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ABSTRACT

Ali AbdulMohsin Saadoon Alabdullah

Adaptive and Robust Multi-Gigabit Techniques Based MmWave Massive 
MU- MIMO Beamforming for 5G Wireless and Mobile Communications 

Systems

A Road Map for Simple and Robust Beamforming Schemes and 
Algorithms Based Wideband MmWave Massive MU-MIMO for 5G Wireless 

and Mobile Communications Systems   

Keywords: 5G Technologies and Beyond; Massive Multi-User Multiple Input Multiple 
Output (MU-mMIMO); Indoor/Outdoor mmWave Measurement; Quasi-Orthogonal 

Space-Time Block Code (QO-STBC) Beamforming; mmWave Hybrid Beamforming; 
TCM-QAM-OFDM; mmWave Mobile Communications, Antenna Array; Spectral 

Efficiency; Low-Resolution DACs/ADCs; Energy Efficiency.

Over recent years, the research and studies have focused on innovative solutions in various aspects 
and phases related to the high demands on data rate and energy for fifth-generation and beyond 
(B5G). This thesis aims to improve the energy efficiency, error rates, low-resolution 
ADCs/DACs, antenna array structures and sum-rate performances of a single cell downlink 
broadband millimetre-wave (mmWave) systems with orthogonal frequency division multiplexing 
(OFDM) modulation and deploying multi-user massive multiple inputs multiple outputs (MU-
mMIMO) by applying robust beamforming techniques and detection algorithms that support 
multiple streams per user (UE) in various environments and scenarios to achieve low complexity 
system design with reliable performance and significant improvement in users perceived quality 
of service (QoS). 

The performance of the four 5G candidate mmWave frequencies, 28 GHz, 39 GHz, 60 GHz, and 
73 GHz, are investigated for indoor/outdoor propagation scenarios, including path loss models 
and multipath delay spread values. Results are compared to confirm that the received power and 
delay spread is decreased with increasing frequency. The results were also validated with the 
measurement findings for 60 GHz. 

Then several proposed design models of beamforming are studied and implemented modified 
algorithms of Hybrid Beamforming (HBF) approaches in indoor/outdoor scenarios over large 
scale fading wideband mmWave /Raleigh channels. Firstly, three beamforming based diagonalize 
the Equivalent Virtual Channel Matrix (EVCM) schemes with the optimal linear combining 
methods are presented to overcoming the self-interference problems in Quasi-Orthogonal-Space 
Time Block Code (QO-STBC) systems over narrowband mmWave Single-User mMIMO (SU-
mMIMO). The evaluated results show that the proposed beamforming based- Single Value 
Decomposition (SVD) outperforms the conventional beamforming and standard QO-STBC 
techniques in terms of BER and spectrum efficiency. 

Next, the proposed HBF algorithm approaches with the fully/ partially connected structures are 
developed and applied for sum-rate and symbol error rate (SER) performance maximization MU-
mMIMO-OFDM system, including HBF based on block diagonalization (BD) method 



ii

Constraint/Unconstraint RF Power, Codebook, Kalman schemes. In addition, the modified near-
optimal linear HBF-Zero Forcing (HBF-ZF) and HBF-Minimum Mean Square Error (HBF-
MMSE) schemes, considering both fully-connected and partially-connected structures. 

Finally, Simulation results using MATLAB platform, demonstrate that the proposed HBF based-
codebook and most likely HBF based-unconstraint RF power algorithms achieve significant 
performance gains in terms SER and sum-rate efficiency as well as show high immunity against 
the deformities and disturbances in the system compared with other HBF algorithm schemes 
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Chapter 1 

Multi-Giga Rate Technologies for 5G And Beyond Mobile / 

Wireless Communications

1.1 Introduction

The next-generation mobile wireless communication systems will need a major paradigm 

shift to meet the increasing need for higher data rates, lower network latencies, better 

energy efficiency, and reliable ubiquitous connectivity. The growing production of smart 

devices, the introduction of new and emerging multimedia applications, as well as an 

exponential increase in the demand for and use of wireless data are already burdensome 

to existing cellular networks. beyond 5G (B5G) wireless systems, with enhanced data 

rates, capacity and latency should be the solution for most current cellular network issues. 

Many efforts and revolutionary ideas have been proposed and explored around the world, 

with the prediction of the advent of 5G and beyond systems shortly [1]. The major 

technological breakthroughs that will bring revitalization to wireless communication 

system's millimetre wave (mmWave) communications, massive Multiple Input Multiple 

Output (MIMO), big data and mobile cloud computing, device-to-device connectivity 

with high mobility, and new radio access techniques. Over a MIMO array of phased 

arrays with hundreds of antenna elements, mmWave communications which represent a 

cornerstone for emerging wireless network infrastructure, and for RF sensing systems in 

security, health, and automotive domains, can enhance wireless bit-rates to 100+ Gbps 

[2].  As a starting point, this chapter introduces the state-of-the-art and the potentials of 

these enabling technologies are extensively surveyed. Furthermore, the challenges and 

limitations of each technology are treated in-depth, while the possible solutions are 

highlighted.
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1.2 B5G Wireless Communication Systems: Vision and 
Motivation

The combined effect of emerging mm-wave spectrum access, hyper-connected vision and 

new application-specific requirements are going to trigger the next major evolution in 

wireless communications - the 5G (fifth generation). As shown in Figure 1.1, 5G wireless 

communications envision magnitudes of increase in wireless data rates, bandwidth, 

coverage and connectivity, with a massive reduction in round trip latency and energy 

consumption. Figure 1.1 demonstrates a broad overview of 5G standardization activities 

[3]. It points out that the first standard is matured by 2020. 

Blending the different research initiatives by wireless industries, research and academia, 

it is commonly assumed that 5G cellular networks must address six challenges, such as 

higher capacity, higher data rate, lower End to End latency, massive device connectivity, 

reduced cost and consistent Quality of Experience provisioning [4]. Certainly, introduced 

IEEE 802.11ac, 802.11ad and 802.11af standards are very helpful and act as a building 

block in the road towards B5G [5]–[9]. 

The use of more spectrum is threefold. First, the authors suggested that underutilized 

allocated spectrum should be prevented. Second, spectrum accessibility can be improved 

Figure 1.1 Next-Generation Wireless Networks Schematic Diagram [3].
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by Authorized Shares Access (ASA) which is optimized for small cells and using 

unpaired spectrum allocations [10]. Third, higher frequency bands such as mmWave 

bands can provide large bandwidths for 5G wireless communication systems [11], [12]. 

MmWave communication is a promising technology for future wireless network because 

a large number of frequency resources can be used. In mmWave systems, deploying large 

antenna arrays at both the base station and mobile users is necessary to guarantee 

sufficient received signal power [13], [14]. This allows signal transmission with 

excessive-high data rates thanks to large bandwidths available at the mmWave frequency 

bands [15]–[17]. Large-dimensional arrays also enable mmWave cellular systems to 

achieve good coverage performance [15], [18].  However, unlike sub-6-GHz bands, 

mmWave bands suffer large signal attenuation with distance, cannot penetrate walls 

(specifically, brick, glass and metallic walls), and exhibit poor signal diffraction around 

the corners [19]. Therefore, mmWave links are most reliable if a line of sight (LOS) path 

exists between the transmitter and receiver, and even a nearby receiver that falls in non-

line of sight (NLOS) condition may lack signal coverage [20]. The aforementioned losses 

can offset the link margins substantially, and the exploitation of vast mmWave 

bandwidths becomes challenging. Thus, directional beamforming for mmWave MIMO 

has been extensively developed [21]–[23].

Antenna arrays are viable because of the continuous decrease in hardware costs and 

improved power efficiency [19]. Increased antenna element density (per unit area) is 

possible due to short mmWave wavelengths (1 - 10 millimetres) [22]. Beamforming has 

an additional benefit of reducing co-channel interference at the receiver because the signal 

from any NLOS interferer is highly attenuated. Moreover, beamforming can enable, even 

if LOS link is not available, NLOS communications [24]. The NLOS path can be formed 

by utilizing the reflectors and scatterers in the propagation environment [14]. The effect 

of blockage can be mitigated by using relays which can receive a signal from the 

transmitter and forward to the intended receiver [20]. The hybrid digital-analogue 

beamforming (HBF) is an enabling technology for the mmWave communication, in 

which the limited number of radio frequency (RF) chains is used to reduce the hardware 

complexity and power consumption of a large antenna array system as studied in 

[25],[26]. 
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Although existing commercial wireless standards such as IEEE 802.15.3c and 802.11ad 

use mmWave bands [19], mmWave cellular communications were thought to be 

impractical due to their high path loss at a larger distance. Specifically, when a base 

station must provide signal coverage over large cells of radius up to few kilometres, large 

mmWave attenuation makes coverage infeasible. Another key challenge arises due to user 

mobility which makes it necessary to re-align the beams frequently [27]. However, to 

increase the network capacity in recent cellular networks, heterogeneous deployment with 

multiple tiers (macro, micro, pico, and femto) of base stations is used. While macro cells 

transmit at higher power (≈ 40 W) to provide coverage to a larger area, micro, pico and 

femtocells use the same frequency channels and time resources but transmit at a lower 

power each with decreasing coverage area. With pico and femto cells having typical 

coverage range of few hundred meters, mmWave bands can be efficiently utilized to serve 

these cell users and are, in fact, more suitable than sub-6 GHz bands as the former result 

in less interference to co-channel cells due to higher signal attenuation in mmWave bands 

[24]. Besides, dense-urban and suburban propagation experiments have shown that 

mmWave links work well within a cell radius of up to 200 meters [28], a size similar to 

that of the current picocells deployed in sub-6 GHz bands. Denser smaller cells bring the 

network closer to every user. Therefore, the data rate of the network can be boosted. The 

application of denser small cells is straightforward and effective, which has attracted the 

attention of many wireless vendors [10], [11], [29].

Advanced technologies, such as the use of massive multiple-input multiple-output 

(mMIMO) antenna and orthogonal frequency multiplexing (OFDM), have been included 

in the standards to improve the efficient use of the spectrum. Multiple antenna techniques 

have attracted researchers' attention for their capabilities of providing diversity gain, 

multiplexing gain, and beamforming gain without extra spectral resources [30]. A MIMO 

antenna system [31] combined with OFDM is a spectrally efficient approach for 

wideband communications [32]. It was reported in [12] that the Filter Bank Multi-Carrier 

(FBMC), an enhanced version of Orthogonal Frequency Division Multiplexing (OFDM), 

would be an enabling technology for 5G air interface. Typically, FBMC can operate 

without Cyclic Prefix (CP) to handle multi-path fading channels and each subcarrier in 

FBMC will be filtered by a pulse shaping filter, so that the overhead of guard band for 

FBMC can be reduced [12].
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Current market demands require the mobile user to have adequate service coverage 

anywhere and at any time. Since most people spend most of their time within buildings, 

having good indoor coverage becomes indispensable [33]. In addition to communication 

services, wireless infrastructure can be utilized to provide localization. The wireless 

channel is, in general, varying with time, frequency, space, antenna polarization and 

environment. Although waves behave similarly in indoor and outdoor environments, the 

indoor environment has distinctive characteristics [33]. In 5G systems, indoor cells are 

linked to outdoor base stations through indoor base stations working at millimetre waves 

[34]. The usage of high data rate MIMO systems makes the prediction and planning for 

indoor systems extremely difficult [35].

Academia and industry have started looking towards the next generation of mobile 

networks, 6G which is targeted for the 2030 timeline and aims at addressing challenges 

not easily achievable with B5G evolution [36], [37]. Next-generation 6G wireless 

technological revolution has huge different capabilities with extra severe performance 

and QoS requirements,  evaluating the existing wireless structures [3]. It will be the 

convergence of all the past features and expected to have a deep impact on future wireless 

communications [37]. Hence, there are a wide variety of opportunities for future research 

works in wireless cellular systems.

In this thesis, a comprehensive study of approaches for the estimation of the local average 

of the received signal strength (RSS) for indoor multipath propagation is presented. The 

effects of the required number of the RSS data samples and the Euclidean distances 

between the neighbouring samples are investigated over 1D, 2D, and 3D configurations. 

It was found that the effect of fast fading was reduced to an acceptable level using a 2D 

horizontal arrangement with a relatively large spacing configuration. Furthermore, 

averaging was enhanced with a larger spacing compared to smaller spacing when 

considering the same number of samples.

The performance of the four 5G candidate frequencies, 28 GHz, 39 GHz, 60 GHz and 73 

GHz, are investigated in line-of-sight (LOS) and non-line-of-sight (NLOS), scenarios 

using published real time-frequency measurements conducted in indoor environments. 

Comparisons are made against simulation data obtained from the 3D Ray Tracing 

Wireless InSite software over Tx-Rx separations of 1.5 m to 62 m. In addition, frequency-

dependent electrical properties, such as conductivity and permittivity, of common 
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building materials are incorporated in the simulation. Results show material type 

influences propagation behaviour of mm-waves due to reflections, diffractions and 

penetrations of walls and objects (obstacles). It is also shown that while both, the received 

power and delay spread decrease with increasing frequency, the number of ray paths 

increases.

Hybrid beamforming (HBF) structures have been proposed as one of the solutions to 

reduce cost and energy consumption of fully-digital multi-user MIMO systems in the 

mmWave range. However, most of the initial references on HBF design assume 

frequency-flat single-carrier MIMO systems. Their extension to the frequency-selective 

multi-carrier mMIMO-OFDM case is, in general, not a straightforward task, especially in 

partially-connected architectures. Assuming perfect channel state information is acquired, 

we consider a single-cell downlink multi-user massive MIMO system working in a 

wideband mmWave channel model with a hybrid structure that supports multiple streams 

per UE. In this thesis, a new HBF design approach for multi-user massive MIMO-OFDM 

systems that maximizes the sum-rate of the communication system has been proposed. 

When double the least number of radio frequency (RF) chains are available, we provide 

an asymptotically optimal solution in a massive MIMO regimen, i.e., the sum-rate of such 

an HBF solution could approach the channel capacity under a large base station (BS) 

antenna arrays. A corresponding solution using the fewest RF chains is then derived. 

Finally, the simulation results are shown to validate the proposed schemes. Specifically, 

the solution with the fewest RF chains is shown to outperform the state of the art for HBF 

systems, even when the number of BS antennas is not very large. In addition, simulation 

results reveal that the proposed solution achieves a comparable performance to the 

benchmark methods in the fully-connected case, while significantly outperforming them 

in the case of partially-connected architectures. 

1.3 Research Aims and Objectives

This research work concentrates on 5G techniques to provide an evaluation and 

advancements of a novel propose an efficient hybrid beamforming algorithm for massive 

MIMO systems in terms of system models of hybrid precoding architectures, hybrid 

analogue and digital precoding/combining matrices, with the potential antenna 



7

configuration scenarios and mmWave channel estimation (CE) techniques. In addition, 

we extend the scope of the discussion by including multiple access technologies for 

mmWave systems such as orthogonal multiple access (OMA) with limited RF chains at 

the base station. 

This also includes a full detailed methodology to find the appropriate mmWave channel 

model for different candidate mmWave frequencies (28, 39, 60 and 73 GHz). To achieve 

these aims, the following objectives are summarized as follows:  

 Provide an introduction to 5G cellular technology and the new technologies 

introduced with it. Describe the challenges faced when using mmWave 

communication for 5G.

 Simulate different scenarios of the indoor and outdoor-indoor environments to 

find and drive a channel model at these four selected mmWave frequencies for 

the University of Bradford campuses, using 3D ray-tracing scheme in Wireless 

InSite software.

 Establish a specific campaign measurement for the same scenarios and indoor 

office site at 60 GHz to extract the impulse response channel.

 Validate the Wireless InSite software results by comparing it with the 

measurement results, which will take under similar conditions from type of site, 

parameters and setting for both the transmitter and receiver.

 Design and develop a simple optimal beamformer based QO-STBC schemes for 

mmWave SU-mMIMO system in which consequent comparative study will be 

established.

 An alternating optimisation HBF algorithm schemes with fully and partially 

connected structures for wideband mmWave MU-mMIMO-OFDM system is 

proposed in this work to maximise the system sum-rate efficiency. Moreover, two 

methods with reduced computational complexity are also developed to cut much 

complexity without large performance loss.

All these objectives will be fulfilled through the analysis, investigation and evaluation 

being carried through this ongoing research work.
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1.4 Research Contributions 

The major contribution of this work would be summarised as follows.

 A literature review on the challenges, existing solutions, advantages and 

disadvantages of the 5G wireless / mobile communication and network 

technologies with focus on mmWave channel model and system, the point-to-

point and multi-user mMIMO-OFDM, beamforming architectures and hybrid 

beamforming algorithms are explored and investigated.

 A survey of indoor propagation characteristics is presented, including different 

models for path loss, shadowing and fast fading mechanisms, different channel 

parameters including signal strength, power delay, coherence bandwidth, Doppler 

spread and angle of arrival. The concepts of MIMO channels are also covered. 

The study also explores many types of deterministic channel modelling, such as 

Ray tracing and the Dominant path model. Electromagnetic properties of building 

materials, including frequency dependence, are also investigated and several path 

loss models for propagation through buildings are reviewed.

 The indoor mmWave channel characteristics at 28,39,60 and 73 GHz, with 

different site locations and bandwidths, are conducted. In this work, the 

relationship between each of these frequencies and the path loss, spread delay, the 

power received and the number of ray paths are assessed with a focus on the 

performance of penetration and reflection loss for different material types.  

 Establish SVD-based beamforming to diagonalise the EVCM of QO-STBC 

systems. Then the optimal transceiver beamformer for interference-free QO-

STBCs is derived. In addition, the three different QO-STBC design schemes that 

enable interference-free QO-STBCs, namely SVD and modal matrices (e.g. 

eigenvalues of the EVCM matrix and Hadamard matrices) is explored. The results 

are evaluated in terms of BER and spectrum efficiency. 

 Develop a criterion for two-stage HBF based unconstraint/constraint RF power 

and HBF based-codebook approaches design with a fully connected structure is 

proposed for the indoor/outdoor scenarios MU-mMIMO-OFDM. In the first 

analogue stage, and suggests maximisation of the capacity of the baseband 

channel with proper analogue precoding/combining that will benefit the capacity-

reaching procedure in the next stage, instead of just harvesting energy, as in the 
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traditional method. In the second digital stage, a sum-rate maximisation scheme 

substitutes for the traditional inter-user interference-free criterion.

 Modified near-optimal linear HBF schemes for wideband MU-mMIMO-OFDM 

system in a mmWave and Rayleigh channel models are proposed, when double 

the least number of RF chains are available. 

 The proposed HBF algorithms with the fewest RF chains, deduced from the above 

schemes, is found to outperform the state-of-the art for HBF systems, even when 

the number of BS antennas is not very large. In addition, the proposed scheme is 

a closed-form solution with relatively low complexity.

 The efficient novel HBF algorithm for MU-mMIMO-OFDM systems, in the 

context of frequency selective fading channels, has been exam. Besides the 

considerable precoding gain, the highlight of the proposed algorithms is that the 

number of desired RF chains is as small as that of conventional hybrid precoding 

techniques in flat-fading channels. 

 The modified Kalman-based formulation for hybrid analogue/digital precoding in 

wideband mmWave MU-mMIMO-OFDM system is proposed, where the 

precoding baseband is considered as the state matrix in the Kalman formulation. 

In addition, an analytical expression of the error between the transmitted and 

estimated data is formulated, so that the Kalman algorithm at the base station does 

not require information on the estimated data at the mobile stations, and instead, 

relies only on the precoding/combining matrix. 

 Four partially connected HBF algorithms are proposed for massive MU-MIMO 

systems. The first two algorithms, ZF and MMSE matching, are designed for the 

full array processing structure. The other two are subarray-based ZF and MMSE 

algorithms which apply ZF and MMSE HBF solutions to each subarray, 

respectively. The average sum-rate performance of the proposed HBF algorithms 

is compared with HBF- ZF and HBF-MMSE methods.

1.5 Thesis Structure

This thesis addresses the operational performance of low-resolution ADCs adaptive 

hybrid beamforming algorithm with multi-user Massive MIMO-OFDM technique with 
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for 5G mmWave communication systems and different environment scenarios. It is 

classified into six chapters and organised as follows: 

The current Chapter 1 presents the background, motivations, and main objectives of the 

research, which cover the current and future 5G technologies, features, challenges and 

proposal solution for each technique. This chapter also includes a contribution of the 

thesis. The remaining chapters are:

Chapter 2 – mmWave Communication Systems: An extensive literature on both the 

topic, method and approach used to design and develop a mmWave communication are 

covered in this chapter. This leads to providing background knowledge for the mmWave 

system research in section 2.2. Section 2.3 explores the key challenges and technical 

potentials. Section 2.4 addresses the propagation characteristics in mmWave. the 

mmWave channel modelling described in section 2.5. While, section 2.6 illustrates the 

mmWave networks standardisation and the mmWave channel measurements campaigns 

and modelling were investigated in section 2.7. Finally, section 2.8 present the 

simulation-based channel extraction and beyond extraction.

Chapter 3 – Performance Study for Indoor/Outdoor mmWave Propagation Channel 

Systems: This chapter outlines the propagation models comparison for Indoor/Outdoor 

in section 3.2, Section 3.3 present Indoor Channels Modelling and Methodology in terms 

of different path losses, shadowing and Deterministic models. The indoor channel model 

simulations and path loss model comparison at mmWave bands are discussed in section 

3.4 and section 3.5, respectively. Section 3.6 provides the performance comparison of 

indoor to outdoor mmWave propagation channel simulations. Finally, section 3.7 shows 

the performance result for indoor channel measurements and simulation validation at 60 

GHz.

Chapter 4 – Performance Evaluation and Enhancement of OQSTBC Beamforming 

for mmWave mMIMO Systems: This chapter describes the performance and impact 

effective factors on the efficient hybrid design for the wideband mmWave MU-mMIMO 

system.  A brief survey of mMIMO communication systems is presented in terms of 

capacity, encoding techniques, linear and nonlinear precoding schemes at 

uplink/downlink mMIMO systems in sections 4.2 and 4.3, respectively. Section 4.4 

addresses the Quasi-Orthogonal STBC beamforming based EVD, Hadamard and the 
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proposal SVD methods for narrowband mmWave SU- mMIMO systems. The simulation 

results and discussions were showed in section 4.5.

Chapter 5 – Efficient Hybrid Beamforming for 5G Wideband mmWave MU-

mMIMO-OFDM Systems: Section 5.2 explored the candidate multi-carrier waveforms 

for 5G and beyond systems. The principal design of beamforming methods for the 

narrowband and wideband mmWave communications was presented in section 5.3. 

Sections 5.4 outlined analogue beamforming single data stream for mmWave SU-

mMIMO system and section 5.5 addresses the hybrid beamforming multiple data streams 

for mmWave SU-mMIMO system. In Section 5.6, the channel estimation for hybrid 

beamforming is introduced. Section 5.7 discuss the proposal hybrid beamforming 

codebook design for mmWave MU-mMIMO. Section 5.8 shows the simulation results 

and discussions in different aspects.

Chapter 6 – Performance Analysis of Robust Hybrid Beamforming for Wideband 

mmWave Massive MU-MIMO-OFDM Systems: The mmWave channel and system 

model, problem formation was introduced in sections 6.2 and 6.3, respectively. Section 

6.4 described the baseband block diagonalization method. The design of hybrid 

beamforming with both cases the least and a double number of RF chains for mMIMO 

System are discussed in sections 6.5 and 6.6, respectively. Sections 6.7 is presented the 

Kalman design for hybrid beamforming/combining. Finally, section 6.8 analysed and 

discussed the simulation results in different aspects.

Chapter 7 - Efficient Performance Partially Connected Hybrid Beamforming in 

mmWave Multi-User Massive MIMO-OFDM Systems: The brief background of the 

HB fully and partially connected is introduced in section 7.1. The system model, problem 

formation, was presented in section 7.2. Section 7.3 described the linear precoding for the 

HB partially connected structure with details of HBF algorithms for full and subarray-

based processing. The hybrid precoding for the hybrid connected structure, including 

digital and analogue precoders design for the hybrid connected structure was discussed 

in section 7.4. Section 7.5 illustrated the simulation results with the evaluation analyses.

Chapter 8 - Conclusion and future works: this chapter concludes the thesis by 

summarising the main findings of this research, discussing its limitations and 

providing suggestions for future work.
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Chapter 2 

MmWave Communication Systems

2.1 Introduction

MmWave system is one of the candidate schemes for 5G wireless standardization efforts 

[38]. Also, it is the latest portion of the puzzle of building the next cellular network. 

MmWave allows the growing data demand associated with new applications, due to its 

huge frequency band with much wider bandwidths. Moreover, the heavily occupied 

frequencies below 6 GHz, it has motivated the researcher and wireless industry to find an 

appropriate usage for the development of consumer, vehicular, and industrial wireless 

applications [14], [39], [40]. However, there is a lot of work needed in channel modelling 

and exploring the possibilities and challenges for mmWave in both indoor and outdoor 

environments [41]. The Federal Communications Commission (FCC) in the United States 

(U.S.) offered the world’s first rules for using mmWave frequencies in July 2016, setting 

the stage for the U.S. and the world to innovate and create new wireless technologies [42].

5G mobile networks will almost certainly operate in the high-bandwidth, underutilized 

mmWave frequency spectrum, which offers the potentiality of high-capacity wireless 

transmission of multi-gigabit-per-second (Gbps) data rates [43]. Despite the enormous 

available bandwidth potential, mmWave signal transmissions suffer from fundamental 

technical challenges like severe path losses, sensitivity to blockage, directivity, and 

narrow beamwidth, due to its short wavelengths [43].

MmWave advances have mainly grown from extensions of centimetre-wave technology, 

largely based on the availability of coherent oscillators, whereas sub-mmWave 

developments were initially derived by extensions of optical and infrared techniques [44]. 

The demand for newer technologies to deliver higher bandwidth with end-users ranging 

from corporate data centres to teenagers with smartphones demanding this bandwidth is 

higher than ever before [45]. An overabundance of technologies exists for the delivery of 

bandwidth, with fibre optic cable considered the ultimate bandwidth delivery medium. 

However, the fibre optics are not matched by any means, especially when all economic 
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factors are considered. MmWave wireless technology presents the potential to offer 

bandwidth delivery comparable to that of fibre optics, but without the financial and 

logistic challenges of deploying fibre [45]. This chapter is intended to provide a 

background for the research on mmWave and an overview of this new technology, its 

opportunities as well as its limitations and some related topics.

2.2 Background and Prior Work 

The first mmWave- and sub-mmWave activity occurred in the 1890s. By that time Hertz 

had performed experiments confirming Maxwell’s theory predicting the possibility of 

radio waves. Hertz produced the radiation with a spark-gap generator, and his first 

recorded wavelengths were in the centimetre 23 range [46]. J. C. Bose was the first 

sciences how described and developed his research carried out in the mmWave 

wavelengths when he experimented the transmission of directed wireless signal at 60 GHz 

over a distance of 23 meters using horn antenna [47]. Following Bose’s research, 

mmWave technology remained within the confines of university and government 

laboratories for almost half a century [45]. However, the actual use of this band was not 

until half a century later with the introduction of mmWave based Radio Astronomy in the 

1960s, followed by the first military applications in the 1970s. The production of the 

mmWave integrated circuits in the 1980s led to the mass production of mmWave devices 

[48]. The 1990s was the real revolution era of the mmWave frequency band. Early in that 

decade, the Collision Avoidance Radar (CAR) was introduced as the first consumer-

oriented use of mmWave above 40 GHz, operating at 77 GHz. In 1995, the Federal 

Communications Commission (FCC) authorized 57 GHz - 64 GHz for unlicensed 

commercial use [40]. This action was followed by the authorization of the 59 GHz - 66 

GHz band in Japan and the 57 GHz - 66 GHz band in Europe. During the late 1990s, 

Japan initiated research on 60 GHz communication, which led to the development of the 

point-to-point base station-user using Monolithic Microwave Integrated Circuit (MMIC) 

with speed up to 156 Mbps. The end of the 20 centuries also witnessed the introduction 

of Complementary Metal-Oxide Semiconductor (CMOS) technology in manufacturing 

mmWave devices, which helped the expansion of using mmWave frequency band. 
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It was not until the late 1970s that the E-band was established for the first time as the 

band that includes the frequencies 71-76 GHz and 81-86 GHz [16]. In 2002, the E-band 

was open for exclusive federal government use. Later, in October 2003, the FCC 

announced the E-band frequencies (71-76 GHz, 81-86 GHz, and 92-95 GHz) become 

available for licensed point-to-point communication, creating a fertile ground for new of 

industries developing products and services in this band [45]. The interest of the IEEE 

802 group to develop a mmWave PHY layer start growing in 2003, which resulted in the 

formation of the 802.15 group on wireless personal area network. In 2005, the first 

commercial radios were installed. Later that year, They agree to develop PHY for one 

Gbps with the existing MAC IEEE 802.15.3b, and a group was established to create an 

indoor model [49]. New York University wireless research group started working on 

measurements in the office environment in 2014. Later that year, the FCC released a 

notice of inquiry: use of spectrum band above 24 GHz for a mobile radio system [50]. 

Only to be followed by its UK counterpart, Ofcom, in 2015 releasing a call for input on 

spectrum above 6 GHz for future mobile communication.

The works of [17], [51]–[55] on mmWave, discuss multi-Gigabit-per-second (Gbps) 

high-bandwidth communication links, for 5G mobile devices. Thus, the unique mmWave 

propagation characteristics over the sub-6 GHz bands [17], [52], cause mmWave 

channels to become more hostile to path-losses and shadowing effects as the frequency 

increases [55]. Thanks to the extremely short wavelengths of mmWave signals making it 

feasible to pack a large number of antenna elements into small form factor to enable high-

gain beamforming [26], [56]. Beamforming manages increased antenna gain to overcome 

path losses by adjusting the signal power in the desired directions [26],. Multiple-input 

multiple-output (MIMO) technology has attracted considerable attention because of its 

potential to significantly increase data throughput and link range of wireless 

communications without requiring additional bandwidth or transmits power [57]–[59]. 

Hence, MIMO solutions are essential for mmWave frequencies [13], [60], since it 

exploits beamforming gain to establish links with a reasonable signal-to-noise ratio 

(SNR) to combat path losses and extend the range [26]. Conventional MIMO precoding 

techniques require a dedicated radio frequency (RF) chain for each antenna element, 

which becomes impractical to realize with massive MIMO systems in mmWave bands, 

due to high hardware cost and high power consumption [26], [61], [62], Hence, mmWave 

massive MIMO systems will almost certainly use hybrid precoding (HP) to realize 
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beamforming with few numbers of RF chains to reduce hardware complexity and power 

consumption [61].

In the physical layer, there have been considerable mmWave propagation campaigns on 

the 28GHz, 38GHz, 60GHz, and 73GHz bands for indoor and outdoor environments 

covering both line-of-sight (LOS) and non-line-of-sight (NLOS) scenarios [63]–[69]. The 

results obtained from these studies show that for mmWave circuit components and 

antenna designs [56], [70], [71], its high-frequency quadrature modulation/demodulation 

typically results in extreme distortion, like I/Q imbalances and local oscillator (LO) 

feedthrough [71]. Concurrently, the mmWave MAC layer for 5G is to be substantially 

redesigned to take advantage of the highly directional, ultra-low latency end-to-end 

service demands and high peak rates that are 20 times higher than 4G [58]–[65]. Most of 

the current research focused on characterizing the sub-100 GHz domain of mmWaves 

with interest on the 28 GHz band, 38 GHz band, 60 GHz band, and E-band (71 to 76 GHz 

and 81 to 86 GHz) envisioned to be employed by 5G for mobile cellular; as well as those 

frequency band around 30, 40, 50, 60, and 93 GHz [43].

The work of [72], performed extensive propagation measurement campaigns at 28 GHz 

and 38 GHz to better understand the angle of arrival (AoA), angle of departure (AoD), 

root means square (RMS) delay spread, path losses, building penetration and reflection 

characteristics for future mmWave cellular systems design. In [20], presented based on 

mmWave propagation measurements at 28 GHz and 73 GHz in New York City with 

modest assumptions on beamforming. The survey conducted by [73] covers mmWave 

propagation characteristics, backhaul networks, channel modelling, and reported on an 

extensive measurement campaign in the 57 − 66 GHz band, 71 − 76 GHz band, and 81 − 

86 GHz band. However, as [73] is a magazine paper, topics like hybrid precoding, 

multiple access technologies, and mmWave technical aspects were not discussed. In [13], 

discussing the open research problems relating to channel modelling, precoding, receiver 

design, channel estimation and broadband channels, based on signal processing for 

mmWave MIMO systems. The authors in [74], presented a survey addressing mmWave 

for ultra-dense networks, enhanced local area (eLA) technology, spectrum considerations, 

channel modelling, air-interface, multiantenna design, and network architecture. 

Reference [75] presents a comprehensive overview of mmWave cellular networks, 

mathematical models, and analytical frameworks based on stochastic geometry. 
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Specifically, [75] utilized results from stochastic geometry to characterize blocking 

vulnerability and transmitter/receiver directionality. Recently, [57] overviewed the 

technical progress in mmWave communications for mobile networks. Specifically, 

mmWave channel measurement campaigns, channel modelling, MIMO design, multiple 

access, performance analysis, backhauling, mmWave standardization, and deployment, 

were discussed. MmWave propagation characteristics and channel modelling involving 

path losses, LOS probabilities, and building penetration losses and standardization are 

presented in [76].

In [77], a survey is presented based on extensive measurement campaigns at mmWave 

frequencies of 28 GHz, 38 GHz, 60 GHz, and 73 GHz on different mmWave channel 

models, systems design and challenges. Moreover, [56] presented a survey on mmWave 

communications, with topics mainly on research in the physical layer, MAC layer, 

network layer, cross-layer optimization, and use cases of mmWave communications. 

From the perspective of hybrid beamforming techniques, [78] tracked the development 

of massive MIMO system models with hybrid beamforming, hybrid transceivers 

structures, antenna configuration, and hybrid beamforming in heterogeneous wireless 

networks (HetNET). In [79], a survey that discusses the low-resolution hybrid analogue-

digital precoding hardware complexity, where it shows the one-bit resolution ADC to be 

significantly energy efficiency but results in a rate loss, particularly in the high SNR 

regime. In summary,

2.3 Key Challenges and Technical Potentials

Since radio signals are measured by their wavelengths, this implies that mmWave waves 

are remarkably longer than X-rays or infrared waves, by way of example, but shorter than 

radio-waves or microwaves [80]. The short wavelengths, narrow beamwidth and high 

interaction with atmospheric constituents such as oxygen (O2) and water vapour (H2O) 

characteristics of mmWave [57], [81], turns into both benefits and drawbacks. Some of 

the main benefits include: 1) The decrease in wavelength permits packing a large number 

of antenna elements into small form factors [26]; 2) Wide bandwidths centred around 

main carrier frequencies (35, 94, 140 and 220 GHz) [82] provide high data rates (up to 

10 Gbps), ultra-low latency of around 1 ms [83], wideband spread-spectrum potential for 
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reduced multipath, clutter, and high resistance to interference and jamming [82]; 3) 

relatively low atmospheric attenuation in the transmission windows over moderate path 

lengths, which potentially support the application of optical sources at specific 

wavelengths (i.e., 800 nm, 1550 nm and 10 µm) [82], [84]. Some of the mmWave 

drawbacks include: 1) Manufacturing the small mmWave components requires more 

precision and hence, increased costs [26], [85], [86]; 2) It encounters low sensitivity in 

the receiving system resulting from the reduced energy managed by the small antenna 

size [56]. 3) The range is limited to a few kilometres especially in the 60 GHz, 120 GHz, 

180 GHz bands owing to the strong atmospheric absorption with signal attenuation up to 

15 dB/km [56], [87]. To address these stringent 5G requirements and concurrently 

manage the energy-efficient design, hybrid precoding for mmWave is envisioned as an 

essential part of the 5G wireless communication networks [43].

Some important challenges and potential gains from using mmWave communications in 

wireless communication and mobile networks will be described in this section. 

2.3.1 Main Technical Challenges 

Theoretically, using mmWave in mobile and wireless communications has potentials for 

extremely high data rates. However, there are several key technical challenges including 

severe path losses, high penetration losses, high power consumption, blockage due to 

shadowing, hardware impairment, etc. A brief introduction to these factors will be given 

in this section.

2.3.1.1 Distance-Based Path losses 
The wavelength of mmWave signals is much shorter than conventional microwave 

communication signals, operating at carrier frequency below 6 GHz. Hence, the path 

losses of mmWave signals are much higher than that of microwave signals, if all other 

conditions including the antenna gains are the same. Although the path losses of mmWave 

are generally quite high, it is feasible to communicate over the distances that are common 

in urban mobile networks, such as a few hundreds of meters [72] or even a few kilometres 

[88]. By using directive antennas, it has been demonstrated that 10 km communication 
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ranges are possible under clean air conditions [88]. If the air is not clean, the rain 

attenuation and atmospheric/molecular absorption increase the path losses and limit the 

communication range [89], [90].

2.3.1.2 Penetration losses 
The penetration losses are typically larger at higher frequencies. Hence, it is difficult to 

cover inside with mmWave nodes deployed outside and vice-versa due to high 

penetration losses. In general, the results from intensive studies have shown that the 

penetration losses is, to some extent dependent on the frequency. For example, the 

penetration losses for the higher mmWave signals are observed to be more sensitive to 

frequency and materials [91]. In [92], a linearly frequency-dependent model for outdoor-

to-indoor building penetration and interior losses is provided based on measurements at 

10, 30 and 60 GHz. This illustrates the sensitivity of propagation to both the building 

materials and the indoor environment [93].

The expect application scenarios of mm-wave transmission based on the link distance 

limitations, are limited to outdoor or indoor access links in LOS or quasi-LOS conditions 

and outdoor backhauling and front hauling links [72], [94], [95]. While the path losses 

discussion assumes LOS communications, NLOS scenarios may boost high penetration 

losses. 

2.3.1.3 Narrow Beamwidth and Side-Lobes 
To increase the transmission distance for mmWave, an array gain can be obtained by 

using directional antennas, MIMO, and beamforming. Consequently, the beamwidth of 

mmWave signals is normally narrow. The maximum beamforming gain, which can be 

achieved only if the main-lobes of the transmitter and receiver are perfectly aligned, is 

rare due to practical implementation constraints. A key benefit of the highly narrow beam 

mmWave links, as illustrated in Figure 2.1, is the scalability of their deployments. For, 

example, mmWave is well suited for network topologies such as point-to-point mesh or 

even a 

ring. 
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The radiation patterns are usually modelled in an idealized fashion, e.g., a constant large 

antenna gain within the narrow main lobe and zero elsewhere. This idealized radiation 

pattern often referred to as the “flat-top model”, was used in [88] and [96]–[98] for 

system-level performance analysis. However, in practice, the radiation patterns are more 

complicated and implementation-dependent; the main-lobe gain is not constant and the 

side-lobe radiation is non-zero. The effect of side-lobe radiation and the gradual reduction 

of main-lobe gain caused by beam misalignment cannot be ignored. The reason for beam 

misalignment can be coarsely divided into two categories: 1) Imperfection of existing 

antenna and beamforming techniques [42], [99], [100], such as the analogue beamforming 

impairments, array perturbations, oscillator locking-range based phase error, and the 

direction-of-arrival (DoA) estimation errors. Moreover, limited feedback may also cause 

the transmitter having only partial channel information and thus beaming misalignment 

[101]. 2) Mobility of communication UE [102], [103], which invokes tracking error and 

system reaction delay.

More than two-dimensional directional practical antenna pattern in 3GPP [104] is 

adopted, where the antenna gain G(θ ), to the relative angle θ to its boresight, is given by

𝐺(𝜃) = {𝐺𝑚10
―

3
10(2𝜃

𝜔 )2

        , |𝜃| ≤
𝜃𝑚

2

 𝐺𝑠                  , 
𝜃𝑚

2 ≤  |𝜃| ≤ 𝜋

     (2.1)

Figure 2.1: Beamforming effects (in terms of beam arrival distances) are 
demonstrated in relation to operating frequency and array size [726].
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where ω denotes the half-power (3dB) beamwidth and θm is the main-lobe beamwidth. 

Gm and Gs represent the maximum main-lobe gain and averaged side-lobe gain, 

respectively. (2.1) models how the signal changes with the beamwidth and receiving 

angles. 

2.3.1.4 High Power Consumption 
In addition to the challenges imposed by high path losses, (2.1) shows that the transmit 

power needs to increase with the bandwidth if the signal-to-noise ratio (SNR) should 

remain intact [13]. Alternatively, directive antennas or MIMO technology can be used to 

direct the signal power spatially, which leads to an array gain and the latter also provides 

the flexibility of spatial multiplexing [105]. MIMO/beamforming is considered essential 

for mmWave communications, particularly since the short-wavelength at mmWave 

frequencies makes it possible to fit many half wavelengths spaced antennas into a small 

area. MIMO arrays are normally fully digital for sub 6 GHz systems, where each antenna 

requires a dedicated radio-frequency (RF) chain, including power amplifier (PA), low 

noise amplifier (LNA), data converter (ADC/DACs), mixer, etc. However, realizing a 

fully digital MIMO implementation at mmWave frequencies is a non-trivial task, using 

current circuit design technology [13]. Having hundreds (or even thousands) of antennas, 

each supported by a separate RF chain requires a very compact circuit implementation. 

Moreover, due to the high bandwidth, the PAs and data converters are expensive and 

power-consuming. Hence, it appears that fully digital mmWave MIMO implementations 

are currently infeasible from a cost-efficiency perspective. This is likely to change in the 

future, but, in the meantime, alternative low RF-complexity architectures have received 

much attention from the research community. In particular, hybrid analogue/digital 

architectures are being considered, where the corresponding signal processing techniques 

must be redesigned to enable channel estimation and a good trade-off between the spectral 

efficiency and energy consumption/hardware cost [106].

2.3.1.5 Blockage and Outage
Blockage models are integral for an accurate depiction of mmWave propagation since 

most objects can either attenuate or scatter mmWave signals [107]. While the distance-

based path losses of mmWave frequencies can be theoretically compensated by 

directional transmissions, a more significant challenge is their severe vulnerability to 

blockage. Electromagnetic waves have a weak ability to diffract around obstacles with a 

size significantly larger than the wavelength. Signals at lower frequencies can penetrate 
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more easily through buildings, while mmWave signals do not penetrate most solid 

materials very well [14]. Due to the short wavelength of mmWave signals, a distinct 

characteristic of mmWave communications is that mmWave links are susceptible to 

blockages, such as walls, wood, glass, trees, or even the human body and other devices. 

For example, the attenuation of a signal at 40 GHz through concrete materials with 10 cm 

thickness is 175 dB, while the attenuation of a wireless signal at less than 3 GHz is 17.7 

dB [14]. Hence, for user equipment (UE) being serviced with a mmWave LOS direct link, 

when the UE moves or a moving obstacle appears, the blockage effect may cause the 

losses of the mmWave LOS link. 

MmWave signals can be attenuated by materials such as brick as much as 40 to 80 dB 

[14], [69], [108]–[110] and the human body itself can result in a 20 to 35 dB losses [111]. 

The human body (depending on the material of the clothing) and most building materials 

are reflective. This allows them to be important scatters to enable coverage via NLOS 

paths for cellular systems [69], [112]. Alternatively, humidity and rain fade, common 

problems for long-range mmWave backhaul links [60], are not an issue in either short-

range indoor links or micro-cellular systems [72], [113] with sub-km link distances. For 

example, measurements in New York City [72] confirm that even in extremely dense 

urban environments, coverage is possible up to 200 m from a potential cell site. This is 

good because diffraction, a primary means of coverage in sub 6 GHz systems, is not 

significant at mmWave frequencies. Moreover, the results in [114] show that the channel 

is blocked for about 1% or 2% of the time for one to five persons when propagation 

measurements conducted in a realistic indoor environment in the presence of human 

activity. However, mmWave links are interrupted when considering human mobility. 

Some anti-blocking schemes may be handled these links breakage problem through to 

transmit mmWave signals around the obstacles to the destination. MmWave 

communications must maintain seamless network connectivity and the achievable system 

throughput.

Two methods of modelling the impact of blockages in mmWave networks. Firstly, using 

the theory of ray tracing based on geographical information of the size, location and 

orientation of the blockages in the mmWave multipath channel [115]. Secondly, using 

statistical models which describe the blockages according to a distribution [116]. 

Blocking models can also be derived analytically from random shape theory [116] or 
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geographic information [117]. Using such models, it is possible to evaluate coverage and 

capacity in mmWave cellular networks analytically using stochastic geometry [118]. A 

major outstanding issue is characterizing the joint probabilities in outage between links 

from different cells, which is critical in assessing the benefits of macro-diversity [20], 

[74]. It should be noted that the blockage issues in typical commercial deployment 

environments still need extensive channel measurements and modelling at the targeted 

frequency bands. This important area requires further study. 

2.3.1.6 Hardware Impairments and Design Challenges
 In addition to the above challenges, practical transceiver hardware is impaired by phase 

noise (PN), non-linear PAs, I/Q imbalance, and limited ADC resolution [119]. These 

effects limit the channel capacity [120], particularly when high spectral efficiency is 

envisioned. On the other hand, it was proved in [121] that MIMO communication links 

are less affected by hardware impairments than single-antenna links. Due to the high 

carrier frequency, mmWave communication systems are more sensitive to PN than 

conventional ones, since the frequency offset yields a random phase difference for the 

time domain samples.[122].

Another important hardware impairment in mmWave is the nonlinear PAs since it is 

challenging to provide linear amplification to a signal with very wide bandwidth. 

Moreover, the higher and larger frequency bands of mmWave communication systems 

cause many technical challenges in the design of circuit components and antennas. In 

particular, phase noise and IQ imbalance also cause severe technical challenges against 

realizing mmWave RF circuits [119],[123]. Rappaport et al. [113] have discussed and 

summarised the latest research progress on integrated circuits for mmWave 

communication systems. 

2.3.2 Technical Potentials and Solutions

The main reasons for using mmWave communications can be listed as; 
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2.3.2.1 Large Unused Bandwidth  
One of the major benefits of mmWave communications is the availability of large 

bandwidth, though wider bandwidth does not always lead to higher rates in the noise-

limited region [124]. Currently, the available bandwidth for mobile networks (2G, 3G, 

4G and LTE-Advanced spectrum) is globally smaller than 780 MHz and each major 

wireless provider has only a total of about 200MHz spectrum [72]. This bandwidth is not 

sufficient for providing rates of Gbps to multiple devices, since a huge per-device spectral 

efficiency would be required. However, in mmWave bands, there are large segments of 

bandwidth available for future mobile networks. As shown in Figure 2.2, in the mmWave 

bands, the potentially available bandwidth can be more than 150GHz [14], even excluding 

unfavourable bands such as the 60GHz Oxygen absorption band (57–64GHz) and the 

water vapour (H2O) absorption band (164–200GHz). Low spectral efficiency of 1 b/s/Hz 

with 150GHz of the spectrum is sufficient to deliver a rate of 150 Gbps and simplifies the 

implementation and makes the end performance less affected by hardware impairments 

[122]. The large unused frequency bands have therefore already attracted lots of interest.

In October 2003, the FCC announced that four bands in the upper mmWave region will 

be opened for commercial ultra-high-speed data communication applications including 

broadband Internet access, mobile backhaul, and point-to-point WLAN. The first band is, 

the 59-64 GHz band (commonly referred to as V-band or the 60GHz band) is governed 

by FCC Part 15 for unlicensed operations. The regulations of FCC Part 15 and the 

significant absorption of the 60 GHz band by atmospheric oxygen makes this band better 

suited for very short-range point-to-point and point-to-multipoint applications [45].  

The 71–76 GHz, 81–86 GHz (collectively referred as the E-band or the 70GHz and 

80GHz bands, respectively), whose use in the US is governed by FCC Part 101 for 

licensed operation, as the most ideally suited mmWave band for point-to-point wireless 

communication applications. The 5 GHz of spectrum available in each sub-band of the 

E-band spectrum can be used as a single, contiguous transmission channel (which means 

no channelization is required), thereby allowing the most efficient use of the entire band. 

Even with simple modulation techniques such as OOK (On-Off-Keying) or BPSK 

(Binary Phase Shift Keying), the throughput of 1 to 3 Gbps is achieved today in each sub-

band of the spectrum, more than what can be achieved with more sophisticated, higher-



25

order modulation schemes in other bands of the licensed spectrum [45]. Even higher 

throughputs can be achieved when such modulation techniques have applied at E-band. 

Finally, 92-95 GHz band (commonly referred to as W-band or the 94 GHz band) is also 

governed by the FCC Part 15 regulations for unlicensed operation. A total of 12.9 GHz 

bandwidth is available in the E-band. The 94 GHz band may also be used for licensed 

outdoor applications for point-to-point wireless communication per FCC Part 101 

regulations. However, the band is less spectrally efficient than the other three bands due 

to an excluded band at 94-94.1 GHz. More recently, in July 2016, FCC dedicated large 

bandwidths in mmWave bands for future cut-edge wireless communications, namely, 64-

71GHz unlicensed bands (plus previous 57-64GHz) and 27.5-28.35 and 37-40GHz 

licensed bands [45].

Figure 2.2: Spectrum usage in mmWave bands [14], [122], [297].
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2.3.2.2 Capacity gain
In addition to expanding the channel bandwidth, mmWaves can be used to reduce 

coverage areas, i.e., establish more densely packed communication links and exploit 

spatial reuse to provide increased capacity gains.

2.3.2.3 High Security 
Contrary to signals at sub-6GHz bands, the mmWave signal has a much shorter 

wavelength, which facilitates packing a large number of antennas into an array of compact 

size [72], [125]. This greatly expands the application range of large-scale antenna 

communications in the future mobile networks [39], [126]. At the same time, when having 

many antenna elements, the beamwidth is narrow [127]. The positive side of this property 

is the higher security against eavesdropping and jamming, and a larger resilience against 

co-user interference. This implies that the spectrum can be reused frequently in space so 

many interfering point-to-point MIMO systems (or multiuser MIMO systems) can be 

deployed in a limited spatial region.

2.3.2.4 Anti-Blocking Scheme
One possible approach to solve the blockage effect is through a collection of non-line-of-

sight (NLOS) communications. Although reflection and diffraction reduce the range of 

mmWave LOS transmissions, it also facilitates NLOS link communications [128]. 

MmWave links are inherently directional. When a LOS link breakage happens, the 

transmitter needs to quickly search through different beam directions to bypass the 

obstacles such that the receiver can collect some NLOS link signals to maintain the 

acceptable channel quality. In other words, an adaptive beamforming prototype needs to 

be designed to support the transformation from LOS links to NLOS links due to blockage 

effect. However, the path losses of an NLOS link is much more severe than that of a LOS 

link. The best NLOS links can still be tens of dBs weaker than LOS signals. 

Electronically steerable antenna arrays with a small wavelength can be realized as 

patterns of metal on circuit board [129]–[131]. Then, the antenna array steers its beam 

towards any direction electronically and to achieve a high gain at this direction by 

controlling the phase of the signal transmitted by each antenna element, while offering a 
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very low gain in all other directions. To make the transmitter and receiver direct their 

beams towards each other, the procedure of beam training is needed, and several beam 

training algorithms have been proposed to reduce the required beam training time [132]–

[134]. Another possible approach to solving the blockage effect is through a higher 

density infrastructure and/or relays [39]. The BSs and relays are densely deployed in an 

outdoor urban area for mmWave communications, such that whenever a LOS beam 

blockage occurs and the collection of NLOS links does not give satisfactory channel 

quality, the transmitter may steer the beam direction to a target at a nearby BS or a relay 

which can have a LOS link with the destination. 

Hence, the adaptive beamforming prototype needs to be designed to support the 

transformation from LOS links to NLOS links, and to establish multi-hop LOS links to 

the destination. Figure 2.3 shows the two possible approaches. Other possible approaches 

may include a separation between control and data planes so that a higher quality stringent 

control plan can be put into a reliable lower frequency band, while a more bandwidth-

demanding data plane can be put into the mmWave bands [135].

