexible, but can be improved further. 5G works in bands below 7 GHz, 

which corresponds to the Frequency Range 1 (FR1) of 5G New Radio (5G 

NR) [1], and above 24 GHz, corresponding to Frequency Range 2 (FR2) of 

5G NR, and can accommodate much more users than the last generation 

counterpart. It uses the massive multiple input multiple output (MIMO) 

concept which allows to achieve 100x higher efficiency without requiring 

more base stations (BSs). Massive MIMO and non-orthogonal multiple 

access (NOMA) are widely used in wide band networks and can 

accommodate a higher number of users and streams but fail to achieve a 

higher spectral efficiency (SE) that is required to meet the challenges and 

requirements of beyond 5G (B5G) and future generations (6G) [2,3]. 

Regarding recent research work that has been done in the physical layer, 

one of the potential candidates to improve future and current networks is 

the use of index modulation (IM) schemes [4,5].  

IM has surged in recent years as a promising technique to convey 

additional information bits, named as index bits, that are distributed 

through a certain order, and select certain resource elements such as 

antennas, subcarriers, slots and/or channels. This capability of activating 

certain resources of communications, through the indices of the building 

blocks, can result in improvements on energy efficiency (EE) and SE, and 

also reduces the complexity of the receivers [3,6]. IM can be applied 

together with current technologies like massive MIMO and can be used in 

high mobility scenarios, like mobile communications [5]. Spatial 

modulation (SM) and orthogonal frequency division multiplexing with 

IM (OFDM-IM) schemes are well-known examples of IM schemes [4,7].  

SM was first introduced in order to simplify the MIMO schemes to a 

lower computational complexity and implementation, as it only requires 

a single RF chain to convey the index bits [8]. This type of scheme can be 

combined with conventional modulation techniques such as amplitude 

and Phase Modulation (APM), Phase Shift Keying (PSK) or Quadrature 

Amplitude Modulation (QAM). Although SM only uses one active 

transmitter, in [9] the concept of SM was generalized to enable multiple 

active antennas simultaneously, which was named as Generalized SM 

(GSM). IM schemes like SM and GSM, are usually more suitable in large 

scale communications, allowing superior EE and better BER results than 

conventional MIMO [5, 9, 10]. The addition of precoding techniques 

allows the implementation of SM relying on the activation of antennas at 

the receiver instead of the transmitter, enabling lower implementation 

complexity at the receiver [10]. 

OFDM-IM uses an alternative approach as it explores IM applied at 

the frequency domain instead of the spatial domain, relying on the indices 

of subcarriers of conventional OFDM transmission [11], [12]. Like 

SM/GSM, in OFDM-IM only a portion of subcarriers are activated 

according to their indices, and only those convey M-ary modulated 

signals [13]. Various authors have modified and improved the basic 

OFDM-IM scheme. An example is using precoding techniques to improve 

further the communications in downlink between BSs and receivers. This 

results in reduced complexity at the receiver side, which tends to lower 

the interference [14]. The use of interleavers on OFDM subcarriers is 

another possible approach for achieving considerable improvements. In 
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[15], the authors compared the performance of OFDM-IM with a 

subcarrier-level block interleaver (OFDM-ISIM) against traditional 

OFDM and OFDM-IM. It was shown that the former was capable of 

achieving better BER results. Layered OFDM-IM (L-OFDM-IM) is another 

example of an IM scheme which divides the OFDM subcarriers into 

multiple layers [16]. Dual Mode OFDM-IM (DM-OFDM-IM), Multi-Mode 

OFDM-IM (MM-OFDM-IM), and their generalized versions, are other 

good examples of IM based OFDM schemes. Both of these schemes use 

groups of designed constellations, which can be selected according to 

their indices and desired communication [17-20]. All of these mentioned 

schemes tried to improve SE over OFDM-IM.  

It is important to note that IM can also be applied to time and channel 

domains. In [21], the authors presented a scheme where IM is applied in 

the time domain. It uses the concept of time slots, similar to Time Division 

Multiple Access (TDMA), which is named as IM Multiple Access (IMMA). 

On the other hand, the IM approach in [22] uses the channel approach to 

convey additional information through channel realizations. This is also 

known as media-based modulation (MBM). 

Many recent works on IM are focused on multiuser (MU) 

communications, especially in downlink situations. The receivers usually 

have a limited number of antennas, which are prone to multiuser 

interference (MUI). On the other hand, the uplink has less complexity, and 

can be addressed like an extension of GSM [23]. Some authors have 

proposed versions of IM based on multidimensional schemes, that are 

built with a combination of spatial and frequency domains [7]. In [24], the 

authors have merged both SM and OFDM-IM schemes simultaneously to 

produce a scheme named as Generalized Space-Frequency IM (GSFIM). 

In this new technique, the index bits, can select which antenna and 

subcarrier should be activated at each transmission. Although only single 

user (SU) cases were explored, the authors showed good results in BER 

performance and transmission rates, when compared with other schemes. 

More recently, in [25] the authors extended the same concept, proposing 

multidimensional IM schemes that work in MU scenarios. Both frequency 

and spatial domains are exploited for downlink MU communications 

with assistance of Signal Space Diversity (SSD), showing promising 

results. In [26], a scheme that combines space-frequency code and MIMO 

OFDM-IM was proposed. It was shown that the presented scheme was 

capable of increasing the transmit diversity order. 

5G and beyond networks using radio access virtualization strategies 

and advanced computational platforms will exploit network 

densification. The virtual cell concept removes the traditional cell 

boundary for the device and provides a consequent reduction of the 

detrimental “cell-edge experience” by the terminal. Traditionally, devices 

are associated with a cell and, as a consequence, the link performance may 

degrade as a terminal moves away from the cell center. In a virtualized 

cloud radio access network (C-RAN), the network determines which BSs 

or access points (APs) are to be associated with each terminal. The cell 

moves with the terminal in order to provide a cell-center experience 

throughout the entire network. Each terminal is served by its preferred set 

of APs. The actual serving set for a terminal may contain one or multiple 

BSs and the terminal’s data is partially or fully available at some or a small 

set of potential serving BS. The BS controller (Central Processor) will 

accommodate each terminal with its preferred set and transmission mode 



 

39 

 

at every communication instance while considering load and channel 

state information (CSI) knowledge associated with the BS [27]. 

5G NR system [28- 30] uses scalable OFDM numerology introducing 

specific subcarrier spacings (∆f), Transmission Time Interval (TTI), Cyclic 

Prefix (CP), and the number of slots. Higher numerology indices 

correspond to larger subcarrier spacings (SCSs), ranging from 15 kHz up 

to 480 kHz according to the equation: ∆𝑓 = 15 kHz × 2𝑛. The numerology 

index n depends on various factors (i.e., service requirements, 

deployment type, carrier frequency, etc.). The introduction of wider SCS 

is essential for mitigating inter-carrier interference (ICI) and phase noise 

at millimeter wave (mmWave) frequencies. As SCS widens, the TTI 

assumes smaller values ranging from 1 ms to 31.25 µs. 5G NR was 

designed to lower interference and increase EE by reducing always-on 

transmissions, which is a crucial aspect to extend the lifetime of IoT 

devices. 5G NR ensures forward compatibility as it is prepared for its 

future 6G evolution in use cases and technologies. The introduction of 

mini-slots made 5G NR capable to guarantee low-latency requirements 

for ultra-reliable and low latency communications (URLLC). At mmWave 

frequencies, high capacity and extreme data rates are possible, even 

though higher frequencies introduce limitations in coverage due to 

increased signal attenuation [31]. 5G NR specifications, are projected to 

accommodate dense urban scenarios, but with the introduction of 

mmWave, it can be more likely to have some part of the signal blocked by 

obstacles or severely affected by distance, which causes a substantial 

decrease of the signal strength, becoming hard to compensate even with 

advanced signal processing techniques [32, 33].  

Motivated by the work above, in this paper we study the adoption of 

Precoding-aided Transmitter side Generalized Space-Frequency IM (PT-

GSFIM) as an alternative multi-user MIMO (MU-MIMO) scheme for the 

downlink in 5G and beyond systems. Besides exploiting both frequency 

and space domain resources through IM, different M-QAM constellation 

orders can be supported so as to accommodate flexible tradeoffs between 

SE, performance and complexity. In this paper we extend our previous 

work in [25], where we presented the design of a precoder and different 

detection algorithms for PT-GSFIM. The present scheme uses the same 

precoder to remove the MUI between BS and receivers, breaking the MU 

communication into equivalent small SU links and achieving a lower 

complexity at the receiver side. Furthermore, we adopt subcarrier-level 

interleaving combined with SSD techniques as it allows the proposed 

approach to exploit the inherent diversity in frequency selective channels 

and achieve improved performance without requiring additional power 

or bandwidth. In this paper, we focus on the system level assessment of a 

C-RAN based on the PT-GSFIM scheme. The system level evaluation is 

performed for numerologies one and two from 5G NR in three 3D 

scenarios with different parameters, such as, modulation, number of 

transmitted antennas per user, bandwidth and frequency carrier, and it is 

benchmarked against two alternative MU-MIMO schemes. System level 

simulations were performed based on PT-GSFIM link level results 

between the BSs and the multiple terminals, where it is considered that 

the alternating direction method of multipliers (ADMM) detection 

algorithm from [25] is applied on the receiver side. System level 

evaluation demonstrates that C-RAN deployments in several indoor and 

outdoor scenarios, including urban or mixed, can achieve significant 

performance and coverage improvements over typical cellular networks.  
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The paper is organized as follows: Section 2 presents the model for 

the PT-GSFIM system, Section 3 presents the transmitter and receiver 

structure as well as the different 5G NR scenarios that are considered in 

the evaluation. Section 4 presents and discusses the link and system level 

simulations results, whereas the conclusions are outlined in Section 5.  

Notation: Matrices and vectors are denoted by uppercase and 

lowercase boldface letters, respectively. (.)T and (.)H denote the transpose 

and conjugate transpose of a matrix/vector, 
p

  is the 
p

-norm of a 

vector, 
0

  is its cardinality, supp(x) returns the support of x,     is the 

floor function and 
nI  is the n × n identity matrix. 

2. System Model 

We consider the downlink of an OFDM based MU-MIMO system, 

where a BS equipped with Ntx antennas, transmits to Nu users. Each user 

is assumed to have Nrx antennas each, wherein that transmission is 

composed by grouping the subcarriers into Nf-sized subblocks, with only 

Naf of them active at any given moment, as seen in Figure 1. 

Figure 1. Transmitter and Receiver structure [25]. 

As an example, if we have a scenario with Nf = 8 and Naf = 6, then only 

6 out of each group of 8 subcarriers are selected, and only the selected 

ones are activated to convey modulated symbols trough their respective 

indices. This pattern of activation of subcarriers is also combined with the 

pattern of activation of the spatial domain which means that not all 

antennas will be transmitting in an active subcarrier. In fact, denoting Ns 

as the total number of streams assigned to the antennas on each 

subcarrier, then only Na of the position will contain modulated symbols 

which will correspond to active antennas.  

2.1. Precoding-aided Transmitter side Generalized Space-Frequency Index 

Modulation (PT-GSFIM) 

We adopt an OFDM based MU-MIMO as basis, where part of the 

information is mapped to conventional M-sized APM symbols and the 

remaining is encoded according onto spatial and frequency indices. We 

assume a transmission block matrix where the bits are mapped in a simple 
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way, with the encoding of the spatial indices executed independently 

from the frequency indices. In this case simple look-up-tables (LUTs) are 

inside each subblock: one for the spatial resources and another for the 

frequency resources. Although some SE is sacrificed when the mapping is 

done independently (the number of available space-frequency blocks that 

are indices, normally are reduced), it simplifies the detection process as 

well the mapping/de-mapping process, as we will show further below. It 

is important to highlight that the approach based on a pair of LUTs is only 

adequate when a small number of both active antenna combinations and 

active subcarrier combinations exists. When this number is large, a 

different strategy can be employed, as described in [11, 34].  

Defining a PT-GSFIM symbol as 
1N Ns fu

g



s , for the uth user, it can be 

written as ( ) ( ),,1 af

T
TT u Nu u

g g g

 =
  

s s 0 s , which corresponds to the 

concatenation of (Nf – Naf) length-Ns  vectors of zeros with  Naf  GSM 

symbol vectors 
1

,
Nsu i

g



s . These symbols are defined as 

, , ,

,1 ,0 0 0 0
T

a

u i u i u i

g g g Ns s =  s , where {1, , }afi N= , {1, , }uu N=  

and {1, , }GSFIMg N=  (
GSFIMN  is the number of PT-GSFIM symbols inside 

an OFDM block). Each of the 
GSFIMN  symbols is composed of all available 

antenna and subcarrier positions, where each is activated and deactivated 

according to their indices. The symbols ,

,

u i

g j
s , where {1, , }aj N= , are 

selected from an APM constellation. Since we are considering a MU 

downlink situation, where precoding is applied, the expression for the 

transmitted signal can be written as 

 
1

uN

u

g u g g

u=

= =x F s Fs , (1) 

where ( ) ( )1 u

T
TT

N

g g g
 =
  

s s s  and 1 uN
 =  F F F , with 

N N N Ntx f s f

u



F , 

represents the precoder matrix. After the precoders and interleavers 

(which are explained further ahead), the frequency domain symbols are 

concatenated into N-sized blocks and converted to time domain through 

an Inverse Fast Fourier Transform (IFFT). Before the transmission occurs, 

a CP with length greater than the delay spread of the channel is added to 

each block. It is important to observe that each PT-GSFIM symbol can 

carry a total of bits per user calculated trough 

 ( )( )2 2 2log log log ( )fs

a af

NN

bits af N a NN N N M   = + +
  

, (2) 

where Ns is the number of available spatial positions on each subcarrier 

which is constrained to Ns ≤ Ntx/Nu, and M is the size of the constellation 

adopted for the conventional modulated symbols. 

2.2. 5G New Radio 3D Scenarios  

There are several 5G test scenarios [47]. The three most important 

ones are described here and later evaluated using the multidimensional 

PT-GSFIM signals [25].  
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2.2.1 Urban macro 

The urban macro (UMa) homogeneous deployment scenario focuses 

on large cells and continuous coverage. This scenario will be interference-

limited, using macro transmission and reception points (TRPs, radio BSs 

above rooftop level). The inter site distance (ISD) in this scenario is 500 m, 

with the BS antenna height being 25 m. The carrier frequency is 3.5 GHz 

or 28 GHz. The bandwidth for 3.5 GHz and 28 GHz is up to 100 MHz and 

1 GHz, respectively. Full buffer model is assumed. A total of 20 user 

equipments (UEs) are distributed per sector of each cell, with 80% users 

being indoor with 3 km/h velocity and the remaining 20% being in cars 

with 30 km/h velocity. All parameters used correspond to the Table 7.2-1 

in [36]. 

2.2.2 Urban micro – Street canyon  

The urban micro (UMi) deployment scenario focuses on urban micro 

cells and high user densities and traffic loads in city centers and dense 

urban areas. This scenario will be interference-limited, using micro TRPs 

with micro cells. The ISD for the micro cells is 200 m. There are 3 micro 

cells per macro cell, with the micro-BS antenna height being 10 m. The 

carrier frequency and bandwidths for micro cell are the same as for urban 

macro cell. Full buffer traffic model is assumed. A total of 10 UEs are 

distributed per micro sector with 80% users being indoor with a moving 

speed of 3 km/h and the remaining 20% being in cars with a velocity of 30 

km/h. All parameters used correspond to the Table 7.2-1 in [36]. The 

layout of this scenario is illustrated on Figure 2. 

 
 

Figure 2. Urban micro scenario layout: Macro layer: ISD = 200 m = 3R; Micro layer: 

3 micro TRPs per macro TRPs.  
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2.2.3 Indoor hotspot 

The indoor hotspot deployment scenario focuses on small coverage 

per cell and high user throughput or user density in buildings. This 

scenario represents indoor offices (InDs) with a total area of 120 m × 50 m. 

There are 12 small cells which are deployed with an ISD of 20 m. In this 

case the BS antenna height is 3 m. The carrier frequency options are 30 and 

70 GHz (mmWaves). The bandwidth for both 30 and 70 GHz carriers is 

up to 1 GHz. A total of 10 users per cell are distributed uniformly and all 

users are indoors with 3 km/h velocity. Full buffer model is assumed. The 

layout of this scenario is illustrated on Figure 3. All parameters used 

correspond to the Table 7.2-2 in [36]. 

 

 

Figure 3. Indoor Office scenario layout.  

Our 3D simulation channel model considers the above mentioned 

indoor and outdoor wireless propagation environments in terms of 

physical aspects of mmWave frequencies while numerous 5G NR channel 

models issues are adopted [35, 36]. For any considered operating 

frequency and scenario, the number of clusters, number of subarrays 

(scatterers) per cluster, and the positions of the clusters can be determined 

by the detailed steps and procedures of [35, 36]. 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, 5G NR extends the operating frequency range by comprising the 

frequency bands below 7 GHz (i.e., FR1) and in the range from 24.25 GHz 

to 52.6 GHz (i.e., FR2), different antenna solutions and techniques need to 

be employed depending on the utilized spectrum. For lower frequencies, 

up to a moderate number of antennas can be activated (i.e., 64). In 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 large number of 

multi-antenna elements having a given aperture to increase the 

transmission/reception capability of MU-MIMO and beamforming. Since, 

managing transmissions in higher frequency bands is 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.  
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3. Transmitter and Receiver Structure 

In this section we describe the transmitter and receiver structures 

adopted. Section 3.2. addresses the use of complex rotation matrices 

(CRM) so as to integrate SSD into PT-GSFIM symbol design. The last sub-

section, the adopted receiver algorithm.  

3.1. Precoder Design 

Assuming the time domain samples have been converted to the 

frequency domain through an N-point Fast Fourier Transform (FFT) and 

the CP has been discarded, the gth PT-GSFIM symbol received by the user 

can be written as 

 
1

=
uN

u u u u u u j u

g g g g g u g g j g g

j
j u
=


+ = + +y H x n H F s H F s n , (3) 

where 
1N Nrx fu

g



y , 
1N Nrx fu

g



n  represents the noise and 
N N N Nrx f tx fu

g



H  is 

the frequency domain channel matrix between the BS and the user u. 

Since, we are considering an OFDM scheme, the channel matrix follows a 

block diagonal structure, and can be written as 

  ,,1 ,blkdiag , , , , fu Nu u u f

g g g g=H H H H , (4) 

with 
, rx txN Nu f

g


H , 1, , ff N= . As seen in the right side of (3), the second 

term represents the interference between users. Using the approach of 

block diagonalization (BD) described in [37] for the design of the precoder 

matrices 
uF , it is possible to eliminate all MUI from all the receivers. It is 

important to note that the signals conveyed on each subcarrier only 

generate interference on that subcarrier due to the block diagonal 

structure of u

gH . This means that the precoder matrices 
uF , for each 

subcarrier can be built independently and follow a block diagonal 

structure, i.e. 

  ,1 ,blkdiag , ,
fu u u N=F F F , (5) 

with ,
tx sN N

u f


F , 1, , ff N= . Each of the component precoder matrices 

,u fF  is generated so as to enforce ,

,

v f

g u f =H F 0  for all v u , cancelling all 

MUI. Let us define the matrix that concatenates all the channel matrices 

between the base station and all users, except user u, for the subcarrier f 

as 

 ( ) ( ) ( ) ( ),, 1, 1, 1, u

T
TT T T

N fu f f u f u f

g g g g g

− + =
  

H H H H H . (6) 

This matrix models the transmission of the signal targeted at the uth 

user when it reaches all of the other receivers, which causes interference, 

thus corresponding to the interference channel matrix. The appropriate 

precoder matrix 
,u fF , can be designed using an orthonormal basis of the 

null space of ,u f

g
H . Starting from the singular value decomposition (SVD) 

of ,u f

g
H , which is given by 

 ( ) ( )1 0,

, , , , 
H

u f

g u f u f u f u f
 =
 

H U Λ V V , (7) 

where 
,u f

U  is the matrix with the left-singular vectors, ,u fΛ  is a 

rectangular diagonal matrix with the decreasing nonzero singular values, 
( )1

,u fV  contains the right singular vectors corresponding to the nonzero 

singular values and ( )0

,u fV  contains the remainder right singular vectors. To 

guarantee zero MUI in each precoder matrix, each precoder can be set as 
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( )  0

, , :,1:u f u f sN=F V . In this case, at each receiver, the resulting signal is 

reduced to 

 ˆ=u u u u

g g g g+y H s n , (8) 

where ˆ =
u u

g g uH H F  is the equivalent SU channel. It can be observed that 

there is no presence of MUI in the resulting signal. Keeping in mind that 

both u

gH  and 
uF  have a block diagonal structure, ˆ u

gH  will be block 

diagonal as well. Only a few positions of u

gs  will tend to be nonzero, 

according to the stated system model. As a result, u

gs  is a sparse vector, 

and its sparsity can be used to lower the transmitted power. To do this, 

we can use the same strategy that we considered in [38] for virtual GSM 

transmissions, in which an alternative signal is generated to reduce the 

transmitted power while assuring that the signals arriving at receivers are 

similar to the original ones. Although, we assume fully-digital precoders 

in this paper, it is possible to simplify the implementation complexity of 

the proposed solution by using a hybrid precoder design comprising a 

reduced digital part and an analog part supported for example on analog 

phase shifters (and which are the same for all subcarriers). The hybrid 

design can be easily accomplished following the approximation-based 

approach described in [39]. 

3.2. Complex Rotation Matrices 

A GSM symbol vector forming a PT-GSFIM is subject to the influence 

of the channel on a single subcarrier since, according to the signal model 

of equation (8), ˆ u

gH  is block diagonal. However, we can incorporate SSD 

techniques into the design of PT-GSFIM in order to take advantage of the 

inherent diversity of frequency selective channels commonly seen in 

mobile propagation situations. SSD was first proposed in [40] and can be 

used to increase the performance without requiring more power or 

bandwidth. In the proposed approach we apply SSD by spreading each 

GSM symbol that makes up the primary PT-GSFIM symbol over different 

subcarriers through the use of CRM. Working with a rotating super-

symbol is part of the CRM application procedure. In this situation, we 

only apply the spreading in the frequency direction, which means that all 

of the spatial components are rotated simultaneously. For each user u , the 

rotated length-NsNf super-symbol can be expressed as 

 ( )
f s

u u

g N N g=  s Α I s , (9) 

and the transmitted signal becomes (1) 

 ( ) ( )( )
1

u

f s u f s

N

u

g u N N g N N N g

u=

=  =  x F Α I s F I Α I s .   (10) 

Matrix 
N Nf f

fN



Α  can be chosen from the orthonormal complex 

matrices (OCRM) family, which is defined as 

 

1/ 2

2

2 2

1//2 /2

/2 /2

/ , 2

det( ) 2

/ , 2

CRM

CRMCRM CRM

CRM

CRM CRM

j j

CRMj j

M

MM M

M CRM

M M

e je
M

je e

A

M

 

 

−

−

 
 = 
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

= = =

 

  −  

A

Α A

Α Α
Α

Α Α
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where 2n

CRMM = , det( )
CRM CRMM M

=A A  and φ is the rotation angle [41]. To 

get the most out of frequency diversity, a subcarrier-wise interleaver is 

applied so that the effective group of subcarriers assigned to each PT-

GSFIM symbol is spread out across the entire bandwidth. This interleaver 

is similar to the subcarrier-level block interleaver in [15]. However, in the 

case of PT-GSFIM its effect is leveraged since with the use of CRM, each 

individual GSM symbol is spread over the different subcarriers allocated 

to the corresponding PT-GSFIM subblock. 

3.3. Receiver Design 

In the previous section, the transmitter side was described, where the 

use of precoder removes all MUI from the receiver side. This means that 

only SU detection needs to be implemented at the receivers. 

 Due to the use of CRM, each GSM symbol comprising a PT-GSFIM 

block is dispersed across numerous subcarriers. As a consequence, the 

received signal can be written as 

 
ˆ=

u u u u

g g g g

u u u

g g g

+

= +

y H s n

H s n
, (12) 

where ( )ˆ
f s

u u

g g N N= H H Α I  is the overall equivalent channel that the user 

u “perceives” for the gth PT-GSFIM symbol. To design the detector, first, 

we formulate the maximum likelihood detection (MLD) problem as 

 ( )
2

2
min   

u
g

u u u

g g gf −
s

s y H s , (13) 

  0subject to  s fN Nu

g s , (14)    

       ( ),

0supp ,   1,...,u i

g fi N =s , (15) 

                              ( )supp u

g s , (16) 

where 
0

 represents the set with the complex valued symbols from the 

adopted APM constellation, including symbol 0. 
0

 denotes the set of 

valid supports of ,u i

gs , according to the possible GSM symbols.  

represents the set of valid supports of ,u i

gs  according to all possible active 

subcarrier combinations. Applying the alternating direction method of 

multipliers (ADMM), following the approach described in in [42], results 

in the algorithm of Table 1. In the algorithm, I  designates the complement 

of the support set I and Q is the number maximum of iterations. 

