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Abstract 

Future ultra-high-speed wireless communication systems face difficult challenges 

due to the fundamental limitations of current technologies operating at microwave 

frequencies. Supporting high transmission rates will require the use of more spectral 

resources that are only available at higher frequencies. Within this context, terahertz 

(THz) communications have been attracting more and more attention, being considered 

by the research community as one of the most promising research fields on the topic due 

to the availability of extensive unused bandwidth segments. However, its widespread use 

is not yet possible due to some obstacles, such as the high propagation losses that occur 

in this band and the difficulty in designing devices that can effectively perform both 

transmission and detection tasks.  

The purpose of this dissertation is to contribute for the solution of both of the 

aforementioned problems and to propose novel THz transceiver schemes for ultra-high-

speed wireless communications. Three main research areas were addressed: device 

modelling for the THz; index modulation (IM) based schemes for Beyond 5G (B5G) 

networks and hybrid precoding designs for THz ultra massive (UM) – multiple input 

multiple output (MIMO) systems. The main contributions of this work include the 

creation of a new design for a reconfigurable THz filter; the proposal of a precoded 

generalized spatial modulation scheme for downlink MIMO transmissions in B5G 

networks; the creation of a low-complexity hybrid design algorithm with a near fully-

digital performance for multiuser (MU) mmWave/THz ultra massive MIMO systems that 

can incorporate different analog architectures; and the system-level assessment of   cloud 

radio access network (C-RAN) deployments based on low-complexity hybrid precoding 

designs for massive MIMO downlink transmissions in B5G networks. The first 

contribution is especially suited for the implementation of reconfigurable THz filters and 

optical modulators, since it is based on a simple design, which transits from situations in 

which it presents a full transparency to situations where it achieves full opacity. 

Moreover, this approach can also be used for the implementation of simultaneously 

transmitting and reflecting (STAR) reconfigurable intelligent surfaces (RIS) which are 

important for enabling flexible system designs in RIS-assisted networks. The second 

contribution showed that the implementation of precoding schemes based on generalised 

spatial modulations is a solution with a considerable potential for future B5G systems, 

since it can provide larger throughputs when compared to conventional MU-MIMO 
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schemes with identical spectral efficiencies.The last two contributions showed that 

through the proposed hybrid design algorithm it becomes possible to replace a fully digital 

precoder/combiner by a fully-connected or even by a partially-connected architecture 

(array of subarrays and dynamic array of subarrays), while achieving good tradeoffs 

between spectral efficiency, power consumption and implementation complexity. These 

proposals are particularly relevant for the support of UM-MIMO in severely hardware 

constrained THz systems. Moreover, the capability of achieving significant 

improvements in terms of throughput performance and coverage over typical cellular 

networks, when considering hybrid precoding‐based C-RAN deployments in two indoor 

office scenarios at the THz band, was demonstrated. 

 

Keywords: Frequency Selective Surfaces; Filters; Terahertz; Generalized Spatial 

Modulation, Hybrid Precoding; Ultra-Massive MIMO; B5G; 6G. 
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Resumo 

Os futuros sistemas de comunicação sem fios de velocidade ultra-elevada enfrentam 

desafios difíceis devido às limitações fundamentais das tecnologias atuais que funcionam 

a frequências de microondas. O suporte de taxas de transmissão altas exigirá a utilização 

de mais recursos espectrais que só estão disponíveis em frequências mais elevadas. A 

banda Terahertz (THz) é uma das soluções mais promissoras devido às suas enormes 

larguras de banda disponíveis no espectro eletromagnético. No entanto, a sua utilização 

generalizada ainda não é possível devido a alguns obstáculos, tais como as elevadas 

perdas de propagação que se verificam nesta banda e a dificuldade em conceber 

dispositivos que possam desempenhar eficazmente as tarefas de transmissão e deteção. 

O objetivo desta tese de doutoramento, é contribuir para ambos os problemas 

mencionados anteriormente e propor novos esquemas de transcetores THz para 

comunicações sem fios de velocidade ultra-elevada. Três grandes áreas de investigação 

foram endereçadas, contribuindo individualmente para um todo: a modelação do 

dispositivo para o THz; esquemas baseados em modulações de índice (IM) para redes 

pós-5G (B5G) e desenhos de pré-codificadores híbridos para sistemas THz MIMO ultra-

massivos. As principais contribuições deste trabalho incluem a criação de um novo design 

para um filtro THz reconfigurável; a proposta de uma nova tipologia de modulação 

espacial generalizada pré-codificada para transmissões MIMO de ligação descendente 

para redes B5G; a criação de um algoritmo de design híbrido de baixa complexidade com 

desempenho quase totalmente digital para sistemas MIMO multi-utilizador (MU) 

mmWave/THz ultra massivos que podem incorporar diferentes arquiteturas analógicas e 

a avaliação das implementações da rede de acesso de rádio na nuvem (C-RAN) com base 

em designs de pré-codificação híbridos de baixa complexidade para transmissões MIMO 

de ligação descendente massivas em redes B5G. A primeira contribuição é especialmente 

adequada para a implementação de filtros THz reconfiguráveis e moduladores óticos, uma 

vez que se baseia numa concepção mais simples, que transita de situações em que 

apresenta uma transparência total para situações em que atinge uma opacidade total. Para 

além disso, esta abordagem também pode ser utilizada para a implementação de 

superfícies inteligentes reconfiguráveis (RIS) de transmissão e reflexão simultânea 

(STAR). A segunda contribuição mostrou que a implementação de esquemas de pré-

codificação baseados em modulações espaciais generalizadas é uma solução com um 

potencial considerável para futuros sistemas B5G, uma vez que permite alcançar maiores 
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ganhos em termos de débito binário quando comparado com esquemas convencionais 

MU-MIMO com eficiências espectrais idênticas. As duas últimas contribuições 

mostraram que através do algoritmo proposto torna-se possível substituir a utilização de 

uma arquitectura totalmente digital por uma arquitetura totalmente conectada ou mesmo 

por uma arquitetura parcialmente conectada (arrays de subarrays e arrays dinâmicos de 

subarrays), conseguindo-se bons tradeoffs entre eficiência espectral, consumo de energia 

e complexidade de implementação. Estas propostas são particularmente relevantes para 

dar suporte a sistemas THz UM-MIMO com restrições severas ao nível de hardware. 

Demonstrou-se também a capacidade de se alcançar melhorias significativas em termos 

de débito binário e cobertura em relação a redes celulares típicas, considerando dois 

cenários na banda THz. 

  

Palavras-Chave: Superfícies Seletivas na Frequência; Filtros; Terahertz; Modulação 

Espacial Generalizada, Pré-Codificação Híbrida; MIMO Ultra-massivo; B5G; 6G. 
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Chapter 1 – Introduction 

 

This chapter introduces all the work developed in this research, namely the 

motivation, the goals, the contributions and provides an overview of the work. 

1.1. Motivation and Scope 

Telecommunications are crucial for the development of societies and maintenance of 

human relations. Over the last two decades, the telecommunications field experienced a 

fast growth, which allowed its global proliferation and the constant evolution of the 

services that can delivered to the subscribers. In fact, this sector was fundamental during 

the COVID-19 pandemic, since it allowed remote work and accelerated the digital 

transformation of businesses through the internet. Considering  the data of the study 

performed by the Autoridade Nacional de Comunicações Portuguesa (ANACOM) in [1], 

it was verified that in the begining of the pandemic in Portugal, there was a growth of the 

voice traffic around 94% and an increase of 52% of the data traffic, when compared to 

the numbers of the pre-COVID19 period. Such event made the European Commission 

(EC) and the Body of European Regulators for Electronic Communications (BEREC) 

make efforts in order to provide a set of recommendations aiming to avoid network 

congestion and maintain a good Quality of Service (QoS) to answer to the increased 

demand for network connectivity [2]. Despite the existence of some fluctuations in the 

use of telecommunication services due to the effect of the application of confinements 

and deconfinements, in general, the usage of the services has shown an increasing trend 

in 2020 and 2021 and this is expected to continue in 2022 [3], [4]. Such an event can be 

justified by the implementation of some working practices (fully remote or hybrid) that 

have come to last and by the fact that users can do most of their daily tasks with minimal 

effort [5]. 

Although telecom operators in Portugal have been able to respond to the challenges 

in the pandemic in the face of increasingly demanding user requirements, it is unlikely 

that current technologies will be able to respond adequately in a more demanding 

scenario. The traditional approach used to obtain higher transmission rates in wireless 

communication systems is to employ advanced modulation schemes and signal 

processing techniques in order to increase the spectral efficiency [6]. However, 

supporting transmission rates above 10 Gbps or higher will require more spectral 
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resources which are not available in the common RF bands. According to [7], within in 

the 300 GHz band, the data capacity can be 150 times larger than for 3G/4G cellular 

systems (1.9~2.1 GHz) enabling rates over 10 Gbps. For that reason, Terahertz (THz) 

waves have recently joined the race towards ultrahigh-speed future wireless 

communications systems as an appealing alternative against other investigated 

candidates, such as ultra-wideband (UWB), 60-GHz radio, free-space optical 

communications (FSO) and IrDA [8], [9], [10], [11] . In fact, the THz band is envisioned 

as one of the key enablers for this type of communications [10] but, in order to build an 

effective THz communication system, further advancements on the devices and 

transceivers architectures are still required [11]. 

The THz gap (1 THz = 1×1012 Hz) lies between the microwave (MR) and the infrared 

(IR) regions in the electromagnetic spectrum, ranging from 0.1 THz to 10 THz. 

Nevertheless the first research works in the frequency region of THz date to 1975 and, 

since then, there has been a significant progress in the fields of instrumentation, imaging 

and spectroscopy [12], [13]. The main reasons behind this event are the considerable 

advances in several key issues such as THz sources and detectors (e.g., quantum cascade 

lasers [14], photomixers [15], deuterated triglycine sulphate (DTGS) crystals [16], 

bolometers and single photon detectors [17]) and, as recently pointed out in the literature 

[18], the increasing demand for high quality electromagnetic components for the THz 

domain. It was also pointed out in [19], that such components cannot be easily 

manufactured resorting to natural materials, because they largely do not respond to THz 

radiation. Therefore, researchers began to focus on novel artificial materials called 

metamaterials. These novel materials offer many opportunities to explore unprecedented 

applications and led recently to major research breakthroughs, such as superlenses with 

enhanced resolution not limited by diffraction [20], [21], invisibility cloaks that aim at 

the concealment of an object [22], and the design of novel devices by Transformation 

Optics (TO) [23]. This last one is a very powerful technique that relies on the form 

invariance of Maxwell’s equations to control the electromagnetic field at will [24], [25]. 

The first metamaterial for the THz domain was demonstrated in [26], consisting of a 

single planar structure composed of double split-ring resonators (SRR) arrays. The 

authors of [27] demonstrated a very fast electrically-driven THz modulator with 

modulation depth as high as 50% (at room temperature). This device completely 

outperforms conventional THz modulators based on semiconductors, without even 
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requiring cryogenic refrigeration. Other successful achievements have been highly 

selective band pass filters [19] and ultrafast optical switches that exhibit recovery time as 

short as 20ps, which it is very promising if we consider that the bit rate is proportional to 

the repetition rate of the optical pulses [28]. However, the fields of TO and metamaterials 

require further developments, as they are not yet fully consolidated to be used as a basis 

for efficient technologies for the THz domain. For example, TO has dealt mostly with 

simple geometries such as idealized 2D spheres, cylinders, and squares and the resulting 

designs usually vary spatially in an uncontrolled manner, presenting serious difficulties 

in practical implementations. The proposal of low-loss broadband metamaterials for TO 

is also a great challenge in the THz domain, since metamaterials are constituted of small 

metal inclusions. Those inclusions can induce strong resonances with undesirable effects, 

such as narrow band functionality and losses.  

Another major challenge to achieve reliable THz communications lies on the high 

spreading loss and molecular absorption that are typical at the millimeter-wave 

(mmWave) (30–300 GHz) and THz (0.1–10 THz) frequency bands, which limit the signal 

coverage range. In [29], the problem of distance limitation was addressed considering 

four possible directions, namely, a physical layer distance-aware design, ultra-massive 

MIMO communication, reflectarrays, and intelligent surfaces. As discussed in [30], by 

adopting a joint design methodology it should be possible to combine the benefits of each 

solution and further extend the communication distance. In order to obtain the promised 

mmWave and THz throughput gains, novel systems with large-scale antennas capable of 

overcoming the severe path loss should be designed. The use of multiple antennas allows 

the adoption of beamforming (BF) architectures. Due to the small wavelengths and the 

related small-sized antenna elements, a large number of antenna elements could be 

installed to form powerful BF systems. Such BF architectures for THz communications 

have been discussed in [31]. It is important to note that large-scale antennas systems must 

respect the hardware challenges of mmWave and THz circuits. Although hardware 

components for these bands present good capabilities, their high complexity and power 

cost impose more constraints on large-antenna systems, precluding the adoption of the 

same designs used in lower frequencies. Thus, conventional systems with one dedicated 

radio frequency (RF) chain for one antenna are no longer feasible and have to be replaced 

by a system design based on a limited number of RF chains. This leads to the adoption of 

a hybrid digital-analog architecture. The hybrid structure splits signal processing into two 
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separate digital and analog parts, which contributes to the reduction of the overall circuit 

complexity and power consumption. In fact, it was shown in [30] and [32] that when 

hybrid precoding and an array-of-subarrays architecture (where each RF chain uniquely 

activates a disjoint subset of antennas) are employed, both the spectral and energy 

efficiency in the THz communications can be improved. One additional approach that 

can be explored for achieving power efficient transmission in THz systems relies on the 

use of  index modulation (IM) techniques  [31]. IM has attracted tremendous attention in 

the last decades since these techniques convey additional information bits contained 

implicitly in the index of the selected element (in the spatial, frequency, and temporal 

domain) among several possible combinations [32]. As an example, the element could be 

the active antenna subset as is done in generalized spatial modulations (GSM) [33]. Cloud 

radio access network (C-RAN) is a promising enabling technology that can cope with the 

increasing mobile traffic demand, while reducing the surging costs experienced by service 

operators [34]. Moreover, it is also considered as key to overcome the differences among 

solutions for the new generation of communication networks, and further support 

dynamical network resource utilization and slicing [35]. According to [36], B5G 

networks using radio access virtualization strategies and advanced computational 

platforms will exploit network densification. This concept of virtual cell removes the 

traditional cell boundary for the device, while providing a consequent reduction in the 

detrimental “cell-edge experience” by the terminal. In the previous paradigm, devices 

were associated with a cell and, as a consequence, the link performance could degrade as 

a terminal moves away from the cell center. However, when concerning a virtualized C-

RAN, the network determines which base stations (BSs) or access points (APs) are to be 

associated with each terminal. The cell moves with and always surrounds the terminal in 

order to provide a cell-center experience throughout the entire network. Each terminal 

designated as user equipment (UE) is served by its preferred set of APs. The actual 

serving set for a UE may contain one or multiple APs and the terminal’s data are partially 

or fully available at some cluster with potential serving APs. The AP controller (central 

processor) will accommodate each UE with its preferred cluster and transmission mode 

at every communication instance while considering load and channel state information 

(CSI) knowledge associated with the cluster of APs. Although it is possible to find in the 

literature, at system level, the evaluation of mmWave schemes in realistic scenarios [37], 

[38] as far as we are aware there are no published data so far for frequencies at the THz 
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level, in particular  there is a lack of system-level evaluations of robust hybrid algorithms 

with different architectures (fully-connected (FC) structures, arrays of subarrays (AoSAs) 

and dynamic arrays of subarrays (DAoSAs), etc.) for this band. 