2.4 Propagation Characteristics of MmWave Spectrums

Understanding the design of the communication systems, its power requirements and the 

length of the wireless links can be achieved by studying the characteristics of the radio 

Figure 2.3: Two possible approaches for blockage effect [128].
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wave propagation leads to [41]. The propagation characteristics at mmWave bands are 

quite different from those of frequency bands below 6 GHz. Smaller wavelengths at 

mmWave frequencies have often been thought to result in higher attenuation (due to 

oxygen absorption and precipitation) through the air, than that observed at today’s cellular 

bands. Therefore, the deployment of mmWave systems is considered very challenging, 

particularly for outdoor communications [28], [68]. A full understanding of the mmWave 

propagation characteristics is essential for the design and analysis of future mmWave 

mobile and wireless networks [136]. 

Penetration, reflection, and diffraction characteristics are also important to understand to 

formulate a full image of the channel behaviour [28], [72]. The diffraction and penetration 

characteristics of the mmWave channelled to the expectation that the mmWave channels 

will exhibit a sparse multipath nature, instead of the rich-scattering nature demonstrated 

in conventional microwave channels. As a result, it is not possible to directly use 

microwave propagation models for mmWave systems. MmWaves show "optical" 

propagation characteristics and can be reflected and focused by small metal surfaces 

and dielectric lenses around 5 to 30 cm (2 inches to 1 foot) diameter. Because their 

wavelengths are often much smaller than the equipment that manipulates them, the 

techniques of geometric optics can be used. MmWaves propagate merely by line-of-

sight (LOS) paths. They are not reflected by the ionosphere nor do they travel along with 

the Earth as ground waves as lower frequency radio waves do [137]. Diffraction is less 

than at lower frequencies, although they can be diffracted by building edges. At 

mmWave, surfaces appear rougher so diffuse reflection increases [137]. Multipath 

propagation, particularly reflection from indoor walls and surfaces, causes serious fading 

[138]. Doppler shift of frequency can be significant even at pedestrian speeds [137]. In 

portable devices, shadowing due to the human body is a problem. Since the waves 

penetrate clothing and their small wavelength allows them to reflect from small metal 

objects they are used in mmWave scanners for airport security scanning.

Recent mmWave propagation measurements show that LOS and NLOS channels 

demonstrate different small-scale and large-scale fading characteristics [18], [72]. Both 

small-scale and large-scale propagation conditions must be properly characterized for a 

particular operating frequency band, and little is known at frequencies above 60 GHz 

[139]. The propagation of the signal is directly affected by the frequency band of 
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operation. Absorption by atmospheric gases is a significant factor throughout the band 

and increases with frequency. However, it is maximum at a few specific absorption lines, 

mainly those of oxygen at 60 GHz and water vapour at 24 GHz and 184 GHz [140]. At 

frequencies in the "windows" between these absorption peaks, mmWaves have much less 

atmospheric attenuation and greater range, so many applications use these frequencies. 

The short wavelength of the mmWaves makes ordinary objects like trees and light posts 

obstacles that might likely block the signal. Typical power densities they are blocked by 

building walls and suffer significant attenuation passing through foliage [137], 

[140].  The short distance after which the signal dropped below the thermal noise level 

allowed the short-range communications. For longer-range communications, rain and 

other weather factors are principal components in determining the cell size. MmWaves 

are the same order of size as raindrops, so precipitation causes additional attenuation due 

to scattering (rain fade) as well as absorption [140]. The high free space losses and 

atmospheric absorption limits useful propagation to a few kilometres [137]. Thus, they 

are useful for densely packed communications networks such as personal area 

networks that improve spectrum utilization through frequency reuse [137]. Dense 

network architectures, where highest spectral frequency reuse is needed, use bands with 

peaks in atmospheric absorption while frequencies with low-attenuation are best suited 

for long-distance backhaul or cellular radio applications [41]. 

2.4.1 Attenuation Models for Large-Scale Propagation 

Large-scale propagation properties characterize the variations due to path losses and 

shadowing as the transmitter and the receiver becomes separated over long distances, 

from meters to hundreds or thousands of meters. Small-scale propagation effects, on the 

other hand, occurs over very short distances as a result of receiving multiple paths at the 

receiver. Figure 2.4 illustrates an example of the slow large-scale variations and the faster 

small-scale fading. The figure shows the rapid change in the signal as a result of 

movement and the much slower change in the average of the signal with distance [141], 

[142]. The results of wideband Non-Line-Of-Sight (NLOS) measurements in the 9.6, 

28.8, and 57.6 GHz bands showed significant signal attenuation (as great as 100 dB) due 

to large building obstructions [143]. 
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2.4.1.1 Atmospheric (Weather) losses 
Radio signals of all types are reduced in intensity by constituents of the atmosphere when 

they propagate through the atmosphere [45]. In microwave systems, transmission losses 

are accounted for principally by the free-space losses. However, additional losses factors 

are effected on the mmWave bands, such as gaseous losses, humidity, fog and rain in the 

transmission medium [87]. Atmospheric effects constitute an addition to the signal 

degradation at mmWave frequencies, particularly in the 60 GHz band [139]. The 

atmospheric losses are generally defined in terms of decibels (dB) losses per kilometre of 

propagation. It should be noted that the actual signal losses experienced by a specific 

mmWave link due to atmospheric effects depend directly on the length of the link, since 

that the fraction of the signal loss is a strong function of the distance travelled [45]. 

Therefore, transmission losses occur when mmWaves travelling through the atmosphere 

are absorbed by molecules of oxygen, water vapour, and other gaseous atmospheric 

constituents. These losses are greater at certain frequencies, coinciding with the 

mechanical resonant frequencies of the gas molecules [87]. The molecular constituency 

of air and water take part in determining the coverage distance in high-frequency bands 

due to the small wavelength. Figure 2.5 shows some of the atmospheric attenuation 

characteristics of mmWave propagation. The H2O and O2 resonances have been studied 

extensively for purposes of predicting millimetre propagation characteristics [87]. 

Figure 2.4: An example of small-scale and large-scale fading [141].
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The oxygen absorption at 183, 325, and 380 GHz makes these band a perfect fit for the 

short-range dense communications in indoor environments [113]. The 60 GHz oxygen 

absorption peak, the working range for a typical fixed service communications link is 

very short, on the order of 2 km, and that another link could be employed on the same 

frequency if it were separated from the first link by about 4 km. By contrast, at 55 GHz, 

the working range for a typical fixed service link is about 5 km, but a second link would 

have to be located about 18 km away to avoid interference. Other factors must be 

considered in determining actual frequency reuse such as antenna directivity and 

intervening obstacle path losses [87]. The signal losses due to atmospheric oxygen, 

although a source of significant limitation in the 60 GHz band, is almost negligible (less 

than 0.2dB per km in the 70 and 80 GHz bands). 

Table 2.1 shows the effect of Atmosphere factors on the signal strength. The effect of 

water vapour, which varies depending on absolute humidity, is limited to between zero 

and about 50% losses per km (3dB/km) at very high humidity and temperature. The 

additional losses of a signal as it propagates through fog or cloud are similar to the losses 

due to humidity, now depending on the quantity and size of liquid water droplets in the 

air. However, 50% losses of signal due to these atmospheric effects may seem significant, 

they are almost insignificant compared to losses due to rain and are only important for 

long-distance deployments (more than 5 km).

Effect Comments
Signal losses

(dB/km)

Oxygen Sea Level 0.22

Table 2.1:  Signal losses through Atmosphere [45].

Figure 2.5: Attenuation due to atmospheric gases as a function of frequency 
[33], [81].
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Humidity 100% at 30°C 1.8
Heavy Fog 10°C, 1 gm/m3 (50m visibility) 3.2

Cloud Burst 25 mm/hr rain 10.7

MmWave propagation is also affected by rain, as shown in Figure 2.6. Raindrops are 

roughly the same size as the radio wavelengths and, therefore, cause scattering of the 

radio signal. For all atmospheric conditions, rain causes the most significant losses of 

mmWave signal strength, as is the case with microwave signals as well. The amount of 

signal losses due to rain depends on the rate of rainfall, often measured in terms of 

mm/hour. For instance, heavy rain could cause up to 18 dB/km additional attenuation at 

the E-band [72]. Hence, an increase in the rain factor reduces the communications signal 

availability [87].  The CCIR method (known as ITU-R), provides a mathematical 

expression for the oxygen absorption  and rain attenuation  in the 60 - 66 GHz 𝛾0 𝛾𝑟

frequency band [144]–[147]. The oxygen absorption is expressed in dB/km and has the 

following form:

𝐿0 = {15.10 ― 0.104(𝑓 ― 60)3.26                   , 60 ≤ 𝑓 < 63                 
11.35 + (𝑓 ― 60)2.25 ― (𝑓 ― 63)1.27                , 63 ≤ 𝑓 < 66     (2.2)

where f is the frequency in GHz. The rain attenuation (dB/km) has the following form 

[148]:

𝐿𝑟𝑎𝑖𝑛 = 𝑘(𝑓)  ×  𝑅𝑎(𝑓)  (2.3)

𝑘(𝑓) =  {101.296 × 𝑙𝑜𝑔10(𝑓) ― 2.497                  ,𝑉𝑃                 
101.204 × 𝑙𝑜𝑔10(𝑓) ― 2.290                                 , 𝑉𝐻   (2.4)

𝑎(𝑓) =  {101.647 ― 0.463 × 𝑙𝑜𝑔10(𝑓)                  ,𝑉𝑃                 
101703 ― 0.463 × 𝑙𝑜𝑔10(𝑓)                                 , 𝑉𝐻   (2.5)

where R is the rainfall rate in mm/hr. 
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2.4.1.2 Propagation Path losses and Shadow Fading
The free space path losses are defined as the losses in signal strength of an 

electromagnetic wave that would result from a Line-Of-Sight (LOS) path through free 

space (usually air), with no obstacles nearby to cause reflection or diffraction. According 

to Harald T. Friis [149], the free space received power at a receiver separated from the 

transmitter by a distance d also the transmit power, Pt, and far-field receive power, Pr, are 

defined by the Friis free space equation [72], [139] 

𝑃𝑟(𝑑) =
𝑃𝑡𝐺𝑟𝐺𝑡

𝐴 ( 𝜆
4𝜋)2

𝑑 ―𝑛 (2.6)

where Gt and Gr are the antenna gains of the transmitter and receiver, respectively. 

Moreover, λ is the operating wavelength of transmission and n is the Path losses Exponent 

(PLE). The unitless factor A is greater than unity and accounts for the antenna and 

components losses (losses not related to propagation). Alternatively, (2.1) can be also 

used to, approximately, describe the power of the received signal in non-free-space 

propagation as well, by making channel measurements and then finding a suitable value 

of PLE that approximately describes the path losses measurements.

The free space model anticipates that the received power declines as a function of the link 

length. As the free space model in (2.7) does not hold for d = 0, large-scale model usually 

uses a close-in (CI) free space path losses reference distance d0 (λ) in the far-field. The 

received power Pr(d) at any distance (d > d0) may be related to the received power at d0. 

Figure 2.6: Attenuation due to rainfall and fog as a function of frequency at 
different precipitation rates (mm/h) and water densities (g/m3), 
respectively [93], [145]. 
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Also, the close-in (CI) free space path losses model was selected for its simpler form and 

physical basis, which is also claimed to be more accurate for mmWave frequencies [28]. 

The CI path losses mode can be presented by [150]

𝑃𝐿(𝑑) = 𝑃𝐿(𝑑0) + 10𝑛.𝑙𝑜𝑔10
4𝜋𝑑

𝜆 +  𝜒𝜎      𝑑𝐵 (2.7)

𝑃𝐿(𝑑0) = 20𝑙𝑜𝑔10
4𝜋𝑑0

𝜆         𝑑𝐵 (2.8)

where PL(d0) is the close-in free space path losses (FSPL) in dB, and it is a function of 

wavelength (or frequency). χσ is a log-normal random variable with 0 dB mean and 

standard deviation σ, and d0 is the close-in free space reference distance (d0 = 1m). 

Moreover, the CI model provides variation for both LOS and NLOS power statistics at 

mmWave frequencies and is similar to exiting 3-GPP models. The CI model does not 

change the other model coefficients at various mmWave frequencies. However, recent 

work varies the PLE, n, with the carrier frequency [151].

The important characteristics are the PLE and the shadowing factor for the path losses 

models, which change for both LOS and NLOS transmissions [152]. The value of the 

PLE depends on the particular environment, with n = 2 being the PLE of free space. 

Typically, n > 2 because free space is the optimistic environment [139]. The value of PLE 

is usually in the range from 2 to 6. There are also scenarios e.g., indoor environments 

where PLE can be smaller than 2 [88], [153]. Moreover, the antenna height and the use 

of directional or omnidirectional antennas also affect the shadowing factor. When 

considering a dense urban NLOS environment, in [154], the results show that the PLE 

and shadowing factor are 3.4 and 9.7, respectively, for the 28 GHz band when using an 

omnidirectional antenna. The same authors published a 28 GHz and 73 GHz channel 

model based on the free space path losses model, which included both omnidirectional 

and directional antennas in LOS and NLOS environments [155]. The impact of these 

factors varies with the carrier frequency as shown in Figure 2.5 the atmospheric and 

molecular absorption and in Figure 2.6 for the rain attenuation is shown. 

Additionally, for a fixed transmitter-receiver distance and fixed antenna gains, the 

propagation path losses are proportional to the square of the operational frequency [141]. 

To demonstrate the effect of frequency on the path losses, we compare the free space path 
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losses for the cellular systems (operate at 460 MHz), 2.4 GHz WiFi system, and mmWave 

system operating at 60 GHz. Assuming no additional losses (A = 1), omnidirectional 

antennas, and equal transmission power level, the results for 1 m distance were: −25.7 dB 

for 460 MHz, −40 dB for 2.4 GHz, and −68 dB for 60 GHz. For 100 m separations 

between transmitter and receiver, the free space losses are −65.7 dB for cellular systems, 

−80 dB for WiFi, and −108 dB for mmWave systems. These estimations indicate that 

omnidirectional antennas will not be favourable at mmWave frequencies [139]. 

Therefore, the average large-scale path losses for a distance d is expressed using a PLE, 

n [139], [141] 

𝑃𝐿(𝑓,𝑑) = 𝑃𝐿(𝑓,𝑑0) + 10𝜁 𝑙𝑜𝑔10( 𝑓
𝑓0) +  10𝑛 𝑙𝑜𝑔10( 𝑑

𝑑0) +  𝜒𝜎        𝑑𝐵 (2.9)

where ζ is the frequency-losses factor. The path losses model in (2.9) is frequency-

dependent due to the wide bandwidth of the channel. LOS measurements at 28 GHz 

indicate a PLE of 1.98 (virtually identical to the theoretical free space value of 2) at 

distances up to 100 m [156]. Nevertheless, at 38 GHz, [63], [157] found that relatively 

long-range links (> 750m) could be established. However, the setup where these 

measurements were performed has much lower building density and greater opportunities 

for LOS connectivity than would be found in a typical urban deployment. Measurements 

of the large-scale properties of the 28, 38, and 73 GHz wireless channels showed that 

mmWave systems could double the capacity over long-term evolution systems [72], [20].

While free space propagation can be predicted by Friis’ Law, the path losses in general 

environments depend on the particular position of objects that can attenuate, diffract and 

reflect signals [13]. Ray tracing has been reasonably successful in predicting site-specific 

mmWave propagation, particularly in indoor settings, for at least a decade [158], [159].

(2.7) is highly simplified and does not take atmospheric effects into account. Moreover, 

it does not consider antenna alignment in which the gain variation and polarization 

mismatch [160], [161]. The equation may, however, be extended to include these features. 

Using logarithmic quantities, i.e., decibels (dB) and decibel-milliwatts (dBm), the 

extended Friis formula may be written as
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𝑃𝑟(𝑑)

= 𝑃𝑡(𝑑) + 𝐺𝑟(𝜃𝑟,𝜑𝑟) +  𝐺𝑡(𝜃𝑡,𝜑𝑡) ― 20𝑙𝑜𝑔10(4𝜋𝑑
𝜆 ) ― 𝐿𝑝𝑜𝑙 ― 𝐿𝑎𝑡𝑚 ― 𝐿𝑟𝑎𝑖𝑛       𝑑

𝐵𝑚

(2.1

0)

The θr,  θt and φr,  φt, are the elevation and azimuth angles at both ends of the link, 

respectively. Lpol is the losses due to polarization mismatch between the antennas at each 

end. Finally, Latm and Lrain are the attenuations due to atmospheric gases and rainfall, given 

in decibels per unit length, respectively.

While (2.10) is a less crude simplification of the situation, it does not consider all 

phenomena affecting received signal quality [162]. (2.10) can regardless be used to 

estimate received power and forms the basis of link budget calculations [163], [164], 

[165]. The equation, however, does not highlight when the signal is successfully 

recovered. The link is possible only if the signal to noise and interference ratio (SINR) is 

high enough [163], [164], [165]. Thus, noise and interference originating from the 

environment and within the receiver should be taken into account. The terms in (2.10) 

may be divided into two parts. Firstly, the antenna gains and transmit power, all of which 

can be tuned within certain limits through beam steering and gain control. As long as the 

unwanted signals remain uncorrelated to the transmit signal, these terms have an 

increasing effect on the SINR [164]. As a result, antenna gains and transmit power may 

be used to compensate for the attenuation terms on the second part. Determined by the 

deployment setting and environment, these terms are fixed and have a negative effect on 

the SINR [164].

There are four of these losses terms, the first and most significant of which is the free-

space path losses (FSPL). The FSPL corresponds to the losses due to expanding spherical 

wave; the power is distributed over a larger area [163], [161], [164]. It also includes the 

antenna capture area, meaning the FSPL is proportional to both frequency f and distanced 

squared since λ = c/f. Considering the previous example with a 100 m terrestrial link at 

60 GHz, the FSPL equals to 108 dB. In addition to FSPL, there is a term for polarization 

mismatch losses Lpol. Assuming linear polarization, it is defined as a dot product (·) of the 

polarization unit vectors   and   at the two ends of the link [160], [161]. It further 𝑝𝑡 𝑝𝑟

reduces to cosine of the polarization tilt angle τ:
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𝐿𝑝𝑜𝑙 =  (𝑝𝑡 .𝑝𝑟 ) ―2 = 𝑐𝑜𝑠 ―2𝜏 (2.11)

In addition to direction-dependent antenna gain, Lpol describes the third axis of antenna 

rotation. losses due to polarization mismatch can usually be neglected in the context of 

fixed point-to-point links such as backhaul, as the polarizations are aligned during 

installation within reasonable accuracy [166], [160], [161]. For instance, a two-degree 

misalignment causes a negligible loss of 0.0053 dB. While fixed links can be aligned 

simply by using a level, polarization mismatch can cause significant losses in access links 

where the user may hold their device in arbitrary orientation. Thus, the effect of mismatch 

losses is typically mitigated with polarization diversity techniques [166].

The third term in (2.10) is the attenuation due to atmospheric gases, namely due to air and 

water vapour. The attenuation experienced by the radio waves is dependent on frequency, 

height, temperature, air pressure and humidity. It can be modelled using ITU-R 

Recommendation P.676-10 [167] specified for frequencies above 1 GHz. This model is 

shown in Figure 2.5 with graphs for different causes. 

The fourth and last attenuation term in (2.10) is due to rainfall and fog. The term is 

naturally dependent on the precipitation rate and fog thickness, i.e., water density, which 

varies over time. Aiming to meet a certain availability goal, the corresponding rate is used 

in link budget calculations [164], [168]. Based on years of medium-range weather 

forecasts, the expected or average rates at a given location may be determined using the 

ITU-R Recommendation P.837-7 [169] Knowing the precipitation rate R, the attenuation 

per unit length Lrain, may be found using the power-law as seen in (2.3). The attenuation 

due to fog is defined similarly in ITU-R Recommendation P.840-7 [170]. Unlike rain 

losses, attenuation due to fog is directly proportional to water density. 

Table 2.2 shows the wavelength in air λ, the maximum radius of the first Fresnel ellipsoid 

F1, free-space path losses FSPL, attenuation due to atmospheric gases Latm and rainfall 

Lrain assuming 22 mm/h precipitation [171]. In addition to these parameters, antenna gain 

corresponding to 0.1m2 effective area is given. The antenna gain corresponding to a 

certain effective antenna area is found 
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𝐴𝑒𝑓𝑓 =  𝐺𝑟
𝜆2

4𝜋𝑑2 (2.12)

2.4.1.3 Diffraction 
The previous subsection considered a theoretical deployment scenario; a void empty of 

all objects except for the two antennas. Such a theoretical study is enough to capture the 

fundamental nature of radio wave propagation. Unfortunately, this is not enough in 

practice because the effect of obstacles within or near the Fresnel zones must also be 

considered. New propagation methods are introduced when radio waves reflect, diffract 

and scatter from or penetrate through various objects in the environment as shown in 

Figure 2.7 [162], [166], [172]. Diffraction enables radio waves to bend and propagate 

around obstructions or objects in the path, albeit at low signal levels. Diffraction depends 

on the size of the obstacle in wavelengths and therefore lower frequencies diffract around 

large smooth obstacles such as buildings and hills more easily [173].

Table 2.2: Comparison of free-space propagation characteristics assuming a 1 km 
terrestrial link [171].

Parameter Symb
ol 1 GHz 2.4 GHz 5 GHz 60 

GHz
75 

GHz
85 

GHz

Wavelength in air  (mm) λ 300 125 60 5.0 4.0 3.53
Clearance zone (m) F1 8.66 5.59 3.87 1.12 1.00 0.939
Free-space path losses 
(dB) FSPL 92.4 100 106 128 130 131

Atmospheric losses (dB) Latm 0.00538 0.00712 0.00861 15.4 0.361 0.350
losses due to rain (dB) Lrain 0.000438 0.00298 0.0276 8.61 9.91 10.5
Antenna gain (dBi) G 11.5 19.1 25.4 47.0 49.0 50.0

Figure 2.7: Different propagation mechanisms [171].
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The short wavelengths of mmWave signals result in low diffraction. Normally, for NLOS 

paths, the greatest contribution at the receiver is reflected power [87]. At lower frequency 

bands, diffraction occurs as a result of things like the curved surface of the earth, hilly or 

irregular terrain, building edges, or obstructions blocking the LOS path between the 

transmitter and receiver [174]. However, due to the short wavelength at higher frequency 

bands, objects like the human body might cause diffraction at mmWave. Although 

diffraction is a useful mechanism for microwave communications, it is considered an 

ineffective and least reliable propagation mechanism in mmWave communications as it 

becomes very losses with a movement of few centimetres [136]. Furthermore, many small 

objects in the environment can be considered as scatters, thus exhibiting a highly 

reflective and scattering nature to create alternative viable links, except for the direct link 

[68]. 

There are two consequences [166], [162]. First, the radio waves can reach the receiving 

end behind objects, increasing coverage. Second, the waves may reach the receiver 

through multiple different propagation paths, referred to as multipath propagation. 

Signals in these different paths experience different characteristics such as attenuation, 

delay and rotated or otherwise mixed polarization. Furthermore, when these signals from 

different paths are received simultaneously, received signal strength varies based on the 

receiver location [166], [162].

The diffraction losses can be explained by the concept of Fresnel zones [173]. A Fresnel 

zone is one of a (theoretically infinite) number of concentric ellipsoids, which define 

volumes in the radiation pattern created by a transmitting antenna to the receiving 

antennas. The general equation for calculating the Fresnel zone radius at any point P in 

between the endpoints of the radio link is given as [6]: 

𝐹𝑁 =
𝑁𝜆𝑑1𝑑2

𝑑1 + 𝑑2
(2.13)

where d1 and d2 are the obstruction distances from the transmitter and the receiver 

respectively as shown in Figure 2.8. The cross-sectional radius of each Fresnel zone is 

the largest in the centre of the LOS signal, shrinking to a point at the antenna on each end. 

The diffraction losses occur from the blockage of Fresnel zones with the largest losses 

occurring due to blockage of the first Fresnel zone. It should be noted that higher 
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frequencies have smaller Fresnel zone radii and therefore are expected to be less affected 

by obstacles around the propagation path. On the other hand, a smaller obstacle can 

completely block the Fresnel zone at higher frequencies [173]. 

Moreover, shorter wavelengths cause the reflecting material to appear relatively rougher, 

which results also in greater diffusion of the signal and less specular reflection. Therefore, 

[175] shows that the NLOS propagation suffers from high attenuation and new path losses 

models for NLOS situations are then needed for millimetre bands.

2.4.1.4 Penetration Characteristics and Models
In cellular networks, the indoor users connect to the network through an outdoor base 

station which requires the signal to travel through walls and windows causing high 

penetration losses which are worse in mmWave bands [27]. Since most cell phones spend 

most of the time inside buildings, the received service level inside should be above the 

receiver threshold level. Therefore, building penetration losses should be taken into 

account. Penetration losses can be classified into wall losses, room losses, floor losses 

and building losses [176]. Wall losses depend on the angle of incidence: as the angle 

approaches grazing incidence losses become greater, but they also depend on operating 

frequency, wall material and thickness. Hence penetration losses are different when 

comparing between LOS and NLOS propagation, depending on the environmental 

conditions. Research efforts were active in measuring the penetration characteristics of 

the mmWave channels for next-generation mobile communication. Initial tests by 

Samsung at the 28 GHz and the 40 GHz of obstructions such as wood, water, hands, and 

leaves showed that metal and water could attenuate the signal by 30 to 40 dB when very 

Figure 2.8: An example of a partially blocked Fresnel zone [173].
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close to the receiver. Penetration tests for glass with metallized layers showed that 

attenuation increased by 25 to 50 dB per layer [143], [156] Therefore, outdoor and indoor 

scenarios will probably be separated in 5G cellular architecture [27]. While a comparative 

study for material characteristics at 5.8 GHz and 62.4 GHz is given by [177], typical 

relative permittivity and conductivity for different building materials are reported by 

[178] and [179]. 

It fact, the change of penetration losses can be decomposed into two an approximately 

linear increase and a damped fluctuation with the increase of frequency [93]. 

Nevertheless, physically the attenuation in the material tends to increase with the increase 

of frequency. On the other hand, as mentioned previously, the total transmitted wave is a 

superposition of several transmitted waves experiencing multiple reflections from the 

surfaces of the material. The superposition of these reflections determines the total 

received power [93]. Thus, for the homogeneous material, the received power is stronger 

than the nominal single path if the in-phase superposition happens. Otherwise, the 

received power becomes a weakness than the nominal single path. However, this 

assumption less valid for the case of the composite materials, which cause a more 

complex case of multiple reflections than the homogeneous material. Therefore, with 

increasing frequency the received power and consequently, the penetration losses, does 

not exhibit much regularity in its fluctuations. 

The derivations in [92], [93]  suggest that the penetration losses values for interior 

material over diversities of frequency can be modelled as a linear frequency-dependent 

formula as

𝐿 = 𝑎 + 𝑏 × 𝑓(𝐺𝐻𝑧) + 𝑥𝜎𝑝         𝑑𝐵 (2.14)

where 𝑎 and 𝑏 are the intercept and gradient, respectively, of the regression line,  is a 𝑥𝜎𝑝

zero-mean Gaussian variable with a standard deviation 𝜎𝑝 in dB, i.e., 𝑥𝜎𝑝 ∼𝒩 (0, 𝜎𝑝). This 

is a similar basis model to that used in [92]. The degradation line determined by 𝑎 and 𝑏 

characterizes the main trend of the frequency dependency, while the Gaussian variable 

 represents the fit error caused by the fluctuations of penetration losses. Based on the 𝑥𝜎𝑝

measurements, 𝑎 and 𝑏 can be determined by a least square fit, which can be described as 

an optimization problem as follows [93]:
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min
𝑎,𝑏

𝑁

∑
𝑖 = 1

[𝐿(𝑓𝑖) ― (𝑎 + 𝑏𝑓𝑖)]2        (2.15)

where 𝑁 is the number of measurement frequencies, 𝑓𝑖 is the 𝑖-th frequency, and 𝐿(𝑓𝑖) is 

the corresponding penetration losses measurement in dB. Assume that the optimal 

(minimum) value of (2.15) is denoted by 𝑀, then 𝜎𝑝 can be estimated as √𝑀/(𝑁 − 1). 

2.4.1.4.1 Path losses Exponent Model with Correction Factors 

These models were investigated by [180] and [181]. They started with a path losses 

exponent model: in order to characterize the propagation environment, more than one 

path losses exponent was used, noutdoo and nindoo [182]. Although the simplicity of this 

approach is attractive, as it only requires the distance between transmitter and receiver, 

the signal estimation was poor.

The authors used the concept of aggregate penetration losses (APL): signal strengths were 

collected outside the building from different places just behind the building to avoid 

building shadowing. These losses were averaged and indoor signal powers were collected 

from different locations within the building and then averaged. The ratio between the two 

averages was termed as APL:

𝐴𝑃𝐿 = 10𝑙𝑜𝑔10[1
𝑁

∑𝑁
𝑖 = 1𝑆𝑜𝑢𝑡𝑑𝑜𝑜𝑟

𝑖

1
𝑀

∑𝑀
𝑗 = 1𝑆𝑖𝑛𝑑𝑜𝑜𝑟

𝑗
] (2.16)

where S, N and M are received signal strength, the number of outdoor collected 

measurements and number of indoor measurements respectively. The APL is added to 

the path losses exponent model which uses only noutdoor; for the outdoor losses the model 

is used without the APL; while for indoor losses, the estimated APL value is added. It 

should be noted that APL is different from losses due to the exterior walls of the building 

[180].
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Partition-based penetration (PBP) losses are defined as the losses difference between two 

measurements collected on the direct inside and outside of the external house wall [180]. 

In [180] empirical values for PBP are presented, the total losses are the sum of free space 

losses and the PBP losses for obstructions lying on the line of sight between transmitter 

and receiver.

2.4.1.4.2 Building Penetration losses

In high-frequency bands, the material characteristics of the building have a major impact 

on defining the penetration losses pattern. Thus, high penetration losses of building 

materials are considered a more important factor. In general, Building Penetration losses 

(BPL) can be significantly different for different buildings. The BPL is calculated based 

on the mean transmitted power through different building materials [92]. BPL depends 

on the environment, antenna heights, LOS/NLOS propagation, operating frequency, the 

angle of incidence and on the material type [183].

To model the frequency dependency penetration losses (including reflection losses) for 

single materials a simple model structure has been used to approximately match the 

results that are found in [184]–[188].  In the literature, information about the relationship 

between BPL and frequency are rather conflicting: while some researchers state that BPL 

increases as frequency increases [189]–[193], another group claims the opposite [194], 

[195]. A third group claims that either no frequency dependency exists or there is an 

irregular frequency dependency [196], [197]. Measurements in [197] show interesting 

observations: using the same set of frequencies and equipment, general BPL behaviour 

neither increases nor decreases with frequency, which may explain the conflicting results 

in the literature. This suggests that frequency dependence may or may not occur, 

depending on the environment. Floor height gain Gh tends to be independent of the 

distance between the base station and the building and it shows no frequency dependence. 

It was also observed that α increases slightly as frequency increases; while it has no 

dependence on the distance between the base station and the building. BPL is given by 

(2.17) [197]:

𝐵𝑃𝐿 =∝ 𝑑 ― 𝐺ℎℎ + ∝ 𝐿𝑂𝑆𝑘 + ∝ 𝑓𝑙𝑜𝑔10𝑓 + 𝑊 (2.17)
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where d, h, k, αLOS , αf and W are building penetration distance, floor height, LOS 

constant, LOS coefficient, frequency coefficient and constant losses respectively. Typical 

values for (2.17) parameters are given in Table 2.3 [197].

Parameter Comment
d 0–20 m

α 0.6 dB/m

Gh 0.6 dB/m

h 1.5–30 m

αLOS −0.8 & −3.9

αf −1.1

k
1: LOS
0: NLOS

W 10 dB

The transmission losses of a single standard window glass are here modelled as

𝐿𝑔𝑙𝑎𝑠𝑠 = 0.1𝑓 + 1      𝑑𝐵 (2.18)

and for the concrete wall as

𝐿𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 = 4𝑓 + 5      𝑑𝐵 (2.19)

where Lglass is the effective glass transmission losses in dB and f is the frequency expressed 

in GHz. The total transmission losses through a standard window are then modelled by 

(2Lglass), and by (3Lglass + 20), for standard two-glass windows, and the more modern 

three-glass IRR windows, respectively. In addition to the losses illustrated above, the 

angular wall losses model from [198] is used in the simulator to count for the additional 

losses that can be experienced depending on the incident angle. This is modelled as

𝐿𝑎𝑛𝑔 = 20(1 ― 𝑐𝑜𝑠𝜃)2      𝑑𝐵 (2.20)

where θ is the angle of incidence. For NLOS propagation this angle is set to π/3, i.e. the 

angle of incidence corresponding to average angular losses and the maximum angular 

losses is here maximized to 20 dB [92]. The indoor environment is assumed to be open, 

Table 2.3: Typical values for the proposed BPL parameters.
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with standard glass, alternatively plaster, indoor walls. Hence, the losses model per wall 

is calculated as a function of the carrier frequency and with an average wall distance of 4 

m. Indoor wall losses are mainly based on measurements performed in [184]. The indoor 

wall losses in the latter case are estimated as [92]

𝐿𝑖𝑛 = 0.2𝑓 + 1.7      𝑑𝐵 (2.21)

It should be noted that inner walls might be the glass/plasterboard ones as we consider, 

but also the thick concrete load-bearing ones which have a loss in the order of an outer 

wall. The latter case would result in totally different indoor losses pattern [92]. Also, other 

obstructions such as metal whiteboards could be mounted on the walls causing a higher 

loss. The BPL model according to 3GPP TR36.873 [199], can be expressed as 

𝐿 = 𝐿𝑏 +   𝐿𝑡𝑤 +  𝐿𝑖𝑛 + 𝜒𝜎      𝑑𝐵 (2.22)

where Lb is the basic outdoor path losses given by the UMa or UMi path losses models, 

Ltw is the building penetration losses through the external wall, Lin is the inside losses 

dependent on the depth into the building, and  is the standard deviation. 

2.4.1.4.3 Human Body losses

The body losses, mainly caused by the user being in a position that blocks the strongest 

signal from a transmitter may be severe in some cases. For instance, at high frequencies, 

the mobile terminal or user equipment (UE) may get completely blocked by the user, 

which may result in high losses values, which in turn leads to high variance (shadow 

fading) in received signal [200][201]. Hence, we assume in this study that there are 

always some reflections in the room. The second factor that adds to the total body losses 

is the losses arising due to the UE antenna being blocked by the hand. This loss highly 

depends on the way the user is holding the UE as well as on the antenna placement. 

Existing measurements have shown values between 3 and 15 dB for different holding 

positions and antenna placements [201]. In [92], assume that the UE is used in high data 

rate use case and that the antenna placement is clever, possibly more than one antenna 

element is available such that at least one antenna element is not affected much by the 

hand (selection diversity).
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As a result, the average body losses, considering randomly oriented users, was here 

modelled according to [92]

𝐿𝑏𝑜𝑑𝑦 =  
𝑓

60 + 3    𝑑𝐵 (2.23)

assuming a loss of 3 dB due to the hand/finger. Thus, the frequency dependency of the 

average body (shadowing) losses will have a negligible impact on these simulations.

2.4.1.5 Foliage losses
Foliage losses at mmWave frequencies are significant. Foliage losses may be a limiting 

propagation impairment in some cases. According to ITU-R P-833-8 [202], attenuation 

by trees can be expressed as

𝐿𝑓𝑜𝑙 = 𝐴 𝑓𝐵𝑑𝑣
𝐶𝜃𝐷    𝑑𝐵 (2.24)

where f is the carrier frequency in MHz, dv is the penetration distance of the trees between 

transmitter and receiver, θ is the elevation in degrees, and A, B, C and D are empirical 

constants. Also, attenuation in vegetation was investigated by measurements done in pine 

woodland in Austria for satellite slant paths [177]. The model for pin trees is expressed 

as follows:

Figure 2.9: Human blockage of the communication between a transmitter and a 
receiver [77].
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𝐿𝑓𝑜𝑙 = 0.25 𝑓0.39𝑑𝑣
0.25𝜃0.05    𝑑𝐵 (2.25)

where A = 0.25, B = 0.39, C = 0.25, and D = 0.05 are empirical parameters for (2.25). The 

branches and leaves in the upper part of the trees are more sparse and thinner than those 

in the lower part. Ticker branches and leaves make the attenuation larger. Therefore, the 

attenuation should grow inversely proportional to the elevation angles. Considering the 

aforementioned reasons, (2.24) and (2.25) can be modified as follows [177]:

𝑙𝑜𝑔(𝐿𝑓𝑜𝑙) = 0.39. 𝑙𝑜𝑔(𝐴.𝑓) +  0.25 .𝑙𝑜𝑔(𝑑𝑣) +  𝐷.𝑙𝑜𝑔(𝜃)        𝑑𝐵 (2.26)

An empirical relationship has been developed, which can predict the losses. For the case 

where the foliage depth is less than 400 m, the attenuation losses are given by [109];

𝐿𝑓𝑜𝑙 = 0.2 𝑓0.3𝑅0.6    𝑑𝐵 (2.27)

where f is the frequency in megahertz, and R is the depth of foliage transverse in meters 

and applies for R < 400 m. This relationship is applicable for frequencies in the range 200 

– 95,000 MHz [87]. For example, the foliage losses at 40 GHz for a penetration of 10 m 

(which is about equivalent to a large tree or two in tandem) is about 19 dB This is not a 

negligible value [109]. As shown in Figure 2.10, at 80 GHz frequency and 10 meters 

foliage penetration, the losses can be about 23.5 dB, which is about 15 dB higher

compared to the losses at 3 GHz frequency [173]. In rural areas, where forest exists, we 

can therefore expect that mmWave signals would be severely attenuated, provoking 

undesired blockage effects [203].
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2.4.1.6 Sky Noise in MmWave Bands
An earth-station antenna aimed at a satellite at a high-elevation angle will pick up sky 

noise emanating from atmospheric constituents (and other sources). This is referred to as 

the sky noise temperature or brightness temperature. For low-elevation angles, the 

dominant noise will be mostly from terrain and will be picked up by the antenna sidelobes. 

The noise entering a receiver from the antenna is commonly referred to as the antenna 

noise temperature and includes components of sky noise. The antenna-noise temperature 

(TANT) adds to the receiver noise temperature (TRCVR) to form the system noise 

temperature (TS) [87], [109]:

𝑇𝑆 = 𝑇𝐴𝑁𝑇 +  𝑇𝑅𝐶𝑉𝑅 (2.28)

2.4.2 Small-Scale Propagation Effect 

Small-scale fading describes the rapid fluctuation of the signal at short distances 

(divisions of wavelength), as a result of interference between multiple versions of the 

transmitted signal due arriving at the receiver with marginally different times. The 

multipath waves produce additional small fading effects such as time dispersion due to 

multipath delays and random frequency modulation caused by the Doppler shifts on 

Figure 2.10: Foliage penetration losses at 1-100 GHz frequencies. Figure from 
[173].
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different signal versions [141]. The small-scale fading of the wireless channel can be 

directly affiliated to the Channel Impulse Response (CIR). CIR contains all the 

information necessary to simulate or analyse any radio transmission through the channel 

[141]. 

If a single pulse is transmitted over a multipath channel, the received signal will appear 

as a pulse train, with each pulse in the train corresponding to the LOS component or a 

different multipath wave associated with a distinct scattered or cluster of scatters [174]. 

Figure 2.11 illustrates an example of a multipath channel’s CIR. In the following 

subsections, we discuss two important characteristics of the multipath channel, the time 

delay spread it causes to the received signal, and the Doppler spread of the channel as a 

result of movement and/or time-varying nature of the channel.

2.4.2.1 Delay Spread 
In telecommunications, the delay spread is a measure of the multipath richness of a 

communications channel. The time delay spread of a wireless channel features the arrival 

times and energy of the received propagation paths [41]. In general, it can be interpreted 

as the difference between the time of arrival of the earliest significant multipath signal 

(typically the LOS signal) and the time of arrival of the latest multipath signals [204]. The 

delay spread is mostly used in the characterization of wireless channels. If the delay 

spread is small compared to the inverse of the signal bandwidth, then there is little time 

Figure 2.11: An example of time varying impulse response model for a 
multipath radio channel [141].

https://en.wikipedia.org/wiki/Multipath_propagation
https://en.wikipedia.org/wiki/Line-of-sight_propagation
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spreading in the received signal. However, when the delay spread is relatively large, there 

is a significant time spreading of the received signal which can lead to substantial signal 

distortion [174]. Some of the parameters to describe the delay spread of the signal 

includes the minimum excess delay time (τ0) which is the time associated with the first 

path arrival; the maximum excess delay indicates the largest delay between initial 

reception and the last measurable multipath component of particular amplitude. 

The Root Mean Square (RMS) delay spread (τrms) is a parameter that characterizes the 

propagation delays of a channel. Τr is useful in estimating if the channel will cause inter-

symbol interference (ISI) without the use of an equalizer. Therefore, the delay spread has 

a significant impact on ISI. Generally, given (τrms), it is required ( τrms /Ts ) symbols to be 

equalized to remove the inter-symbol interference effect for symbol rate 1/Ts [141]. The 

correspondence with the frequency domain is the notion of coherence bandwidth (CB), 

which is the bandwidth over which the channel can be assumed flat. Coherence bandwidth 

is related to the inverse of the delay spread. The shorter the delay spread, the larger is the 

coherence bandwidth. 

Denoting the power delay profile (PDP) of the channel by Ph(τ), the mean delay of the 

channel and the τrms delay spread are given by [204]

𝜏 =
∫∞

0 𝜏𝑃ℎ(𝜏)𝑑𝜏

∫∞
0 𝑃ℎ(𝜏)𝑑𝜏

(2.29)

𝜏𝑟𝑚𝑠 =
∫∞

0 (𝜏 ― 𝜏)2𝑃ℎ(𝜏)𝑑𝜏

∫∞
0 𝑃ℎ(𝜏)𝑑𝜏

(2.30)

https://en.wikipedia.org/wiki/Coherence_bandwidth
https://en.wikipedia.org/wiki/Power_delay_profile
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Several measurement studies have been conducted to understand the delay spread 

behaviour of the mmWave channel. In the indoor environment, it is found that the delay 

spread behaviour is relatively independent of the receiver location [205]. However, the 

delay spread is proved to be proportional to the room dimensions and the wall reflection 

coefficient [139]. In the outdoor channel, measurements show that using wider 

beamwidth steerable antennas or smaller gain antennas resulted in an improved signal 

coverage with higher multipath delay spread due to lower path losses component values. 

That is over short distances and compared to narrow beam antennas. However, over long 

distances, arrays with large gain are preferred to obtain a LOS link. 

2.4.2.2 Doppler Effect 
The Doppler effect describes the change in frequency as a result of movement. For a 

receiver moving at a velocity v towards a transmitter travelling with a velocity v0 into the 

receiver direction, the frequency change at the receiver, also known as Doppler frequency, 

is given by [139] 

𝑓𝑑 = 𝑓 ―  𝑓 = 𝑓( 𝑐 +  𝑣
𝑐 ―  𝑣0

― 1) (2.31)

where f is the operating frequency of the signal, is the perceived frequency at 𝑓 = 𝑓
𝑐 + 𝑣

𝑐 ―  𝑣0
  

the receiver, and c is the speed of light. As a result of (2.31), the Doppler effect might be 

15-30 times higher at 28-60 GHz compared with microwave communication systems. It 

should be mentioned that the Doppler effect is classically derived under the assumption 

of omnidirectional antennas. Using highly directive antenna arrays in the system will 

introduce changes in the fading characteristics of the channel that depends on the angles 

of arrival [139]. Research shows that the wireless channel changes much faster at higher 

frequencies. Increasing the carrier frequency by a factor of ten found to result in 10 times 

faster change. This develops a more rapid time-varying nature on the mmWave channel 

requiring shorter frame times or packet durations. Research studies still investigating the 

Figure 2.12: The total delay, mean delay and RMS delay spread.
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scope of utilizing the directional antenna arrays on changing the frame time in future 

mmWave systems [63], [139]. 

2.5 MmWave Channel Models 

Channel models are important for evaluating and analysing the performance in system-

level simulations. Several sub-models including free-space propagation in LOS, 

diffraction modelling in NLOS, Building Penetration losses (BPL), and indoor losses are 

composed the propagation model [92].

2.5.1 Indoor Channel Model 

Modelling the indoor wireless channel at mmWave frequencies serve in determining 

design parameters such as link budget, coverage layout, and power management [139]. 

Over the last decade, with the increased interest in higher data rates for wireless 

communications, extensive measurements at mmWave band have been conducted in 

indoor environments [175], [205], [206]. However, one of the most investigated bands is 

the 60 GHz for its use in the unlicensed Wireless HD, WiGig Wireless Local Area 

Network (WLAN) devices [207], and the development of 60-GHz LAN and Personal 

Area Network (PAN) systems [113], [208]. Measurements indicate that large-scale PLE, 

κ, varies from 0.40 to 2.10 for LOS indoor scenario. Similarly, it varies from 1.97 to 5.40 

for NLOS scenarios [68], [108], [206]. It is also found that the propagation properties are 

affected by the dimensions of the room, the polarization and beamwidth of the antenna 

array, and the wall reflection coefficient. Thus, in a typical LOS office environment, κ 

takes values in the ranges from 1.16 to 2.17, and with NLOS the values range 2.83 to 4.00 

[205], [209].
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The IEEE published two standards for the PAN that operates at the mmWave frequencies. 

IEEE 802.15.3c, a single-input multiple-output channel model and only characterizes the 

Angle of Arrival (AoA) in azimuth domain [49], and IEEE 802.11ad a Multiple-Input 

Multiple-Output (MIMO) channel model and characterizes the double-directional angle 

properties [210]. The small-scale channel model used in the two standards is based on a 

modified version of the standard Saleh-Valenzuela (S-V) propagation model [155], where 

the channel is assumed to be a sum of P scattering clusters, each of which contributes L 

propagation paths to the [207] channel. Figure 2.13 illustrates the nature of the clustered 

model. The existence of a direct LOS link between the transmitter and the receiver is 

considered as the main difference to S-V models. Mathematically, the CIR model can be 

represented as follows [209] 

ℎ(𝑡,𝜃𝑡,𝜃𝑟)

= 𝛼𝐿𝑂𝑆𝛿(𝑡,𝜃𝐿𝑂𝑆) +  
𝑃

∑
𝑝 = 0

𝐿

∑
𝑙 = 0

𝛼𝑝,𝑙𝛿(𝑡 ― 𝑇𝑝 ― 𝜏𝑝,𝑙)𝛿(𝜃𝑟 ― 𝜙𝑟
𝑝 ― 𝜖𝑟

𝑝,𝑙)𝛿

(𝜃𝑡 ― 𝜙𝑡
𝑝 ― 𝜖𝑡

𝑝,𝑙)

(2.32

)

where the LOS component is assumed to arrive at zero delays with angle θLOS and gain 

αLOS. Each of the rays in (2.32) is arriving with an individual delay of (Tp + τp,l ). The 

model also indicates that the rays are clustered in angles which mean they arrive in small 

deviations from a few key angles given by θr for the angle of arrival and θt for departure. 

The impinging departure direction of each ray is given by . Similarly, the 𝜃𝑡 ― 𝜙𝑡
𝑝 ― 𝜖𝑡

𝑝,𝑙

arrival angle of the ray is given by . Given no additional directivity gain, 𝜃𝑟 ― 𝜙𝑟
𝑝 ― 𝜖𝑟

𝑝,𝑙

the multipath components within each cluster are exponentially deteriorating [139]

𝐸{|𝛼𝑝,𝑙|2} =  𝜌0𝑒 ― 𝑇𝑝 𝜒𝑐𝑒 ― 𝜏𝑝,𝑙 𝜒 (2.33)

where ρo is the mean energy of the first path of the first cluster, χc is the cluster decay 

factor, and χ is the ray decay factor. p, l refers to the lth path of the p-th cluster [18], [139]. 

It should be noted that the time of arrival, azimuth-angle, and elevation angle distributions 

are all assumed independent [139]. Large-scale fading at the 60 GHz band is based on a 

Figure 2.13: The indoor channel model is depicted graphically [49].
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long-distance dependence of path losses with log-normal shadowing. Log-normal 

shadowing means the path losses are normally distributed over the decibel scale. The 

indoor path losses model is given by 

𝑃𝐿(𝑑,𝑓) = 𝑃𝐿(𝑑0) + 10𝜁 𝑙𝑜𝑔10( 𝑓
𝑓0) +  10𝜅 𝑙𝑜𝑔10( 𝑑

𝑑0) + 𝑋𝜎       𝑑𝐵 (2.34)

where Xσ is the shadowing log-normally distributed random variable [211]. The IEEE 

802.15.3c channel model includes nine different models for various scenarios and 

environments. From the list of settings, it is illustrated that the IEEE 802.15.3c model can 

be suitable for both LOS and NLOS indoor environments [139]. Measurements showed 

that the mean number of clusters ranges most typically from 3 to 4. It was also found that 

the number of clusters distribution depends greatly on the environment. IEEE 802.11ad 

is similar to IEEE 802.15.3c with more focus on the 60 GHz band for commercial use. 

The IEEE 802.11ad channel model uses two different situations to categories the clusters: 

Station-to-Station (STA-STA) and Station-to-Access Point (STAAP), then, the number 

of direct and reflected paths for each model is determined [139]. A detailed comparison 

of the channel models in two standards can be found in [212].

2.5.2 Outdoor Channel Models 

There has been a relatively limited study of the mmWave outdoor channels as compared 

to indoor environments. With the increased interest of 5G communication groups and 

industry in the large-spectrum provided by the mmWave, the knowledge of outdoor 

propagation characteristics will be more essential. While mmWave indoor channels have 

been well modelled, there is not yet a satisfactory outdoor mmWave channel model [139]. 

Measurements have been performed in different urban cities, such as Daejeon, Korea 

[213] and Manhattan, New York, USA [28], [72], [214], at frequency bands of 10, 18, 

28, 38, 60, 72 and 81-86 GHz [67], [153], [213], [215], [216]. Propagation through a 

canopy of orchard trees at 9.6, 28.8, and 57.6 GHz bands indicated that through the first 

30 meters of foliage depth, signal attenuation over distance is linear with approximately 

1.3-2.0 dB/m of losses, and beyond this distance, attenuation was only about 0.05 dB/m 

[217]. Other outdoor measurements in a city street environment at 55 GHz showed that 
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power decreased much more rapidly with distance through narrower streets compared to 

a direct path or through wide city streets [218].

E-band channel measurements band from 81-86 GHz for point-to-point communications 

in a long street canyon environment in Helsinki, Finland showed very little multipath 

delay spread and yielded excellent agreement between measured and modelled delay 

spreads [219], [220]. The study proved that multipath exists in the E-band channel, but 

extensive channel measurements for mobile or backhaul were not reported [221].