In line 6, ( )
0

   denotes the projection over 
0

 which can be 

completed by choosing the 
aN  largest magnitude elements, and whose 

indices also correspond to a valid active antenna combination. If set 
0

 is 

very large, the projection can be simplified to a basic cardinality-based 

one. In this situation the projection can be obtained by turning to zeros the 

Ns – Na smallest magnitude elements. Step 7 requires computing the 

projection over set , ( )  , which may be achieved by nulling all, 

except the  Naf  columns of the matrix ( ) ( )( )11

s f

t t

N Nvec
+−

= +R s v  which have 

a higher Euclidean norm and which also match a valid active subcarrier 

combination. If set  is very large, the projection can also be simplified to 

a basic cardinality-based projection. In this case we simply need to zero 

the Nf – Na columns of R with smaller Euclidean norm. Step 8 involves a 

projection over set 
0

s fN N , ( )
0

N Ns f
   which can be computed 
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elementwise through simple rounding to the nearest element in 
0

. The 

projection in step 11 can be performed in a similar way.   

Table 1. Algorithm based in ADMM used for GSFIM detection [25]. 

1:    Input: x0, r0, z0, u0, v0, w0, 
u

gH , u

g
y , ρx, ρr, ρz, Q 

2:    
bestf =   

3:    ( ) ( )( )
1

f s

H
u u

g g x r z N N  
−

 + + +Φ H H I  

4:    for t = 0, 1, … Q-1 do 

5:    
( ) ( ) ( ) ( )( ) ( ) ( )( )( ( ) ( )( )1

H
t t t t t t tu u

g g x r z  
+

 + − + − + −s Φ H y x u r v z w  

6:    ( )
( )

( )
( )

( )
( )( )0

1 1 1t t t
i i i

+ + +

 +x s u  

7:    ( ) ( ) ( )( )1 1t t t+ +
 +r s v  

8:    ( ) ( ) ( )( )
0

1 1
N Ns f

t t t+ +
 +z s w  

9:    ( )( ) ( )( )1 1
supp supp

t t
I

+ +
 x r  

10:   If t = Q-1 then 

11:   [ ] 0
u

g I s  

( )( ) ( ) )
1

2[ ] [:, ] [:, ] 2 [:, ]N Naf a af s

H H
u u u u u

g g g N N g gI I I I
−

  + 


s H H I H y  

12:   else 

13:   
( )1

[ ] 0,    [ ] [ ]
tu u

g gI I I
+

 s s z  

14:   end if 

15:   If ( )u

g best
f fs  then 

16:   ˆ [ ] 0
u

g I s , ˆ [ ] [ ]
u u

g gI Is s   

17:   ( )u

best g
f f= s  

18:   end if 

19:   ( ) ( ) ( ) ( )1 1 1t t t t+ + +
 + −u u s x  

20:   ( ) ( ) ( ) ( )1 1 1t t t t+ + +
 + −v v s r  

21:   ( ) ( ) ( ) ( )1 1 1t t t t+ + +
 + −w w s z  

22:   end for 

23:   Output: ˆu

gs  

4. Numerical Results 

In this section we present numerical simulations, both link and 

system level, for the PT-GSFIM based downlink scheme integrated into a 

5G NR system. Results are presented in bit error rate (BER) and measure 

the performance of the signal across the entire communication chain, from 

transmitter to receiver. Link performance results, namely, block error rate 

(BLER) results are used as input by the system level simulator. We 

consider a virtualized C-RAN, where the network determines which BSs 

or APs are to be associated with each terminal. The total number of BSs or 

APs depends on the scenario and are indicated on Tables 1 and 2. Each BS 

or AP consists of three TRPs, each one equipped with Ntx antennas, while 
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users have Nrx antennas. The BS or AP array configuration corresponds to 

3 uniform linear arrays, each with 256 antennas, where the separation 

between antennas of the array is half wavelength [43]. The system level 

block diagram can be found in references [35, 36, 45, 45].  

4.1. Link level simulations 

In this section, the performance of the proposed PT-GSFIM scheme 

is assessed and compared against other MU-MIMO systems. Monte Carlo 

simulations were run according to the system model presented 

previously. 

Figure 4 shows a comparison of block diagonalization (BD) based 

MU-MIMO scheme from [37], GSM MU-MIMO from [38], and the PT-

GSFIM from [25]. We assume a scenario with Nu = 8, Na = 2 and Nrx = 5 for 

all schemes, while keeping the same SE, close to 12 bits per channel use 

(bpcu). SE is computed trough Equation (2), divided by Nf. We also 

employ a total of Ntx = 12Nu antennas for all 3 schemes, with PT-GSFIM 

and BD MU-MIMO using the ADMM algorithm for the detection, and 

GSM using the OB-MMSE algorithm from [44]. The CRM adopted in the 

PT-GSFIM scheme, considers a rotation angle φ of 30˚. Both GSM and PT-

GSFIM are using an 16QAM constellation whereas 64QAM is used in BD 

MU-MIMO. To ensure a fair comparing, all schemes have a SE close to 12 

bpcu per user. It can be observed that the PT-GSFIM scheme outperforms 

both GSM and traditional MU-MIMO, and the gains are greater when the 

symbols are distributed over a larger number of subcarriers (Nf). At the 

end of the paper, we will compare these three MU-MIMO schemes based 

on system level simulations. 

Figure 4. Comparison of BER performances of PT-GSFIM, GSM and conventional 

BD MU-MIMO, with Nu = 8, and SE = 12 bpcu. 

A second set of simulations were performed in order to analyze the 

BLER performance versus the energy per symbol to noise power spectral 

density (
0s

E N ) in dB for the proposed PT-GSFIM system. For these BLER 

simulations, a minimum of 25000 blocks were transmitted for computing 

each BLER result.  
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In Figure 5, BLER is presented versus (
0s

E N ) in dB, for three cases 

of M-QAM modulations namely, M {4,16,64}. We have different SEs for 

64QAM, namely 12.5 bpcu and 11.75 bpcu, for 16QAM the SE is 11.9375 

bpcu and for 4QAM (QPSK) we have 6.5 bpcu and 5.75 bpcu. The 

difference between them is the number of transmitting antennas per user 

which were 8 antennas per user for 64QAM (12.5 bpcu) and 4QAM (6.5 

bpcu), 5 antennas per user are used for 64QAM (11.75 bpcu) and 4QAM 

(5.75 bpcu), whereas 12 antennas per user are used for 16QAM (11.9375 

bpcu). As expected, higher values of M require higher values of 
0s

E N  to 

reach the reference BLER = 10-1. Higher number of antennas per user 

increases the bpcu and decreases the 
0s

E N  required to reach the 

reference BLER. 

 

Figure 5. BLER vs (
0s

E N ) dB curves, for PT-GSFIM in a MU scenario with Nrx = 

5, 64QAM (11.75 bpcu and 12.5 bpcu), 16QAM (11.9375 bpcu) and 4QAM (5.75 

and 6.5 bpcu). 

4.2. System level Simulations 

Using the PT-GSFIM link level results, in this subsection we describe 

several system level simulations that were performed for a C-RAN 

incorporating PT-GSFIM, considering different scenarios and 5G NR 

numerologies. The signal-to-noise ratio (SNR) in dB    considered in the 

system level simulations is obtained from 

( ) ( )0    10 /sSNR log Rs BE N= +  dB, where Rs is the total transmitted 

symbol rate per antenna and user, B is the total bandwidth (we considered 

20 MHz at 3.5 GHz and 50 MHz at 28 GHz), and 
0s

E N is the ratio of 

symbol energy to noise spectral density in dB. Values of 
0s

E N  are 

obtained from the link level BLER results. 5G NR frame structure has both 

Frequency Division Duplex (FDD) used in the paired spectrum, while 

Time Division Duplex (TDD) is used for the unpaired spectrum. We chose 

TDD in this work and 5G NR numerology 1 for UMi and UMa scenarios 

at 3.5 GHz, and numerology 2 for InD scenario at 28 GHz [43]. For UMi 

and UMa scenarios the B = 20 MHz with normal CP, where the subcarrier 
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spacing is 30 kHz and 28 OFDM symbols are transmitted in every 

subframe of 1 ms. For InD scenario the B = 50 MHz, the subcarrier spacing 

is 60 kHz and 28 OFDM symbols are transmitted in every subframe of 0.5 

ms. Other simulator parameters are as follow: maximum TRP transmit 

power of 49 dBm for UMa, 44 dBm for UMi, or 30 dBm for InD, receiver 

spectral noise power density -174 dBm/Hz, CP overhead 5%, pilots/TRP = 

50 and uniform linear arrays with uni-polarized antennas. Each user 

feedbacks all CSI and signal-to-interference-plus-noise ratio (SINR) to 

TRPs during uplink time slots. Equal duration of downlink and uplink 

time slots is assumed. Users are placed uniformly around TRPs and 

random waypoint mobility around TRPs is employed. We must consider 

that the full buffer is used. The static clustering technique partitions the 

network into three adjacent TRPs sets where each user is served by at least 

one TRP, while the others perform inter-user interference. When C-RAN 

cluster size is one it means that there is no C-RAN BS clustering, this is the 

traditional cellular system. The UMi street canyon scenario is a high dense 

urban one where 80% of users are inside buildings and 20% of users are 

in the streets (such as UMa). However, the inter-site distance is 200 m 

which allows to decrease the total transmitted power from 49 dBm (UMa) 

to 44 dBm. Scenarios UMa and UMi street canyon can be directly 

compared because they use both numerology 1 and the same carrier 

frequency (3.5 GHz) and bandwidth B = 20 MHz. However, the scenario 

InD cannot be directly compared with the others because it uses 

numerology 2 with the double of transmitted symbols per 1 ms, having a 

different bandwidth, B = 50 MHz, and a carrier frequency of 28 GHz. 

 

Figure 6. Throughput vs number of users for different scenarios with Ntx = 5Nu, Nf 

= 4, Naf = 3, Ns = 5, Na = 2, Nrx = 5, 64-QAM (11.75 bpcu per user) and 4QAM (5.75 

bpcu per user), C-RAN cluster size 1. 

Based on the parameters of Figure 6, and noting that we considered 

Nu = 50, 5 transmit antennas per user Ntx = 5Nu, and Nrx = 5 receive antennas 

per user, there are a total of 250 active antennas at each sector (one TRP 

per sector). 64QAM requires a higher SNR compared to 4QAM. InD is 

expected to offer the highest throughput due to its smaller size. This 
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occurs independently of the modulation. UMi scenario assures the next 

best throughput performance whereas UMa is the scenario with the 

lowest throughput. It is observed that the highest throughput 

performance is for InD with 4QAM modulated packets. This is due to InD 

scenario having twice the bit rate compared to the other scenarios. Also, 

InD has strong inter-interference and high propagation losses, however, 

most of 4QAM packets are received correctly due to its required SINR 

being small. By contrast, most of 64QAM packets are received with error 

because of its required SINR being high, resulting in lower average 

throughput. In other words, 64QAM packets are only correctly received 

close to the BS, while 4QAM packets are correctly received almost 

everywhere. Scenario UMi has also strong inter-interference between sites 

and there is additional outdoor to indoor propagation loss for pedestrians 

that are inside the buildings. The throughput performance of 64QAM 

packets is lower than 4QAM packets in all scenarios. The explanation for 

this is the same given for InD scenario. Scenario UMa has also strong inter-

interference between sites, and due to the highest ISD, users at the cell 

borders suffer the smallest SINR. It has also additional outdoor to indoor 

propagation loss for pedestrians that are inside the buildings. As a 

consequence, the throughput performance of UMa is the worst of the 

three scenarios. In UMa, the throughput performance of 4QAM packets is 

slightly higher than 64QAM packets. 

 

Figure 7. Throughput vs number of users for different scenarios with Ntx = 5Nu, Nf 

= 4, Naf = 3, Ns = 5, Na = 2, Nrx =5, 64-QAM (11.75 bpcu per user) and 4QAM (5.75 

bpcu per user), C-RAN cluster size 3. 

In Figure 7 the RAN cluster size is 3, so the network is partitioned 

into three adjacent site sets and each user is served at the same time by 

three sites (generating much less inner-interference). It is also considered 

the same maximum Nu = 50 from previous scenario. From the comparison 

between Figures 7 and 6, it is clear that there is an improved throughput 

for clusters of 3 sites, due to much lower inter-interference between sites, 

specially for 64QAM in all scenarios. InD continues to offer the highest 

throughput due to its smaller size and double transmitted bit rate when 



 

52 

 

compared to the other scenarios. The average throughput gain due to 

cluster size 3 for UMi is 4.6 for 64QAM and 2.0 for 4QAM. The gain for 

UMa is 3.9 for 64QAM and 2.7 for 4QAM. The gain for InD is 2.6 for 

64QAM and 1.6 for 4QAM. For 4QAM (5.75 bpcu), the increase of 

throughput between 3C and 1C is less obvious due to its lower SE 

allowing higher cell coverage. For 50 users in UMi with 3C, the total 

throughput of 64QAM is 2.760 Gbps, which corresponds to a sector SE of 

138 bps/Hz that is equivalent to almost 2.8 bps/Hz per user. For 50 users 

in InD, the total throughput of 64QAM is 3.875 Gbps, which corresponds 

to a sector SE of 77.5 bps/Hz that is equivalent to 1.55 bps/Hz per user. 

This is in agreement with higher frequency bands (28 GHz) which imply 

higher bandwidths (50 MHz) but lower SE, while lower frequency bands 

(3.5 GHz) result in lower bandwidths (20 MHz) but higher SE. 

 

Figure 8. Throughput performance (bps) vs CDF of Throughput for UMa scenario 

with Ntx = 5Nu, Nf = 4, Naf = 3, Ns = 5, Na = 2, Nrx = 5, 64QAM (11.75 bpcu per user) 

and 4QAM (5.75 bpcu per user). 

Figure 8 presents the cumulative distribution function (CDF) of each 

user served by one TRP of UMa scenario, based on the throughput results 

presented on Figure 6 and Figure 7. This CDF statistics is based on the 

throughput per user achieved as a function of the distance between 

terminals and serving TRPs. Each TRP has Ntx = 250 active antennas 

serving 50 users each with Nrx = 5 antennas. We consider the C-RAN UMa 

scenario with two different cluster sizes namely, a cluster of size one (1C)) 

and a cluster of size three (3C). As expected, only for 3C there is a 

percentage of users that achieve the maximum throughput. With 3C, not 

only users that are close to the TRPs are able to get the maximum 

throughput. About 20% of users for 64QAM and 50% of users for 4QAM 

are in this situation of achieving maximum throughput. For 4QAM with 

1C, only users that are located quite close to the TRP antenna (less than 

1%) are able to get maximum throughput. For 64QAM with 1C no user is 

able to get the maximum throughput due to high inter-interference. For 

4QAM with 1C, only users that are located quite close to the TRP antenna 

(less than 1%) are able to get maximum throughput. For 64QAM with 1C 
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no user is able to get the maximum throughput due to high inter-

interference. So, for 64QAM most of the packets are not received correctly 

while for 4QAM many of the packets are correctly received. 

 

Figure 9. CDF of TRP Throughput vs TRP throughput (bps) for UMa scenario with 

Ntx = 5Nu, Nf = 4, Naf = 3, Ns = 5, Na = 2, Nrx = 5, 64-QAM (11.75 bpcu per user) and 

4QAM (5.75 bpcu per user). 

Figure 9 presents the CDF of a TRP for UMa scenario serving 20 

users, during the simulation run with a duration of 100 seconds. These 

statistics are based on the throughput performance of each one of all users 

measured at each TTI = 0.5 ms during the simulation run. When we 

compare the maximum throughput values of Figure 8 and 9, we can check 

an increase of 14 for 4QAM and 7 for 64QAM. These numbers refer to 3C 

RAN clustering confirming its lower inter-interference. We can also 

observe in Figure 9, the difference of three times more throughput 

achieved by RAN clustering 3C compared to the case 1C. This occurs 

independently of the modulation. For 3C, there is a slight throughput gain 

of 64QAM modulated packets compared to 4QAM packets. For 1C, there 

is a slight throughput gain of 4QAM packets compared to 64QAM. This 

corroborates the results of Figures 6 and Figure 7, for the value of Nu = 20. 

In Figure 10, we only consider the UMa scenario, we compare the 

throughput for three cases of number of transmitting antennas per user 

Ntx/Nu, with RAN clusters size of 1 and 3. Based on the BLER results of 

Figure 5, the best BLER performance with highest bpcu per user belongs 

to Ntx/Nu = 12 followed by Ntx/Nu = 8 and Ntx/Nu = 5. However, higher 

number of transmitting antennas per user implies that lower number of 

users are served, because the total number of TRP antennas is fixed and 

equals to 256. The receiving antennas per user is kept fixed and equals to 

5. It should be point out, that it is not clear what Ntx/Nu would provide 

higher throughput. From Figure 8, we conclude that the best Ntx/Nu  ratio 

depends on the RAN cluster size and modulation. For cluster size 1 the 

highest throughput performance is for Ntx/Nu = 12, using 16QAM and the 

lowest throughput is for 64QAM with Ntx/Nu = 5. 
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Figure 10. Throughput vs number of active TRP antennas, for UMa scenario, Nrx = 

5, for two C-RAN cluster sizes, modulations and number of antennas per user, 

namely, with Ntx/Nu = 5, 64QAM(5), 4QAM(5), with Ntx/Nu = 8, 64QAM(8), 4QAM 

(8) and with Ntx/Nu = 12, 16QAM(12).  

This result can be explained by the existence of high inter-

interference in this cluster size, which affect mostly high order 

modulations with maximum number of users served at the same time. The 

case with Ntx/Nu = 12 using a constellation of 16QAM has the minimum 

number of users served at the same time but has highest bpcu per user, 

resulting in the lowest interference, which is the best case. However, for 

cluster size 3 there is much less inter-interference between sites. In this 

case, the highest throughput performance is achieved for the two 64QAM 

cases namely, with Ntx/Nu = 8 or Ntx/Nu = 5. The lowest throughput is 

achieved for Ntx/Nu = 8, using 4QAM. The latter is explained by the low 

order modulation and bpcu associated to a limited number of served users 

compared to the case of Ntx/Nu = 5. With a small level of inter-interference 

of cluster size 3, high order modulations present the best throughput 

performance. From these results we conclude that there is an optimum 

Ntx/Nu to achieve the highest throughput, but it depends on the cluster size 

and modulation. Higher Ntx/Nu with 16QAM is recommended for C-RAN 

cluster size 1 with high level of inter-interference and lower number of 

users per site. Lower Ntx/Nu with 64QAM is recommended for RAN cluster 

size 3 with lower inter-interference but higher number of users per site. 

Figure 11 corresponds to Figure 10, but in this case we consider the 

UMi scenario. When we compare both figures, it is obvious that the best 

throughput performance is achieved in the UMi scenario. This was 

expected due to lower ISD, in spite of a higher number of users per unit 

of area. The total number of TRP antennas is the same and equals to 256. 

The number of receiving antennas per user is kept fixed and equals to 5. 

It is interesting to find the Ntx/Nu that provides higher throughput. 

From Figure 11, we can conclude that the best Ntx/Nu depends on the 

C-RAN cluster size and modulation. For cluster size 1 the highest 

throughput performance is obtained for Ntx/Nu = 12, using 16QAM and the 

lowest throughput is achieved for 64QAM with Ntx/Nu = 5. The high inter-
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interference of this cluster size makes high order modulation with 

maximum number of users served at the same time, the worst case of 

achieved throughput. The case Ntx/Nu = 12, using 16QAM has the 

minimum number of users served simultaneously but with highest bpcu 

per user, and continues to present the lowest interference corresponding 

to the best case. Cluster size 3 has much less inter-interference between 

sites. In this case, the highest throughput performance is achieved for 

64QAM, with Ntx/Nu = 5. 

 

 

Figure 11. Throughput vs number of active TRP antennas, for UMi scenario, Nrx = 

5, for two C-RAN cluster sizes, modulations and number of antennas per user, 

namely, with Ntx/Nu = 5, 64QAM(5), 4QAM(5), with Ntx/Nu = 8, 64QAM(8), 4QAM 

(8) and with Ntx/Nu = 12, 16QAM(12).  

The lowest throughput is achieved for Ntx/Nu = 8, using 4QAM. The 

latter is explained by the low order modulation and bpcu associated to a 

reduced number of served users compared to the case of Ntx/Nu = 5. Cluster 

size 3 has a small level of inter-interference, which allows the case of 

64QAM, with Ntx/Nu = 5 to achieve higher throughput than 64QAM with 

Ntx/Nu = 8, due to a higher number of users with almost the same bpcu. 

Considering what we have been observing throughout this study, we 

conclude that there is a value of Ntx/Nu that can achieve the highest 

throughput, but it depends on the cluster size and modulation. Higher 

Ntx/Nu with 16QAM is recommended for C-RAN cluster size 1 with high 

level of inter-interference and lower number of users per site. 64QAM 

with Ntx/Nu = 5 is recommended for C-RAN cluster size 3 with lower inter-

interference but higher number of users per site. 

Figure 12 corresponds to Figures 10 and 11, but in this case, we 

consider the InD scenario. When we compare the three figures, it is 

obvious that the best throughput performance is attained in the InD 

scenario. This was expected due to the two-fold increase in the 

transmitted bit rate and lower ISD, in spite of the highest number of users 

per unit of area. The total number of TRP antennas is the same and equals 

to 256. The number of receiving antennas per user is kept fixed and equals 
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to 5. In this case we also wanted to find the value of Ntx/Nu that could 

provide the highest throughput in this InD scenario at 28 GHz. 

 

Figure 12. Throughput vs number of active TRP antennas, for InD scenario, Nrx = 

5, for two C-RAN cluster sizes, modulations and number of antennas per user, 

namely, with Ntx/Nu = 5, 64QAM(5), 4QAM(5), with Ntx/Nu = 8, 64QAM(8), 4QAM 

(8) and with Ntx/Nu = 12, 16QAM(12).  

From Figure 12, we conclude that the best Ntx/Nu depends on the C-

RAN cluster size and modulation. For cluster size 1 the highest 

throughput performance continues to be of Ntx/Nu = 12, using 16QAM and 

the lowest throughput is obtained for 64QAM with Ntx/Nu = 5. The high 

inter-interference of cluster size 1 makes high order modulation with the 

maximum number of users served at the same time the worst case of 

achieved throughput. The case of 16QAM with Ntx/Nu = 12, in spite of 

having the minimum number of users served at the same time, has the 

highest bpcu per user and continues to present the lowest interference. 

For cluster size 3, there is much less inter-interference between sites, and 

the highest throughput performance is obtained for 64QAM, with Ntx/Nu 

=8. The lowest throughput is achieved for 4QAM with Ntx/Nu = 5. The latter 

is explained by the low order modulation and lower bpcu associated to 

this case in spite of the maximum number of served users per site. Cluster 

size 3 has a small level of inter-interference and allows 64QAM with 

Ntx/Nu = 8 to achieve higher throughput than 64QAM with Ntx/Nu = 5, due 

to a higher bpcu despite a lower number of users per site. As before, we 

conclude that there is a value of Ntx/Nu that can achieve the highest 

throughput, but it depends on the cluster size and modulation. Higher 

Ntx/Nu with 16QAM is recommended for RAN cluster size 1 with high 

level of inter-interference and lower number of users per site. 64QAM 

with Ntx/Nu = 8 is recommended for RAN cluster size 3 with lower inter-

interference but higher number of users per site. 

Table 2 presents the SE of the three scenarios, namely UMa, UMi and 

InD, for C-RAN cluster size of 1 and 3, based the throughput results taken 

from Figures 10, 11 and 12. It is observed that cluster 1C, 16QAM(12) 

offers the highest SE for all scenarios. For cluster 3C, 64QAM(5) offers the 
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highest SE for scenario UMi whereas 64QAM(8) offers the highest SE for 

scenario InD. For UMa scenario both 64QAM(5) and 64QAM(8) offer the 

highest SE. 

Table 2. SE in bps/Hz of different scenarios and cluster size 1 and 3. 