1.2. Goals 

After a careful reflection, one comes to the conclusion that the development of 

communication systems for the THz band needs to overcome several technological 

difficulties since a communication link will typically suffer very high propagations losses 

at these frequencies. Such systems require adequate beamforming, modulation and 

equalization schemes, while, at the same time, devices for performing these tasks 

efficiently in the THz band have to be designed. 

The main objective of this thesis is, thus, to propose and evaluate solutions that enable 

ultra-high speed wireless communications in the THz band. Considering this main goal, 

three types of approaches were explored: 

• design of THz devices – we intended to design a new reconfigurable THz filter 

that outperforms the filters mentioned in the current literature and that can be used 

in the communication schemes in order to enable THz communications; 

• IM based schemes for B5G networks – we intended to explore IM based 

communication schemes for B5G systems, since these schemes allow us to 

transmit more bits of information while keeping good tradeoffs between spectral 

and energy efficiency. Although this study was carried out in common RF bands, 

this concept has the potential to be applied to the THz in the future. 

• hybrid precoding designs for THz Ultra Massive (UM) – Multiple Input Multiple 

Output (MIMO) systems – we aimed to propose low complexity hybrid precoding 

designs for multiuser (MU) UM-MIMO systems that can be used not only at 

mmWave but also at THz bands, since a significant part of the designs reported 

in the literature present some implementation complexity and a considerable 

power consumption when extended for the THz band.   

Figure 1 summarizes the flow of activities that were undertaken and that will be 

presented in the following subsections. For each one of the research areas, specific goals 

were defined, and models were developed and evaluated. The accomplishement of these 

tasks gave rise to several results and research contributions in each one of the research 
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areas. Such research contributions and their detailed information are listed in subsection 

1.3, in which we also provide a chronogram showing how the work progressed during the 

PhD. In subsection 1.4, an overview of the work developed during this research and the 

explanation of how each scientific contribution is related with the goals, is presented.   

Following the completion of the work associated with each of the three research areas, 

suggestions for future work were generated. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 – Summary of activities. 

1.3. Contributions of Research 

The research developed over these years has allowed some research questions to be 

answered, which have resulted in several publications. This research also allowed the 
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development of other types of scientific materials with great relevance, such as a new 

theoretical model for a reconfigurable THz filter based on metamaterial wire resonators, 

a new MU-MIMO scheme based on generalized spatial modulations and a new design 

algorithm developed for low complexity hybrid precoding in MU mmWave/THz UM-

MIMO systems. The last one was also the basis for parallel research in system planning 

for indoor environments. Although the most important articles resulting from this 

research are presented in the following chapters, it is important to highlight all the 

contributions of this research work in the next subsection. In summary, the work 

developed in the research for this thesis resulted in a total of 11 publications in 

International Jounals (IJ), International Conferences (IC) and Book Chapters (BC) 

as follows: 

• IJ - 4 publications as first author and 4 as co-author; 

• IC - 1 publication as first author and 1 as co-author; 

• BC - 1 publication as co-author; 

Table 1 presents in chronological order the contributions achieved during the 

execution of the work plan of the PhD programme. 

Table 1.2 – Timeline of contributions. 

Chronological time Publication 

March 2019 IJ1 An alternating direction algorithm for hybrid precoding 

and combining in millimeter wave MIMO systems 

May 2020 IC1 Hybrid precoding and combining algorithm for reduced 

complexity and power consumption architectures in mmWave 

communications 

 

July 2020 IJ2 Design of a reconfigurable THz filter based on 

metamaterial wire resonators with applications on sensor 

devices 

September 2020 IJ3 Precoded Generalized Spatial Modulation for Downlink 

MIMO Transmissions in Beyond 5G Networks 

October 2020 IC2 Precoder and Combiner Design for Generalized Spatial 

Modulation based Multiuser MIMO Systems 

May 2021 BC1 Development of Stand-Off Imaging Systems using Low 

Cost Plasma Detectors that Work in the GHz to THz range 

August 2021 IJ4 A generalized space-frequency index modulation scheme 

for downlink MIMO transmissions with improved diversity 
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September 2021 IJ5 Low Complexity Hybrid Precoding Designs for Multiuser 

mmWave/THz Ultra Massive MIMO Systems 

December 2021 IJ6 Phase Shift Optimization Algorithm for Achievable Rate 

Maximization in Reconfigurable Intelligent Surface Assisted 

THz Communications 

 

February 2022 IJ7 System-Level Assessment of a C-RAN based on 

Generalized Space-Frequency Index Modulation for 5G New 

Radio and Beyond 

 

March 2022 IJ8 System-Level Assessment of Low Complexity Hybrid 

Precoding Designs for Downlink MIMO Transmissions for 

Beyond 5G 

 

The information of each one of the contributions is now detailed, including the 

Scimago/Scopus Journal Ranking, beginning with the publications in peer reviewed IJ: 

• IJ1 - N. Souto, J. Silva, J.P. Pavia and M. Ribeiro, " An alternating direction 

algorithm for hybrid precoding and combining in millimeter wave MIMO 

systems", Physical Communication, vol. 34, p. 165, March 2019, Quartile 2, 

Digital Object Identifier (DOI): 10.1016/j.phycom.2019.03.012 [39]. 

• IJ2 - J.P. Pavia, N. Souto and M. Ribeiro, "Design of a Reconfigurable THz 

Filter Based on Metamaterial Wire Resonators with Applications on Sensor 

Devices", Photonics, vol. 7, no. 3, p. 48, July 2020, Quartile 2, DOI: 

10.3390/photonics7030048 [40]. 

• IJ3 - 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, September 

2020, Quartile 2, DOI: 10.3390/app10186617 [41]. 

• IJ4 - V. Velez, J.P. Pavia, N. Souto, P. Sebastião and A. Correia, "A generalized 

space-frequency index modulation scheme for downlink MIMO 

transmissions with improved diversity", IEEE Access, vol. 9, p. 118996, 

August 2021, Quartile 1, Digital Object Identifier (DOI): 

10.1109/ACCESS.2021.3106547 [42]. 

• IJ5 - 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 
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Ultra Massive MIMO Systems", Sensors, vol. 21, no. 18, p. 6054, September 

2021, Quartile 1, DOI: 10.3390/s21186054 [43]. 

• IJ6 – J. Praia, J.P. Pavia, N. Souto and M. Ribeiro, "Phase Shift Optimization 

Algorithm for Achievable Rate Maximization in Reconfigurable Intelligent 

Surface Assisted THz Communications", Electronics, vol. 11, no. 1, p. 18, 

December 2021, Quartile 2, DOI: 10.3390/electronics11010018 [44]. 

• IJ7 – V. Velez, J.P. Pavia, C. Rita, C. Gonçalves, N. Souto, P. Sebastião and A. 

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, February 2022, Quartile 2, DOI: 

10.3390/app12031592 [45]. 

• IJ8 - J.P. Pavia, V. Velez, N. Souto, M. Ribeiro, P. Sebastião and A. Correia, 

"System-Level Assessment of Low-Complexity Hybrid Precoding Designs for 

Downlink MIMO Transmissions for 5G New Radio and Beyond ", Applied 

Sciences, vol. 12, no. 6, p. 2812, March 2022, Quartile 2, DOI: 

10.3390/app12062812 [46]. 

The publications in peer reviewed ICs are the following: 

• IC1 - J.P. Pavia, N. Souto, M. Ribeiro, J. Silva and R. Dinis, "Hybrid Precoding 

and Combining Algorithm for Reduced Complexity and Power Consumption 

Architectures in mmWave Communications", 2020 IEEE 91st Vehicular 

Technology Conference (VTC2020-Spring), May 2020, pp. 5207, DOI: 

10.1109/VTC2020-Spring48590.2020.9128553 [47]. 

• IC2 - B. Brogueira, J.P. Pavia, N. Souto and A. Correia, "Precoder and 

Combiner Design for Generalized Spatial Modulation based Multiuser 

MIMO Systems", 2020 23rd International Symposium on Wireless Personal 

Multimedia Communications (WPMC), October 2020, pp. 8296, DOI: 

10.1109/WPMC50192.2020.9309474 [48]. 

The publication of BC the peer reviewed BC is the following: 

• BC1 - D. Akbar, H. Altan, J.P. Pavia, M.A. Ribeiro, A.B. Sahin, C.K. Sarikaya, 

“Development of Stand- Off Imaging Systems using Low-Cost Plasma 

Detectors that Work in the GHz to THz range” in Terahertz (THz), Mid 
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Infrared (MIR) and Near Infrared (NIR) Technologies for Protection of Critical 

Infrastructures Against Explosives and CBRN, NATO Science for Peace and 

Security Series B: Physics and Biophysics, Dordrecht, Springer, May 2021, pp. 

275-285, DOI: 10.1007/978-94-024-2082 [49]. 

1.4. Thesis Overview 

As referred previously, the work developed in the scope of this thesis focuses on three 

research areas. Although the main chapters of this thesis are based on publications as first 

author in IJs, the research in each area was directed linked to other co-authored 

publications. Therefore, in this section we provide a general overview of the thesis, 

highlighting and interconnecting all the contributions identified in the previous 

subsection. 

1.4.1.    Devices for the THz Band (IJ2 and BC1) 

Modelling devices for THz is a crucial task, as it allows to provide and optimize their 

ability to perform the purpose for which they were designed. Because THz is a rapidly 

emerging field with many potential applications, there is an urgent need for new ways of 

producing sources, detectors and other devices such as filters, sensors and modulators. 

The main contributions in this research area are IJ2 and BC1. These contributions are 

related to two particular classes of devices for THz, such as filters and detectors. In IJ2 

[40], a reconfigurable THz filters based on metamaterial wire resonators with applications 

on sensor devices was proposed. In this publication, we discussed the general need of 

applications where these filters are required for and introduced the required tools to design 

a highly selective structure (HSS), which in this case are the metamaterial wire resonators, 

the center piece of our filter. This structure works as a reconfigurable selective THz 

window in which only radiation of certain desired frequencies is allowed to pass. To 

provide this behavior, a much simpler approach when compared to the literature, where 

the resonances are obtained from the propagation in a THz HSS composed by two arrays 

of gold wires, is used [50]. These two arrays of wires allow us to provide greater 

cancellation of harmonics, higher dynamic range and enhanced frequency selectivity to 

our filter. In order to optimize its performance, a study on the interaction between the 

waves and the wires was required to understand the principle of operation of the HSS. 

Through this study, a method to optimize the relation between the radius of the wires and 
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the distance between wires and adjust the sensitivity and selectivity of the device was 

devised. Considering its simplicity, this filter design is especially suited for the 

implementation of reconfigurable THz filters and optical modulators, since it transits 

from situations in which it presents a full transparency (|S11| = 0) to situations where it 

achieves full opacity (|S11| = 1). Moreover, this approach can also be used for the 

implementation of simultaneously transmitting and reflecting (STAR) reconfigurable 

intelligent surfaces (RIS) [51]. In BC1 [49], we present a study on low-cost plasma 

detectors that can work from the GHz to the THz range. When talking about the detection 

of mmWave/THz radiation, most of the technologies can rely on temperature changes, 

direct/indirect transitions or those that detect through the applied electric field [52], [53]. 

However, most of the commercially available detectors have limitations in terms of speed 

and responsivity and are quite expensive. Considering these issues, glow discharge 

detectors (GDDs) can be a good alternative solution since they are low cost and can detect 

microwave to mmWave radiation with high sensitivity [54]. These detectors have shown 

a good response in the mmWave region of the spectrum below ~100 GHz, and in this 

publication, we showed that their sensitivity even extends far into the THz region. In 

order to allow for such a broad frequency sensitivity, a study on the detection mechanism 

behind the glow discharge was required. Two types of GDDs were studied, one with 

phosphor coating and one without but with similar geometrical dimensions. The validity 

of our approach is shown by obtaining plasma discharge parameters which agree well 

with experimental observations. The response of GDDs was studied from the mmWave 

to the THz range and we observed that the response decreased rapidly. After 100 GHz the 

decay slowed down which suggests that these types of lamps could detect even higher 

frequencies in the THz range.  