2.5.3 MIMO Channel Model

 MIMO systems will be used in the thesis to steer the signal beam and provide additional 

gain. We adopt a geometric channel model based on the extended Saleh-Valenzuela 

model in which the channel is assumed to be a sum of P scattering clusters, each of which 

contributes L propagation paths to the channel [18], [222] With half-wave spaced ULAs 

used at the transmitter and the receiver, the channel matrix, H, can be expressed as

𝐻 =  
𝑁𝑟𝑁𝑡

𝑃𝐿

𝑃

∑
𝑝 = 0

𝐿

∑
𝑙 = 0

a𝑝,𝑙𝑎𝑟(𝜑𝑟
𝑝𝑙 ― 𝜃𝑟

𝑝𝑙)a𝑡(𝜑𝑡
𝑝𝑙 ― 𝜃𝑡

𝑝𝑙) (2.35)

where Nt , Nr are the array size at the transmitter and receiver, αpl is the complex small-

scale fading gain of the l-th sub-path in the p-th cluster,  and are the 𝜃𝑟
𝑝𝑙(𝜑𝑟

𝑝𝑙) 𝜃𝑡
𝑝𝑙(𝜑𝑡

𝑝𝑙) 

azimuth (elevation) angles of arrival and departure, respectively. The gains αp` are 

complex Gaussian random variables with zero mean and variance  . The mean angle 𝛼2
𝛼

associated with each cluster is uniformly distributed over [0, 2π]. The vectors a𝑟

 and  are the array response vectors at the receiver and (𝜑𝑟
𝑝𝑙 ― 𝜃𝑟

𝑝𝑙) a𝑡(𝜑𝑡
𝑝𝑙 ― 𝜃𝑡

𝑝𝑙)
transmitter, respectively. The array response vectors  and  corresponding to Angle of a𝑡 a𝑟

Departure (AoD) and Angle of Arrival (AoA) in the azimuth of the frame are given as

a𝑟 =  
1
𝑁𝑟

 [1 𝑒
𝑗2𝜋

𝑑
𝜆𝑠𝑖𝑛(𝜃𝑟)

  . . .   𝑒
𝑗2𝜋(𝑁𝑟 ― 1)

𝑑
𝜆𝑠𝑖𝑛(𝜃𝑟)

 ]
𝑇

(2.36)
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a𝑡 =  
1
𝑁𝑡

 [1 𝑒
𝑗2𝜋

𝑑
𝜆𝑠𝑖𝑛(𝜃𝑡)

  . . .   𝑒
𝑗2𝜋(𝑁𝑡 ― 1)

𝑑
𝜆𝑠𝑖𝑛(𝜃𝑡)

 ]
𝑇

(2.37)

where d is the space between the antennas, λ is the wavelength, and the array is pointing 

along the x-axis. MIMO utilizes diversity techniques to increase data rates: coverage, 

throughput and capacity are further improved [223]. Channels used to describe Single 

Input Single Output (SISO) have to be updated for MIMO channels, models for which 

can be classified into narrowband and wideband, physical and analytical [224]. Many 

models have been proposed for the indoor MIMO channel: examples include the 

Extended Saleh-Valenzuela Model, the two ring model [225], and WINNER II model 

[226]. In [227], the relationship between path losses and channel capacity was 

investigated for an indoor MIMO channel. It was found that for fixed transmitted power 

the median capacity of the channel tends to decrease linearly with path losses. For 

asymmetric transmitter and receiver array arrangement median capacity is [227]:

𝐶𝑚𝑒𝑑𝑖𝑢𝑚 = 0.17.𝑁 (2.38)

 where N is the number of antenna elements. A massive MIMO algorithm for indoor 

scenarios was proposed in [228], with an algorithm similar to the Kronecker model [224], 

[229]. The channel matrix is divided into two matrices: the first part, termed as the fixed 

part, is related to LOS propagation, while the second part is termed the random part and 

it considers the effects of reflection, scattering and diffraction. The random part is further 

modelled into eigenvector matrices of the transmitter and receiver and in terms of 

coupling matrices between the transmitter and receiver sides, which depend on the 

experimental data. The model showed better fitting compared to the Kronecker model 

[33].

Channel parameters were investigated in [230]. In the NLOS scenario, the received signal 

strength tends to follow joint Rayleigh and double-Rayleigh distributions; while in LOS 

it tends to follow a Rayleigh distribution. The angle of arrival and angle of departure were 

found to tend to follow a Laplacian distribution. The study also found that numbers of 

clusters tended to follow a log-normal distribution [33].
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2.5.3.1 Narrowband MmWave Massive MIMO Channel Model
In narrowband mmWave MIMO channel models, the path losses are characterized mainly 

as the amount of decay in the received power at a particular (carrier) frequency [231]. On 

account of insufficient measurements, such as obtaining relative propagation times from 

different angular directions, the seminal work of [18] developed a narrowband statistical 

mmWave channel model for the cluster power fractions and angular/spatial 

characteristics following the 3GPP/ITU MIMO model specification. However, the 

channel model in [18], which is based primarily on real experimental data collected at 28- 

and 73- GHz band is solely narrowband, in that the model neglects to account for 

frequency selectivity or multipath propagation time delays. Specifically, if there are  𝑁𝐵𝑆

receive antennas and  transmit antennas, the narrowband time-varying channel gain 𝑁𝑀𝑆

between a transmit-receiver antenna pair depicts the mmWave channel matrix as [18]

𝐻(𝑡) =  
1

𝑃𝐿

𝑃

∑
𝑝 = 0

𝐿

∑
𝑙 = 0

𝑎𝑟(𝑡)a𝑝,𝑙(𝜑𝑟
𝑝𝑙 ― 𝜃𝑟

𝑝𝑙)a𝑡(𝜑𝑡
𝑝𝑙 ― 𝜃𝑡

𝑝𝑙) (2.39)

where αpl is the complex small-scale fading gain of the l-th sub-path in the p-th cluster, 𝜃𝑟
𝑝𝑙

 and are the azimuth (elevation) angles of arrival and departure (AoAs and (𝜑𝑟
𝑝𝑙) 𝜃𝑡

𝑝𝑙(𝜑𝑡
𝑝𝑙) 

AoDs), respectively. By utilizing the values of mean and RMS angular spreads, the 

wrapped Gaussian distribution is employed mainly to model the AoA and the AoD [18], 

[232]. Since the multipath parameters, such as the spatial correlation of channel gains/rays 

in [18] is influenced primarily by the transmit and receive antenna array geometries (i.e., 

uniform linear arrays (ULA), uniform rectangular arrays (URA) and uniform circular 

arrays (UCA)), then the so-called narrowband clustered channel model in [18] with few 

dominant paths can thus be termed a geometry dependent model.

2.5.3.2 Wideband mmWave Massive MIMO Channel Model
Recently, various propagation measurement campaigns have been conducted to 

investigate frequency selectivity or multipath propagation time delays (i.e., angular 

statistics on both the channel tap and cluster levels), to model wideband mmWave 

massive MIMO channels [43]. In wideband mmWave massive MIMO channel models, 
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the path losses are characterized mainly from the power of MSs, which carries the joint 

effects of time dispersion and attenuation [231]. Based on extensive wideband mmWave 

channel measurements over 28-, 38-, 60- and 73-GHz bands, a 3GPP-type mmWave 

channel model termed statistical spatial channel model (SSCM) was developed in [151], 

[154], [233]–[238] utilizing the time cluster-spatial lobe (TCSL) technique for urban LOS 

and NLOS scenarios. This technique extends the existing UHF 3GPP model by the 

introduced model parameters of directional RMS lobe angular spreads for spatial lobes. 

Specifically, the SSCM can be described by a double-directional CIR, of the superposition 

multipath components (MPCs) premised on the 3GPP model [43]. 

Modern 3GPP and WINNER [239], [240] models assume that a joint delay-angle 

probability density function characterizes clusters. Whereby, a cluster of traversing 

multipath link must be assigned a unique AOD-AOA angle combination cantered about 

a mean propagation delay. Similarly, methods based on a 3D SSCM for mmWave, are 

introduced in [215], [241], [242], based on both mmWave wideband measurement results 

and ray-tracing and the corresponding channel models following the 3GPP 

methodology/WINNER models. Statistical characteristics of the channels, like delay and 

angular spreads, were obtained, and the RMS delay spread calculated via the power delay 

profiles from both the measurement data and the ray-tracing results. However, remarkable 

features of the mmWave channel model, such as the dynamic shadow fading model, and 

blocking model comprises human blockage, remain as future works that can be modelled 

mainly as an additional module [43].

Based on the clustering results, several statistical (e.g. stochastic) 60 GHz channel models 

parameters can be derived. One of the most widely used channel models based on clusters 

is the Saleh-Valenzuela model introduced in [155], which presents a simple statistical 

multipath model for indoor radio channels. The basic principle of the model arises from 

observations from indoor mmWave measurement campaigns that multipath components 

arrive in clusters, and that the cluster and MSs within each cluster follow Poisson 

processes with different rates [243]. Specifically, the Saleh-Valenzuela model has 

premised mainly on the clustering of MSs observed in the measurement data [43]. 

The IEEE 802.15.3c and 802.11ad, standard channel models [239] have been proposed 

for 60-GHz indoor wireless communications and are based on the extended Saleh-

Valenzuela model [155], [244], [245]. Within the IEEE, two notable task groups are 
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currently leading the way: IEEE 802.15.3c on 60 GHz WPAN and 802.11ad on 60 GHz 

WLAN. Notably, IEEE 802.15.3c (TG3c) is a single-input multiple-output (SIMO) 

channel model which only characterizes the AoA in azimuth domain [209]. At the same 

time, IEEE 802.11ad (TGad) is a MIMO channel model that characterizes the double-

directional angle properties [212]. Specifically, the Saleh-Valenzuela Model was 

extended mainly to MIMO channels. Thus, the extended S-V model [43]: 

ℎ(𝑡,𝜃𝑟,𝜃𝑡) =  
1

𝑃𝐿

𝑃

∑
𝑝 = 0

𝐿

∑
𝑙 = 0

𝑎𝑝𝑙(𝑡)𝑒𝑗𝜗𝑝𝑙δ(𝑡 ― 𝑇𝑝 ― 𝜏𝑝𝑙).δ(𝜃𝑟 ― Φ𝑟
𝑝 ― φ𝑟

𝑝𝑙)δ(𝜃𝑡 ― Ω𝑡
𝑝 ― ω𝑡

𝑝𝑙)
(2.40

)

where αpl is the complex fading gain of the l-th sub-path in the p-th cluster, Tp is the delay, 

 and  are the mean receive and transmit cluster arrival angles, respectively. Φ𝑟
𝑝 (Ω𝑟

𝑝𝑙)
Similarly, and  are the delay and the relative receive and transmit angles for 𝜏𝑝𝑙, φ𝑟

𝑝𝑙  ω𝑡
𝑝𝑙

the l-th MPC in the p-th cluster, respectively. The underlying assumption of the extended 

Saleh-Valenzuela model is that the delay and angular domains can be independently 

modelled. However, in mmWave MIMO systems, this assumption might not be valid for 

60 GHz channels [212], due to the MS decay and the large K-factor for the MSs. Here, 

the K-factor is expressed primarily as K(dB) = 10 log10(PLOS/PNLOS) [141], where PLOS is 

the MS and PNLOS is the power from multipath scatterers [43].

2.5.4 Ray Tracing and Stochastic Modelling 

One of the traditional approaches for modelling physical channels is propagation 

prediction using ray-tracing simulations. Ray-tracing techniques approximate the 

propagation of electromagnetic waves by representing the wavefronts as simple particles. 

Thus, the reflection, diffraction, and scattering effects on the wave-front are approximated 

using simple geometric equations instead of the more complicated Maxwell’s wave 

equations [174]. Although ray tracing simulations often suffer some geometry database 

errors and do not always include all of the relevant propagation mechanisms, ray tracing 

results have been successfully used to model wireless radio propagation [215]. Ray 

tracing could be simply implemented using a simple two-ray model that predicts signal 

variation resulting from a ground reflection interfering with the LOS path. More models 

that are sophisticated could include a ten-ray reflection model that predicts the variation 
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of a signal propagating along a straight street or hallway and a general model that predicts 

signal propagation for any propagation environment.

Figure 2.14 illustrates the two-ray and second-order reflection ray tracing models. 

Another approach to model the channel is stochastic modelling, which characterizes the 

channel behaviour using the probability distribution functions of the propagation 

parameters [136]. This approach is considered more analytically tractable as it avoids the 

need for physical modelling of the environment. A Geometric Based Stochastic Channel 

Model (GSCM) was proposed in Wireless World Initiative New Radio Project 

(WINNER) and the International Telecommunication Union - Radiocommunication 

Sector (ITU-R), which is a very popular platform for 4G channel simulation [242]. More 

details on the mmWave geometric models can be found in [246] and references within. 

Various mmWave channels in a wide range of scenarios have been parameterized and 

modelled using Ray Tracing (RT) method, such as urban area [247], [248], town square 

[249], indoor [250], [251], corridor [252], passenger cabin [253], high speed trains  

scenarios [254], etc. The deterministic channel models, such as RT models, usually 

Figure 2.14: Ray tracing channel modelling (a) Side view of two ray model with 
LOS and ground reflection paths [174] (b) Top view of outdoor 
propagation geometry illustrating LOS and wall reflected paths up to the 
second order [655].
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provide accurate and site-specific predictions with high computational complexity [255]. 

Besides, some mmWave channel models were developed by combining deterministic 

approaches and stochastic approaches. A semi-deterministic mmWave channel model for 

3.8 and 60 GHz considering both specular components and diffuse components was 

proposed in [256].

2.6 MmWave Networks Standardization

This section provides a brief overview of existing and new wireless standards operating 

in mmWave frequencies that are available for personal, local, and wide area networks.

2.6.1 IEEE 802.15.3c

This wireless personal area network (WPAN) standard for unlicensed 60 GHz band 

achieves a small coverage range (∼ 10 m) [257]. The connections are ad-hoc based and 

its architecture defines two classes of devices, namely, a piconet coordinator (PNC), and 

remaining devices (DEVs). The PNC performs access control, synchronization, and 

quality of service (QoS) management for the DEVs. To suit a variety of QoS 

requirements, mmWave capable physical layer (PHY) is specified for three different 

operating modes: (i) single-carrier mode (SC), (ii) high-speed interface mode (HSI), and 

(iii) audio/visual mode (AV), ranging the achievable data rates from a few Mbps up to a 

maximum of 5,775 Mbps [19]. A set of four channels each with a bandwidth of 2.16 GHz 

are used in the band 57.24-65.88 GHz to accommodate the different frequency bands 

allocated in different countries for 60 GHz communication. The standard uses binary 

phase-shift keying (BPSK), quadrature phase-shift keying (QPSK), and M-ary quadrature 

amplitude modulation (M-QAM) with 𝑀 = 16 or 64. All the operating modes have 

directional beamforming capability where a set of predefined vectors (codebook) are used 

for beam training to establish and maintain communication.
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2.6.2 IEEE 802.11ad

This local area network (LAN) standard operates in 60 GHz band with the core feature of 

directional multi-gigabit physical layer and uses multi-antenna beamforming [258]. 

Antenna training for beamforming is done in two steps: (i) sector sweeping, and (ii) beam 

refinement wherein the first step, the best sector to communicate is selected and then the 

second step further refines the beams. Once the antenna arrays are configured for the best 

direction, beam tracking procedure defined in the standard will reconfigure the beams if 

the propagation environment changes. IEEE 802.11ad also features the use of sub-6 GHz 

bands for concurrent transmission with 60 GHz frequencies. To combat the link 

blockages, the standard defines relaying mechanisms where the relays can operate either 

in amplify-and-forward (AF) mode or decode-and-forward (DF) mode. Similar 

modulation schemes to IEEE 802.15.3c are used: BPSK, QPSK, 16-QAM, and 64-QAM 

to achieve the PHY data rate capability of up to 6,756 Mbps [19].

2.6.3 IEEE 802.11ay

The IEEE 802.11ay channel model [259] is an extension of IEEE 802.11ad channel model 

[260], which was developed for the 60 GHz band (57–68 GHz). It adopted the Q-D 

channel modelling approach inherited and extended from MiWEBA model [261], i.e., the 

multipath of IEEE 802.11ay model is composed of D-rays, R-rays, and F-rays. As is 

shown in Figure 2.15, the D-rays is relatively strong rays such as the LOS ray, ground 

reflected ray, and other rays reflected from scenario-important objects [259]. The D-rays 

were modelled as scenario-dependent. The R-rays are relatively week rays stemming 

from reflections off small or random objects whose position cannot be estimated. The 

parameters of R-rays were modelled stochastically following certain distributions. 

Specifically, the amplitudes of R-rays were modelled as Rayleigh distributed, the phases 

of R-rays were as uniformly distributed, and the time of arrival follows a Poisson process 

[259]. The F-rays stem from reflections off moving objects such as vehicles and only 

exist for relatively short durations. The F-rays were modelled stochastically similar to the 

method in R-rays but with shorter existence period.

The IEEE 802.11ad channel model is a SISO model and only concentrated on indoor 

scenarios, i.e., conference room, cubicle environment, and living room. The IEEE 
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802.11ay channel model extended the IEEE 802.11ad model by providing MIMO usage. 

Based on the RT and measurement results, the IEEE 802.11ay channel model covers more 

scenarios, such as street canyon and open area. In most outdoor scenarios, the D-rays, 

which contribute most to the propagation, is composed of two components, i.e., the LOS 

ray and ground reflected ray. However, massive MIMO and high-mobility are not 

supported [255].

2.6.4 5G New Radio (NR)

It is a new radio access technology developed by 3GPP for 5G mobile communication in 

Release 14 and Release 15 of their standards. The major features of NR include the 

capability to use mmWave bands to achieve high data rates, enhanced network energy 

performance, forward compatibility, low latency, and beam-centric design to allow for a 

massive number of antennas. The use of mmWave frequencies has been specified for two 

operating modes: (i) non-standalone (NSA) mode (Release 14), and (ii) standalone (SA) 

mode (Release 15). In NSA mode, NR devices are dependent on conventional LTE for 

control signals such as initial access and mobility, whereas in SA mode, NR devices are 

capable of handling mmWave for both the control signal and data transfer without relying 

on sub-6 GHz LTE. Also, to support the frequencies ranging from sub-1 GHz to mmWave 

Figure 2.15:  D-rays, R-rays, and F-rays in IEEE 802.11ay channel model [255], 
[259]
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bands, NR features a flexible numerology where the orthogonal frequency division 

multiplexing (OFDM) subcarrier spacings from 15 KHz up to 240 KHz are used [262]. 

2.6.5 MmWave Channel Modelling Efforts

Most of the general 5G channel models including QUAsi Deterministic RadIo channel 

GernerAtor (QuaDRi-Ga) [263], [264], mmWave based Mobile Radio Access Network 

for fifth Generation Integrated Communications (mmMAGIC) channel model [265], 

Mobile and wireless communications Enablers for the Twenty-twenty (METIS) channel 

model, 5G Channel Model (5GCMSIG) [199], 3rd Generation Partnership Project (3GPP) 

TR38.901 channel model [266], International Mobile Telecommunications (IMT-2020) 

channel model [267], and more general 5G channel model (MG5GCM) adopted the 

WINNER-like framework and extended it with additional modelling components to meet 

the 5G channel modelling requirements. To achieve a flexible and scalable simulation, 

the map-based hybrid channel model was also adopted by the METIS channel model, 

3GPP TR38.901 channel model, and IMT-2020 channel model. Similar approach 

combining stochastic method and deterministic method called Q-D based model was 

proposed by mmWave Evolution for Backhaul and Access (MiWEBA) [261], [268] and 

IEEE 802.11ay channel [255], [259]. Most of the general 5G channel models support an 

extremely wide frequency range, e.g., from 0.45–100 GHz. Note that the MiWEBA and 

IEEE 802.11ay channel model only concentre on 60 GHz bands. For mmWave channel 

modelling, the MiWEBA channel model, IEEE 802.11ay channel model, 3GPP 

TR38.901 channel model, mmMAGIC channel model, IMT-2020 channel model, and the 

map-based channel model considered the blockage and gaseous absorption effects, which 

can exert a great influence on the propagation at mmWave bands. Besides, only the 

MG5GCM can support the four most challenging scenarios of 5G systems, i.e., massive 

MIMO communications, V2V communications, HST communications, and mmWave 

communications [255]. A comprehensive comparison of the above-mentioned general 5G 

channel models is shown in Table 2.4.
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2.7 Channel MmWave Measurement Campaigns and Modelling

Since the wavelength of mmWave bands is far shorter than in microwave bands below 

6GHz, the parameters for radio channel models will be quite different. Thus, 

understanding the mmWave propagation characteristics is the first task to design and 

develop mmWave communication systems. In general, parameters such as path losses, 

Table 2.4: Comparison of mmWave Channel Models [255].

Feature MiW
EBA

QuaDRi
Ga

METI
S

5GCMS
IG 3GPP mmMAG

IC

IMT
-

2020

IEEE

802.11
ay

Frequency 
range 
(GHz)

57-66 0.45-100 up to 
100 0.5-100 0.5-100 6-100 0.5-

100 57-68

Bandwidth 2.16 
GHz 1 GHz

10 % of 
the

center
frequen

cy

100 MHz 
(<

6 GHz),
2 GHz (> 

6
GHz)

10 % of 
the

center
frequen

cy

2 GHz

100 
MHz 

(<
6 

GHz),
2 

GHz 
(> 6
GHz

2.64 
GHz

Support 
large array yes yes yes limited yes yes yes no

Support 
dual-

mobility
yes no yes no no no no yes

Support 3D 
(elevation) yes yes yes yes yes yes yes yes

Support 
mmWave yes yes yes yes yes yes yes yes

Dynamic 
modeling

limit
ed yes yes yes yes yes yes limited

Spatial 
consistency yes yes yes yes yes yes yes no

High 
mobility no yes no yes limited yes limit

ed no

Blockage 
modeling yes no yes yes yes yes yes yes

Gaseous 
absorption yes no yes no yes yes yes yes
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delay spread, shadowing, and angular spread are used to characterize the radio 

propagation, which can be obtained through analysing the data collected by various 

channel measurement campaigns in different environments. Extensive channel 

measurement campaigns [63], [67], [213]–[215], [218], [221], [237], [269]–[272], [69], 

[273]–[282], [112], [283], [150], [153], [156], [157], [184], [206], covering potential 

mmWave mobile communication bands, like 10, 28, 38, 60, 73 and 82GHz, have already 

been performed. The researchers from NYU WIRELESS have performed many 

measurements at 28, 38, 60, 72 and 73GHz since the year 2011, and obtained abundant 

measurement results. Based on various measurement results (including those from NYU 

WIRELESS) and ray-tracing analysis, 3GPP [266], [284] also provides new modelling 

features like: 

 Dynamic LOS/ NLOS blockage, 2 spatial consistency and penetration modelling.

 Extension of power delay/angle profiles.

  The path losses model based on one-meter reference distance. 

The EU mmMAGIC project plans more than 60 single-frequency measurement 

campaigns, covering eight frequency bands from 6 to 100GHz, under typical 

environments and scenarios, including urban micro-cellular (UMi) (street canyon, open 

square), indoor (office, shopping mall, airport), outdoor-to-indoor (O2I) and two 

scenarios with very high user densities (stadium and metro station) [270].

2.7.1 Path losses and Shadowing

 Path losses and shadowing are the two most important large-scale characteristics of the 

radio channel, which have been reported for various environments both in LOS and 

NLOS cases. It is common to determine the path losses exponent that best fits the 

measurements to Friis transmission formula in (2.3), while the shadowing parameters are 

used to model the random deviations from this model. Table 2.5 summarizes the main 

mmWave measurement results for directional and omnidirectional path losses and 

shadowing.
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2.7.2 Power Delay Profile and Delay Spread

The shape of power delay profile (PDP) in measurements is a single or superposition of 

multiple exponentially decaying spectrums. The delay spread denotes an extent of the 

multipath power spread over the PDP, which is an important parameter that determines 

the inter-symbol interference in single-carrier transmission and the frequency-flatness of 

the subcarriers in multi-carrier transmission. Table 2.5, also summarize the delay spread 

of various measurement results.

Freq. 
(GHz)

Environme
nt

Scenari
o PL exp.

Delay 
Sprea
d (ns)

Shadow
ing (dB) Ref.

10 Indoor LOS/NL
OS 1.4/3.3 17.4/3

0.4 1.4/2.6 [285]

11 Outdoor LOS/NL
OS 2.2/3.4 2.5/6.7 [275], [286]

16 Indoor LOS/NL
OS 10.2 [286]

26 Indoor LOS 16.08 0.098 [69], [156], [287]

Indoor LOS/NL
OS 1.1/5.6 4.1/18

.7
1.19/11.

6
[152], [154], [155], 
[278], [279], [286]

28
Outdoor LOS/NL

OS
1.81/5.7

6 22.29 0.63/22.
09

[69], [72], [150], [153], 
[213], [215]

38 Outdoor LOS/NL
OS

2.01/4.1
7

4.8/17
.5

5.31/11.
63

[28], [63], [290], [291], 
[72], [153], [154], [233], 
[274], [286], [288], [289]

55 Outdoor LOS/NL
OS 3.6/10.4 [218]

Indoor LOS/NL
OS 1.34/6.4 3.3/10

.3
[68], [156], [206], [265], 

[271]
60

Outdoor LOS/NL
OS

2.02/3.0
6

3.8/6.
7

[28], [63], [288]–[291], 
[72], [153], [154], [206], 
[233], [260], [271], [274]

Indoor LOS/NL
OS 1.3/6.6 3.3/13

.3 1.9/15.8 [152], [278]

73
Outdoor LOS/NL

OS 2.0/4.72 1.7/10.8
1

[28], [63], [290]–[292], 
[72], [150], [153], [154], 
[233], [274], [288], [289] 

[155]

Table 2.5: Summary of mmWave Measurement Results on Pathlosses, Delay 
Spread and Shadowing.
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2.7.3 Penetration and Reflection losses Measurements

A number of penetration measurement campaigns have been performed at mmWave 

frequencies band, specifically between 57 GHz and 66 GHz for different materials  [64], 

[69], [297], [298], [110], [143], [147], [205], [293]–[296]. In general, it is seen that the 

losses at higher frequencies are larger than that at lower for each material. Table 2.6 

summarizes the penetration and reflection losses of different materials with specific 

thicknesses. 

2.8 Simulation-Based Channel Extraction

A huge amount of data from different sites for market-ready reliable mmWave channel 

model are experimentally gathered and analysed by researchers and industries through 

carried out various measurement campaigns. The dispute that, the empirical experiments 

are accurate methods to extract reliable channel characteristics, number of field samples 

is a major limitation [299]. In instance, ray-tracing simulation presents an alternate 

methodology for deriving the radio propagation characteristics [300]. In shadow zones, 

the equipment cannot sense the signal power when measuring propagation results due to 

hardware limitations, ray-tracing simulation is expected to perform even better than 

hardware trials [299]. Additionally, the accuracy of ray-tracing simulations is 

approximately the same as the field measurements for wireless communication channel 

properties, such as path losses and RMS delay spreads [28], [301]. In which, the received 

Table 2.6: Summary of mmWave Measurement Results on Penetration and 
Reflection losses for different materials.

Freq. (GHz) Path 
Length (m)

Penetration

losses (dB)

Reflection

losses (dB)
Ref.

9.6 42 - 260 -55 to < -95 -12 to 0 [143]

17 -09 to < -42 [296], [297]

28 47 - 260 -40.1 to > 112 -0.48 to -14 [69], [143]

40 -2.5 to > -178 [110]
57.6 42 - 260 -53 to > 94 -1 to -20 [143]

60 -2.5 to > -35.5 -2 to < -30 [64], [108], [147], [205], 
[293]–[295], [297], [298]
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power results from the ray-tracing simulations were found to be consonantal with 

measured values in [301]. Moreover, 3D ray launching is achieved a simple and accurate 

propagation prediction method with low computational complexity to simulate 

electromagnetic propagation using geodesic spheres and distributed wavefronts [28]. 2D 

and 3D ray-tracing simulations have been used conventionally as well to avoid field test 

expenses. Nevertheless, all the previous works are concentrated primarily on radio 

frequencies in sub mmWave (less than 6 GHz) frequency band [300]. Accordingly, 3D 

analogue beam patterns consider in [300], by combining separately obtained planar and 

perpendicular patterns. 

The ray-tracing simulations are used to derive a large-scale channel model through 

estimating LOS probability, Rician K factor, path losses equation and standard deviation 

of shadow fading based on the 3D distances, by modelling Downtown of Ottawa and New 

York University (NYU) campus in 3D topology [299]. In an outdoor environment, ray 

tracing is assumed to gain multiple clusters of Multi-Path Components (MPCs), to clarify 

the performance of joint spatial division and multiplexing schemes in [74]. Although 3D-

channel model is a perfect approach for elevation beamforming and full-dimensional 

MIMO, the ray-tracing approach becomes inflexible for large scale system-level 

simulations and dealing with a complex environment [302] [303]. Also, a combination of 

both ray tracing and statistical-based channel for geometry statistics model is proposed in 

[303]. In which the reflector geometric distribution in this model, is related to path cluster 

arrival and reflection losses statistics for channel modelling.

Using synthesized timing from 3D ray-tracing, 3GPP-like channel models for 28 GHz 

NLOS environments have been proposed in [235]. Whereas, the modelling is based on 

empirical distributions of time cluster and spatial channel. 
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2.8.1 Beyond Channel Extraction

The actual wireless channels and emphasized on a practical antenna training protocol for 

SDMA network have been explicit estimated and proposed Single Value Decomposition 

(SVD) based multi-stage iterative method for antenna training in [304], [305]. Whereas, 

two independent beamforming vectors enable transmit precoding and receive combing 

for SVD based systems [305]. In [304], Rayleigh fading channel is assumed for SDMA 

iterative antenna training protocols at 60 GHz. Recently, 7.5 Gbps data rate in stationary 

field trials has claimed by Samsung Electronics [306]. Also, it has demonstrated an 

uninterrupted 1.2 Gbps data rates in mobile drive tests. The tests in indoor and outdoor 

settings at 28 GHz were conducted using indigenous hybrid array technology [306]. More 

recently, the possibility of 32 small radiators at a smartphone to overcome space 

limitations in the handset, while providing 360◦ coverage is tested through Rappaport’s 

experiments [40]. Therefore, the stage for 5G rolls out before 2020 is gradually setting 

up by these field tests and trials [307], where the important features for design, testing 

and measurements of Physical Layer parameters are highlighted in Table 2.7 [307].

Design Parameter Key Points

Carrier Frequency  mmWave in 3-300 GHz
 Frequencies: {3.5, 26, 28, 38, 60, 73} GHz

Tx-Rx Distance  Small distances: {200, 250, 500, 2000} m

Tx-Rx Power
 The gain pattern of the transmitter antenna
 The gain pattern of receiver antenna
 Affects link quality

Environment
 Outdoor with common building materials {Concrete, 

Drywall, Clear glass, Tainted glass etc.}
 Indoor with office boards, human activity etc.
 Vehicular ad hoc networks

Transmitter Elevation  Transmitter position to the receiver

Beamforming
 Steerable at different angles
 Mechanically rotated antennas
 Beam alignment and antenna training

Multipath Component  Reflection from randomly placed scatters
 Standard deviation of scatterer location

Table 2.7: Major Parameters for Design and Testing of mmWave Communications. 
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2.9 Conclusion

In this chapter, we have reviewed and summarized available literature about mmWave 

communications, mainly including research the relevant mmWave propagation 

characteristics, including the free-space path loss, atmospheric attenuation, rain and 

foliage attenuation, material penetration and other propagation factors. Then the 

mmWave channel models and discussed the mmWave communication systems’ 

requirements, and challenges. Despite high potentials of providing multiple Gbps rates, 

many technical challenges have to be solved for mmWave communications to become a 

mainstream technology in mobile networks. In recent years, large efforts have made to 

tackle the various challenges and many excellent results have been reported. Although 

extensive research on mmWave communications has been carried out, there still exist 

several pressing problems to be solved in the future. Also, the recent technical progress 

in mmWave communications for mobile networks, including channel measure 

/modelling, MIMO design, multiple access, performance analysis, standardization, and 

deployment are summarized. Moreover, mmWave massive MIMO technology represents 

an attempt to attach the promising prospects realizable with the huge available bandwidth 

in the mmWave frequency band and the high-capacity gains of a massive antenna array 

system. Instead, the 2020+ experience is expected to represent a balanced ecosystem 

where technical abilities synchronize well with economic and environmental concerns. 

Increased efficiency, a higher level of safety, improved health, lower cost and limited 

energy are among principal drivers for the 5G and beyond-5G (B5G) era, alongside the 

much-anticipated boost in network capacity, user throughput, spectral and energy 

efficiencies.

With the advent of the B5G era, it seems that the mmWave communications will gain 

more and more attention. This chapter provides a useful guideline to have a quick and 

comprehensive understanding of mmWave systems and the basis for establishing the 

main requirements for scenarios and experiments in the coming chapters.
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Chapter 3 

Performance Study for Indoor/Outdoor MmWave Propagation 

Channel Systems

3.1 Introduction

The astonishing growth of wireless applications in our daily life urges the radio engineer 

designers to have optimum algorithms to have best radio wave coverage; those 

applications cover a variety of services including communication services, medical, 

industrial, and public transport usage [308]. The IEEE 802.11 WLAN became the 

disposition and flexible 

.63mobility [309]. The unlicensed available spectrum makes the use of WLAN attractive 

within indoor environments for different applications especially for mmWave band [294]. 

However, deploying WLAN routers requires knowledge of the propagation channel; 

therefore, having an accurate indoor channel modelling becomes critical [308]. Currently, 

massive research is being conducted to utilize mmWave frequencies in 5G systems [67], 

[310], this utilization includes 28 GHz [67], 60 GHz [310], and 73 GHz [67]. The wireless 

channel in indoor environments is more complicated compared to outdoor environments. 

Multipath fading affects wireless systems performance; as a result, the wireless device 

and the router have to match to suppress multipath manifestations which demand 

awareness of the detailed propagation channel [311]. 

Wireless channels are more susceptible than cabled channels to noise, interference and 

similar hindrances [312]. Therefore, they try to establish values of the received signal 

strength at any location. When a signal arrives at a receiver, the signal strength level 

follows three scales of variations: the largest scale is range dependent, the signal strength 

level decaying exponentially; at the second scale the signal strength varies around its 

mean according to a log-normal distribution. These two scales of variations are found 

over ranges of the order of 10 to 30 wavelengths. The smallest scale follows a Rayleigh 

or Rician distribution, where variations are of the order of 0.5λ [313]. Current market 
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demands require the mobile user to have adequate service coverage anywhere and at any 

time. Since most people spend most of their time within buildings, having good indoor 

coverage becomes indispensable. In addition to communication services, wireless 

infrastructure can be utilized to provide localization. The wireless channel is, in general, 

varying with time, frequency, space, antenna polarization and environment. Although 

waves behave similarly in indoor and outdoor environments, the indoor environment has 

distinctive characteristics [33].

With the vast expansion of mobile technologies, many indoor applications have become 

supported by 4G services [314]–[319] and 5G services [320]. In 5G systems, indoor cells 

are linked to outdoor base stations through indoor base stations working at mmWave [34]. 

The usage of high data rate Multiple Input Multiple Output (MIMO) systems makes the 

prediction and planning for indoor systems extremely difficult [311].

In the case of small bandwidths, multipath components fall within the bins on the delay 

axis which follow either Rayleigh or Rician distributions [321]. However, when using 

Ultra Wide-Band (UWB) systems the number of components falling within the delay bins 

is less; therefore, the Central Limit Theorem is no longer valid. In such a case, the 

802.15.3a standard model is adopted to consider these effects [321]. Indoor systems can 

be considered as pico-cell arrangements, a single picocell arrangement together with a 

general MIMO scheme is proposed in [322]. The MIMO system shows the potential to 

improve system performance. Using higher frequencies entails smaller size of radio 

frequency RF components which saves more space, and hence allows using antenna 

arrays, which are essential for beamforming (BF) techniques, which in return achieves 

higher density cells, with higher throughput [17], [323]. No interference concern Unlike 

WLAN systems, interference is not a concern. However, the fabrication process is more 

complicated [324]. This chapter provides a brief description of the different parts of the 

aspects and topics stated in the previous chapters.  

3.2 Indoor and Outdoor Propagation Comparison

In outdoor environments, built-up areas, as well as traffic and people movements, may 

cause non-negligible variations of the propagation channel in both point-to-point and 

multicast wireless services. Similar to the outdoor environment, the indoor environment 
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is also dynamic [325]: diffraction becomes an important phenomenon especially in the 

absence of Line of Sight (LOS) paths, and scattering from objects of a size comparable 

to the wavelength also has major effects on signal level [311]. In indoor environments 

movements of people cause the indoor channel to be time-variant even if both transmitter 

and receiver are stationary. Note however that Doppler effects are neglected since the 

velocity within buildings is limited [311]. In the indoor case, a simple n-th power law is 

less likely to be applied for path losses prediction due to its complexity [326]. The indoor 

coverage is further constrained by high wall/floor attenuation and low transmitted power, 

which result in lower delay spread, typical delay spreads indoors are in the range of tens 

of nanoseconds while being in the range of tens of microseconds for outdoor 

environments [311]. This gives the indoor environment the advantage of having higher 

data rates for communications [312].

Indoor propagation analysis depends on a building’s geometry where frequency reuse in 

the building is widely used; however, the interference between the floors makes the 

propagation analysis more challenging. Ray-tracing techniques are widely used to model 

the channel in indoor and outdoor environments; however, once the size of any obstacle 

is comparable to the wavelength, ray tracing becomes invalid: this is the case in many 

indoor scenarios and as a result, this will place restrictions on frequency bands predicted 

via ray tracing for indoor environments [327]. Path losses attenuation at the specific 

frequency allocated for a service can be different in indoor and outdoor environments: for 

example, frequency-dependent attenuation due to oxygen and water vapour particles will 

restrict the use of 60 GHz in outdoor environments [328] while it is favourable within 

indoor environments [329]. Indoor propagation is not affected by winds, storms and 

rainfall which can affect outdoor received signal strength [330], also path losses 

dependency on operating frequency tends to be larger in the case of the indoor 

environment [331]. Propagation power consumption is an unavoidable issue, however in 

both outdoor and indoor scenarios uplink power should be optimized to maximize battery 

life, while for the downlink path, in the outdoor case the source power is chosen to give 

high SNR and low interference with other base stations; however, in the indoor case, 

WLAN routers are often mounted close to people and therefore the radiated power should 

be set to minimum to reduce interference and putative health risks [327], [328], [330]–

[332]. Note that indoor channels are very sensitive to the location of the antenna: in a 

dense environment the wireless propagation channel observed from an antenna mounted 
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at ceiling level may be different from that observed when the antenna is mounted on a 

desk [141].

Within indoor environments, received signal strength becomes weakened due to wall 

penetration losses, therefore indoor small cells (femtocells) are created to provide 

coverage without the need to incur additional deployment cost; therefore, Long Term 

Evolution LTE has used 2500 MHz-2690 MHz spectrum to provide coverage in indoor 

cells [333]. LTE-A and 5G indoor-outdoor environments are using 3.5 GHz band [334]. 

Other frequency ranges include Bluetooth at 2450 MHz, IEEE 802.11 [a, b, n, g, ac, ad] 

in the frequency range 2450 MHz, 5200–5800 MHz bands and free licenses 433.05–

434.79 MHz, 900–928 MHz, 2400–2483 MHz, 5700–5900 MHz [335], 60 GHz [336]. 

The availability for bandwidth is limited as many applications utilize these bands (e.g. at 

2.4–2.5 GHz wireless devices are affected by the radiation from microwave oven 

emissions), hence proper coverage and interference reduction are major considerations 

[337]. Higher data rates can be achieved by using the bands 17-18 GHz [338], 6.8–8.5 

GHz, 24 GHz [32], 28 GHz [33] and mmWave bands in the 38 GHz [339], 32.5 GHz, 42 

GHz and 58-65 GHz [338], and 73 GHz band [340], [341]. In multi-floors environments, 

channels can be reused on different floors, where non-overlapping channels can be co-

located [342].

 

3.3 Indoor Channels Modelling and Methodology

Generally, there are two main approaches to indoor channel propagation modelling: 

stochastic and deterministic [343] although other references also consider semi-stochastic 

and semi deterministic models [344]. In stochastic modelling data are collected from 

measurements, then by using statistical analysis, channel coefficients are characterized to 

convert the data into parametric equations [344]. The signal level, phases, time of arrival, 

angle of arrival (AoA) and many signal parameters are characterized by probability 

distributions to describe their behaviour. Deterministic modelling depends on laws of 

physics whereby the electromagnetic wave distributions are solved to estimate the 

channel parameters at any location in the environment [344]. Environmental details like 

floor height, doors and windows and their material types and furniture in the environment 

are carefully considered to predict signal parameters like the signal strength, angle of 
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arrival and time of arrival [33]. The accuracy of the models depends strongly on the detail 

in which the environmental features are considered [343]. It can be summarized that the 

stochastic method gives the probability behaviour for an environment parameter at the 

desired location while the deterministic model potentially gives the exact value. 

Stochastic models are applied to environments that have similar characteristics to the 

environment used to construct the model, while deterministic models are created for a 

specific environment [343]. The work in this section has been done by a group.

3.3.1 Stochastic Models 

The main target of this section is to understand, the performance of some popular indoor 

path Losses models at mmWave frequencies. Many indoor path losses models have been 

studied in the literature, some models consider free-space losses along with losses due to 

walls and floors like Motley Keenan Model (MKM) [345], averaged wall losses model 

(AWM) [346], ITU-R P.1238 model [347], COST231 indoor model [348], and enhanced 

COST231 [349]. Another set of models use free space propagation model with different 

values for the path losses exponents (PLE) [350] like single slope model (SSM) [351], 

Dual slope model (DSM) [352], and partitioned model (PM) [353]. Some models consider 

the effect of free space propagation in addition to attenuation factors which depend on the 

nature of the tested environment and the operating frequency like linear attenuation model 

(LM) [354]. Since simulations are conducted for a single floor, propagation through floors 

will not be investigated since COST231 model will turn into Motley-Keenan model. 

Similarly, the ITU-R P.1238 model will be reduced to a single slope model. The examined 

models include Motley-Keenan model, single slope model, dual-slope model, linear 

attenuation model, averaged wall losses model and partitioned model. 

Some offices have hard partitions which are constructed with the building itself, others 

have soft partitions made from plaster or wood which are not extended to the ceiling and 

may be movable. These generalizations may lead to contradictions with observations in 

the literature unless the material and details of the environment are specified in detail 

[355]–[357].
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3.3.1.1 Path Losses Models

In this section different path losses models are presented: these include the effects of 

walls, floors and other complexities of the environment. The mean local path Losses at 

distance d is estimated using the complex frequency response H [358]:

𝑃𝐿(𝑑) =
1

𝑀𝑁

𝑁

∑
𝑖 = 1

𝑀

∑
𝑗 = 1

|𝐻(𝑓𝑖,𝑡𝑗,𝑑)|2 (3.1)

where M and N are the numbers of frequency-response snapshots overtime at distance d 

and the number of observed frequencies.

3.3.1.1.1 Local Mean Estimation

When performing averaging three parameters are considered the window size (2L); the 

number of samples (N) and the distance between the samples (d). Estimating local mean 

signal is very important to reduce the effect of fast fading. In [359], two procedures were 

investigated: in the first approach, 120 sample measurements were recorded on circular 

paths with 0.3 m radius, then averaging was performed; the distance between circles was 

0.6 m. In the second approach, averaging was performed on measurements collected from 

samples distributed on a 10λ linear path with λ/4 spacing between samples. In [360] local 

means were estimated over regions of dimensions (2λ)2 dimensions. While in [361] region 

dimensions was (3λ)2, and in [362] and [363] regions were of (3λ)3 size.

3.3.1.1.2 Single Slope Model (SSM)

This is a fast and simple model, also termed as the simplified path losses model. In this 

model the received power at any distance is given by [351], [364]:

𝑃𝑟 = 𝑃0 ― 10𝑛𝑙𝑜𝑔10(𝑑) (3.2)

where P0 is the received power measured at one metre from the transmitter which can be 

estimated using a free space formula or experimentally [312], n is the path losses 
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exponent which is calculated using interpolation [365] and d is the distance between 

transmitter and receiver.

In [366] it was found that PLE for UWB systems tends to have LOS results to narrowband 

systems in LOS scenarios, while for NLOS they tend to be smaller. Authors in [355] 

formulated the path losses exponent in mathematical equations as a function of the 

corresponding excess delay τex and whether the propagation is LOS or NLOS:

𝑛𝐿𝑂𝑆 = { 2.5 +
𝑟𝑒𝑠

39                           𝑟𝑒𝑠 < 15𝑛𝑠     

3 +
𝑟𝑒𝑠 ― 15.6

380                            15𝑛𝑠 < 𝑟𝑒𝑠 < 250𝑛𝑠 

𝑛𝑁𝐿𝑂𝑆 = { 3.65 +
𝑟𝑒𝑠

536                           𝑟𝑒𝑠 < 310𝑛𝑠  
4.2                                       310𝑛𝑠 < 𝑟𝑒𝑠 < 500𝑛𝑠

(3.3)

3.3.1.1.3 Dual Slope Model (DSM)

Other models include the effect of diffraction as a potential phenomenon [367]. For this, 

propagation within an indoor environment was categorized depending on the first Fresnel 

zone clearance: the near transmitter propagation, where there is no obstruction in the first 

Fresnel zone and the path losses exponent is less than 2 due to waveguiding, and secondly 

breakpoint propagation when furniture falls in the first Fresnel zone and path Losses 

exponent becomes larger than free-space path Losses [352].

𝑃𝑟 = 𝑃𝑜 ― 10{ 𝑛1log10 (𝑑)                           𝑑 < 𝑑𝑏𝑝     

𝑛1log10 𝑑𝑏𝑝 +    𝑛2log10 ( 𝑑
𝑑𝑏𝑝)                       𝑑 > 𝑑𝑏𝑝  (3.4)

where n1, n2 are the path losses exponents and dbp is the breakpoint distance. Calculation 

of the breakpoint distance is done either theoretically as in [352] or experimentally as in 

[368]. The authors in [367] claimed better performance for the dual-slope model 

compared to the simplified path losses model since the former has an overall standard 

deviation of 4.9 dB while the latter has 17.2 dB. In indoor environments the direct path 

may not be the dominant path as other rays which are not direct may have a stronger 
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signal, in [369] the single slope model and dual slope models were enhanced by infusing 

the concept of the dominant direct path in the model instead of using the direct path, 

authors claimed better performance compared to the original models.

3.3.1.1.4 Partitioned Model (PM)

In this model, path losses are estimated based on predetermined values of n and distance 

(in metres) between transmitter and receiver [370]

𝑃𝑟 = 𝑃𝑜 ― {
2.5log10 (𝑑)                           1 < 𝑑 ≤ 10    

20 + 2.5log10 ( 𝑑
10)                   10 < 𝑑 ≤ 20 

29 + 60log10 ( 𝑑
20)                   20 < 𝑑 ≤ 40 

47 + 2.5log10 ( 𝑑
40)                   𝑑 > 40 

(3.5)

Measurements show that one-slope and dual-slope models outperform the partitioned 

model performance [352], Ericsson Radio Systems have taken a similar approach while 

the path Losses has upper and lower limits depending on the fading severity: the path 

Losses exponent was found to be in the range from 2 to 12 as distance increased [326].

3.3.1.1.5 ITU-R P.1238 Indoor Model

This is a stochastic model that accounts for the losses due to penetration through floors 

within the same building [347]:

𝐿(𝑑𝐵) = 20𝑛𝑙𝑜𝑔10(𝑓𝑀𝐻𝑧) + 10𝑛𝑙𝑜𝑔10( 𝑑
𝑑𝑜) + 𝐿𝑓(𝑚) ― 28 (3.6)

where Lf (m) is the floor penetration losses factor which varies with frequency, type of 

floor and number of floors (m). 
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3.3.1.1.6 Motley and Keenan Model (MKM)

The wide range of values of n makes the use of the simplified path losses model (one 

slope model) inadequate and hence these authors proposed other models to be considered 

for the effect of walls and floors, including consideration of their types and number. The 

losses in dB is given by [345], [371]:

𝐿(𝑑𝐵) = 𝐿𝐹𝑆 + 𝐿𝐶 +
𝐼

∑
𝑖 = 1

𝑁𝑤𝑖𝐿𝑤𝑖 +
𝐽

∑
𝑗 = 1

𝑁𝑓𝑗𝑖𝐿𝑓𝑗 (3.7)

where (LFS , LC , Nw, Nf , Lw, Lf , i, j) is the free space losses, constant term (losses at do 

= 1m), number of walls, number of floors, wall losses factor, floor losses factor, type of 

wall and type of floor respectively. It is noteworthy that Lw and Lf were found to be lower 

as the number of interleaving walls or floors increased [372], [373]. Wall and floor losses 

tend to depend on thickness, types of materials, angle of incidence and frequency [374]; 

floor Losses factor was observed to increase as the frequency increases [375] and losses 

at oblique incidence tend to be larger compared to normal incidence [348].

3.3.1.1.7 Average Wall Model (AWM)

AWM was proposed by [346] as a fast design model for indoor radio coverage where few 

measurements are required as they are collected one metre away from the transmitter and 

each wall in the facility. This model is similar to the Motley–Keenan model although the 

way losses are calculated is different, where losses from the same type of walls are 

averaged.

The total losses after each wall is the result of multiplication of the average losses by the 

total number of encountered walls. The first wall losses is estimated at 1 m away from 

the wall by finding the difference between the path losses estimated from measurements 

and the losses due to free space propagation, as shown in Eq. (3.8) [346]:

𝑊1 = 𝑃𝑟1 ―  𝑃0 +  20𝑛𝑙𝑜𝑔10(𝑑1) (3.8)

where Pr1 is the received signal strength after one metre from the first wall, and d1 is the 

distance between the point where the Pr1 measurement was taken and the transmitter. The 
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same procedure is followed for the second wall provided that the losses due to the first 

wall is excluded:

𝑊2 = 𝑃𝑟2 ―  𝑃0 +  20𝑛𝑙𝑜𝑔10(𝑑2) ―  𝑊1 (3.9)

where Pr2 is defined similarly to Pr1. In general, the nth wall losses is estimated as shown 

in the equation below:

𝑊𝑛 = 𝑃𝑟𝑛 ―  𝑃0 +  20𝑛𝑙𝑜𝑔10(𝑑𝑛) ―  
𝑛 ― 1

∑
𝑖 = 1

𝑊𝑖 (3.10)

where Prn is defined similarly to Pr1 and Pr2. To exclude multipath effects, the mean value 

for all wall losses of the same type is taken as: ( ). where L is the 𝑊𝑎𝑣𝑔 =  (∑𝐿
𝑖 = 1𝑊𝑖)/𝐿

number of walls of the same type. If a receiver is at distance d from the transmitter, the 

received signal strength is [346]:

𝑃𝑟 = 𝑃0 ―  20𝑛𝑙𝑜𝑔10(𝑑) ―  
𝑉

∑
𝑖 = 1

𝑊𝑖 (3.11)

where V is the number of encountered walls between the transmitter and the receiver.

Upon applying the above equations, there is a set of unknown parameters to be estimated, 

these parameters include PLE for SSM (i.e., n), PLE for DSM (i.e., n1, n2), attenuation 

factor (AF) for LM (i.e., a), wall losses for MKM (Lwi), and averaged wall losses for 

AWM (WAWM) [376]. In [377] a comparison study between MKM, OSM, LAM, PM, 

DSM and AWM over a wide range of frequencies and different antenna polarizations was 

conducted. The experiments were done using ray-tracing software and were verified by 

measurements. It was observed that both linear attenuation factor and path Losses 

exponent increased as frequency increased and as polarization was changed from circular 

to linear. In the case where the tested environment is a hall or corridor, the study suggests 

using non-wall dependent models (e.g. DSM, OSM and LAM) to predict the signal 

strength.
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3.3.1.1.8 Linear Attenuation Model (LAM)

Instead of using the path losses exponent, a losses factor a in the range of (α = 0.3−0.6 

dB/m), depending on frequency and building, was proposed to be added to the free space 

losses [26],

𝑃𝑟 = 𝑃0 ― 10𝑛𝑙𝑜𝑔10(𝑑) ― 𝑎.𝑑 (3.12)

where d represents the distance in the metre. (3.12) can be modified by adding wall losses 

to overall losses [378].

3.3.1.2 Shadowing and Multipath

Hashemi [311] proposed a model for multipath channels. He suggested that the impulse 

response of the channel is represented by main waves including the LOS which may be 

attenuated. Those waves arrive at the receiver from different scatters. Each main wave 

arrives from a different path and encounters different obstacles; the scattered waves arrive 

with similar delays and attenuations. At the receiver, the resultant wave is the sum of 

incoming waves and this may have faded due to destructive addition of waves.