Modulation(SE) UMa,3C UMi,3C InD,3C UMa,1C UMi,1C InD,1C 

64QAM(5) 2.00 2.75 1.55 0.51 0.61 0.59 

64QAM(8) 2.00 2.29 1.73 0.65 0.98 0.88 

4QAM(5) 1.76 1.84 1.52 0.66 0.90 0.97 

4QAM(8) 1.36 1.38 1.16 0.71 0.80 1.00 

16QAM(12) 1.69 1.71 1.42 0.88 1.06 1.17 

 

In Figure 13, we compare the throughput for three different systems, 

namely, the proposed PT-GSFIM, BD MU-MIMO scheme from [37] and 

GSM MU-MIMO from [38], where we keep constant Ntx/Nu = 12 and Nsc = 

256, resulting in approximately 12 bpcu. We evaluate the throughput for  

 

Figure 13. Throughput vs number of active TRP antennas, RAN cluster size 3, for 

different systems and scenarios, with Ntx/Nu = 12, Nsc = 256, Na = 2, Nrx = 5, 12bpcu, 

GSM and MU-MIMO with 64QAM and GSFIM with 16QAM Nf = 16, Naf = 13.  

three scenarios, namely, UMa, UMi and InD. We observe that 

independently of the system, the throughput performance of InD scenario 

is the best as expected. This is due to its double transmitted bit rate 

compared to the other scenarios, the combination of Ntx/Nu = 12, with 

cluster size 3, resulting in smaller number of users having lower inter-

interference. Based on the results of Figure 13, the proposed PT-GSFIM 

scheme clearly outperforms both GSM and conventional MU-MIMO, 

taking advantage of the symbols being spread over a larger number of 

subcarriers, exactly, Nf = 16, Naf = 13, thus exploiting the frequency 

diversity. 

Therefore, for C-RAN cluster size three, both indoor and outdoor 

scenarios indicate that the total throughput achieved by our scheme is 
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higher than conventional MU-MIMO and better system performance than 

the GSM counterpart. 

In Figure 14, we compare the coverage of C-RAN clusters size 1 and 

3, for 64QAM and 4QAM both with Ntx/Nu = 8. As expected, the coverage 

of modulation 4QAM is higher than the coverage of 64QAM 

independently of the cluster size. We also observe that for 100% of 

transmitted power the coverage gain of cluster size 3 (3C) compared to 

cluster size 1 (1C) is 1.9 for 4QAM and increases to 3.1 for 64QAM. Cluster 

size 3 increases especially the coverage of high order modulations such as 

64QAM modulation. 

 

 

 

Figure 14. Coverage vs percentage of TRP transmitted power, for UMa scenario, 

with Ntx/Nu = 8,  Nsc = 256, Nrx = 5, 64QAM with 12.5 bpcu and 4QAM with 6.5 bpcu. 

5. Conclusions 

In this paper we described a C-RAN aimed at 5G and beyond 

systems, where each BS transmits precoded space-frequency domain IM 

symbols. In the proposed approach, part of the information is conveyed 

implicitly on the indices of the active OFDM subcarriers and antennas, 

which also transmit normal APM signals carrying the remaining bits. The 

adopted PT-GSFIM scheme can benefit from the diversity effects inherent 

to frequency selective channels and avoid inter-user interference at each 

receiver, which enables the C-RAN to accommodate flexible tradeoffs 

between SE, performance and complexity. A thorough system level 

evaluation of the proposed PT-GSFIM based C-RAN was performed 

considering standardized 5G NR scenarios with two different cluster 

sizes. With cluster size three, the network is portioned into three adjacent 

TRPs sets where each user is served by three TRPs, while the others 

perform inter-user interference. For RAN cluster size is one, we have the 

traditional cellular system. C-RAN system level simulations considered 

three different three-dimensional scenarios using two different 

numerologies and frequency ranges. Namely, UMa and UMi scenarios 

using numerology one at 3.5 GHz and InD scenario using numerology 

two at 28 GHz. Throughput performance results indicate that, in spite of 
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its higher bandwidth and higher achieved throughput, the 28 GHz band 

presents lower SE. The 3.5GHz band having lower bandwidth and lower 

achieved throughput attains higher SE. There is an optimum number of 

transmitting antennas per user Ntx/Nu to achieve the highest throughput, 

but it depends on the cluster size of C-RAN and modulation. Higher 

number of Ntx/Nu with 16QAM is optimum for traditional cellular 

networks with high level of inter-site interference and lower number of 

users per site. Lower number of Ntx/Nu with 64QAM is optimum for C-

RAN with lower inter-site interference but higher number of users per 

site. Overall, the system evaluation shows that the proposed PT-GSFIM 

scheme can outperform both GSM and conventional MU-MIMO, 

exploiting its additional inherent frequency diversity. As future work we 

intend to apply other alternative numerical and probabilistic methods 

which may be less time intensive in order to achieve accurate system level 

evaluation results. 
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Chapter 4 - Performance Assessment of a RIS-Empowered Post-5G/6G Network 

Operating at the mmWave/THz Bands 

 

As stated in Section 1.4, a new technology that is emerging in scientific community and could 

potentially boost the performance for next generation of wireless communications like the 6G, is the use 

of RIS. Like before the concepts of EE also applies here. This new type of reflecting surfaces can help 

the transmitted electromagnetic wave to arrive at the target receivers through proper tuning. They are 

made of several passive elements, which do not need any source of electric power. RIS panels are 

composed of a certain number of elements that can be tuned individual to re-shape the incoming radio 

wave and direct it to a better or certain point. This can affect the coverage of an array of antennas, or 

even increase the capacity of system, for example. 

In this third article, our primary focus was to demonstrate the benefits how RIS can impact 

massive/ultra-massive MIMO-OFDM systems within the context of a post-5G or 6G wireless system 

operating in the mmWave/THz band. To accomplish the joint design of the precoder and RIS phase 

shifts, we proposed an iterative algorithm based on the alternating maximization (AM) method 

combined with singular value decomposition (SVD) and water filling, and also with the accelerated 

proximal gradient (APG) method. The proposed approach considers multiple subcarrier transmission 

and was evaluated considering the integration into a post-5G/6G network deployment operating in two 

different bands, one in the mmWave (28 GHz) and the other one on a sub-THz band (100 GHz). As 

before, the scenarios used are based on urban and indoor scenarios, in which there are differences from 

the indoor and outdoor scenarios in the previous article, since there are now RIS panels scattered 

throughout the scenarios. From our results the average throughput does not seem to decrease 

significantly when the RIS panel is positioned at varying distances from the nearest BS/APs. 

All details and information mentioned about RIS are now presented below, including the obtained 

results.  
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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 

efficiency is a principle that is transverse to each 

generation of mobile communications, whose basis 

started with multiplexing techniques (e.g. Orthogonal 

Frequency Division Multiplexing (OFDM) 

techniques), which were later on expanded with the 

spatial domain resorting to methods such as multiple 

input multiple output (MIMO) schemes. Recent 

improvements 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 
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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 (6G) [3]. One particular 

approach within the context of the physical layer 

encompasses reconfigurable intelligent surfaces (RIS) 

[4]. This new paradigm shift can potentially increase 

the quality of communication links in wireless 

communications [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 

environments is not new.  

RIS can be synthesized as an “intelligent” surface 

comprising 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 feature 

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 operation is typically quasi-

passive, making it a low complexity and energy 

efficient approach. Due to the low power consumption 

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 

millimeter 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 propagation 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 

considering 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 scenarios, 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 systems 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 simulation 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 
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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, it is important to study 

whether RIS panels integrated into these Micro/Pico 

cells can effectively increase the coverage 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-assisted MIMO 

communications operating in mmWave /sub-THz 

bands into future post-5G/6G networks. Considering 

this objective, we first present an algorithm 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 different users is based on orthogonal 

multiple access, we propose 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 maximize 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 operates at the mmWave and sub-

THz bands and considered numerologies 3 and 5

 

 

 

 

 

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

 

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 scenario 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 system. 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 are then presented and analyzed in 

section V. Finally, the conclusions are outlined in 

section VI. 

Notation: Bold lower and upper-case letters represent 

vectors and matrices, respectively. a 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 

nI  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-point MIMO communication system 

operating at the mmWave/THz band, as illustrated in 

Figure 1. In this figure, we observe an AP/BS with an 



 

67 

 

array of Ntx antennas transmitting 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 fading. 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 

  1, ,...
s c

T

k N Nk s s =  s , where 
,i ks   corresponds to 

an amplitude and phase modulated symbol with 

 
2

Ε sk N  =
 

s . Using a baseband representation, the 

signal arriving at a user at each subcarrier k, 

  1sN
k


R , can be modeled after the combiner as 

 

             =
H H

k k k k k k k +R W H F s W n , (1) 

 

where 1,..., ck N= , Nc is the total number of subcarriers 

allocated to the target user,   denotes the power per 

stream and per subcarrier,   rx sN N
k


W  is the user 

combining matrix,   rx txN N
k


H is the overall 

frequency domain channel matrix between the BS/AP 

and user, which includes the paths through the RIS 

panel,    tx sN N
k


F is the BS precoder matrix, 

  1sN
k


s  is the vector of symbols and   1rxN

k


n  

is the noise vector whose elements follow an 

independent zero mean circularly symmetric Gaussian 

distribution with covariance 
2

rx
n N

 I . The total channel 

matrix  kH can be represented as  

                   
, , ,S D R D S R

k k k k= +H H H ΦH , (2) 

where,  
,

rx tx
S D N N

k


H is the channel between the 

BS/AP and the user,  
,

rx RIS
R D N N

k


H is the channel 

between the RIS panel and user, ris risN N
Φ  is the 

matrix that models  the effect of the RIS elements, 

having a diagonal structure with ( )diag=Φ φ , where 

1,...,
ris

T

N  =  φ  and 
m  denotes the phase shift of the 

mth element of the RIS, and  
,

RIS tx
S R N N

k


H 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 maximizing the achievable rate in a MIMO-OFDM 

communication link aided by RIS panels. Considering a 

total of 
fN  subcarriers (with

cN subcarriers allocated to 

the target user), a cyclic prefix length of 
CPN  and 

assuming perfect channel knowledge, then the 

achievable rate in bits/s/Hz for the user is given by [13] 

( )
   2

1

log det
c

s

N
H Hf

N

nf CP c k

N
R

PN N
k k

N



=


= + 

+ 
 I F H  

    k k


 


H F . (3) 

Defining the power constraint at each subcarrier as 

 
2

sF
k NF  (which results in a total effective 

transmitted power of 
user s cP N N=  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 

 
 ( )  

     

1
1

min , ln det
c

N N stx s

Nris

N
H

N

n
k

k

H

f
P

k

k k

k k







=




= − + 




 




F

φ

F φ I F

H H F

 

 
 

2

subject to     

    ,   1,...,

sF

i RIS

k N

a i N



= =

F
, (4) 

where   tx sN N
k


F is the BS/AP precoder matrix, Pn 

denotes the noise power in each sub-band ( 2

n nP = ), 

and a is the amplitude of each reflection element in the 

RIS. It is important to note that the constants present 

in the achievable rate expression (3) were dropped in 

the definition of the objective function  ( ),f kF φ  

and that the combiner is not part of the adopted 

optimization problem.  
To solve problem (4), first we use the AM method, in 

order to decouple the optimization variables and 

simplify the problem. This approach allows problem (4) 

to be split into two subproblems which are simpler to 

address. The first subproblem is defined by fixing φ  in 

(4) and then solving over F[k], which results in the 

following formulation 

 
       

1

min ln det
c

N N stx s

N
H H

N
k

k n

k k k k
P





=

 
− + 

 


F

I F H H F  

         
2

. . sF
s t k NF .

  (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 

        k k k k=H U Λ V , (6) 
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where  kU  is the matrix with left singular vectors,

 kΛ  is the diagonal matrix with the singular values 

in decreasing order, and  kV is the matrix containing 

the right singular vectors. The precoder matrix is then 

set as      :,1: sNk k k=F V D , where 

  ( )1,...,
SNk diag d d=D  is obtained using a water-

filling algorithm applied to the singular values of 

 kH , (that is, to the diagonal of  kΛ ) with a total 

allocated power of 
sN . 

The second subproblem corresponds to minimizing 

(4) over φ , with the precoder matrices F[k](

1,..., ck N= ) fixed and can be rewritten as  

       
1

1

min ln det
c

N sris

N
H H

N

k n

k k k k
P





=

 
− + + 

 


φ

I F H H F  

 ( )a
I

=
+

φ
φ , (7) 

where ( )a=φ
φI  is the set indicator function which 

returns zero if i a =  for any 1,..., RISi N= , and 

returns +∞ otherwise. The use of the indicator function 

allows us to incorporate the RIS phase shifts constraint 

defined in (3) directly into the objective function, thus 

resulting in an unconstrained optimization problem. 

To address the optimization problem in (7) 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 

 
( ) ( ) ( ) ( )( )1

3

q q q qq

q

−
= + −

+
y φ φ φ , (8) 

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

corresponds to the extrapolation parameter (as 

suggested in [23]). The algorithm will thus consist of 

iteratively updating the estimate 
( )1q+

φ , by applying 

the proximal operator to a gradient step over
( )q

y , 

namely 
            ( )

 

( ) ( ) ( )( )( )1
prox

a

q q q q
f 

=

+
= − 

φI
φ y y ,     (9) 

with ( )q denoting the step size (can be found through 

backtracking line search [23]). The proximal operator 

for a function g is defined as 

( ) ( )
2

ˆ

1
ˆ ˆprox argmin  g

2
g = + −

x

z x x z 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 

 

TABLE 1. Algorithm 1: am-svd-apg 
 

 
 

( ) ( ) ( ) ( )( )( ) ( ) ( ) ( )( )1q q q q q q q
f f 

+  = −   − 
 

φ y y y y ,                                        

  (10) 

where   denotes the Hadamard division. The 

gradient of ( )f y  can computed using (the details of 

the derivation are presented in Appendix A) 

( )( )  ( )    

       

,

1

1

diag
c

S

N H
R Dq

kn

H H

N

n

f k k k
P

k k k k
P





=

−


 = − 



 
 + 
 

y H H F

I F H H F

 

    ( ),
H

H S R
k k




F H . (11) 

Table 1, summarizes all steps of the proposed joint 

precoding 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 

( )( )2 3

c tx rx ris tx rx rxQN N N N N N N+ + . For compari-

son, the APG algorithm in [12] has a complexity order 

of ( (2 3 2

c tx rx c tx rx ris rx rx ris
N N N N Q N N N N N N+ + + +

))s tx rx
N N N+   and the projected gradient method 

(PGM) algorithm from [32] has a complexity of 

(( 3 2 2

rx rx tx rx txQ N N N N N+ + ))3

rx tx ris txN N N N+ +  (it 

is important to note that PGM does not consider 

multicarrier 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. Therefore, 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 ( )c tx rx risQN N N N . As for 

PGM, it also grows with the product of these 

dimensions as well as with ( )3

txQN . 
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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). 

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 

precoding 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 120x50 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=0.4 GHz. UEs are uniformly placed, 

with a minimum 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 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 470x400 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 BS which means 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 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 
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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). 

 

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=29.16 

mm2 and A = 2.25 mm2 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 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   

 

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.  

Parameters IOO UMT 

Area (m2) 120x50 m2 470x400 m2 

Carrier Frequency 100 GHz 28 GHz 

Cell Range 
w/o RIS 10 m 67 m 

w/ RIS 17 m 85 m 
UE mobility 3 km/h 3 km/h 

UE distribution (horizontal) Uniform Uniform 

Maximum UEs 
attached/sector 

Up to 14 Up to 25 

Transmit Power 20 dBm 35 dBm 

AP/BS Gains 0 dBi 0 dBi 
Area of RIS elements 2.25 mm2 29.46 mm2 

 

paths. For the case when the RIS is located far from the 

transmitter, i.e., when the distance between them,
,S Rd , 

is larger than the Fraunhofer distance defined as 
2

2F arrayD L   [26] (
arrayL is the largest dimension 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 

  ( ) ( )

( )

,

2, ,

0 0 0 0

,

,

1

, ,

,

S R
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d
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k e
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
  

−
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=
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
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



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a

  ( ) 2
, l kj fH S R S R

S l l e
  −→ → 
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

a ,        (12) 

where 
1

1
2

c

k c

c

NB
f f k

N

− 
= + − − 

 
, B is the bandwidth, 

fc is the carrier frequency,
l  is the delay of path l and 

Krice specifies the ratio between the LOS and NLOS 

components. The coefficients ,S R

l  represent the 

complex gains of the NLOS rays, ,S R

LOS  is the path loss 

of the LOS path and ,S R

NLOS  denotes the path loss of the 

NLOS channel. This path loss can be approximated as 

[27] 

        
( )

( ),

2
4

abs S Rk f dS R tx R

NLOS

S R

G A
e

d




−



=           (13) 

where Gtx is the transmit antenna gain, AR is the RIS 

element area, kabs(f) is the molecular absorption 

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

RIS panel (RIS). 

The vectors ( ),R S R S

R l l  
a  and ( ),S R S R

S l l → →
a , 

denote the RIS and transmitter array response vectors at  

the (azimuth, elevation) angles of ( ),R S R S

l l  
 and 

( ),R S R S

l l → →
, respectively. If a uniform planar array 

(UPA) is adopted, then the steering vector for the 

transmitter can be written as [29] 

( )
( )2

sin sin cos

, 1,..., ,...
S R S R S R

ant l l lj d p q
S R S R

S l l e


  

 
→ → →+

→ →


= 


a  

( ) ( )( )2
1 sin sin 1 cos

...,
S R S R S R

ant tx l l tx l

T
j d N N

e


  


→ → →− + − 



,

  (14) 

where , 0,..., 1txp q N= −  are the indices of the 

respective antennas,   is the wavelength and dant is the 

inter-element spacing. The steering vectors can also be 

described using a similar notation for both 

( ),R S R S

R l l  
a  and ( ),D S D S

D l l  
a .  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 

element [30]. Regarding the other channels, namely 

 
,R D

kH and  
,S D

kH , we adopt the same model, and 

thus they can also be expressed similarly to (12) (for 

the far field case). 

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, considering 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 minimum mean squared error 

(MMSE) based equalizer computed using the equivalent 

channel as 

     ( )    
1

s

HH

N

n

k k k k k
P


−
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W H F H F I

    ( ) .
H

k k H F  (15) 

 

 

 

 

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. 

A.  LINK LEVEL EVALUATION 

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 simulated 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  
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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). 

 

m) and the user at (55 m, 0 m).  In the figure we define 

Qin 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 
( ) ( )q q

=y φ . 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 implement 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 extrapolation 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 

 
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). 

 

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

 

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 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.     

B.  SYSTEM LEVEL ANALYSIS 

In the system level evaluation, we measured the 

overall 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 connections. 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  

 

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

 

simulating cases with BSs and RIS operating 

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 a 

maximum transmitted power of 3.16 W. It is worth 

mentioning that we kept most of the settings adopted in 

Figures 6-8. We can observe that in Figure 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 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 22.4 Gbps for 300 

users (represented as a red line). If RIS panels 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.  
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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. 

 

Figure 9 presents the coverage versus transmitted 

power equivalent for the same conditions of Figure 8. 

The comparison 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 3.16 W, 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 

different 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 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 distribution 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   

 

 

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. 

 

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. Considering NRIS =288 as reference, the 

throughput gain for Nc =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.  

Based on these results, we can expect that the 

proposed RIS based approach can be effective in MIMO 

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 

considering 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 
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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. 

 

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 spatial 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 distribution 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, 

considering 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 maximum transmitted power of 3.16 

W with Ntx=64, the smallest 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 coverage gain of 

52%. Moreover, for Ntx=256, the smallest 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 

performance of Figures 9, which considers Ns=1, 

against  Figure 13,  which  considers  Ns=3,  we observe 

 

 

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 12. 

 

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. Figure 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 number of subcarriers 

allocated with data symbols (Nf =840). It can be  

observed that the case with 14%AP + 86%RIS  and  Nc 
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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. 

 

=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. Considering 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 communications. 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 

provide 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, increasing 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 multiuser downlink/uplink 

and multi-cell MIMO scenarios, incorporating realistic 

low-resolution RIS phases-shifts and imperfect channel 

knowledge. 

VII. APPENDIX A 

A.  DERIVATION OF ( )* f
φ

φ  

To derive the complex-valued gradient ( )* f
φ

φ  we 

adopt the procedure described in [33]. First, we write the 

complex differential of  ( ),f kF φ  with respect to *
φ  

as

       
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 


 + 


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              (16) 

From the total channel matrix expression (2) we can 

also directly obtain the following complex differential 

     ( )  
, ,

= diag
R D S R

d k k d kH H φ H  (17) 

Inserting this expression into (1) and using the 

following relation that is simple to verify for a generic 

matrix Z 

 ( )  ( )Tr diag diag
T

d d=Z φ Z φ , (18) 

we can rewrite (15) as 
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Then using table 3.2 from [33] results in following 

gradient expression 
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which corresponds to the equation (11). 
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Chapter 5 - Conclusion and Future Work 

 

In this final chapter, it is presented a brief summarization with the final thoughts about the presented 

work, and the future work which could be continued in the near future. It is divided into two sub-

sections: the first one contains a brief summary of the work done, indicating the most important 

conclusions of the work, and the second one, presents a list of potential research topics that can be 

explored in a near future. 

5.1. Main Conclusions 

The aim of this thesis was to propose and evaluate new techniques that exploit both spatial and 

frequency domains in order to enhance coverage, reducing power consumption, and increasing data rates 

for future wireless communication networks. With this goal in mind, three different objectives were 

addressed: IM schemes that utilize both space and frequency domains to target MU downlink 

communications; integration of the IM schemes into C-RAN deployments in the context of B5G 

networks; optimization and assessment of RIS assisted techniques for future networks operating in the 

mmWave/sub-THz range. 

As a result of this work, several contributions have been made in this area, all within the scope of 

MIMO communications: two in index modulations schemes, and one in reconfigurable intelligent 

surface technologies. 

In the first contribution concerning IM algorithms, an approach was taken at the physical level, in 

a MU-MIMO system, where a BS transmits a precoded signal in the frequency and spatial domains 

simultaneously. The proposed scheme, called PT-GSFIM, combines previous versions of GSM and 

OFDM-IM into a multidimensional modulation which is further processed through CRM for improved 

diversity, and showed good performance results when compared to conventional MU-MIMO and GSM 

models. In addition, three different detection algorithms were proposed to enable the detection of the 

PT-GSFIM signal when used in an MUI environment. These detectors also demonstrated a low 

complexity, in the order of a few tens of magnitude lower than an MLD. As predicted, it was observed 

that increasing the size of subcarrier subblocks while maintaining the same SE can enhance performance 

when using SSD. This is because symbols are spread over a greater number of subcarriers, thus taking 

advantage of the frequency diversity effect. Performance results also demonstrated that the proposed 

scheme can outperform both GSM and traditional MU-MIMO systems. The data indicates a significant 

improvement in overall system performance. The initial findings suggest that the proposed scheme may 

prove to be a promising solution for future wireless communication networks. Still on the subject of IM, 

it was shown that the same system could be integrated in a C-RAN deployment based on B5G networks. 

Therefore, a C-RAN was described, in which the aforementioned scheme (PT-GSFIM) was adopted as 

an alternative to conventional MU-MIMO. A thorough system-level evaluation of the deployed C-RAN 

was performed in indoor and outdoor scenarios, in which multiple BS and APs transmitted to several 
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users. Two types of 5G NR frequencies were used according to the 3GPP model channels, 3.5 GHz to 

the Uma and UMi scenarios and 28 GHz for InD scenario. To differentiate the types of cluster sizes 

(clusters are the sets of transmission and reception points - TRPs) that make up the zones in which the 

antennas are directed), two types were used: 1 or 3. It should be noted that when cluster 3 (C3) is used, 

some MUI is to be expected, since the users are being served by the 3 TRPs located within the BS. Given 

this situation, the PT-GSFIM scheme managed to outperform the traditional MIMO and conventional 

GSM scheme in terms of throughput, as in the previous article. However, an interesting fact should be 

noted: although the values obtained with the 28 GHz frequency bands offer greater bandwidth, their SE 

seems low, while in the opposite case in the 3.5 GHz band, the contrary is true. In view of this situation, 

there is an optimum number of transmission antennas to place when using PT-GSFIM, although this 

depends on the C-RAN cluster used and the modulation to be used. 