1.4.2.    Index Modulations (IJ3, IJ4, IJ7 and IC2) 

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 B5G communication systems, such as non-orthogonal 

multiple access (NOMA) schemes like signaling aided sparse code multiple access or 

index modulations (IM) [55]. IM has received significant attention due to its ability to 
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activate a subset of certain elements of communication resources, namely antennas, 

subcarriers, and slots [56], [57]. As referred before, GSM have been widely considered 

as potential candidate techniques for next-generation wireless networks, as they can 

improve both SE and EE. The work developed within the scope of index modulation-

based schemes for B5G networks started with IC2 [48], where we proposed a precoder 

and combiner design for generalized spatial modulation based MU-MIMO system. In the 

adopted GSM approach, we considered that the BS transmits precoded GSM symbols to 

several receivers, where multiple antennas transmit different high-level quadrature 

amplitude modulation (QAM) symbols simultaneously.  Considering the system model 

described in IC2, the information will be divided in such a way that part of the data will 

be used to select an active index (AI) from a total 
( )2log

2=
 
  

Ns
Na

combN  AI combinations 

(AICs) that are available per user. The remaining data will be mapped onto Na  complex-

valued M-QAM symbols. Our precoder design can remove interference between users 

while an iterative algorithm is applied at the receiver to accomplish single-user GSM 

detection. This algorithm is based on the alternating direction method of multipliers 

(ADMM), since aforementioned situation (maximum likelihood detection) configures 

itself as a non-convex problem and ADMM allows us to split a complex problem into a 

sequence of smaller subproblems with simpler solution. To increase the chances of 

finding an optimal solution and improve the performance of the GSM detector, in that 

paper we also proposed the adoption of several different strategies (the complete 

description of each strategy can be found in IC2). It is important to note that those 

strategies can be applied together as it can be seen in our results of that paper. 

Furthermore, our simulation results show that the presented GSM MU-MIMO approach 

is capable to effectively exploit a large number of transmit antennas deployed at the 

transmitter and to provide performance gains over conventional MU-MIMO schemes 

with identical SEs. This work was extended to a system-level perspective in IJ3 [41], 

where we studied the influence of perfect versus imperfect channel estimation on the 

performance of this massive MIMO GSM-based system, considering high-order M-QAM 

constellation with sizes reaching M=1024 symbols in order to increase the SE of the 

transmission.To remove inter-user interference and transform the MU transmission into 

several independent SU links, a block diagonalization (BD) precoder was applied at the 

BS, while a modified and improved version of the low-complexity single user (SU) GSM 

detector presented in [33] is used at the receiver. The system was conceived through a C-
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RAN, which is comprised of a set of radio remote units (RRUs) connected through fiber 

to a central unit (CU). The RRUs array configuration corresponds to cylindrical arrays, 

where the separation between antennas of the array is half wavelength. To each pedestrian 

is assigned line-of-sight (LoS) or non-line-of-sight (NLoS) propagation conditions, 

depending on the distance to RRU (more considerations about the system can be found 

in IJ3). Through system level simulations, we observed that the deployments based on 

C-RAN can achieve very competitive and very promising throughput and coverage gains 

over conventional MU-MIMO systems with identical SEs. In fact, the system-level 

assessment showed potential gains of up to 155% in throughput and 139% in coverage 

when compared to traditional cellular networks. Such results were obtained for a system 

with Na=2 active indexes, Nsc=256 subcarriers, Nu=15 users, Ntx=17 transmission 

antennas/user, Nrx=16 reception antennas/user and 100% of transmitted power for all 

QAM constellations (assuming clustering where the network is partitioned into three 

adjacent RRU sets and each user is served by three RRUs). 

As mentioned in [58], IM can assume different versions and the academic community 

has been studying and proposing multidimensional schemes that are based on 

combinations of multiple one-dimensional IM. In line with this particular topic and 

extending the work from the previous contributions [41], [48], in IJ4 [42] we proposed a 

new scheme, named precoding-aided transmitter side generalized space-frequency index 

modulation (PT-GSFIM), in which the information bits select the active antennas and 

subcarriers to carry amplitude and phase modulated symbols. This scheme was designed 

for MU-MIMO scenarios, and it is characterized by incorporating a precoder which 

removes multiuser interference (MUI) at the receivers and by integrating signal space 

diversity (SSD) techniques to tackle the typical poor performance of uncoded orthogonal 

frequency division multiplexing (OFDM) based schemes.  Regarding this, we combine 

complex rotation matrices (CRM) and subcarrier-level interleaving, which allow us to 

exploit the inherent diversity in frequency selective channels and to improve the 

performance without additional power or bandwidth. Through our numerical simulation, 

we found that our proposed scheme can provide significant gains over conventional MU-

MIMO and other GSM schemes. This work was extended to a system-level perspective 

in IJ7 [45]. In that paper, we focused our study on the system-level assessment of a C-

RAN based on the proposed PT-GSFIM scheme. The system-level evaluation was 

performed for numerologies 1 and 2 from 5G NR in three 3D scenarios (urban macro, 
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urban micro-street canyon and indoor hotspot) with different parameters, like modulation, 

number of transmitted antennas per user, bandwidth and frequency carrier. Through our 

numerical simulations, we observed that C-RAN deployments in several indoor and 

outdoor scenarios, can outperform both GSM and conventional MU-MIMO, exploiting 

its additional inherent frequency diversity.  

1.4.3.    Hybrid Precoding Designs for the THz (IJ1, IJ5, IJ6, IJ8 and IC1) 

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 [59]. 

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 in the THz band and also the need for 

controllable time-delay phase shifters. Such limitations require not only the proper system 

design but also the definition of a set of strategies to enable communications [60]. 

Considering the research area of hybrid precoding designs for THz UM-MIMO systems, 

the work developed within this scope started with IJ1 [39] and IC1 [47]. In these 

publications, we proposed a hybrid precoding and combining algorithm for reduced 

complexity and power consumption architectures in mmWave communications. Since the 

exploration of the potentialities of mmWave and THz wavelengths is closely related to 

the paradigm of using very large arrays of antennas in beamforming architectures, in order 

to achieve the maximum potential of these systems, it is necessary to consider the 

requirements and the challenges related to the channel characteristics and also to the 

hardware component. Our algorithm is based on ADMM, which allow us to split a 

properly formulated problem into a sequence of smaller subproblems with 

straightforward solutions. This approach enables the analog design part to be reduced to 

a simple projection operation resulting in a flexible algorithm that can easily cope with 

different architectures, namely variable phase shifters, switches and inverters deployed in 

a FC or partially-connected (PC) structure. Our numerical results showed that the 

proposed approach can obtain good trade-offs between SE and hardware implementation 

complexity. After working on mmWave communications, we decided to extend this 

approach to low complexity hybrid precoding designs for MU mmWave/THz ultra 

massive MIMO systems, as mentioned in IJ5 [43]. In that paper, we proposed a hybrid 

design algorithm suitable for both mmWave and THz MU-MIMO systems, which 
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comprises separate computation steps for the digital precoder, analog precoder and MUI 

mitigation. Our design can incorporate different analog architectures such as phase 

shifters, switches and inverters, antenna selection and so on. Moreover, it can also be 

applied for different structures, (e.g. FC structures, AoSAs and DAoSAs, making it 

suitable for the support of UM-MIMO in severely hardware constrained THz systems. 

Through our results, we proved that it is possible to achieve good trade-offs between 

spectral efficiency and simplified implementation, even as the number of users and data 

streams increase. We explicitly showed 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 (Lmax) to be dynamically adjusted. One of 

the objectives of adopting these low-complexity solutions is to reduce overall power 

consumption. In Table 3 of [43] , the total power consumption of each precoding scheme 

considered in this study, was calculated (more information about the formula and further 

considerations can be seen in IJ5). Through this study it can be seen that the use of 

architectures based on DAoSAs allows us to reduce considerably the amount of power 

that is consumed by the precoder. In fact, it is possible to reduce the amount of consumed 

power up to 55% if we consider a precoder scheme based on DAoSA with double phase 

shifters (DPS) and Lmax = 4 versus an FC structure precoder based on unquatized phase 

shifters (UPS), with only a small performance penalty. This reduction increases to 73% 

if a DPS structure is replaced by a single phase shifters (SPS) one. In the particular case 

of architectures based on quantized phase shifters (QPS), we observed that by decreasing 

the number of quantization bits, it is possible to substantially reduce the power 

consumption without excessively compromising the complexity. Moreover, we found 

that the architectures based on low resolution QPS, AoSAs and DAoSAs present superior 

energy efficiency when compared to the fully-connected structure with UPS. This last 

work was extended to a system-level perspective in IJ8 [46], where we performed a 

thorough system level assessment of a C-RAN based on low complexity hybrid precoding 

designs for massive MIMO downlink transmissions for B5G systems. 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 IJ5 is applied for hybrid 

precoding design at the transmitter side. The study of the proposed C-RAN was centered 

in two 5G New Radio (NR) three-dimension (3D) scenarios, namely, the indoor mixed 

office (InD-MO) and indoor open office (InD-OO). For the InD-MO scenario, we 
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considered the fifth numerology of 5G NR with different parameters, such as the number 

of transmitted antennas per user and the number of subcarriers. Our evaluation 

demonstrated 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. Although these hybrid designs sacrifice some performance, significant throughput 

performance and coverage improvements can still be achieved over typical cellular 

networks. The use of PC architectures (AoSA and DAoSA) when compared with FC 

structures tends to achieve good performances in terms of the trade-off between spectral 

efficiency and energy consumption. InD-MO scenario can provide higher throughput and 

coverage performances in comparison to the InD-OO scenario independently of the 

cluster size, due to a lower inter-site interference. Another aspect that could effectively 

address the challenges related to the peculiarities of communications in THz when 

implementing MU mmWave/THz ultra massive MIMO systems in indoor environments 

is the use of RIS panels. In line with this topic in IJ6 [44], we studied an UM-MIMO THz 

communication system operating in a typical indoor scenario where the direct link 

between the transmitter and receiver is obstructed due to surrounding obstacles. In this 

problem, we assumed the aid of a nearby RIS whose phase shifts can be adjusted in order 

to help establish communication. The configuration of the individual phase shifts of the 

RIS elements requires a proper formulation in order to maximize the achievable rate. Due 

to the complexity of this optimization problem, we applied the accelerated proximal 

gradient (APG) method, which results in a low complexity algorithm that copes with the 

non-convex phase shift constraint through simple element-wise normalization. Through 

our numerical results, we demonstrated the effectiveness of the proposed algorithm even 

when considering realistic discrete phase shifts’ quantization and imperfect channel 

knowledge. 
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Chapter 2 – Design of a Reconfigurable THz Filter Based on 

Metamaterial Wire Resonators with Applications on Sensor Devices 

 

 

As referred previously, THz is a rapidly emerging field with many potential 

applications but also one where there is an urgent need for new ways of producing 

sources, detectors and other devices such as filters, sensors and modulators. Artificial 

materials, such as metamaterials, play an important role in THz because they make it 

possible to design and manufacture very compact, sensitive and extremely selective 

structures surpassing the existing materials in nature. THz filters are a key component in 

optimizing the performance of THz sensing devices, since they can eliminate undesirable 

background radiation and enhance the signal-to-noise ratio as well as spectral resolution 

in practical applications. Considering their architectures, several approaches related to the 

design of THz filters can be followed in order to optimize their tunability and control their 

response according to a set of specific requirements. The article presented in this chapter 

introduces the fundamental concepts on the design, simulation and characterization of a 

reconfigurable THz filter based on two FSSs. Through our theoretical model, we found 

out that, by careful tuning the wire parameters, it is possible to control the filter sensitivity 

and also the energy transmission and reflection that passes through the structure. Due to 

its characteristics, this THz filter might be an interesting solution not only for THz sensors 

based on reconfigurable filters but also for optical modulators for the THz domain. 

Moreover, this approach can also be used for the implementation of simultaneously 

transmitting and reflecting (STAR) reconfigurable intelligent surfaces (RIS) [52]. 
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Abstract: A study on the design, simulation and characterization of a reconfigurable terahertz (THz) filter, composed of 

two frequency-selective surfaces (FSSs) with applications on sensor devices in general and highly sensitive stress 

sensors, is presented in this paper. Using the developed theoretical model, we found out that by careful tuning the wire 

parameters, it is possible to control the filter sensitivity and also the energy transmission and reflection that passes 

through the structure. Numerical modelling of both the mechanical and electromagnetic components (using the 

elasticity equation and Maxwell’s equations, respectively) has been undertaken for two types of the device assemblies 

based on different thermoplastic polymers transparent to the THz radiation, namely: high-density polyethylene (HDPE) 

and polytetrafluoroethylene (PTFE), operating in a THz window from 395 to 455 GHz. The numerical results allowed 

us to characterize the relation between the reflectance/transmittance and the amount of force required to obtain a specific 

frequency shift along that window. It was found that the device assembled with HDPE presents a more linear response 

and it is able to pass from a full transparency to almost full opacity using only its linear operating zone. Due to its 

characteristics, this THz filter might be an interesting solution not only for THz sensors based on reconfigurable filters 

but also for optical modulators for the THz domain. 

Keywords: filters; metamaterials; frequency-selective surfaces (FSSs); stress sensors; terahertz (THz) 

 

1. Introduction 

Terahertz (THz) is a rapidly emerging field in science with many potential applications but where there is an urgent 

need for new ways of producing sources, detectors and other devices such as filters, sensors and modulators. Artificial 

materials, such as metamaterials, play an important role in THz because they make it possible to design and manufacture 

very compact, sensitive and extremely selective structures surpassing the existing materials in nature [1,2]. Over the last 

few years, the scientific community has focused on several research areas, such as all-dielectric metamaterials, 

reconfigurable metamaterials, flexible metamaterials, metadevices, graphene metamaterials, tunable metamaterials and 

metasurfaces [1,3]. According to [2], for sensing applications, it is necessary that metamaterials are capable of fulfilling a 

set of requirements such as the ability to provide spoof surface plasmons with localized electric field enhancement and 

have high quality factor values (Q-factor), while preserving a high sensitivity, even when subjected to minor changes due 

to external factors. Some classes of metamaterials have gained a significant prominence for this type of applications, 

namely metasurfaces, absorbers, metallic mesh devices and metamaterial-based thin films, due to their potentialities in 

terms of shape design, geometry, orientation, maximization of the excited electric/magnetic field, tuneability, sensitivity 

and also the possibility of being manufactured using lithography and nanoprinting technologies [1,3]. Successful 

applications have been reported in the literature with an emphasis on biosensing, microfluid devices, THz detectors and 

plasmonic toroidal metamodulators [2–5]. Architectonically speaking, most of these devices are based on split ring 

resonators (SRRs) and frequency-selective surfaces (FSSs), whose geometric and quality parameters can be adjusted to 

efficiently control resonant modes, quality factor, sensitivity, selectivity, responsivity and also to minimize losses. 