Similarly, to outdoor propagation, indoor fading occurred on a large scale (path 

attenuation and shadowing) and the small scale (multipath and Doppler spread): the 

channel could also be narrowband or wideband. Probability distributions are used to 

describe the probability of the signal parameters in the stochastic models [33].

3.3.1.2.1 Shadowing and Signal Strength Level

Fading due to shadowing in an indoor environment tends to follow a Log-Normal 

distribution. Signal strength levels can be described by many distributions, depending on 

the circumstances of the experiments. In the case where NLOS is dominant, it was found 

that signal level follows a Rayleigh distribution [155], [379] but in the presence of the 

LOS component, the signal envelope follows a Rician distribution [380].

Experiments in other circumstances show a Log-Normal distribution [353], [381], Suzuki 

distribution [382], Nakagami distribution [383], [384], exponential distribution [385] and 
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Weibull distribution [384], [386]. The Suzuki distribution [387] applies in many locations 

as it combines the Log-Normal with Rayleigh distributions, so it gives the signal fading 

due to shadowing, superimposed with the Rayleigh fading due to multipath propagation 

[382].

The indoor environment is very complicated, therefore signal parameters will not follow 

the same behaviour in all environments. Since it has three parameters, the Weibull 

distribution offers flexibility so that even if the environment changes Weibull still 

represents the signal level fading [386]:

𝑝(𝑥,𝑚,𝜖,𝜌) =
𝑚
𝜖 (𝑥 ― 𝜌

𝜖 )𝑚 ― 1

𝑒
― (𝑥 ― 𝜌

𝜖 )𝑚
(3.13)

where (m, ϵ, ρ) are the shape parameter, scale parameter and location parameter 

respectively. The Weibull distribution becomes a Rayleigh distribution when m = 2 and 

an exponential distribution when m = 1 [388].

3.3.1.2.2 Power Delay Profile (PDP)

The Saleh-Valenzuela (S-V) model (along with modifications) is popular and widely used 

for describing arrival time sequence and amplitude in the case of resolvable multipaths 

and it was also adopted in the IEEE 802.15.3a and IEEE 802.15.4a models [389].

The model in [33] describes the behaviour of multipath in indoor environments, 

suggesting that rays come in clusters as shown in Figure 3.1. The number of clusters tends 

to decrease with increasing frequency [390] and as the separation between transmitter and 

receiver is increased [391]. It also tends to follow a modified Poisson distribution [392]; 

however, in [393]  it was stated that it does not follow a specific distribution. Considering 

the first ray of each cluster and aggregating them together, it was found that the best fit 

for the amplitude of these rays follows a negative exponential distribution while their 

inter-arrival times follow a modified Poisson distribution [155]. The amplitude of each 

ray follows a Rayleigh distribution or Normal distribution in the UWB propagation case, 

while its phase follows a normal distribution [26]. The number of clusters tends to follow 

a Poisson distribution [392].
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The indoor channel based on the SV model is described by:

ℎ(𝑡) =
∞

∑
𝑙 = 1

∞

∑
𝑘 = 0

𝛽𝑘𝑙𝑒𝑗𝜑𝑘𝑙𝛿(𝑡 ― 𝑇𝑙 ― 𝜏𝑘𝑙) (3.14)

where βkl is the multipath gain, φ is the phase associated with the lth cluster and k-th ray, 

l is the number of clusters, k the number of arrival rays within the l-th cluster, Tl is the 

arrival time of the l-th cluster and τkl is the arrival time of k-th ray within the lth cluster. 

Note that the SV model was developed for wideband systems, but it also found to be valid 

for UWB systems [389]. 

The work done in [245] was updated by [155] to include the behaviour of the angle of 

arrival in the indoor environment: they found that the arrival waves tend to be angle as 

shown in the equation below [245]. For all rays within a cluster, the mean of their angles 

of arrival is known as the cluster arrival angle (Θi).

ℎ(𝑡,𝜃) =
∞

∑
𝑙 = 1

∞

∑
𝑘 = 0

𝛽𝑘𝑙𝑒𝑗𝜑𝑘𝑙𝛿(𝑡 ― 𝑇𝑙 ― 𝜏𝑘𝑙)𝛿(𝜃 ― Θ𝑙 ― 𝜔𝑘𝑙) (3.15)

Figure 3.1: Saleh Valenzuela model [33].
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where ωkl is the arrival angle of the kth ray of the l-th cluster. The conditional distribution 

for Θi given that Θ0 is uniform, where Θ0 is the first cluster arrival angle, while the k-th 

ray’s arrival angle ωkl follows a Laplacian distribution [245].

𝑝(𝜔𝑘𝑙) =
1
2𝜎

𝑒
― | 2𝜔𝑘𝑙

𝜎 | (3.16)

where σ is the standard deviation. Figure 3.2 shows a histogram of relative ray arrival 

angles: as seen in the figure the best fit is a Laplacian distribution [245]; however, in 

[394] a set of measurements conducted at 60 GHz found that the best distribution fit was 

Gaussian while cluster arrival angles tended to follow a Uniform distribution. An 

extension to current models includes the existence of the LOS path [393] and angle of 

aperture [212].

In [335] statistics of delay spread, σrms were measured by their mean, median and standard 

deviation. It was found that LOS propagation has lower metrics compared to NLOS 

propagation: similar observations obtained by [395] were that σrms tends to be larger for 

NLOS cases compared to LOS cases. σrms was found to be larger as the transmitter-

receiver separation increased [358], [396] and as the area of the floor became larger [33], 

Figure 3.2: Histogram of relative ray arrivals with respect to the cluster mean 
[245].
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however, some studies found that delay spread dependence on the transmitter and receiver 

separation is insignificant [397]. 

Paths with longer distances tend to have larger delay spread in propagation between floors 

[358]. Also, due to more reflection, diffraction and transmission occurring, σrms tends to 

be larger, but on the other hand, signal power will decay and may be undetected by the 

receiver as it may fall below the receiver sensitivity [181]. It was found that increasing 

the operating frequency caused the mean of σrms to fall [390], while other observations 

found no relationship between σrms and the centre frequency [398]. However, in NLOS 

scenarios σrms was found to be larger as frequency increases [399]. Channel delay spread 

and path Losses exponent are strongly correlated in cases where both transmitter and 

receiver are directional, with either vertical or horizontal polarization: this can be 

observed by rotating the receiver as this causes the log of delay spread to vary linearly 

with its path Losses exponent. In cases where an omnidirectional antenna was used, such 

a correlation does not exist [396], [400], [401].

The number of detected paths depends on receiver sensitivity and transmitter-receiver 

separation [33]. Higher sensitivity means that more paths are expected to be detected, 

however, if the separation is increased the Losses of detectable rays will increase. Thus, 

fewer rays are expected to be received as distance increases [355], This probability is 

further reduced in open spaces, compared to a densely built environment, since more 

reflection and scattering are likely to occur in dense environments: measurements show 

that the number of detected paths follows a modified Beta distribution [402], [403], a 

Gaussian distribution [381], or a Poisson distribution and, in cases where the threshold is 

lower, the distribution tends to be Normal [404]. 

3.3.1.2.3 Cross Polarization Discrimination (XPD)

Signals are transmitted with different polarizations for certain purposes, however, if the 

signal transmitted passes through an anisotropic medium. Then, signal polarization will 

be affected, causing cross-polar interference and reduction in signal power [405]. For 

example, if the signal transmitted is vertically polarized, due to reflection and diffraction 

there will be a small portion which becomes horizontal: the ratio of the horizontal part to 

the vertical part is known as cross-polarization discrimination XPD [33]:
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𝑋𝑃𝐷(𝑑𝐵) = 20𝑛𝑙𝑜𝑔10
𝐸𝑐𝑜

𝐸𝑐𝑟𝑜𝑠𝑠
(3.17)

where Eco, Ecross are the co-polarized and cross-polarized signal strength respectively.

Cross-polarized systems are used to reduce antenna size as the mutual coupling between 

elements is reduced [406], it is also used for frequency reuse through polarization 

diversity [138]. From (3.17) it can be observed that a large value for XPD is related to 

LOS dominant propagation as the signal is not depolarized [407]. In [408] it was also 

observed that there is no strong relationship between path Losses exponent and 

polarization when both transmitter and receiver are co-polarized. XPD may lead to 

spectrum wasting but, conversely, in MIMO systems polarization diversity is deployed 

to reduce this effect and to maximize signal power [409], [410]. Measurements show an 

independent relationship between XPD and both azimuth spread and delay spread [406]. 

As the level of obstruction increases, the cross-polar component will have a similar level 

to the co-polar component or even higher, due to the effect of wave depolarizing which 

tends to increase as the level of obstruction increases [410].

σrms was found to be lower when using a directional antenna compared to an 

omnidirectional antenna, it was also observed that circularly polarized (CP) waves have 

a lower σrms compared to linearly polarized (LP) waves [407]. This is because for a singly 

reflected CP signal where the angle of incidence is greater than the Brewster angle it will 

be orthogonal to the LOS component, leading to a reduction in multipath interference, 

this reduction will depress σrms as the number of rays is reduced [347]. Comparing with 

the LP case, CP shows a reduction in σrms by at least 20% in Obstructed LOS scenarios 

[408], To clarify the source of a reduction in σrms, the authors in [408] measured the σrms 

for omnidirectional LP, directional LP and directional CP antennas. In their results, it was 

concluded that differences in propagation estimated parameters are due to polarization 

rather than antenna radiation. Similar observations were recorded in [411]: a partition 

Losses model was proposed and it was observed that wall losses tend to be smaller in the 

case of cross-polarization, while the path Losses exponents tend to be larger for co-

polarized propagation [409], it was also observed that XPD reduced by half when 

propagation was changed from LOS to NLOS. Time delay spread tends to be less for co-

polarized propagation over shorter distances, while it becomes similar for larger 
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distances. In terms of capacity, with LOS co-polarized offers larger capacity, while for 

NLOS cross-polarization has a larger capacity and when the spacing between antennas 

decreases the performance differences between co-polarized and cross-polarized 

propagations increase: this is also confirmed by [412]. 

3.3.2 Deterministic models

In a deterministic model, the channel and signal parameters are determined for every 

location in the environment. The most accurate results would be obtained by solving 

Maxwell’s equations; however, such a task is effectively impossible even with high-speed 

computers due to the complexity of specifying boundary conditions [413]. Deterministic 

techniques for indoor propagation include the Ray tracing [413]., the FDTD [363], the 

Dominant Path Model (DPM) [414] and the Finite Integration Technique [415].

3.3.2.1 Ray Tracing (RT)

Most deterministic models nowadays adopt the ray-tracing technique for indoor 

propagation prediction since it requires less computational time compared to FDTD 

[416]. As long as the wavelength is smaller than the sizes of the obstacles the waves can 

be considered as rays and ray theory can be applied [417]. Both transmitter and receiver 

are considered as source points where wave propagation between them is described as 

rays. Early ray tracing models adopted geometric optics and considered only reflection 

and refraction [418], but later the effect of diffraction was included enhancing 

propagation parameter prediction [419].

Rays can be generated by two methods; the first method is performed by launching many 

rays through many angles where only those which have power above a certain threshold 

are considered: this method is known as Ray Launching. The second method considers 

only the paths between the transmitter and the receiver, where the ray paths are 

established by considering multiple images of the transmitter which occur as a result of 

reflection off walls [33]. The combination of the uniform theory of diffraction (UTD) and 

Shooting and Bouncing Rays (SBR) provides an accurate 3D analysis of indoor 

propagation [420]. The advantages of fast computation speed possible with SBR and the 
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ray accuracy detection from the multiple-image method can be combined to produce a 

hybrid which enhances signal predictions. The method starts with the SBR to determine 

the ray paths and multiple images are then applied to adjust the ray trajectory [421].

Ray-tracing techniques can also be accelerated by using space divisions and 

simplifications into 2D and 3D map techniques [421]. Several commercial software tools 

are available to simulate the environment in a 3D structure and to emulate the wave 

propagation to predict channel parameters. The accuracy of these predictions depends on 

how accurately the environment model is constructed. Popular software packages include 

Wireless InSite, Altair Feko, EDX SignalPro  and iBWAVE WiFi [33].

3.3.2.2 Finite Difference Time Domain (FDTD)

Maxwell’s equations provide the solution to estimate the signal parameters everywhere, 

however finding analytical solutions is not always possible and hence approximations and 

assumptions have long been adopted as an alternative way to solve Maxwell’s equations. 

One of the well-known methods is by using the FDTD method to build a deterministic 

model for the indoor environment [163], [363]: The FDTD is a time-domain solution that 

can cover a wide range of frequencies [422]. The main idea is to replace the Maxwellian 

derivatives with finite difference approximations which can be evaluated at each point in 

space and time [423], [424]. The grid size should capture the changes in the 

electromagnetic field, therefore incremental size in all dimensions (∆x, ∆y and ∆z) should 

be much less than one wavelength (≈λ/10 to λ/20). The differential increment of time ∆t 

plays a major role in determining the computational time required.

Although it requires very large computation time and memory, FDTD is a more powerful 

tool compared to other numerical methods such as Finite Element Method FEM [425]. 

The FDTD method can predict the best deployment of receiver antenna, access points and 

repeaters within the facility [426]. The results in [427] showed a standard deviation of 

about 15.5 dB but it was observed that the resource requirements tend to increase 

exponentially with frequency as the dimension of the simulated environment increases.

Another technique that has been applied is the Multi-Resolution Frequency Domain Par 

Flow (MR FDPF) approach. This follows a similar approach to the FDTD method, but it 

is conducted in the frequency domain [428]. It consists of two stages: the pre-processing 
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stage which is done once as it depends on the scenario only and the propagation stage 

which deals with the boundary conditions. Compared to FDTD, it has lower complexity 

as it solves the Maxwell Equations in the frequency domain and the pre-processing also 

reduces the computational task size [428].

The FDTD is a time-domain technique which has the advantage of programme simplicity; 

however, it suffers from a very large computation time requirement [422]. Ray tracing 

and launching are frequency-domain techniques and hence narrowband, although they 

have smaller computation times compared with FDTD [422]; however, the programming 

is more complicated and also in complex geometries many rays cannot be traced. For 2D 

FDTD simulation, the total number of numerical operations is [429]:

𝐹𝐹𝐷𝑇𝐷 = 𝜖𝑟𝑁𝐹𝐷𝑇𝐷.(𝑁𝐹𝐷𝑇𝐷 + 𝑁𝑃𝑀𝐿)2 (3.18)

where NFDTD is the number of FDTD grids and NPML is the thickness in grid elements of 

the absorbing boundary of the perfectly matched layer (PML). The total number of 

numerical operations for the Ray Launching technique is [429]:

𝐹𝑅𝐿 = 𝑁2
𝑅𝐿.𝑖(𝑖 + 1) (3.19)

where NRL is the number of discretization steps, and i is the number of iterations. As seen, 

the complexity orders for the 2D FDTD and Ray launching methods are around ∼ N3
FDTD 

and ∼ N2
RL respectively [422].

A hybrid technique combining FDTD and ray launching has been proposed to reduce the 

computational time and to increase prediction accuracy [430]. The environment is divided 

into two main categories: the places which have irregularity are studied by the FDTD 

method, which has better performance in these kinds of regions. Other regions will be 

studied by ray launching which has the same performance compared to FDTD but with 

less computational time. The total number of numerical operations for the proposed 

hybrid technique T is [430]:

𝑇 = 𝑘𝑅𝐿(𝑁2
𝐹𝐷𝑇𝐷 ― 𝑁2

𝑅𝐿) + 𝑘𝐹𝐷𝑇𝐷𝑁2
𝐹𝐷𝑇𝐷 (3.20)



91

where kRL and kFDTD are the complexity factors for ray launching and FDTD respectively. 

The hybrid technique has been claimed to be useful especially for inhomogeneous walls 

[431].

3.3.2.3 Dominant Path Model (DPM)

Ray propagation inside buildings has been studied using stochastic and deterministic 

formulae. Popular empirical methods assume that the direct ray between the transmitter 

and the receiver is the dominant path [432], which is not the case in most scenarios and 

such cases, it will contribute less to the total received power [414].

Ray tracing (deterministic model) on the other hand considers many hundreds of rays 

travelling between the transmitter and receiver, while only a few rays contribute 95% of 

the total received power. Considering all of the rays will take a long computational time 

[433]; even using pre-processing the computation time is relatively high [434], [435]. 

Another limitation in using this approach is the demand for having fine details of the 

building. Inaccurate modelling of the building will cause the rays to be nonrepresentative 

of the environment. Ray tracing also suffers from time-variant effects, opening doors and 

windows, moving furniture and people affect the wave propagation: these time-variant 

effects cannot be considered in the ray tracing models.

The Dominant path model approach (DPM) is similar to the Motley and Keenan method, 

however instead of considering the direct ray, the dominant rays are considered instead 

[436]. It considers the main rays which contribute most of the energy, hence using this 

model will reduce the requirement of having a fine detailed simulated environment; it 

also reduces the computational time as it considers fewer rays. As this model considers 

specific information about the environment it shows a time-invariant behaviour which 

makes it attractive [436]. In DPM two main procedures are applied, determination of 

dominant paths and prediction of signal strength [436]. In the first procedure, the 

environment is divided into grids, then the first stage considers the transmitter and 

surrounding grids: transmission losses are computed and those grids are called pixels. 

The next step is to consider the neighbouring points for each pixel, and the same 

procedure is applied, then by linking the pixels with least transmission losses the 

incoming vectors are identified [437]. Finally, the dominant paths are chosen; depending 
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on how many paths are required the computation time will vary [414]. As mentioned 

above, the number of dominant paths controls the computation time. If the rays pass 

through the same rooms and walls, they can be represented by a single DPM (each 

dominant path represents different rays); however, if rays pass through different walls 

and rooms they cannot be represented by a single path [437].

3.3.2.4 Finite Integration Technique (FIT)

In contrast to the FDTD technique, a discretization in time and frequency of Maxwell’s 

Equations in integral form has been developed, namely the Finite Integration Technique 

(FIT). This technique is valid for a wide range of frequencies ranging from static up to 

optical frequencies [438]. The principle was first presented by Weiland [439] and can be 

summarized as converting the open boundary problem into a bounded one; in other words, 

the target problem is enclosed by a domain called the calculation domain, and this is 

gridded into a small mesh [440]. The grids are categorized into two orthogonal meshes 

where the spatial discretization of Maxwell’s Equations is applied: the primary grid has 

electric voltages ei on the edges of the grid while it has magnetic flux on each facet bj; on 

the secondary grid, the magnetic voltages hi are on the edges while the electric flux values 

du are on the facets. Faraday’s law is applied to the primary grid while the Maxwell–

Ampere law is applied to the secondary grid [438].

Material coefficients are further calculated to reduce instability occurring due to spatial 

discretization. The material coefficients link the two sets of orthogonal grids: these 

coefficients depend on the averaged material parameters and the grid’s resolution [438]. 

The technique can be combined with advanced numerical methods to achieve optimum 

modelling for curved simulated structures; however, the computational time is extremely 

large when using a state-of-the-art code.

Other numerical methods have also been applied to solve Maxwell’s Equations, including 

a hybrid parabolic equation integral equation method (PE-IEM) [441] which obtained 

good estimation with much less time and memory requirement compared to FDTD. Also, 

the Method of Moments (MoM) [442] was used in a hybrid technique combining the 3D 

ray launching method and the MoM [443]. The 3D ray launching method was preferred 

due to its fast computation time, however, the algorithm lost much accuracy when the 
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obstacle sizes were comparable with the wavelength and therefore MoM was used in 

those regions to get more accurate results [444].

3.4 Indoor MmWave Channel Model Simulations

The performance of the four 5G candidate frequencies, 28 GHz, 39 GHz, 60 GHz and 73 

GHz, are investigated in LOS and NLOS scenarios using published real-time frequency 

measurements conducted in indoor environments [445]. Comparisons are made against 

simulation data obtained from the 3D Ray Tracing Wireless InSite software over Tx-Rx 

separations of 1.5 m to 62 m. In addition, frequency-dependent electrical properties, such 

as conductivity-σ and permittivity-ε, of common building materials are incorporated in 

the simulation.

Channel behaviour is characterized by many parameters, most importantly are the path 

losses and the delay spread. The channel between a single transmitting and receiving 

antenna (Single Input, Single Output or SISO) can be fully described through its complex 

amplitude-delay response [445]. However, systems are increasingly using MIMO. To 

fully describe the spatial properties of the MIMO channel, directions of departure and 

arrival of all ray paths between the transmitting and receiving antennas, as well as their 

amplitude, phase, delay and polarization should be known. 

Inspired by [310], in this section we will explore the behaviour of the propagation channel 

at four frequencies: 28, 39, 60 and 73 GHz using the certified and trustworthy Ray-

Tracing software. 

Even though the indoor channel measurement and modelling at 28 GHz and 73GHz are 

documented in [67] and [446], while [447] has included all four frequencies, these studies did not 

examine the effect of material properties on the propagation and hence on the channel model. In 

this work, the effect of building materials has been incorporated along with measurements 

from [310] to produce a more accurate channel model. The simulated environment is 

similar to one in [28], which included corridors, offices and laboratories with furniture. 

An expression for the conductivity σ and the real part of relative permittivity is 𝜀𝑟 

provided by ITU-R recommendation 2040-1 [448], which gives rise to the dB/m specific 

attenuation factor - as a function of frequency f in GHz.
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𝜎 = 𝑐𝑓𝑑     
𝑆
𝑚,           𝜀𝑟 = 𝑎𝑓𝑏    (3.21)

where values for a, b, c and d are tabulated for different frequency ranges and material 

classes. For example, for a concrete wall c=0.0326 and d=0.8095. This gives 0.0326 [S/m] 

at 1 GHz vs. 0.908 [S/m] at 60 GHz, leading to a much higher penetration loss. In indoor 

environments, although the penetration losses for clear glass and dry walls are relatively 

low for 28GHz signals (comparable to microwave bands), the penetration losses for brick 

and tinted glass are high for 28GHz signals (about 28dB and 40 dB), which is much higher 

than at microwave bands [106], [449]. In [450], the representative material electrical 

properties are calculated and listed in Table 3.1. The real part of the relative permittivity, 

, and conductivity, σ, is compiled using the curve-fitting approach and simple 𝜀𝑟

expressions derived in [24]

3.4.1 Simulation Setup

The site to be explored is the third floor in Chesham building at the University of 

Bradford, U.K. The floor plan was first loaded into the ray-tracing Wireless InSite 

software. The layout of the floor plan is shown in Figure 3.3 where the transmitter is 

located in Lab (B3.26) and the measurements are conducted in three NLOS paths (routes) 

and one grid of LOS receivers. 

73GHz 60GHz 39GHz 28GHz
Materials

σ Re(έr) σ Re(έr) σ Re(έr) σ Re(έr)

1. Concrete 1.051 5.310 0.897 5.310 0.633 5.310 0.484 5.310
Wood 0.467 1.990 0.378 1.990 0.239 1.990 0.167 1.990
Glass 0.717 6.270 0.567 6.270 0.340 6.270 0.229 6.270
Ceiling board 0.074 1.500 0.059 1.500 0.036 1.500 0.024 1.500
Metal 10e7 1.000 10e7 1.000 10e7 1.000 10e7 1.000
Floorboard 1.451 3.660 1.1133 3.660 0.622 3.660 0.398 3.660
Chipboard 0.616 2.580 0.5290 2.5800 0.378 2.580 0.292 2.580
Plasterboard 0.242 2.940 0.210 2.940 0.155 2.940 0.123 2.940
Vacuum 0.000 1.000 0.000 1.000 0.000 1.000 0.000 1.000

Table 3.1: Materials Parameter Values at Different mmWave Frequencies [450].
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The transmitter is a horn antenna fixed at 2.5 m above the ground and has a propagation 

pattern shown in Figure 3.4 (a). The receiver antenna is dipole, Figure 3.4(b), fixed at 1 

m height. Each of the NLOS routes has many receivers distributed at a half-meter spacing. 

Properties of the transmitter and receiver antennas are listed in Table 3.2. Route-1 

includes 8 walls of double-layered plasterboard (0.1 m thickness) distributed across 63 

meters. Route-2 covers a (62.5 m) corridor with at almost one 30 cm thickness concrete 

wall separating from Transmitter position. Route-3 has the same length of Route-2. 

However, it comprises several concrete and plasterboards of 0.3 m and 0.1 m thicknesses 

respectively between the transmitter and the receivers. All these routes, except a small 

portion of Route-1 (the transmitter room) and Grid-1, are classified as NLOS 

environment. The LOS scenario consists of a transmitter and many receiver antennas 

located in Lab (B3.26). The receivers are distributed in grids with a spacing of 1 m 

covering an area of approximately 80 m2.  

Figure 3.4: The Radiation Pattern for (a) Directional Transmitter Antenna and  (b) 
Dipole Receiver Antenna.

(a) (b)

Figure 3.3:  Floor layout of the 3rd Floor, University of Bradford, with simulation 
routes.
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A wideband signal is applied in this study with a 2.1 GHz bandwidth for the 60 GHz and 

73 GHz centre frequencies, while a 1.0 GHz bandwidth is used for the 28 GHz and 39 

GHz.    

3.4.2 Results and Discussion

The system mentioned in the previous section was simulated using Wireless InSite. 

Figure 3.5 shows the rays radiating from the transmitter to many different positions over 

the scenario field. The number of rays is calculated by the simulator. Rays that fall below 

a certain level (which is the sensitivity level of the receiver) were ignored. From Figure 

3.5, it is clear that different materials influence the distribution of rays differently. Some 

material has signal reflections with little attenuation, others diffract with mostly no effect 

on the power, and some do both.

 It’s clear from the ray-tracing in Figure 3.5 that the highest rate of signal penetration is 

through the glass and then plasterboard, regardless of wall thickness. For concrete walls, 

however, signal penetration decreases drastically depending on wall thickness and angle 

of incidence. Similarly, objects made of wood offers very little penetration of signals with 

high levels of attenuation and scattering. Therefore, NLOS signals suffer greatly when 

Table 3.2: Properties of the Transmitter and Receiver Antennas

Transmitter Antenna Receiver Antenna
Properties

Horn Dipole

Gain (dBi) 17.8 1.80

E-plane Half Power Bandwidth 10 90.00

Polarization Vertical Vertical

Waveform Sinusoid Sinusoid

Input Power (dBm) 30.0 -

Temperature (K) 293.00 293.00

VSWR 1.00 1.00

Receiver Threshold (dBm) -140.00 -140.00
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concrete and wooden walls exist while glass and plasterboards have little effect.  The pick 

values on the graphs refer to glass, plasterboard, concrete and then lastly wood 

respectively.

Figure 3.6 illustrates the relationship between the delay spread and TX-RX separation 

distances for the NLOS and LOS routes. The figure clearly shows that for NLOS routes, 

the delay spectrum at all frequencies initially increases and then subsides as separation 

distances between the transmitter and distributed receivers increase. The initial rise can 

be attributed to the position of the receivers to the transmitting antenna, as some of them 

would fall in the blind spots or the nulls of the directional transmitting antenna. The 

received signals, in this case, are mostly the result of reflections, which is particularly 

true approximately the Tx antenna in the NLOS routes, i.e., small separation distances. 

Moving away from the transmitter and in the intermediate regions, the receiving antennas 

become more in line with the transmitting antenna resulting in a higher spread delay.

Figure 3.5:  Ray Trace for different routes at 60GHz.
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                                      (a) (b)

(c) (d)

At high separation distances the travelling times of all arrived multipath components are 

nearly the same resulting in a much smaller delay spread. As for the LOS scenario, Figure 

3.6 shows that the initial region does exist and the delay spread has a more anticipated 

behaviour with the separation distance, i.e. it decreases with increasing separations. 
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Figure 3.6:  Delay Spread vs. Tx-Rx Separation distance for different 
frequencies and (a) Route 1, (b) Route-2, (c) Route-3 and (d) Grid-1.
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(a) (b)

(c) (d)

Figure 3.7 shows the relation between path losses (PL) and separation distances. As it is 

well known that, the path losses has a direct relation with the distance. Increasing distance 

leads to an increase in path losses. For instance, if we omitted the outset and speak about 

results for distance, 15m (please note that the distance is from the start point of the route 

not from the transmitter). In Figure 3.6 (a), the path losses (PL) start with values between 

100 and 120 dB, and then increase gradually till it reaches the range 140 to 160 dB.  The 

last range falls between 30 and 50m. After that, the path losses fall to the values of 250 

dB, which mean no useful signal, was detected. Route 2 results shown in Figure 3.6 (b). 

It shows the same behaviour but with different margins. The start is with (110 to 150) dB 

at 15m end ends with approximately 155 dB at 25m and 35m for lower and high 
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Figure 3.7:  The Path Losses vs. 3D Tx-Rx Separation distance for different 
frequencies and (a) Route-1, (b) Route-2, (c) Route-3 and (d) Grid
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frequencies respectively. While the results in Figure 3.7(c) somehow show little 

difference. The path losses approximately constant over the useful receiving area and it 

falls between 140 and 160 dB, except for the area between 10m and 30m the path losses 

because of the signals passing from the glass of the room door.

(a) (b)

  (c) (d)

Figure 3.8:  The Number of Bath vs. Receiver Positions of each receiver point to 
transmitter point for different frequencies and (a) Route-1, (b) Route-2, (c) 
Route-3 and (d) Grid-1.
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Figure 3.8 shows the relation between the receiver position and the number of signal 

paths. The maximum number of paths used in the calculation is set to 10. In many cases, 

like route-1 and the grid, this number can be attained easily as shown in the figure. 

The number of paths usually affect the received signal strength depending on whether 

they are added constructively or destructively. Therefore, when there is an increase in the 

received signal strength, this usually implies that most multipaths are added 

(a) (b)

(c) (d)

Figure 3.9:  The Received Power vs. Receiver Positions of each receiver point to 
transmitter point for different frequencies and (a) Route-1, (b) Route-2, (c) 
Route-3 and (d) Grid-1.
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constructively and vice versa. Also, the number of paths is indicative of the material type, 

i.e. whether they are good or bad reflectors. 

Finally, Figure 3.9 presents similar results in Figure 3.7. The worst case is for route 2 and 

3, where the power is limited between -100 and -150 dBm. While in route 1 it was 

between -80 and -140 dB with a wider range reaching up to 45m while in previous 

between 25 and 30 m. 

3.5 Indoor Path Losses Models Comparison at MmWave Bands

The investigated models include averaged wall Losses model (AWM), single slope model 

(SSM), linear attenuation model (LM), dual-slope model (DSM), partitioned model (PM), 

and Motley-Keenan model (MKM). The models were tested in a simulated environment 

of the 3rd floor of Chesham building, the University of Bradford, a different set of 

frequencies were used including 28 GHz, 60 GHz, and 73.5 GHz, DSM shows the best 

performance, both AWM and MKM tend to have a similar performance at millimetre 

frequencies, both models’ prediction for corridor and LOS regions are pessimistic while 

DSM, SSM, and LM have better estimations in these regions.

MIMO antennas are widely used in 5G systems to increase data rate [451], one of the 

major concerns regarding designing a MIMO antenna is the mutual coupling, several 

research papers tackled this problem and obtained a lower mutual coupling [452]. 

Improvements on the IEEE 802.11n indoor channel were made by [453], where more 

realistic channel representation for MIMO systems using uniform circular array antenna 

at either the transmitter or the receiver was established and studied. In their work, the 

spatial and temporal clustered channel model developed involving treating the reflected 

rays as clusters. In [454] capacity investigations on hybrid uniform linear and circular 

arrays were conducted, it was concluded that using multi-cluster based approach gives 

more accurate results compared to single cluster case which leads to better optimum 

design of the antenna. Mutual coupling reduction has been studied extensively in the 

literature using meta-material [455] and orthogonal structure [456].
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The small-scale effect is undesired and has to be removed; there are two methods to 

remove small scale effect, the first method takes the power sum of all multipath rays, 

known as power sum prediction (PS) [359]:

〈𝑃𝑃𝑆〉 =
𝑀

∑
𝑖 = 1

𝑃𝑖 (3.22)

where 〈PPS〉, M, and Pi are the averaged power using the PS method, the number of 

multipath rays and power of each ray respectively. The second method takes the average 

of the squared sum of all-electric fields (amplitudes and phases): this is known as vector 

sum prediction (VS) [359]:

〈𝑃𝑃𝑆〉 =
𝑀

∑
𝑖 = 1

𝑃𝑖𝑒 ― 𝜑𝑖 (3.23)

where 〈PVS〉 is the averaged power using the VS method and φi is the Mth ray phase in 

radians. Wireless InSite supports both methods, it is up to the user to select the operating 

method from the settings. Practically, it’s difficult to use the PS averaging method, 

especially at higher frequencies therefore, VS averaging method is used instead. In [457] 

a comprehensive study on estimating local mean signal strength in indoor environments 

using VS averaging method was conducted using a different number of samples, different 

arrangement sizes and different arrangement configurations. In this section, different 

indoor path losses prediction parameters are investigated for different sets of frequencies. 

My work contribution in this section has been done by a group.

3.5.1 Simulation Setup

 Figure 3.10 shows the examined scenarios in the simulated environment; these routes are 

chosen in a representative way for the indoor environments, route 1 and 4 represent 

propagation in lab offices, which have both concrete and drywalls. Route 2 represents 

propagation in lecturers’ offices which mainly have concrete walls, route 3 represents 

propagation in lab offices with drywalls only. Route 5 represents propagation in the 
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environment with concrete walls only while route 6 represents propagation in corridors. 

MIMO antenna systems are widely integrated into the mmWave applications, therefore 

in our simulation, a 16×16 MIMO circularly polarized antenna system was used with a 

λ/2 spacing between elements. Access points transmit power is 20 dBm, receiver 

sensitivity was set to -120 dBm.

Wireless InSite ray-tracing software was used to simulate indoor models for high-

frequency ranges namely, 28 GHz, 60 GHz, and 73.5 GHz, with their corresponding 

bandwidths, are 0.8 GHz [4], 2.15 GHz [27], and 2 GHz [28] respectively. The Wireless 

InSite scenarios settings are presented in Table 3.3.

Property Setting

Number of reflections 6
Number of transmissions 4
Number of diffractions 1
Number of reflections before the first diffraction 3
Number of reflections after the last diffraction 3
Number of reflections between diffractions 1
Number of transmissions before the first 
diffraction 2

Number of transmissions after the last diffraction 2

Figure 3.10:  Simulated experiment in the 3rd floor Chesham building, University 
of Bradford.

Table 3.3: Wireless InSite settings for the investigated scenarios
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Number of transmissions between diffractions 1
Ray tracing method SBR
Propagation model Full 3D

As shown in Figure 3.11 the simulation environment considers concrete walls, drywall, 

glass, wooden doors and tables, metal cabinets and indoor foliage which makes the 

environment more representative. The model also considered the effect of the interaction 

between building materials and operating frequencies as shown in Table 3.3 according to 

the ITU-R P.2040 recommendations [448]. The purpose of this study is to evaluate the 

behaviour of each model with high frequencies, these frequencies are proposed for use in 

the 5G systems. Simulations took place in a simulated environment of B3-wing, Chesham 

Building, University of Bradford.

In Wireless InSite, received signal strength (RSS) data were collected separately over 

routes shown in Figure 3.10, since path losses models are used to predict the signal 

strength along a route, we took samples from the simulated data and then models’ 

parameters were generated using a MATLAB routine such that they make the best fit to 

the samples. After that, those parameters are passed to a MATLAB routine to predict the 

Figure 3.11: 3D view of the simulated environment for B3-wing, Chesham 
Building, University of Bradford.
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RSS for each model for the investigated routes. Root Means Square Error (RMSE) 

between the Wireless InSite data and the generated path lose models data is used as a 

performance metric, the smaller the RMSE, the better the model.

3.5.2 Results and Discussion

Figure 3.12 shows propagation through the corridor at (a) 28 and (b) 73.5 GHz. As seen 

in the figure, there is a remarkable path Losses difference between the two frequencies; 

at 73.5 GHz most of the RSS values fall down -100 dBm after 20 m, while at 28 GHz, all 

RSS readings are above -90 dBm for the entire route. Since the operating frequencies are 

at mmWave, walls tend to act as reflectors. In the following discussion, we refer to each 

simulation run through one of these propagation cases as a scenario. Propagation through 

drywalls (Route #3 in Figure 3.11) at 60 GHz is presented in Figure 3.13. At low 

frequencies waves penetrate drywalls with small losses; as frequency increases, drywall 

losses will increase as its electrical properties will change. The RMSE for AWM, SSM, 

LM, PM, MKM and DSM models in dB are 8.61, 15.6, 13.6, 19.14, 9.1, and 10.12 

respectively. Wall losses-based prediction models (MKM and AWM) show good 

performance while SSM, and PM which use PLEs have poor performance, the same 

observation was recorded with LM which uses AF. DSM, on the other hand, shows better 

performance as it uses two PLEs instead of one.
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Propagation through concrete walls (Route #5 in Figure 3.10) at 73.5 GHz is presented in 

Figure 3.14. The average signal losses for a wave propagates through the concrete wall is 

in the range of (20 - 30) dBm. Unlike wall losses-based model, PLE-based models and 

LM were unable to represent the sharp changes in RSS level, PM underestimates the 

losses through concrete walls; since it uses fixed values for PLEs. The RMSE for AWM, 

SSM, LM, PM, MKM and DSM models in dB are 8.56, 10.44, 17.6, 28, 10.43, and 12.1 

respectively.

Figure 3.12: Propagation paths through a corridor at: (a) 28 GHz, and (b) 73.5 
GHz.

Figure 3.13: Propagation through Drywalls at 60 GHz.
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Figure 3.15 shows propagation through the corridor in the simulated environment (Route 

#6 in Figure 3.10) at 28 GHz; propagation paths are shown in Figure 3.12 (a). The RMSE 

of the AWM, SSM, LM, PM, MKM and DSM models in dB are 10.05, 4.03, 3.87, 18.04, 

10.05, and 2.98 respectively. Waveguiding effect has a great impact on the propagation 

through corridors, therefore models that have parameters that only counts for losses (like 

AWM, MKM, and PM) will be insufficient to predict the signal behaviour. On the other 

hand, models that use the PLEs and AF tend to have better performance as they can 

predict the signal strength more accurately. DSM model shows the best performance, 

where (n1, n2) found to be 1.56 and 3.41 respectively. LM shows the second-best 

performance, where a = 0.3 adjusts the path losses values to consider the effect of 

waveguiding propagation. SSM shows third-best performance where n is found to be 2.88 

which can be regarded to the effect of waveguiding. In this particular scenario, both 

AWM and MKM performances are not accurate as the models use the simple Friis 

formula (n =2) due to the absence of walls. However, propagation in the indoor 

environment including 

corridors does not generally follow 

the Friis formula. PM shows the 

worst result as it does not consider 

the waveguiding effect.

Figure 3.14: Propagation through concrete walls at 73.5 GHz.
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It’s observed for high frequencies, that AWM does not provide a significant improvement 

over MKM; this may be regarded as the fact that AWM uses a similar concept of MKM. 

At higher frequencies like mmWave frequencies, wall penetration losses become higher 

and it's unlikely to have a stronger signal level even if the wall is thin or made from a 

material that has very low conductivity.

Table 3.4 shows how wall losses for AWM and MKM are LOS. As a result, the 

behaviours are almost the same, therefore, there is no great distinction between the two 

models at high frequencies. Metrics comparison for the investigated frequencies are 

presented in Table 3.5, Table 3.6, and Table 3.7 which show similar performance for the 

two models. The PM shows poor results as the mean RMSE for all scenarios and 

frequencies exceeds 20 dB; this is because the model has fixed PLEs which do not 

necessarily fit any geometry at any frequency. The result is consistent with the metrics 

Table 3.4: Estimated wall losses for AWM and MKM in dB.
Concrete DrywallFrequency

(GHz) MKM AWM MKM AWM
28 27 27 7 6.82
60 24 23.5 8 8.02

73.5 24 23.5 9 9.23

Figure 3.15: RSS through the corridor at 28 GHz.
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presented in Table 3.5, Table 3.6, and Table 3.7, where the PM has the worst performance 

statistics. 

Model Min. RMSE Max. RMSE STD Average 
RMSE

AWM 8.2 10.60 0.93 9.58
SSM 4.03 24.93 6.79 15.60
DSM 3.01 18.70 5.55 11.50
PM 14.11 27.90 4.74 19.51

MKM 8.20 10.72 0.96 9.67
LM 3.87 18.24 5.49 14.88

Both LM and SSM have similar performance. This demonstrates the similarity between 

a and n. LM has better results at 28 GHz and 60 GHz since the performance is more stable 

as depicted in Tables 4 and 6. At 60 GHz, SSM outperforms the LM and shows more 

stable performance as shown in Table 3.7.

Table 3.5: Metrics statistics for examined models at 28 GHz (in dB).

Table 3.6: Metrics statistics for examined models at 60 GHz (in dB).

Model Min. RMSE Max. RMSE STD Average 
RMSE

AWM 7.18 21.18 5.25 14.18
SSM 9.40 15.78 2.94 13.80
DSM 3.39 16.23 4.08 9.97
PM 6.34 6.34 6.75 16.40

MKM 6.62 7.28 5.19 10.97
LM 6.54 17.77 3.68 13.22

Table 3.7: Metrics statistics for examined models at 73.5 GHz (in dB).

Model Min. RMSE Max. RMSE STD Average 
RMSE

AWM 6.67 21.71 5.48 14.19
SSM 10.44 15.31 2.19 13.79
DSM 5.09 12.11 2.43 8.60
PM 9.17 27.95 7.12 18.12

MKM 6.62 21.71 5.51 14.165
LM 9.42 17.64 3.13 13.53
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The averaged estimated values for PLEs and AF parameters are presented in Table 3.8. 

As seen in the Table, a, n, and n2 tend to increase linearly as frequency increases from 60 

to 73.5. These increments point to losses increments as frequency increases. Since 

propagation at 28 GHz covers a larger range, it is expected to have larger values for the 

investigated metrics. In corridors, n found to be 2.87, 4.03, and 4.1506 at 28, 60, and 73.5 

GHz respectively. While a tends to be 0.3, 0.9, and 1.2 for the same set of frequencies. In 

Table 3.9 performance comparison between all models at all frequencies and scenarios is 

presented, DSM shows the best performance as it has lowest RMSE for 44.44% for all 

tested scenarios, PM shows the worst performance for all examined frequencies. The 

descending order of the Models’ performance is DSM then AWM/MKM, LM, SSM, and 

PM.

The propagation area is larger at 28 GHz; therefore, the signal can reach further distances 

and more walls are included, in this case, both MKM and AWM will have better 

performance compared to the DSM which will have difficulty to represent this large area 

with only two PLE’s.

Frequency (GHz) a (dB/m) n n1 n2

28 0.3 2.87 0.4 16.3
60 0.9 4.03 0.58 24.52

73.5 1.2 4.1506 1.19 25.88

Table 3.8: Averaged estimated parameters for LM, SSM and DSM in corridors 
scenario

Table 3.9: Metrics statistics for examined models at 73.5 GHz (in dB).

Model Min. 
RMSE

Max. 
RMSE STD Average 

RMSE
AWM 6.67 21.71 4.19 10.42
SSM 4.03 24.93 4.27 14.39
DSM 3.01 18.70 4.19 9.89
PM 6.34 27.95 6.05 18.00

MKM 6.62 21.71 4.17 10.46
LM 3.87 18.24 4.03 14.24
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3.6 Indoor to Outdoor mmWave Propagation Channel 
Simulations

In this section the characteristics of LOS and NLOS propagations channels are 

investigated under three mmWave frequencies; 26GHz, 28GHz and 60GHz for the 

vertical polarized omnidirectional antenna. The simulation data achieved from the 3D 

shooting and bouncing ray (SBR) tracer based on the effects of frequency-dependent 

electrical properties of building materials and has been observed that signal is much 

affected by the nature of building materials and frequencies for a line of sight and non-

line of sight [458].

Many changes planned for 5G networks, is the extension into high frequencies in the 

wave spectrum, the increasing demands of high-speed data and multimedia services, need 

to accurately predict multipath effects of indoor environments [459]. Recently the 

research work in propagation channel modelling is to understand the mechanisms of the 

propagation and the behaviour of the channel at frequencies above 6 GHz which had been 

published in [20], [72], [278].

Channel behaviour is identified by many parameters, in which the most important are 

path Losses, received power, delay spread and angle of arrival. In this section, the 

propagation channel behaviour is examined at three frequencies including 26, 28 and 60 

GHz using ray tracing commercial software called Wireless Insite. Channel modelling in 

[374] has used two frequencies: 28 and 73 GHz. However, the study did not explain the 

propagation materials properties and different antenna radiation patterns at both 

transmitter and receiver. The model includes the full description of buildings in terms of 

materials used where path losses, the received power and delay spread are evaluated. The 

work in this section has been done by a group, and my contribution was sharing the main 

research plan, collecting the measurements, manipulating the data results for graphs using 

MATLAB platform and wrote parts of the paper.

3.6.1 Simulation Setup

Simulations are conducted in the simulated environment of the third floor of Chesham 

building, University of Bradford. Where the transmitter is located on the third floor with 
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three-receiver routes representing LOS, NLOS and indoor to outdoor as shown in Figure 

3.16. The model was evaluated for three different scenarios such as the same floor LOS 

‘Route 3’, same floor NLOS ‘Route 1’ and indoor-outdoor ‘Route 2’, as shown in Figure 

3.16. The investigated frequencies include 26, 28 and 60 GHz (100MHz bandwidth) 

which are promising frequencies to be adopted for 5G networks.

The transmitter with vertical polarization omnidirectional antenna radiation pattern was 

fixed at 1m height from the floor. Both route 1 and route 3 had 23 receivers point each 

with 0.6 m separation from each other and 1 m height of the floor, each route examines 

different corridor of the building. Route 2 is located on the ground floor outside of the 

building with 23 receiver points 2 m in height from the city floor.

Receiver’s sensitivity threshold was set to -160 dBm. It is to be noted that the receivers 

in the triangular shape of Route 1 as shown in Figure 3.16, is moving with an average 

velocity of 0.5 m/s, the properties of transmitter and receivers are described in the outer 

concrete wall with 30cm thickness, layered drywall with 12cm thickness and wooden 

wall. Two types of doors used which includes a wooden door (office doors) and, glass 

door and the type of window used, glass made window. The floor and ceiling are 3m 

above the floor and the second ceiling is simulated 2.5m above the floor with 3cm thick 

made of dielectric material.

Figure 3.16: Floor layout with simulation routes and its dimensions.
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The received power is varying for each frequency due to path Losses and due to reflection 

and transmission losses of material where its electrical properties are a function of 

frequency, in material properties values with frequency is presented according to the ITU 

recommendations [460]. The ray-tracing settings are set as in Table 3.3.

3.6.2 Results and Discussion

It is clear from the ray tracing in Figure 3.17 and Figure 3.18 that different materials 

interact with rays differently. Some materials have less effect on signal attenuation 

compared to others. The low ratio of ray attenuation is from glass and layered drywall. 

Comparatively for concrete walls, ray attenuations increase noticeably depending on wall 

thickness and the incident angle. In Figure 3.1920, propagation paths for the 

indoor/outdoor scenario is presented, as expected longer paths tend to have lower signal 

strength. Figure 3.17: Route 3 (LOS) 3D SBR Propagation Model.
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Figure 3.20 illustrates the path losses against the Tx-Rx separation distance. The path 

Losses data in Figure 3.20(a-c) is route 3 between -68 dB to -96 dB, route 1 -71 dB to -

99 dB and route 2 is -89 dB to -116 dB. The path losses here increase because of the 

position of the receiver routes, the distance between Tx-Rx and multipath channel 

propagation. A simple slop channel model (solid lines) which represents polynomial 

fitting was adopted to summaries the results in Figure 3.20. It is shown in the simulated 

results that the path losses maximum variation (in dB) found for route 3, route 1, route 2 

respectively are between ±4, ±5 and ±8 at 26 GHz, ±4, ±3 and ±6 at 28 GHz and GHz ±6, 

±7 and ±8 at 60. 

Figure 3.18: Route 1 (NLOS) 3D SBR Propagation Model.Figure 3.19: Route 2 ((Indoor- Outdoor) 3D SBR Propagation Model.



116

 

(a)                                                             (b)

             (c)  

Figure 3.21 shows the received power at each receiver point against the Tx-Rx separation 

distance. The average result with curve fitting for route 3, the received power data in 

Figure 3.21 is between -44 dBm to -70dBm, route 1 -48 dBm to -75 dBm and for route 2 

is -62 dBm to -92 dBm. The average power here at each receiver point decreases because 

of the distance, nature of frequency and multipath channel propagation.

Figure 3.20: Path Losses vs Tx-Rx separation distance for LOS, NLOS, Indoor-
outdoor at (a): 26, (b): 28 and (c): 60GHz
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(a)            (b)

(c)

Figure 3.22 shows a comparison between the performance of the three different 

frequencies using an omnidirectional antenna for route 3, route 1 and route 2. It can be 

observed that at 26 GHz the delay spread is higher than at 28 GHz and 60GHz especially 

for route 2. The delay spread for route 2 is much higher as compared to route 3 and 1 

because of the height of the transmitter and a large number of materials assumptions used 

between them. The initial rise is due to the position of the receivers with respect to the 

transmitter antenna.

Figure 3.21: Received power vs Tx-Rx separation distance for LOS, NLOS, Indoor-
outdoor at (a): 26, (b): 28 and (c): 60GHz
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For LOS at higher separation distance the travel time of all multipath components are 

mostly the same, resulting in much smaller delay spread between each receiver point. 

Figure 3.23 shows a comparison between the mean direction of arrival of the examined 

frequencies using an omnidirectional antenna for route 3, route 1 and route 2. Figure 

3.23(a) presents the arrival direction at 26 GHz in which the true angle found where the 

ray arrives at the receiver point in simulation is 70-160 degrees, 75-160 degrees and 80-

160 degrees respectively. Followed the same procedure the direction of arrival for 28GHz 

and 60 GHz is found in Figure 3.23(b) and Figure 3.23(c).

Figure 3.22: Delay Spread vs Tx-Rx separation distance for LOS, NLOS, Indoor-
outdoor at (a): 26, (b): 28 and (c): 60GHz
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3.7 Indoor Channel Measurements and Simulation Validation 
at 60 GHz

A detailed study on indoor propagation environment at 60 GHz is conducted. The study 

is supported by LOS and NLOS measurements data. The results were compared to the 

simulated ones using Wireless-InSite ray-tracing software. Several experiments have 

confirmed the reliability of the modelling process based on adjusted material properties 

values from measurements.

 As mentioned before, the free space propagation losses FSPL at millimetre frequencies 

tend to be larger compared to lower frequencies. For example, at 60GHz FSPL is 35.6 dB 

more than at 1 GHz, [461]. Also, wall penetration losses are larger as the conductivity 

increases with frequency. Moreover, the environment becomes more reflective and 

scattering since the size of the object becomes comparable to the wavelength, where small 

objects act as scatterers [462]. Also, atmospheric attenuation caused by oxygen and water 

drops adds more path Losses especially at 60 GHz [462]. Due to aforementioned causes 

and due to the small antenna aperture at this band, highly directional antenna with large 

antenna arrays are used [17]. On top of that, total noise is higher too, as a result, 60 GHz 

systems operate 10 dB higher power compared to IEEE 802.11n systems [463].

Figure 3.23: Mean Direction of Arrival vs Tx-Rx separation distance for LOS, 
NLOS, Indoor-outdoor at (a): 26, (b): 28 and (c): 60GHz
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Different countries have different frequency allocations for the 60 GHz band; In the USA 

and Canada, the allocated band is within 57-64 GHz, while in the EU, Japan and China, 

their corresponding bands are within 57-66 GHz, 59-66 GHz and 59- 66 GHz 

respectively. 