As far as RIS is concerned, it has an enormous potential in terms of performance and 

implementation gains and is therefore already being touted as a key technology for the next generations 

of wireless networks. So, on the subject of RIS, the last contribution focused on a RIS-assisted wireless 

transmission system which was developed and integrated into a B5G/6G network deployment, operating 

in two different frequency bands: one at 28 GHz, in the mmWave band, and the other at 100 GHz, 

already in sub-THz spectrum. It is well known that working in higher frequency bands requires coping 

with greater attenuations with distance. That said, the proposed scheme for assisting large scale multi-

carrier MIMO-type point-to-point communications through the adoption of several RIS panels is 

accompanied by a precoder which are jointly optimized through the presented AM-SVD-APG 

algorithm. Tests and evaluations were carried out at link level and system level to show the possible 

gains offered by RIS. We state that higher number of elements in each panel and their position in relation 

to the transmitter have a strong influence on the overall system performance. According to the results, 

the best position is at the border of the cells. Even so, by placing the RIS panel elsewhere, better results 

can be obtained than without any assistance of RIS, since its performance is not completely degraded. 

Regarding the scenarios tested, UMT and IOO, the numerical results show that it was possible to 

obtain gains in the order of over 50%, both in terms of throughput and coverage compared to a 

conventional situation. With this coverage increase, it is possible to extend the coverage radius of the 

BS or cell and improve the SNR values in the receivers, thus improving the overall performance of the 

entire system. Another important point is that the greater the number of elements in each panel, the better 

are the results.  
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5.2. Future Work 

This work has presented several areas which can be further explored in future research. Based 

on the findings outlined in this thesis, further enhancements can be implemented to augment the 

value of this work. Some potential areas of improvement may include:  

▪ Develop a solution considering the issue of channel estimation for the PT-GSFIM 

scheme – Channel estimation can still pose a challenge for this algorithm due to the added 

complexity of working with numerous carriers. However, incorporating error variance into the 

detection algorithm design can improve the robustness of the scheme; 

▪ Expanding the RIS-aided scheme to work with multiple panels simultaneously for 

multiple users – Although our previous work used RIS panels that only assumed that each user 

had their own sub-panel, we can now expand and envision the use of multiple RIS panels for 

multiple users simultaneously within the same region; 

▪ Expanding on the PT-GSFIM scheme, it would be valuable to develop a form to 

incorporate the adoption of RIS schemes. For this to work, modifications to the joint 

optimization algorithm for the precoder and phase-shifts of each RIS panel are needed.  

Furthermore, the receiver algorithms would also need to be modified; 

▪ Extend the study of RIS to include STAR RIS panels, which not only reflect signals but 

also allow them to pass through – STAR RIS is a new concept that involves the surface's ability 

to reflect and transmit the incoming wireless signals, making them semi-transparent for full-

space control of signal propagation in communication schemes. The optimization of the 

algorithm proposed in [41], can also be extended in order to accommodate this type of STAR-

RIS panel. 
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Abstract: The design of multiple input multiple output (MIMO) schemes capable of achieving both high spectral 

and energy efficiency constitutes a challenge for next-generation wireless networks. MIMO schemes based on 

generalized spatial modulations (GSM) have been widely considered as a powerful technique to achieve that 

purpose. In this paper, a multi-user (MU) GSM MIMO system is proposed, which relies on the transmission of 

precoded symbols from a base station to multiple receivers. The precoder’s design is focused on the removal of the 

interference between users and allows the application of single-user GSM detection at the receivers, which is 

accomplished using a low-complexity iterative algorithm. Link level and system level simulations of a cloud radio 

access network (C-RAN) comprising several radio remote units (RRUs) were run in order to evaluate the 

performance of the proposed solution. Simulation results show that the proposed GSM MU-MIMO approach can 

exploit efficiently a large number of antennas deployed at the transmitter. Moreover, it can also provide large gains 

when compared to conventional MU-MIMO schemes with identical spectral efficiencies. In fact, regarding the 

simulated C-RAN scenario with perfect channel estimation, system level results showed potential gains of up to 

155% and 139% in throughput and coverage, respectively, compared to traditional cellular networks. The 

introduction of imperfect channel estimation reduces the throughput gain to 125%. 

Keywords: B5G; generalized spatial modulation (GSM); precoder design; massive multiple input multiple output 

(MIMO); quadrature amplitude modulation (QAM) constellations 

 

1. Introduction 

Considering the technological advances over the last decades, the next generation of wireless 

communications is expected to follow this trend with a significant increase in system robustness (SR), 

spectral efficiency (SE) and energy efficiency (EE). In recent years, new emerging techniques have 

appeared in order to meet the increasingly challenging requirements of beyond fifth generation (B5G) 

communication systems, such as non-orthogonal multiple access (NOMA) schemes like Signaling 

Aided Sparse Code Multiple Access [1] or index modulations (IM). IM has received significant attention 

due to its ability to activate a subset of certain elements of communication resources, namely antennas, 

subcarriers, and slots [2,3]. Generalized spatial modulation (GSM) constitutes a particular case of IM, 

which is suitable for large scale multiple input multiple output (MIMO) antennas schemes enabling 
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greater EE with ease of implementation [4,5]. Considering that the information is encoded in the 

combination of active antennas and, also in the modulated symbols transmitted in the active antennas, 

GSM can also achieve a greater SE than single antenna communications. 

GSM can be considered as a compromise between conventional MIMO and simple radio frequency 

(RF) transmissions, since only a subset of the available transmission antennas is active for a certain 

period of time, thus reducing the number of RF chains required. Several detectors have been reported 

in the literature for single user scenarios. The authors of [6] proposed a minimal average square block 

error detector (OB-MMSE) that can achieve a close to optimal performance, while its required 

complexity is much lower when compared to other detectors. This detector uses an algorithm that sorts 

the possible transmit antenna combinations (TAC), followed by the detection in sequence of the possible 

signal vector for each TAC using block minimum mean square error (MMSE). A termination threshold 

must be applied in order to reduce the number of tested TACs. Although this detector is able to achieve 

near-optimal performance, it can incur in substantial complexity in large scenarios. A different GSM 

iterative detector is proposed in [7], which is based on dividing the problem of the maximum likelihood 

detection (MLD) into a sequence of simpler steps, such as the minimization of the unrestricted Euclidean 

distance, the projection of the elements onto the signal constellation and the projection onto the set of 

valid active antenna combinations. This approach allows a substantial complexity reduction when 

compared with the optimal MLD while still achieving near-optimal performance. 

Although the wide range of precoding schemes referred to in the literature for MIMO systems 

considering both uplink and downlink scenarios [8–12], there is a significant imbalance between the 

number of approaches aimed at those scenarios for GSM-based schemes. In fact, there are very few 

studies that have extended the use of GSM to downlink MU [13]. 

Despite describing a system for scalable video broadcast communications in [3], the proposed 

scheme also considered the use of GSM for multiple users. However, the removal of inter-user 

interference is made at the receiver, which demands a large number of antennas at the users. A better 

suited alternative for dedicated links relies on removing inter-user interference at the transmitter 

through a precoder. This approach is often applied for conventional MU-MIMO as presented in [14], 

where the authors describe a precoder that accomplishes block diagonalization (BD) of the equivalent 

channel matrix. The proposed BD precoding guarantees zero inter-user interference and can be thought 

of as a generalization of channel inversion. Despite the similarity of the approach proposed by the 

authors in [15], their method cannot only provide improved bit error rate (BER) and throughput 

performances, but also additional diversity gain by adopting a partial nulling technique for the 

generalized block diagonalization (GBD). A few precoded schemes have been introduced for spatial 

modulations (SM) and GSM since then. A new precoder scheme for the downlink of MU-SM systems 

was proposed in [16], which exploits the channel status information (CSI) at the base station (BS). Here, 

a precoding matrix is computed, which allows the MU downlink system to be broken down into several 

independent single user SM systems. A precoded scheme designed for multi-user (MU) GSM systems 

was reported in [17], with the aim of eliminating all inter-user interference while maintaining the 

antenna selection features of GSM, which means that only some of the antennas are active, while the 

rest are silenced. Both proposals of [16,17] are limited in terms of spectral efficiency, since the first one 

was only defined for SM, while the later was designed specifically for a version of GSM, where the M-

quadrature amplitude modulations (M-QAM) symbols are the same in all active antennas. 

CSI is fundamental in channel estimation process in order to enable uplink and downlink 

transmissions in MIMO systems. However, the channel estimation for downlink transmissions on 

massive MIMO systems operating at frequency division duplexing (FDD) represents a very complex 

problem, since it is unfeasible for practical applications [18,19]. Time Division Duplexing (TDD) 

represents an interesting solution that can be used as alternative in order to overcome the 

aforementioned problem in context of downlink transmission in FDD systems. Considering the use of 

TDD mode, it is possible to exploit the channel reciprocity, which allows the estimation of the downlink 

channel by the base station through the uplink channel information. In the uplink scenario, orthogonal 

pilot signals are sent from the users to the base station, and based on that, signals at the base station will 

estimate the CSI to the user equipment (UE). After accomplishing this task, the base station beamforms 

the downlink data towards the UE. Considering that there is a limited number of orthogonal pilots that 

can be reused between cells, a pilot contamination issue may appear and become a critical problem for 
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massive MIMO channel estimation [20]. In order to overcome this issue and others, such as the 

increasing amount of required hardware and computational complexity cost due to use of large number 

of required antennas in those schemes, several channel estimation algorithms have been developed over 

last few years [21–23]. The success of the channel estimation process affects the performance of massive 

MIMO schemes [24] and, such as, should also be taken into account in the system evaluation. It is 

important to highlight that even though we will not cover in this paper, massive MIMO systems such 

as the GSM schemes addressed here are prone to several hardware impairments such as non-linear 

distortions from power amplifier, I/Q imbalance, sampling jitter, and finite-resolution quantization in 

analog digital converters (ADCs) [20]. To reduce the impact of these effects on the overall performance 

of the system, compensation algorithms can be developed to mitigate the impairments. 

Another issue that must be considered with the introduction of 5G and beyond is the extreme 

densification of the network, which requires an increase in the network capacity [25,26]. Poor cell-edge 

coverage and throughput are the most limiting factors of 4G cellular radio access network (RAN). Some 

research has been dedicated to decrease inter-cell interference by base station coordination and 

coordinated beamforming [27,28]. Coordinated multi-point (CoMP) transmission or reception is one of 

the key techniques in 5G that mitigates inter-cell interference (ICI) from neighboring cells, providing 

higher spectral efficiency and coverage. CoMP indeed extends the cell coverage area and improves cell 

edge throughput. Joint processing coordinated multipoint transmission (JP-CoMP) requires the 

clustering of neighboring cells and cooperative transmission within each cluster. Clustering algorithms 

can be static and dynamic, centralized or distributed [29,30]. Static clustering relies on a predetermined 

fixed base station cluster. Each static clustering algorithm utilizes different strategies to determine the 

efficient cluster formation. The network then decides on base station clusters. Dynamic clustering 

adapts to network changes, where the usual methods are designed based on centralized control on the 

network, which requires extensive information sharing. In our study, we only consider static clustering 

based on channel state information (CSI). The techniques mentioned above are essential to improve the 

overall spectral and energy efficiencies and also increase the throughput and coverage gains, when 

compared to traditional cellular networks [31]. 

Motivated by the work above, in this paper we provide a study on MU-MIMO systems, where 

GSM symbols are transmitted simultaneously to multiple users (differences between the proposed 

approach and a conventional MU-MIMO assumed as reference are shown in Table 1). To increase the 

SE of the transmission, different modulated symbols are sent on different (virtual) antennas, where 

high-order M-QAM constellation with sizes reaching M = 1024 symbols are considered. To remove inter-

user interference and transform the MU transmission into several independent SU links, a BD precoder 

is applied at the BS, while a modified and improved version of the low-complexity SU GSM detector 

presented in [7] is used at the receiver. 

The influence of imperfect channel estimation on the performance of this massive MIMO GSM-

based system is also analyzed. Link level simulations show that the presented GSM MU-MIMO 

approach can provide substantial performance gains over conventional MU-MIMO. Additionally, 

system level simulations show that deployments based on cloud-RAN (C-RAN) comprising several 

radio  remote  units (RRUs)  can  achieve  large  throughput  and  coverage  gains over traditional cellular  

Table 1. Comparison between the reference conventional multi-user multiple input multiple output (MU-MIMO) 

and the proposed generalized spatial modulations multi-user multiple input multiple output (GSM MU-MIMO). 

 Conventional MU-MIMO GSM MU-MIMO 

Precoder • Block Diagonalization • Block Diagonalization 

Detector 
• conventional single user MIMO 

• proposed ADMM-based receiver 

• Single-user GSM detector capable of 

operating in undetermined scenarios 

(sMMP, OB-MMSE, …) 

• proposed ADMM-based receiver 

Information Mapping • Modulated Symbols 
• Modulated Symbols 

• (Virtual) Antenna Indices 

Possibilities for 

improving Spectral 

Efficiency 

• Increase modulation order 

• Increase number of transmit 

antennas → additional transmit 

power needed 

• Increase modulation order 

• Increase number of transmit antennas 

→ no additional transmit power needed 
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networks. The paper is organized as follows: Section 2 presents the model for the MU GSM system, 

Section 3 presents the transmitter and receiver structure followed by the numerical results obtained in 

Section 4. Finally, the conclusions are outlined in Section 5. 

Notation: Matrices and vectors are denoted by uppercase and lowercase boldface letters, 

respectively, (.)T and (.)H denote the transpose and conjugate transpose,   .  is the floor function, ( )N

k  

denotes the number of combinations of N symbols taken k at a time, and supp(x) returns the set of 

indices of nonzero elements in x (i.e., the support of x). 

 

2. System Model 

Let us consider a downlink MU-MIMO system where a BS transmits simultaneously to 
u

N  users. 

The BS is equipped with 
tx

N  antennas and each user has 
rx

N  antennas, as illustrated in Figure 1. We 

assume that the signal can be represented as
 −

 =
 0 1

,...,
u

T
T T

N
s ss , where

 
1sN

k


s  contains the 

information transmitted to user k and 
s tx u

N N N . 

 

Figure 1. Transmitter and receiver scheme. 

Considering that GSM is being used, only 
a

N  positions of 
k

s  are nonzero. These correspond to 

active indexes, which carry M-QAM modulated symbols. The signal vector of each user can be written 

as 

10...,0, ,0,...,0, ,0,...a
T

N

k k k
s s − =

 
s  (1) 

where ( )0,...,N 1j

k a
s j = −  with  denoting an M-QAM complex valued constellation set. 

According to this model, the information will be divided in such a way that part of the data are used 

to select an active index (AI) from a total 
( )Ns

2 Na
l og

comb
N = 2

 
    AI combinations (AICs) available per user. 

The remaining data are mapped onto 
a

N  complex-valued M-QAM symbols. The resulting SE is then 

( )2 2
log ( ) logs

a

N

bits u N u a
N N N N M = +

 
 (2) 

bits per channel use (bpcu). 
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3. Transmitter and Receiver Structure 

In this section the transmitter and receiver structures’ design will be addressed. The receiver design 

will be based on the alternating direction method of the multipliers (ADMM), which will be explained 

further in Section 3.2. 

3.1. Transmitter Design 

Channel state information at the transmitter (CSIT) will be used to pre-process the symbols through 

a linear precoder 
0 1
,...,

uN −
 =
 

F F F , where tx sN N

k


F . Considering that the transmitted signal 

propagates through a flat fading channel, the baseband signal received by user k can be written as 

1

0

uN

k k k k j k
j
j k

−

=


= + +y H x H x n . (3) 

where 

1 1

0 0

u uN N

k k k
k k

− −

= =

= = x x F s .  (4) 

In this expression, rx txN N

k


H  corresponds to the channel matrix for the link between the BS and 

user k and rxN 1

k


n  is the noise vector with samples taken according to a zero-mean circularly 

symmetric Gaussian distribution with covariance 
rx

2

N
2 I . The first term in (4) is related to the desired 

signal and the second one is the interference caused by the other users’ signals. Moreover, the multiuser 

interference can be eliminated by using a BD method as proposed in [9]. Following this approach, the 

equivalent overall channel matrix HF, with 
u

T
T T

0 N 1
,...,

−
 =
 

H H H , will become block diagonal. A simple 

BD precoder without any power loading optimization is assumed in this paper, with each precoder 

matrix 
k

F  designed so as to enforce that 0
i k

=H F  for all i k . This particular condition can be satisfied 

using vectors selected from the null space of matrix k
H , which is defined as 

0 1 1 1
,..., , ,...,

u

T
T T T T

k k k N− + −
 =
 

H H H H H . (5) 

k
H  corresponds to the concatenation of the channel matrices between the BS and all users except 

user k. An orthonormal basis for the null space of k
H  can be found by computing its singular value 

decomposition (SVD) as 

(1) (0)
H

k k k k k
 =  H U Λ V V , (6) 

where k
U  is the matrix with the left-singular vectors and k

Λ  is a rectangular diagonal matrix containing 

the nonzero singular values. 
(1)

k
V and 

(0)

k
V  contain the right singular vectors corresponding to the 

nonzero singular values and the null singular values, respectively. 
k

F  is obtained from 
(0)

k
V  by selecting 

its first 
s

N  columns. In this case, the signal arriving at each receiver reduces to 

ˆ
k k k k
= +y H s n , (7) 

where ˆ
k k k
=H H F  is the equivalent single user channel seen by the receiver. 

3.2. Receiver Design 

Considering the system model and the BD precoder described in the previous sections, each 

receiver will have to apply simple single user GSM detection. This can be seen as an attempt to solve 

the MLD problem related to receiver k, which is formulated as 
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( )
2

2

ˆmin
k k k k

f −
s

s y H s  (8) 

subject to 0
sN

k
s  (9) 

supp ( )
k
s , (10) 

where  0
0

def

=   and  denotes the set of valid AICs, which has a size of 
comb

N . Solving this non-

convex problem directly would require excessive or even unfeasible computational complexity for 

moderate to large problem settings. To tackle the problem, we adopt instead a similar approach to the 

one we applied in [7], which is based on the idea of using ADMM as an heuristic for splitting a complex 

problem into a sequence of simpler ones (as addressed in [32]). Being an heuristic based approach, there 

will be no guarantee that the resulting algorithm will converge to the solution of the original MLD 

problem. While this means that the detector will be suboptimal, it will require a much lower 

computational cost. Following a similar derivation to the one provided in [7], we can arrive at the 

iterative detection algorithm shown in Table 2 which can be used in each GSM receiver. 

Table 2. Iterative GSM detection algorithm for each user k. 

1: Input: u
0 , w

0 , x
0 , z

0 , ˆ
kH ,

 k
y , 

x
, 

z
, Q 

2: .
best

f =   

3: ( )
1

ˆ ˆ ( ) .
s

H

k k x z N
 

−

 + +H H I  

4: for t = 0, 1, …Q-1 do 

5: 
( ) ( ) ( )( ( ) ( ) )1 ˆ ( ) ( ) .
t t t t tH

k k k x z
 

+
 + − + −Hs y x u z w  

6: 
( ) ( )( )1 1t t

kD

+ +
x s . 

7: 
( ) ( )( )

1

0

1 ( )
t

Ns

t t

k

+ +
 +z s w . 

8: ( )+ x
( 1)supp tI . 

9: ( )+ s s s
( 1)ˆ ˆ0,

candidate candidate

Na

t

I II  

10: if ˆ( )candidate

best
f fs  then 

11: ,,
ˆ ˆ ˆ0, .candidate

k I Ik I
 s s s  

12: ˆ( ).candidate

best
f f= s  

13: end if 

14: 
( ) ( ) ( )1 1 1( )

.
t t tt

k

+ + +

 + −u u s x  

15: 
( ) ( ) ( )1 1 1( )

.
t t tt

k

+ + +

 + −w w s u  

16: end for. 

17: Output: ˆ
k

s  

In this table, 1tx uN N u, w  are scaled dual variables and x
 and z

 are penalty parameters 

associated to constraints (9) and (10). A careful tuning of these parameters will ensure that the algorithm 

reaches a good performance during its execution. In the algorithm, Q is the maximum number of 

iterations,  (.)
D

 denotes the projection onto set ( ) : supp= s s , and 
0

(.)Ns
 is the projection 

over 0
sN
. The projection over set  can be accomplished by keeping the 

aN  largest magnitude 
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elements whose indices also match a valid antenna combination, whereas 
0

(.)Ns  can be computed as 

simple rounding of each component to the closest element in 
0

. 

Although heuristic-based approaches as the one adopted in the proposed GSM detector can reach 

a solution faster, it may not be the optimal one. Therefore, it is not guaranteed that the algorithm will 

converge to the optimal solution of the original MLD problem (which is nonconvex). To increase the 

chances of finding an optimal solution and to improve the performance of the GSM detector, we present 

several different strategies. The first method is the simplest and consists of restarting the algorithm 

multiple times by using different initializations [32] for the variables 0u , 0w , 
(0)ux , 0z  required by the 

algorithm. Another improvement strategy that we propose relies on checking at the end of the algorithm 

if any of the P neighboring candidates result in an improvement of ˆ( )candidatef s . These P neighbors can be 

selected amongst those with the closest supports using the algorithm presented in Table 3. A last 

possible refinement method that we consider consists of re-solving the MLD problem with the support 

set fixed according to the candidate point ˆ
k

s  generated by the main algorithm. 

Table 3. Solution refinement algorithm based on a closest neighbor search for user k. 

1: Input: ˆ
k

H , 
k

y , ŝ , 
( )

s
Q

k , 
best

f , P 

2: 0
D D= , ( )ˆsuppI  s  

3: for p = 1, …P do 

4: ( ) 1
\ : supp .

p p
D D I

−
= =s s  

5: 
( )( )x s

p

Q

kD
 

6: ( )supp .I  x  

7: ( ) s s s
( )ˆ ˆ0,

candidate candidate

Na

Q

I II  

8: if ˆ( )candidate

best
f fs then 

9: ,,
ˆ ˆ ˆ0, .candidate

k I Ik I
 s s s  

10: ˆ( ).candidate

best
f f= s  

11: end if 

12: end for. 

13: Output: ˆ
k

s  

In this case, the resulting formulation becomes a conventional MIMO detection problem which can 

also be approximated by a simple projected MMSE estimate, i.e., as 

( )
1

2

, , ,
ˆ ˆ ˆˆ 2Na a

candidate H

I k I k I N k I k


− 
=  + 

 
s H H I H y . (11) 

We refer to this third approach as the MMSE polishing step. In terms of computational complexity, 

the BD precoding requires the computation of 
uN  SVDs, which is the step with the heaviest cost 

resulting in a complexity order of ( )4 3 2 2+
u rx u tx rx

O N N N N N . This cost is supported by the BS which 

typically can have higher computational capabilities. More critical is the required computational 

complexity at the users. Regarding the receiver, the s-update step (line 5 of Table 2) has the highest cost 

as it involves an tx u tx uN N N N  matrix inversion (although it is only computed in the beginning of the 

algorithm). Considering a fixed number of iterations, the total complexity order is ( )( )3

tx uO N N . For 

comparison, the complexity order of MLD is ( )aN

combO N M  (with 
2log

2

  
    =

s

a

N
N

combN ), of a linear MMSE is 

( )( )3

tx uO N N , of OB-MMSE [33] is ( )3

comb aO N N and of multipath matching pursuit with slicing (sMMP) 
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[34] is ( ) ( ) ( )2 31 1K Ktx

rx a rx a

u

N
O N T T N N N T

N

 
− − + + 

 
(T is the number of child candidates expanded at 

each iteration). Therefore, the proposed approach has a similar complexity order to the linear MMSE. 

Note that the complexity of OB-MMSE does not grow exponentially with the signal constellation size, 

M, like in the case of MLD, but it still depends on 
2log

2
s

a

N
N

combN

  
    =  which can restrict its use when a large 

number of bits are conveyed on antenna indices. 

4. Numerical Results 

In this section, we present numerical simulations, both link level and system level. Link 

performance results, namely, block error rate (BLER), are used as input by the system level simulator. 

The system is illustrated in Figure 2, where the C-RAN is comprised of 19 radio remote units (RRUs) 

connected through fiber to a central unit (CU), each RRU with = 60N  active pedestrian users. Each 

RRU consists of three transmission and reception points (TRP), each one equipped with = 256
totaltx

N  

antennas while users have
rxN  antennas (i.e., each RRU corresponds to a BS according to the system 

model presented in Section 2). The RRUs array configuration corresponds to cylindrical arrays: 16 × 16 

× 3, where the separation between antennas of the array is half wavelength [35]. 

 

Figure 2. Cloud radio access network (C-RAN) considered for the system level simulations. RRU = radio remote 

unit. 