However, new trends in this field report a paradigm change in which the inclusion of nanomaterials in metamaterial 
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 sensors and the use of graphene plasmon and graphene metamaterial devices and topological insulators induced THz 

surface are expected in the near future [1]. 

THz filters are a key component in optimizing the performance of THz sensing devices, since they can eliminate 

undesirable background radiation and enhance the signal-to-noise ratio as well as spectral resolution in practical 

applications such as THz spectroscopy and imaging [6,7]. Several designs of broadband and narrowband THz bandpass 

filters based on metamaterials have been studied over the last decade [8–12]. Narrowband THz filters are especially 

important since they are the centerpiece of a wide range of ultrasensitive THz sensors due to their capability for selecting 

the radiation only in a narrow spectrum around a target frequency [10]. There is a wide range field where those sensors 

are essential, such as health, industry, science, telecommunications and security [6,7,10]. Several approaches related to 

the design of THz filters as well as to their tunability, have been reported since then. Some examples that stand out include 

the architectures based on photonic crystals, thin-film stacks, Bragg reflectors, FSSs, waveguides and resonant cavities 

[13–17]. The performance of most of these filters can be controlled following the same methodologies used in 

metamaterials, being also possible to control them mechanically (by adjusting the thickness or the distance of the 

components of the unit cells) or through the action of temperature as described in [6,15]. Metrics such as dynamic range, 

Q-factor, full width at average maximum (FWHM), dephasing time of the induced spectral line shapes (td), figure of merit 

(FoM) and insertion loss (IL) are widely used to evaluate THz filters [5,6,13,14,17]. 

The utilization of THz technologies for stress sensing applications is very recent, but some approaches have already 

been reported in the literature [18–21]. The sensors of those systems must be accessible, light and discrete, so as not to 

impose cost and weight on the structure as well as not to interfere with the structural resistance [19]. Most of these 

requirements can be easily accomplished through the use of FSSs in the design of micro-electro-mechanical system 

(MEMS) sensors, since they can offer higher sensitivity and resolution and also possess a greater potential to deliver the 

strong enhancement and localization of fields, being especially suitable for the development of wireless strain sensors 

that can operate in the microwave and terahertz ranges [18,21]. The development of THz stress sensors based on metal 

mesh filters and FSSs is described in [21]. The resonances of this type of sensor are obtained thanks to the periodicity of 

the unit cells in the direction of propagation and, according to the authors, can be used in several applications, including 

structural health monitoring (SHM). Their integration into the structures allow us to detect cracks and other kinds of 

damage, since, in this type of critical situation, it is known that the reflectance/transmittance values of the sensors decrease 

abruptly.  

This paper aims to present a detailed study about the characterization, design and simulation of a reconfigurable 

THz filter with high sensitivity and selectivity for sensor devices such as stress sensors. Our filter has a simpler design 

when compared to the approaches referred above, since it is composed by only two FSSs based on metamaterial wire 

resonators. Despite being a novel approach, the proposed device can provide a higher dynamic range, an enhanced 

frequency selectivity and requires less force to cause a frequency shift. The remainder of the paper is organized as follows: 

Section 2 describes the filter theory and respective design. The mechanical model and respective simulation method is 

introduced in Section 3, while Section 4 presents the numerical results obtained from the electromagnetic and mechanical 

point of view. Finally, the conclusions are outlined in Section 5. 

2. Filter Theory and Design Decisions 

In this section, the required tools are introduced in order to design a highly selective structure (HSS) that is the 

centerpiece of the sensor. This HSS works as a reconfigurable selective THz window in which only radiation of certain 

desired frequencies is allowed to pass. In literature, as described in [21], this kind of behavior is obtained using a technique 

related to the periodicity of the unit cells of the structure in the direction of propagation. Here, a much simpler approach, 

where the resonances are obtained from the propagation in a THz HSS composed by two arrays of gold wires, is used. 

The goal is therefore to study the interaction between the waves and the wires to be able to understand the principle of 

operation of the HSS. More specifically we intend to devise a method to optimize the relation between the radius of the 

wires and the distance between wires and adjust the sensitivity and selectivity of the device. Moreover, for simplicity, we 

shall assume that the structure is composed by two arrays of wires because using a single array would not be sufficient 

to achieve the desired degree of selectivity. Based on the variation of the distance between wires and the mechanical stress 

experienced by the structure, it will be possible to predict how the transmittance is decreasing to the operating frequency, 

since, when the transmittance is very low when compared to the initial one, it is known that the structure has a problem. 
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2.1. Working Principle 

In this paper, we propose a new design for a reconfigurable THz filter that can be used to implement an electro-

mechanical sensor. As can be seen in Figure 1, the device is composed of two FSSs (arrays of wires) within a dielectric 

host material. Note that the selective character of the wire arrays gives rise to a bell-shaped frequency response. The 

working principle is presented in Figure 1, in which it can be seen that by applying compression along the x axis, the 

distance between wires d will decrease and, therefore, the frequency response of the sensor will change, as does its 

transmittance. The sensor is settled to operate at the target frequency and, as it experiences compression, it becomes 

possible to adjust the sensor response from full transparency to complete opacity, including all degrees of transparency 

in between. The red curve corresponds to maximum compression and the green curve to half compression.  

 

Figure 1. Overview of the working principle of the proposed reconfigurable filter. 

By allowing a lateral compression instead of a uniaxial compression, the device becomes more functional and easier 

to implement. It is also more selective since its working principle is based on the resonance of two arrays in the 

propagation directions. This selectivity can be accomplished through the careful design of the d/a ratio of the wire arrays 

(a is the radius of the wires), which also enhances the Q-factor of the filter. 

This double grid structure can be represented by a simplified two-port network model, as can be seen Figure 2 [22]. 

The arrays of wires are described as admittances Y in the equivalent circuit and the dielectric slab is represented by three 

sections of transmission line with equal length l/3 (note that the total length of the structure is l). 

 

Figure 2. Equivalent microwave network circuit of the terahertz (THz) filter. 

In this model, Zp is the impedance of the port, z is the characteristic impedance of the dielectric slab material and β 

is the propagation constant. In the next section, we will show how to determine the expression for admittance Y. 

2.2. Circuit Theory 

In all wave propagation problems, where there are transitions between media, we can always identify incident 

waves at the interface, which give rise to reflected and transmitted waves. As it is well known from electromagnetic 

theory, the reflectance and transmittance of a dielectric slab have a comb like frequency response [22]. However, in this 

situation, the arrays of wires will introduce a filter-like response in the frequency domain. We must study this problem 

in order to understand the interactions between electromagnetic waves and the array of wires, as can be seen in Figure 3. 
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By studying the problem, we will be able to find out what will be the structure’s response in the frequency domain 

and how can we tune the filter. 

 

Figure 3. Reflection and transmission from an array of wires. 

2.2.1. Equivalent Circuit Admittance for the Wire Arrays 

For propagation in the z direction and for time harmonic fields of the form 
j te 

, the Helmholtz equation is:  
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where k c=  is the magnitude of the wave vector and 
z

E   is the z component of the electric field, parallel to the wires. 

Solutions of (1) can be written in the form ( , ) ( ) ( )
z
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The second term on the right-hand side vanishes because ( )( )Y y Y y= − . This condition results from the symmetry 

along the y axis. Moreover, since the structure is periodic in the y direction with lattice constant d, the possible solutions 
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k , in the Fourier plane are restricted to 2
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k n d= , where n is the number of the propagation mode. The condition 
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For the x component of the wavevector, we have 
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This follows from 2 2 2

x y
k k k= +  if we take into account that / 2d  , which corresponds to the case where it is not 

possible to resolve details in the structure according to Abbe limit. The solutions for ( )X x  are of the form 
− xxe  and 

xxe

, which describe evanescent waves that only exist in the vicinity of the wires. The electric field for 0x   is then given by: 
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where 
0i

E  and 
0r

E  are the complex amplitudes of the incident and reflected waves, respectively, and the coefficients 

n
A  account for the evanescent fields. For 0x   the electric field is obtained by combining the transmitted wave with the 

evanescent field: 
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Close to the wires we have x  , where 
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At the wires ( 0x = ), the tangential component of the electric field must be continuous. We have: 
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Which, according to Fourier’s theory implies that: 
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For cylindrical wires, it is convenient to introduce the following function: 
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which has the geometric property of being approximately constant on the surface of the thin wires. By Taylor expansion 

we find: 
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where the + sign holds for 0x   and the - sign for 0x  . Based on this expansion, we can assume 
1n n
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write the electric field 
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To determine 
1

A  in terms of 
0t

E , we impose the continuity of z
E

x




 at 0x = . With the aid of the Equations (10) 

and (13), we find: 

1 0r

jkd
A E


= . (14) 

Up to this point, we have neglected the boundary conditions on the surface of the wires, where the tangential 

component of the electric field 
z

E  must vanish. Considering wires with radius a, it results from (14) and using (13) with 

0x =  and y a=  that: 

0
11

0

1

2
1 ln 2 1 cos

2

r

i

E
S

E jkd a
d




   
        

= = −

− −

, 
(15) 

where we have also used (11) to determine ( )0,u a . From network theory [22], we known that the ABCD parameters of 

a two port circuit consisting of an admittance Y G jB= +  are 1A D= = , 0B =  and =D Y , such that: 
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0

0 0

1

2
1

B
A CZ D

Z
S

B
A CZ D

Z YZ

+ − −

= = −

+ + + +

. (16) 

Here, 
0

Z  is the characteristic impedance of the dielectric slab material. Hence, (16) is compatible with (15) and we 

can easily determine the admittance. 

1

0
2

2
ln 2 1 cos

Z
Y j

d a

d





−

=
   

−   
    

. 
(17) 

2.2.2. Transmission Matrix of the Filter  

Let 
1

T  and 
2

T  be the transmission matrices of a section of the slab of size l/3  and of a two-port network consisting 

of an admittance Y, respectively. Then, the ABCD parameters for the equivalent circuit in Figure 2 can be written in the 

form:  

1 1 2
1 2

3 3
1 2 1 2 1

2

3 3

1

1
1

z z z
z z Z

A B z z
T T T T T

C D z

Zz z

  
+ + +       = =   

   + 
 

, (18) 

where 
1

z , 
2

z  and 
3

z  are the following normalized impedances: 

1

1 2
z z EF−= = , 1

3
z F−=  (19) 

with coefficients E and F defined as: 

( ) ( ) ( ) ( ) ( ) ( )2 2 3 2 2 3 34 cos 3 cos 3 sin 4 sin 1E Z Y l Z Y l j ZY l j ZY l   = + − + + − − , (20) 

and 

( ) ( ) ( ) ( ) ( ) ( )3 2 2 2 2 34 cos 2 cos 3 sin 4 sinF ZY l ZY l j Z Y l j Z Y l   = − + + − + . (21) 

Knowing the ABCD parameters of the network, one can determine the scattering matrix using the formulas for the 

conversion between two-port network parameters [22]: 

2 1

1 3 1
11 2 1

1 3 1 3 1

2

2( ) 2

z z z z z z
S

z z z z z z z z

−

−

+ −
=

+ + + +
 (22) 

and 

3
12 2 1

1 3 1 3 1

2

2( ) 2

z
S

z z z z z z z z−
=

+ + + +
. (23) 

Where 
0

/z Z Z=  is the normalized impedance of the slab with respect to free-space. By symmetry and reciprocity, we 

have 
11 22

S S=  and 
12 21

S S= . 

2.3. Parameters’ Choice 

The theory described above was used to determine a starting point for the device parameters assuming a frequency 

window in the THz range between 395 and 455 GHz. From the theoretical model, it is possible to verify that the bandwidth 

decreases as Y increases. Moreover, as we approach the limit a/d=1/6, the Y will grows to ∞. However, this value cannot 

be reached due to the resistance of the wires and because in that limit the formula is only an approximation (formula is 

only valid for d   and a d ). After performing several electromagnetic simulations to fit tune the initials parameters, 

a set that fulfill our requirements was found: 

• Length (l) = 1.42 mm; 

• Radius of the wires (a) = 0.2 μm; 
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• Distance between wires (d) ∈ [15; 20] μm. 

The distance between wires is expressed as a range, since the previous study proved that it is possible to control 

the behavior of the filter in the desired frequency range by varying this parameter and to compress the device without 

deforming or cracking the structure [21]. As mentioned above, the device must have some robustness and a good degree 

of sensitivity, which means that one should consider materials that will be relatively easy to compress and transparent to 

THz radiation. According to [18], silicon and plastics such as high-density polyethylene (HDPE) and 

polytetrafluoroethylene (PTFE) are key terahertz materials since they fulfil the requirements mentioned above for the 

frequency band over 0.1 to 5 THz [23]. Naturally, the plastic materials will be a more suitable solution since silicon requires 

a substantially higher rate of compression. However, it is also important to consider some specific characteristics from 

the materials, taking into account the working principle, the design and the assembly of the filter. 

HDPE possesses a linear structure with few branches lending to its optimal strength/density ratio. This 

thermoplastic presents some interesting features, such as: the sensitivity to stress cracking and the possibility to customize 

their physical properties through the molding process that is used in its manufacturing [24,25]. On the other hand, PTFE, 

which is a material widely used in industrial applications, also presents some interesting features, such as: weatherability 

and the capability of maintaining high strength, toughness and self-lubrication at low temperatures down to 5 K, as well 

as good flexibility at temperatures above 194 K [26]. 