Within indoor environments, the data rate can reach up to 6.7 Gbps using directional 

antennas [464]. IEEE 802.11 ay standard has been issued as a follow up to IEEE 802.11 

ad, where the aim is to have data rate within the range 20-40 Gbps [465], [466]. The 

available 60 GHz band has approximately 14 GHz bandwidth, which can be divided into 

2.16, 4.32, 6.48 and 8.64 GHz channels [68]. High order modulation schemes with 

channel bonding are used to extend the available bandwidth [465], for example, using 4-

channel bonding (each channel is 2.16 GHz) with 64 quadrature amplitude modulation 

(QAM) a 42.24 Gbps data rate can be achieved [465]. The 60 GHz band propagation has 

been investigated for indoor environments [445], [467]–[469], outdoor environments 

[20], [469], [470] and outdoor to indoor environments [458], [471].

Wireless InSite Ray-tracer is a commercial software used to predict channel parameters 

within indoor and outdoor environments. The software has been validated at 900 MHz 

and 1800 MHz [472] and 2.4 GHz and 5 GHz [420]. This section aims to investigate how 

accurate are the results when applying different material properties in Wireless InSite.

3.7.1 Channel Sounder 

Channel sounder is used to measure channel impulse response h(τ) or its frequency 

response H(f) in the frequency domain. Since the channel is dependent on frequency, time 

and position, a channel can be identified by delay spread, angle of arrival/departure, 

Doppler shift and received signal strength. Figure 3.24 and Figure 3.25 show the 

architecture of the channel sounder.
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The message signal is implemented using the Altera FPGA board (Figure 3.25c) which 

is programmed to provide a pseudo-random binary sequence of 2m-1 sequence, where m 

ranges from 6 to 10. CO2201A converter evaluation board Figure 3.25(b)) controls the 

transmitter Tx and receiver Rx converter modules. It also has power detectors, power 

amplifier, automatic gain control and USB interface to control the modules. Keysight 

digital storage oscilloscope (DSO) X-3014A Figure 3.25 (a) has four channels, each 

channel has 200 MHz Bandwidth which is equivalent to 400 MHz bandwidth (±200 

MHz). Both the CO2201A and the DSO are connected to a PC via USB that can generate 

commands. The sounder can be integrated with MATLAB which also can be used to 

generate commands. Table 3.10 illustrates the channel sounder characteristics. 

 

(a)                                                  (b)

Figure 3.24: Channel Sounder architecture.
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(c) (d)

Figure 3.25: Channel sounder: (a) Keysight’s DSO, (b) Evaluation board antenna, 
(c) COST2201A evaluation board and (d) Altera FPGA board.

Item Value

Internal pulse amplitude 5 V peak

Bit period 4 ns

Bandwidth of operation 400 MHz

EIRP 32 dB

Data rate 250 MHz

sampling interval 2 ns

Sweep speed 10 µs/div

HPBW * E (dB) 18.72o

HPBW * H (dB) 23.03o

3.7.2 Experimental Setup 

The 60 GHz band channel sounder can be used for back-back measurements and radar 

measurements; however, calibration for both mode of measurements is required. The 

calibration was performed in an anechoic chamber in B3.19 at the University of Bradford; 

the radar calibration setup includes reflections from a flat reflector and corner reflectors. 

Validation of Wireless InSite is performed in two indoor scenarios, LOS and NLOS. Both 

scenarios are conducted on the 3rd floor of Chesham Building, University of Bradford. 

The simulated environment took into account the fine details of the building for accurate 

Table 3.10: Channel Sounder Characteristics
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validation. For all cases, transmitted power 

was set to 30dB 

while transmitter antenna gain was set to 18 dBi.

3.7.2.1 LOS Experiment 

The first step of this validation is the direct LOS propagation which was investigated in 

B3.26 lab in the 3rd floor of Chesham building at the University of Bradford. The 

transmitter and the receiver with vertically polarized pyramidal horn antenna (receiver 

antenna gain is 18 dBi) were placed in the lab room in LOS at 1.5 m height and separated 

by 5 m as shown in Figure 3.26.

(a)                                     (b) Transmitter            (c) Receiver

3.7.2.2 NLOS Experiment 

In NLOS scenario, measurements were conducted at three positions distributed in the 3rd 

floor of Chesham building while rotating the receiver clockwise about the Z-axis 

(assuming the floor is on the XY plane). The same instruments that have been used in the 

LOS experiment are used in the NLOS experiment part. The transmitter was placed at the 

height of 2m while the receiver was set to 1.5 m at all receiver points as shown in Figure 

3.27.

Figure 3.26: 60 GHz Channel Sounder in Lab B3.26, (a) LOS scenario, (b) 
Transmitter, (c) Receiver.
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.

In NLOS propagation, the effect of building materials is more evident; many studies 

investigated their effect on propagation by identifying the relative permittivity and 

conductivity of these materials. In this study, two materials had been investigated: 

concrete and wood. 

Concrete is a composite material made from adding water to fine aggregate (sand), coarse 

aggregate and cement, which hardens over time. Concrete mix is defined based on 

water/cement ratio, cement/sand/aggregate ratio and the cement/total-aggregate ratio 

[473] [474]. Electric conductivity increases as water content increases [475]. Literature 

suggests that concrete complex permittivity changes with the type of concrete sample (i.e. 

aerated, lightweight or hardened) rather than changing the operating frequency for the 

same type of materials [473].

Complex permittivity of wood depends on the type of wood, wood density, water content, 

temperature, the electric field orientation with respect to the grain, operating frequency 

and if the wood was chemically treated [473]. Therefore, chipboard, plywood, floorboard, 

Beechwood, Sipo and plain wood are expected to have different values for electrical 

constitutive parameters. It was found that dielectric constant increases as temperature 

increases [476] while conductivity increases as water content increases [473]. Typical 

values from the literature for relative permittivity and conductivity of concrete and wood 

Figure 3.27: NLOS experiment at receiver position 1.
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at 60 GHz are presented in Table 3.11. These values will be used by Wireless InSite to 

predict channel impulse response which will be compared to the channel sounder results.

Material Reference Description εr σ

[460] (a) ITU-A 5.31 0.897

[460] (b) ITU-B 6.5 0.228

[475] Fares 7-13 -

[477] Fakharzadeh 6.13 1.005

[478] Lu 3.3 1.267

[479] (a) Correia-A 6.14 1.005

[479] (b) Correia-B 6.5 1.428

Concrete

[480] Pinhasi 11.47 0.988

[460] ITU 1.99 0.378

[476] Torgovnikov 2.1 0.2

[477] Fakharzadeh 1.57 0.321

[481] Affirm 3.3 -

[478] Lu 2.8 0.001

[479] (a) Correia-A 1.57 0.321

[479] (b) Correia-B 1.54 0.118

[482] Salous 2.4 0.4

[480] (a) Pinhasi-A 1.64 3.717

Wood

[480] (b) Pinhasi-B 2.068 1.38

Wireless InSite considers the effects of material electrical properties. It also allows the 

user to configure waveform, antenna types and transmitter and receivers’ properties. In 

this scenario, a sinusoidal waveform is used for simulation at 60 GHz frequency [483].

The Wireless InSite software allows the user to set the number of paths; the more paths 

are considered the more accurate the results, while more processing time is required. We 

found that having more than 10 paths will not improve the accuracy of the results; 

therefore, the maximum number of paths was set to 10. Also, the maximum number of 

Table 3.11: Electrical constitutive parameters values for concrete and wood at 60 
GHz.
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reflections and transmissions were set to 6 and 4 respectively, Shoot and Bouncing Ray 

was used as a ray-tracing method and the propagation method used was full 3D

3.7.2.3 Results and Discussion 

Among these locations and rotations, the receiver was successful to receive a signal from 

20 receiver points. In the first position, measurements were observed successfully with 

rotations: 0o, 10o, 20o and 30o. Second position measurements were observed successfully 

with rotations in azimuth direction: 120o-180o and 210o-250o. In the third position, only 

two rotations demonstrated reliable results; the simulated scenario was only for rotations 

150o and 160o.   

3.7.2.4 LOS Scenario

The propagation paths for this scenario is presented in Figure 3.28, where the loudest 

seven paths are shown; the colour of each path represents its strength as shown in the 

legend. As shown, the direct path is the one with the strongest signal level. Figure 3.28 

shows a comparison between the simulation and measurements for the LOS scenario, 

both results show good matching as the direct path received power in the measurements 

was -14.57 dBm while it was -16.07 dBm in the simulations.

Figure 3.28: Strongest propagation paths for the LOS 
experiment
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3.7.2.5 NLOS 
Scenario

Position 1: 

For all rotations 

in position 1, it was 

found that the strongest 

ray is reflected from one 

concrete wall as seen 

in Figure 3.31 shows the propagation paths between the transmitter and receiver Rx1_20o 

(receiver at the first position with 20o rotation). Path’s colour represents the strength of 

the ray. The strongest ray is the one with red colour which results from the reflection of 

the indoor concrete wall.

Figure 3.29:  Comparison between simulations and measurements at LOS 
scenario.

Figure 3.29: Reflection from the concrete wall (strongest path for all Rx1 
points).Figure 3.30:  Comparison between simulations and 
measurements at LOS scenario.

Figure 3.31: Reflection from the concrete wall (strongest path for all Rx1 
points).
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Figure 3.32 displays the power delay profile (PDP) at receiver Rx1_20o while receiver 

antenna gain was set to 26 dB. Concrete relative permittivity is set to be 13 F/m as in 

[475] and conductivity was set to be 0.8967 S/m as in [460]. The strongest ray arrived at 

40 ns due to reflection from the concrete wall as shown in Figure 3.32.

 Since it is very difficult to make the location/alignment of the transmitter and receiver 

the same as in the measurements, despite the detailed preparation of the procedure, 

therefore, the receiver’s location in the software was replaced within ± 4 cm in all 

dimensions and rotated ± 2o and it was found that no significant difference in results was 

observed.

Position 2: 

In the second position, when the receiver was rotated with angles 120o-180o, the strongest 

ray found to be in LOS with the transmitter, while for 210o-250o rotations, the strongest 

ray is reflected from a wooden board.  

Case 1: LOS for (120o-180o) rotation

As seen in Figure 3.33 both Tx and Rx are in LOS while bore-sight for both antennae is 

not in direct contact. Since it is a LOS propagation, changing complex permittivity values 

for building material will not affect RSS of the strongest ray. 

Figure 3.33 shows the LOS and two reflected ray propagation paths from the transmitter 

to the receiver at the second position with 150o rotation (receiver’s antenna gain was set 

Figure 3.32: Power Delay Profile (PDP) for the simulations and 
measurements at NLOS scenario at Rx1_20o.
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to 26 dB). The strongest path is the direct LOS between the transmitter and the receiver, 

while the second one is reflected from two concrete walls. 

The power of these rays is 

shown 

diagrammatically in Figure 3.33. The RSS of the LOS measurement is -24.16 dBm while 

the simulated result is -28.31 dBm. Figure 3.34 presents a comparison between 

simulations and measurements at Rx2 (120o-180o) for LOS component. As seen in the 

same table, the root mean square error (RMSE) is around 8.64 dB. It is worth mentioning 

that the receiver antenna sides are tilted to reduce the side lobes level. Such a feature is 

not available in Wireless InSite, therefore, simulation results are expected to be slightly 

different from measurements especially if both transmitter and receiver are not in the 

boresight.

Figure 3.33: LOS and two reflected ray propagation paths from the transmitter to 
Rx2_150o
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Receiver Measured Simulated

Rx2_120 -42.89 -51.742

Rx2_130 -33.82 -46.533

Rx2_140 -23.86 -34.464

Rx2_150 -24.16 -28.308

Rx2_160 -25.78 -30.812

Rx2_170 -52.46 -41.34

Rx2_180 -50.37 -48.37

The second ray reflected from two concrete walls, the measured value is -40.34 dBm 

while the simulated one is -48.39 dB. Such a significant difference may be regarded due 

to the effect of reflection from two concrete walls. It was found that the results are 

sensitive to changing the dimension of antenna, for example, adjusting the dimensions of 

the antenna around 1 cm can change the simulated results more than 2 dB.

The results in the two reflections case shown in Table 3.13 demonstrate a similar behav-

iour to the single reflection case. The simulations that have the minimum average error 

with measurements in the two-reflection case have the closest RSS strength value to the 

measurements in the one reflection case. Moreover, the order of best and worst results 

did not change.

Table 3.12: Performance comparison between simulation and measurements at 
Rx2 (120o-180o) for LOS component.

Figure 3.34:  Power Delay Profile (PDP) for the simulations 
and measurements at NLOS scenario at Rx2_150o.
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When we examined the values of μ and ε from literature, we took the average losses for 

position 1 with all rotations (due to single wall reflection) and the average losses for 

position 2 with all rotations (due to two reflections). It was found that when using the 

same values of μ and ε, losses due to two reflections are 1.8 times of losses due to a single

reflection. This suggests that multiple reflections are likely to be the dominant cause for 

such losses. 

Simulated results for the ray reflected from two concrete walls are presented in values 

taken from [480], [475] and [460] give the best result while values are taken from [478] 

give the worst results. 

Case 2: Reflection from wooden board for (210o-250o) rotations. 

The paths with the strongest RSS at the second location with rotations (210o-250o) were 

reflected from the wooden board as shown in Figure 3.35. As seen, the ray is not from the 

bore-sight; therefore, the simulated values may be slightly different from measurements.   

Receiver Meas. [460], 
[475]

[460] 
(a)

[460] 
(b) [477] [478] [479] 

(a)
[479] 
(b) [480]

Rx2_120 -58.53 -63.45 -69.61 -67.90 -68.36 -74.76 -68.35 -67.87 -64.12

Rx2_130 -54.30 -63.97 -70.13 -68.42 -68.88 -75.28 -68.87 -68.39 -64.64

Rx2_140 -54.98 -53.36 -59.51 -57.81 -58.26 -64.66 -58.25 -57.78 -54.02

Rx2_150 -40.34 -48.39 -54.60 -52.89 -53.35 -59.75 -53.34 -52.86 -49.11

Rx2_160 -37.92 -35.65 -41.81 -40.10 -40.56 -46.96 -40.55 -40.07 -36.32

Rx2_170 -39.38 -31.34 -37.50 -35.79 -36.24 -42.65 -36.23 -35.76 -32.01

Rx2_180 -46.20 -35.01 -35.50 -39.44 -39.89 -46.30 -39.88 -39.41 -35.66

RMSE 7.3694 10.2147 8.5859 8.8307 13.4507 8.8252 8.5706 7.4062

Table 3.13: Performance comparison between simulation and measurements at 
Rx2 (120o-180o) for two walls reflection components.
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Figure 3.36 shows a performance comparison between measurements and simulations at 

Rx2, the closest performance is obtained when using values from [478] while the worst 

performance is obtained when values from [480]-(b) are used where the mean difference 

between simulation results is around 5.26 dB. The RMSE between the best results and 

measurements is around 12.26 dB, which is a relatively high value

Position 3: Reflection on two wooden surfaces. 

Figure 3.37 presents the strongest path between the transmitter and the receiver at the 

third position with 150o and 160o rotations and 24 dBi receiver antenna gain. As seen in 

the figure the strongest ray is reflected from two wooden surfaces. 

Figure 3.36: Performance comparison between references at Rx2 (210o-250o).

Figure 3.35 Reflection from the wooden wall (strongest paths for all Rx2 (210o-
250o).
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The PDP is presented in Figure 3.38, the RSS of the strongest path in the measurements 

is -37.11 dBm while the simulation result is -37.25 dBm which shows perfect agreement; 

however, another three measurements have RSS bigger than -70 dBm in which the 

Wireless InSite did not show; the software overestimated the transmission losses and thus 

the results were pessimistic.   

Figure 3.38 presents a performance comparison between references from the literature 

and measurements at the receiver position 3. As seen from the table, rotating 10 degrees 

made the measured value to be less more than 20 dB. This exemplifies how much the 

channel is sensitive and unpredictable. This sudden change may be due to change in 

propagation paths or due to the presence of a human in the time of making measurements. 

For all data taken from the literature, such a sudden change could not be observed by just 

changing the complex permittivity values.  

In general, for wooden surfaces complex permittivity values from reference [478] tend to 

have better values, while for concrete best results obtained when relative permittivity is 

Figure 3.38: Reflection from two wooden surfaces strongest paths for all 
Rx3.

Figure 3.37: Reflection from two wooden surfaces strongest paths for all 
Rx3.
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around 11-13 as in [475] and [480] and conductivity in the range 0.8967-0.988 as in [460]-

a and [480]. 

The obtained results suggest that building material in references [475] and [460] for 

concrete and in [478] for wood may be more similar to the building material in the 

examined environment compared to other references. Therefore, values in other 

references are not necessarily inaccurate and may be suitable for other environments. 

However, it also shows that Wireless InSite can be used for channel propagation 

estimation at the 60 GHz band. 

Rotations

Rx3_150o Rx3_160oMeasured

-37.11 -58.14

[460]-(a) -50.05 -49.03

[476] -48.73 -47.72

[477] -54.60 -53.60

[481]+ [460]-(a) -44.70 -43.70

[478] -37.25 -39.77

[479]-(a) -54.55 -53.54

[479]-(b) -56.93 -55.91

[482] -47.70 -46.69

[480]-(a) -46.80 -45.79

[480]-(b) -48.94 -47.93

Wireless InSite software is sensitive to complex permittivity values, antenna pattern, 

dimensions of the environment and the exact locations of transmitters and receivers. As 

long the user takes into account these factors results can be considered as representative.

3.8 Conclusion

A review of mmWave propagation researches has been presented. This has been aimed 

at helping to achieve a better understanding of indoor and outdoor service applications: 

the study explores the major differences between outdoor and indoor propagation and 

Table 3.14: Power delay profile at Rx3_150.
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provides current frequency allocations for many indoor applications. Channel modelling, 

including stochastic and deterministic approaches, has been introduced: in the stochastic 

modelling different channel parameters including signal strength, power delay, coherence 

bandwidth, Doppler spread, the angle of arrival has been explored and major channel 

attributes like path losses, shadowing and fast fading mechanisms are further investigated. 

The concept of MIMO channels is also covered. In the field of deterministic channel 

modelling, many methods are presented, including Finite Difference Time Domain 

method, Finite Integration Method, Ray tracing and the Dominant path model. Building 

material properties with frequency have also been investigated with a comparison of 

current research outcomes. Many models for propagation through buildings, including 

COST 231 and its extensions, and WINNER II are introduced and compared.

Indoor-indoor and indoor-outdoor including a line of sight (LOS) and Non-line of sight 

(NLOS) propagation channel are investigated for three different mmWave band. The 

effect of building materials, multipath effects and channel characteristics such as path 

losses, received power, the direction of arrival and delay spread at separation distance in 

(m) from the transmitter (Tx) to receiver (Rx) is presented. It has been observed that 

signal is much more affected by concrete walls, also reacting differently for LOS and 

NLOS at each particular frequency. Another important aspect is the position of the 

receivers, transmitter antenna directivity and the distance between Tx-Rx. The results 

showed that path losses behave at a higher frequency and due to the number of 

obstructions while the received power and delay spread decreases by increasing 

frequency.

A comparative study between different indoor path losses prediction models has been 

presented, based on certain realistic hypothetical scenarios that are symmetric and 

simulate the measurement scenario, and then represent and compare the results obtained 

using MATLAB and compared to Wireless InSite ray-tracing software simulations. It was 

found that MKM and AWM have similar performance for high frequencies. Also, it was 

found that both models show good performance for path losses predictions through walls 

while their predictions for LOS propagation regions and corridors are pessimistic; on the 

other hand, models based on path losses exponents and attenuation factors show good 

performance at these regions and have poor performance for path losses predictions 

through walls. DSM tends to have the best performance while AWM / MKM show the 
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best performance. LM and SSM have LOS performance and their corresponding 

parameters tend to increase as frequency increases. For all frequencies, PM had the worst 

results as it uses fixed values for path losses exponent.

Chapter 4 

Performance Evaluation and Enhancement of QO-STBC 

Beamforming for mmWave mMIMO Systems
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4.1 Introduction

Technologies that produce significant improvements in cell throughput will support next-

generation wireless communication systems (5G) [484]. Each year, several million new 

devices with different form factors and increased capacities are being introduced [485]. 

Such unprecedented growth in the number of connected devices and mobile data places 

new requirements for the 5G wireless access systems that were set to be commercially 

available around 2020 and beyond [486]. 

Wireless networks have continued to develop and their uses have significantly grown. 

Recently, cellular phones are part of huge wireless network systems and people use 

mobile phones daily to communicate with each other and exchange information [487]. 

MIMO (Multiple-Input Multiple-Output) is a wireless technique that utilizes an array of 

antennas to transmit a signal over a given frequency band and at the receiving end an 

array of antennas to receive the signal. There are two techniques in MIMO to transmit 

data across a given channel that consists of different propagation paths [488]. The first 

technique, called spatial diversity or simply diversity, improves the reliability of the 

system by sending the same data across different propagation paths. The second technique 

increases the data rate of the system by transmitting different portions of the data stream 

on different propagation paths [487]. This is called spatial multiplexing and it provides a 

multiplexing gain or degree of freedom. 

In a MIMO system with a rich scattering environment, space-time codes (STC) and 

Vertical Bell Laboratories Layered Space-Time Architecture (V-BLAST) are designed to 

exploit the diversity and multiplexing gains, respectively with the knowledge of channel 

state information at either the receiver or transmitter [488]. A high data rate can be 

achieved by increasing the number of transmit antennas without increasing the 

transmission power and the use of spectrum. The motivation behind increasing the data 

rate or user capacity of a cellular system is to meet the demand for high data traffic in the 

upcoming years. 

Massive MIMO [489], [490] has been proposed for 5G networks to achieve high capacity 

performance by using a very large number of transmitting and/or receive antennas with 

transmit precoding and receive combining. In addition, significant improvement in 



138

communications quality of service (QoS), energy efficiency and in the reduction of the 

cost is expected in Massive MIMO. The simple linear precoding schemes, such as zero-

forcing precoding (ZF), Maximum-Ratio Transmission (MRT) and Minimum Mean-

Square Error (MMSE) can be successfully implemented in massive MIMO. The same 

linear schemes can be used in the receive side. The data transmission is done by following 

the Uplink or Downlink scenarios. In the downlink, the Base Station (BS) uses the 

precoding matrices to precode the data symbols to a Mobile Station (MS) in the case of a 

single-user transmission or to several MSs for multiuser transmission. In the uplink, the 

users send the data to the BS in their cell where the data can be recovered by using linear 

processing techniques. 

In this chapter, Beamforming with STBC and quasi-orthogonal STBC (QO-STBC) [491] 

have been explored in the literature. Furthermore, literature of beamforming techniques 

that can be deployed in mmWave massive MIMO communications systems was 

presented. Also, to clarify the importance of linear and nonlinear precoding techniques in 

massive MIMO systems for eliminating and resolving the many technical hurdles that 

massive MIMO system implementation faces [487]. 

4.2 Massive MIMO Systems Outline

In wireless communication, a channel may be affected by fading which will impact the 

performance of the system. To mitigate this, it was proposed in the previous chapter to 

use the diversity technique, i.e., to provide the receiver with multiple versions of the same 

signal. The principle of diversity guarantees that the probability that multiple version of 

a given signal is affected by fading at the same time is considerably reduced [492]. 

Therefore, diversity helps to improve performance and to reduce the error rate. 

Several diversity methods can be applied and provide several advantages. These methods 

are described as follows [493]. 

1. Time Diversity: Using time diversity, a message may be transmitted at different 

times by using a channel code. 
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2. Frequency Diversity: This form of diversity uses different frequencies. It is 

applied by using different channels, or technology such as Orthogonal Frequency 

Division Multiplexing (OFDM). 

3. Spatial Diversity (Antenna Diversity): Spatial diversity is one of the most popular 

forms of diversity used in wireless communication systems. Multiple and spatially 

separated antennas are employed to transmit or receive uncorrelated signals. 

Antenna separation should be at least half of the carrier wavelength to ensure 

sufficiently uncorrelated signals at the receiver. 

In the past, fading or multiple paths were considered as an interference; however, by using 

the MIMO technique, these multiple paths can be turned to our advantage. They can be 

used to improve the signal to noise ratio or to increase the data rate [494]. 

In fading channels, a wireless communication environment Line-of-Sight (LOS) radio 

propagation path will often not exist between the transmitter and receiver because of 

natural and man-made obstacles situated between the transmitter and receiver. As a result, 

the signal propagates via reflection, diffraction and scattering [492]. 

The term “MIMO” now merely refers to the system with multiple transmit and receive 

antenna with all kind of signal processing that can be used, with the use of different 

approaches at the transmitter and receiver and all those under the MIMO umbrella [495]. 

Having these antennas, current algorithms need to be revisited, the signal processing, as 

well as how we design the transmit signal. It also changes the performance of those 

algorithms, the rate that can be achieved, the reliability, and the system design since it 

changes the tradeoff that we want to make [496]. In MIMO, the system typically consists 

of 𝑁BS antennas at the transmitter and 𝑁MS antennas at the receiver as shown in Figure 

3.1. where each antenna not only receives the direct signal path (LOS), but also a fraction 

of signal (NLOS) due to the scattering, diffraction and reflection. The fading path between 

antenna 1 at the transmitter and antenna 1 at the receiver is represented by the channel 

response ℎ11. The channel response of the path formed between antenna 1 at the 

transmitter and antenna 2 at the receiver is expressed as ℎ21, and so on. Therefore, the 

dimension of the channel transmission matrix 𝐻 is 𝑁𝑟 ×𝑁𝑡, where 𝑁𝑟 is the number of 

receive antennas and 𝑁𝑡 is the number of transmit antennas. 
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The channel matrix is modelled by large-scale and small-scale fading [492]. The large-

scale model or path loss model, which is caused by the path loss of the signal as a function 

of distance, and shadowing by large objects such as buildings and hills, is used to predict 

the received signal strength [492]. Small-scale fading, which is caused by the constructive 

and destructive interference of the multiple signal paths between the transmitter and 

receiver can be classified by four types [492]: 

1. Slow Fading: In slow fading, the channel matrix is quasi-static and the symbol 

period of the transmitted signal, 𝑇𝑠, is smaller than the channel coherence time,    

𝑇𝑐 = 0.423 / 𝑓𝑑 , where 𝑓𝑑 is the Doppler Shift. The channel coherence time is the 

time over which two symbols have a strong potential for amplitude correlation. 

2. Fast Fading: The symbol period of the transmitted signal is larger than the channel 

coherence time. 

3. Flat Fading: The bandwidth of the signal is smaller than the coherence bandwidth 

𝐵𝑐 of the channel so the channel can be treated as flat. 

4. Frequency Selective Fading: This occurs when the bandwidth of the signal is 

larger than the coherence bandwidth 𝐵𝑐 of the channel. 

Figure 4.1: Multiple Input Multiple Output (MIMO) systems [729].
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A flat fading signal, commonly assumed in wireless communication, follows the Rician 

distribution (LOS) or Rayleigh distribution (NLOS) [492]. The received vector 𝑦 is 

expressed in terms of the channel transmission matrix 𝐻 as follows 

𝑦 =  𝐻𝑥 +  𝑛 (4.1)

where 𝑥 is the transmitted symbols vector, 𝑛 is the vector of receiver noise whose 

elements are considered as zero-mean additive white Gaussian noise (AWGN) with 

variance of 𝜎2, and 𝐻 is the fading channel. 

There are two main functions for MIMO system [492]: 

1. Spatial Diversity: The same information-bearing signals are transmitted or 

received from multiple antennas, thereby improving the reliability of the 

system. Spatial diversity always refers to transmit and receive diversity. 

2. Spatial Multiplexing: In this form of MIMO, the multiple independent data 

streams are simultaneously transmitted by many transmit antennas to achieve 

a higher transmission speed and increase the data rate of the system. 

Many technologies in MIMO implement these two functions. In the following sections, 

the three best-known techniques are described. 

4.2.1 Encoding Techniques

MIMO encoding is all about converting data into symbols appropriate for transmission 

over multiple transmit antennas. Space multiplexing and space-time coding are the 

commonly used encoding techniques, as they do not require knowledge of the CSI at the 

transmitter [497]. MIMO encoding using known CSI at the transmitter is known as 

precoding [498]. Table 4.1 compares Spatial Multiplexing, Space–Time Coding, and 

Spatial Modulation.
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4.2.2  Capacity of Multi-Antenna Channels 

MIMO technology offers very high capacity with increasing SNR for a large number of 

antennas at both transmitter and receiver. In the case of independent Rayleigh or Rician 

fading paths between antenna elements at both transmitter and receiver, the general 

capacity 𝐂 expression [488], [495] 

𝐶 =  𝑙𝑜𝑔2𝑑𝑒𝑡(𝐼𝑁𝑅 + (𝑆𝑁𝑅
𝑁𝑇 ).𝐻.𝐻𝐻)           𝑏𝑝𝑠/𝐻𝑧 (4.2)

where NR is the number of receive antennas, NT is the number of transmit antennas, small 

H stands for transpose conjugate, and  is the  ×  identity matrix. 𝐼𝑁𝑅 𝑁𝑅 𝑁𝑅

In general, the capacity of a MIMO channel increases linearly with the number of 

antennas. 

Table 4.1: Comparison between spatial multiplexing, space-time coding, and 
spatial modulation [497].

Spacial Multiplexing Space–Time Coding Spatial Modulation

Achieves high rates
Achieves increased 
reliability through transmit 
diversity.

Allows fewer transmit RF 
chains

Information is carried on the 
modulation symbols.

Information is carried on 
the modulation symbols.

Information is carried on the 
modulation symbols in 
addition to the indices of the 
antennas on which 
transmission takes place.

Simplest (only the receiver 
needs to detect transmitted 
symbols).

Sophisticated.
Simple, but requires additional 
memory to construct encoding 
table at the transmitter

Example: V-BLAST Space-Time Trellis STBC
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4.3 MmWave Massive MU-MIMO Wireless Communication 

System

Even though MIMO has been around for a long time, it is still a subject of intense 

research, because more freedom exists nowadays in a wireless system that can be used 

for capacity, for reliability, and for dealing with interference [499]. Recently, massive 

MIMO technology has appealed to many researchers due to its promising capability of 

greatly improving spectral efficiency, energy efficiency, and robustness of the system. In 

a massive MIMO system, both the transmitter and receiver are equipped with a large 

number of antenna elements (typically tens or even hundreds) [498]. It should be noticed 

that the transmit and receiver antennas can be co-located or distributed in different 

applications. A massive MIMO system can not only enjoy the benefits of conventional 

MIMO systems, but also significantly enhance both spectral efficiency and energy 

efficiency [500], [105]. Because Inter-Channel Interference (ICI) is averaged in massive 

MIMO when the number of antennas is sufficiently large according to the Law of Large 

Numbers (LLN). Hence, channel capacity can be achieved even with simple match 

filtering beamforming or receiver [105]. 

In [501], the author highlighted the benefits of multiple antennas on the BS side for 

multiuser communications and demonstrated that an increase of the number antennas on 

the BS side is always advantageous. The same author extended this work with an 

unlimited numbers of BS antennas in [502]. In this context, he shows that the noise, the 

Multi-User Interference (MUI), as well as the interference due to the channel estimation 

errors vanish for both the uplink and the downlink. Moreover, for a noncooperative 

multicellular system, the performance is only limited by the so called "pilot 

contamination" interference [503].

Based on this pioneering work, many studies have investigated massive MIMO uplink 

and downlink systems with a finite number of antennas on the transmitter side [105], 

[504], with a realistic propagation channel [505] or taking into account the signal 

distortion created by non-ideal hardware [506], [507]. They show that massive MIMO 

systems offer a substantial number of advantages. On the transmitter side, they are able 

to focus the energy in space [508]–[510] and, on the receiver side, they can increase the 

Signal-to-Interference-plus-Noise Ratio (SINR) [511], [512] More generally, massive 

MIMO systems are interesting solutions to provide Space Division Multiple-Access 
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(SDMA) and to improve the spectral and energy efficiency of the systems [105], [504], 

[513], [514].

Energy efficiency and faster communication response time are also expected in the future 

network [515]. In order to increase the spectral efficiency, you need to have one of the 

following options 

 Very large number of base station antennas  [489], [490], [502], [516], [517]. 

 Small cells [516]. 

 In order to support more users, increasing the bandwidth by using the mmWave 

is a very good choice. 
Furthermore, as reported in [489], a massive MIMO system can be built with low-cost 

components because the linear requirement of the antenna amplifiers is low when each antenna 

is assigned with less power. In massive MIMO for example, the industry is trying to increase 

the number 𝑁𝑡 of BS antennas to 100 or more in order to simultaneously serve a large 

number of users 𝐾, say tens, with single or multiple antennas, in the same frequency band 

[502]. In addition, small cells are also expected in massive MIMO [515], [516]. The 

channel state information 𝐻 is the channel propagation matrix between the 𝐾 users and 

BS antennas array. In general, the channel propagation is modelled as a Rayleigh or 

Rician fading channel. In practice, the channel matrix has to be estimated by using 

orthogonal pilot sequences in the uplink transmission [515]. After estimating the channel 

state information in the uplink transmission, the BS uses the estimated channel in 

downlink transmission to precode the data streams to all users. 

Consider a Massive MU-MIMO BS with 𝑁𝑡 antennas that serves K single-antenna or 

multiple-antennas users. Denote the channel coefficient from the 𝑘-𝑡ℎ user to the 𝑛-𝑡ℎ 

antenna of the BS as ℎ𝑘,𝑛 in the uplink case, which is equal to a complex small-scale fading 

factor times an amplitude factor that accounts for geometric attenuation and large-scale 

fading [95], [490], [502]: 

ℎ𝑘,𝑛 =  𝑔𝑘,𝑛 𝑑𝑘 (4.3)

where 𝑔𝑘,𝑛 and 𝑑𝑘 represent the complex small, and large-scale fading coefficients, 

respectively. The small-scale fading coefficients are assumed to be independent for each 

user, while the large-scale ones are the same for all the 𝑁BS antennas but depend on the 
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user’s position [518]. Then, the channel matrix experienced by all the K users in the uplink 

scenario can be expressed as [490], [518] 

[ ℎ1,1 … ℎ𝐾,1
⋮ ⋱ ⋮

ℎ1,𝑁𝑡 … ℎ𝐾,𝑁𝑡
] =  𝐺 𝐷 (4.4)

where 

𝐺 = [ 𝑔1,1 … 𝑔𝐾,1
⋮ ⋱ ⋮

𝑔1,𝑁𝑡 … 𝑔𝐾,𝑁𝑡
] (4.5)

𝐷 = [𝑑1 … 0
⋮ ⋱ ⋮
0 … 𝑑𝐾

] (4.6)

In massive MIMO setup, as 𝑁BS ≫ 𝐾, there are two system protocols, which are 

frequency-division duplex (FDD) or time-division duplex (TDD) used for data 

transmission [502]. The TDD scheme is more efficient than FDD because the channel 

estimation in TDD is reciprocal, which means that the estimated channel in the uplink 

case is the same as the downlink. Therefore, the estimated channel can be used by BS to 

precode the data streams. However, in FDD case, the channel estimation is not reciprocal 

[502], [517].

The data transmission in massive MIMO as mentioned above is done by implementing 

the uplink or downlink techniques. Uplink transmission is the scenario where the 𝐾 users 

transmit signals to the BS. Let 𝑆𝑘 be the transmitted signal from the 𝑘-𝑡ℎ user. Since the 

𝐾 users share the same time-frequency resources, the 𝑁BS×1 received signal vector at the 

BS is modelled as follows [490], [502], [517]

𝑦𝑢 =  𝑃𝑢𝐻𝑆 +  𝑛𝑢 (4.7)

where 𝑃𝑢 is the uplink transmission power, 𝑆 ∈ 𝐶𝐾× 1 is the transmitted symbols from 𝐾 

users, 𝑛𝑢 ∈ 𝐶𝑁𝑡×1 is the additive white noise vector with independent components, and 𝐻 

∈ 𝐶𝑁𝑡 × 𝐾 is the channel matrix. With linear detection schemes at the BS, the transmitted 
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symbols 𝑆 can be detected by multiplying 𝑦𝑢 with the linear detection matrix 𝑊 ∈ ℂ𝑁𝑡 × 

𝐾 as follows [490], [517]

𝑆 =  𝑊𝑇𝑦𝑢 (4.8)

Therefore, the received signal-to-interference-plus-noise ratio (SINR) of the 𝑘-𝑡ℎ stream 

is given by 

𝑆𝐼𝑁𝑅𝑘 =  
𝑃𝑢|𝑤𝑇

𝑘ℎ𝑘|2

𝑃𝑢∑𝐾
𝑘 ≠ 𝑘|𝑤𝑇

𝑘ℎ𝑘|2 + ‖𝑤𝑘‖2 (4.9)

where 𝑤𝑘 denotes the 𝑘-𝑡ℎ column of matrix 𝑊. 

Then, the maximum achievable sum-rate is given by [517]

𝑅 =
𝐾

∑
𝑘 = 1

𝐸{𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅𝐾)} (4.10)

where 𝐸 is the mean. 

In this section, a frequency domain analysis of massive MIMO systems is carried out 

considering the OFDM modulation and focusing on one subcarrier. As in [105], [501], 

[502], [504], single-antenna UEs are considered for the sake of simplicity.

4.3.1 Narrowband mmWave MU-MIMO Channel Model

The limited spatial selectivity or scattering characteristic in outdoor scenarios of 

mmWave massive MIMO channel caused by high path loss [75], can be captured by a 

common model called Saleh-Valenzuela (SV) model [26], [519], where the narrowband 

channel matrix  can be modeled as follows [520] 𝐻𝑘 ∈ ℂ𝑁𝐵𝑆 × 𝑁𝑀𝑆

𝐻𝑘 =  
𝑁𝐵𝑆𝑁𝑀𝑆

𝐿

𝐿

∑
𝑙 = 1

𝛾𝑙a𝐵𝑆,𝑘,(∅𝑙)a𝐻
𝑀𝑆,𝑘(𝜃𝑙) (4.11)
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where 𝑁𝐵𝑆, 𝑁𝑀𝑆 are the number of BS and MS antennas respectively,  is the complex 𝛾𝑙

gain of the 𝑙-𝑡ℎ path and it is assumed to be Rayleigh distributed, i.e.,  ~ ℵ(0,𝑃𝑅), 𝑙 = 𝛾𝑙

0,1,…𝐿 with 𝑃𝑅 the average power gain, and ∅𝑙, 𝜃𝑙 are the 𝑙-𝑡ℎ path’s azimuth angles of 

departure and arrival (AoDs/AoAs) of the BS and MS, respectively, with uniform 

distribution. 𝐿 is the number of paths in a cluster. In this research, we consider the azimuth 

angles only without adding elevation (2-D channel model), and that means that only 2-D 

beamforming is used. The 3-D beamforming and 3-D channel models can also be used in 

mmWave massive MIMO system, but most papers in the literature use the 2-D model. 

Lastly,  and a𝐵𝑆
𝐻( ) are the antenna array response vectors at the MS and BS, a𝑀𝑆(𝜙𝑟

𝑙 ) 𝜙𝑡
𝑙

respectively. They are applied by uniform linear arrays (ULAs), but they can be applied 

by different antennas arrays [26]. ULA is given by 

a𝑀𝑆(𝜃𝑙) =  
1
𝑁𝐵𝑆

[1, 𝑒
―𝑗(2𝜋

𝜆 )𝑑sin (𝜃𝑟
𝑙 )

,. . . , 𝑒
𝑗(𝑁𝐵𝑆 ― 1)(2𝜋

𝜆 )𝑑sin (𝜃𝑟
𝑙 )] (4.12)

a𝐵𝑆(∅𝑙) =  
1

𝑁𝑀𝑆
[1, 𝑒

―𝑗(2𝜋
𝜆 )𝑑sin (𝜙𝑡

𝑙)
,. . . , 𝑒

𝑗(𝑁𝑀𝑆 ― 1)(2𝜋
𝜆 )𝑑sin (𝜙𝑡

𝑙)] (4.13)

where 𝜆 is the wavelength of the mmWave signal, and 𝑑 is the distance between the 

antenna elements, typically 𝑑 = 𝜆/2. 

For Rician fading channel, i.e., the channel is constant in a block but varies slowly from 

one block to another. Then, we assume that the channel matrix H can be decomposed into 

a deterministic LOS channel matrix  and a scattered channel matrix 𝐻𝐿,𝑘 ∈ ℂ𝑁𝐵𝑆 × 𝑁𝑀𝑆 𝐻𝑆,𝑘

 [521] ∈ ℂ𝑁𝐵𝑆 × 𝑁𝑀𝑆

𝐻𝑘 =  𝐻𝐿,𝑘𝐺𝐿,𝑘 +  𝐻𝑆,𝑘𝐺𝑆,𝑘 (4.14)

where  and  are diagonal matrices with entries𝐺𝐿,𝑘 ∈ ℂ𝑁𝐵𝑆 × 𝑁𝑀𝑆 𝐺𝑆,𝑘 ∈ ℂ𝑁𝐵𝑆 × 𝑁𝑀𝑆
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𝐺𝐿,𝑘 =  𝑑𝑖𝑎𝑔{ 𝑣𝑘

𝑣𝑘 + 1}   𝑎𝑛𝑑 𝐺𝑆,𝑘 =  𝑑𝑖𝑎𝑔{ 1
𝑣𝑘 + 1} (4.15)

and  is the Rician K-factor of user k. Besides, (4.14) and (4.15) are the 𝑣𝑘 > 0

generalization of mmWave channel models, which capture both the scattered and non-

scattered components. In general, we can adopt different array structures, e.g. uniform 

linear array (ULA) and uniform panel array (UPA) for both the BS and the users. Here, 

we adopt the ULA as it is commonly implemented in practice [522]. We assume that all 

the users are separated by hundreds of wavelengths or more [502]. Thus, we can express 

the deterministic LOS channel matrix  of user k as [523]𝐻𝐿,𝑘

HL,k =  aBS
L,k a𝑀𝑆

𝐿,𝑘
H (4.16)

where  and are the antenna array response vectors of the BS a𝐵𝑆
𝐿,𝑘 ∈ ℂ𝑁𝐵𝑆 × 1  a𝐿,𝑘 ∈ ℂ𝑁𝑀𝑆 × 1 

and user k respectively. In particular, and  can be expressed as [523], [524]  a𝐵𝑆
𝐿,𝑘  a𝐿,𝑘

 a𝐵𝑆
𝐿,𝑘 =  [1, 𝑒

―𝑗(2𝜋
𝜆 )𝑑sin (𝜙𝑡

𝑙,𝑘)
,. . . , 𝑒

―𝑗(𝑁𝐵𝑆 ― 1)(2𝜋
𝜆 )𝑑sin (𝜙𝑡

𝑙,𝑘)]
𝑇

(4.17)

a𝑀𝑆
𝐿,𝑘 =  [1, 𝑒

―𝑗(2𝜋
𝜆 )𝑑sin (𝜙𝑟

𝑙,𝑘)
,. . . , 𝑒

―𝑗(𝑁𝑀𝑆 ― 1)(2𝜋
𝜆 )𝑑sin (𝜙𝑟

𝑙,𝑘)]
𝑇

(4.18)

Variables  and ∈ [0, +π] are the angles of incidence of the LOS path at 𝜙𝑡
𝑘 ∈ ℂ𝑁𝐵𝑆 × 1 𝜙𝑡

𝑘

antenna arrays of the BS and user k, respectively. For convenience, 𝑑 = 𝜆/2 was set for 

the rest of the paper which is an assumption commonly adopted in the [523], [524]. 

Without loss of generality, we assume that the scattering component  consists  𝐻𝑆,𝑘 𝑁𝑐𝑙

clusters and each cluster contributes propagation ray paths [521], which can be 𝑁𝑟𝑎𝑦,𝑖

expressed as

𝐻𝑆,𝑘 =  
1

∑𝑁𝑐𝑙

𝑖 = 1𝑁𝑟𝑎𝑦,𝑖

𝑁𝑐𝑙

∑
𝑖 = 1

𝑁𝑟𝑎𝑦

∑
𝑙 = 1

𝛾𝑖,𝑙a𝑀𝑆
𝑘,𝑖,𝑙a

𝐵𝑆

𝑘,𝑖,𝑙

(4.19)
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where and are the antenna array response vectors of the a𝐵𝑆
𝑘,𝑖,𝑙 ∈ ℂ𝑁𝐵𝑆 × 1  a𝑀𝑆

𝑘,𝑖,𝑙 ∈ ℂ𝑁𝑀𝑆 × 1  

BS and MS associated to the (i, l)-th beam, respectively. Here  ∼ CN (0, 1) represents 𝛾𝑘,𝑖,𝑙

the path attenuation of the (i, l)-th propagation path and  is the k-th column ℎ𝑆,𝑘 ∈ ℂ𝑁𝐵𝑆 × 1

vector of . With the increasing number of clusters, the path attenuation coefficients 𝐻𝑆,𝑘

and the AoAs between the users and the BS become randomly distributed [215], [521]. 

Therefore, the entries of scattering component in a general manner as an 𝐻𝑆,𝑘 is modeled 

independent and identically distributed (i.i.d.) random variable CN (0, 1).

4.3.2 Massive MIMO Uplink Systems

In this part, simultaneous uplink communications are considered between K UEs and a 

BS equipped with Nr receive antennas. The maximum-likelihood multiuser detection 

technique [525] is optimal in this context at the price of a great complexity. However, 

massive MIMO uplink systems with simple linear techniques are actually interesting 

solutions to reduce MUI as shown in [501]. In [512], the authors show how they can 

increase the energy and spectral efficiency of the systems highlighting their interest in 

this context. The linear combining techniques that are studied in this Chapter are the same 

as in [512].

4.3.2.1 System Model

The UE k sends the data sk of variance  and the transmitted data vector S is defined as 𝜎2
𝑠

. As the distance between the k UE and the receive antenna Nr is 𝑠 = [𝑠0  𝑠1    .  .  . 𝑠𝐾 ― 1]𝑇

approximately equal ∀nr ∈ [0, Nr − 1], the path loss for the considered subcarrier is 

independent of the receive antenna index nr and equal to Pk for the k-th MS.  The 

frequency domain channel between the k-th MS and the antenna nk can be defined by a 

complex scalar denoted here by , where  channel matrix𝑃𝑘𝐻 𝐻 ∈ ℂ𝑁𝑡 × 𝐾  𝐻 =

, and  [𝐻0  𝐻1    .  .  .  𝐻𝐾 ― 1] 𝐸[|𝐻|2] = 1.

Moreover,  diagonal matrix. On the BS side, the received data (Eq.((4.20))) on 𝑃𝑢 ∈ ℂ𝐾 × 𝐾

the antenna nr are defined by the vector , and 𝑦 =  [𝑦0  𝑦1    .  .  .  𝑦𝑁𝑟 ― 1]𝑇

 is the noise component on the antenna nr of variance . The 𝑛 =  [𝑛0  𝑛1    .  .  . 𝑛𝑁𝑟 ― 1 ]𝑇 𝜎2
𝑛

following decoding matrix  where  is then 𝑊 = [𝑊0  𝑊1    .  .  . 𝑊𝑁𝑟 ― 1], 𝑊 ∈ ℂ𝑁𝑟 × 𝐾
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applied to the received data, so that the estimated data vector ˆc of size Nu is computed as 

follows:

where  being a normalization diagonal matrix. In the next part, the choice of  𝛼 ∈ ℂ𝑁𝑢 × 𝑁𝑢

the decoding matrix W is discussed.

4.3.2.2 Linear Combining Techniques 

Power allocation is important for capacity optimization but not sufficient when the 

channel suffers from inter-user interference. Hence, precoding is a necessary step in a 

MU setup to separate data streams while minimizing inter-user interference as much as 

possible. For conventional MIMO systems, both nonlinear precoding and linear 

precoding techniques are used without preferences, although nonlinear methods, such as 

dirty-paper-coding (DPC) technique in the DL and successive interference 

cancellation (SIC) for the UL, have optimal performance with high computational 

power  requirements and higher implementation complexity [58], [526], which are two 

factors to avoid when implementing massive MIMO systems. Unlike the conventional 

MIMO, massive MIMO systems use linear precoders, such as maximal ratio combining 

(MRC), matched filtering, minimum mean squared error (MMSE) and zero-forcing (ZF) 

due to their simplicity [125]. Linear detection in the UL is similar to linear precoding 

in the DL [508]. A comparison is established in [527]. The linear detection matrix 𝑊 

can be designed by using one of the following techniques [517] 

Many combining techniques can be used on the BS side in order to mitigate the received 

noise power and the MUI. In this part, we limit our study to the simple combining 

techniques described in [512] as they are well known and low complexity combining 

techniques. 

a) Matched Filter (MF): The Matched Filter (MF), also called Maximum Ratio 

Combining (MRC) techniques in the UL. represents the simplest linear precoding 

technique from the literature and is intended to maximize the Signal-to-Noise 

𝑠′ =  ( 𝑊
𝛼)𝐻

𝑦 =
𝑃𝑘

𝛼
𝑊𝐻𝐻𝑆 +

𝑊𝐻

𝛼
𝑛 (4.20)
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Ratio (SNR). Given the scaling factor , the MF precoding matrix WMF can be 𝛾𝑀𝐹

computed as the Hermitian of the channel matrix H [528]

𝑊𝑀𝐹 =  𝛾𝑀𝐹𝐻𝐻 =
𝐻𝐻

𝑡𝑟{(𝐻𝐻𝐻)}
(4.21)

where the small 𝐻 is the transpose conjugate.

In MF, the multiple antenna transmitter uses the channel estimate of a terminal to 

maximize the strength of that terminal’s signal by adding the signal components 

coherently. MF precoding maximizes the SNR and works well in the massive 

MIMO system, since the base station radiates low signal power to the users on 

average, the average received power can also be used. The complexity of the MRC 

technique is relatively low, which makes it a popular technique used in many 

papers as in [502]. However, for multiuser communications with a finite number 

of receive antennas, the MUI penalizes the MRC technique and some other 

combining techniques can be used to improve the performance of the systems. At 

low SNR, MRC can achieve the same array gain as in the case of a single-user 

system, but it performs poorly in multiuser interference.

b) Zero-Forcing Receiver (ZF): is a simple linear precoding technique that has been 

extensively studied in the past [527], [529] and is designed in order to equalize 

the effects of the channel at the receiver side. Given the scaling factor  , the 𝛾𝑍𝐹

ZF precoding matrix WZF is defined as the Moore-Penrose pseudoinverse of the 

channel H [530]

𝑊𝑍𝐹 = 𝛾𝑍𝐹 𝐻(𝐻𝐻𝐻) ―1 =
𝐻(𝐻𝐻𝐻) ―1

𝑡𝑟{(𝐻𝐻𝐻)}
(4.22)

By contrast to MRC, zero-forcing (ZF) or Minimization of the Multiuser 

Interference (MUI) receivers take the multiuser interference into account, but 

neglect the effect of noise. Thus, ZF precoding is a method of spatial signal 

processing by which the transmitter can null out multiuser interference signals. It 

also suppresses inter-cell interference at the cost of reducing the array gain [531]. 

It is noted that spectral efficiency increases as the number of BS antennas grows. 