The system level block diagram can be found in references [36,37]. This simulator is based on the 

one described in [37]. In the system level simulator, there are general parameters that must be defined, 

such as network layout and antenna parameters. The setup used considers several of the same 

parameters adopted in the case study presented in section 7.7 of [38] for the deployment of a Massive 

MIMO based outdoor network. Our system level simulator considers the 3D urban macro 3D-Uma 

scenario [36], where the BSs are mounted above rooftop levels of surrounding buildings with antenna 

height: 25 m and pedestrians height: 1.5–2.5 m. To each pedestrian is assigned line-of-sight (LOS) or 

non-line-of-sight (NLOS) propagation conditions, depending on the distance to RRU. It is generated 

correlated large-scale and small-scale parameters to create channel coefficients and pathloss and 

shadowing are applied with  = 7.8
SF

dB . For the NLOS pathloss distance, we have 

( ) ( )= + +
3

32.4 20log 30log
c D

PL f d  dB, where 
3D

d  is the distance in meters [36]. Other simulator 

parameters are: carrier frequency = 3.5
c

f GHz , maximum TRP transmit power 46dBm, receiver spectral 

noise power density −174dBm/Hz, cyclic prefix overhead 5%, pilots/TRP = 15 and arrays with uni-

polarized antennas. We choose the 5G NR numerology 1 and slot configuration parameters taken from 
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[39]: the bandwidth is = 20
t

B MHz  with normal CP where the subcarrier spacing is 30 kHz and 28 

OFDM symbols are transmitted in every subframe of 1ms. Each user feedbacks all CSI and signal-to-

interference-plus-noise ratio (SINR) to TRPs. The static clustering technique partitions the network into 

three adjacent RRUs sets where each user is served by at least one RRU, while the others perform inter-

user interference. The RRU inter-site distance is 433 m corresponding to a radius of 250 m. 

4.1. Link Level Simulations 

The first simulation results had the objective of evaluating the behavior of the iterative GSM 

receiver and of the overall proposed GSM MU-MIMO transmitter/receiver scheme. Figures 3 and 4 

present the results of BER performance versus the signal-to-noise ratio (SNR) in dB of the proposed GSM 

MU-MIMO system with = 255
tx

N , 10
rx

N = , 15
u

N = , 17
s

N =  and 2
a

N = , which corresponds to a 

spectral efficiency of 23 bpcu/user for 256-QAM and 27bpcu/user for 1024-QAM. 

 

Figure 3. Bit error rate (BER) performance of ADMM in a MU-MIMO scenario with 
tx

N
 
= 255, 

rx
N

 
= 10, 

u
N

 
= 15, 

s
N = 17 and 

a
N

 
= 2, 256-QAM. 
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Figure 4. BER performance of ADMM in a MU-MIMO scenario with 
tx

N
 
= 255, 

rx
N

 
= 10, 

u
N

 
= 15, 

s
N

 
= 17 and 

a
N

 
= 

2, 1024-QAM. 

The expression 
1 2n n , mentioned in the legend of both figures, denotes that the receiver algorithm 

was ran with 
1n  restarts and 2n  iterations. The type of polishing applied as well as the number of 

neighbors is also shown. Besides the expected improvement when using more iterations, it can be 

observed that by increasing the number of algorithm restarts, we can achieve a better system 

performance. When considering the 1 × 500 and 10 × 50 cases, which have the same total number of 

iterations, it is clear that the best results are achieved by the case with more restarts (10 × 50). 

Considering the scenarios where MMSE polishing is used and those where it is not, one can observe 

that those where polishing is applied have better performance. We also studied the impact of changing 

the number of neighbors on the performance of the algorithm and we concluded that the greater the 

number of neighbors, the better the performance will be (see the cases where P = 1, 4, 9 and 19). 

Moreover, the combination of the three proposed improvement strategies for the ADMM receiver lead 

to a better performance than the usage of the individual approaches. Globally, the proposed ADMM 

algorithm tends to lead to better results when compared to the case where the well-known OB-MMSE 

receiver (which we included as benchmark) is used [6]. 

Our next goal is to provide a comparison between a conventional BD precoded MU-MIMO [9] and 

the proposed GSM MU-MIMO. Figure 5 shows the results for two different configurations. The first 

case concerns a comparison between the precoded GSM MU-MIMO with = 160
tx

N , = 6
rx

N , = 10
u

N , 

= 16
s

N , = 1
a

N , 16-QAM and the conventional BD precoded MU-MIMO with = 60
tx

N , = 6
rx

N , 

= 10
u

N , = 1
s

N  and 256-QAM, both with a spectral efficiency of 8 bpcu/user. In the second case, we 

present a comparison between the precoder based on GSM MU-MIMO with = 90
tx

N , = 8
rx

N , = 10
u

N

, = 9
s

N , = 3
a

N , quadrature phase-shift keying (QPSK) and the precoder based on conventional MU-

MIMO with = 80
tx

N , = 8
rx

N , = 10
u

N , = 3
s

N  and 16-QAM, both with a spectral efficiency of 

12bpcu/user. Regarding the GSM MU-MIMO scheme, results with the proposed receiver as well as other 

alternative ones are included, namely with a linear MMSE and with the sMMP (from [34]). In the case 

of sMMP, a lower number of child nodes (T = 3) was adopted for 12 bpcu due to the very high 

computational complexity when operating with higher values in this scenario. 
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Figure 5. BER performance of a precoder based on GSM MU-MIMO and a precoder based on conventional MU-

MIMO. 

In the results, it is clear that the proposed ADMM receiver achieves the best results when compared 

against sMMP and MMSE. In the case of MMSE, it simply cannot correctly detect the information (8 

bps) or it has a high irreducible BLER (12 bps). This is due to the fact that from a receiver point of view, 

both scenarios correspond to underdetermined systems ( 
rx s

N N ), which a simple MMSE has a high 

difficulty to cope with. Through this figure, it can also be seen that the GSM MU-MIMO precoder with 

the proposed ADMM receiver achieves a better performance when compared to the conventional MU-

MIMO precoder (which also uses the same receiver). When we focus on the curve’s behavior for a 410−  

BER considering a 8bpcu/user scenario, the GSM MU-MIMO shows a gain of about 10 dB over the 

conventional MU-MIMO. Moving on to the 12bpcu/user scenario and maintaining the BER at 410− , the 

GSM MU-MIMO presents a gain of about 5 dB over the conventional MU-MIMO. These results suggest 

that GSM MU-MIMO can be a potential alternative to increase the SE of the system when compared 

with the adoption of higher-level modulations in conventional MU-MIMO. 

A second set of simulations were performed in order to analyze the block error rate (BLER) 
performance versus the energy per symbol to noise power spectral density (

0s
E N ) in dB of the proposed 

GSM MU-MIMO system. These results are required for the system level evaluation in the next subsection. 
Both perfect channel estimation and imperfect channel estimation curves are presented. For the imperfect 
channel estimation results we adopted the same model as in [40]. Denoting the CSI available at the 

transmitter as H  and the CSI error as 
errorH  we can express the channel matrix as 

error= +H H H . The entries 

of H  and 
errorH  are drawn assuming complex Gaussian distributions of ( )20,

h
  and ( )20,

errorh , 

with 
2 2 1

errorhh
 + = . In the presented results we considered 0.03

errorh = . In our simulations, a minimum 

of 25,000 blocks were transmitted for computing each BLER result. In Figures 6 and 7, we have 256
sc

N =  

subcarriers, 17
tx

N =  antennas/user, = 16
rx

N  antennas/user and 15
u

N =  users. The number of active 

antennas are 2
a

N =  and = 3
a

N , respectively. The case = 3
a

N  and 1024-QAM corresponds to a spectral 

efficiency of 39bpcu/user. The peak bit rate per user achieved assuming 5G NR numerology 1 is 

279.552Mbps. This means that 1bpcu/user is equivalent to bit rate of 7.168Mbps. 
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Figure 6. Block error rate (BLER) vs.
 0sE N  for 2

a
N = , 256

sc
N = , 15

u
N = , 17

tx
N =  antennas/user, and 

= 16
rx

N  antennas/user. 

 

Figure 7. Perfect and imperfect estimation of BLER vs. 
0sE N  for = 3

a
N , 256

sc
N = , 15

u
N = , 17

tx
N =  

antennas/user, and = 16
rx

N  antennas/user. 

Doubling 256
sc

N =  to = 512
sc

N  doubles the spectral efficiency to 78 bpcu/user use which is 

equivalent to a bit rate of 14.336Mbps. In both figures, the BLER of GSM MU-MIMO is presented versus 
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(
0s

E N ) in dB, for five uniform M-QAM constellations namely, M {4,16,64,256,1024}. As expected, 

independently of 
aN , higher values of M require higher values of 

0s
E N  (dB) to reach the reference

1BLER 10−= . In Figure 6, 1024-QAM with perfect estimation requires an additional 24dB of 
0s

E N  

compared to 4-QAM(QPSK). With imperfect channel estimation there is an additional 15dB penalty to 

reach 1BLER 10−=  in the detection of 1024-QAM (it has a higher sensitivity to channel estimation 

errors). 

In Figure 7, for 3aN = , it is clear the higher sensitivity of 1024-QAM, as one can notice that with 

imperfect estimation there is the emergence of a BLER floor. The other modulations only reveal small 

or negligible degradation. 

4.2. System Level Simulations 

Using the BLER results described previously, several system level simulations were performed. 

The signal-to-noise ratio in dB used in the system level simulations is obtained using 

0
( ) 10 log( )

s s
SNR E N R B= +

 
dB, where 

s
R  is the total transmitted symbol rate per antenna and user, 

 is the total bandwidth (we considered 20MHz), and 
0s

E N  is the ratio of symbol energy to noise 

spectral density in dB. Values of 
0s

E N  are obtained from the link level BLER results. 

In Figure 8, we have chosen 2
a

N =  with perfect estimation, and computed the SNR values 

corresponding to the 1BLER 10−= so as to obtain the coverage results vs. the percentage of transmitted 

carrier power. Based on the parameters 15
u

N = , 17
tx

N =  transmit antennas/user and = 16
rx

N  receive 

antennas/user there are a total of 255 active antennas at each TRP. The coverage of each of the five 

different M-QAM constellations and the arithmetic average of the coverage of all constellations (labelled 

as AllQAM) is presented for two different clusterings. In the present cellular topology, RRUs 

correspond to base stations, and each user is served by one RRU while the other RRUs generate inter-

interference when transmitting towards their users. The label 1C means that the cluster contains one 

RRU. According to BLER performance results of Figure 6, it is expected that the 1024-QAM constellation 

has the minimum coverage due to more demanding signal-to-noise ratio, while 4-QAM has the 

maximum coverage for 100% of the transmitted carrier power. Only users close to RRUs are able to 

decode correctly 1024-QAM symbols, whereas 4-QAM symbols are decoded everywhere. We can check 

in Figure 8 that only for 100% of transmitted carrier power, the average coverage of all constellations 

reaches 71.5% of the area. The remaining coverage curves correspond to clustering where the network 

is partitioned into three adjacent RRU sets and each user is served by three RRUs (labelled as 3C). It is 

clear that there is an improved coverage obtained for all constellations, which is due to a much lower 

inter-interference between RRUs. Now, the average coverage of all constellations for 100% of carrier 

power is 99.6%, which corresponds to a coverage gain of 139%. 



B
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Figure 8. Coverage vs percentage of transmitted power for 2
a

N = , 256
sc

N = , 15
u

N = , 17
tx

N =  antennas/user 

and = 16
rx

N  antennas/user. 

In Figure 9, the average throughput results corresponding to the coverage results of the previous 

figure are presented. Considering the impact of clustering in which only one RRU (1C) is transmitting, 

the constellation with the lowest throughput is 1024-QAM and the highest result is achieved for 64-

QAM. The latter presents a better tradeoff of coverage and spectral efficiency when compared to the 

use of 16-QAM and 4-QAM constellations. For 15 users and 100% of transmitted carrier power, the 

average throughput obtained with all constellations is 1306.5 Mbps (87.1Mbps/user). For the clustering 

where three RRUs (3C) transmit to each user, the constellation with the highest throughput is 1024-

QAM, followed by 256-QAM, 64-QAM, 16-QAM, and 4-QAM. There is a match between the spectral 

efficiency (bpcu) of each constellation and the corresponding average throughput achieved at C-RAN 

system level. In fact, the same type of match is also observed for the curve of all constellations with 

spectral efficiency of 19 bpcu and the average throughput achieved at RAN. Notice that the spectral 

efficiency of 19 bpcu corresponds to a 64-QAM constellation and is equal to the average spectral 

efficiency of all constellations. For 15 users and 100% of transmitted power, the average throughput of 

all constellations is 2031.0 Mbps (135.4 Mbps/user), which gives a throughput gain of 155%. 
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Figure 9. Average throughput vs percentage of transmitted power for 2
a

N = , 256
sc

N = , 15
u

N = , 17
tx

N =  

antennas/user and = 16
rx

N  antennas/user. 

Figure 10 presents the throughput averaged over all users uniformly distributed, for the C-RAN 

scenario where three RRUs (3C) transmit to each user. The parameters of the previous figures are kept 

the same, namely  antennas/user,  antennas/user, , and we vary the number of 

users from 1 up to 15, considering 100% of transmitted carrier power. We consider that the channel 

estimation is perfect. We can confirm that the BD MU precoding used at the RRUs and the ADMM 

receivers are operating as expected because every throughput curve is a straight line with slope 

dependent of the constellation but independent of . The increase in throughput depends on the 

spectral efficiency. We present two set of results. For , the minimum is 11 bpcu (4-QAM) and the 

maximum is 27 bpcu (1024-QAM). The second set of performance curves have , starting from 15 

bpcu (4-QAM) up to a maximum of 39 bpcu (1024-QAM). We observe the same throughput results for 

15 bpcu with 16-QAM and  or 4-QAM with . The throughput results are almost the same 

between the average of all constellations with (19 bpcu) or (27 bpcu) and the 64-QAM 

constellation having the same spectral efficiencies. This can be explained because the average coverage 

of all constellations is only slightly lower than the coverage of 64-QAM. The ratio of throughput results 

for the average of all constellations with (27 bpcu) compared to those of (19 bpcu) is 

2875.8/2031.0 = 1.42, the same as the expected ratio (27 bpcu/19 bpcu) = 1.42. 

17
tx

N = = 16
rx

N 256
sc

N =

u
N

u
N

2
a

N =

3
a

N =

2
a

N = 3aN =

2aN = 3aN =

3aN = 2aN =
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Figure 10. Average throughput vs number of users for 256
sc

N = , 17
tx

N =  antennas/user and = 16
rx

N  

antennas/user with perfect channel estimation. 

Figure 11 considers the same parameters of Figure 10 but the channel estimation is imperfect 

instead of perfect. Some performance degradation due to imperfect channel estimation can be observed. 

The throughput results are not anymore the same between the average of all constellations with 2aN =  

(19 bpcu) or = 3
a

N  (27 bpcu) and the 64-QAM constellation having the same spectral efficiencies. 

Indeed, the simulation results indicate that the throughput of the average of all constellations is lower 

than the 16-QAM constellation results with = 2
a

N  (15 bpcu) or = 3
a

N  (21 bpcu). For both numbers of 

active antennas, the throughput results for 1024-QAM become the lowest instead of the highest and for 

= 3
a

N , the throughput is zero (does not attain a BLER of 10−1 as observed previously). There is an 

obvious decrease in the simulated throughput results compared to the expected results based on the 

constellation bpcu. The ratio of throughput results for the average of all constellations with = 3
a

N  (27 

bpcu) compared to those of = 2
a

N  (19 bpcu) is 2062.5/1546.5 = 1.33, lower than the expected ratio (27 

bpcu/19 bpcu) = 1.42. The comparison between Figures 10 and 11 indicates that the throughput 

reduction due to imperfect channel estimation for 2aN =  is (1-1546.5/2031.0) = 0.24 and for = 3
a

N  is (1-

2062.5/2875.8) = 0.28. Therefore, the throughput reduction due to imperfect estimation increases with 

the number of GSM active antennas which was expected based on the BLER results of Figures 6 and 7. 
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Figure 11. Average throughput vs number of users for 256
sc

N = , 17
tx

N =  antennas/user, and = 16
rx

N  

antennas/user with imperfect channel estimation. 

Figure 12 presents the cumulative distribution function (CDF) of a RRU with three TRPs, each TRP 

with = 255
tx

N  active antennas serving 60 users each with = 16
rx

N  antennas. The CDF of this figure 

corresponds to the case of 100% of carrier transmission power. We consider only the C-RAN scenario 

with clusters of three RRUs (3C), with curves for both perfect channel estimation and imperfect channel 

estimation cases. As expected, only for 1024-QAM there is an obvious difference in CDF results due to 

imperfect estimation compared to perfect estimation. For the other constellations, there are almost the 

same CDF results which is in agreement with the BLER results of Figure 6. The receiving throughput of 

all users exceeds 2.5 Gbps, 3.5 Gbps, 4.5 Gbps, 5.5 Gbps, and 6.5 Gbps for 10% of the users with 4-QAM, 

16-QAM, 64-QAM, 256-QAM, and 1024-QAM (perfect estimation), respectively. For 50% of the users, 

the throughput received corresponds to the performance results presented on Figure 9. Only less than 

10% of users receive a throughput level lower than 100Mbps, with the exception of 1024-QAM users 

with imperfect estimation. 
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Figure 12. CDF of throughput for 100% transmitted power for 2
a

N = , 256
sc

N = , 15
u

N = , 17
tx

N =  

antennas/user, and = 16
rx

N  antennas/user. 

Table 4 summarizes the average throughput per user with perfect and imperfect channel 

estimation for C-RAN with clusters 1C and 3C and the corresponding throughput gain. The maximum 

throughput gain is 1.55 and the minimum is 1.25. 

Table 4. Average throughput per user with perfect and imperfect channel estimation and the corresponding 

throughput gain. CSI = channel status information. 

Na CSI 1C 3C Gain 

2 perfect 87.1Mbps 135.4Mbps 1.55 

2 imperfect 82.5Mbps 103.1Mbps 1.25 

3 perfect 125.4Mbps 191.7Mbps 1.53 

3 imperfect 103.4Mbps 137.5Mbps 1.33 

5. Conclusions 

In this paper, a novel MIMO system where GSM symbols are transmitted simultaneously to 

multiple users has been described. By combining large antenna settings at the BS with high-order M-

QAM constellations, the proposed approach is capable of improving the spectral efficiency and energy 

efficiency. A precoder is applied at the BS to completely remove inter-user interference, while a reduced 

complexity iterative SU GSM detector is implemented at each receiver. Simulation results show that the 

proposed approach can achieve a very competitive and very promising performance compared to 

conventional MU-MIMO systems with identical SE. In fact, system level results based on a C-RAN 

scenario with multiple RRU showed potential gains of up to 155% in throughput and 139% in coverage 

when compared to traditional cellular networks. The introduction of imperfect channel estimation 

reduces the throughput gain to 125%. Future work will include a thorough evaluation of the impact of 

several hardware impairments (such as phase-noise, non-linear distortion, and I/Q imbalances) and 

robust mitigation algorithms. 
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 Abstract: Millimeter-wave and terahertz technologies have been attracting 

attention from the wireless research community since they can offer large 

underutilized bandwidths which can enable the support of ultra-high-speed 

connections in future wireless communication systems. While the high signal 

attenuation occurring at these frequencies requires the adoption of very large (or 

the so-called ultra-massive) antenna arrays, in order to accomplish low complexity 

and low power consumption, hybrid analog/digital designs must be adopted. In 

this paper we present a hybrid design algorithm suitable for both mmWave and 

THz multiuser multiple-input multiple-output (MIMO) systems, which comprises 

separate computation steps for the digital precoder, analog precoder and 

multiuser interference mitigation. The design can also incorporate different analog 

architectures such as phase shifters, switches and inverters, antenna selection and 

so on. Furthermore, it is also applicable for different structures, namely fully-

connected structures, arrays of subarrays (AoSA) and dynamic arrays of subarrays 

(DAoSA), making it suitable for the support of ultra-massive MIMO (UM-MIMO) 

in severely hardware constrained THz systems. We will show that, by using the 

proposed approach, it is possible to achieve good trade-offs between spectral 

efficiency and simplified implementation, even as the number of users and data 

streams increases. 

Keywords: millimeter wave (mmWave); Terahertz (THz); multiuser ultra-

massive-MIMO; hybrid precoding and combining; antenna arrays 

 

1. Introduction 

Over the last few years, significant advances have been made to 

provide higher-speed connections to users in wireless networks, with 
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several novel technologies being proposed to achieve this objective. 

However, future generations of communication systems will have to fulfil 

more demanding requirements that cannot be met by the methods 

adopted in today’s communications systems. This motivates the 

exploration of other candidate technologies, like the millimeter wave 

(mmWave) and Terahertz (THz) bands, where many applications that 

require ultra-high data rates can be designed. These bands offer great 

underutilized bandwidths and also allow for a simplified implementation 

of large antenna arrays, which are crucial to combat the severe signal 

attenuation and path losses that occurs at these frequencies [1-4]. The first 

applications of the THz band were limited to imaging and sensing due to 

the unavailability of efficient devices that can work on these frequencies. 

However, recent advances in the field of THz devices give us strong 

indications that THz communications will be feasible in the near future 

[3]. These technologies (THz systems in particular), are expected to ease 

the spectrum limitations of today’s systems. They face several issues, such 

as the reflection and scattering losses through the transmission path, the 

high dependency between distance and frequency of channels in the THz 

band and the need for controllable time-delay phase shifters, since the 

phase shift will vary with frequencies based on the signal traveling time, 

which will also affect the system performance. These limitations require 

not only the proper system design, but also the definition of a set of 

strategies to enable communications [5,6]. 

The exploration of the potentialities of millimeter and sub-millimeter 

wavelengths is closely related to the paradigm of using very large arrays 

of antennas in beamforming architectures. This gives rise to so-called 

ultra-massive multiple-input multiple-output (UM-MIMO) systems. Still, 

to achieve the maximum potential of these systems, it is necessary to 

consider the requirements and the challenges related not only to the 

channel characteristics but also to the hardware component, especially 

regarding THz circuits [5,7,8]. Considering that high complexity and 

power usage are pointed out as major constraints of large-antenna 

systems, it is unfeasible to implement UM-MIMO schemes with a 

dedicated RF chain per antenna element in the mmWave and THz bands. 

Therefore, instead of fully-digital precoders and combiners, it becomes 

crucial to adopt hybrid digital/analog architectures as these require a 

reduced number of dedicated RF chains. By adopting this type of design, 

the signal processing is split into two separate parts: a low-dimensional 

digital part and a complementary analog part. This approach can enable 

a substantial reduction in the overall circuit complexity and power 

consumption [9]. By adopting a proper problem formulation, the analog 

design part can then be reduced to a simple projection operation in a 

flexible precoding or combining algorithm that can cope with different 

architectures, as we proposed in [10,11]. Despite the ultra-wide 

bandwidths available in mmWave and THz bands, and besides 

considering the problem of distance limitation, MIMO systems should 

take into account the operation in frequency selective channels [12]. To 

make the development of hybrid schemes for these systems a reality, it is 

necessary to handle the fading caused by multiple propagation paths 

typical in these types of channels [13]. Therefore, solutions inspired on 

multi-carrier schemes, such as orthogonal frequency division 

multiplexing (OFDM), are often adopted to address such problems [14]. 

Spectral Efficiency (SE) of point-to-point transmissions is a major 

concern in SingleUser (SU) and MultiUser (MU) systems. To achieve good 
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performances, it is necessary to develop algorithms that are specially 

tailored to the architecture of these systems. Several hybrid precoding 

schemes have been proposed in the literature [15-19]. The authors of [15] 

proposed two algorithms for low-complexity hybrid precoding and 

beamforming for 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 

[16] for SU scenarios, but showed promising results. In [17], a nonlinear 

hybrid transceiver design relying on Tomlinson–Harashima precoding 

was proposed. Their approach only considers Fully-Connected (FC) 

architectures but can achieve a performance close to the fully-digital 

transceiver. A Kalman-based Hybrid Precoding method was proposed for 

MU scenarios in [18]. While designed for systems with only one stream 

per user and based on fully-connected structures, the performance of the 

algorithm is competitive with other existing solutions. A hybrid MMSE-

based precoder and combiner design with low complexity was proposed 

in [19]. The algorithm is designed for MU-MIMO systems in narrowband 

channels, and it presents lower complexity and better results when 

compared to Kalman’s precoding. 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. 