Considering their properties and the fact that both have low losses and low dispersion in the frequency region of 

the THz, as mentioned above, these materials in fact constitute good candidates to be used in the assembly of the proposed 

device.  

3. Mechanical Simulations 

In this section, the main purpose is to understand how to mechanically model the filter in order to find out how 

much force and current it will take to make the device compress up to 25% according to the materials used for its 

assembling, since beyond that ratio the device presents saturation in the frequency response. The finite element method 

was used for the simulation of the filter according to the geometry that was presented previously. This solving technique 

is an efficient method that can provide approximated solutions to partial differential equations and it is widely used to 

solve problems in several areas, such as: electromagnetics, structural analysis, among others [27].  

3.1. Device’s Modelling 

Since the device response analysis lies on two components, namely electromagnetic and mechanic, it will be 

necessary to model the filter from both perspectives. The first one can be easily simulated based on the circuit theory 

presented in the previous section. However, the latter requires a realistic model according to the geometry specifications 

considered in the device design. To satisfy this requirement, the Gmsh and Elmer software were used to model the filter 

[28,29]. Through the Gmsh, it was possible to design the filter and generate its corresponding mesh. After importing the 

filter’s mesh into the Elmer solver, materials and boundary conditions associated with the elasticity equation must be 

defined. Knowing the range to be tested for the wire spacing and the lateral section area of the device, it is possible to 

determine the level of compression needed to obtain the required wire spacing. This is possible to achieve, knowing that 

the materials have certain physical properties, some of which are especially important for calculating the displacement 

derived from the compression applied to the device, among them: density, Young’s modulus and Poisson’s ratio [30]. The 

relation between the displacement and the force applied to an elastic material is characterized by the well-known 

equation: 

F l
E

A l


=  , (24) 

where F/A is the force applied per unit area (stress), E is the Young’s modulus and ∆l/l is the extension per unit length 

(strain). The stress is expressed in Newtons per square meter (Nm-2) or in Pascals (Pa) and the Young’s modulus is usually 

expressed in GPa. Last but not least, the strain has no units, because it is just a ratio between the extension and the original 

length of the object. In Table 1, the values of the properties that mechanically characterize each material that comprise the 

device are presented [31]. 
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Table 1. Simulation parameters of the materials of the proposed filter. 

Material Density (Kg/m3) Young’s Modulus (GPa) Poisson’s Ratio 

Gold 19300 78 0.44 

HDPE 641 0.8 0.46 

PTFE 2100 0.3 0.46 

3.2. Generation of the Required Force to Compress the Device 

Mechanical stress can be monitored based on the variation of the distance between the wires caused by the impact 

of external factors on the structure. The required force to compress the device can be generated by passing an electric 

current through a coil placed on a plunger, as can be seen in Figure 4. 

 

Figure 4. Scheme of the magnetic circuit to be modeled on a finite element method magnetics (FEMM) solver. 

The amount of electric current to generate such force can be obtained from numerical simulations, because iron is 

a ferromagnetic material and, therefore, the relation between magnetic induction B and the magnetic field H is not linear. 

Since the FEMM solver is based on the principle of symmetry, we only draw part of the device (as shown in the Figure 4) 

[32]. The core of the plunger is made of iron and it is surrounded by a coil (1000 turns of copper wire), which will induce 

the movement of the core. The base (wood 1) and the surface (wood 2) that contacts with the device would ideally consist 

of wood, which in turn has air-like magnetic properties. 

This circuit was simulated, according to the dimensions of the lateral section of the device and considering the data 

in Table 2. 

Table 2. Simulation parameters of the magnetic circuit in FEMM. 

Lc Wc Lp Wp σ g Nturns Lwood 1 Wwood 1 Lwood 2 Wwood 2 

0.27 

mm 

0.1 

mm 

0.05 

mm 
0.37 mm 10.44 MS/m 

0.005 

mm 
1000 0.03 mm 0.079 mm 0.03 mm 0.71 mm 

In this table, Lc is the coil length, Wc is the coil width, Lp is the plunger length, Wp is the plunger width, σ is the 

electrical conductivity of the iron, g is the length of the gap between the coil and the plunger, Nturns is the number of turns 

of the coil, Lwood1 is the length of the base of the plunger, Wwood1 is the width of the base of the plunger, Lwood2 is the length 

of the surface of the plunger and Wwood2 is the width of the surface of the plunger, respectively. 

4. Results 

In this section, the results from the simulations based on the design of the filter for each assembling hypothesis will 

be presented. Two analyses of the behavior from the electromagnetic and mechanical point of view will be carried out. 
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By analyzing the data, we will also discuss how it will be possible to apply the desired compression level to the 

devices and thus control the distance between wires. 

4.1. Return Loss and Insertion Loss in the Frequency Domain as a Function of Distance between Wires 

After the conception and presentation of the theoretical study of the working principle of the filter, it is necessary 

to corroborate the accuracy of the conceived theoretical model through simulations, as well as to analyse some relevant 

issues such as: the dynamic range, the periodicity of the shifts of resonance frequency and the evolution of the bandwidth 

of the device under compression. 

Knowing that HDPE and PTFE have different relative permittivity constants, it will be necessary to analyse the 

filter for both assembling cases. Note that HDPE has a relative dielectric constant εr = 2.4 and PTFE posseses εr = 2.1 [26]. 

The losses were not considered due to the characteristics of these materials, as highlighted in Section 2.  

The resonance frequency (
t

f ) will be shifted to higher frequencies as the filter is compressed. The reduction in the 

distance between wires occurs with a step size of 0.5 μm. 

4.1.1. HDPE 

Figures 5 and 6 shows return losses (RL) and insertion losses (IL) in the frequency domain as a function of applied 

compression for the HDPE host medium. These quantities were calculated based on the results obtained for the scattering 

parameters from the simulations. Since the structure is invariant to port swapping in the propagation direction, we might 

consider the following formulas ( )10 11
20logRL S= −  and ( )10 12

20logIL S= − , respectively [22]. The device resonance, 

without compression, is at 408 GHz, but, when we imposed a full compression (25%), the resonance changes to 411 GHz. 

In every curve, each reduction of 0.5 µm in the distance between wires causes an increase of 278 MHz in the resonance 

frequency, which is followed by an average bandwidth reduction at 3 dB of 111 MHz. Considering this data, it is possible 

to state that, between these two extreme cases, there was a shift of 3 GHz in resonant frequency and a reduction in the 

bandwidth at 3 dB of 1.1 GHz (a decrease of more than 50% when compared with the initial value without compression). 

Some saturation and distortion in the filter response are expected for this reason. 

 

Figure 5. Return loss in the frequency domain as a function of applied compression for high-density polyethylene (HDPE) 

host medium. 

In Figures 5 and 6, there is a vertical line identifying the target frequency (408 GHz) and, by analyzing both of them, 

it can be seen that the device presents an excellent dynamic range along this curve. This means that, as compression is 

applied to the device, it will go from full transparency (
11

S =0) to full opacity (
11

S =1). Therefore, it is possible to conclude 

that the bandwidth decreases and the selectivity increases as the compression is applied to the filter.  
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Figure 6. Insertion loss in the frequency domain as a function of applied compression for HDPE host medium. 

The FWHM decreases from 1.2 GHz (without compression) to 0.55 GHz (maximum compression) [5]. The quality 

factor can be calculated as the ratio between the resonance frequency and the FWHM. We found that the Q factor ranges 

between Q≈340 for the case without compression and Q≈747 when maximum compression is applied. Considering the 

same criteria that was used to analyze the previous metrics, we found that the dephasing time ( )
d

t  of induced line shapes 

decreases from 1.5797 to 0.724 µs [5]. Moreover, the figure of merit can be defined as the number of passbands inside the 

range of tuning, which can be computed as:  

0 0

up low

up low

f f

FoM
 

 

−
=

 
, 

(25) 

where 12

0
2.5824 10up =   is the uppermost resonant frequency, 12

0
2.5635 10low =   is the lowermost resonant frequency, 

93.4558 10up

f
 =   is the uppermost passband width and 97.5398 10low

f
 =   is the lowermost passband width, 

respectively [6]. We estimated a FoM≈3.6927. The insertion losses (IL) are practically zero as the resonance frequency is 

shifted by the compression on the device. The high value of the return losses (RL) means that the reflected energy is very 

small when compared to the incident wave energy. These results show that the higher the compression level applied, the 

greater the selectivity of the device.  

4.1.2. PTFE 

The results from the electromagnetic simulations for the filter assembled with PTFE are shown in Figures 7 and 8. 

By observing both figures, it is possible to conclude that the behavior is slightly the same when compared to the case of 

HDPE. However, the resonances now occur at higher frequencies, since the parameters that characterize the material are 

different. Note that, without compression, the device presents a resonance at 437.5 GHz, which will change to 440.7 GHz 

when full compression is applied. In every curve, each reduction of 0.5 µm in the distance between wires causes an 

increase of 320 MHz in the resonance frequency, which is followed by an average bandwidth reduction at 3 dB of 122 

MHz.  

Considering these data, it is possible to state that the application of maximum compression caused a total shift of 

3.2 GHz in the resonance frequency and a reduction in the bandwidth at 3 dB of 1.1 GHz (a decrease of 50% when 

compared with the initial value without compression). In Figures 7 and 8, there is a vertical line identifying the target 

frequency (437.5 GHz) and, by analyzing both of them, it can be seen that the filter presents a slightly better dynamic 

range when compared to the case of the device assembled with HDPE. The FWHM decreased from 1.3 GHz (absence of 

compression) to 0.65 GHz (maximum compression), and, similar to what was observed previously, the progression of the 

resonance frequency as the filter is compressed is also approximately linear. The quality factor increased from Q≈337 

(absence of compression) to Q≈678 (maximum compression) as the distance between wires is reduced. Considering the 

same criteria that was used to analyze the previous metrics, we found that the dephasing time decreases from 
d

t =1.7114  
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µs to 
d

t =0.8557 µs. Moreover, this filter presents an FoM≈3.4811, which was calculated by using Equation (25) and 

considering that 12

0
2.76 1090up =  , 12

0
2.7489 10low =  , 94.0 4 08 11up

f
 =   and 9 8. 6 101 81low

f
 =  , respectively. 

Globally, these results are similar to what was obtained for the HDPE. 

 

Figure 7. Return loss in the frequency domain as a function of applied compression for polytetrafluoroethylene (PTFE) host 

medium. 

 

Figure 8. Insertion loss in the frequency domain as a function of applied compression for PTFE host medium. 

4.2. Reduction in the Distance between Wires as a Function of Required Current 

After performing the analysis of the electromagnetic component, we will focus on the analysis of the mechanical 

component. In the following subsections, we intend to understand how much force it will take to make the device 

compress up to 25% according to the materials used for its assembly and, knowing that there is a possibility of controlling 

the compression magnetically, what will be the current required to reach each level of compression. Through preliminary 

mechanical simulations, we found out that 70 wires per array are sufficient to obtain the desired behavior of the device. 

We also decided to study how the number of wires influences its response. 

4.2.1. HDPE 

Considering the theory associated with mechanical simulations, it is possible to predict the amount of force required 

to cause the desired distance between wires to be reduced in each case. By combining the theory used in the Elmer solver 
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with the theory of magnetic circuits based on which the FEMM software solves the problems, we are able to discover the 

current required to cause the compression that allows the distance between wires to decrease. 

By analysing Figures 9 and 10, it is observed that, as expected, the higher the force to be applied to the device, the 

higher the current to be supplied to the magnetic circuit. To fully compress the device with 70 wires, we should supply 

0.56 A to the magnetic circuit. 

 

Figure 9. Reduction in the distance between wires as a function of applied force and current for 10, 30, 50 and 70 wires and a 

filter assembled with HDPE. 

 

Figure 10. Reduction in the distance between wires as a function of applied current for 10, 30, 50 and 70 wires and a device 

assembled with HDPE. 

4.2.2. PTFE 

Similar to the previous case, we obtained from the Elmer solver the range of forces to be applied to the filter in order 

to achieve each compression state. The results are presented in Figure 11. After that, we obtained from the FEMM solver 

the range of currents to be supplied to the magnetic circuit in order to compress the device according to the previous data, 

as can be seen in Figure 12. 
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Figure 11. Reduction in the distance between wires as a function of applied force and current for 10, 30, 50 and 70 wires and 

a filter assembled with PTFE. 

 

Figure 12. Reduction in the distance between wires as a function of applied current for 10, 30, 50 and 70 wires and a device 

assembled with PTFE. 

The curves for the applied force and the required current have the same slope for each scenario, in which the 

number of wires is increased. However, in this case of PTFE, both the force and the current values are much lower. We 

should note that, as the range of forces to be applied for each typology is different, the range of currents to be supplied 

will also be different. In order to achieve a full compression of the device with 70 wires, we should supply the magnetic 

circuit with 0.125 A, which is substantially lower than the one required for HDPE. 

4.3. Reflectance and Transmittance as a Function of Applied Force 

Finally, after performing electromagnetic and mechanical simulations, we can now use the information we 

obtained from both components to illustrate the reflectance/trasmittance as a function of the force applied to the filter for 

each host material that can be used to build the device. The following graphs show us the relationship between these 

quantities. It should be noted that the resonance frequency was fixed taking into account the case without compression (

HDPEtf =408 GHz and 
PTFEtf =437.5 GHZ, respectively).  

4.3.1. HDPE 
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Through a careful analysis of Figures 13 and 14, we observe that, by increasing the number of wires per array, the 

more linear the response of the filter will be. Independently of the curve under analysis, the device response presents 

some saturation for high values of applied force. If we focus on the designs with 50 or more wires, we observe saturation 

for values greater than 8 mN. In spite of this fact, the device can reflect almost all of the incident wave (more than 90%) 

and, therefore, we can assume that the device presents an approximately linear response in the dynamic range under 

study. 

 

Figure 13. Reflectance as a function of applied force for 10, 30, 50 and 70 wires and a filter assembled with HDPE. 