The ZF receiver matrix is the pseudo-inverse of the channel matrix H. 
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In general, ZF precoder performs well under high SNR conditions [58]. According 

to [512], the ZF combining technique generally outperforms the MRC technique 

at the price of an increased complexity. However, in low SNR conditions, the 

noise power is preponderant compared to the MUI power and the MRC technique 

can outperform the ZF combining technique. For single-user transmissions, it can 

be noticed that the MRC technique with instantaneous power normalization and 

the ZF technique are equivalent.

c) Minimum Mean-Square Error Receiver (MMSE): The receiver of the linear 

minimum mean-square error (MMSE) seeks to minimize the mean-square error 

between the W'yu estimate and the S transmitted signal. The optimal linear 

precoding in a massive MIMO uplink/downlink scheme is MMSE precoding 

[532].  identifies a modification of conventional ZF, with the aim to reduce its 

high susceptibility to hostile-conditioned channel matrices [533]. Performance 

losses are identified by a decreasing SNR at the receiver and are caused by the 

increased scaling factor  experienced by channel matrices with smaller 𝛾𝑀𝑀𝑆𝐸

condition number. The MMSE precoding matrix aims to maximize the SINR at 

the receiver [530] and is defined as

𝑊𝑀𝑀𝑆𝐸 = 𝛾𝑀𝑀𝑆𝐸 𝐻(𝐻𝐻𝐻 + 𝜎2
𝑛𝐼𝐾) ―1 =

𝐻(𝐻𝐻𝐻 + 𝜎2
𝑛𝐼𝐾) ―1

𝑡𝑟{(𝐻𝐻𝐻 + 𝜎2
𝑛𝐼𝐾) ―1𝐻𝐻𝐻(𝐻𝐻𝐻 + 𝜎2

𝑛𝐼𝐾) ―1}
(4.23
)

where 𝐼𝐾 is the identity matrix, and  is the variance of the noise.𝜎2
𝑛

Mean square error (MSE) is used in this technique. To optimize this precoder, the 

Lagrangian approach is used, using the average power of each transmitting 

antenna as a constraint. MMSE receiver matrix works as MRC at low SNR and as 

ZF at high SNR. Indeed, the authors in [504], [512] show that this technique 

outperforms both the MRC technique and the ZF technique. As with the ZF 

combining technique, the complexity of the MMSE combining technique is higher 

than this of the MRC technique.
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4.3.3 Massive MIMO Downlink Systems

In wireless communication systems, beamforming methods allow providing SDMA and 

to simultaneously transmit data from a BS with Nt antennas to K UEs. From the point of 

view of a particular UE, the idea is to use the propagation channel properties to have a 

coherent addition of the useful parts of the signals coming from the Nt transmitting 

antennas, while having a destructive addition of the interfering parts of the receive signals. 

For a propagation channel with a LOS component, this leads to create a pencil beam 

between the BS and each receiver. For a NLOS channel, beamforming methods aim at 

focusing the signal power around each UE. Those techniques can increase the received 

signal power but can also create MUI. In our context, it means that the capacity grows 

linearly with the minimum of the number of transmitting antennas and receiving antennas. 

However, no practical solution is provided in this section. This part only focuses on less 

complex linear solutions, applicable in practice such as those described in [510].

4.3.3.1 System Model

The transmitted data S are defined as . sk being the complex data 𝑠 = [𝑠0  𝑠1    .  .  . 𝑠𝐾 ― 1]𝑇

transmitted to the UE nu with a variance of . This vector is precoded by the following 𝜎2
𝑠

S ∈ 𝐶𝑁𝑡 × 𝐾 matrix  The transmitted precoded data are defined 𝑊 = [𝑊0  𝑊1    .  .  . 𝑊𝑁𝑟 ― 1].

by the following vector   being a normalization factor 𝑥 = [𝑥0  𝑥1    .  .  . 𝑥𝑁𝑟 ― 1]𝑇 =
𝑊𝑠

𝛼,

designed to obtain an average or instantaneous transmit power equal to . 𝜎2
𝑠

As in a massive MIMO uplink system, the distance between the transmit antenna nt and 

the UE k is approximately equal ∀nt ∈ [0, Nt-1], the path loss for the considered sub-

carrier is independent of the transmit antenna index nt and is equal to Pk for the UE k. 

According to (2.15), the channel between the transmit antenna nt and the UE nu can be 

defined by a complex scalar denoted here by , where  is the entry of 𝑃𝑘𝐻𝑛𝑡,𝑘 𝐻 ∈ ℂ𝐾 × 𝑁𝑡

the channel matrix. Moreover,  diagonal matrix P. As for the uplink and 𝑃𝑘 ∈ ℂ𝐾 × 𝐾

according to (2.17), the expected power of Hnt,k is equal to 1, meaning , 𝐸[|𝐻𝑛𝑡,𝑘|2] = 1

∀nt ∈ [0, Nt-1] and ∀k ∈ [0, K-1]. The received data for the UE k is given by yk. Therefore, 
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the received data vector y is defined as  with n 𝑦 =  [𝑦0  𝑦1    .  .  .  𝑦𝑁𝑟 ― 1]𝑇 =  
𝑃
𝛼𝐻𝑊𝑠 + 𝑛

the noise vector 𝑛 =  [𝑛0  𝑛1    .  .  . 𝑛𝑁𝑟 ― 1 ]𝑇.

and nk the frequency-domain noise component for the kth UE. The same noise power is 

assumed for all UEs and the variance of nk is  b ∀k ∈ [0, K-1]. 𝜎2
𝑛

4.3.3.2 Linear Precoding Techniques

As for the uplink, the study is limited to some simple linear beamforming techniques. 

Their precoding matrix F are described thereafter.

a) Maximization of the Received Power (MRT) The first strategy is to maximize the 

received power for each UE without taking into account the MUI. This is done 

using the matched filter of the channel, meaning:

𝐹𝑀𝐹 = 𝛾𝑀𝐹 𝐻𝐻 =
𝐻𝐻

𝑡𝑟{(𝐻𝐻𝐻)}
(4.24)

If  is defined to have the instantaneous power equal to This beamforming 𝛾𝑀𝐹 𝜎2
𝑠 . 

method is known as Maximum Ratio Transmission (MRT), first introduced in 

[534] for a single-user MIMO transmission. This precoding matrix is actually 

comparable to the MRC decoding technique defined in the previous part for the 

uplink. Therefore, if K= 1, this solution is optimal as there is no MUI. 

Additionally, when the number of transmit antennas tends to infinity, the MUI 

vanishes (as shown in [11]) and this solution is still optimal.  can also be settled  𝛼

to have an average transmit power equal to

𝛾𝑀𝐹 =  𝑁𝑡𝐾 (4.25)
In the literature, this method is often called Time Reversal (TR). This name 

actually refers to the more general concept of using the time inverse filter of the 

propagation channel. This technique allows performing spatial and temporal 

focusing in the field of ultrasounds [532].

More recently, time-reversal was investigated for wireless communications in 

ultra-wideband systems [535] and mobile networks systems [536]. Using an 

average normalization factor actually simplifies the transmitter design as each 

antenna can work separately. Nevertheless, in the single-user case, the MRT 
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technique exploits the full spatial diversity, whereas the TR technique only 

exploits half spatial diversity [537]. This means that the TR technique is less 

robust against the multipath propagation channels. With the previous precoding 

techniques, the transmitted power on one antenna can be relatively high, which 

can be a problem depending on the used power amplifier. To avoid this kind of 

problem, researches have been carried out to obtain an efficient precoding matrix 

with the constraint of an equal transmit power on each antenna. In [538], [539], 

the authors describe "constant envelope" precoding schemes to resolve this 

problem respectively in the single-user and multi-user cases. Their solutions are 

therefore relatively complex compared to the MRT and the TR precoding 

techniques. 

b) Zero-Forcing (ZF): The second strategy is to minimize the MUI. This can be 

done with the well-known ZF precoder, also known as channel inversion [529]:

𝐹𝑍𝐹 = 𝛾𝑍𝐹 𝐻𝐻(𝐻𝐻𝐻) ―1 (4.26)

In [529], the authors show that the average normalization factor is difficult to 

use as it could be infinite. This is why an instantaneous normalization factor is a 

better option. In this case, it comes:

𝛾𝑍𝐹 =  
𝑁𝑡 ― 1

∑
𝑛𝑡 = 0

𝐾 ― 1

∑
𝑘 = 0

|𝐹𝑛𝑡,𝑘|2 (4.27)

As for the ZF combining technique, this precoder completely removes MUI. In 

low noise power condition, the ZF precoder is known to outperform the MRT 

precoder [508] as the MRT performance is limited by the MUI. However, in high 

noise power condition, the MRT precoder outperforms the ZF precoder. Indeed, 

for the ZF precoder, the normalization factor  can be very high leading to a low 𝛼

received power. Furthermore, the ZF technique is more complex than the MRT 

technique as it needs to perform a matrix inversion.
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c) Minimum Mean-Square Error Receiver (MMSE): One way to improve the 

performances of the ZF precoder at high noise power is to "regularize" the inverse 

matrix (HHH)-1 [529]. The precoding matrix then becomes:

𝐹𝑀𝑀𝑆𝐸 =  𝛾𝑀𝑀𝑆𝐸𝐻𝐻(𝐻 𝐻𝐻 + 𝜎2𝐼𝐾) ―1 =
𝐻𝐻(𝐻 𝐻𝐻 + 𝜎2𝐼𝐾) ―1

𝑡𝑟{(𝐻 𝐻𝐻 + 𝜎2𝐼𝐾) ―1𝐻𝐻𝐻(𝐻 𝐻𝐻 + 𝜎2𝐼𝐾) ―1}
(4.2
8)

The normalization factor is also defined by  This precoding method is 𝛾𝑀𝑀𝑆𝐸.

known as transmit MMSE, transmit Wiener filter or Regularized Zero Forcing 

(MMSE). As for the MMSE decoding technique, this solution is actually a trade-

off between the MRT precoder and the ZF precoder. Indeed, for a high value of 

α, F tends to a MRT precoder, whereas for a low value of α, it tends to a ZF 

precoder.

4.3.4 Non-linear Precoding

Non-linear precoding embraces all the signal processing techniques devoted to the 

generation of the precoded vector x by means of complex non-linear operations over the 

desired symbol vector x. While the use of non-linear precoding techniques at the 

transmitter offers significant sum-rates benefits; it generally comes at the expense of very 

sophisticated signal processing. Due to their essential high complexity, non-linear 

precoding techniques are only briefly presented in this thesis, as main focus resides on 

systems which require low computational burdens.

a) Dirty Paper Coding (DPC) methods are based on the concepts introduced by the 

seminal work in [540], which showed that DPC is able to achieve the theoretical 

channel capacity if the transmitter is aware of the interference. In addition, such 

remarkable performances can be achieved without the need of additional power 

in transmission nor of shared channel-state-information (CSI) with the receiver 

[533]. Despite offering significant benefits, DPC methods suffer from low 

practicability in realistic scenarios because they require complex signal 

processing, such as sphere search algorithms and infinite length codewords.

b) Vector Perturbation (VP) performs a perturbation of the user data before 

transmission in order to reduce the scaling factor of ZF precoding. While this 
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allows to greatly enhance the performances of linear precoding, as for RZF, its 

application is affected by a significant increase in the signal processing burdens, 

as it requires to solve an integer-lattice least squares problem [529].

c) Tomlinson Harashima Precoding (THP) is a technique that aims to equalize the 

intersymbol interference. In particular, the approach to interference followed by 

THP can be seen as translation of V-BLAST [530] to the transmitter side, where 

the channel matrix H is decomposed into the multiplication of a unitary matrix 

feedforward matrix F and a lower triangular matrix L. The aim of the technique is 

the reduction of the channel matrix at the receiver side to a simple lower triangular 

matrix B = DHF with unitary diagonal elements, where the diagonal scaling 

matrix D entries are the inverse of the diagonal elements of the matrix L. The 

transmitted signal is computed as

𝑥 = 𝐹𝑥𝑖
(4.29)

where the i-th element of  is obtained through a recursive approach at the receiver 𝑥

over the i-th desired symbol ui

𝑥𝑖 = [𝑢𝑖 ―
𝑖 ― 1

∑
𝑗 = 1

𝑏𝑖,𝑗𝑥𝑗]𝑚𝑜𝑑𝐿 (4.30)

where bi;j is the i-th entry of the j-th column of B and [·]  is the L-base 𝑚𝑜𝑑𝐿

modulo operation that keeps the symbol within its original Voronoi region 𝑥𝑖

[530], with L being a real number that depends on the modulation used. In 

opposition to the previous techniques, THP requires further signal processing at 

the receiver side. In fact, the i-th receiver needs to both normalize the i-th received 

symbol by the i-th diagonal entry of the matrix D and to apply an additional 

modulo operation in order to estimate the received symbol.

4.4 Quasi-Orthogonal STBC Technique for Massive MIMO 

Massive Multiple-input multiple-output (mMIMO) techniques design is being pursued by 

researchers and industrialists alike for coping with the growing demand for high data rates 

in modern telecommunications. In 5G for example, the mmWave bands have been 
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selected due to the abundance of unused spectrum resources [541]. However, beyond the 

extravagance of spectral abundance in that electromagnetic spectrum region, the 

bandwidth resources must be maximized. MIMO techniques (with the potentials of 

supporting largely antenna numbers) are therefore efficient method of maximizing such 

electromagnetic wealth. Space-time block coding (STBC) [542], [543], in which a MIMO 

technique that exploits time and antenna spaces to achieve high data rates with minimum 

error probability. For example, [544] showed that under similar spectral efficiencies, 

STBCs outperform spatial modulation [545]. Presently, STBCs are combined with 

beamforming to minimize error probability of MIMO systems [546], [547]..

Although STBCs combined with beamforming are good hybrids when minimum bit error 

ratio (BER) is desired, the conventional orthogonal STBC (OSTBC) [542] is limited to 

only two transmit antennas ( ) as higher order antenna configurations do not 𝑁𝐵𝑆 = 2

achieve orthogonality [548]. These limitations are overcome by specially combining the 

OSTBCs to increase the spatial diversity capability of the scheme [531]. Such codes are 

referred to as QO-STBCs [488], [547]. The standard QO-STBC scheme provides  𝑁𝐵𝑆 > 2

over similar spectral conditions as the OSTBC with better performance. It also dispenses 

with full spatial rate but not full diversity. Unfortunately, also, QO-STBC complicates 

the receiver design due to the lack of orthogonality among the codes. Such limitation 

leads to ISI in the decoding matrix of the QO-STBC receiver and diminishes the BER 

performance.

In terms of the detection matrix, this off-diagonal (ISI) terms are described also as self-

interference terms [549]. Usually, it is di cult to decouple transmitted symbols using linear 

processing in the receiver. Consequently, several solutions have been offered by 

researchers to eliminate the ISI, namely, using Givens-rotation [550], eigenvalues 

decomposition (EVD) [551], [552] and Hadamard matrices [551], [553]. Although both 

the Givens-rotation technique and the EVDs approach yielded similar results, the EVD 

method is less complex to implement. The Hadamard matrices are equivalent modal 

matrices of the EVD with non-zero entries to enhance the full-diversity realization of the 

ISI-free QO-STBCs. In [551], the authors proposed a QO-STBC code structure without 

no 0 -diagonal terms in its detection matrix. Unfortunately, however, the output ISI-free 

matrix is complex and it will be demonstrated later in this study to have a poor BER 

performance (compared to the Givens-rotations and EVD methods). This is due to the 
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degradation of the true gain by the power of the ISI-terms (removed from the rest o -

diagonal points) which are greater than the ISIs of the Givens-rotation and EVD methods. 

This work was first introduced in [553] for multiple input single-output (MISO) systems, 

we extend our results to include MIMO receivers up to NMS = 16 receiving antennas. We 

apply modal matrices from the eigenvalues of the QO-STBCs provided by the Hadamard 

matrices to orthogonalize the detection matrix and enable linear processing. This is 

achieved by deriving an equivalent virtual channel matrix (EVCM) which can be used to 

reduce the complexity of decoupling the space-time transmitted messages at the receiver. 

With EVCM approach, the design and study of QO-STBC becomes attractive since there 

exist only the estimates of the originally  transmitted messages received at the 𝑁𝐵𝑆

receiver. Using the EVCM approach, the receiver complexity is thus transferred to the 

transmitters such as the base stations, which have the flexibility to support complex 

algorithms better than the receivers [488] such as the mobile phones.

QO-STBCs with non-sparse matrices enable well-performing peak-to-average power 

ratio (PAPR) [554], [555]. Thus, since the modal matrices of our system do not have zero 

entries, then we present among other properties a QO-STBC design with well-performing 

PAPR. In addition, our system exhibits full diversity, increased SNR performance that 

minimizes the BER and supports linear decoding. The standard QO-STBC is combined 

with the modal matrices of the Hadamard matrices motivated by EVD to construct new 

QO-STBC with no ISI and achieves full diversity. Also, we will also show that the true 

gain is significantly reduced by the eliminated ISI terms for  receiving antennas. 𝑁𝑀𝑆 > 3

Since the EVCM enables designing receivers with reduced complexity, our investigation 

will focus on interference-free QO-STBCs with beamforming. First, we establish that 

SVD can be used to diagonalize the EVCM of QO-STBC systems. Secondly, we derive 

the optimal transceiver beamformer for interference-free QO-STBCs. Thirdly, we explore 

three different QO-STBC beamforming based- EVD, Hadamard, and SVD-EVCM design 

schemes that enable interference-free QO-STBCs. The results are evaluated in terms of 

BER and data rates.
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4.4.1 System Model 

Given a standard STBC code with a full rate (R = 1) [542], the ratio of the space (number 

of antennas) and time (number of timeslots) can be expressed as R =  /T = 1. Then,  𝑁𝑀𝑆

an orthogonal STBC (OSTBC) systems (e.g. [542]) with two transmit antennas ( 𝑁𝐵𝑆 = 2

) and one receiver ( ), the received signal at the receiver can be represented as 𝑁𝑀𝑆 = 3

𝑋 = 𝐻𝑆 + 𝑛 (4.31)

where X = [X1,…,  X2]T, = [h1, …,  h2]T is a mmWave channel and n = [n1,…, n2]T represents 𝐻

the additive white Gaussian noise (AWGN). Note that [·]T represents the transpose of [·].

Although the STBC code described in [542] achieves the full rate criteria and full 

diversity, its major disadvantage is that the design does not support . This  𝑁𝑀𝑆 > 2

problem can be solved by deploying QO-STBC derivable from the STBCs. The QO-

STBC can dispense with NBS > 2 and complex entries. The QO-STBCs achieve full spatial 

rate [531], [548], [556], but, it does not attain full-diversity. QO-STBCs exhibit full 

spatial rate (R = 1) when for example  = T. Hence, consider a QO-STBC code with  𝑁𝑀𝑆

 = T = 4 as follows [552], [556] 𝑁𝑀𝑆

𝑆 = [Ω12 Ω34
Ω34 Ω12] = [ 𝑠1 𝑠2

―𝑠 ∗
2 𝑠 ∗

1

𝑠3 𝑠4
―𝑠 ∗

4 𝑠 ∗
3

𝑠3 𝑠4
―𝑠 ∗

4 𝑠 ∗
3

𝑠1 𝑠2
―𝑠 ∗

2 𝑠 ∗
1

] (4.32)

where  and  are from the standard Alamouti STBC  Ω12 = [ 𝑠1 𝑠2
―𝑠 ∗

2 𝑠 ∗
1 ] Ω34 = [ 𝑠3 𝑠4

―𝑠 ∗
4 𝑠 ∗

3 ]
of [542].  Unfortunately, (4.32) does not satisfy the  condition 𝑆𝑁𝑇𝑆𝐻

𝑁𝑇 =   (∑𝑁𝑇

𝑖 ― 1|𝑠𝑖|2) 𝐼𝑁𝑇 

∀n instead , ∀n  for an  matrix of size T × NBS   𝜉𝑁𝑇𝜉𝐻
𝑁𝑇 =   𝐼𝑁𝑇,  𝜂𝑁𝑇𝜂𝐻

𝑁𝑇 = 𝐼𝑁𝑇
{𝜉𝑛𝜂𝑛}𝑁

𝑛 = 1

drawn from . Such matrices also exhibit [557]  𝑆𝑁𝑇 = ∑𝑁𝑇

𝑛 = 1𝜉𝑛𝑠ℜ
𝑛  +𝑗∑𝑁𝑇

𝑖 ― 1𝜂𝑛𝑠ℑ
𝑛 𝜉𝐻

𝑛 𝜉𝑙 =  ―

 , and  This property has motivated the proposal 𝜉𝐻
𝑛 𝜉𝑙 𝜂𝐻

𝑛 𝜂𝑙 =  ― 𝜂𝐻
𝑛 𝜂𝑙 𝜉𝐻

𝑛 𝜂𝑙 =  ― 𝜂𝐻
𝑛 𝜉𝑛, ∀, 𝑙.

for the QO-STBC design discussed in [558].

The QO-STBC signal, S, can be PSK or QAM modulated signal, , of length N. 𝑏 ∈ ℂ1 × 𝑁

Unlike the case of NBS = 2, where there are , the QO-STBC in (4.32) involves {ℎ𝑖}𝑁𝑇 = 2
𝑖 = 1
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 antenna spaces. Assuming that there are  antenna spaces over which  𝑁𝑀𝑆 ≫ 2 {ℎ𝑖}𝑁𝑇 = 4
𝑖 = 1

the QO-STBC symbols of (4.32) can be transmitted at different timeslots with one 

receiver ( , then combining the QO-STBC of (4.32) with the channel h,  𝑁𝑀𝑆 = 1 ℎ =

the receiver obtains [ℎ1 ℎ2 ℎ3 ℎ4]𝑇

[𝑋1
𝑋2
𝑋3
𝑋4

] = [ ℎ1𝑠1 + ℎ2𝑠2 + ℎ3𝑠3 + ℎ4𝑠4
―ℎ1𝑠 ∗

2 + ℎ2𝑠 ∗
1 +ℎ3𝑠 ∗

4 +ℎ4𝑠 ∗
3

ℎ1𝑠3 + ℎ2𝑠4 + ℎ3𝑠1 + ℎ4𝑠2
― ℎ1𝑠 ∗

4 +ℎ2𝑠 ∗
3 +ℎ3𝑠 ∗

2 +ℎ4𝑠 ∗
1

] + [𝑛1
𝑛2
𝑛3
𝑛4

] (4.33)

The result in (4.33) follows from (4.32) and the channel vector ℎ = [ℎ1 ℎ2 ℎ3 ℎ4] 𝑇

so that the received symbols can be expressed as

𝑋 = 𝑆ℎ + 𝑛 (4.34)

The design in (4.33) complicates the receiver. For instance, it is difficult to decouple the 

transmitted messages in the receiver involving linear processing. Thus, an equivalent 

virtual channel matrix (EVCM) is derived to enable linear processing, simplifying 

decoding of only  and also the decoupling of received symbols. As an 𝑆 = {𝑠1}𝐵𝑆
𝑖 = 1

example, computing the conjugates of the second and fourth rows of (4.33) and 

rearranging the results,

[ 𝑋1
𝑋 ∗

2
𝑋3
𝑋 ∗

4
] = [ ℎ1 ℎ2

ℎ ∗
2 ―ℎ ∗

1

ℎ3 ℎ4
ℎ ∗

4 ―ℎ ∗
3

ℎ3 ℎ4
ℎ ∗

4 ―ℎ ∗
3

ℎ1 ℎ2
ℎ ∗

2 ―ℎ ∗
1

][𝑠1
𝑠2
𝑠3
𝑠4

] + [𝑍1
𝑍2
𝑍3
𝑍4

] (4.35)

The result realized in (4.36) enables that the channel  given in (4.37), can be expressed 𝑯

as

𝐻𝑣 = [ ℎ1 ℎ2
ℎ ∗

2 ―ℎ ∗
1

ℎ3 ℎ4
ℎ ∗

4 ―ℎ ∗
3

ℎ3 ℎ4
ℎ ∗

4 ―ℎ ∗
3

ℎ1 ℎ2
ℎ ∗

2 ―ℎ ∗
1

] (4.38)

where (4.38) represents the EVCM, Hv. In the literature, an EVCM can be described as a 

matrix with ones on its leading diagonal and at least  zeros at its non-diagonal 𝑁2
𝐵𝑆 2
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positions and its remaining (self-interference) entries being bounded in magnitude by 1 

[559]. Representatively,

𝐻𝑣(𝐻𝑣)𝐻 =   
𝑁𝐵𝑆

∑
𝑖 = 1

|ℎ𝑖|2 𝐷 (4.39)

where D is a sparse matrix. To reduce the system complexity, we apply the EVCM which 

simplifies decoding at the receiver. If there exists an optimum detector of a maximal ratio 

combining (MRC) output, namely using zero-forcing (ZF), 𝐺𝐻
𝑜𝑝𝑡 =  [𝐺1,  .. ., 𝐺𝑁𝐵𝑆] =

 such that . For (𝐻𝑣)𝐻  𝑆 = 𝑡𝑟{𝐺𝐻
𝑜𝑝𝑡 𝑋} = (𝐻𝑣)𝐻𝑋 = (𝐻𝑣)𝐻𝐻𝑣𝑆 + (𝐻𝑣)𝐻𝑛 = ∑𝑁𝐵𝑆

𝑖 = 1𝐺𝑖𝑋𝑖

instance, let the received signal estimate be 

𝑆 =  (𝐻𝑣)𝐻𝐻𝑣𝑆 + (𝐻𝑣)𝐻𝑛 = 𝐷4 × 𝑆 + (𝐻𝑣)𝐻𝑛  (4.40)

where (·)H  is the conjugate transpose of (·). It can be verified that D4 is the detection 

matrix that implements QO-STBC systems with NBS = 4 and NMS = 1. In relation to (4.39), 

we can get

𝑫4 =  𝑯𝐻
𝑣 𝑯𝑣 = 𝜎2

ℎ[1 0
0 1

𝛽 0
0 𝛽

𝛽 0
0 𝛽

1 0
0 1] (4.41)

where  . The mutual interference terms outside the leading diagonal    𝜎2
ℎ =   ∑𝑁𝑇

𝑖 = 1(|ℎ𝑖|2)

can be expressed as  and    . Of course, the interference   𝛽 = 2ℜ(ℎ1ℎ ∗
3 + ℎ2ℎ ∗

4 ) 𝛽 =
𝛽

   𝜎2
ℎ

term diminishes the performance of this style of QO-STBC. Our interest is to minimize 

the impact of so that the BER can also be minimized. An example is in constructing a 𝛽 

suitable channel matrix whose decoding matrix that is devoid of ISI of (4.41).

4.4.2 Full Diversity QOSTBC based- EVD 

In [560], a zero-forcing detection was discussed for QO-STBC design; this is similar to 

the eigenvalue method proposed in [552]. Since the matrices that orthogonalize the 

detection of symbols is non-singular, the received noise estimate is non-gaussian. 

Similarly, also, the pre-whitening process of the noise further amplifies the noise so that 
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the BER statistics be impact to reduction. In [558], the author explored the method of 

analytical derivation of the closed-form expression of the pairwise error probability 

(PEP). The models described in [558], [560] sacrifice the data rates and would require 

switching off the first two antennas or the last two antennas at the RF-chain during each 

timeslot; this can be expensive.

Meanwhile, QO-STBCs that exhibit no-ISI in its detection matrices are said to achieve 

full diversity. For example, the ISI-free QO-STBC is achieved through the rotation of 

one-half of the symbol constellation set [561]–[563], multidimensional rotation [564], 

[565], Givens-rotations [550], EVD [551], [552] and Hadamard matrices [551], [553]. 

Although the EVD approach is less complex and will be followed, the results can be 

enhanced if an equivalent modal matrix can be derived without zeros terms.

Here we use the Definition 2 to demonstrate our proposal using a handy NBS = 4 and show 

also that this can easily be extended to another higher antenna configurations, namely, 

NBS > 4. Substituting for A using D in   Definition 2, it can be observed that

𝐷𝑀 = 𝑀𝑉 (4.42)

We formulate the modal matrices depending on the number of transmitting antennas to 

eliminate the interfering terms in the detection matrix; this results in different modal 

matrix sizes. By applying (4.42), namely  to (4.41), the QOSTBC scheme 𝑀 ―1𝐷𝑀 = 𝑉

can attain full diversity this is the principle of diagonalizing a matrix [566]. The matrix V 

therefore achieves the required interference-free detection. By (4.41), the resulting modal 

matrix of the QO-STBC system under study with NBS = 4 and T=4 can be expressed as

𝑀𝐻𝑣 = 𝜎2
ℎ[ 1   0

0   1 ―1   0
0 ―1

1   0
0   1    1   0

0    1 ] (4.43)

A new EVCM can be formed by post-multiplying Hv  by  MHv, such as

𝐻 = 𝐻𝑣 × 𝑀𝐻𝑣 = [ ℎ1 + ℎ3 ℎ2 + ℎ4
ℎ ∗

2 + ℎ ∗
4 ―ℎ ∗

1 ― ℎ ∗
3

ℎ3 ― ℎ1 ℎ4 ― ℎ2
ℎ ∗

4 ― ℎ ∗
2 ℎ ∗

1 ― ℎ ∗
3

ℎ1 + ℎ3 ℎ2 + ℎ4
ℎ ∗

2 + ℎ ∗
4 ―ℎ ∗

1 ― ℎ ∗
3

ℎ1 ― ℎ3 ℎ2 ― ℎ4
ℎ ∗

2 ― ℎ ∗
4 ℎ ∗

3 ― ℎ ∗
1

] (4.44)
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Note that if the channel is defined as (4.44), the linear model will be expressed as (4.31). 

On the other hand, if the system has channel coefficients given by , then the  ℎ = {ℎ1}𝑁𝑇
𝑖 = 1

system can be described (in linear form) as (4.34).

Notably, only the Alamouti STBC achieves this condition without other post (or pre-) 

processing. Now, rewrite (4.34) in the following form,

𝑋 = 𝐻𝑆 + 𝑛

then the receiver receives

𝑆 = 𝐻𝐻𝑋 = 𝐻𝐻𝐻𝑆 + 𝐻𝐻𝑛 (4.45)

From (4.45), the encoding matrix S simplifies to . On the other hand, the term  𝑆 = {𝑆𝑖}𝑁𝐵𝑆
𝑖 = 1

 in (4.45) also, permits linear decoding and eliminates the  interfering terms, such 𝐻𝐻𝐻 𝛽

as

𝑯𝐻𝑯 = 𝜎2
ℎ[1 + 𝛽 0

0 1 + 𝛽
0   0
0   0

0   0
0   0

1 + 𝛽 0
0 1 + 𝛽] (4.46)

Observe that  provides 𝑯𝐻𝑯

𝑀 ―1
𝐻𝑣 𝐷𝑀𝐻𝑣 = 𝑀 ―1

𝐻𝑣 𝐻𝐻
𝑣 𝐻𝑣𝑀𝐻𝑣

as the new detection matrix with no ISI. Also, observe that the eliminated ISI impacts the 

true power gain. For  configuration, , while for  configuration  4 × 1 {ℎ𝑖}4
𝑖 = 1 3 × 1 {ℎ𝑖}3

𝑖 = 1

but within the QO-STBC design; achieved by setting h4 = 0. Using the method of (4.44), 

it is possible to construct an EVCM suitable for  with  such as𝑁𝐵𝑆 = 3 𝑁𝑀𝑆 = 1

𝑯3 = [ℎ1 + ℎ3 ℎ2
ℎ ∗

2 ―ℎ ∗
1 ― ℎ ∗

3

ℎ3 ― ℎ1 ― ℎ2
― ℎ ∗

2 ℎ ∗
1 ― ℎ ∗

3
ℎ1 + ℎ3 ℎ2

ℎ ∗
2 ―ℎ ∗

1 ― ℎ ∗
3

ℎ1 ― ℎ3 ℎ2
ℎ ∗

2 ℎ ∗
3 ― ℎ ∗

1
]

On the other hand, formulating equivalent symbol matrix involves eliminating the fourth 

column of the matrix [550] since only three antenna spaces are required, for example
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𝑯3 = [ℎ1 + ℎ3 ℎ2
ℎ ∗

2 ―ℎ ∗
1 ― ℎ ∗

3

ℎ3 ― ℎ1
― ℎ ∗

2
ℎ1 + ℎ3 ℎ2

ℎ ∗
2 ―ℎ ∗

1 ― ℎ ∗
3

ℎ1 ― ℎ3
ℎ ∗

2
] (4.47)

With a receiver dispensing with a maximum likelihood (ML) detection, the receiver finds 

to  signals that have the closest Euclidean distance nearest to the original  𝑆 = {𝑆𝑖}𝑁𝑇
𝑖 = 1

transmitted QO-STBC signals . In this case, the error matrix can be ( 𝑆1, 𝑆2,…,𝑆𝑁𝑇)
expressed as . We assume that the channel is quasi-∆𝑠 = (𝑆1 ―  𝑆1, 𝑆2 ―  𝑆2,…,𝑆𝑁𝑇 ―  𝑆𝑁𝑇)
static for  consecutive timeslots.𝑁𝐵𝑆

4.4.3 QO-STBC Beamforming Design Based-Hadamard Matrices 

Although one can easily verify that  , the limitations of (4.40) 𝐻𝐻𝐻 = 𝜎2
ℎ((1 ± 𝛽)𝐼𝑁𝐵𝑆

)
include poor PAPR performance due to the sparsity of the EVD modal matrix [555]  and 

poor BER resulting from the zero terms [544]. Since QO-STBC matrices can be 

diagonalized using modal matrices (M), then Hadamard matrices can as well be used to 

diagonalize QO-STBC systems. For an n × n matrix, Hadamard matrices have ±1 entries 

with the columns (and rows) being pairwise orthogonal [567], for example

𝐻𝑣𝐻𝐻
𝑣 = 𝐻𝐻

𝑣 𝐻𝑣 = 𝑛𝐼𝑛 (4.48)

where In is an identity matrix. Considering the system example understudy, the Hadamard 

matrix of 4 × 4 order can be expressed as

𝑀4 = [𝑀2 𝑀2
𝑀2 ―𝑀2] = [1    1

1 ―1     1     1
    1  ― 1

1    1
1 ―1 ―1  ― 1

―1     1 ] (4.49)

where 𝑀2 = [1  1
1 ―1]

It can be observed in (4.49) that there exist no zero (0) entries as there are in (4.43). These 

zero entries limit the BER performance as they null-out the channel gains. From (4.48), 
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it can be observed that use of Hadamard matrix as the modal matrix gives the advantage 

of   multiple of the diagonalized matrix.𝑁𝐵𝑆

In section 4.4.2, we discussed that modal matrices are applied to QO-STBC systems in 

order to eliminate the off-diagonal (ISI) terms. This phenomenon also led to the proposal 

of applying Hadamard matrices to ensure that QO-STBC systems attain full diversity by 

eliminating the off-diagonal terms. Since the 0’s null-out the channel gains, the modal 

matrix in (4.43) diminishes the BER performance of the QO-STBC. For instance, the 

channel gains are eliminated when combined with a zero. Two, the presence of these 

zeros leads to poorer PAPR performance (see [555] and references therein). The modal 

matrices subtended by the Hadamard matrices do not have these limitations, consequently 

QOSTBC codes constructed from it would exhibit better BER and better PAPR 

advantages. Meanwhile, our interest in this study is in minimizing the error probability. 

Thus, we combine (4.38) and (4.49) so that the channel matrix can be expressed as

𝐻𝑛𝑒𝑤 = 𝐻𝑣 × 𝑀4

At the receiver, linear processing can be applied as follows

𝐻𝐻
𝑛𝑒𝑤𝑋 = 𝐻𝐻

𝑛𝑒𝑤𝐻𝑛𝑒𝑤𝑆 + 𝐻𝐻
𝑛𝑒𝑤𝑛 (4.50)

where

𝐻𝐻
𝑛𝑒𝑤𝐻𝑛𝑒𝑤 = 𝑁𝐵𝑆 × 𝜎2

ℎ[1 + 𝛽 0
0 1 + 𝛽

0         0
0         0

0        0
0        0

1 + 𝛽 0
0 1 + 𝛽] (4.51)

The result in (4.50) can be discussed in terms of the advantages it provides. As an 

example, it eliminates the nonlinear decoding that existed in standard QO-STBC. 

Additionally, comparing (4.51) with (4.46), using the proposed modal matrix technique 

improves the gain by   times the power gain. Consequently, the received signal-to-𝑁𝐵𝑆

noise ratio is (SNR) is thus improved by   times. With , the channel term 𝑁𝐵𝑆 𝑁𝐵𝑆 = 3

namely  is set to zero (0) [550], [551]. As an example, we expressℎ4
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𝐻𝑛𝑒𝑤3 = 𝐻𝑣3 × 𝑀4 = [ ℎ1 ℎ2
ℎ ∗

2 ―ℎ ∗
1

ℎ3 0
0 ―ℎ ∗

3
ℎ3 0
0 ―ℎ ∗

3

ℎ1 ℎ2
ℎ ∗

2 ―ℎ ∗
1

] × [ 1  1
1 ―1

1  1
1 ―1

1  1
1 ―1 1 1

1 ―1]
= [ ℎ1 + ℎ2 + ℎ3 ℎ1 ― ℎ2 + ℎ3

ℎ ∗
2  ―  ℎ ∗

1 ― ℎ ∗
3 ℎ ∗

1 + ℎ ∗
2 + ℎ ∗

3

ℎ1 + ℎ2 ― ℎ3 ℎ1 ― ℎ2 ― ℎ3
ℎ ∗

2  ―  ℎ ∗
1 + ℎ ∗

3 ℎ ∗
1 + ℎ ∗

2 ― ℎ ∗
3

ℎ1 + ℎ2 + ℎ3 ℎ1 ― ℎ2 + ℎ3
ℎ ∗

2  ―  ℎ ∗
1 ― ℎ ∗

3 ℎ ∗
1 + ℎ ∗

2 + ℎ ∗
3

ℎ3 ― ℎ2 ― ℎ1 ℎ2 ― ℎ1 + ℎ3
ℎ ∗

1  ―  ℎ ∗
2 ― ℎ ∗

3 ℎ ∗
3  ―  ℎ ∗

2 ― ℎ ∗
1

]
(4.52

)

If , where were sent in (4.52) then  where are 𝑆 = {𝑆𝑖}𝑁𝑇
𝑖 = 1 𝑁𝐵𝑆 = 4  𝑺 = {𝑺𝒊}𝑵𝑻

𝒊 = 𝟏 𝑁𝐵𝑆 = 3  

required in the case of . Thus, the fourth column of (4.52) is ignored so that the 𝑁𝐵𝑆 = 3

EVCM for becomes𝑁𝐵𝑆 = 3 

𝐻𝑛𝑒𝑤3 = [ ℎ1 + ℎ2 + ℎ3 ℎ1 ― ℎ2 + ℎ3
ℎ ∗

2  ―  ℎ ∗
1 ― ℎ ∗

3 ℎ ∗
1 + ℎ ∗

2 + ℎ ∗
3

ℎ1 + ℎ2 ― ℎ3
ℎ ∗

2  ―  ℎ ∗
1 + ℎ ∗

3
ℎ1 + ℎ2 + ℎ3 ℎ1 ― ℎ2 + ℎ3

ℎ ∗
2  ―  ℎ ∗

1 ― ℎ ∗
3 ℎ ∗

1 + ℎ ∗
2 + ℎ ∗

3

ℎ3 ― ℎ2 ― ℎ1
ℎ ∗

1  ―  ℎ ∗
2 ― ℎ ∗

3
]

This phenomenon is extended to designing QO-STBC systems with 𝑁𝐵𝑆

etc. In terms of complexity in comparison to the EVD method, the = 5, 6, 7, 9, 10, 11,  

number of terms is exactly the same except that when the QO-STBC matrix terms are 

multiplied by the null terms from the sparse eigenvalues of the EVD matrix, it nulls-out 

the channel gains so that the resulting EVCM matrix is reduced in number of terms.

4.4.3.1 Diagonalized Hadamard STBC
Other methods of constructing new codes from the standard QO-STBC have been 

reported [551], [555]. The method described in [555] does not adopt the use of Hadamard 

matrix and does not achieve full rate. However, [551] combined cyclic matrices with 

Hadamard matrices to form new codes. The cyclic matrix does not achieve orthogonality 

hence its combination with the Hadamard matrix. In [551], the authors introduced new 

QO-STBC design from cyclic matrices called Diagonalized Hadamard STBC 

(DHSTBC). For instance, the DHSTBC can be expressed as [551]
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𝑆𝑐 = [𝑆1 𝑆2
𝑆2 𝑆1

𝑆3 𝑆4
𝑆4 𝑆3

𝑆3 𝑆4
𝑆4 𝑆3

𝑆1 𝑆2
𝑆2 𝑆1

] (4.53)

Given the knowledge of modal matrices proposed in this study, the equivalent symbol 

matrix be discussed. As the modal matrix of    from  was used 𝐷 = 𝐻ℋ𝐻 𝑀 ―1
𝐻𝑣 𝐷𝑀𝐻𝑣 = 𝑉

to form an EVCM in (4.44), similarly from , the equivalent symbol matrix 𝑀 ―1
𝑠 𝐷𝑠𝑀𝑠 = 𝑉

can be discussed knowing that  is the modal matrix of . Considering (4.53), the 𝑀𝑠 𝐷𝑠

equivalent symbol matrix can be derived as  Combining a cyclic matrix 𝑆𝑛𝑒𝑤 = 𝑆 × 𝑀𝑠

and a Hadamard matrix, DHSTBC code was defined as [15]

𝑆𝑛𝑒𝑤 = [𝑆1 𝑆2
𝑆2 𝑆1

𝑆3 𝑆4
𝑆4 𝑆3

𝑆3 𝑆4
𝑆4 𝑆3

𝑆1 𝑆2
𝑆2 𝑆1

] × [1 1
1 ―1

1 1
1 ―1

1 1
1 ―1

―1 ―1
―1 1 ]

Recall a system model of (4.34). Similar to the (4.53) model, if the symbols matrix is 

defined from cyclic matrix of (4.53), then the channel matrix can also be expressed as

𝐻𝑐 = [ℎ1 ℎ2
ℎ2 ℎ1

ℎ3 ℎ4
ℎ4 ℎ3

ℎ3 ℎ4
ℎ4 ℎ3

ℎ1 ℎ2
ℎ2 ℎ1

]
Then constructing an EVCM for linear decoding involves combining the EVCM and the 

Hadamard-based modal matrix (4.49), as

𝐻4 = 𝐻𝑐 × 𝑀4 = [ℎ1 ℎ2
ℎ2 ℎ1

ℎ3 ℎ4
ℎ4 ℎ3

ℎ3 ℎ4
ℎ4 ℎ3

ℎ1 ℎ2
ℎ2 ℎ1

] × [1 1
1 ―1 1 1

1 ―1
1 1
1 ―1 ―1 ―1

―1  1 ] (4.54)

Similar to (4.55), the receiver receives 

𝐻𝐻
4 𝑋 = 𝐻𝐻

4 𝐻4𝑆 + 𝐻𝐻
4 𝑛

where . The detection matrix is fat in terms of elements, for example𝑺 = {𝑆𝑖}𝑁𝐵𝑆
𝑖 = 1
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𝐻𝐻
4 𝐻4 = 𝑁𝐵𝑆[𝑎1𝑏1 0

0 𝑎2𝑏2
0        0
0       0

0       0
0       0

𝑎3𝑏3 0
0 𝑎4𝑏4

] (4.56)

where

,    𝑎1 = ℎ1 + ℎ2 + ℎ3 + ℎ4  𝑏1 = ℎ ∗
1 + ℎ ∗

2 + ℎ ∗
3 + ℎ ∗

4

,   𝑎2 = ℎ ∗
1 ― ℎ ∗

2 + ℎ ∗
3 ― ℎ ∗

4  𝑏2 = ℎ1 ― ℎ2 + ℎ3 ― ℎ4

  𝑎3 = ℎ ∗
1 + ℎ ∗

2 ― ℎ ∗
3 ― ℎ ∗

4 ,    𝑏3 = ℎ1 + ℎ2 ― ℎ3 ― ℎ4

  𝑎2 = ℎ ∗
1 ― ℎ ∗

2 ― ℎ ∗
3 + ℎ ∗

4 ,    𝑏4 = ℎ1 ― ℎ2 ― ℎ3 + ℎ4

where Also, if is formed as  instead of𝑁𝐵𝑆 = 4. 𝐻4    𝐻4 = 𝑀4 × 𝐻𝑐

, then (where ) sequel to Hadamard criteria. 𝐻4 = 𝐻𝑐 × 𝑀4 𝐻𝑛𝐻ℋ
𝑛 = 𝐻ℋ

𝑛 𝐻𝑛 = 𝑛𝐼𝑛 𝑛 = 4

The resulting matrix is huge and complex; these have their respective implications that 

will be enumerated shortly. For instance, since there are additional interfering terms in 

(4.52) after expanding  then, when compared to the results of the ISI-𝑎𝑖𝑏𝑖 ∀𝑖 = 1, 2, . . .,𝑁𝑇

free QOSTBC in (4.56), the terms  further diminish the BER 𝑎𝑖𝑏𝑖 ∀𝑖 = 1, 2, . . .,𝑁𝐵𝑆

performance, so that the DHSTBC scheme performs poorly.

Comparing the QO-STBC result (4.56) with the earlier Hadamard algorithm of DHSTBC 

in (4.52), the proposed QO-STBC has well-reduced computational complexity. For 

instance, expanding   it can be observed that there are 16 terms 𝑎𝑖𝑏𝑖 ∀𝑖 = 1, 2, . . .,𝑁𝐵𝑆

involved in the earlier DHSTBC while there are only 8 terms involved in the proposed; 

there exist  ISI terms. In terms of performance, the earlier Hadamard QO-𝛽 +𝑂(2𝑁𝐵𝑆)

STBC (DHSTBC) involves 8 additional interfering terms (apart from ) that would 𝛽

degrade its BER performance.

4.4.4 Massive MIMO QO-STBC System

In the earlier discussions, we have supposed that there are receiver antennas; 𝑁𝑀𝑆 = 1 

here, we consider the case of . Thus, each of channel terms from the  𝑁𝑀𝑆 > 1 𝑯 = {ℎ𝑖}𝑁𝑇
𝑖 = 1

can be treated respectively as a vector of the form:
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𝑯 = [𝒉𝟏 𝒉𝟐 . . .   𝒉𝑵𝑻 ]𝑻

where

ℎ1 = [ℎ11, ℎ21, . . . ,  ℎ𝑁𝑅1 ]𝑇

ℎ2 = [ℎ12, ℎ22, . . .,   ℎ𝑁𝑅2 ]𝑇

ℎ𝑁𝑇 = [ℎ1𝑁𝑇, ℎ2𝑁𝑇, . . .,   ℎ𝑁𝑅𝑁𝑇 ]𝑇

If the equivalent channel can be derived, then the MRC when there are  maximum 𝑁𝑀𝑆

receiving elements can be described. Assuming perfect channel state information (CSI) 

(i.e. the channel coefficients are perfectly available at the receiver), the detector attains 

optimal maximum likelihood (ML) rule as [568]:

𝑆 = 𝑎𝑟𝑔𝑆𝑚𝑎𝑥
𝑁𝑅

∏
𝑗 = 1

𝑃(𝑋𝑗|𝐻𝑗,𝑆) = 𝑎𝑟𝑔𝑆𝑚𝑖𝑛ℜ{( 𝑁𝑅

∑
𝑗 = 1

𝐻ℋ
𝑗 𝑋𝑗)𝑆ℋ} ―

1
2( 𝑁𝑅

∑
𝑗 = 1

|𝐻𝑗|2)|𝑆𝑗|2 (4.57
)

where . The term is the Euclidean 𝑃(𝑋𝑗|𝐻𝑗,𝑆) =
1
𝜋𝑒𝑥𝑝( ― |𝑋𝑗 ― 𝐻𝑗𝑆𝑗|2) |𝑋𝑗 ― 𝐻𝑗𝑆𝑗|2

distance metric for a ML decoding. If an equivalent channel is known (EVCM), the MRC 

rule from [568] provides that

𝑆 =
𝑁𝑅

∑
𝑗 = 1

(𝐻ℋ
𝑛𝑒𝑤)𝑗(𝐻𝑛𝑒𝑤)𝑗 (4.58)

Considering the MIMO scheme in (4.58), both  and the gain in hence 𝑁𝐵𝑆 [(𝐻ℋ
𝑛𝑒𝑤𝐻𝑛𝑒𝑤)] 

the amplitude of the received signal. Then the noise part is amplified by the (𝐻𝐻
𝑛𝑒𝑤)𝑗

 This is because the EVCM is unitary except that they are scaled by the gains. , ∀𝑗 = 1, 2. 

Notice that   represents an identity matrix impacted (as in the case ∀𝑁𝑅,  [(𝐻ℋ
𝑛𝑒𝑤𝐻𝑛𝑒𝑤)]

) by the channel gains such as  . The noise term is rather 𝑁𝑀𝑆 = 1 ‖𝐻‖2
𝐹 = ∑𝑁𝑅

𝑗 = 1
∑𝑁𝑇

𝑖 = 1|ℎ𝑖,𝑗|2

amplified by  The degree of impact of  on the noise term (𝐻𝐻
𝑛𝑒𝑤)𝑗, ∀𝑗 = 1,  . . ., 𝑁𝑀𝑆. (𝐻𝐻

𝑛𝑒𝑤)𝑗

impacts the Euclidean distance metric at the receiver; this depends on the fading of the 

channel. The complexity in the decoupling of the transmitted message in the receiver 

reduces to finding only  for all the receiving branches. STBCs that support  𝑆 = {𝑆𝑖}𝑁𝑇
𝑖 = 1
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linear transceiver systems incur a loss in capacity over channels with multiple receive 

antennas [569]. This is even more noticeable in the case of conventional QO-STBCs due 

to ISI and worst when DHSTBC is used to enable transmitter diversity because the ISI 

terms ( ) will grow as the  increases, in fact up to the point of no more diversity gain.𝛽 𝑁𝑀𝑆

4.4.5 QOSTBC Beamforming Design Based-SVD for mmWave 
SU-MIMO System

The EVCM is usually important in designing STBC transceivers with linear detection at 

the receiver. Our interest is drawn to the properties of H to improve on the performance 

of the STBC system. For example, since H is orthogonal, the detection of transmitted 

signals in the conventional standard STBC system is achieved by performing a linear 

multiplication of the received signal as follows

𝑥 =  (𝐻𝑣)𝐻𝐻𝑣𝑥 + (𝐻𝑣)𝐻𝑛 = 𝑥 + (𝐻𝑣)𝐻𝑛  (4.59)

We note that  is the channel detection matrix which can be represented as (𝐻𝑣)𝐻𝐻𝑣

𝐻𝐻
𝑣 𝐻𝑣 = [ℎ2

1 + ℎ2
2 0

0 ℎ2
1 + ℎ2

2] (4.60)

Since there are no off-diagonal terms in the detection matrix in (4.60), the STBC system 

with NBS = 2 is said to be interference-free. This approach easily overcomes the 

complexity in decoupling the transmitted signals using a simple linear operation. Another 

approach to realizing similar results is by using SVD. For example, by using SVD we can 

decompose the EVCM as

𝐻𝐻
𝑣 𝐻𝑣 = 𝑈𝐷𝑉𝐻 (4.61)

where  and   are the eigenvectors; both V and U are unitary 𝑈 ∈ ℂ𝑁𝑀𝑆 × 𝑁𝑀𝑆 𝑉 ∈ ℂ𝑁𝐵𝑆 × 𝑁𝐵𝑆

matrices. In other words,  ≈  = In, where In is the identity matrix of size n. Note 𝑈𝐻𝑈 𝑉𝐻𝑉

also that D represents the eigenvalues, with diagonal entries d = [d1, · · ·, dn] which are 

positive definitive. It can be shown that D is equivalent to . In other words, the 𝐻𝐻
𝑣 𝐻𝑣

optimal channel gains = arg max ( ), which in turn represents the strongest signal 𝑑2
𝑖 𝐷𝐻𝐷
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beam in the system; where . For example, by performing simple linear 𝑑2
1 ≈ 𝑑2

1 ≈ ℎ2
1 + ℎ2

2

detection (in terms of SVD method) we find that

𝐷 = [𝑑2
1 0

0 𝑑2
2] (4.62)

Thus, to implement the standard OQ-STBC system, the input signal is precoded with V 

and then at the receiver, the signal recovered by U, as in [570]. This scheme is also 

similarly applied in beamforming. Since the SVD approach maximizes signal power, we 

can exploit this to maximize received signal strength at the receiver, for example by using 

the concept of directional beamforming [571], [557], [491], [508]. For example, let the 

transmit signal be precoded before transmission as shown in [570]. At the receiver, we 

have

𝑦 = 𝐻𝑤𝑡𝑥 + 𝑛 (4.63)

where  is the precoding matrix at the transmitter and n ∼ CN (0,  𝑤𝑡 ∈ ℂ𝑁𝐵𝑆 × 𝑁𝐵𝑆 𝜎2
𝑛 𝐼  𝑀𝑀𝑆𝑁𝑀𝑆

) donates additive white Gaussian noise (AWGN). We can recover the transmitted signals 

by using a receiver beamformer as follows

𝑦 = 𝑤𝐻
𝑟 𝐻𝑤𝑡𝑥 + 𝑤𝐻

𝑟 𝑛 (4.64)

where  is the combining matrix at the receiver. For optimum performance, 𝑤𝑟 ∈ ℂ𝑁𝐵𝑆 × 𝑁𝐵𝑆

wt must be chosen to maximize , such that  where P is a 𝔼{‖𝑤𝐻
𝑟 𝐻𝑤𝑡‖2}𝐸𝑠

𝜎2
𝑛

‖𝑤𝑡‖2 ≤ 𝑃

limiting transmit power level and  is the data symbole energy. By substituting the SVD 𝐸𝑠

from (4.59) into (4.64) for H, we find that

𝑦 = 𝑤𝐻
𝑟,𝑜𝑝𝑡𝐻𝑤𝑡,𝑜𝑝𝑡𝑥 + 𝑤𝐻

𝑟,𝑜𝑝𝑡𝑛 (4.65)

On this note, our goal is to choose  and  that jointly maximizes the received SNR. It 𝑤𝑟 𝑤𝑡

has been shown in [492] that the optimal transmit beamforming vector is  𝑤𝑡,𝑜𝑝𝑡 =
1
𝑁𝐵𝑆

𝐷

and the corresponding optimal receiver beamforming vector is , 𝑤𝑟(𝑚𝑟𝑐),𝑜𝑝𝑡 =
𝐻

𝐻

𝑡𝑟{(𝐻
𝐻

𝐻)}
where  Based on this, substituting accordingly in (4.65), we find that𝐻 = 𝐻𝐷.
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𝑦𝑚𝑟𝑐 = 𝑤𝐻
𝑟(𝑚𝑟𝑐),,𝑜𝑝𝑡𝐻𝑤𝑡(𝑚𝑟𝑐),,𝑜𝑝𝑡𝑥 + 𝑤𝐻

𝑟(𝑚𝑟𝑐),,𝑜𝑝𝑡𝑛

=
𝑃

𝑁𝐵𝑆
𝑤𝐻

𝑟,,𝑜𝑝𝑡(𝐻𝑥 + 𝑛)
(4.66)

This can be applied for the other linear precoding schemes as shown in Table 4.2. The 

result in (4.66) shows that the received signal at the receiver for a MISO system operating 

the OQSTBC gives the strongest beam in joint transmitter-receiver beamforming. In other 

words, the STBC gives a result equivalent to 1-directional beam for a single MS. 