Array-of-Subarrays (AoSAs) structures have gained particular 

attention over the last few years as a more practical alternative to FC 

structures, especially for the THz band. In contrast to FC structures, in 

which every RF chain is connected to all antennas via an individual group 

of phase shifters (which is prohibitive for higher frequencies), the AoSA 

approach allows us to have each RF chain connected to only a reduced 

subset of antennas. The adoption of a disjointed structure with fewer 

phase shifters reduces the system complexity, the power consumption 

and the signal power loss. Moreover, all of the signal processing can be 

easily carried out at the subarray level by using an adequate number of 

antennas [6]. 

Following the AoSA approach, it was shown in [20] that, to balance 

SE and power consumption in THz communications, adaption and 

dynamic control capabilities should be included in the hybrid precoding 

design. Therefore, Dynamic Arrays-of-Subarrays (DAoSAs) architectures 

could be adopted. The same authors proposed a DAoSA hybrid precoding 

architecture which can intelligently adjust the connections between RF 

chains and subarrays through a network of switches. Their results showed 

that it is possible to achieve a good trade-off for the balancing between the 

SE and power consumption. 

Within the context of multiuser downlink scenarios, the authors of 

[21] studied some precoding schemes considering THz massive MIMO 

systems for Beyond 5th Generation (B5G) networks. Besides showing the 

impact on EE and SE performance, carrier frequency, bandwidth and 

antenna gains, three different precoding schemes were evaluated and 

compared. It was observed that the hybrid precoding approach with 

baseband Zero Forcing for multiuser interference mitigation (HYB-ZF) 

achieved much better results than an Analog-only Beamsteering (AN-
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BST) scheme with no baseband precoder. In fact, this approach was 

capable of better approaching the upper bound defined by the singular 

value decomposition precoder (SVD-UB). The other relevant conclusion 

is that the design of precoding algorithms should be adapted to the 

communication schemes. While considering all the specific constraints 

may allow the maximization of the system performance of the system, 

formulating and solving the corresponding optimization problem may 

not be so simple. Motivated by the work above, in this paper we 

developed an algorithm for hybrid precoding design which can 

accommodate different low-complexity architectures suitable for both 

mmWave and THz MU-MIMO systems. It is based on the idea of 

accomplishing a near-optimal approximation of the fully-digital precoder 

for any configuration of antennas, RF chains and data streams through the 

application of the alternating direction method of multipliers (ADMM) 

[22]. ADMM is a well-known and effective method for solving convex 

optimization problems but can also be a powerful heuristic for several 

non-convex problems [22,23]. To use it effectively within the context of 

MU-MIMO, THE proper formulation of the hybrid design problem as a 

multiple constrained matrix factorization problem is first presented. 

Using the proposed formulation, an iterative algorithm comprising 

several reduced complexity steps is obtained. 

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

• We propose a hybrid design algorithm with near fully-digital 

performance, where the digital precoder, analog precoder and 

multiuser interference mitigation are computed separately through 

simple closed-form solutions. Even though the hybrid design 

algorithm is developed independently of a specific channel or 

antenna configuration, it is particularly suitable for mmWave and 

THz systems where, on the one hand, very large antenna arrays are 

required to overcome distance limitations but, on the other hand, 

current hardware constraints in terms of cost and power 

consumption make the adoption fully-digital precoders/combiners 

with one dedicated RF chain per antenna element unviable. Whereas 

our previous work [10] also proposed a hybrid design algorithm for 

mmWave, it did not address multiuser systems, and in particular the 

MIMO broadcast channel. Therefore, it does not include any step for 

inter-user interference mitigation within its design. As we show here, 

for this multiuser channel, the hybrid design method must also deal 

with the residual inter-user interference as it can degrade system 

performance, particularly at high Signal Noise Ratios (SNRs); 

• Due to the separability of the different steps (analog precoder, digital 

precoder and interference suppression), the proposed algorithm can 

incorporate different architectures, making it suitable for supporting 

UM-MIMO in severely hardware-constrained systems typical in the 

THz band. Unlike [10], where we only considered the adoption of 

phase shifters, in this paper we present explicit solutions for some of 

the most common architectures, namely FC, AoSA and DAoSA 

structures based in either Unquantized Phase Shifters (UPS), 

Quantized Phase Shifters (QPS), Switches (Swi), Switches and 

Inverters (SI), Antenna Selection (AS) or Double Phase Shifters (DPS); 

• To cope with the large bandwidths available in mmWave/THz 

bands, where practical MIMO systems likely have to operate in 

frequency selective channels, the proposed hybrid design considers 
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the application in a multicarrier context, where the same analog 

precoder is applied at different frequencies; 

• We explicitly show how the proposed design can be applied to a 

DAoSAs approach where a reduced number of switches are inserted 

at each AoSA panel, which allows the connections to the RF chains 

to be dynamically adjusted. Through extensive simulations, it is 

shown that our proposed solution is capable of achieving good trade-

offs between spectral efficiency, hardware complexity and power 

consumption, proving to be a suitable solution for the deployment of 

UM-MIMO, especially in hardware-constrained THz systems. 

The paper is organized as follows: Section II presents the adopted 

system model. The adopted formulation of the hybrid design problem for 

the MU-MIMO scenario and the proposed algorithm are described in 

detail in Section III, which includes the implementation of the algorithm 

for different analog architectures. Performance results are then presented 

in Section IV. Finally, the conclusions are outlined in Section V. 

Notation: Matrices and vectors are denoted by uppercase and 

lowercase boldface letters, respectively. The superscript (.)T  and (.)H  

denote the transpose and conjugate transpose of a matrix/vector,   
p

 is 

the p -norm of a vector, 
0

   is its cardinality (i.e., the number of non-

zero elements in a vector which is sometimes referred to as the 
0

-norm 

in the literature) and n
I  is the n × n identity matrix. 

2. System Model 

In this section, we present the system and channel models adopted 

for the design of the hybrid precoding algorithm. Let us consider the 

OFDM base system illustrated in Figure 1. In this case, we have a 

mmWave/THz hybrid multiuser MIMO system, where a base station (BS) 

is equipped with 
tx

N  antennas and transmits to 
u

N  users equipped with 

rx
N  antennas over F carriers, as can be seen in Figure 1. On each 

subcarrier, 
s

N  data streams are transmitted to each user which are 

represented as  =
 ,1 ,

...
u

T
T T

k k k N
s s s , with 

1

,


s sN

k u . Instead of a fully-

digital design which would require a dedicated RF chain per antenna 

element, both the precoder and combiner comprise separate digital and 

analog processing blocks. This approach allows for the use of reduced 

digital blocks with only a few RF chains, which are complemented by the 

analog blocks, that can be supported solely on networks of phase shifters 

and switches. Since the analog precoder (combiner) is located after 

(before) the IFFT (FFT) blocks, it is shared between the different 

subcarriers, as in [24,25]. Regarding the analog precoder and combiner, 

which are represented by matrices 


tx
tx RFN N

RF
F and 


rx

rx RF

u

N N

RF
W  with 

1,..., ,=
u

u N it is assumed that  
tx

u s RF tx
N N N N  and  rx

s RF rx
N N N , 

where tx

RF
N  and rx

RF
N  are the number of RF chains at the BS and each user, 

respectively. The received signal model at subcarrier k after the combiner 

can be written as 

 +
, ,, BB RF , RF BB BB RF ,

=
k u u k k u

H H H H

k u u k u k k u
Y W W H F F s W W n , (1) 
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where ,
rx txN N

k u


H is the frequency domain channel matrix (assumed to 

be perfectly known at the transmitter and receiver) between the base 

station and the uth receiver at subcarrier k. Vector 



1

,
rxN

k u
n  contains 

independent zero-mean circularly symmetric Gaussian noise samples 

with covariance 
2

rx
n N
I  and 

u
 denotes the average received power. The 

digital baseband precoders and combiners are denoted by 



BB

tx
RF u s

k

N N NF  

and 



rx
RF s

k ,u

N N

BB
W , respectively. Regarding the channel model, it is 

important to note that even though the mmWave and THz bands share a 

few commonalities, the THz channel has several peculiarities that 

distinguish it from the mmWave channel. For example, the very high 

scattering and diffraction losses in the THz band will typically result in a 

much sparser channel in the angular domain with fewer multipath 

components (typically less than 10) [21]. Furthermore, the gap between 

the line of sight (LOS) and non-line of sight (NLOS) components tends to 

be very large, making it often LOS-dominant with NLOS-assisted [25]. 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 [20]. In light of this, in this paper 

we consider a clustered wideband geometric channel, which is commonly 

adopted both in the mmWave [15] and THz literature [20,25-38]. 

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 

( ) ( )(      +
, , , ,

,
= , ,

H
LOS r LOS r LOS t LOS t LOS

k u u r u u t u u
H a a   

( ) ( ) 
    

−

= =


+ 




 ,2

, , , , , , , , , ,
1 1

, , ,
raycl

i u k

NN
H j fr r t t

i l u r i l u i l u t i l u i l u
i l

ea a  (2) 

where cl
N  denotes the scattering clusters with each cluster i having a time 

delay of 
,i u

 and 
ray

N  propagations paths.  LOS

u  
, ,i l u  are the complex 

gains of the LOS component and of the lth ray from cluster i. Index u is 

the user ( = 1,...,
u

u N ),  − 
= + − − 

 

1
1

2k c

B F
f f k

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

subcarrier frequency, B is the bandwidth, fc is the central frequency and γ 

is a normalizing factor such that   =
  

2

,
Ε

k u tx rxF
N NH . Vectors 

( ) 
, , , ,

,t t

t i l u i l u
a  and ( ) 

, , , ,
,r r

r i l u i l u
a  represent the transmit and receive 

antenna array responses at the azimuth and elevation angles of 

( ) 
, , , ,

,t t

i l u i l u  and ( ) 
, , , ,

,r r

i l u i l u , respectively. Vectors ( ) , ,,t LOS t LOS

t u u
a  and 

( ) , ,,r LOS r LOS

r u u
a  have similar meanings but refer to the LOS path angles 

( ), ,,t LOS t LOS

u u   and ( ) , ,,r LOS r LOS

u u . By carefully selecting the parameters of 

the channel model we can make it depict a mmWave or a THz channel. 
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Considering Gaussian signaling, the spectral efficiency achieved by the 

system for the transmission to MS-u in subcarrier k is [28] 

k,u k,u

−= + 
, , , ,

1

, 2 BB RF RF BB BB RF RF BB
log rx

k u u k u k u u k uRF

H H H H H

k u uN
R I R W W H F F F F H W W , (3) 

where 
,k uR  is the covariance matrix of the total inter-user interference 

plus noise at MS-u, which is characterized by 

k,u k,u




= +
, , , ,

2

, BB RF RF BB BB RF RF BB
( )

u

k u u k j k j rx u k u

N
H H H H H

k u N
j u

R W W H F F F F H I W W . (4) 
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Figure 1. A multiuser OFDM mmWave/THz MIMO system with hybrid precoding. 

3. Proposed Hybrid Design Algorithm 

In this section, we will introduce the algorithm for the hybrid 

precoding problem and show how it can be adapted to different 

architectures. Although we will focus on the precoder design, a similar 

approach can be adopted for the combiner. However, since our design 

assumes that inter-user interference suppression is applied at the 

transmitter, only single-user detection is required at the receiver and 

therefore the algorithm reduces to the one described in [10]. 

3.1. Main Algorithm 

Although there are several problem formulations for the hybrid 

design proposed in the literature, one of the most effective relies on the 

minimization of the Frobenius norm of the difference between the fully-

digital precoder and the hybrid precoder [22,29-31]. In this paper we 

follow this matrix approximation-based approach. First, we compute 

fully-digital precoders, which we assume to be designed so as to enforce 

zero inter-user interference, using, for example, the block-diagonalization 

(BD) approach described in [32]. Using the BD procedure, we obtain one 
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different digital precoder matrix for each subcarrier, 
optk

F  (with 

1,...,k F= ,  and 
,1 ,opt opt opt, ,

k k k Nu

 =
 

F F F ),  which  satisfy  , ,k u k u
=H F 0   for 

all u u    ( , 1,..., uu u N = ), thus guaranteeing no inter-user interference. 

Using these digital precoder matrices, we design the hybrid digital/analog 

precoder by solving a matrix approximation problem formulated as 

=

−
RF BB

2

RF BB,
1

min   
k k

k

F

opt
F

k
F F

F F F  (5) 


subject to  tx

tx RF
RF N N

F  (6) 

=
2

RF BBk u s
F

N NF F  (7) 

where Equation (7) enforces the transmitter’s total power constraint and 

tx RFN N  is the set of feasible analog precoding matrices, which is defined 

according to the adopted RF architecture (it will be formally defined for 

several different architectures in the next subsection). Matrix optk
F  

denotes the fully-digital precoder. Even if optk
F  is selected in order to 

cancel all interference between users, the hybrid design resulting as a 

solution of Equations (5)–(7) will correspond to an approximation and, as 

such, residual inter-user interference will remain. To avoid the 

performance degradation that will result from this, an additional 

constraint can be added to the problem formulation, namely 


=


= = =
,, RF BB

1

0,   1,..., ,   1,...,
u

k u

N

k u u
u
u u

k F u NH F F  (8) 

where 
,BB BB

[:,( 1) 1 : ]
k u k s s

u N uN= − +F F . This restriction is equivalent to 

enforcing 
,RF BBk u

F F  to lie in the null space of 
( 1)

,
u rx txN N N

k u

− 
H  ( ,k u

H  is a 

matrix corresponding to H
k
 with the 

rx
N  lines of user u removed) which 

we denote as ( ),k u
H . The overall optimization problem can be then 

expressed as 

=

−
RF BB

2

opt RF BB,
1

min   
k k

k

F

F
k

F F
F F F  (9) 

RF
subject to  tx

tx RF
N N

F  (10) 

=
2

RF BBk u s
F

N NF F  (11) 

( )
,RF BB ,

,   1,..., ,   1,...,
k u k u u

k F u N = =F F H . (12) 

To derive a hybrid precoder/design algorithm that can cope with the 

different RF architectures, we can integrate the RF constraint directly into 

the objective function of the optimization problem. This can be 

accomplished through the addition of an auxiliary variable, R, combined 

with the use of the indicator function. The indicator function for a generic 
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set  is defined as ( )I x , returning 0 if x  and +∞ otherwise. A 

similar approach can be adopted for integrating the other constraints, 

Equations (11) and (12), also into the objective function. The optimization 

problem can then be rewritten as 

  

 (13) 

 (14) 

 (15) 

, (16) 

where  =
  ,1 ,aprox aprox aprox

, ,
k k k Nu

F F F . The augmented Lagrangian function 

(ALF) for Equations (13)–(16) can be written as 

  

  

  

, (17) 

where 
 tx RFN NΛ , 

 tx RFN NΨ  and 
 tx RFN NΓ  are dual variables and 

,  ,   are penalty parameters. After some straightforward algebraic 

manipulation and working with scaled dual variables =U Λ , 

=
k

W Ψ  and =
k k

Z Γ  we can rewrite the ALF as 

  

  

  

. (18) 

RF BB aprox ,

2
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In the following, we apply ADMM [22] as a heuristic for solving 

problem Formulation (13)–(16). To accomplish this, we can apply the 

gradient ascent to the dual problem involving the ALF, which allows us 

to obtain an iterative precoding algorithm comprising the following 

sequence of steps. We start with the minimization of the ALF over 
RFF  for 

iteration 1t +  defined as 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
 

+
=

RF

1

RF , RF BB aprox,
min ( , , , , , )

t t t t t t t t
L

F
F F F R B W, , ZF U , (19) 

which can be obtained from 

( ) ( ) ( ) ( ) ( ) ( ) ( )
 

 =
RF

, RF BB aprox,
( , , , , , ) 0H

t t t t t t t
L

F
WF , ZF R B F U ,  (20) 

leading to the closed form expression 

  

. (21) 

After obtaining the expression for RF
F , 

( )+1

BB

t
F  can be found by 

following the same methodology. In this case the minimization is 

expressed as 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )
  

+
=

BB

1

BB , RF BB apro, x
min ( , , , , , )

t t t t t t t t
L

F
F F F R , WU , ZB F , (22) 

which can be obtained from 

( ) ( ) ( ) ( ) ( ) ( ) ( )
 

 =
BB

, RF BB aprox,
( , , , , , ) 0H

t t t t t t t
L

F
WF , ZF R B F U ,  (23) 

and leads to the closed form expression 

  

. (24) 

The next steps consist of the minimization over R and k
B . The 

minimization of Equation (18) with respect to R and k
B  can be written as 

  

, (25) 

and 

( ) ( ) ( ) ( )
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=
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 
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where ( )


 
a b

 and ( )
=

 2
. u sF

N N
 denote the projection onto set 

a b  and 

onto the set of matrices whose squared Frobenius norm is u s
N N , 

respectively. While the former projection depends on the adopted analog 

architecture and will be explained in the next subsection, the second 

projection is simply computed as 

( )

( ) ( ) ( )( )
( ) ( ) ( )

+ +

+

+ +

+
=

+

1 1

RF BB1

2
1 1

RF BB

k

k

t t t

u st

k
t t t

F

N NF F W
B

F F W

. (27) 

The minimization of (18) with respect of 
,aproxk u

F  can be written as 

( )

( )

( ) ( )


− +

+ + +

− +
= + − +

, , ,( 1) 1: ,
,aprox ,

2
1 1 1 ( )

aprox aprox RF BB aprox ,( 1) 1:
min{I ( ) }

k u k u k u N uN k u s ss sk u
k u

t t t t

k u N uN
FHF

F F F F F Z   

, (28) 

which also involves a projection, 
( ) ( ) 

,k uH
, but in this case onto the null-

space of ,k u
H . Let us use A to denote ( ) ( )+ +

− +
= +

,

1 1 ( )

RF BB ,( 1) 1:k u s s

t t t

k u N uN
A F F Z . The 

procedure to compute the projection of matrix A onto the null-space of 

,k u
H  can be formulated as another optimization problem, which can be 

expressed as 

min
=

−
2

:, :,
1

  
sN

i i F
i

A X  (29) 

=
, :,

subject to  0
k u i

H X . (30) 

The general solution for this problem is presented in [29] 

corresponding to 

( )( )= =
:, , , , , :,

,   1,...,
tx

H H

i N k u k u k u k u i s
i N

-1

X I - H H H H A . (31) 

Reordering the column vectors in the original matrix form results in 

the final expression which can be rewritten as 

  

. (32) 

In this expression, 
( )1

,k u
V  denotes the matrix containing the right 

singular vectors corresponding to the non-zero singular values associated 

with the singular value decomposition (SVD) given by 

( ) ( ) =
 

1 0

, , , , ,
 

H

k u k u k u k u k u
H U Λ V V . Therefore, to compute matrix X, one can 

perform a single value decomposition of ,k u
H  and then use this to remove 
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the projection of A onto the row space of ,k u
H . Finally, the expressions for 

the update of dual variables U, W and Z are given by 

( ) ( ) ( ) ( )+ + +
= + −

1 1 1

RF

t t t t
U U F R , (33) 

( ) ( )++ + += + −
1 1 ( 1)

B

( 1) ( )

RF B k

t t

k

t t

k k

tW W F F B , (34) 

( ) ( )+ ++ += + −
1 1( 1) ( ) ( 1)

RF BB aproxk k

t tt t t

k k
Z Z F F F . (35) 

Appropriate values for the penalty parameters can be obtained in a 

heuristic manner by performing numerical simulations. Regarding the 

initialization and termination of the algorithm, the same approach 

described in [10] can be adopted. The whole algorithm is summarized in 

Table 1. In this table, Q denotes the maximum number of iterations. The 

projection operation is the only step specific to the implemented 

architecture, as will be explained in the next subsection. 

Table 1. General Iterative Hybrid Design Algorithm. 

1:    Input: opt k
F , 

( )0

RF
F , 

( )0

BBk
F , 

( )0
R , 

(0)

k
B , 

,

(0)

aproxk u
F , ρ, Q 

2:    for t = 0, 1, …, Q−1 do 

3:    Compute 
( )+1

RF

t
F  using (21). 

4:    Compute 
( )+1

BBk

t
F  using (24), for all k = 1,..., F. 

5:    Compute 
( )+1t

R  using (25). 

6:    Compute 
+( 1)t

k
B  using (26), for all k = 1,..., F. 

7:    Compute ( )+

,

1

aproxk u

t
F  using (28), for all k = 1,..., F and u = 1, …, Nu. 

8:    Update ( )+1t
U  using (33). 

9:    Update 
+( 1)t

k
W  using (34), for all k = 1,..., F. 

10:   Update 
+( 1)t

k
Z  using (35), for all k = 1,..., F. 

11:   end for. 

12:    ( )

RF
ˆ QF R . 

13
:   ( )

−


1

( )

BB RF RF RF aprox
ˆ ˆ ˆ ˆ

k k

H H QF F F F F , for all k = 1,..., F. 

14:   
−


1

BB BB BB BB
ˆ ˆ ˆ ˆ

k k k k

H

u s
F

N NF F F F . 

15:   Output: RF
F̂ ,  BB

F̂ . 

3.2. Analog RF Precoder/Combiner Structure 

The projection required for obtaining matrix R in step 5 of the 

precoding algorithm has to be implemented according to the specific 

analog beamformer [6,20,33-37]. This makes the proposed scheme very 

generic, allowing it to be easily adapted to different RF architectures. In 

the following, we will consider a broad range of architectures that can be 

adopted for the RF precoder for achieving reduced complexity and power 

consumption implementations. We will consider FC, AoSA and DAoSA 

structures as illustrated in Figure 2, where we assume single phase shifters 

(SPS). Besides SPS, we will also consider other alternative 

implementations for these structures, as illustrated in Figure 3 for AoSA. 

The different solutions either rely on selectors, switches, inverters or 

phase shifters, or combinations of these. The overall analog structure is 
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defined as a combination of one of the architectures in Figure 2 with either 

SPS or one of the alternatives illustrated in Figure 3. 
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Figure 2. Different precoder architectures for a mmWave/THz MIMO system based on phase shifters. 
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Figure 3. Alternative implementations to single phase shifters based on array-of-subarrays for a 

mmWave/THz MIMO system. 

 

(1) Unquantized Phase Shifters (UPS) 

In the first case, we consider the use of infinite resolution phase 

shifters which, while being ideal, are often used as a reference benchmark. 

For this architecture the RF constraint set is given by 

 


=  =

,
: 1a b

a b i j
XX  (36) 
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and the corresponding projection can be performed simply using 

( ) ( )( ) ( )+ + += +  +
1 ( 1) ( 1)

RF RF

t t tt tR F W F W , (37) 

where   denotes the Hadamard (i.e., element-wise) division. 

(2) Quantized Phase Shifters (QPS) 

The second case considers a more realistic scenario, in which phase 

shifters can be digitally controlled with b
N  bits. These devices allow the 

selection of 2 bN  different quantized phases and the RF constraint set 

becomes 

 


=  = −

2 2

,
: , =0,...,2 1

Nb
bNkia b

a b i j
X e kX . (38) 

The implementation of the projection in line 5 of Table 1 can be 

obtained as the following element-wise quantization 

( )
( ) ( )


+

−

  
+ −  

+   = = =

1

,RF ,
=0,...,2 1

min angle 2 2
1

,
, 1,..., , 1,...,

t t Nb
i jN i jbk

F W k
t tx

i j tx RF
R e i N j N . (39) 

Phase shifters are typically one of the best solutions for analog 

processing blocks but also have a higher implementation cost and power 

consumption, especially when they have high resolutions. 

 

(3) Double Phase Shifters (DPS) 

Another appealing architecture relies on the use of double phase 

shifters (DPS) since these remove the constant modulus restriction on the 

elements of RF
F , following the idea in [37]. The main difference between 

SPS and DPS structures relies on the number of phase shifters in use to 

compose each connection from an RF chain to a connected antenna 

element, which in this case is doubled. Even though it increases the 

implementation complexity and power consumption, this solution can 

increase the spectral efficiency and approach the performance of the fully-

digital one [37]. In this case, the projection can be implemented element-

wise simply as 

( ) ( ) ( )( )
( ) ( )

( ) ( )( )
+ 

 + + + + = + −  + −

1

,RF ,

, ,

angle
1 1 1

, RF , RF ,
max 0, 2

t t
i ji j

i j i j

i F W
t t t t t

i j i j i j
R F W e F W  (40) 

Similarly to other architectures, DPS can be used not only in the fully-

connected approach but also in the AoSA and DAoSA cases, replacing the 

constant modulus setting operation. 