 

Figure 14. Transmittance as a function of applied force for 10, 30, 50 and 70 wires and a filter assembled with HDPE. 

Let us consider the case, in which we have a filter with 70 wires per array and an applied force of around 8 mN 

(beyond this value we enter in a saturation zone). Through Figure 9, we can see that the distance between wires for 8 mN 

of applied force is d=17.5 µm. In turn, by analyzing Figures 5 and 6, we observe that the resonance frequency of the filter 

is around 409.4 GHz. Table 3 shows the filter quality and performance parameters for the scenario under study: 

Table 3. Filter quality and performance parameters considering a distance between wires d = 17.5 µm. 

FWHM (GHz) Q td (µs) 

0.9 455 1.1848 
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Although these metrics do not change with the increase in the number of wires, it will be important to quantify the 

sensitivity of the filter 
11

1 S
s

F

 − 
= 

 
, as we vary this parameter [21]. Table 4 illustrates the sensitivity variation, considering 

a distance between wires d=17.5 µm and a reflectance 
11

S =0.8901, as the number of wires per array increases: 

Table 4. Calculation of the sensitivity of the filter considering a distance between wires d=17.5 µm. 

Number of Wires ∆𝑭 (mN) Sensitivity (N) 

10 4.09 26.87 

30 5.68 19.35 

50 6.68 16.45 

70 8 13.74 

The data from Table 4 shows that the sensitivity and linearity of the response of the device vary in opposite ways. 

Therefore, to have a sensitive device with an approximately linear response, it is necessary to establish a trade-off between 

these requirements. 

4.3.2. PTFE 

The results for the PTFE host are shown in Figures 15 and 16. As can be seen, the curves obtained for this device 

model are not as linear as we observed in the previous case. When compared to the device built with HDPE, this filter is 

more sensitive, since it can cover the entire dynamic range with much less applied force (only 21.4% of the required force 

to fully compress the device built with HDPE). In spite of the linearity issues, we have a linear operating region that 

allows us to work with reflectances between 0.25 and 0.85, depending on the requirements of the application. For values 

of applied force greater than 1.20 mN, some saturation of the device response (independently of the curve under analysis) 

is observed.  

 

Figure 15. Reflectance as a function of applied force for 10, 30, 50 and 70 wires and a filter assembled with PTFE. 
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Figure 16. Transmittance as a function of applied force for 10, 30, 50 and 70 wires and a filter assembled with PTFE. 

Focusing on the scenario, in which we have a filter containing 70 wires per array and a limitation of the applied 

force of about 1.2 mN, we can see from Figure 11 that the distance between wires for 1.2 mN of applied force is d=18.5 

µm. In turn, by analyzing Figures 7 and 8, we observe that the resonance frequency of the filter is around 438.4 GHz. 

Table 5 shows the filter quality and performance parameters for the scenario under study: 

Table 5. Filter quality and performance parameters considering a distance between wires d=18.5 µm. 

FWHM (GHz) Q td (µs) 

1.1 399 1.4481 

In Table 6, the relationship between filter sensitivity and the increase in the number of wires is shown, considering 

the approach used in the previous case: 

Table 6. Calculation of the sensitivity of the filter considering a distance between wires d = 18.5 µm a reflectance 
11

S =0.6553. 

Number of Wires ∆𝑭 (mN) Sensitivity (N) 

10 0.657 524.66 

30 0.821 419.85 

50 0.965 357.2 

70 1.2 287.25 

The filter assembled with PTFE requires less force to be compressed and is very sensitive. However, the data from 

Table 6 suggest that the relationship between sensitivity and linearity of the response of the device is the same as was 

observed for the case where the filter was assembled with HDPE. Given the trade-off between these requirements, we 

should consider the filter assembled with HDPE, since it has the same good dynamics as the filter assembled with PTFE 

but has a much more linear response than the latter. 

5. Conclusions 

This work aimed to study a reconfigurable THz filter design, using frequency selective structures based on 

metamaterial resonators, so that it can be used in the development of sensor devices. The proposed filter is composed by 

two arrays of wires to provide greater cancellation of harmonics, higher dynamic range and enhanced frequency 

selectivity. The resonant effects result from carefully tuning the wire radius and the distance between wires, which can 

be altered so that only evanescent modes exist in the vicinity of the structure, allowing us to control the energy 

transmission and reflection. Due to its simplicity, this filter design is especially suited for the implementation of 

reconfigurable THz filters and optical modulators, since it transits from situations in which it presents a full transparency 

 ( )11
0S =  for a full opacity ( )11

1S = . 
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Two assembling hypotheses with different thermoplastic polymers materials were analyzed. The choice of these 

materials was essentially due to the fact that they are relatively easy to compress and exhibit low losses and low dispersion 

for the frequency band over 0.1 to 5 THz. Numerical simulation using the finite element method allowed us to study the 

variation of the electromagnetic and mechanical response of the device as compression was applied. 

Our results corroborated our theoretical model by proving that it is possible to design a filter with a very good 

dynamic range and a high sensitivity by following the proposed methodology. The model designed with HDPE presented 

a quite linear response when compared to the one designed with PTFE, which is more sensitive. This might be explained 

by the different electromagnetic and mechanical properties of these materials. 

For the model composed by HDPE, the required force to be applied to cause a reduction in the distance between 

wires is four times greater, when compared to the one that is required by the model with PTFE. By analyzing the data 

from the simulations, it was also determined that the relation between wire spacing and the required current to compress 

the device is the same, when compared to the amount of force that should be applied to verify a shift on the resonance 

frequency. 
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Chapter 3 – Precoded Generalized Spatial Modulation for Downlink 

MIMO Transmissions in Beyond 5G Networks 

 

 

The design of MIMO schemes capable of achieving both high spectral and energy 

efficiency constitutes a challenge for next-generation wireless networks. GSM constitutes 

a particular case of IM, which is suitable for large scale MIMO antennas schemes 

enabling greater energy efficiency with ease of implementation. Considering that the 

information is encoded in the combination of active antennas and in the modulated 

symbols transmitted in the active antennas, GSM can also achieve a greater SE than single 

antenna communications. MIMO schemes based on GSM have been widely considered 

as a powerful technique to achieve that purpose. In line with this topic, we proposed a 

MU GSM MIMO system, which relies on the transmission of precoded symbols from a 

base station to multiple receivers.  The information is divided in such a way that part of 

the data will be used to select an AI from a total 
( )2log

2
Ns
Na

combN
 
  =  AICs that are available 

per user. To increase the SE of the transmission, the remaining data will be mapped onto 

Na different complex-valued M-QAM symbols (M=1024 symbols are considered) which 

are sent on different antennas. . 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 

[33] is used at the receiver. Simulation results based on a C-RAN showed that the 

proposed approach can exploit efficiently a large number of antennas deployed at the 

transmitter and it can also provide large gains when compared to conventional MU-

MIMO schemes with identical spectral efficiencies. Based on the simulated C-RAN 

scenario, the potential gains in terms of throughput and coverage considering perfect and 

imperfect channel estimation were also studied. 
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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 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 
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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 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 
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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. 

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 

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 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 s

−
 =
 

s , where
 

1sN

k


s  contains the information transmitted to user k and 

s tx u
N N N . 
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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,..., 1j

k a
s j N = −  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

log

= 2
comb

N
 
    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). 

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 
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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 

( )
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.  

In this table, 1, tx 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 
a

N  largest magnitude 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. 
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Table 2. Iterative GSM detection algorithm for each user k. 

1: Input: 
0u , 

0w , 
0x , 

0z , ˆ
kH ,

  
ky , 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 1

.
t t

kD

+ +
x s  

7: 
( ) ( )( )

1

0

1 ( ) .
t

Ns

t t

k

+ +
 +z s w  

8: ( )( 1)supp .tI + x  

9: ( )( 1)ˆ ˆ0,
candidate candidate

Na

t

I II

+ s s s  

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  

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 ŝ
k
 generated by the main 

algorithm. 

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 
u

N  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 u

N 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 u
O N N . For 

comparison, the complexity order of MLD is ( )aN

comb
O N M  (with 

2log

2
s

a

N
N

comb
N

  
  
  = ), of a linear MMSE is ( )( )3

tx u
O N N , 

of OB-MMSE [33] is ( )3

comb a
O N N  and of multipath matching pursuit with slicing (sMMP) [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

comb
N

  
  
  =  which can restrict its use when a large number of bits are conveyed on antenna indices. 
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Table 3. Solution refinement algorithm based on a closest neighbor search for user k. 

1: Input: ˆ
k

H , k
y , ŝ , ( )Q

k
s , 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: 
( )( )

p

Q

kD
x s  

6: ( )supp .I  x  

7: ( )( )ˆ ˆ0,
candidate candidate

Na

Q

I II
 s s s  

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  

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 N=60 active pedestrian users. Each RRU consists of three transmission and reception points (TRP), each one equipped 

with 256
totaltx

N =  antennas while users have Nrx 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 20 log 30 log

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 46 dBm, 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 [39]: the bandwidth is Bt=20 MHz with normal 
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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 Ntx=255, Nrx=10, Nu=15, Ns=17 

and Na=2, 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 Ntx=255, Nrx=10, Nu=15, Ns= 17 and Na=2, 

256-QAM. 

 

Figure 4. BER performance of ADMM in a MU-MIMO scenario with Ntx=255, Nrx=10, Nu=15, Ns= 17 and Na=2, 1024-QAM. 

The expression 
1 2

n n , mentioned in the legend of both figures, denotes that the receiver algorithm was ran with 
1

n  

restarts and 
2

n  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 
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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 with Ntx=160, Nrx=6, Nu=10, Ns=16 and Na=1, 16-QAM and the conventional 

BD precoded MU-MIMO with Ntx=60, Nrx=6, Nu=10, Ns=1 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 with Ntx=90, Nrx=8, Nu=10, 

Ns=9 and Na=3, quadrature phase-shift keying (QPSK) and the precoder based on conventional MU-MIMO with with 

Ntx=80, Nrx=8, Nu=10, Ns=3 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. 

 

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 10-4 

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 10-4, 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 
error

H  we can express the channel matrix as 
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error
= +H H H . The entries of H  and 

error
H  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 Nsc=256 subcarriers, Ntx=17 

antennas/user, Nrx=16 antennas/user and Nu=15 users.  

 

Figure 6. Block error rate (BLER) vs 0s
E N  for Na=2, Nsc=256, Nu=15, Ntx=17 antennas/user, and Nrx=16 antennas/user. 

 

Figure 7. Perfect and imperfect estimation of BLER vs 0s
E N  for Na=3, Nsc=256, Nu=15, Ntx=17 antennas/user, and Nrx=16 

antennas/user. 

The number of active antennas are Na=2 and Na=3, respectively. The case Na=3 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. 

Doubling Nsc=256 to Nsc =512 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 ( )0s
E N  in dB, for five uniform M-QAM 

constellations namely, M {4,16,64,256,1024}. As expected, independently of Na, higher values of M require higher values 

of 
0s

E N  (dB) to reach the reference BLER=10-1. 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 BLER=10-1 in the detection of 1024-QAM (it has a higher sensitivity to channel estimation errors). 


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In Figure 7, for Na=3, 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

( ) 10log( )
s s

SNR E N R B= +
 
dB, where 

s
R  is the total 

transmitted symbol rate per antenna and user, B 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 Na=2 with perfect estimation, and computed the SNR values corresponding to the 

BLER=10-1 so as to obtain the coverage results vs. the percentage of transmitted carrier power. Based on the parameters 

Nu=15, Ntx=17  transmit antennas/user and Nrx=16 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%. 

 

Figure 8. Coverage vs percentage of transmitted power for Na=2, Nsc=256, Nu=15, Ntx=17 antennas/user, and Nrx=16 

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 
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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%. 

 

Figure 9. Average throughput vs percentage of transmitted power for Na=2, Nsc=256, Nu=15, Ntx=17 antennas/user, and Nrx=16 

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 Ntx=17
 

antennas/user, Nrx=16 antennas/user, Nsc=256, and we vary the number of users Nu 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 Nu. The increase in throughput depends on the spectral 

efficiency. We present two set of results. For Na=2, the minimum is 11 bpcu (4-QAM) and the maximum is 27 bpcu (1024-

QAM). The second set of performance curves have Na=3, 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 Na=2 or 4-QAM with Na=3. The 

throughput results are almost the same between the average of all constellations with Na=2 (19 bpcu) or Na=3 (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 Na=3 (27 bpcu) compared to those of Na=2 (19 bpcu) is 2875.8/2031.0 = 1.42, the same as the 

expected ratio (27 bpcu/19 bpcu) = 1.42. 

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 Na=2 (19 bpcu) or Na=3 (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 Na=2 (15 bpcu) or Na=3 (21 bpcu). For 

both numbers of active antennas, the throughput results for 1024-QAM become the lowest instead of the highest and for 

Na=3, 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 Na=3 (27 bpcu) compared to those of Na=2 (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 Na=2 is (1-1546.5/2031.0) = 0.24 and for Na=3 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 10. Average throughput vs number of users for Nsc=256, Ntx=17 antennas/user and Nrx=16 antennas/user with perfect 

channel estimation. 

 

Figure 11. Average throughput vs number of users for Nsc=256, Ntx=17 antennas/user and Nrx=16 antennas/user with imperfect 

channel estimation. 

Figure 12 presents the cumulative distribution function (CDF) of a RRU with three TRPs, each TRP with Ntx=255 

active antennas serving 60 users each with Nrx=16 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 Na=2, Nsc=256, Nu=15, Ntx=17 antennas/user, and Nrx=16 

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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Chapter 4 – Low Complexity Hybrid Precoding Designs for Multiuser 

mmWave/THz Ultra Massive MIMO Systems 

 

 

As mentioned earlier, the exploration of the potentialities of millimeter and terahertz 

wavelengths is closely related to the paradigm of using very large arrays of antennas in 

beamforming architectures. However, 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. The adoption of hybrid 

digital/analog architectures is crucial to overcome issues such as high complexity and 

power usage, since these designs require a reduced number of dedicated RF chains and 

allow us to split the signal processing into two distinct components, which results in a 

substantial reduction in the overall circuit complexity and power consumption. 