However, it has been shown in [571], [572] that signals beams from the other directions 

can be exploited to increase the received signal throughput and thereby reducing the 

received BER; this is the concept of multi-directional beamforming for multiuser. Thus, 

we modify (4.66) to include other beams as follows

𝑦𝑘 =
𝑃

𝑁𝐵𝑆

𝐾

∑
𝑘 = 1

𝑤𝐻
𝑟,𝑘𝐻𝑤𝑡,𝑘𝑥 + 𝑤𝐻

𝑟,𝑘𝑛 (4.67)

where  is the number of user and cardinality realized from solving the following 𝐾 = |𝑤𝑟,𝑘|

optimization problem

𝑤𝑟,𝑘(𝑜𝑝𝑡) = 𝑎𝑟𝑔max
𝑤𝑖

‖𝑤𝐻
𝑟,𝑘𝐷 𝑃𝑤𝑡,𝑘‖
.𝑠.𝑡.𝑤𝑟,𝑘 ≤ 𝑃

(4.68)

The diversity gain realized from (4.67) can be immediately shown to be canonically 

greater than that of (4.66).
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4.5 Simulation Results and Analysis

To demonstrate the performances of the proposed SVD-based QO-STBC scheme, an 

extensive simulation is conducted for varying number of antenna configurations in 60 

GHz mmWave channel model. First, considering the case of standard QO-STBC scheme 

with NBS = 64 transmitting antenna elements with NMS = 8, 16 receiver antenna elements. 

In which QO-STBC system is formed for NBS = 64 such that the expended EVCM channel 

with elements as in (4.38), is realized which enables simple linear decoding at the 

receiver. The data signals normalized ( ) is then generated, digitally modulated 𝔼[𝑠] = 1

using QPSK and then transmitted over the NBS = 64 transmitting channels and precoding 

with one of the precoder approaches  before transmission, then decoded at the receiver 𝑤𝑡 , 

with which is calculated due to the corresponding precoding type and using three 𝑤𝑟, 

linear combining methods MRC, ZF and MMSE, as described in Table 4.2. Afterwards, 

the received signals are digitally demodulated and then the error counted from the 

recovered signals. These steps are later repeated for EVD, Hadamard and SVD 

approaches to compare the analytical derivation of the relationship between the singular 

values of SVD-based EVCM and the three other orthogonality approaches. 

𝒘𝒓
OQSTBC 
Approach

Precoded 
EVCM

𝒘𝒕

MRC ZF MMSE

Standard 𝐻 = 𝐻𝑣 1

EVD
𝐻 = 𝐻𝑣𝐸

𝐸 = 𝑒𝑖𝑔(𝐻𝐻
𝑣 𝐻𝑣)

Hadamard
𝐻 = 𝐻𝑣𝑀𝐻𝑎𝑑

𝑀𝐻𝑎𝑑 = ℎ𝑎𝑑(𝑁𝐵𝑆)

SVD 𝐻 = 𝐻𝑣𝐷 𝐷 = 𝑠𝑣𝑑(𝐻𝐻
𝑣 𝐻𝑣)

𝐻
𝐻

𝑡𝑟{ (𝐻
𝐻𝐻 )}

𝐻
𝐻(𝐻

𝐻
𝐻)

―
1

𝑡𝑟{ (𝐻
𝐻

𝐻)}

𝐻
𝐻(𝐻

𝐻
𝐻

+
𝜎

2𝐼𝐾 )
―

1

𝑡𝑟{ (𝐻
𝐻

𝐻
+

𝜎
2𝐼𝐾 )

―
1𝐻

𝐻
𝐻(𝐻

𝐻
𝐻

+
𝜎

2𝐼𝐾 )
―

1}
Table 4.2:  Linear Precoding Schemes for mmWave SU-MIMO OQ-STBC Systems
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4.5.1.1 BER Performance for Single-User based on Transmit and Receive 
Antennas 

To evaluate the performance of the proposed SVD-based QO-STBC modal matrix 

scheme the BER comparisons with the standard QO-STBC, Eigen Value Decomposition 

(EVD) and Hadamard (Had) -based precoding modal matrices, described in the previous 

sections, under the condition of narrowband mmWave mMIMO channel is presented in 

Figure 4.2, Figure 4.3 and Figure 4.3. Each approach is applied the three combining 

methods at the receiver. Figure 4.2 shows the BER results for the BS element number 𝑁𝐵𝑆 

and the both MS elements  In all cases, the performances of QO-STBC = 64 𝑁𝑀𝑆 = 8, 16.

operated with SVD-based modal matrices with almost equally ZF and MMSE combiner 

outperform the Had -based precoding as shown in Figure 4.2 and Figure 4.3 by around 

1-2 dB at 10-2 BER and more than 5dB the beamforming based-EVD and Standard QO-

STBC. Then Had -based precoding defeats all at higher SNR. This proves the ability of 

SVD-based QO-STBC in (4.59) and Had -based precoding in (4.53) to eliminate the non-

diagonal interference from the received signal. 

There is no noticeable change in BER performance when increasing the antenna elements 

at the receiver as shown in Figure 4.2(a) and (b). However, the BER performance 

enhancement by 1-3 dB at 10−5 of the proposal beamforming based-SVD and Had-based 

QO-STBC when the NBS raises to 256 elements while maintaining their superiority over 

the rest. Since ZF combiner showed better efficiency than other methods to reduce the 

effect of interferences, Figure (4.4) shows the effectiveness of the two schemes with a 

different number of transmitting and receiving antennas. It is observed that the BER 

performance of the two schemes improves approximately 2.5dB at 10-5 BER by increasing 

the  concurrent with a slight enhancement when the increasing 𝑁𝐵𝑆 to 64 elements, 𝑁𝑀𝑆

= to 16.

(a) 64x8 SU_MIMO (b) 64x16 SU_MIMO 
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Figure 4.2: BER versus SNR performances of standard QO-STBC, ZF SVD-based 
detection with  = 64 and = 8,16 with QPSK in mmWave SU-MIMO 𝑵𝑩𝑺 𝑵𝑴𝑺

system

(a) 256x8 SU_MIMO (b) 256x16 SU_MIMO 

Figure 4.3: BER versus SNR performances of standard QO-STBC, SVD-based, 
EVD-based and Hadamard-based detection with  = 256, = 8,16 𝑵𝑩𝑺 𝑵𝑴𝑺
and QPSK in mmWave SU-MIMO system. 
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4.5.1.2 Spectral Efficiency Performance for Single-User based on Transmit 
and Receive Antennas 

The results for the Spectral Efficiency achieved are shown in Figure 4.5, Figure 4.6 and 

Figure 4.7. Higher antenna configurations ( ) achieve higher data 𝑁𝐵𝑆 =  256,  𝑁𝑀𝑆 =  16

rates compared to lower antenna configurations ( ). However, for all 𝑁𝐵𝑆 =  64, 𝑁𝑀𝑆 =  8

the QO-STBC schemes under test with antenna configurations ( ), 𝑁𝐵𝑆 =  64, 𝑁𝑀𝑆 =  16

have similar performance when the antenna configurations ( ), as 𝑁𝐵𝑆 =  64, 𝑁𝑀𝑆 =  8

shown in Figure 4.5 (a) and (b). Whereas, the proposed SVD-based QO-STBC scheme 

achieved 200 (bits /s/ Hz) at -10 dB SNR and outperform the Had-based QO-STBC 

scheme by 15 dB and the EVD-based QO-STBC and Standard schemes by 32 dB SNR 

for all combining methods and antenna configurations ( ) as 𝑁𝐵𝑆 =  64, 𝑁𝑀𝑆 =  8,16

shown in Figure 4.6 (a) and (b). Moreover, Figure 4.6 (a) and (b) show a big similarity in 

performance for all approaches and the antenna configurations (𝑁𝐵𝑆 =  256, 𝑁𝑀𝑆 

), except that the SVD-based QO-STBC scheme achieved 200 (bits /s/ Hz) at =  8,16

approximately -38 dB SNR with performance gap with the Had-based QO-STBC and the 

EVD-based QO-STBC and Standard schemes by 22 dB and 46 dB SNR respectively, for 

all combining methods.

(a) 64x8 SU_MIMO (b)  64x16 SU_MIMO 

Figure 4.5: Spectral Efficiency versus SNR performances of standard QO-STBC, 
SVD-based, EVD-based and Hadamard-based detection with = 64, 𝑵𝑩𝑺

= 8,16 and QPSK in mmWave SU-MIMO system.𝑵𝑴𝑺

Figure 4.4: BER versus SNR performances of standard QO-STBC, ZF SVD-
based detection with  = 64, 256 and = 8,16 with QPSK in 𝑵𝑩𝑺 𝑵𝑴𝑺
mmWave SU-MIMO system. 
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Obviously, in all cases there exists no zero entries in the beamforming based-SVD QO-

STBC and slightly lower in Had-based OQ-STBC, thus offering richer channel gains and 

therefore higher data rate. Figure 4.7 shows that there is a big gap between the proposed 

SVD-based QO-STBC and the other schemes. While, the other schemes (Had-based QO-

STBC, EVD-based QO-STBC and standard QO-STBC) with antenna configurations (

), for all combining methods. achieve the same spectral efficiency 𝑁𝐵𝑆 =  256, 𝑁𝑀𝑆 =  16

scheme at -35 dB, -15 dB and 10 dB respectively. 

Figure 4.7: Spectral Efficiency versus SNR performances ZF standard QO-
STBC, SVD-based, EVD-based and Hadamard-based detection 

 (a) 256x8 SU_MIMO  (b) 256x16 SU_MIMO 

Figure 4.6: Spectral Efficiency versus SNR performances of standard QO-STBC, 
SVD-based, EVD-based and Hadamard-based detection with = 𝑵𝑩𝑺
256, = 8,16 and QPSK in mmWave SU-MIMO system.𝑵𝑴𝑺
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with  = 64, 256 and = 8,16 with QPSK in mmWave SU-𝑵𝑩𝑺 𝑵𝑴𝑺
MIMO system. 

4.6 Conclusion 

Massive MIMO systems hold a wide range of benefits by using a large number of 

antennas. In particular, they allow providing SDMA and to improve the spectral and 

energy efficiency of the systems. For the uplink, the users simultaneously communicate 

with a BS equipped with a large number of antennas thanks to massive MIMO combining 

techniques. The MRC, ZF and MMSE combining techniques are used respectively to 

maximize the SNR, to minimize the interference power and to have a trade-off between 

the SNR and the interference power. For the downlink, a BS equipped with a large number 

of antennas simultaneously serves the users thanks to massive MIMO beamforming 

techniques. The MRT, ZF and MMSE precoding techniques are used respectively to 

maximize the received power, to minimize the interference power and to have a trade-off 

between the received power and the interference power. 

The study of the substructures of QO-STBC channel matrices for precoding transmit 

symbols for optimum performance is presented. QO-STBC including beamforming is 

multiple-input multiple output (MIMO) system design techniques used to improve data 

rates and reduce BER. STBCs for larger antenna configurations use QO-STBC schemes 

which suffer from self-interference problems. The self-interference in QO-STBC systems 

diminishes the data rates and worsen the BER. Throughout this study, three precoding 

approaches of overcoming the self-interference problems in QO-STBC systems with full 

connected at both the transmitter and receiver is presented. We implement the 

interference-free QO-STBC systems with directional beamforming in mmWave channel 

to improve the data rates and also reduce the BER. The results show that the proposed 

beamforming based-SVD QO-STBC precoding significantly improved BER performance 

when the interferences are eliminated. An additional 1-3 dB gain is achieved at 10−5 BER 

when the interference-free QO-STBCs are operated with the proposed beamforming 

based-SVD QO-STBC. In terms of spectral efficiency, the beamforming based-SVD QO-
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STBC approach with all combining techniques was achieved higher rate than other 

schemes for different channel dimensions when compared at same SNR value.  

Chapter 5 

Efficient Hybrid Beamforming for 5G Wideband mmWave MU-

mMIMO-OFDM Systems

5.1 Introduction
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Key technology enablers from different perspectives of the 5G technologies are proposed 

to meet the significant enhancement in KPIs (Key Performance Indicators). Those that 

have been widely discussed to date, include mmWave system [12], [73], [486], new 

waveforms [12], [573], massive MIMO (Multi-Input Multi-Output) [12], [490], Multi-

RAT (Multi-Radio Access Technology), small cells [574], [575], SDN (Software Defined 

Network) and NFV (Network Function Virtualization) [576]. From the physical layer 

perspective, modulation and waveform design is one of the most critical aspects that plays 

a major role in determining the system throughput, complexity, and reliability, and 

therefore it has received significant interest among industry and the research community 

[485]. Recently, a review of waveforms was provided in [577], where different candidate 

waveforms, such as OFDM (Orthogonal Frequency Division Multiplexing), FBMC 

(Filter Bank Multi-Carrier), TFS (Time-Frequency Packed Signalling), and SCM (Single 

Carrier Modulations), were analysed and compared, mainly from the spectral efficiency 

and performance perspective.  Although the potential modulation schemes and 

waveforms in 5G have been overviewed in the literature to some extent, they either 

focused only on waveforms and largely neglected new modulation schemes [490], or 

considered limited KPI aspects or application scenarios in 5G [577], [578].

Although Massive MIMO is considered a good technique to achieve a high capacity, the 

channel estimation has to be performed in practice, similarly to the classical MIMO [490]. 

One way to estimate the channel state information in Massive MIMO is to use orthogonal 

pilot sequences. However, pilot contamination, where different users in different cells use 

the same orthogonal pilots because of the limited spectrum available, is one of the 

challenging problems that needs to be solved [487]. 

MmWave technology for indoor and outdoor wireless communication has emerged as a 

new frontier to deploy high speed data links [579]. The feasibility of indoor 

implementation of mmWave links has been successfully demonstrated by stakeholders 

[207], [580]. This is evident from the emergence of standards, which include the IEEE 

802.15.3c wireless personal area network (WPAN), wireless high definition (WiHD) 

[581], European computer manufacturers association (ECMA) [582], and IEEE 802.11ad 

wireless local area network (WLAN) [579].
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In wireless communication systems, transmit and receive beamforming is used for signal 

transmission from BSs with multiple antennas to one or multiple pieces of user equipment 

that should be covered. The objective of transmit beamforming [489] is to maximize each 

user’s  received signal power while minimizing the interference signal power from the 

other users, hence increasing capacity [484]. This can be achieved by transmitting the 

same signal from all transmitters with different amplitudes and phases. These multiple 

versions of the transmitted signal will pass through different MIMO channels such that 

they are added constructively at the desired users and destructively at other users [484]. 

The gain realized through antenna beamforming can compensate for the excessive path 

and penetration losses at mmWave frequencies. Initially, mmWave bands have been 

usually considered for indoor communications [87], [583]. For outdoor communications, 

beamforming can be employed [26], [40], [584], as it can extend communication range 

using narrow beams of high gains. Therefore, the mmWave channel characteristics, to a 

large extent, dictate the choice of physical (PHY) layer and medium access control 

(MAC) layer schemes as well as the hardware implementation [52]. From this 

perspective, multiple antenna technology is a key enabler to efficiently utilize the 

mmWave band as it can increase the link capacity by employing directional 

communication. The small wavelengths in the mmWave regime has facilitated array 

architectures embedded into portable devices with a compact form factor, making 

beamforming an attractive proposition [585]. 

The impact of directional multi-antenna beamformers with suitable antenna 

configurations is also shown to improve SNR, enhance the Ricean factor gain, and reduce 

the root-mean-squared (RMS) delay spread due to multipath dispersion at the receiver 

[586]. Signal processing for fixed weight and adaptive beamforming in traditional 

microwave systems with a limited number of antenna elements can be conveniently 

performed in digital baseband. However, for large scale antenna mmWave systems, 

digital baseband beamforming is prohibitively complex and costly due to the requirement 

of a dedicated radio frequency (RF) chain for each antenna element and higher dynamic 

range for analogue front-end RF circuitry [579]. Also, sophisticated adaptive 

beamforming methods have not been extensively used thus far in mmWave 

communications due to increased signal processing overheads and latency. Thus, low 

complexity analogue beamforming methods have been largely adopted for short-range 

(4–10 m) indoor mmWave communications in the 60 GHz band [211], [80]. Based on 
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considerations of high propagation and penetration losses, the focus for outdoor mmWave 

communications has been on frequency bands centred at 28 GHz, 38 GHz, 73 GHz, and 

in the 81–86 GHz range [585]. Due to hardware cost constraints, and the need for multi-

stream/multi-user support, a promising method known as hybrid beamforming has 

emerged as a leading contender for outdoor mmWave communications [579].

A lot of research has been done to overcome the constraints required by analogue 

beamforming. Several authors have proposed a hybrid beamforming structure that 

combines the strengths of both analogue and digital beamforming systems to reduce 

hardware complexity [26], [75], [520]. The precoding and combining hybrid structure is 

done in both the baseband (BB) and RF sections. The performance of hybrid 

beamforming is close to the optimal digital one, which is practically infeasible and has 

full-complexity, while the number of RF chains is reduced, i.e., NRF < NBS, where NRF is 

the number of RF chains and NBS is the number of transmit antennas, resulting in a saving 

in power consumption and reduction of the hardware complexity [487]. 

Despite the aforementioned benefits of large antenna arrays, it also brings two interesting 

challenges: (i) the number of RF chains increases the hardware cost/complexity as well 

as the power consumption and (ii) the requirement for the considerable amount of CSI 

overhead causes longer training sequence and increased signalling duration [587]. In 

order to overcome these problems, hybrid precoding (HP) has been proposed as a 

promising solution [78], [587], [588], where the precoder is partitioned into two stages: 

an analogue RF beamformer followed by a low-dimensional digital baseband precoder. 

The RF-stage and baseband-stage are connected to each other via RF chains, where the 

selected number of RF chains is between the number of available antennas and the 

independent data streams or equivalently, the number of single-antenna users to be 

simultaneously served. In terms of input parameters for the RF beamformer design, there 

are two main strategies: (i) as a function of the fast time-varying instantaneous CSI [589]–

[597], resulting in large CSI overhead, or (ii) using the slowly time-varying CSI (e.g., 

channel covariance matrix, angle-of-departure (AoD)) for the RF-stage [598]–[600], 

which can reduce both the hardware cost/complexity and the CSI overhead because only 

the effective instantaneous CSI is utilized for the baseband precoder.
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In this chapter, a literature of beamforming techniques that can be deployed in mmWave 

massive MIMO communications systems was presented. Also, to clarify the importance 

of beamforming techniques in massive MIMO systems for eliminating and resolving the 

many technical hurdles that massive MIMO system implementation faces [487]. The 

scope includes description of mmWave beamforming architectures, signal processing 

algorithms, and RF system implementation aspects. Classifications of optimal 

beamforming techniques that are used in wireless communication systems are reviewed 

in detail and investigation of their effects on multiuser massive MIMO systems at 

mmWave bands to determine which optimal techniques can be adopted with massive 

MIMO system requirements to improve system throughput and reduce intra- and inter-

cell Interference. To overcome the limitations in the literature, an optimal beamforming 

technique have been suggested, which can provide the highest performance in massive 

MIMO systems, satisfying the requirements of next-generation wireless communication 

systems.

5.2 Candidate Multi-Carrier Waveforms for 5G and Beyond 
Systems

Multi-carrier OFDM-based waveforms support orthogonal sub-carriers within a given 

bandwidth. Moreover, multi-carrier OFDM-based waveforms are easily integrated with 

MIMO that leads to high spectral efficiency. Some examples for the multi-carrier 

waveforms are: cyclic prefix OFDM (CP-OFDM) (adopted by LTE), CP-OFDM with4 

weighted overlap and add (WOLA) (existing LTE implementation), universal-filtered 

multi-carrier (UFMC), filter bank multi-carrier (FBMC), and generalized frequency 

division multiplexing (GFDM) [577].

1. CP-OFDM is efficient due to using inverse fast Fourier transform (IFFT)/ fast 

Fourier transform (FFT) in the transmitter and receiver, respectively. The 

spectrum allocation to different users is flexible and the application of MIMO 

technology is flexible. Moreover, the multipath mitigation is possible using simple 

FDE. An application of CP-OFDM with WOLA is used in LTE downlink.

2. FBMC improves spectral property using prototype filter with frequency domain 

over-sampling. The main advantage of FBMC is superior side-lobe decay than 
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other multi-carrier waveforms but the benefit reduces with PA non-linearity. 

However, the complexity of the receiver is increased, the systems are susceptible 

to ISI under non-flat channel, and integration with MIMO is more complex than 

OFDM [601]–[603].

3. UFMC uses band-pass transmit filter for each resource block that only passes the 

assigned resource block. A guard interval of zeros is added between successive 

IFFT symbols in the transmitter to prevent Inter-Symbol Interference (ISI) due to 

transmit filter delay. UFMC provides similar out-of-band interference suppression 

performance to CP-OFDM with WOLA. However, the complexity of the 

transmitter and receiver is increased and the systems are prone to ISI due to the 

lack of CP [604]

4. Multiple OFDM symbols are grouped into a block, with a CP added to the block. 

In each block the prototype filter is cyclic-shift in time among different OFDM 

symbols. The main advantage of GFDM is the better out-of-band interference 

suppression than CP-OFDM with/without WOLA. However, it requires 

complicated receiver to handle ISI/intercarrier interference (ICI), the block 

latency is increased, and multiplexing with CP-OFDM requires large guard band 

[605].
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Figure 5.1: Different implementation options for single-carrier and multi-carrier 
OFDM based waveforms [606]

Figure 5.1 shows different blocks that are used for each single-carrier and multi-carrier 

OFDM-based waveforms. As it is observed, the common blocks among all the waveforms 

are IFFT and serial/parallel (S/P) shown by the blue colours, while the blocks shown with 

the green colours are optional and used to form the specific waveforms. Then, the data is 

transmitted through necessary and optional blocks to the radio-frequency (RF) using a 

specific waveform [606]. In conclusion, multi-carrier OFDM-based waveforms in the 

form of CP-OFDM offer higher spectral efficiency and low implementation complexity 

and are good candidates for the downlink with a more relaxed energy efficiency 

requirement. 

5.3 mmWave Beamforming Design 

The small wavelength of signals in the mmWave frequency bands allows a large number 

of antenna elements (≥ 32) to be packed in a small physical at both the transmitter and 

receiver to direct a beam in a certain direction in order to get the strongest received power 

[607], [608]. Therefore, beamforming schemes can be exploited to mitigate the high path 
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loss. In order to generate a beam, you need to control the phase of the signal that is 

transmitted or received by each antenna element to achieve a high antenna gain in certain 

direction and low gain in the other directions [607]. In addition, creating a beam between 

the transmitter and receiver can be done by obtaining the best received power signal or 

maximum data rate [75]. As a result, the channel models are different in mmWave MIMO 

systems, there are different beamforming designs as described below. 

5.3.1 Digital Beamforming 

Although digital beamforming is hard to implement in practice [608], [609], it shows its 

strength when it is combined with analogue beamforming. In digital beamforming, all the 

signal processing is done at baseband [75], [608], [609], where each RF chain is 

connected to each antenna element, with 𝑁𝑅𝐹= 𝑁BS as shown in Figure 5.2(a) [75]. In 

digital beamforming, the transmitter can transmit a single data stream or multiple data 

streams 𝑁𝑠 to one receiver or spatially multiplexed into different receivers [609]. 

The precoding and combining matrices are optimum in digital beamforming which are 

created by using channel state information (CSI) 𝐻 [608], but digital beamforming is very 

sensitive to imperfect CSI [609]. On the other hand, there are hardware constraints that 

make digital beamforming unfeasible in practice [608].

These limitations, which are caused by large antenna elements, high carrier frequencies 

at mmWave bands, and large-signal bandwidth are summarized as follows [75]

Figure 5.2: This figure shows a transmitter having 𝑁BS antennas with a (a) fully-
digital, (b) analogue-only, and (c) hybrid analogue/digital architecture. In 
the hybrid architecture, 𝑁𝑅𝐹 ≪ 𝑁BS, RF chains are deployed [79].
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 An RF chain to each antenna of a mmWave massive MIMO system increases the 

power consumption and the cost of the system. 

 The very small separation between all antenna elements makes it hard to use a 

complete RF chain for each antenna. 

Because of these hardware constraints, Analogue Beamforming design and Hybrid 

Beamforming design have been proposed to comply with these constraints. 

5.3.2 Analogue Beamforming 

In analogue beamforming, all the signal processing is done in the RF domain [608]. As 

shown in Figure 5.2(b) [75], phase shifters are connected to each antenna element. In 

addition, all phase shifters are applied to a single RF chain to transmit a single data stream 

[609]. The phase shifter weights are controlled digitally to direct the beam to a certain 

direction based on the best received signal power and maximum data rate [608], [609]. 

For the downlink scenario, where BS transmits a symbol 𝑆 to a user by using analogue 

beamforming. In this case, we have only one analogue beam directed to the user. The 𝐹𝑅𝐹 

best beam gives the best-received signal power at the user. Then, the transmitted vector 

𝑦 is given by [75] 

𝑦𝑘 =  𝐹𝑅𝐹
𝑘 𝑆𝑘 (5.1)

where the analogue precoder  is implemented by limited quantized phase shifters 𝐹𝑅𝐹

[608], [609]. As a result,  is written as follows 𝐹𝑅𝐹

𝐹𝑅𝐹
𝑘 =  

1
𝑁𝐵𝑆

[1, 𝑒𝑗𝜙1,. . . , 𝑒
𝑗𝜙𝑁𝐵𝑆] (5.2)

which is equal to the array response vector in the strongest direction [610] and ∅𝑛, 𝑛 = 

1,….𝑁𝐵𝑆 are designed to direct a beam in a certain direction maximizing the received 

signal power. Channel estimation can be exploited in analogue beamforming by using 

beam training. Using a codebook of beam patterns with different resolutions is very 

common for mmWave channel estimation [609]. 
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Although analogue beamforming meets the hardware constraint of mmWave massive 

MIMO systems and is not sensitive to the imperfect mmWave channel [609], it is limited 

by the quantized phase shifters controlled digitally [75]. In addition, based on the results 

in, analogue beamforming’s performance is not achievable at NLOS and LOS in the case 

of increasing the number of RF chains because of the problem of interference and phase 

shifter errors respectively [609]. Therefore, an analogue beamforming transmitter should 

support a single receiver with a single RF chain transmitting a single data stream. These 

drawbacks in analogue beamforming have led to the need to design Hybrid beamforming. 

5.3.3  Hybrid Beamforming 

Hybrid beamforming consists of both digital and analogue beamforming design [608]. 

Therefore, because its architecture is implemented in the analogue and digital domain, it 

offers good performance with lower hardware complexity. Also, its performance is close 

to the unconstrained digital beamforming [75]. As we see in Figure 5.2 (c), the hybrid 

precoding is implemented in the digital and analogue domain giving  (baseband 𝐹𝐵𝐵

precoder) and (RF precoder) respectively. In hybrid precoding, the number of RF 𝐹𝑅𝐹

chains is larger than one and smaller than the number of transmitter antennas 𝑁BS. This 

allows the transmitter to communicate with one receiver by multiple data streams or 

communicate with multiple receivers by a single data stream where, 𝑁𝑠 ≤ 𝑁𝑅𝐹 ≪ 𝑁BS 

[608]. Therefore, hybrid beamforming achieves spatial multiplexing gains [75]. 

Consider two-hybrid beamforming implemented by BS and MS with 𝑁𝑅𝐹 RF chains as 

shown in Figure 5.4. Assume BS with 𝑁𝐵𝑆 antennas communicates with a single MS with 

𝑁𝑀𝑆 antennas. The BS and MS communicate using 𝑁𝑠 data streams with 𝑁𝑠 ≤ MBS ≪ 𝑁𝐵𝑆 

in the BS, and 𝑁𝑠 ≤ 𝑁𝑅𝐹 ≪ 𝑁𝑀𝑆 in the MS. Consider the downlink transmission. The BS 

Figure 5.3: Analog Beamforming [608]
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applies an MBS × 𝑁𝑠 baseband precoder followed by an 𝑁𝐵𝑆 × MBS  RF precoder . 𝐹𝐵𝐵
𝑘  𝐹𝑅𝐹

𝑘

As a result, 𝑁𝐵𝑆 × 𝑁𝑠 hybrid precoder 𝐹 is equal to  . The hybrid combiner 𝐹𝑅𝐹 𝐹𝐵𝐵 𝑊𝑘 ∈

 is also equal to . ℂ𝑁𝑀𝑆 × 𝑁𝑠  𝑊𝑅𝐹
𝑘 𝑊𝐵𝐵

𝑘

For a MU hybrid mmWave system consideration, which consists of one base station (BS) 

and K users in a single cell, as shown in Figure 5.5. Generally, there are two kind of 

hybrid structures which are widely adopted by researchers [522], [611], the full access 

hybrid architecture and the subarray hybrid architecture. The full access hybrid 

architecture, where each RF chain is connected to all the antennas, can provide a higher 

array gain and a narrower beam width than that of the subarray hybrid architecture, where 

each RF chain is connected to a part of the antennas. In [612] work, the full access hybrid 

architecture was adopt since it offers higher flexibility in the design of channel estimation 

algorithm. To simplify the analysis, it assumed that the BS is equipped with NBS  ≥ 1 

antennas and NRF radio frequency (RF) chains to serve the k users. Besides, each user is 

equipped with NMS antennas and a MMS RF chain. Thus, it should be that NBS ≥ MBS ≥ k at 

BS side and k = MMS at MS. Each RF chain at the BS can access to all the antennas by 

using NBS phase shifters, as shown in Figure 5.5. At each BS, the number of phase shifters 

is NBS × MBS. Due to significant propagation attenuation at mmWave frequency, the 

system is dedicated to cover a small area (e.g. cell radius is around 150 m). We assume 

that the users and the BS are fully synchronized and time division duplex (TDD) is 

adopted to facilitate uplink and downlink communications [502].

Figure 5.4: Block diagram of BS-MS transceiver that uses RF and baseband beam-
former at both ends [82].
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Precoding has the same fundamentals without dependence on the carrier frequency [65]. 

A number of serious constraints exist for signal processing with the use of mmWave 

systems. For instance, the common MIMO processing is usually conducted digitally at 

baseband; it allows to control the amplitude and signal phase. Nevertheless, digital 

processing needs special RF hardware and baseband for every antenna element. 

Unfortunately, such a transceiver arrangement is impossible in large scale systems 

because of the costliness and high energy consumption of mmWave mixed-signal 

hardware. 

The RF precoder/combiner is implemented by phase shifters, so they are normalized to 

have the same amplitude with different phase only such that =1/𝑁𝐵𝑆 and      |𝐹𝑅𝐹
𝑘 |2 |𝑊𝑅𝐹

𝑘 |2

=1/𝑁𝑀𝑆 [26]. Also, the baseband precoder/combiner is normalized to satisfy the total 

power constraint such that , and [520]. Therefore, ‖𝐹𝑅𝐹
𝑘 𝐹𝐵𝐵

𝑘 ‖2
𝐹  = 𝐾𝑁𝑠 ‖𝑊𝑅𝐹

𝑘 𝑊𝐵𝐵
𝑘 ‖2

𝐹  = 𝑁𝑠

the received signal 𝑦 is combined at the MS for a narrowband block-fading channel model 

consideration is 

𝑦 =  𝑊𝐻( 𝑃𝑟𝐻𝐹𝑆 +  𝑛) (5.3)

Figure 5.5: A mmWave MU-mMIMO communication system with a HBF system of 
transceivers [613].

Figure 5.6: A block diagram of a RF chain for an antenna array.
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where 𝐻 is the 𝑁𝑀𝑆 x 𝑁𝐵𝑆 mmWave channel matrix in the downlink transmission between 

BS and MS, s ∈ ℂ𝑁
s
 × 1 are the transmitted symbols, where 𝐸[ss𝐻]=1𝑁𝑠/𝑁𝑠, where 𝐼𝑁𝑠 is 

the 𝑁𝑠 𝑏𝑦 𝑁𝑠 identity matrix, 𝑃𝑟 is the average received power, and 𝑛 is a 𝑁𝑀𝑆 × 1 

Gaussian noise vector with zero mean and variance . (5.3) is called the combined 𝜎2
𝑛

system. The uplink transmission can be done in the same way, with 𝐻 ∈ ℂ𝑁
𝐵𝑆

 × 𝑁
𝑀𝑆

 and 

reversing the roles of the precoders and combiners. By assuming a perfect channel state 

information at the MS, the effective channel can be used at the MS given as follows [522] 

 𝐻𝑒𝑓𝑓 =  𝑊𝐻𝐻𝐹 (5.4)

To detect the transmitted data streams using ML and MMSE detectors. In addition, the 

effective channel can be used by the Alamouti code to decode the transmitted data 

streams. Note that the dimension of these effective channels is much less than the original 

mmWave channel matrix 𝐻. These effective channels can be generated by MS using the 

mmWave channel. 

Hybrid beamforming can achieve spatial multiplexing by transmitting multiple data 

streams [608]. Also, it offers more degrees of freedom compared to the analogue 

beamforming, where the beam can be steered in the azimuthal/vertical direction owning 

to its digital processing layer [75]. It can also correct the degradation caused by the  𝐹𝑅𝐹
𝑘

precoder/combiner in the case of interference by using the  precoder/combiner [608]. 𝐹𝐵𝐵
𝑘

That is why the hybrid beamforming is preferred compared to analogue and its 

performance is close to the unconstrained digital beamforming. In addition, [614], [615] 

proposed a network of switches instead of phase shifters, and the few bit-ADC (Analogue 

to digital converter) technique, respectively to achieve low power consumption and low 

complexity. 

One of the main motivations of designing a massive MIMO is to maximize the data rate. 

In such a case, one might start by finding a solution for the sum-rate maximization 
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problem of MIMO systems. Finally, the spectral efficiency achieved by hybrid 

beamforming is given by [26], [520], [608]

𝑅𝑘 = log2 |𝐼𝑁𝑠 +  
𝑃𝑟

𝑁𝑠
𝑅 ―1

𝑛 𝑊𝐵𝐵𝐻

𝑘 𝑊𝑅𝐹𝐻

𝑘  𝐻𝑘 𝐹𝑅𝐹
𝑘 𝐹𝐵𝐵

𝑘 𝐹𝐵𝐵𝐻

𝑘 𝐹𝑅𝐹𝐻

𝑘  𝐻𝐻
𝑘  𝑊𝑅𝐹

𝑘 𝑊𝐵𝐵
𝑘 | (5.5)

where is the post-processing noise covariance matrix in the 𝑅𝑛 = 𝜎2
𝑛𝑊𝐵𝐵𝐻

𝑘 𝑊𝑅𝐹𝐻

𝑘 𝑊𝑅𝐹
𝑘 𝑊𝐵𝐵

𝑘    

downlink, and in the uplink. However, such a problem has no 𝑅𝑛 = 𝜎2
𝑛𝐹𝐵𝐵𝐻

𝑘 𝐹𝑅𝐹𝐻

𝑘 𝐹𝑅𝐹
𝑘 𝐹𝐵𝐵

𝑘   

general solutions when the analogue precoder uses constant modulus phase shifters [48, 

65]. An alternative to directly maximizing the data rate is to achieve high-capacity 

performance by applying Zero forcing precoding on the baseband precoder for inter-user 

interference management followed by phase shifter-based RF precoder for phase control. 

The capacity of our system can be represented as [105]

𝐶 =  𝑙𝑜𝑔2𝑑𝑒𝑡(𝐼𝑁𝑠 + ( 𝜌
𝑁𝑠).𝐻.𝐻𝐻) (5.6)

where  and  denote the identity matrix and the average SNR at the receiver,  𝐼𝑁𝑠 ∈ ℝ𝑁𝑠 × 𝑁𝑠 𝜌

respectively.

5.3.4 Advantages and Drawbacks of Hybrid Beamforming

Hybrid precoding allows to gain at performance and maintain hardware complexity at the 

same time. It allows using fewer complete RF chains than antennas, which saves cost and 

power. Hybrid precoding allows more freedom in developing precoding matrices than 

analogue beamforming due to its additional digital layer. Therefore, hybrid precoding can 

fulfil more complicated processing, in addition to supporting multiuser transmission, as 

well as multi-stream multiplexing. Furthermore, the additional digital layer makes the 

operation of mmWave systems with broadband channels more robust, for instance, to 

fulfil frequency domain equalization for space-time [59]. The number of RF chains limits 

the performance of hybrid precoding or combining unlike that of fully digital baseband 

solutions. For example,16 Introduction & Background Review the required number of 

RF chains needed for an HB structure to be as efficient as a fully digital beamforming 
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should be at least twice the number of data streams [59] However, in mmWave systems, 

it is expected that the channels in the angular domain are sparse. It can be demonstrated 

that when the rank of the channel is equal to the number of RF chains, hybrid precoding 

can provide the same level of performance as optimal digital precoding [59], [591].

5.3.5 Precoding Schemes in Massive MIMO

In the previous-discussed schemes (both linear and nonlinear), the precoding is performed 

in the digital baseband domain. The precoded digital signals are, subsequently, fed to 

separate RF chains, where they are converted into analogue RF signals, and finally 

transmitted through individual antenna elements, as depicted in Figure 5.7 The massive 

MIMO systems are not expected to be equipped with a dedicated RF chain for each 

antenna element, as it would be economically expensive and results in large operational 

power [490]. Therefore, the precoding schemes that are suitable in the conventional 

MIMO systems are inappropriate for the massive MIMO systems. The BSs in massive 

MIMO systems need novel architectures and corresponding new precoding schemes that 

take the size of antenna array into account. Below are some solutions considered in the 

literature for precoding in massive MIMO systems.

5.3.5.1 Low-Bit Precoding

 One of the popular techniques proposed in the literature to reduce the cost and power 

consumption in a massive MIMO system is to employ inexpensive low-resolution 

DACs/ADCs instead of costly high-resolution DACs/ADCs [616] in RF chains. For 

example, in one-bit precoding architecture [617], each antenna element is equipped with 

a dedicated RF chain; however, each RF chain comprises 1-bit resolution DACs/ADCs 

per complex dimension. The 1-bit resolution DACs/ADCs are relatively inexpensive, and 

Figure 5.7: Zero-forcing precoding using a fully-digital precoding architecture 
for two.
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their power consumption is significantly low, which grows exponentially in the number 

of quantization bits and linearly with an increase in bandwidth and sampling rate. Novel 

precoding schemes are proposed, and the conventional precoding schemes are extended 

for the 1-bit precoding architecture [617]–[620]. 

This implies that high-speed and high-precision ADCs will be required for accurate signal 

conversion in mmWave systems with large bandwidths. Unfortunately, these high-

precision ADCs are power-hungry and expensive for portable devices [52], resulting in a 

major power bottleneck for implementing mmWave systems. An alternative approach to 

deal with these prohibitive costs of baseband processing in mmWave systems and address 

the hardware constraints in mmWave transmissions is to utilise low-precision ADCs in 

each RF chain at the receiver[621]–[624]. In other words, the quantisation resolution of 

the ADCs is reduced to a few bits (typically 1-5 bits [622]), leading to a reduction of the 

power consumption of the ADCs.

The use of 1-bit ADCs impacts the system design differently from their higher-resolution 

counterparts. For instance, the capacity-maximising transmit signals are discrete and not 

continuous. In addition, although the use of 1-bit quantises generally incurs some capacity 

loss, it was shown in [624] that, at low signal-to-noise ratios, the MIMO capacity is not 

severely degraded. In particular, the performance gap between infinite-resolution and 1-

bit ADCs is only 1:96 dB while [625] shows that ADCs of 4 − 5 bits yield the optimal 

performance in the presence of hardware impairments. These highlight low-resolution 

receivers as a promising method to utilise baseband processing at mmWave frequencies.

5.3.5.1.1 Channel estimation with 1-bit ADCs

Channel estimation methods for mmWave systems employing the low-resolution 

receivers also rely on the sparsity of the channel and utilise the narrowband virtual 

channel model. Therefore, the sparse recovery problem can be formulated. Considering 

the system with a 1-bit architecture, the quantised processed signal is given as

𝑦 = 𝑠𝑔𝑛(𝐻𝑠 + 𝑛) (5.7)

where sgn() is the signum function applied component-wise and separately to the real and 

imaginary parts. If the transmitter uses GT beamforming vectors to transmit the training 
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symbols, the received signal obtained by concatenating GR received vectors is given by 

[626] 

𝑌 = 𝑠𝑔𝑛(𝐻𝑋 + 𝑄) (5.8)

where  is the training sequence with S representing the length of the sequence, 𝑋 ∈ ℂ𝑁𝐵𝑆 × 𝑆

and Q is the noise matrix. Using the virtual channel model  and setting  𝐻 = 𝑈Σ𝑉𝐻 𝑋 = 𝑉𝑇𝑍

, we have

𝑌 = 𝑠𝑔𝑛(𝑈𝑅Σ𝑉𝐻
𝑇 𝑉𝑇𝑍 + 𝑄) = 𝑠𝑔𝑛(𝑈𝑅Σ𝑍 + 𝑄) (5.9)

Exploiting the sparse nature of the mmWave channel through vectorization, we obtain

𝑣𝑒𝑐(𝑌) = 𝑠𝑔𝑛(𝑣𝑒𝑐(𝑈𝑅Σ𝑍 + 𝑄)) (5.10)

𝑦𝑣 = 𝑠𝑔𝑛((𝑍𝑇 ⊗ 𝑈𝑅)ℎ𝛼 + 𝑣𝑒𝑐(𝑄)) (5.11)

where (5.11) follows from the identity , and 𝑣𝑒𝑐(𝐴𝐵𝐶) = (𝐶𝑇 ⊗ 𝐴)𝑣𝑒𝑐(𝐵) ℎ𝛼 = 𝑣𝑒𝑐(𝐻𝛼)

. The formulation of  in (5.11) represents the sparse recovery formulation for channel 𝑦𝑣

estimation using 1-bit ADCs and it involves estimating  given Z.ℎ𝛼

5.3.5.2 Antenna Selection

 In this scheme, the BS is equipped with a relatively small number of RF chains, denoted 

by R, when compared to the number of antenna elements N. From the antenna array only 

R antenna elements are selected, and each antenna is connected to an RF chain through 

switches. Appropriate antenna elements are chosen by employing any suitable algorithm 

to maximize a given utility function [627]. Subsequently, the baseband digital precoding 

is performed, as discussed in Section 5.3.1 for conventional MIMO systems. This 

approach inherently limits the performance of a massive MIMO system, as a large number 

of antenna elements are precluded during the transmission.

5.3.5.3 Hybrid Analogue-Digital Precoding 

Another effective method to reduce the hardware cost and operational power 

consumption in massive MIMO systems is hybrid analogue-digital precoding. In this 

scheme, the precoding is performed in two sequential stages: low-dimensional digital 

precoding in the baseband and high dimensional analogue precoding in the RF domain. 



197

Due to low-dimensional digital precoding, this technique requires a much smaller number 

of RF chains when compared to the number of antenna elements.

In the hybrid precoding, instead of having a dedicated RF chain for each antenna element 

as in the fully-digital precoding, each RF chain is shared by multiple antenna elements as 

shown in Figure 5.8(a). Each antenna element, in this structure, is connected to one or 

more RF chains through low-cost PSs. A PS is an electronic device. An ideal PS shifts 

the phase of a narrow-band input signal by a desired phase value, which is typically 

adjustable, and scales the magnitude of the input signal by a fixed gain value. The 

analogue precoding is implemented using these PSs in the RF domain. As a consequence, 

the analogue precoding offers limited flexibility, where the phase values of the precoder 

coefficients are adjustable; however, their magnitudes are fixed. In contrast, the digital 

precoding offers a higher number of degrees of freedom by allowing the adjustment of 

both phase and magnitude values of precoder coefficients. 

Two types of hybrid precoding architecture are typically considered in the literature, 

namely, fully-connected architecture and partially-connected architecture [86], [628]. In 

a fully connected architecture, each RF chain is connected to all antenna elements in the 

antenna array, as shown in Figure 5.8(a). On the other hand, in a partially-connected 

architecture, as illustrated in Figure 5.8(b), each RF chain is connected to only a subset 

of antenna elements in order to reduce the number of PSs and hardware complexity. In 

the literature, different types of PSs are considered for hybrid precoding architecture, such 

as tunable full-resolution PSs, finite resolution PSs, and fixed phase PSs. The full-

resolution (high-resolution) PSs can assume any continuous phase value between 0 and 

Figure 5.8: (a) Hybrid precoding with fully-connected architecture, (b) 
Hybrid precoding with partially-connected architecture [730].
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2π. On the contrary, the finite-resolution (low-resolution) PSs can assume only a finite 

number of discrete values [591]. The low-resolution PSs are inexpensive and require 

lower operational power, at the cost of reduced degrees of freedom, when compared to 

the full-resolution PSs. The cost and power consumption can be further reduced by 

employing a bank of inexpensive fixed PSs (both phase and magnitude are permanent), 

to form a codebook of precoding vectors. In this approach, instead of tuning the phase 

values of individual PSs, selection schemes are applied to choose appropriate precoders 

from the predefined codebook. Subsequently, the selected precoders are connected to the 

corresponding RF chains using switches [629], [630], as illustrated in Figure 5.9. 

5.3.6 Linear Precoding with Limited Feedback

As anticipated, having full CSIT might not be possible or at least practical in mmWave 

broadcast channels. Channel reciprocity allows to estimate CSI of the downlink channel 

through the CSI of the uplink in time-division-duplex (TDD) channels, but this isn’t 

possible with frequency-division-duplexing (FDD) as the channel may be different at 

different frequencies. In this case, CSI is estimated by transmitting from the base station 

a sequence of pilots which are previously known by the receiver and allow it to infer the 

channel matrix from the received signal. The number of complex values needed to be 

feedback from each user is then equal to NMS ×NBS the size of the channel matrix, and can 

thus cause a large overhead when large arrays are used and the number of users increases. 

Furthermore, a smaller wavelength corresponds to a shorter coherence time, so the 

training pilots must be sent more frequently to track changes of channel conditions, and 

this is even more problematic when users are highly mobile. That’s why many alternative 

Figure 5.9: Codebook-based fully-connected hybrid precoding architecture [76]
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schemes using only a reduced feedback (often referred to as finite-rate feedback) have 

been studied [46]. For instance, antenna selection, channel vector quantization, per 

antenna phase quantization, quantized equal gain codebooks and random vector 

quantization are some classical feedback systems but we can also find intelligent 

processing techniques adapted to the nature of mmWave channel, like compressed 

sensing for sparse channels. Concerning beamforming, one usual approach is to feedback 

only a quantized version of the channel state vector. This can be done for instance by 

using a finite set of vectors (codebook) which span all the directions of the channel vector 

space. This set of vectors must be known beforehand both by the base station and the 

user’s equipment, so it can either be predetermined by the standard or transmitted during 

the communication set-up (having each user independently generate random quantization 

codebooks have some advantages, as using the same quantization vectors may reduce the 

spatial multiplexing gain). Then, the UEs only need to feedback an index which identifies 

the closest channel vector from the codebook, with B bits it can identify 2B different 

channel vectors. It has been shown in [47] that the throughput achieved by finite-rate 

feedback-based zero-forcing with arbitrary quantization codebooks of fixed size is 

bounded as the SNR is taken to infinity. So, by using a fixed-sized codebook we cannot 

arbitrarily increase the rate by increasing the power. 

This last theorem clearly shows us that for systems having a massive number of users also 

feedback strategies based on quantization of the channel vectors may not be able to scale 

and maintain optimal performances. We will see that opportunistic beamforming doesn’t 

require CSIT but only some channel quality indicator which doesn’t scale with the 

number of antennas and may allow beamforming gain (almost equal to coherent 

beamforming one), spatial multiplexing (by use of orthogonal beams) and multiuser 

diversity. Furthermore, by its directivity it seems very adapted to the mmWave channel.

5.4 Analogue Beamforming Single Data Stream for mmWave 
SU-mMIMO System 

When BS and MS use analogue beamforming, they use the antenna array to communicate 

with each other by a single data stream. Assume and  are the analogue precoder 𝐹𝑅𝐹 𝑊𝑅𝐹

and analogue combiner respectively, then the receiver 𝑆𝑁𝑅 is given by [75]
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𝑆𝑁𝑅 =  
|𝑊𝑅𝐹𝐻𝐻𝐹𝑅𝐹|2

𝜎2
𝑛

(5.12)

Therefore, the goal of analogue precoders/combiners is to maximize this received 𝑆𝑁𝑅. 

Because of the limited scattering characteristics in outdoor mmWave channels, it 

becomes easier to direct a beam with higher gain in a strongest/desired direction ∅𝑠. 

It is found that making the beamforming weights to match the array response vector in 

the desired direction is the best way to generate analogue precoders/combiners [75]. That 

means, set  = a𝑀𝑆(𝜃𝑠) and  = a𝐵𝑆(∅𝑠) in the case of MS and BS respectively. The 𝑊𝑅𝐹 𝐹𝑅𝐹

beampattern, pointed to the desired direction, with main-lobe gain 𝐺𝐵𝑆, and side-lobe gain 

𝑔𝐵𝑆 is shown in Figure 5.10. 

5.5 Hybrid Beamforming Multiple Data Streams for mmWave 
SU-mMIMO System 

Hybrid precoders are built in a way that maximizes the spectral efficiency 𝑅 [26], [520]. 