(4) Switches (Swi) 

In an architecture based on switches, each of the variable phase 

shifters can be replaced by a switch which typically consumes less power 

[34]. This simplification results in a network of switches connecting each 

RF chain to the antennas. The RF constraint set can be represented as 

 


=  = =

, ,
: 0 or 1a b

a b i j i j
X XX  (41) 

(set of matrices having solely ‘0′s or ‘1′s as elements) and the projection 

can be implemented element-wise as 
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( ) ( ) ( )( )+ + = +  + −
 ,

1 1

, RF ,
1 / 2 1 / 2 sign 2Re 1

i j

t t t

i j i j
R F W . (42) 

(5) Switches and Inverters (SI) 

Assuming that = 1
b

N , then each variable phase shifter of the QPS 

architecture can be replaced by a pair of switched lines, including also an 

inverter. The corresponding constraint set can be reduced to 

 


=  = 

,
: 1a b

a b i j
XX  (43) 

and the implementation of the projection simplifies to 

( ) ( ) ( )( )+ + = +
 ,

1 1

, RF ,
sign Re

i j

t t t

i j i j
R F W . (44) 

(6) Antenna Selection (AS) 

The simplest scenario that we can consider corresponds to an 

architecture, where each RF chain can be only connected to a single 

antenna (and vice-versa). Antenna selection is a low-cost low-complexity 

alternative where only a specified subset of antennas are active at any 

given time [34]. The RF constraint set will comprise a matrix with only one 

non-zero element per column and per row, i.e., 

 


=  = = = =

, , ,: :,0 0
: 0 or 1, 1, 1a b

a b i j i j i j
X X X XX . (45) 

In the definition, 
0
  represents the cardinality of a vector 

(sometimes referred to as the 0 -norm in the literature). Defining 

( ) ( )+
= +

1

RF

t t
X F W , the projection can be approximately implemented by 

setting all the elements in X as 0 except for =
,

1
jt j

X , where j
t  is the row 

position with the highest real component in column j: 

  =
 ,

=1,...,

arg max Real
tx

j i j
i N

t X . (46) 

The computation of j
t  is performed for all columns j = 1, …, tx

RF
N , 

sorted by descending order in terms of highest real components. It should 

be noted that during this operation, the same row cannot be repeated. 

(7) Array-of-Subarrays (AoSAs) 

Within the context of UM-MIMO, one of the most appealing 

architectures for keeping the complexity acceptable relies on the use of 

AoSA, where each RF chain is only connected to one or more subsets of 

antennas (subarrays). Denoting the number of subarrays as 
SAn , which is 

typically set as =
SA RF

n N , and the size of each subarray as 
SA

tx
N , then we 

have = =SA tx tx
tx

SA RF

N N
N

n N
. To limit the complexity of the architecture, each 

RF chain can connect to a maximum of Lmax consecutive subarrays. In 

this case, the RF constraint set comprises matrices where each column has 

a maximum of Lmax blocks of 
SA

tx
N

 constant modulus elements, with all the 

remaining elements being zero. Defining ( ) ( )+
= +

1

RF

t t
X F W , the projection 
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can be implemented by setting all the elements in X as 0 except for the 

subblocks in each column j which fulfill 

( ) ( ) ( )− + − + − +  − +


{([ 1 1 1: 1 ] 1) mod } 1,
1 2

SA SA SA SA
tx tx tx tx tx

SA

tx

j N i N j N i N N j

N
X

 
(47) 

with =
max

1,...,i L  and = 1,...,
RF

Nj . In this case, the corresponding 

elements of R are set as ( ) ( )+
=

1

, , ,

t

i j i j i j
R X X , assuming UPS in these 

connections. Clearly, the phase shifters can be replaced by any of the other 

alternatives presented previously. 

(8) Dynamic Array-of-Subarrays (DAoSAs) 

As a variation of the previous AoSA architecture, we also consider 

an implementation where each subarray can be connected to a maximum 

of Lmax RF chains (which can be non-adjacent). In this case, the constraint 

set comprises matrices where each 


SA

tx RF
N N

 component submatrix 

contains a maximum of Lmax columns with constant modulus elements. 

The rest of the matrix contains only zeros. In this case, starting with X = 0, 

the projection can be obtained by selecting the Lmax columns of 

( ) ( ) ( )− + − + − +  − +


{[ 1 1 1: 1 ] 1) mod } 1,
1 2

SA SA SA SA
tx tx tx tx tx

SA

tx

j N i N j N i N N j

N
X

 
(48) 

where = 1,...,
SA

j n  with the largest 1-norm and setting the corresponding 

elements of R as ( ) ( )+
=

1

, , ,

t

i j i j i j
R X X , assuming the use of UPS. Care must 

be taken to guarantee that at least one sub-block will be active in every 

column of R. Similarly to the AoSA, the phase shifters can be replaced by 

any of the other presented alternatives. 

3.3. Complexity 

In the proposed algorithm, the 
( )+1

RF

t
F  and 

( )+1

BB

t
F  updates (steps 3 and 

4 in Table 1) are defined using closed-form expressions that encompass 

several matrix multiplications, sums and an 
RF RF

N N  matrix inverse 

(with an assumed complexity order of ( )3

RF
N ). These steps require a 

complexity order of ( )−+ 1 2

u s RF tx RF tx
QN N N N F QN N  and 

( )+ 2

u s RF tx RF tx
QN N N N QN N , respectively. 

The ( )+1t
R  update (step 5) involves simple element-wise division 

(assuming UPS) with ( )RF tx
QN N  while variable ( 1)t

k

+B  (step 6) comprises 

a Frobenius norm computation with ( )u s RF tx
QN N N N . Step 7, the ( )+

,

1

aproxk u

t
F  

update, has a complexity order of ( )+ +2 3 2 4 3

tx u s u tx rx u rx
QN N N N N N N N , 

whereas the dual variables updates (steps 8–10) have a complexity of 

( )+ 2

u s RF tx RF tx
QN N N N QN N . Therefore, keeping only the dominant 

terms, the overall complexity order for the proposed algorithm is 

( )( )+ + +2 2 3 2 4 3

tx u s RF tx u tx rx u rx
Q N N N N N N N N N N . Table 2 presents the total 

complexity order of the proposed method and compares it against other 

existing low-complexity alternatives, namely AM—based [15], LASSO—

based Alt-Min (SPS and DPS) [14] and element-by-element (EBE) [20] 



 

125 

 

algorithms. Taking into account that in UM-MIMO, Ntx will tend to be 

very large, this means the algorithms with higher complexity, and the one 

proposed in this paper, will typically be EBE due to the terms ( )2

tx
QN  

and ( )2

tx u s
QN N N . It is important to note, however, that while the 

computational complexity of these two design methods may be higher, 

both algorithms can be applied to simple AoSA/DAoSA architectures. In 

particular, the proposed approach directly supports structures with lower 

practical implementation complexity (and are more energy-efficient) such 

as those based on switches. Furthermore, in a single-user scenario, the 

interference cancellation step of the proposed algorithm is unnecessary, 

and the complexity reduces to ( )( )+ 2

u s RF tx RF tx
Q N N N N N N . Regarding 

the other algorithms, they have similar complexities. However, the AM-

based algorithm is designed for single stream scenarios whereas the 

others consider multiuser multi-stream scenarios. 

Table 2. Overall Complexity of Different Hybrid Precoding Algorithms (per 

subcarrier). 

AM—Based 

Operation Complexity Order 

Overall [15] ( )(
)

−

−

+ +

+

2 1 3

1 2 3 3    

u s RF tx RF u s RF

RF tx u s

Q N N N N N N N F N

F N N N N

 

LASSO—Based Alt-Min (SPS) 

Operation Complexity Order 

Overall [14] ( )(
)

−+ +

+ +

2 1 3

2 4 3     

u s RF tx RF u s RF

u s RF tx u s

Q N N N N N N N F N

N N N N N N
 

ADMM 

Operation Complexity Order 

Overall [10] ( )( )+ 2

s RF tx RF tx
Q N N N N N  

EBE 

Operation Complexity Order 
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4. Numerical Results 
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In this section, the performance of the proposed algorithm will be 

evaluated and compared against other existing alternatives from the 

literature, considering multiuser MIMO systems. We consider that both 

the transmitter and receivers are equipped with uniform planar arrays 

(UPAs) with 
tx tx

N N  antenna elements at the transmitter and 

rx rx
N N  at the receiver. The respective array response vectors are 

given by 

( )
( )

  
 

+
=  



/ / /
, , , , , ,

2
sin sin cos

/ /

/ , , , ,

/

1
, 1,..., ,

t r t r t r
i l u i l u i l uj d p q

t r t r

t r i l u i l u

tx rx

e
N

a   

( ) ( )( )
  


− + − 




/ / /
/ , , , , / , ,

2
1 sin sin 1 cos

..., ,
t r t r t r

tx rx i l u i l u tx rx i l u

T
j d N N

e  (49) 

where 
/

, 0,..., 1
tx rx

p q N= −  are the antenna indices, λ is the signal 

wavelength and d is the inter-element spacing, which we assume to be 

2d = . We consider a sparse channel with limited scattering where 

=
ray

4N  and = 6
cl

N . The angles of departure and arrival were selected 

according to a Gaussian distribution whose means are uniformly 

distributed in   0,2  and whose angular spreads are 10 degrees. While we 

include a few results for a NLOS channel, which is often considered a 

possible scenario in mmWave communications [14,15,25,31], we also 

present results for a channel with a LOS component which is more realistic, 

especially in the THz band. In the scenarios with a LOS component, a ratio 

of 
= =

 
 

  =
   


2 2

, ,
1 1

10
raycl

NN

i l u
i

u

S

l

LOE E  is assumed (in this case we are 

admitting very weak NLOS paths compared to LOS which is typical in the 

THz band [27]). A fully-digital combiner was considered at each receiver 

and all simulation results were computed with 5000 independent Monte 

Carlo runs. 

4.1. Fully-Connected Structures 

First, we evaluate the performance assuming a fully-connected 

structure. Simulation results for a scenario where a base station with 

= 100
tx

N  antennas transmits a single data stream ( = 1
s

N ) to = 4
u

N  

users with = 4
rx

N  antennas are shown in Figure 4 for = 1F  and Figure 5 

for = 64F . The number of RF chains in the transmitter (
tx

RF
N ) is equal to 

u s
N N . Besides our proposed precoder, several alternative precoding 

schemes are compared against the fully-digital solution, namely the 

LASSO-Based Alt-Min, the AM-Based and ADMM-Based precoding 

[10,14,15]. 
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Figure 4. Spectral efficiency versus SNR achieved by different methods with 

= 4
u

N , = 1
s

N , = 4tx

RF
N , = 1F , = 100

tx
N  and = 4

rx
N  (only NLOS). 

It can be observed that when = 1F , only the LASSO-Based Alt-Min 

with SPS and the ADMM-Based precoder from [10] (which does not 

remove the inter-user interference) lie far from fully-digital precoder. All 

the others achieve near optimum results and, in fact, can even match them 

when adopting DPS (proposed approach and LASSO-based Alt-Min). As 

explained in Section II, whereas for = 1F  we have BB
F  and RF

F  designed 

for that specific carrier, when = 64F , RF
F  has to be common to all 

subcarriers. While this reduces the implementation complexity, it also 

results in a more demanding restriction that makes the approximation of 

optk
F  (Problems (5)–(7)) to become worse. Additionally, when this 

approximation worsens, there can also be increased interference between 

users. Therefore, it can be observed in the results of Figure 5, that the gap 

between the fully-digital precoder and all the different hybrid algorithms 

is substantially wider. Still, the proposed precoder manages to achieve the 

best results. 
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Figure 5. Spectral efficiency versus SNR achieved by different methods with 

= 4
u

N , = 1
s

N , = 8tx

RF
N , = 64F , = 100

tx
N  and = 4

rx
N  (only NLOS). 

Given the performances of the different approaches, it is important 

to keep in mind that the AM-based precoding algorithm has the lowest 

performance in wideband but also one of the lowest computational 

complexities (see Table 2 of Section 3.3). In general, the proposed 

precoding algorithm is the one that can achieve better results at the cost 

of some additional computational complexity. Later on, we will address 

strategies based on lower complexity architectures that will allow for 

reducing the power consumption associated with its complexity. 

In Figure 6, we consider a scenario where the BS employs a larger 

array with = 256
tx

N  antennas to transmit = 2
s

N  simultaneous streams 

to each user, where = 2
u

N . To better fit this scenario to a typical 

communication in the THz band, we consider the existence of a LOS 

component, a center frequency of = 300GHz
c

f  and a bandwidth of 

= 15GHzB  (it is important to note that the beam split effect is also 

considered in the channel model). The AM precoder from [15] requires a 

single stream per user and thus was not included in the figure. It is 

important to note that in this scenario the use of F = 64 with only 4 RF 

chains results in a more demanding restriction that makes the 

approximation to optk
F  (Equation (5)) more difficult, thus widening the 

gap between all the schemes and the fully-digital curve. Still, the LASSO-

based Alt-Min precoding schemes present a performance substantially 

lower when compared to the proposed approaches. Furthermore, the best 

performance is achieved with the use of double phase shifters, as 

expected. Once again, in comparing the curves of the proposed precoder 

against the ADMM-based precoder from [10], the advantage of adopting 

an interference-cancellation-based design over a simple matrix 

approximation one is clear. 
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Figure 6. Spectral efficiency versus SNR achieved by different methods with 

= 2
u

N , = 2
s

N , = 4tx

RF
N , = 64F , = 256

tx
N  and = 4

rx
N  (with LOS 

component). 

4.2. Reduced Complexity Architectures 

Next, we will focus on the adoption of different reduced complexity 

architectures according to the typologies presented in Section 3.2. The 

objective is to evaluate the performance degradation when simpler 

architectures are adopted. 

Figure 7 considers a scenario in which we have more than one data 

stream ( = 2
s

N ) being sent from the BS to each user ( 4uN = ) in a system 

with =
u s

tx

RF
N NN , F = 1, = 256

tx
N  and = 4

rx
N . We considered the same 

penalty parameters configuration:  = 0.05 ,  = 1  and  = . This figure 

is placed in a perspective of simplifying the implementation of the analog 

precoder but keeping a fully-connected structure. We can observe that the 

versions based on DPS and single UPS achieve the best results, as 

expected. Considering the more realistic QPS versions, the results can 

worsen but it is visible that it is not necessary to use high resolution phase 

shifters since, with only 3 bits resolution, the results are already very close 

to the UPS curve. It can also be observed that the simplest of the 

architectures, AS, results in the worst performance but the SE improves 

when the antenna selectors are replaced by a network of switches, or, even 

better, if branches with inverters are also included. 
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Figure 7. Spectral efficiency versus SNR achieved by the proposed precoder using 

different fully-connected architectures for = 4
u

N , = 2
s

N , = 8tx

RF
N , = 1F , 

= 256
tx

N  and = 4
rx

N  (only NLOS). 

In Figure 8, we intend to simplify the implementation even further 

with the adoption of AoSAs. In this case we considered that the maximum 

number of subarrays that can be connected to an RF chain (Lmax) is only 

one. This imposes a very demanding restriction on matrix RF
F  since most 

of it will be filled with zeros, thus substantially deteriorating the 

approximation to optk
F  (Equation (5)). The scenario is the same in Figure 7 

but considers the existence of a LOS component with a few weak NLOS 

paths. 

 

Figure 8. Spectral efficiency versus SNR achieved by the proposed precoder using 

different AoSA architectures with Lmax = 1, = 4
u

N , = 2
s

N , = 8tx

RF
N , = 1F , 

= 256
tx

N  and = 4
rx

N  (with LOS component). 
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In fact, hereafter, the existence of an LOS component is assumed for 

the remaining figures of the paper in order to fit the AoSA/DAoSA results 

to a more typical scenario in the THz band. We can observe that for AoSA 

structures, the degradation of the SE is notorious, since all candidate 

versions present worse results when compared to the corresponding 

fully-connected design and are all far from the fully-digital solution. 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, as introduced in Section 

3.2. 

In Figure 9, we study the effect of increasing the maximum number 

of subarrays that can be connected to an RF chain (Lmax) in the performance 

of these schemes. Each subarray has a size of 32 antennas (nt). Curves 

assuming the use of SPS as well as of DPS are included. It can be observed 

that the increase in the number of connections to subarrays, Lmax , has a 

dramatic effect on the performance, resulting in a huge improvement by 

simply going from Lmax = 1 to Lmax = 2. Increasing further to Lmax = 4, the 

results become close to the fully-connected case, showing that the DAoSA 

can be a very appealing approach for balancing spectral efficiency with 

hardware complexity and power consumption. Combining the increase in 

Lmax  with the adoption of DPS can also improve the results but the gains 

become less pronounced for Lmax  > 1. It is important to note that the 

penalty parameters can be fine-tuned for different system configurations. 

 

Figure 9. Spectral efficiency versus SNR achieved by the proposed precoder 

considering an architecture based on DAoSAs and the variation of the maximum 

number of subarrays that can be connected to an RF chain ( axmL ) for = 4
u

N , 

= 2
s

N , = 8tx

RF
N , = 1F , = 256

tx
N  and = 4

rx
N  (with LOS component). 

One of the objectives of adopting these low-complexity solutions is 

to reduce overall power consumption. Based on [20], we can calculate the 

total power consumption of each precoding scheme using 

( )= + + + + + +P P N P +P P N P N P N +P N P N Ptx

C BB BB DAC OS M RF PA tx PC tx PS PS SWI SWI tx , (50) 
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where PBB is the power of the baseband block (with NBB = 1), PDAC is 

the power of a DAC, POS is the power of an oscillator, PM is the power of 

a mixer, PPA is the power of a power amplifier, PPC is the power of a 

power combiner, PPS is the power of a phase shifter, PSWI is the power 

of a switch and Ptx denotes the transmit power. The Nx variable 

represents the number of elements of each device used in the precoder 

configuration. 

Based on the values provided in [20,38]for the power consumption 

of individual devices in the 300 GHz band, we adopt the following values: 

PBB = 200 mW, PDAC = 110 mW, POS = 4 mW, PM = 22 mW, PPA = 60 mW, PPC 

= 6.6 mW, PSWI = 24 mW and PT = 100 mW. 

Regarding the phase shifters, we assume values of PPS = 10, 20, 40 and 

100 mW for 1, 2, 3 and 4 quantization bits. Considering the same 

configuration scenario as Figures 7–9 with 4=
u

N , 2=
s

N , =
u s

tx

RF
N NN , F 

= 1 and = 256
tx

N , we provide the values of power consumption for 

different precoder configurations in Table 3. 

Table 3. Power Consumption for Different Implementations of the Proposed 

Precoder for = 4
u

N , = 2
s

N , = 8tx

RF
N , F = 1 and = 256

tx
N . 

Precoder Estimated Power Consumption 

[W] 

Fully-Connected 

DPS 428.04 
UPS 223.24 

QPS (Nb = 2) 59.4 
QPS (Nb = 3) 100.36 

SWI 67.59 
SI 38.92 

DAoSA SPS 

Lmax = 1 28.87 
Lmax = 2 39.30 
Lmax = 3 49.73 
Lmax = 4 60.17 

DAoSA DPS 

Lmax = 1 39.11 
Lmax = 2 59.78 
Lmax = 3 80.45 
Lmax = 4 101.13 

For the fully-connected structure with UPS, we assumed that PPS = 

100 mW, which corresponds to quantized phase shifters with Nb = 4 bits 

[48]. For the remaining phase-shifter-based precoder structures, we 

assumed that PPS = 40 mW, which corresponds to quantized phase shifters 

with Nb = 3 bits, since with only 3 bits resolution the results are already 

very close to the UPS curve (see Figure 7). As can be seen from this table, 

the use of architectures based on DAoSAs allows us to reduce 

considerably the amount of power that is consumed by the precoder. In 

fact, we can reduce the amount of consumed power up to 55% if we 

consider a precoder scheme based on DAoSA with DPS and Lmax = 4 versus 

an FC structure precoder based on UPS, with only a small performance 

penalty (Figure 9). This reduction increases to 73% if the DPS structure is 

replaced by an SPS one. 

In the particular case of architectures based on quantized phase 

shifters, we observed that by decreasing the number of quantization bits, 

it is possible to substantially reduce the power consumption without 

excessively compromising the complexity (as seen in Figure 7). This 

conclusion is corroborated by [20,38], since the architectures based on low 
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resolution QPS, AoSAs and DAoSAs present superior energy efficiency 

when compared to the fully-connected structure with UPS. 

In Figures 10 and 11, we provide a comparison between our 

proposed precoder and the EBE precoder from [20], considering an 

architecture based on DAoSAs (with SPS) and a scenario configuration 

similar to Figure 9, i.e., with 2=
s

N , 8=tx

RF
N , F = 1, = 256

tx
N and 4=

rx
N

. These figures present various curves where the maximum number of 

subarrays that can be connected to an RF chain, Lmax, is changed. Figure 

10 refers to an SU scenario ( 1=
u

N ) whereas Figure 11 corresponds to an 

MU scenario with Nu = 4. In the SU case, the proposed precoder achieves 

results very close to the fully-digital precoder, even with only Lmax = 2. 

Compared to the proposed algorithm, EBE shows a wider gap even 

though it has a smaller complexity (as presented in Table 2 of Section 3.3). 

 

Figure 10. Spectral efficiency versus SNR achieved by the proposed precoder and 

by the EBE algorithm considering an architecture based on DAoSAs and the 

variation of the maximum number of subarrays that can be connected to an RF 

chain (Lmax) for = 1
u

N , = 2
s

N , = 8tx

RF
N , = 1F , = 256

tx
N  and = 4

rx
N  (with LOS 

component). 

When we increase the number of users from 1=
u

N  to 4=
u

N , we 

can clearly observe that the EBE algorithm suffers a substantial 

degradation compared to the proposed solution which can be explained 

by the lack of inter-user interference cancellation (it was not specifically 

designed for MU scenarios). 
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Figure 11. Spectral efficiency versus SNR achieved by the proposed precoder and 

by the EBE algorithm considering an architecture based on DAoSAs and the 

variation of the maximum number of subarrays that can be connected to an RF 

chain (Lmax) for a mmWave/THz system with = 4
u

N , = 2
s

N , = 8tx

RF
N , = 1F , 

= 256
tx

N  and = 4
rx

N  (with LOS component). 

Even though a sub-6 GHz system often adopts fully-digital 

processing [39], where each antenna element has a dedicated RF chain, it 

is possible to apply the proposed hybrid design algorithm to a sub-6 GHz 

channel since it is independent of a specific MIMO channel (as are the 

other alternative algorithms that we used as benchmarks and which are 

targeted at solving the matrix approximation problem).To exemplify, 

Figure 12 presents the simulated results obtained for the same scenario of 

Figure 4 but considering an ideal uncorrelated channel which 

approximates a rich scattering environment that is typical in sub-6 GHz 

bands. It can be observed that the proposed approach displays similar 

behavior to the ones in the upper-bands channel, showing that it can also 

be used for this particular type of channel (even though it may require a 

higher number of RF chains to achieve a good approximation of the fully-

digital solution in some scenarios, due to the channel not being sparse, as 

noted in [40]). It is important to highlight that even though the proposed 

approach can be applied to other channels, the algorithm was designed 

with the aim of dealing with architectures with a very large number of 

antennas and with large hardware constraints, making it especially 

interesting for mmWave and THz. 
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Figure 12. Spectral efficiency versus SNR achieved by different methods for a 

mmWave/THz MIMO-OFDM system with = 4
u

N , = 1
s

N , = 4tx

RF
N , = 1F , 

= 100
tx

N  and = 4
rx

N  considering an uncorrelated channel. 

While we have shown how the proposed approach can deal with 

several relevant types of analog precoders/combiners, it is important to 

note that are other alternative structures that have been recently proposed 

in the literature. For example, some authors have considered precoding 

paradigms based on time-delayer structures for THz systems [27,41]. One 

of the most notorious is the Delay Phase Precoding (DPD), which consists 

in the use of a Time-Delay (TD) network between the RF chains and the 

traditional phase shifters network in order to convert phase-controlled 

analog precoding into delay-phase-controlled analog precoding. The 

main advantage related to this type of precoding is that the time delays in 

the TD network are carefully designed to generate frequency-dependent 

beams which are aligned with the spatial directions over the whole 

bandwidth [41]. While we do not address the adoption of time-delay 

structures in this paper, it should be possible to derive a projection 

algorithm that simultaneously takes into account the constraints imposed 

in both analog-precoding steps: time-delay networks and frequency-

independent phase shifters. 
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5. Conclusions 

In this paper, we proposed an iterative algorithm for hybrid 

precoding design which is suitable for multiuser UM-MIMO systems 

operating in mmWave and THz bands. The adopted approach replaces 

unfeasible fully-digital precoders/combiners relying on a dedicated RF 

chain per antenna with a hybrid architecture comprising low dimension 

digital blocks with only a few RF chains which are complemented by 

analog blocks supported solely on networks of phase shifters and 

switches. The proposed hybrid design algorithm is based on the 

approximation of the fully-digital approach whose problem formulation 

is split into a sequence of smaller subproblems with closed-form solutions 

and can work with a broad range of configuration of antennas, RF chains 

and data streams. The separability of the design process allows for the 

adaptability of the algorithm to different architectures, making it suitable 

for implementation with low-complexity AoSA and DAoSA structures, 

which are particularly relevant for the deployment of UM-MIMO in 

hardware-constrained THz systems. It was shown that good trade-offs 

between SE and hardware implementation complexity can in fact be 

achieved by the proposed algorithm for several different architectures. 