The article presented in this chapter proposes a hybrid design algorithm suitable for 

both mmWave and THz MU-MIMO systems that comprises separate computation steps 

for the digital precoder, analog precoder and MUI mitigation. This design can also 

incorporate different analog architectures such as phase shifters, switches and inverters 

and antenna selection. Due to its carachteristics, it is also applicable to different 

structures, namely, FC structures, AoSAs and DAoSAs, making it suitable for the support 

of UM-MIMO in severely hardware constrained THz systems. 
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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 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 
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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 at 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 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. 
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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 disjoint 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-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 
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(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 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 Ntx antennas and 
transmits to Nu users equipped with Nrx antennas over F carriers, as can be seen in 

Figure 1. On each subcarrier, Ns 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

,
sN

k u


s . 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 
RF

tx
tx RFN N

F  and 
uRF

rx
rx RFN N

W  with u=1,…,Nu, 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) 

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 N
F  and 

k,uBB

rx
RF sN N

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 
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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 [20,25–28] 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

e


    
−

= =


+ 




 a 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
  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 (u=1,…, Nu), 

1
1

2k c

B F
f f k

F

 − 
= + − − 

 
 (k=1,…, 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 we can make it depict a mmWave or a THz channel. Considering 
Gaussian signaling, the spectral efficiency achieved by the system for the 

transmission to MS-u in subcarrier k is [28] 

, ,

, ,

1

, 2 BB RF RF BB

BB RF RF BB

log rx
k u u k uRF

k u u k u

H H

k u uN

H H H

−= + 



R I R W W H F F

F F H W W

k,u

k,u

, (3) 

where 
,k u

R  is the covariance matrix of the total inter-user interference plus noise at 

MS-u, which is characterized by 

, , ,

,

, BB RF RF BB BB RF

2

RF BB

(

)

u

k u u k j k j

rx u k u

N
H H H H H

k u
j u

N




= +

+

R W W H F F F F H

I W W

k,u k,u

. 
(4) 

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 
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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].  
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Figure 1. A multiuser OFDM mmWave/THz MIMO system with hybrid precoding. 

Using the BD procedure, we obtain one different digital precoder matrix for 

each subcarrier, 
optk

F  (with k=1,…, F, and 
,1 ,opt opt opt
, ,

k k k Nu

 =
  

F F F ), which satisfy 

, ,
0

k u k u =H F  for all u’≠u (u,u’=1,…,Nu), 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 
RF tx

tx RF
N N

F  
(6) 

2

RF BBk u s
F

N N=F 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 N


=


= = =H F F  

(8) 
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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 Nrx 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) 

subject to 
RF tx

tx RF
N N

F  
(10) 

2

RF BBk u s
F

N N=F 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 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 

RF BB aprox ,

2

opt RF BB, , , ,
1

min   I ( )
k k

kk k u

F

F
k

F F R B F
F F F R   

( )2
,,

aprox.
1 1 1

I ( ) I ( )
u

k uk uu sF

NF F

kN N
k k u

=
= = =

+ +  H
B F  (13) 

subject to 
RF

=R F  (14) 

RF BBkk
=B F F  

(15) 

,aprox RF BBk u k
=F F F , 

(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 

2

, RF BB aprox op, t RF BB
1

( , , , , , ) ( )
k k txN Ntx

RF

F

F
k

L I
 


=

= − + +F F R B F Λ, FΨ,Γ F F R  
 

( )2
,,

aprox RF.
1 1 1

I ( ) I ( ) 2Re{tr( ( )
=

= = =

+ + + − +  H
B F Λ F R

k uk uu sF

K F
H

kN N
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Nu

 

 

RF BB aprox RF BB
1 1

tr( ( )) tr( ( ))}
= =

+ − + + − + +  B F F F F F
k k kk k

F F
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2 22

RF RF BB aprox RF BB
1 1

, 
= =

+ − − + + − ++  F R B F F F F F
k k k

F F

kF F F
k k

 

(17) 

where tx RFN N
Λ , tx RFN N

Ψ  and tx RFN N
Γ  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 

2

, RF BB aprox op, t RF BB
1

( , , , , , ) ( )
k k txN Ntx

RF

K

F
k

L I
 


=

= − + +F F R B F U, FW, Z F F R   

( )2
,

2 2

aprox , RF.
1 1 1

I ( ) I ( ) +
kk uu sF

F F

k u F FN N
k k u

Nu

 
=

= = =

+ + + − − +  H
B F F R U U  

 

2 2

RF BB
1 1

k

F F

k k k FF
k k

 
= =

− ++ − + + B F F W W  
 

2 2

aprox RF BB
1 1

k k

F F

k k FF
k k

 
= =

+ −−+ + F F F Z Z . 
(18) 

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 
RF

F  for iteration t+1 defined as 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

BB

1

BB , RF BB aprox,
min ( , , , , , )

t t t t t t t t
L

 

+
=

F
F F F R , WB , ZF U , (19) 

which can be obtained from 

( ) ( ) ( ) ( ) ( ) ( ) ( )

RF
, RF BB aprox,

( , , , , , ) 0H

t t t t t t t
L

 
 =

F
R W ,F , ZF B F U  (20) 

                                                                 leading to the closed form expression 

( ) ( ) ( ) ( )( ))
1

1 ( ) ( )

RF opt aprox B

(

0

)

B

(( ) ([ )].
k k k

F
t t t tt t H

k

t t

k
k

k
 

−
+

=

 
= + − + − − 
 

+F UB WF F Z F R

( ) ( )
1

1

BB BB
0

[(1 ) ] ,  .0, , 1tx
k k RF

F
t t H

N
k

k F 
−

−

=

 + ++ =  −F F I  

 

(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 aprox,
min ( , , , , , )

t t t t t t t t
L

 

+
=

F
F F F R , WB , ZF U , (22) 

which can be obtained from 

( ) ( ) ( ) ( ) ( ) ( ) ( )

BB
, RF BB aprox,

( , , , , , ) 0
 

 =
F

F F R WB F ZU , ,H

t t t t t t t
L  (23) 

and leads to the closed form expression 

( ) ( ) ( )( ) ( )
1

1 1 1 1

BB RF RF RF
(1 ) .

k

t t t tH H 
−

+ + + +
+= +F F F F

 

( )) ( )

x

( ( )

opt apr

)

o

(( ) ( ). 1 ,, ,
k k

t t

k

t t

k k
k F + − + − =B FWF Z . 

(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 



 

80 

 

 

( ) ( ) ( )
2

1 1
min I ( )

N Ntx RF

t t t

RF
F




+ + 
= + − + 

 R
R R F R U

 

( ) ( )( )t+1

RFN Ntx RF

t



= +F U , 

(25) 

and 

( ) ( ) ( ) ( )
2

.

2
1 1 1

RF BB
min I ( )

k
N Nu sF

t t t t

k k k
F


=

+ + + 
= + − + 

 R
B B F F B W

( ) ( ) ( )( )2

t+1 1

RF BB.
1,,   ,

k
u sF

t t

N N
k F

+

=
=  + = F F W , 

 

(26) 

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 NuNs, 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 N
+ +

+

+ +

+
=

+

F F W
B

F F W

. (27) 

The minimization of (18) with respect of 
,aproxk u

F  can be written as 

( )

( )

( ) ( )

, ,
,aprox ,

,( 1) 1: ,

1
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2
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k u N uN

+ +

− +
− +

 
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 
H

F F Z , 

 

 

 

(28) 

which also involves a projection, ( ) ( ),k u

 
H , 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 

2

:, :,
1

min   
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

:, , , , , :,
,   1,...,

tx

H H

i N k u k u k u k u i s
i N= =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 

( )( )
-1

, , , ,tx

H H

N k u k u k u k u
=X I - H H H H A

 

( ) ( )( )1 1

, ,tx

H

N k u k u

 
=  
 
I - V V A . 

 

 

(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 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 
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( ) ( ) ( ) ( )1 1 1

RF

t t t t+ + +
= + −U U F R , 

(33) 

( ) ( )1 1 ( 1)

R B

( 1

B

(

F

) )

k

t tt t

k kk

t+ + ++ = + −W BW F F , 
(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.  

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 QF R . 

13:
   

( )
1

( )

BB RF RF RF aprox
ˆ ˆ ˆ ˆ

k k

H H Q
−

F 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 N
−

F F F F . 

15:   Output: 
RF

F̂ , 
BB

F̂ . 

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. 

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 defined as a combination of one of the architectures in 

Figure 2 with either SPS or one of the alternatives illustrated in Figure 3. 

(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
X


=  =X  (36) 

and the corresponding projection can be performed simply using 
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( ) ( )( ) ( )1 ( 1) ( 1)

RF RF

t t tt t+ + += +  +R 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 Nb 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 k


=  = −X . (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 ji jNbk

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]. 
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Figure 2. Different precoder architectures for a mmWave/THz MIMO system based on phase shifters. 

In this case, the projection can be implemented element-wise simply as 

( ) ( ) ( )( )
( ) ( )

( ) ( )( )
1

,RF ,

, ,

angle1 1 1

, RF , RF ,
max 0, 2

t t
i ji j

i j i j

i F Wt t t t t

i j i j i j
R F W e F W

+ 
 + + + + = + −  + − . (40) 
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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. 
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Figure 3. Alternative implementations to single phase shifters based on array-of-subarrays for a mmWave/THz MIMO 

system. 

(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 X


=  = =X  (41) 

(set of matrices having solely ‘0′s or ‘1′s as elements) and the projection can be 

implemented element-wise as 

( ) ( ) ( )( ),

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 Nb=1, 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
X


=  = X . (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., 
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 , , ,: :,0 0
: 0 or 1, 1, 1a b

a b i j i j i j
X X X X


=  = = = =X . (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 
SA

n , 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 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 i=1,…, Lmax and j=1,…, NRF. 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− + − + − +  − +
X SA SA SA SA

tx tx tx tx tx

SA

tx

j N i N j N i N N j

N  (48) 

where j=1,…, 
SA

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. 
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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] algorithms. Taking into account 

that in UM-MIMO, Ntx will tend to be very large, it means the algorithms with higher 
complexity will typically be EBE and the one proposed in this paper 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 

Overall [20] ( )2

tx
QN  

Proposed 

Operation Complexity Order 

RF
F  ( )1 2

u s RF tx RF tx
QN N N N F QN N−+  

BB
F  ( )2

u s RF tx RF tx
QN N N N QN N+  

R ( )RF tx
QN N  

B ( )u s RF tx
QN N N N  

aprox
F  ( )2 3 2 4 3

tx u s u tx rx u rx
QN N N N N N N N+ +  

U, W, Z ( )2

u s RF tx RF tx
QN N N N QN N+  

Overall ( )( )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+ + +  
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4. Numerical Results 

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 p, q=0, ….,  
/

1
tx rx

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 Nray=4 and Ncl=6. The angles of departure  

and arrival were selected according to a Gaussian distribution whose means are 
uniformly distributed in [0, 2π] and whose angular spreads are 10 degrees. 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

l

LO

NN

i l u
i

S

u
E 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 Ntx=100 antennas 
transmits a single data stream (Ns=1) to Nu=4 users with Nrx=4 antennas are shown 

in Figure 4 for F=1 and Figure 5 for F=64. 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 Nu=4, Ns=1, 

4tx

RF
N = , F=1, Ntx=100 and Nrx=4 (only NLOS). 

It can be observed that when F=1, 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 F=1 we have 
BB

F  

and 
RF

F  designed for that specific carrier, when F=64, 
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. 

 

Figure 5. Spectral efficiency versus SNR achieved by different methods with Nu=4, Ns=1, 

8tx

RF
N = , F=64, Ntx=100 and Nrx=4 (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 

Ntx=256 antennas to transmit Ns=2 simultaneous streams to each user, where Nu=2. 
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 fc=300 GHz and a bandwidth 
of B=15 GHz (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 Nu=2, Ns=2, 

4tx

RF
N = , F=64, Ntx=256 and Nrx=4 (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 

(Ns=2) being sent from the BS to each user (Nu=4) in a system with 
s

tx

RF u
N N N= , F=1, 

Ntx=256 and Nrx=4. 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. 

 

Figure 7. Spectral efficiency versus SNR achieved by the proposed precoder using different 

fully-connected architectures for Nu=4, Ns=2, 8tx

RF
N = , F=1, Ntx=256 and Nrx=4 (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 
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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, Nu=4, Ns=2, 8tx

RF
N = , F=1, Ntx=256 and Nrx=4 (with LOS 

component).  

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. 

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) 

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. 
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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 (Lmax) for Nu=4, Ns=2, 8tx

RF
N = , F=1, Ntx=256 and Nrx=4 (with LOS 

component).  

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 Nu=4, Ns=2, 
s

tx

RF u
N N N= , F=1 and Ntx=256, we provide the values of 

power consumption for different precoder configurations in Table 3. 
For the fully-connected structure with UPS, we assumed that PPS=100 mW, 

which corresponds to quantized phase shifters with Nb=4 bits [38]. 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 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 Ns=2, 

8tx

RF
N = , F=1, Ntx=256 and Nrx=4. 

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 (Nu=1) 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). 
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Table 3. Power Consumption for Different Implementations of the Proposed Precoder for Nu=4, 

Ns=2, 8tx

RF
N = , F=1, Ntx=256.  

 

 

 

 

 

 

 

 

 

When we increase the number of users from Nu=1 to Nu=4, 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). 

 

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 Nu=1, Ns=2, 8tx

RF
N = , F=1, 

Ntx=256 and Nrx=4 (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.  

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 
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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 

Nu=4, Ns=2, 8tx

RF
N = , F=1, Ntx=256 and Nrx=4 (with LOS component).  

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. 
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. 

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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Figure 12. Spectral efficiency versus SNR achieved by different methods for a mmWave/THz 

MIMO-OFDM system with Nu=4, Ns=1, 4tx

RF
N = , F=1, Ntx=100 and Nrx=4 considering an 

uncorrelated channel.  