Numerical results showed that the use of architectures based on DAoSAs 

allows us to reduce considerably the amount of power that is consumed 

at the precoder. In fact, in a reference scenario, we showed that it was 

possible to reduce the amount of consumed power up to 55% if we 

consider a precoder scheme based on DAoSAs with DPS and Lmax = 4 

versus an FC structure based on UPS, with only a small performance 

penalty. This reduction increases to 73% if the DPS structure is replaced 

by an SPS one. 
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Abstract: The fast growth experienced by the telecommunications field along the 

last decades have 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 

100Gbps and the extremely low latency required in many envisioned applications. 

Despite the potentialities, it requires proper system design, since working at 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-shifters 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 this type 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. 
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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 the recent years we have been witnessing the increasing 

deployment of the fifth generation 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 achieve all the 

requirements that are needed for the operation of these systems. 

However, the telecommunications field is experiencing a fast growth 

along the last decades, which have 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 by 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]. However, 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 at 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 hybrid 

precoder, it is necessary 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) represent 

some of the most referred 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 implementation complexity (especially with a massive number 

of antennas) and AoSAs which are lighter but can suffer significant 

degradation in performance. When concerning about this topic, one can 
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find on 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 incorporate 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 in for MIMO 

mmWave communications as mentioned in [16, 17]. However, these 

implementations still have limitations in the size of the adopted arrays 

and number of RF chains. Regarding the applications of these schemes in 

the THz band, the technology is still in early stages and there are still no 

UM-MIMO implementations with hybrid precoding/beamforming. 

Nevertheless, there are already some simpler SISO and MIMO 

implementations in THz 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 communications, 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 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) modelling of a radio channel is recommended since this 

type of analysis requires a statistical approach [25, 26].  
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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 

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 is 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 precoding 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 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, number of transmitted antennas per 

user and number of subcarriers, with the results benchmarked 

against two alternative MU-MIMO schemes. 

• 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. 

In Table 1, we present a list of acronyms adopted along 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.  
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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-pen 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 

UE User equipment 

UPA Uniform planar array 

TRP Transmission and reception point 

THz Terahertz 

Notation: Matrices and vectors are denoted by uppercase and 

lowercase boldface letters, respectively. (.)T and (.)H denote the transpose 

and conjugate transpose of a matrix/vector, 
p

 is the 
p
-norm of a 

vector, 
0

  is its cardinality,     is the floor function and 
nI  is the n × n 

identity matrix. 
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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 
tx

N  antennas that transmit to 
u

N  users 

simultaneously over F carriers. Each user is equipped with 
tx

N  antennas 

that transmits to 
u

N  users simultaneously. Each user is equipped with 

rx
N  antennas over F carriers, as the one described in Figure 1. 

s
N  data 

streams are transmitted to each user and to each subcarrier, which can be 

represented as 
,1 ,

...
u

T
T T

k k k N
 =
 

s s s , with 
1

,
sN

k u


s . 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 tx

u s RF tx
N N N N   and 

rx

s RF rx
N N N  , where tx

RF
N  and rx

RF
N  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 

 
, ,, BB RF , RF BB BB RF ,

=
k u u k k u

H H H H

k u u k u k k u
 +Y W W H F F s W W n , (1) 

where ,
rx txN N

k u


H  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. 
tx

tx RFN N

RF


F  and 

RF

rx
rx RF

u

N N
W  represent 

the analog precoder and combiner, with 1,...,
u

u N= , 
u

  denotes the 

average received power and vector 1

,
rxN

k u


n  contains independent 

zero-mean circularly symmetric Gaussian noise samples with covariance 
2

rx
n N

 I . The digital baseband precoders are denoted by 
BB

tx
RF u s

k

N N N
F  and 

the combiners by 
k,uBB

rx
RF sN N

W . In order to maintain the complexity of 

the implementation limited, the analog component is the same for all 

subcarriers, which means that 
RFF  and 

RFW   will be the same for all 

subcarriers. 
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Figure 1. Transmitter and receiver structure of a multiuser OFDM mmWave/THz 

MIMO system with hybrid precoding for an InD scenario.   

Considering the major issues related to spectral efficiency (SE), 

energy consumption and hardware implementation for THz pointed in 

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 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 
RFF  and 

BBF  matrices. When considering a FC structure 

with SPS, the 
RFF  will be dense with all elements having unit amplitude. 

Nevertheless, if we consider the case of AoSA architecture, the 
RFF  

elements also have unit amplitude, but the matrix structure is 

 

,1

,,1

RF

,

0

blkdiag{ ,..., }=

0

RF

RF

RF

RF NRF

RF N

 
 

=  
 
 

f

F f f

f

, (2) 

with 
,1

, , ,

1 /
= ,...,

tx tx RF

RF

RF i RF i RF i

N N N

N

f f
 
  
 
 

f  for 1,...= RFi N . In the case of the 

DAoSA architecture, the matrix is similar to case of AoSA but can have a 
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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. 
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Figure 2. Different precoder architectures for a mmWave/THz MIMO system 

based on phase shifters. 

Several schemes have been proposed in the literature to calculate the 

matrices 
RFF  and 

BBF , such as [12, 29]. The approach suggested in [15], 

can calculate 
RFF  and 

BBF  by approximation of the digital F for any of 

these four structures. The overall optimization problem can be then 

expressed as 

RF BB

2

opt RF BB,
1

min   
k k

k

F

F
k=

−
F F

F F F  (3) 

RF
subject to  tx

tx RF
N N

F  (4) 

2

RF BBk u s
F

N N=F F . (5) 

In this formulation matrix 
optk

F  denotes the fully-digital precoder and 

the equation (5) enforces the transmitter’s total power constraint and 

tx RFN N  is the set of feasible analog precoding matrices, which is defined 

according to the adopted RF architecture. In order to enforce 
,RF BBk u

F F  to lie 

in the null space of 
( 1)

,
u rx txN N N

k u

− 
H , we write the following restriction 

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

( )
,RF BB ,k u k u
F F H , (6) 

with 1,...,k F=  and 1,...,
u

u N= . 
,k u

H  is a matrix corresponding to H
k
 

with the 
rx

N  lines of user u removed which we denote as ( ),k u
H . 
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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 in the angular 

domain with fewer multipaths 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 
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where cl
N  denotes the number of scattering clusters with each cluster i, 

having a time delay of 
,i u

  and 
ray

N  is the number of propagation paths 

per cluster. LOS

u
  and 

, ,i l u
  are the complex gains of the LOS component 

and of the lth ray from cluster i. Index u is the user ( 1,...,
u

u N= ), 

1
1

2k c

B F
f f k

F

 − 
= + − − 

 
 ( 1,...,k F= ) is the kth subcarrier frequency, B is 

the bandwidth, fc is the central frequency and γ is a normalizing factor 

such that 
2

,
Ε

k u tx rxF
N N  =

  
H . Vectors ( ), , , ,

,t t

t i l u i l u
 a  and ( ), , , ,

,r r

r i l u i l u
 a  

represent the transmit and receive antenna array responses at the azimuth 

and elevation angles of ( ), , , ,
,t t

i l u i l u
   and ( ), , , ,

,r r

i l u i l u
  , respectively. Vectors 

( ), ,,t LOS t LOS

t u u
 a  and ( ), ,,r LOS r LOS

r u u
 a  have similar meanings but refer to 

the LOS path angles ( ), ,, t LOS t LOS

u u  and ( ), ,,r LOS r LOS

u 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 

clustered based channel models can yield good agreements with real 

channel behavior at mmWave and subTHz frequencies [33]. 

2.3. System level scenario 
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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 which 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. 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. 

Table 2. Evaluation parameters for indoor-office scenario. 

Parameters Indoor – office 

Layout 

Room size 

(WxLxH) 
120 mx50 mx3 m 

ISD 20m 

AP antenna height 
AP

h  3 m (ceiling) 

UE location 
LOS/NLOS LOS and NLOS  

Height 
UE

h  1.5 m 

UE mobility (horizontal plane only) 3 km/h 

Min. AP - UE distance (2D) 0 

UE distribution (horizontal) Uniform 

For this particular scenario in any considered operating frequency, 

the number of clusters, number of subarrays (scatterers) per cluster, and 

the positions of the clusters are determined by the detailed steps and 

procedures of [25]. 
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Figure 3. Indoor Office scenario layout. 

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 having a given aperture to 

increase the transmission/reception capability of MU-MIMO and 

beamforming. Since, managing transmissions in higher frequency bands 

is 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. 

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 
tx tx

N N  antenna elements 
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at the transmitter and 
rx rx

N N  at the receiver, the respective array 

response vectors are given by 
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where λ is the signal wavelength, d is the inter-element spacing ( a 2d =  

is assumed) and 
/

, 0,..., 1
tx rx

p q N= −  are the antenna indices. We 

consider a sparse channel with limited scattering where ray
1N =  and 

9
cl

N = . The angles of departure and arrival were selected according to a 

Gaussian distribution whose means are uniformly distributed in 0,2    

and whose angular spreads are 10 degrees. The results are presented for 

a NLOS and LOS channel. This last case considers a ratio of 


= =

 
 

  =
   


2 2

, ,
1 1

10
raycl

NN

i l u
i

u

S

l

LOE E , 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, 12tx

RF
N = , 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] .  

 

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, 

12tx

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

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]. At 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 a good performance 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 as 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. 

After studying the performance of the ADMM precoder considering 

the variation of the number 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 the SPS. It is important to remember, 

however, that the architecture based on DPS provides a better 
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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, 14tx

RF
N = , F=828 and Ns=2, considering several versions of the 

algorithm (only NLOS component). 

In this same figure, we include QPS curves, which corresponds 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 half wavelength. The signal-to-noise ratio (SNR) 

in dB considered in the system level simulations is obtained from 

( ) ( )0SNR    10 /= + ss log R BE N  dB, where 
s

R  is the total transmitted 

symbol rate per antenna and user, B is the total bandwidth, and 
0s

E N  is 

the ratio of symbol energy to noise spectral density in dB. Values of 
0s

E N  

are obtained from the link level BLER results. The BLER can 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 2L F=  , 

since the selected modulation is quadrature phase shift keying (QPSK) 
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and each subcarrier transports a symbol with 2 bits. By maintaining the 

reference BLER (BLER )
ref  equal to 0.1 as the F increases, we must 

decrease the respective reference BER (BER )
ref .  

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 (
LOS

P ) equal to 1 for a distance lower than 1.2 m between the 

AP and terminals. The probability of NLOS components is 1
NLOS LOS

P P= −  

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 1. When RAN cluster size is 

one (1C), we have the traditional cellular network where each AP 

generates inter-site interference. When RAN cluster size is 3, 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 seconds 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 BLER
ref =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 which 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 a SPS scheme is the one, which 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 



 

156 

 

based on the formula 
max

Throughput (1- BLER )
b ref

R= , where BLER
ref =0.1 

and 
maxb

R  is the maximum binary transmission rate considered for the two 

cases F=512 and F=828. Contrary to what it 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 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, 12tx

RF
N = 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 increasing 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 by 

increasing the number of RF chains for higher values of F allow us to reach 

greater levels of throughput. Furthermore, when the cluster size increases 

to 3 (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 

independent of cluster size. When F presents higher values, we observed 

that the performance difference of 1C and 3C increases with 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). 

 

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, 14tx

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

At this point, we already know that the throughput increases as the 

number of subcarriers increases and the ADMM precoding algorithm 

constitutes as an interesting alternative, since it can present a good 

performance and can cope with different architectures, facilitating their 

implementation. However, it is worth to understand 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 
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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 a 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 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 

who can closely approach the digital precoding curve. 

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 quantized 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 throughput 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 1 to 3, 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 significatively 

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 
LOS

P  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 quatization) and cluster sizes, considering the 

proposed precoder with Ntx=256, Nrx=4, 14tx

RF
N = , 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, 14tx

RF
N = , 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, 14tx

RF
N = , Ns=2, 

F=828 and the quantization effect (with LOS component). 

In the InD-OO scenario the 
LOS

P  is 1 up until 5.0 m and decreases to 

0.538 at 49.0 m. Knowing that the 
NLOS

P  is equal to 1
LOS

P− , 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 multipaths (NLOS component) become weaker, which 

worsens the spatial multiplexing and the spatial diversity effects. Figure 

12 exhibits a similar behaviour when compared to the previous figure, 

since the greater the cluster size and the number of quantization bits, the 

greater will be the achieved coverage. With 3 and 4 bits of quantization at 

100 mW and when the cluster size increases from 1 to 3, 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, 14tx

RF
N = , 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  10,100,1000
t

P   mW. As expected, based on 

Figures 11 and 12, the performance of scenario MO is higher than OO due 
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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 is 100 

mW. The highest values of throughput occur for 100 mW. This value of Pt 

was considered in all system level simulation of this paper. It corresponds 

to the best tradeoff 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) occurs the opposite because of 

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 study 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.  

 

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 
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precoder with Ntx=256, Nrx=4, 14tx

RF
N = , 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, 14tx

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

and 3C. 

It possible to conclude, through Figure 13 and Figure 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. A 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 

3. 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. 

4. Conclusions 

In this paper we described a cloud radio access network aimed at 

operating at the mmWave/THz bands in 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, array of 

subarrays and 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 
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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 on the capability of 

achieving significant improvements in terms of throughput performance 

and coverage over typical cellular networks. 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 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 

by a lower complexity hybrid scheme (fully connected or dynamic array 

of subarrays). 

 
Author Contributions: Conceptualization, J.P.P., A.C. and N.S.; methodology, 

J.P.P., A.C. and N.S.; software, J.P.P., A.C., V.V. and N.S.; validation, J.P.P., A.C., 

V.V., M.R., P.S. and N.S.; formal analysis, J.P.P., A.C., V.V., M.R., P.S. and N.S.; 

investigation J.P.P., A.C., V.V., M.R., P.S. and N.S.; resources, A.C., M. R., P.S. and 

N.S.; data curation, J.P.P. and A.C.; writing—original draft preparation J.P.P., 

A.C., V.V., M.R., P.S. and N.S.; writing—review and editing, J.P.P., A.C., V.V., 

M.R., P.S. and N.S.; visualization, J.P.P. and A.C.; supervision, A.C., M.R. and N.S.; 

project administration, A.C. and N.S.; funding acquisition, A.C. and N.S. All 

authors have read and agreed to the published version of the manuscript. 

Funding: This work was supported by the FCT—Fundação para a Ciência e 

Tecnologia under the grant 2020.05621.BD. The authors also acknowledge the 

funding provided by FCT/MCTES through national funds and when applicable 

co-funded EU funds under the project UIDB/50008/2020. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data presented in this study are available on 

request from the corresponding author. The data are not publicly available due to 

privacy. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Dang, S.; Amin, O.; Shihada, B.  and Alouini, M. S. “What should 6G be?,” Nature Electronics 2020, 3, 1, 20–29. 

2. Saad, W.; Bennis, M. and Chen, M. “A Vision of 6G Wireless Systems: Applications, Trends, Technologies, 

and Open Research Problems,” IEEE Network 2020, 34, 3, 134–142. 

3. Akyildiz, I.F.; Kak, A.; Nie, S. 6G and Beyond: The Future of Wireless Communications Systems. IEEE 

Access 2020, 8, 133995–134030. 

4. Sarieddeen, H.; Alouini, M.-S.; Al-Naffouri, T.Y. An Overview of Signal Processing Techniques for Terahertz 

Communications. Proc. IEEE 2021, 1–38. 

5. Lin, C.; Li, G.Y.L. Terahertz Communications: An Array-of-Subarrays Solution. IEEE Commun. Mag. 2016, 54, 

124–131.  

6. Faisal, A.; Sarieddeen, H.; Dahrouj, H.; Al-Naffouri, T.; Alouini, M. Ultramassive MIMO Systems at Terahertz 

Bands: Prospects and Challenges. IEEE Vehicular Technology Magazine 2020, 15, 33-42. 



 

164 

 

7. Castaneda, E.; Silva, A.; Gameiro, A.; Kountouris, M. An Overview on Resource Allocation Techniques for 

Multi-User MIMO Systems. IEEE Commun. Surv. Tutor. 2017, 19, 239–284.  

8. Zu, K.; de Lamare, R.; Haardt, M. Generalized Design of Low-Complexity Block Diagonalization Type 

Precoding Algorithms for Multiuser MIMO Systems. IEEE Trans. Commun. 2013, 61, 4232–4242.  

9. Lopes, P.; Gerald, J. Leakage-based precoding algorithms for multiple streams per terminal MU-MIMO 

systems. Digit. Signal Process. 2018, 75, 38–44. 

10. Guerreiro, J.; Dinis, R.; Montezuma, P.; Marques da Silva, M. On the Achievable Performance of Nonlinear 

MIMO Systems. IEEE Commun. Lett. 2019, 23, 1725–1729. 

11. Chataut, R.; Akl, R. Massive MIMO Systems for 5G and beyond Networks—Overview, Recent Trends, 

Challenges, and Future Research Direction. Sensors 2020, 20, 2753. 

12. Yuan, H.; An, J.; Yang, N.; Yang, K.; Duong, T.Q. Low Complexity Hybrid Precoding for Multiuser Millimeter 

Wave Systems Over Frequency Selective Channels. IEEE Trans. Veh. Technol. 2018, 68, 983–987. 

13. Liu, F.; Kan, X.; Bai, X.; Du, R.; Liu, H.; Zhang, Y. Hybrid precoding based on adaptive RF-chain-to-antenna 

connection for millimeter wave MIMO systems. Phys. Commun. 2020, 39, 100997. 

14. Xu, K.; Cai, Y.; Zhao, M.; Niu, Y.; Hanzo, L. MIMO-Aided Nonlinear Hybrid Transceiver Design for Multiuser 

Mmwave Systems Relying on Tomlinson-Harashima Precoding. IEEE Trans. Veh. Technol. 2021, 70, 6943–6957. 

15. Pavia, J.; Velez, V.; Ferreira, R.; Souto, N.; Ribeiro, M.; Silva, J.; Dinis, R. Low Complexity Hybrid Precoding 

Designs for Multiuser mmWave/THz Ultra Massive MIMO Systems. Sensors 2021, 21, 6054. 

16. Payami, S.; Khalily, M.; Araghi, A.; Loh, T.; Cheadle, D.; Nikitopoulos, K.; Tafazolli, R. Developing the First 

mmWave Fully-Connected Hybrid Beamformer With a Large Antenna Array. IEEE Access 2020, 8, 141282-

141291. 

17. Loh, T.; Cheadle, D.; Payami, S.; Khalily, M.; Nikitopoulos, K.; Tafazolli, R. Experimental Evaluation of a 

Millimeter-wave Fully-Connected Hybrid Beamformer with a Large Antenna Array. 2021 15th European 

Conference on Antennas and Propagation (EuCAP) 2021. 

18. Li, X.; Yu, J.; Wang, K.; Kong, M.; Zhou, W.; Zhu, Z.; Wang, C.; Zhao, M.; Chang, G. 120 Gb/s Wireless 

Terahertz-Wave Signal Delivery by 375 GHz-500 GHz Multi-Carrier in a 2 × 2 MIMO System. Journal of 

Lightwave Technology 2019, 37, 606-611. 

19. Jia, S.; Zhang, L.; Wang, S.; Li, W.; Qiao, M.; Lu, Z.; Idrees, N.; Pang, X.; Hu, H.; Zhang, X.; Oxenlowe, L.; Yu, 

X. 2 × 300 Gbit/s Line Rate PS-64QAM-OFDM THz Photonic-Wireless Transmission. Journal of Lightwave 

Technology 2020, 38, 4715-4721. 

20. Busari, S.; Huq, K.; Mumtaz, S.; Rodriguez, J. Terahertz Massive MIMO for Beyond-5G Wireless 

Communication. In Proceedings of the ICC 2019-2019 IEEE International Conference on Communications 

(ICC), Shanghai, China, 11–22 March 2019. 

21. Akyildiz, I.F.; Han, C.; Hu, Z.; Nie, S.; Jornet, J.M. TeraHertz Band Communication: An Old Problem Revisited 

and Research Directions for the Next Decade. arXiv 2021, arXiv: 2112.13187v1. Available online: 

https://arxiv.org/abs/2112.13187v1 (accessed on 2 July 2021). 

22. Godinho, A.; Fernandes, D.; Soares, G.; Pina, P.; Sebastião, P.; Correia, A.; Ferreira, L.S. A Novel Way to 

Automatically Plan Cellular Networks Supported by Linear Programming and Cloud Computing. Appl. 

Sci. 2020, 10, 3072. 

23. Jao, C. et al., "WiSE: A System-Level Simulator for 5G Mobile Networks," in IEEE Wireless Communications 

2018, 25, 2, 4-7. 

24. Riviello, D.G.; Di Stasio, F.; Tuninato, R. Performance Analysis of Multi-User MIMO Schemes under Realistic 

3GPP 3-D Channel Model for 5G mmWave Cellular Networks. Electronics 2022, 11, 330. 

25. 3rd Generation Partnership Project (3GPP). TR 38.901 v14.1.1, Study on channel model for frequencies from 

0.5 to 100 GHz, Release 14. July 2017. Available online: 

www.3gpp.org/ftp/Specs/archive/38_series/38.901/38901-g10.zip (accessed on 01 November 2021). 

26. Bechta, K.; Kelner, J.; Ziółkowski, C.; Nowosielski, L. Inter-Beam Co-Channel Downlink and Uplink 

Interference for 5G New Radio in mm-Wave Bands. Sensors 2021, 21, 793. 

27. Zaidi, S., Ben Smida, O., Affes, S., Vilaipornsawai, U., Zhang, L. and Zhu, P. User-Centric Base-Station 

Wireless Access Virtualization for Future 5G Networks. IEEE Transactions on Communications. 2019, 67, 7, 5190-

5202. 

28. Yuan, H.; Yang, N.; Yang, K.; Han, C.; An, J. Hybrid Beamforming for Terahertz Multi-Carrier Systems Over 

Frequency Selective Fading. IEEE Trans. Commun. 2020, 68, 6186–6199. 



 

165 

 

29. Yan, L.; Han, C.; Yuan, J. A Dynamic Array-of-Subarrays Architecture and Hybrid Precoding Algorithms for 

Terahertz Wireless Communications. IEEE J. Sel. Areas Commun. 2020, 38, 2041–2056.  

30. Han, C.; Yan, L.; Yuan, J. Hybrid Beamforming for Terahertz Wireless Communications: Challenges, 

Architectures, and Open Problems. IEEE Wireless Communications 2021, 28, 198-204. 

31. Ning, B.; Zhongbao, T.; Chen, Z.; Han, C.; Yuan, J.; Li, S. TeraMIMO Prospective Beamforming Technologies 

for Ultra-Massive MIMO in Terahertz Communications: A Tutorial. arXiv 2021, arXiv: 2107.03032v2. Available 

online: https://arxiv.org/abs/2107.03032v2 (accessed on 2 January 2022). 

32. Basar, E.; Yildirim, I. SimRIS Channel Simulator for Reconfigurable Intelligent Surface-Empowered 

Communication Systems, 2020 IEEE Latin-American Conference on Communications (LATINCOM), 2020, 

pp. 1-6. 

33. Ju,S.; Xing, Y.; Kanhere, O.; Rappaport, T. S. Millimeter Wave and Sub-Terahertz Spatial Statistical Channel 

Model for an Indoor Office Building. arXiv 2021, arXiv:2103.17127v1. Available online: 

https://doi.org/10.48550/arXiv.2103.17127(accessed on 26 February 2022). 

34. Yu, X., Zhang, J. and Letaief, K., "Alternating minimization for hybrid precoding in multiuser OFDM 

mmWave systems", 2016 50th Asilomar Conference on Signals, Systems and Computers, 2016. 

35. Yu, X., Zhang, J. and Letaief, K. B., “Doubling Phase Shifters for Efficient Hybrid Precoder Design in 

Millimeter-Wave Communication Systems”, Journal of Communications and Information Networks 2019, 4, 

pp. 51-67. 

 