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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Chapter 5 – System-Level Assessment of Low-Complexity Hybrid 

Precoding Designs for Downlink MIMO Transmissions for Beyond 5G 

 

 

THz communication represents one of the possible technologies to explore in order 

to achieve bitrates above 100 Gbps and an extremely low latency. However, a proper 

design for the communication systems is required due to a set of challenges that may 

affect their performance, such as the reflection and scattering losses through the 

transmission path, the high dependency with distance and the severe hardware constraints 

at the THz band. 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 or partially connected phase-shifters architectures. Although, these 

solutions can help to overcome some of the limitations of THz communications, a lack 

between link level and system level analysis is commonly verified. In this paper, a C-

RAN for B5G systems operating at mmWave/THz bands where the access points support 

multi-user MU-MIMO transmission using massive/ultra-massive antenna arrays is 

presented. To enable the implementation of this scheme, the use of low-complexity hybrid 

precoding-based designs was considered. Numerical evaluation of the link and system-

level for the proposed C-RAN downlink scheme integrated into a B5G system showed 

that it is possible to obtain a performance close to the digital precoding when considering 

scenarios with a larger number of subcarriers and users. Assessment of the C-RAN 

deployments in two indoor office scenarios showed the capability of achieving significant 

improvements in terms of throughput performance and coverage over typical cellular 

networks. 
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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 potentiali-ties, 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 pre-

coders 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 im-plementation 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 archi-

tectures. 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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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 technolo-gies 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 de-vices, and they are expected to ease the spectrum limitations of today’s 
systems [3]. How-ever, there are several issues that can affect the system 

performance, such as the reflection and scattering losses through the transmission 
path, the high dependency between range and frequency of channels 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 per-formance 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 perfor-
mance) between fully connected structures which have a higher implementation 

com-plexity (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 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 re-lying 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 
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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 hard-ware-

constrained systems that are typical at these bands. There are some recent experi-
mental 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 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 sys-tem-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 ex-amples 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 ar-rival (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].  
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 net-
work 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 pre-ferred 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 mas-sive/ultra-massive antenna arrays combined with low-complexity 
hybrid precoding ar-chitectures. The system level simulations were performed 

based on link level results be-tween 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. 
Table 1. Table of acronyms. 
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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 

TRP Transmission and reception point 

THz Terahertz 

UE User equipment 
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UPA Uniform planar array 

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.  

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 
n

I  is the n × n identity matrix. 

2. System Model 

2.1. Transmitter and receiver model 

Let us consider a mmWave/THz hybrid MU-MIMO system, where an AP is 
equipped with Ntx antennas that transmit to Nu users simultaneously over F carriers. 
Each user is equipped with Ntx antennas that transmits to Nu users simultaneously. 

Each user is equipped with Nrx antennas over F carriers, as the one described in 
Figure 1. Ns 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 u=1, …, Nu, 
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 

BB

rx
RF s

k,u

N N
W . In order to maintain the 

complexity of the implementation limited, the analog component is the same for all 

subcarriers, which means that RF
F

 and RF
W

  will be the same for all subcarriers. 

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. 
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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.   

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 
RF

F  and 
BB

F  matrices. When considering a FC 

structure with SPS, the 
RF

F  will be dense with all elements having unit amplitude. 

Nevertheless, if we consider the case of AoSA architecture, the 
RF

F  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 /
= ,...,

t txx RF

RF

RF i RF i RF i

N N N

N

f f
 
 
 
 

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

architecture, the matrix is similar to case of AoSA but can have a number of non-null 

columns in each row of up to the maximum number of subarrays that can be 
connected to an RF chain (Lmax). If we consider DPS-based architectures, the 
amplitude of the elements becomes less than or equal to 2.  

Several schemes have been proposed in the literature to calculate the matrices 

RF
F  and 

BB
F , such as [12,29]. The approach suggested in [15], can calculate 

RF
F  and 

BB
F  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) 

subject to 
RF tx

tx RF
N N

F  
(4) 
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Figure 2. Different precoder architectures for a mmWave/THz MIMO system based on phase 

shifters. 

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 k=1, …, F and u=1, …, Nu. 
,k u

H  is a matrix corresponding to H
k

 with the Nrx 

lines of user u removed which we denote as ( ),k u
H . 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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( ) ( )(

( ) ( ) ,

, , , ,

,

2

, , , , , , , , , ,
1 1

= , ,

, , ,
raycl

i u k

H
LOS r LOS r LOS t LOS t LOS

k u u r u u t u u

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

e


     

    
−

= =

+


+ 






H a a

a a
 (7) 

 

where Ncl denotes the number of scattering clusters with each cluster i, having a time 

delay of 
,i u

  and Nray 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 (u=1, …, Nu), 
1

1
2k c

B F
f f k

F

 − 
= + − − 

 
 (k=1, …, F) is the kth subcarrier 

frequency, B is the bandwidth, fc is the central frequency and γ is a normalizing 

factor such that 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 

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. 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]. 

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. 

Table 2. Evaluation parameters for indoor-office scenario. 
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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 

 

 

Figure 3. Indoor Office scenario layout. 

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 at the transmitter 

and 
rx rx

N N  at the receiver, the respective array response vectors are given by 

( )
( )

( ) ( )( )

/ / /
, , , , , ,

/ / /
/ , , , , / , ,

2
sin sin cos

/ /

/ , , , ,

/

2
1 sin sin 1 cos

1
, 1,..., ,

..., ,

t r t r t r
i l u i l u i l u

t r t r t r
tx rx i l u i l u tx rx i l u

j d p q
t r t r

t r i l u i l u

tx rx

T
j d N N

e
N

e


  




  



 
+

− + −


=  







a

 

 

 

 

(8) 

where λ is the signal wavelength, d is the inter-element spacing ( a 2d =  is 

assumed) and p, q=0, ….,  
/

1
tx rx

N −  are the antenna indices. We consider a sparse 

channel with limited scattering where Nray=1 and Ncl=9. The angles of departure and 
arrival were selected according to a Gaussian distribution whose means are 

uniformly distributed in [0, 2π] and whose angular spreads are 10 degrees. The 
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results are presented for a NLOS and LOS channel. This last case considers a ratio of 

2 2

, ,
1 1

10
raycl

l

LO

NN

i l u
i

S

u
E 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). 

   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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. 
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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 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 ( ) ( )0
SNR    10 /

s s
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 

LBLER=1-(1-BER)  (9) 
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where L is the length of the block in bits. L can be calculated as L=2×F, since 

the selected modulation is quadrature phase shift keying (QPSK) and each 

subcarrier transports a symbol with 2 bits. By maintaining the reference BLER 

(BLER )
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 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.  
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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). 

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. 
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.  

  

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). 



 

110 

 

 

 

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 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). 

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. 
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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). 

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 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 
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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 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 
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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 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). 
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Chapter 6 – Conclusions and Future Work 

In this chapter, a brief summary containing the main conclusions and possible work 

extensions are presented. 

6.1.  Summary 

This thesis aimed to propose and to evaluate solutions to enable ultra-high-speed 

wireless communications in the THz band. Considering this main goal, three types of 

approaches were explored, covering the design of devices, the IM based schemes for B5G 

networks and the hybrid precoding designs for THz UM–MIMO systems. 

As a result of this work, several contributions have been made and demonstrated in 

each of previously mentioned research areas, through models, methodologies or 

improvements. Considering the compelling need for new ways of producing sources, 

detectors and other devices such as filters, sensors and modulators for the THz domain, a 

reconfigurable THz filter design, using frequency selective structures based on 

metamaterial resonators was presented in chapter 2. By combining two arrays of gold 

wires, the proposed filter can provide greater cancellation of harmonics, higher dynamic 

range and enhanced frequency selectivity. Due to its simplicity and ease of control of 

energy transmission and reflection (which results from the careful tuning between the 

wire radius and the distance between wires), this filter design is especially suited for the 

implementation of reconfigurable THz filters and optical modulators, since it transits 

from situations in which it presents a full transparency (|S11|=0) for a full opacity (|S11|=1). 

Moreover, this approach can also be used for the implementation of STAR RIS. 

Considering the expected requirements such as the SR, SE and EE for the next 

generation of wireless communications, a novel MIMO system where GSM symbols are 

transmitted simultaneously to multiple users was proposed in chapter 3. This approach is 

capable of improving the SE and EE, exploiting large antenna settings at the BS combined 

with high-order M-QAM constellations. In order to remove the inter-user interference a 

precoder is applied at the BS, while a reduced complexity iterative SU GSM detector is 

implemented at each receiver. We found, through simulation results, that our approach 

can achieve a very competitive and very promising performance compared to 

conventional MU-MIMO systems with identical SE, since system-level assessment 

showed potential gains of up to 155% in throughput and 139% in coverage when 

compared to traditional cellular networks, for a system with Na=2 active indexes, Nsc=256 
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subcarriers, Nu=15 users, Ntx=17 transmission antennas/user, Nrx=16 reception 

antennas/user and 100% of transmitted power for all QAM constellations (assuming 

clustering where the network is partitioned into three adjacent RRU sets and each user is 

served by three RRUs). 

Overcoming some of the limitations of the THz that can affect the system 

performance, requires not only a proper system design but also the definition of a set of 

strategies to enable communications. Considering this situation in chapter 4, an iterative 

algorithm for hybrid precoding design, which is suitable for multiuser UM-MIMO 

systems operating in mmWave and THz bands, was presented. This proposal 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 function with a 

broad range of configuration of antennas, RF chains and data streams. The adaptability 

of the algorithm to different architectures can be achieve due to the separability of the 

design process, making it suitable for implementation with low-complexity AoSA and 

DAoSA structures. This kind of architectures are crutial for the deployment of UM-

MIMO in hardware-constrained THz systems. Through our numerical study, we found 

out that good trade-offs between SE and hardware implementation complexity can be 

achieved for several different architectures. In fact, when considering the use of 

architectures based on DAoSAs, it is possible to reduce considerably the amount of power 

that is consumed at the precoder. Aditionally, 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, for a reference scenario. Moreover, this reduction increases to 73% 

if the DPS structure is replaced by an SPS one. Based on the work developed and 

described on the previous chapter, in chapter 5 we presented a system-level assessment 

of low complexity hybrid precoding designs for massive MIMO downlink transmissions 

in B5G networks. A virtualized C-RAN, where the network determines which APs are to 

be associated with each terminal, was considered. We assumed that the cell was moving 

according to the terminal in order to provide a centre-cell experience across the network. 

Each UE was served by its preferred set of APs. The effective server set for a UE could 

contain one or several APs and the terminal data was partially or fully available in a 

cluster with potential server APs. Based on the previous assumptions, the AP controller 

was assumed to accommodate each UE with its cluster as well as the preferred 
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transmission mode in each communication instance, while considering the load and CSI 

knowledge associated with the cluster of APs. We showed that it is possible to obtain a 

performance close to the digital precoding when considering scenarios (with and without 

LoS component) with a large number of subcarriers and users, based on our numerical 

system level study for the proposed C-RAN downlink scheme integrated into a B5G 

system. The system performance was studied considering several hybrid architectures, 

such as fully connected, AoSAs (SPS and DPS) and DAoSAs. The impact of quantized 

phases shifter in the hybrid architectures was analyzed in two indoor office scenarios at 

the THz band, which were considered for the assessment of the C-RAN deployments. In 

both cases, the capability of achieving significant improvements in terms of throughput 

performance and coverage over typical cellular networks was verified. In general, the 

InD-MO scenario can deliver higher throughput and coverage performances in 

comparison to the InD-OO scenario independently of the cluster size, due to lower inter-

site interference. We also found out that the variation of the transmitted power of the APs 

can impact the system results, since in order to obtain a better performance an optimal 

value of transmitted power of around 100 mW must be considered. This value 

corresponds to the best trade-off between transmitted power and inter-cell interference in 

the considered scenario. 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, namely, a 

FC or DAoSA. 

In conclusion, several directions can be followed to provide solutions to the 

underlying problems of the THz band and this work aimed to provide some answers to 

them. Still, much remains to be done to make this type of communications feasible in the 

near future. 

6.2. Future Work 

This work has left several research topics that can be explored in the near future. 

Considering the research presented in this thesis, some improvements can be made to add 

even more value to this work, such as: 

• Develop more accurate device models for the THz so that they can be used in the 

evaluation of communication schemes more realistically - the development of 

devices for the THz is a field that presents a wide range of possibilities. However, 
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more accurate device models for THz communications are still needed and their 

integration in communication schemes must be evaluated; 

• Adoption of the proposed reconfigurable THz filter as base element for the 

implementation of STAR RIS - STAR RIS is a novel concept, which consists on 

the capability of the surface in reflecting and transmitting the incident wireless 

signal. Despite the potential of this new paradigm, new designs and otimization 

procedures are required to enable a full-space manipulation of the signal 

propagation for the communication schemes. The accomplishment of this task 

using the proposed reconfigurable THz filters may allow us to reach high 

throughput gains and good system performances; 

• Proposal of new THz communication schemes incorporating the concept of RIS-

based IM [61] - considering the work within the scope of IM and the recent trends 

in this field encompassing RIS, it would be interesting to explore new 

communication schemes. Problems associated with the reflection/scattering 

characteristics of the incident waves in these structures could be solved in order to 

improve the signal quality at the receiver as well as the spectral efficiency of the 

systems;  

• Design of UM-MIMO THz transceiver schemes based on RIS, exploiting low 

complexity hybrid precoding architectures for MU scenarios - as it was mentioned 

on the first chapter, in order to compensate the propagation losses that occur at 

high frequencies, UM-MIMO can be used for high array gains by beamforming. 

However, since a large number of analogue phase shifters are required to perform 

analogue beamforming, THz communication encompassing UM-MIMO will 

have a considerably higher power consumption. In line with this issue, it would 

be interesting to propose and to evaluate a solution that can allow the replacement 

of those phase shifters by an energy efficient RIS to perform the analog 

beamforming of the hybrid precoding.  
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