Furthermore, the RF precoders constraint and baseband power constraint is taken into 

account. As we mentioned above, the mmWave channels are expected to have limited 

scattering. Therefore, hybrid precoders are built to approximate the unconstrained 

optimum digital precoder to maximize the spectral efficiency of the system [608]. 𝐹𝑜𝑝𝑡

Most of the hybrid precoders, is given by the channel singular value decomposition 𝐹𝑜𝑝𝑡

(SVD) [631] such that 

Figure 5.10: Sectored model to approximated beamforming pattern with main-
lobe gain 𝐺𝐵𝑆, and side-lobe 𝑔𝐵𝑆 [75].
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[𝑈Σ𝑉𝐻] =  𝑆𝑉𝐷(𝐻) (5.13)

By taking the largest 𝑁𝑠 of the system, then 

𝐹𝑜𝑝𝑡 =  𝑉 ∈ ℂ𝑁𝐵𝑆 × 𝑁𝑠 (5.14)

𝑊𝑜𝑝𝑡 =  𝑈 ∈ ℂ𝑁𝑀𝑆 × 𝑁𝑠 (5.15)

 Therefore, the hybrid precoder is found as follows [26][520] 

(𝐹𝑅𝐹, 𝐹𝐵𝐵 ) =  𝑎𝑟𝑔min ‖𝐹𝑜𝑝𝑡 ― 𝐹𝑅𝐹𝐹𝐵𝐵‖𝐹 (5.16)

 and it can be solved by finding the projection of on the set of hybrid precoders 𝐹𝑜𝑝𝑡 𝐹𝑅𝐹

 with ∈ A, where A is the set of possible RF precoders based on phase shifters or 𝐹𝐵𝐵 𝐹𝑅𝐹

a network of switches. The hybrid combiners can be done in the same way. Lastly, In 

order to achieve high spectral efficiency in mmWave massive MIMO system by using 

hybrid precoders, the number of data streams 𝑁𝑠 should be close to the number of 

dominant channel paths in mmWave [75]. 

5.6 Channel Estimation for Hybrid Beamforming 

In order to estimate mmWave channel, different parameters of each channel path 𝑙 need 

to be estimated. These parameters are AoAs (Azimuth Angles of Arrival), and AoDs 

(Azimuth Angles of Departure) and the path gain of each path. In this research, we adopt 

the way of estimating the mmWave channel that is used in [520]. Due to the poor 

scattering nature of the mmWave channel, its estimation problem can be formulated as a 

sparse problem. By considering this type of solution, has proposed algorithms that use 

multi-resolution codebook to estimate the mmWave channel [520]. 
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In recent field measurements, especially in the urban microcell environments, both a 

strong LOS component and non-negligible scattering components may exist in mmWave 

propagation channels [215], [521], [632]. Therefore, for the urban short-distance 

propagation environment, mmWave channels are more suitable to be modelled by non-

sparse Rician fading and with a large Rician K-factor [215], [521], [633] Otherwise, for 

the suburban long-distance propagation environment, mmWave channels can be 

modelled by a sparse channel model [11]. This because the scattering components will 

vanish during the long-distance propagation because of the high reflection loss and large 

propagation path loss. In addition, the blockage of LOS component is critical for 

mmWave systems and widely considered in previous works [75], [634].

5.6.1 TDD and FDD Channel Estimation Methods

A non-stationary wireless channel needs to be re-estimated after every coherence time 

lap. Massive MIMO systems were originally envisioned for time division duplex (TDD) 

operation, in which the channel is periodically estimated in one direction and 

compensation can be applied in both directions assuming reciprocity. TDD systems have 

the following features [497]:

 The time required to acquire CSI does not depend on the number of BSs or users.

 Only the BS needs to know the information about the channels to process antennas 

coherently.

In TDD systems, multi-user precoding in the downlink and detection in the uplink require 

CSI knowledge at the BS. The resource, time or frequency needed for channel estimation 

is proportional to the number of the transmit antennas.

In frequency division duplexing (FDD), uplink and downlink use different frequency 

bands (different CSI in both links). The uplink channel estimation at the BS is done by 

letting all users send different pilot sequences [497]. To get the CSI for the downlink 

channel, the BS transmits pilot symbols to all users. The users respond by the estimated 

CSI for the downlink channels [125]. CSI can be estimated at the receiver side only, or at 

both at the transmitter and the receiver. Estimation at both sides has some advantages. 

The CSI does not have to be transmitted, which yields low latency and high capacity. In 
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addition, more power can be allocated to the (OFDM) subchannels with higher channel 

gain. Schemes with estimation at the receiver side only experience higher outage 

probability with fast fading channels but have lower complexity. 

As the number of BS antennas goes up, the time required to transmit the downlink pilot 

symbols increases. In addition, as the number of BS antennas grows, FDD channel 

estimation becomes almost impossible and a TDD approach can resolve this issue [497]. 

In TDD systems, due to channel reciprocity, only CSI for the uplink needs to be estimated. 

In addition, linear MMSE based channel estimation can provide near-optimal 

performance with low complexity [635].

5.6.2 Channel Estimation Algorithm for Hybrid MmWave 
Systems

In practice, the hybrid beamforming system imposes a fundamental challenge for 

mmWave channel estimation. Unfortunately, the conventional pilot-aided channel 

estimation algorithm for fully digital systems, e.g. [636], [522], is not applicable to the 

considered hybrid mmWave system. The reasons are that the number of RF chains is 

much smaller than the number of antennas equipped at the BS and the transceiver 

beamforming matrix cannot be acquired.

To address this important issue, [612] propose a novel channel estimation algorithm, 

which contains three steps as shown in Figure 5.11 and Algorithm 5.1 In the first and 

second steps, we introduce unique unmodulated frequency tones to estimate the strongest 

AoAs at the BS and user sides. The unique frequency tones and linear search algorithm 

are inspired by signal processing in mono-pulse passive electronically scanned array 

(PESA) radar and sonar systems [523]. These estimated strongest AoAs will be exploited 

to develop analogue transmit and receive beamforming matrices at the BS and users. In 

the third step, the users transmit orthogonal pilot symbols to the BS along the 

beamforming paths in order to estimate the equivalent channel via the strongest AoA 

directions. Then, the estimated channel will be used for the design of BS digital baseband 

precoder for the downlink transmissions by exploiting the reciprocity between the uplink 

and downlink channels.
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Algorithm 5.1: Channel Estimation Algorithm for Hybrid Beamforming 
Systems [612]

Input: Multiple single-carrier frequency tone signals [ f1, . . . , fN ], pilot sequences matrix 
ψ, the detection matrices [θ1, . . . , θN ] of AoA at the BS, and the detection matrices 
[ϕ1,  . ,ϕN ] of AoA at the users

STEP 1: Estimate the AoA at the BS and design BS analogue beamforming matrix

1   The estimation of AoA at the BS: all the users transmit their unique frequency 
tones by using only one omnidirectional antenna

2
The BS calculates  ,  , to estimate the uplink AoA of user k and its 𝑟𝐵𝑆

𝑘,𝑖 𝑖 ∈ [1, …,𝐼]
corresponding beamforming vector:

𝛾𝑘 = 𝑎𝑟𝑔min |𝑟𝐵𝑆
𝑘,𝑖|   ∀𝛾𝑘,𝑖, 𝑖 ∈ [1, …,𝐼]

3
 The BS analogue beamforming matrix is 𝐹𝑅𝐹 =  [𝛾1, . . . ,𝛾𝑁 ]

Figure 5.11: An illustration of the channel estimation algorithm for hybrid mmWave 
systems in [612].



205

STEP 2: Estimate the AoA at the users and design user analogue beamforming matrix

4    The estimation of AoA at the users: the BS transmits frequency tones back to all 
the users using  as a transmit beamforming matrix𝐹𝑅𝐹

5
   Calculate  ,   to estimate the downlink AoA of user k and its 𝑟𝑀𝑆

𝑘,𝑖 𝑖 ∈ [1, …,𝐼]
corresponding beamforming vector:

𝜔 ∗
𝑘 = 𝑎𝑟𝑔min |𝛾𝑀𝑆

𝑘,𝑖 |   ∀𝜔 ∗
𝑘,𝑖, 𝑖 ∈ [1, …,𝐼]

6
   

 The user analogue beamforming matrix is 𝑊𝑅𝐹 =  [𝜔 ∗
1 , . . . ,𝜔 ∗

𝑁  ]

STEP 3: Estimate equivalent channel and design digital ZF precoder

7
   All the users transmit orthogonal pilot sequences by using QRF as beamforming 

matrix and the BS uses  as beamforming matrix to receive pilot 𝐹𝑅𝐹𝑇
  

sequences

8    The BS obtains and calculates  , 𝐻𝑇
𝑒𝑞 𝐻𝑇

𝑒𝑞 = 𝜓𝐻[𝑠1, . . . ,𝑠𝑁 ]

9
   The BS sets the baseband digital ZF precoder as

𝑊𝐵𝐵 =  𝐻𝑒𝑞(𝐻𝑇
𝑒𝑞𝐻𝐻

𝑒𝑞) ―1

5.6.3 Multi-Resolution Hierarchical Codebook Based Hybrid 
Precoding 

In this sub-section, some information about a multi-resolution beamforming vector 

codebook which is made by using a hybrid beamforming design will provided and 

focused on the BS precoding codebook for simplification. The design of the BS training 

precoding codebook ℱ is similar to the MS one. 

5.6.3.1 The Codebook Beamforming Design 

The BS precoding codebook consists of 𝑆 levels, with ℱ𝑆, . Each level 𝑆 = [1, 2, …., 𝑠 ― 1]

has beamforming vectors with a certain beamwidth (a certain combination of the AoD 

angles) to be used in the channel estimation algorithm. The beamforming vectors at each 

codebook level 𝑠 are divided into 𝐾𝑆−1 subsets, with 𝐾 beamforming vectors at each 

subset. There is a unique range of the AoDs at each subset 𝑘. Furthermore, these ranges 

are equal to , where , with 𝑁 the needed resolution {2𝜋𝑢
𝑁 }

𝑢 ∈  𝐼(𝑘,𝑠,𝑚)
𝐼(𝑘,𝑠,𝑚) = {(𝑘 ― 1)𝑁

𝐾𝑆 ― 1 ,…,
𝑘𝑁

𝐾𝑆 ― 1 }
parameter. The AoD range is further divided into 𝐾 sub-ranges, and each of the 𝐾 

beamforming vectors is designed to have an almost equal projection on the array response 
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vectors 𝐵𝑆(∅𝑢) and zero projection on the other vectors 𝐵𝑆(∅𝑢 ≠ 𝑢). The beamforming a a

vector is designed for a certain beam width and is determined by these sub-ranges at each 

stage. Figure 5.12 shows the first three stages of codebook with 𝑁= 256 and 𝐾 = 2 and 

Figure 5.13 depicts the beam patterns of each codebook level. 

Now let us look at the design of the codebook beamforming vectors used for mmWave 

channel estimation. This design is proposed by [520]. In each codebook with level 𝑠, and 

subset 𝑘, the beamforming vectors [𝐹(𝑠,𝑘)]:,𝑚,  𝑚=1,2,….𝐾 are designed as follows 

 [𝐹(𝑠,𝑘)]:,𝑚a𝐵𝑆(𝜙𝑢) = { 𝐶𝑠  𝑖𝑓 𝑢 ∈ ℐ(𝑘,𝑠,𝑚)
0     𝑖𝑓 𝑢 ∉ ℐ(𝑘,𝑠,𝑚)} (5.17)

where 

ℐ(𝑘,𝑠,𝑚) =  { 𝑁

𝐾𝑠(𝐾(𝑘 ― 1) + 𝑚 ― 1) + 1, . . . ,
𝑁

𝐾𝑠(𝐾(𝑘 ― 1) + 𝑚) } (5.18)

Figure 5.13: The resulting beam patterns of the beamforming vectors 
in the first three codebook levels [520]

Figure 5.12: An example of the structure of a multi-resolution codebook 
with a resolution parameter 𝑁=256 and 𝐾=2 with beamforming 
vectors in each subset [520]
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is the sub-range of AoDs associated with the beamforming vector [𝐹(𝑠,𝑘)]:,𝑚, and 𝐶𝑠 is a 

normalization constant that satisfies ‖𝐹(𝑠,𝑘)‖𝐹 = 𝐾. For example, the beamforming vector 

[𝐹(2,1)]:,2  in Figure 5.12 is designed so that it has a constant projection on the array 

response  , with 𝑢 in the range {65,…,127} where  is in , 𝑎𝐵𝑆(𝜙𝑢) 𝜙𝑢 {2𝜋65
256 ,

2𝜋66
256 ,…,

2𝜋128
256  }

and zero projection on the other directions. 

From the above description, we can say that the design of the beamforming vector 

[𝐹(𝑠,𝑘)]:,𝑚 is given as follows [520] 

𝐴𝐵𝑆,𝐷𝑖𝑐𝑡𝑖𝑜𝑛𝑎𝑟𝑦𝐹(𝑠,𝑘) = 𝐶𝑠𝐺(𝑠,𝑘) (5.19)

𝐹(𝑠,𝑘) = 𝐶𝑠(𝐴𝐵𝑆,𝐷𝐴𝐻
𝐵𝑆,𝐷) ―1 𝐴𝐵𝑆,𝐷𝐺(𝑠,𝑘) (5.20)

where 𝐷 refers to the Dictionary, and 𝐺(𝑠,𝑘)  a matrix where each column 𝑚 has ϵ ℂ𝑁𝐵𝑆 × 𝐾

1’s in the locations 𝑢,𝑢∈ І(𝑠,𝑘,𝑚), and zeros in the locations 𝑢, 𝑢 ∉ І(𝑠,𝑘,𝑚). By using the 

design of hybrid beamforming as we described previously, the precoding matrix 𝐹(𝑠,𝑘) is 

defined as 𝐹(𝑠,𝑘) = 𝐹𝑅𝐹,(𝑠,𝑘)𝐹𝐵𝐵,(𝑠,𝑘). Therefore, the design of the hybrid training precoding 

is given as follows [520]

{𝐹𝐵𝐵 ∗

(𝑠,𝑘), [𝐹𝐵𝐵 ∗

(𝑠,𝑘)]:,𝑚} =  𝑎𝑟𝑔min ‖ [𝐹(𝑠,𝑘)]:,𝑚 ―  𝐹𝑅𝐹
(𝑠,𝑘)[𝐹𝐵𝐵

(𝑠,𝑘)]:,𝑚‖𝐹 (5.21)

𝑠.𝑡.     [𝐹𝐵𝐵
(𝑠,𝑘),]:,𝑖 ∈ {[𝐴𝑐𝑎𝑛]:,𝑙│1 ≤ 𝑙 ≤ 𝑁𝑐𝑎𝑛},    𝑖 = 1,2,…..,𝑁𝑅𝐹

‖𝐹𝑅𝐹
(𝑠,𝑘)[𝐹𝐵𝐵

(𝑠,𝑘)]:,𝑚‖2
𝐹 = 1

where [𝐹(𝑠,𝑘)]:,𝑚=𝐶𝑠 (𝐴𝐵𝑆,𝐷𝐴𝐵𝑆,𝐷
𝐻)−1𝐴𝐵𝑆,𝐷[𝐺(𝑠,𝑘)]:,𝑚, and 𝐴𝑐𝑎𝑛 matrix which ϵ ℂ𝑁𝐵𝑆 × 𝑁𝑐𝑜𝑛 

carries the candidate set of possible analogue beamforming vectors with quantized bits. 

The columns of the candidate matrix can be chosen to meet the requirements of the 

analogue beamforming constraints including the power constraint by setting 𝑁𝑠=1. In 

order to understand how the adaptive channel estimation works, the next sub-section 

explains these steps in more detail. 
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5.6.4 2-D DoA Estimation for Hybrid Massive MIMO Precoding

In [637] a simple 2D DoA estimation strategy is proposed based on the hybrid array in 

mmWave system with the limited RF chains both at BS and user. Consider a mmWave 

MIMO system in which a base station (BS) equipped with Uniform Planar   𝑀𝐵𝑆 × 𝑁𝐵𝑆 

Arrays (UPAs) and   transmit RF chains serves a user, equipped with   𝑁𝐵𝑆
𝑅𝐹   𝑀𝑀𝑆 × 𝑁𝑀𝑆

UPA and  transmit RF chains. The distance between two adjacent antennas is d =  𝑁𝑀𝑆
𝑅𝐹

λ/2, and it is assumed that  and .  𝑁𝐵𝑆
𝑅𝐹 ≤  min (  𝑀𝐵𝑆,𝑁𝐵𝑆)  𝑁𝑀𝑆

𝑅𝐹 ≤  min (  𝑀𝑀𝑆,𝑁𝑀𝑆)
Furthermore, there exist multiple paths which have different transmit beams and receive 

beams for BS and user. 

The BS transmits the signal through the digital precoder   matrix, where 𝐹𝐵𝐵 ∈ ℂ𝑀𝐵𝑆 × 𝑁𝑠

 is the number of data streams. Then, the signal is passing through the RF precoder 𝑁𝑠 𝐹𝑅𝐹

by employing the phase shifters with . The transmitted signal at ∈ ℂ 𝑁𝐵𝑆 × 𝑀𝐵𝑆 |𝐹𝑅𝐹|2 = 1

BS can be written as

𝑥𝑘 = 𝐹𝑅𝐹
𝑘 𝐹𝐵𝐵

𝑘  𝑠𝑘 (5.22)

where  = (s1, · · ·, sn)T is the data stream vector with . Similarly, the received 𝑠𝑘 𝐸{𝑠𝑠𝐻} = 𝐼𝑛

signal at the user can be derived as

 𝑦𝑘 = 𝑃 𝑊𝐵𝐵𝐻

𝑘 𝑊𝑅𝐹𝐻

𝑘  𝐻𝑘 𝐹𝑅𝐹
𝑘 𝐹𝐵𝐵

𝑘  𝑠𝑘 + 𝑊𝐵𝐵𝐻

𝑘  𝑊𝑅𝐹𝐻

𝑘 𝑛𝑘 (5.23)

where  is the channel matrix from BS to the user,  is the 𝐻𝑘 ∈ ℂ 𝑁𝑀𝑆 ×  𝑁𝐵𝑆 𝑊𝐵𝐵
𝑘 ∈ ℂ𝑀𝑀𝑆 × 𝑁𝑠

digital combiner,  is the RF combiner with , and n ∼ CN (0, 𝑊𝑅𝐹
𝑘 ∈ ℂ𝑁𝑀𝑆 × 𝑀𝑀𝑆 |𝑊𝑅𝐹

𝑘 |2 = 1

 ) donates additive white Gaussian noise (AWGN). 𝜎2
𝑛 𝐼  𝑀𝑀𝑆𝑁𝑀𝑆

With  RF chains, the 2-D DoA (θ, ϕ) of the user also can be estimated with the UPA 𝑀𝐵𝑆

array, which leads a half of time cost but an accuracy degradation of DoA estimation. As 

shown in Figure 5.14 [637], the L-shaped array is equipped with  contiguous 
𝑀𝐵𝑆 + 1

2   

antennas in horizontal direction and contiguous antennas in vertical direction, 
𝑀𝐵𝑆 + 1

2   

respectively.
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Figure 5.14: 2D Antenna arrays Structures for Hybrid Massive MIMO 
Precoding.

The chosen  antennas are linked with the RF chains to estimate the UPA, DoA 𝑀𝑀𝑆

information. The ”L” in Figure 5.14 can be decomposed to two shorter ULAs in the 

horizontal direction and the vertical direction, respectively. Therefore, the 2-D DoA (θ, 

φ) can be estimated at the same time with two shorter ULAs. Further, the DoA estimation 

strategy is suitable for most of DoA estimation algorithms, such as MUSIC, ESPRIT, and 

Capon, for both BS and the user with the hybrid array. In the mmWave MIMO system 

with the hybrid array, the channel matrix for such an environment with L beams can be 

written as

𝐻 =  
𝑀𝐵𝑆𝑁𝐵𝑆𝑀𝑀𝑆𝑁𝑀𝑆

𝐿

𝐿

∑
𝑙 = 1

𝛾𝑙a𝑀𝑆(𝜃𝑙,𝜙𝑙 )a𝐻
𝐵𝑆(𝜃𝑙,𝜙𝑙) (5.24)

where  ∼ CN (0, 1) is the complex gain of the lth beam,  and are 𝛾𝑙 a𝑀𝑆(𝜃𝑙,𝜙𝑙 ) a𝐵𝑆(𝜃𝑙,𝜙𝑙) 

the antenna array response vector of the lth beam at the receiver and the transmitter, 

respectively. The steering vector  can be written as a(𝜃𝑙,𝜙𝑙)

a(𝜃𝑙,𝜙𝑙) =  a𝑥(𝜃𝑙,𝜙𝑙 ) ⊗  a𝑦(𝜃𝑙,𝜙𝑙 ) (5.25)

where  denotes the Kronecker product, and  can be defined as⊗ a𝑥(𝜃𝑙,𝜙𝑙 ) a𝑦(𝜃𝑙,𝜙𝑙 )

a𝑥(𝜃𝑙,𝜙𝑙 ) =  [1, 𝑒
𝑗(2𝜋

𝜆 )𝑑cos (𝜃𝑙) sin (𝜙𝑙)
,. . . , 𝑒

𝑗(𝑁𝑅𝐹 ― 1)(2𝜋
𝜆 ) 𝑑cos (𝜃𝑙) sin (𝜙𝑙)]

𝑇

(5.26)



210

a𝑦(𝜃𝑙,𝜙𝑙 ) =  [1, 𝑒
𝑗(2𝜋

𝜆 )𝑑sin (𝜃𝑙) sin (𝜙𝑙)
,. . . , 𝑒

𝑗(𝑁𝑅𝐹 ― 1)(2𝜋
𝜆 ) 𝑑sin (𝜃𝑙) sin (𝜙𝑙)]

𝑇

(5.27)

The optimal beam pair between BS and user can be selected by using the proposed beam 

search strategy, i.e.,    are the optimal transmitted beam {(𝜃𝐵𝑆
1 , 𝜙𝐵𝑆

1 ) and ( 𝜃𝑀𝑆
1 , 𝜙𝑀𝑆

1 )}
direction and the received beam direction, respectively. With the optimal beam pair, a 

Rician channel model is assumed and derived from (5.24) as [638]

𝐻𝑅𝑖𝑐

=  
𝑣𝑘

𝑣𝑘 + 1
𝑀𝐵𝑆𝑁𝐵𝑆𝑀𝑀𝑆𝑁𝑀𝑆𝛾𝑙a𝑀𝑆(𝜃1,𝜙1 )a𝐻

𝐵𝑆(𝜃1,𝜙1) +  
1

𝑣𝑘 + 1

𝑀𝐵𝑆𝑁𝐵𝑆𝑀𝑀𝑆𝑁𝑀𝑆

𝐿

𝐿

∑
𝑙 = 1

𝛾𝑙a𝑀𝑆(𝜃𝑙,𝜙𝑙 )a𝐻
𝐵𝑆(𝜃𝑙,𝜙𝑙)

(5.28

)

where  is the Rician K-factor. The   RF precoder vector at BS can be 𝑣𝑘 𝑀𝐵𝑆𝑁𝐵𝑆 × 1

derived as

𝐹𝑅𝐹 =  
1

𝑀𝐵𝑆𝑁𝐵𝑆
a𝐵𝑆(𝜃𝑙,𝜙𝑙 ) (5.29)

Similarly, the    RF combiner vector at the user can be derived as𝑀𝑀𝑆𝑁𝑀𝑆 × 1

𝑊𝑅𝐹 =  
1

𝑀𝑀𝑆𝑁𝑀𝑆
a𝑀𝑆(𝜃𝑙,𝜙𝑙 ) (5.30)

From (5.23), the achievable rate of the proposed MIMO system transmitted with the 

optimal beam pair can be derived as

𝑅𝑅𝑖𝑐,𝑘 = log2 (1 +  
1

𝜎2
𝑛
 𝑊𝑅𝐹𝐻

𝑘  𝐻𝑅𝑖𝑐,𝑘 𝐹𝑅𝐹
𝑘 𝐹𝑅𝐹𝐻

𝑘 𝐻𝐻
𝑅𝑖𝑐,𝑘𝑊𝑅𝐹

𝑘 ) (5.31)
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5.7 The Proposal Hybrid Beamforming Design Based 
Codebook for Wideband MmWave Massive MU-MIMO-OFDM

5.7.1 System Model

In contrast to the previous sections where we consider narrowband massive MU-MIMO 

systems, here, we extend our investigation to the hybrid beamforming designs for 

wideband systems. Many envisioned applications, which utilize mmWave massive 

MIMO systems, are expected to operate over broadband channels which are typically 

characterized as frequency-selective channels [639]. This necessitates considering 

frequency-selectivity mitigation techniques such as orthogonal frequency division 

multiplexing (OFDM). Considering OFDM modulation results in a new challenge to the 

design of hybrid beamformers where common analogue precoder and combiner (post-

IFFT and pre-FFT processing, respectively) are shared across all subcarriers whereas 

digital precoders and combiners are different among subcarriers. With this consideration, 

the received discrete baseband signal at subcarrier u after OFDM modulation, 

demodulation and hybrid processing is represented by [640]–[644]

𝑠𝑘,𝑢 =
𝐷

∑
𝑑 = 1

𝑃 𝑊𝐵𝐵𝐻

𝑘,𝑢 𝑊𝑅𝐹𝐻

𝑘  𝐻𝑘,𝑑,𝑢 𝐹𝑅𝐹
𝑘 𝐹𝐵𝐵

𝑘,𝑢 𝑠𝑘,𝑢 + 𝑊𝐵𝐵𝐻

𝑘,𝑢  𝑊𝑅𝐹𝐻

𝑘 𝑛𝑘,𝑢 (5.32)

where  is the delay tap for the -th received stream, , N is 𝑑𝑘 ∈ {1, 2, ….,𝐷} 𝑁𝑠 𝑛 ∈ {1, 2, ….,𝑁}

the total number of subcarriers. the total number of transmitted streams is given by  𝑁𝑠 =

.  denotes the number of streams for the k-th user. The diagonal matrix ∑𝐾
𝑘 = 1𝑁𝑠,𝑘 ≤ 𝑀𝐵𝑆 𝐿𝑘

P is the power allocation matrix, which satisfies the total power constraint such that Tr(P) 

≤ Pt. is the frequency domain channel matrix for the u-th subcarrier. Following the  𝐻𝑘,𝑑,𝑢 

same rationale of the proposed design approach for the narrowband hybrid processing in 

previous sections, the analogue beamforming design in MU-MIMO-OFDM system is 

formulated as:

(𝐹𝑅𝐹
𝑘 ,𝑊𝑅𝐹

𝑘 ) = 𝑎𝑟𝑔 max
(𝐹𝑅𝐹, 𝑊𝑅𝐹)

𝑈

∑
𝑢 = 1

𝑀𝐵𝑆

∑
𝑖 = 1

|𝑤𝐻
𝑖 𝐻𝑢𝑓𝑖|2

𝑠.𝑡.𝐹𝑅𝐹
𝑘 ∈ ℂ 𝑁𝐵𝑆 ×   𝑀𝐵𝑆, 𝑊𝑅𝐹

𝑘 ∈ ℂ 𝑁𝑀𝑆 ×   𝑀𝑀𝑆

(5.33)
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5.7.1.1 Problem Formulation

Obtaining optimal solutions for this problem is challenging since the problem is non-

convex even for a narrowband scenario. It is clear by comparing with narrowband that 

they bear similarities except that the analogue precoder and combiner have to be 

optimized commonly for all subcarriers. Tackling this difficulty, we derive a lower bound 

on the objective function in (5.33). The lower bound comes readily using Jensen’s 

inequality as:

1
𝑈

𝑈

∑
𝑢 = 1

𝑀𝐵𝑆

∑
𝑖 = 1

|𝑤𝐻
𝑖 𝐻𝑢𝑓𝑖|2 ≥

𝑀𝐵𝑆

∑
𝑖 = 1

|𝑤𝐻
𝑖 𝐻𝑓𝑖|2 (5.34)

where  and (5.34) is due to the convexity of  in terms of .  𝐻 =  
1
𝑈 ∑𝑈

𝑢 = 1𝐻𝑢  |𝑤𝐻
𝑖 𝐻𝑢𝑓𝑖|2 𝐻𝑢

Accordingly, the analogue for the frequency-selective channels can be designed such that 

it maximizes the lower bound in (5.34) and this gives

(𝐹𝑅𝐹
𝑘 , 𝑊𝑅𝐹

𝑘 ) = 𝑎𝑟𝑔 max
(𝐹𝑅𝐹, 𝑊𝑅𝐹)

𝑀𝐵𝑆

∑
𝑖 = 1

|𝑤𝐻
𝑖 𝐻𝑓𝑖|2

𝑠.𝑡.𝐹𝑅𝐹
𝑘 ∈ ℂ 𝑁𝐵𝑆 ×   𝑀𝐵𝑆, 𝑊𝑅𝐹

𝑘 ∈ ℂ 𝑁𝑀𝑆 ×   𝑀𝑀𝑆

(5.35)

This optimization problem is the same as the frequency-flat analogue beamforming 

problem in (5.4) except that, here, . Consequently, the proposed  𝐻 =  
1
𝑈 ∑𝑈

𝑢 = 1𝐻𝑢

techniques for the fully-connected and sub-array frequency-flat analogue beamforming 

apply to those of frequency-selective analogue beamforming, thereby employing 

Algorithm 5.1 to calculate the fully-connected and subarray analogue beamformer for the 

frequency selective scenario bypassing  instead of H to their procedures. It is worth 𝐻

mentioning that transforming the analogue precoding design problem for frequency-

selective channels into analogue precoding design problem for flat-fading channels has 

been considered in many prior works [640]–[644] and showed competitive performance 

under different metrics such as spectral efficiency [641], [643], [644] and MMSE [642], 

[644] based on utilizing a different transformation such as  [641]–[644]. 
1
𝑈 ∑𝑈

𝑢 = 1𝐻𝐻
𝑢 𝐻𝑢
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We consider a downlink multi-user MIMO-OFDM system, where a single base station 

(BS) communicates with K mobile stations (MSs). The BS is equipped with  antennas 𝑁𝐵𝑆

and  ≤  RF chains, while each MS is equipped with  antennas,  ≤  𝑀𝐵𝑆 𝑁𝐵𝑆 𝑁𝑀𝑆 𝑀𝑀𝑆 𝑁𝑀𝑆

RF chains, and receives  data streams. Here, we assume that  and 𝑁𝑠 𝑀𝑀𝑆 = 𝐾𝑁𝑠 𝑀𝑀𝑆 = 𝑁𝑠

. A cyclic prefix (CP)-OFDM based multi-carrier modulation scheme with U subcarriers 

is applied to combat the multipath effect. Assuming that the CP length has the same length 

as the maximum excess delay of the channel, such that the intersymbol interference is 

avoided, the received signal on the u-th subcarrier, , at the k-th MS, 𝑢 ∈ {1, 2, ….,𝑈} 𝑘 ∈

, is given as{1, 2, …., 𝐾}

𝑠𝑘,𝑢 = 𝑊𝐻
𝑘,𝑢( 𝑃𝑘  𝐻𝑘,𝑢 𝐹𝑘,𝑢 𝑠𝑘,𝑢 + 𝐻𝑘,𝑢 

𝐾

∑
𝑗 ≠ 𝑘

𝑃𝑗𝐹𝑗,𝑢 𝑠𝑗,𝑢 + 𝑛𝑘,𝑢) (5.36)

where  is the MIMO frequency-domain channel, is the 𝐻𝑘,𝑢 ∈ ℂ𝑁𝑀𝑆 × 𝑁𝐵𝑆 𝐹𝑘,𝑢 ∈ ℂ𝑀𝐵𝑆 × 𝑁𝑠 

precoding matrix, is the decoding matrix,  is the data vector and 𝑊𝑘,𝑢 ∈ ℂ𝑀𝑀𝑆 × 𝑁𝑠 𝑠𝑘,𝑢 𝑛𝑘,𝑢

 is the additive white Gaussian noise with variance . We consider an HBF ∈ ℂ𝑁𝑀𝑆 𝜎2
𝑛

structure such that and  . Here,  and 𝐹𝑘,𝑢 = 𝐹𝑅𝐹𝐹𝐵𝐵
𝑘,𝑢 𝑊𝑘,𝑛 = 𝑊𝑅𝐹

𝑘 𝑊𝐵𝐵
𝑘,𝑛 𝐹𝑅𝐹 ∈ ℂ𝑀𝐵𝑆 × 𝑁𝐵𝑆 𝑊𝑅𝐹

𝑘

are the ABF matrices, while  and  are the ∈ ℂ𝑀𝑀𝑆 × 𝑁𝑀𝑆 𝐹𝐵𝐵
𝑘,𝑛 ∈ ℂ𝑁𝐵𝑆 × 𝐾𝑁𝑆 𝑊𝐵𝐵

𝑘,𝑢 ∈ ℂ𝑁𝑀𝑆 × 𝑁𝑠

BBF matrices. 

5.7.2 Wideband mmWave Channel Model

It has been considered a generic channel model that , where  and  𝐻𝑘 =  𝛽𝑘𝐻𝑘 𝛽𝑘 𝐻𝑘

model the large-scale fading and fast fading, respectively, for the k-th user, satisfying 𝔼

. Two kinds of fast fading models are considered. One models the {‖𝐻𝑘‖2
𝐹} = 𝑁𝐵𝑆𝑁𝑀𝑆

scenario where the signals from different antenna elements are uncorrelated due to the 

Figure 5.15: OFDM-based Hybrid precoding architecture.
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large antenna spacing and rich scattering environment, such as the i.i.d. Rayleigh fading 

channels and the other correlated model case such as the mmWave channels.

In Rayleigh channels, each entry of the normalized channel matrix  follows an i.i.d. 𝐻𝑘

complex Gaussian distribution with zero mean. Symbolically, we have

𝐻𝑘 (𝑖.𝑗) ∼ 𝒞𝒩(0,1) (5.37)

The mmWave channel considering antenna correlation is represented by the clustered 

model [18]. The fast-fading matrix for the k-th MS in the mmWave channel can be 

expressed as 

𝐻𝑘 =  
𝑁𝐵𝑆𝑁𝑀𝑆

𝑁𝑐𝑁𝑝

𝑁𝑐

∑
𝑖 = 1

𝑁𝑝

∑
𝑙 = 1

𝛼𝑘
𝑖𝑙 𝐿(𝑟𝑘,𝑖.𝑗) a𝑀𝑆(𝜃𝑘

𝑖𝑙, ∅
𝑘
𝑖𝑙)a𝐻

𝐵𝑆(𝜃𝑘
𝑖𝑙, ∅𝑘

𝑖𝑙) + 𝐻𝐿𝑂𝑆 (5.38)

where  and  are the complex path gain and the path loss (whose length is 𝛼𝑘
𝑖𝑙 𝐿(𝑟𝑘,𝑖.𝑗)

denoted by ), associated to the of the l-th ray in the i-th cluster for the k-th user, which 𝑟𝑘,𝑖.𝑗

follows .  and  denote the elevation and azimuth angles of arrival/departure 𝒞𝒩(0,1) 𝜃𝑘
𝑖𝑙 ∅𝑘

𝑖𝑙

(AoA/AoD) of the l-th ray in the i-th cluster for the k-th user follow the Laplacian 

distribution [645]. Following [199] the attenuation  of the (k, i, l)−th path is written 𝐿(𝑟𝑖.𝑗)

in logarithmic units as

with  the path loss exponent,  the zero-mean, σ2 -variance Gaussian-distributed ∂ 𝜒𝜎

shadow fading term in logarithmic units, b a system parameter, c is the speed of light, and 

 a fixed reference frequency, the centroid of all the frequencies represented by the path 𝑓𝑜

loss model. The values for all these parameters for each use-case scenario discussed in 

[199] for four different use-case scenarios (Urban Microcellular (UMi) OpenSquare, UMi 

Street-Canyon, Indoor Hotspot (InH) Office, and InH Shopping Mall) are reported in 

Table 5.1 [199], [645].

𝐿(𝑟𝑘,𝑖.𝑗) = ―20log10 (4𝜋
𝜆 ) ― 10∂[1 ― 𝑏 +

𝑏𝑐
𝜆𝑓𝑜]log10 (𝑟𝑘,𝑖.𝑗) ― 𝜒𝜎 (5.39)

Table 5.1 : Path Loss Model Parameters
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Note that if OFDM is used with U subcarriers, the channel matrix for the u-th subcarrier 

can be written as  [25], [641]. Factors  and 𝐻𝑘,𝑢 =  ∑𝑁𝑐𝑙

𝑛𝑐𝑙 = 1𝐻𝑘𝑒 ―𝑗
2𝜋𝑢

𝑈 𝑛𝑐𝑙 a𝑀𝑆(𝜃𝑘
𝑖𝑙, ∅

𝑘
𝑖𝑙) a𝐻

𝐵𝑆

 are receive and transmit array response vectors and the normalized array steering (𝜃𝑘
𝑖𝑙, ∅

𝑘
𝑖𝑙)

vector at the elevation angles of  and the azimuth angles of  respectively. Regarding 𝜃𝑘
𝑖𝑙 ∅𝑘

𝑖𝑙

the LOS component  in Table 5.1 the arrival and departure angles corresponding to 𝐻𝑘,𝐿𝑂𝑆

the LOS link are denoted by ,  the LOS component is written as ∅𝑡,𝑟
𝐿𝑂𝑆  𝜃𝑡,𝑟

𝐿𝑂𝑆

𝐻𝑘,𝐿𝑂𝑆 = 𝐼𝑘,𝐿𝑂𝑆(𝑑) 𝑁𝐵𝑆𝑁𝑀𝑆𝑒𝑗𝜃 𝐿(𝑑)a𝑀𝑆(∅𝑟
𝑘,𝐿𝑂𝑆, 𝜃𝑟

𝑘,𝐿𝑂𝑆)a𝐻
𝐵𝑆(∅𝑡

𝑘,𝐿𝑂𝑆,  𝜃𝑡
𝑘,𝐿𝑂𝑆) (5.40)

In the above equation  is a random variable that is 1 if a LOS link exists between 𝐼𝐿𝑂𝑆(𝑑)

transmitter and receiver and 0 otherwise. The large-scale gain is denoted by . For the 𝐿(𝑑)

LOS probability the models in [199] is here assumed, that distinguishes between UMi 

and InH case. For the UMi scenarios the d1/d2 model is considered, with d1 = 20 and d2 = 

39:

𝑝𝑈𝑀𝑖(𝑑) = min (𝑑1

𝑑2
, 1)(1 ― 𝑒

―
𝑑
𝑑2) + 𝑒

―
𝑑
𝑑2 (5.41)

and or the InH scenarios it is assumed:

Scenario Model Parameters

UMi Street Canyon LOS   = 1.98,   = 3.1 dB, b = 0∂ 𝜒𝜎

UMi Street Canyon NLOS   = 3.19,   = 8.2 dB, b = 0∂ 𝜒𝜎

UMi Open Square LOS   = 1.85,   = 4.2 dB, b = 0∂ 𝜒𝜎

UMi Open Square NLOS   = 2.89,   = 7.1 dB, b = 0∂ 𝜒𝜎

InH Indoor Office LOS   = 1.73,   = 3.02 dB, b = 0∂ 𝜒𝜎

InH Indoor Office NLOS   = 3.19,   = 8.29 dB, b = 0.06,  = 24.2 GHz∂ 𝜒𝜎 𝑓𝑜

InH Shopping Mall LOS   = 1.73,   = 2.01 dB, b = 0∂ 𝜒𝜎

InH Shopping Mall NLOS   = 2.59,  = 7.40 dB, b = 0.01,  = 39.5 GHz∂ 𝜒𝜎 𝑓𝑜
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𝑝𝐼𝑛𝐻(𝑑) = { 1                                        𝑑 ≤ 1.2

𝑒
― (𝑑 ― 1.2

4.7 )
                    1.2 << 𝑑 ≤ 6.5

0.32𝑒
― (𝑑 ― 1.2

32.6 )
                 𝑑 ≥ 6.5

(5.42)

A detailed description of all the parameters needed for the generation of sample 

realizations for the channel model in (5.38) is reported in [199].

For simplicity but without loss of generality, both BS and each MS are equipped with 

same antenna array configuration type, involving Uniform Linear Arrays (ULAs), 

Uniform Planar Arrays (UPAs) Uniform Circular Arrays (UCAs). The ULA is a one-

dimensional array, while the UPA and UCA is a planar array in 2D space. In addition to 

the ULA and the UCA, there are other array geometries of planar arrays for different 

purposes. In [646], [647], [648], semi-circular, triangular and rectangular arrays are used 

for the DoA estimation. In [649], [650], [651], the L-shape, V-shape and Y-shape arrays 

are exploited to address issues in the DoA estimation, specifically in pair matching and 

estimation failure. The basic concepts, e.g., the array steering vector and the array factor 

still apply for these array geometries.

Firstly, the ULA showed in Figure 5.16 (a) has uniformly-spaced antenna elements (AEs) 

along one dimension with an inter-element separation of d, where the  of the a𝑈𝐿𝐴(𝜃𝑙,𝜙𝑙)

ULA operating at a carrier frequency of f and wavelength of λ is given by [652], [653]

a𝑈𝐿𝐴(𝜃𝑙,𝜙𝑙) =  
1
𝑁[1, 𝑒

―𝑗(2𝜋
𝜆 )𝑑sin (𝜙1)

,. . . , 𝑒
―𝑗(𝑁 ― 1)(2𝜋

𝜆 )𝑑sin (𝜙𝑙)]
𝑇

(5.43)

Figure 5.16: Antenna array geometries (a) ULA (b) UPA and (c) UCA
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In a ULA, either the elevation or the azimuth perspective is considered, since it is a one-

dimensional antenna array. The ULA was used for mmWaves in [654], [51], and [655]. 

The array response vectors of the BS and MSs can be written in the form of (5.43). 

Secondly, the UPA is a two-dimensional antenna array response associated with a𝑈𝑃𝐴

 [652], [653], [656] given by:(𝜃𝑙,𝜙𝑙)

a𝑈𝑃𝐴(𝜃𝑙,𝜙𝑙) =  a𝑥(𝜃𝑙,𝜙𝑙 ) ⊗  a𝑦(𝜃𝑙,𝜙𝑙 ) (5.44)

where  denotes the Kronecker product, and  can be defined as⊗ a𝑥(𝜃𝑙,𝜙𝑙 ) a𝑦(𝜃𝑙,𝜙𝑙 )

a𝑥(𝜃𝑙,𝜙𝑙 ) =  
1
𝑁𝑥

[1, 𝑒
𝑗(2𝜋

𝜆 )𝑑cos (𝜃1) sin (𝜙1)
,. . . , 𝑒

𝑗(𝑁𝑥 ― 1)(2𝜋
𝜆 ) 𝑑cos (𝜃𝑙) sin (𝜙𝑙)]

𝑇

(5.45)

a𝑦(𝜃𝑙,𝜙𝑙 ) =  
1
𝑁𝑦

[1, 𝑒
𝑗(2𝜋

𝜆 )𝑑sin (𝜃1) sin (𝜙1)
,. . . , 𝑒

𝑗(𝑁𝑦 ― 1)(2𝜋
𝜆 ) 𝑑sin (𝜃𝑙) sin (𝜙𝑙)]

𝑇

(5.46)

In the UPA antenna array, shown in Figure 5.16 (b) relying on  antennas, where 𝑁 = 𝑁𝑥𝑁𝑦

 and  are the number of columns and rows of the UPA associated with dx and dy 𝑁𝑥 𝑁𝑦

inter-element separation distances, respectively. This type of antenna arrays is preferable 

for mmWaves since it can accommodate more antenna elements within a small area at 

both the mobile station (MS) and the base station (BS) [51], [655]. It also facilitates 

beamforming in an extra dimension, which results in the 3D-beamforming [654],. Finally, 

a UCA antenna array associated with Ncr antennas has its AEs evenly distributed in a 

circular geometry with a uniform separation angle  as shown in Figure 5.16 (c). The 𝜓𝑛𝑐

 of UCA is given by [652], [656]a𝑈𝐶𝐴(𝜃,𝜃𝑑𝑜𝑒)

a𝑈𝐶𝐴(𝜃,𝜓) =  
1
𝑁𝑐

[1, 𝑒
𝑗(2𝜋

𝜆 )𝑅𝑠𝑖𝑛(𝜃)𝑐𝑜𝑠(𝜓 ―  𝜓1)
,. . . ,𝑒

𝑗(2𝜋
𝜆 )𝑅𝑠𝑖𝑛(𝜃)𝑐𝑜𝑠(𝜓 ―  𝜓𝑛𝑐)

 ]
𝑇

(5.47)

where   under the constraint of  . It is worth noticing that 𝜓𝑛𝑐 =
2𝜋
𝑁𝑐

(𝑛𝑐 ― 1) 1 ≤ 𝑛𝑐 ≤ 𝑁𝑐

 only depends on the number of elements  and is regardless of the array a𝑈𝐶𝐴(𝜃,𝜃𝑑𝑜𝑒)𝑚𝑎𝑥 𝑁𝑐

geometry. There are other important steerable antenna types, like Lens Antennas [246] 

and Leaky-Wave antennas [247], which are not discussed here.
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For a massive MIMO system with single-antenna users, the asymptotic orthogonality of 

different user channels has been proven in a massive regimen for both the Rayleigh 

channel [657] and the geometry-based channel [658]. Here, we extend the conclusion to 

the multi-antenna users in our channel model by the following proposition.

Proposition 1: Considering the channel model in subsection 5.7.2, the correlation matrix 

of different user channels follows

lim
𝑁𝐵𝑆→∞

1
𝑁𝐵𝑆

𝐻𝑝𝐻𝐻
𝑞 = 0𝑁𝑀𝑆,  𝑝,𝑞𝜖{1, 2, ….., 𝐾},  𝑝 ≠ 𝑞 (5.48)

Proposition 1 is a remarkable property that will enable an asymptotically optimal 

transceiver design in such a hybrid structure in a massive MIMO regimen with linear 

processing in both the analogue and digital stage. The details are shown in the following 

sections

5.7.3 Analog Beamforming Design (ABF)

In the case of mmWave precoding, the non-convex constraints on  and  makes 𝑊𝑅𝐹
𝑘 𝑊𝑅𝐹

𝑘

finding an exact solution unlikely. We start by examining the mutual information 

achieved by the hybrid precoders  in terms of the minimum distance between 𝑊𝑅𝐹
𝑘 𝑊𝐵𝐵

𝑘,𝑛

 and the channel’s optimal unconstrained precoder Wopt. To do so, define the 𝑊𝑅𝐹
𝑘 𝑊𝐵𝐵

𝑘,𝑛

channel’s ordered singular value decomposition (SVD) to be

1
𝑁𝐵𝑆

∑𝑵

𝒏 = 𝟏
𝑯𝑯

𝒌,𝒏𝑯𝒌,𝒏 = 𝑈𝑘Σ𝑘𝑉𝐻
𝑘 (5.49)

 where  unitary matrix,  diagonal matrix of singular 𝑈 ∈ ℂ𝑀𝑀𝑆 × 𝑀𝑀𝑆 Σ ∈ ℂ𝑟𝑎𝑛𝑘(𝐻) × 𝑟𝑎𝑛𝑘(𝐻)

values arranged in decreasing order, and  unitary matrix. we note that the 𝑉 ∈ ℂ𝑀𝐵𝑆 × 𝑀𝐵𝑆

optimal unconstrained unitary precoder for H is simply given by Wopt. = U. The columns 

of the unitary matrix U form an orthonormal basis for the channel’s row space Further 

note that the precoder U cannot, in general, be expressed as , and thus cannot be 𝑊𝑅𝐹
𝑘 𝑊𝐵𝐵

𝑘,𝑛

realized in the mmWave architecture of interest. 

Considering proposed adaptive statistical codebook with the unique range of the 𝑁 

resolution parameter codebook vector , as discussed in subsection 5.6.3, Å = {2𝜋𝑢
𝑁 }

𝑢 ∈  𝐼(𝑘,𝑠,𝑚)

the connection between  and a , observation 1 implies that the columns of the 𝑊𝑂𝑝𝑡 Å
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optimal precoder  are related to the codebook vectors through a linear transformation. 𝑊𝑂𝑝𝑡

As a result, the columns of  can be written as linear combinations of codebook angles 𝑊𝑂𝑝𝑡

as columns of :. Therefore, the mmWave transmitter can apply  of the  at RF 𝑊𝑅𝐹 𝑀𝑀𝑆 Å

(via the RF precoder ), and form arbitrary linear combinations of them using its 𝑊𝑅𝐹

digital precoder . Namely, it can construct the linear combination that minimizes 𝑊𝐵𝐵 𝑎𝑟𝑔

. The approach detail is summarized in Algorithm 5.2.min
𝑊𝐵𝐵

𝑘

 ‖𝑊𝑜𝑝𝑡
𝑘 ― 𝑊𝑅𝐹

𝑘 𝑊𝐵𝐵
𝑘 ‖𝐹

Algorithm 5.2 HBF Design Based OMP Codebook for MU-mMIMO-OFDM 
System

Input: 𝑯𝒌, 𝒖, Å

1 RF Analog Design:

2 for k = 1 to K do

3 𝐻𝑘 = ∑𝑈

𝑢 = 1
𝐻𝐻

𝑘,𝑢𝐻𝑘,𝑢𝜖ℂ𝑁𝑀𝑆 × 𝑁𝑀𝑆

4       Get , where  is derived by (5.49)𝑊𝑂𝑝𝑡 =    𝑈𝑘(:, 1:𝑀𝑀𝑆)    𝑈𝑘

5     𝑊𝑟𝑒𝑠 = 𝑊𝑂𝑝𝑡, 𝑊𝑂𝑝𝑡 = []

6 for i = 1 to  do𝑀𝑀𝑆

7 Ψ = Å𝑊𝑟𝑒𝑠

8 u = argmax (ΨΨ𝐻)

9 ,    𝑊𝑅𝐹 = [⟨𝑊𝑅𝐹│Å⟩],     𝑊𝐵𝐵 = (𝑊𝑅𝐹𝑊𝑅𝐹𝐻)𝑊𝑜𝑝𝑡𝑊𝑅𝐹𝐻

10 end for

11 Compute 𝑊𝑅𝐹 = [𝑊𝑅𝐹
1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝑅𝐹

𝐾
]

12 Obtain the composite channel    𝐻𝑐𝑜𝑚𝑝 = 𝑊𝑅𝐹𝐻𝐻

13
1
𝑁𝐵𝑆

𝐻
𝑐𝑜𝑚𝑝

= 𝑈𝑐𝑜𝑚𝑝Σ𝑐𝑜𝑚𝑝𝑉𝐻
𝑐𝑜𝑚𝑝

14 Compute 𝐹𝑅𝐹 =    𝑉𝑐𝑜𝑚𝑝(:, 1:𝑀𝐵𝑆)

15 End stage

16 for k = 1 to K do

17       Obtain the baseband channel for the kth MS   𝐻𝑘 =   𝑊𝑘𝐻

𝑅𝐹𝐻𝑘 𝐹
𝑅𝐹

18 end for

19 BB Digital Design:
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20 Compute  and  𝐹𝐵𝐵 = [𝐹𝐵𝐵
1 ,…, 𝐹𝐵𝐵

𝐾 ] 𝑊𝐵𝐵 = [𝑊𝐵𝐵
1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝐵𝐵

𝐾
]

21 Adjust each column of  to be  i ∈ {1, . . . , }𝐹𝐵𝐵 𝐹𝐵𝐵(:,𝑖) =
𝐹𝐵𝐵(:, 𝑖)

‖𝐹𝑅𝐹𝐹𝐵𝐵(:,𝑖)‖2
𝐹
,  𝑀𝐵𝑆

22 End stage

23 Obtain the total equivalent channel  𝐻𝑡𝑜𝑡𝑎𝑙 =  𝑊𝐵𝐵𝐻
𝑊𝑅𝐹𝐻 𝐻𝐹𝑅𝐹 𝐹𝐵𝐵

24 Power allocation stage:

25
Compute P by using waterfalling power allocation of the total equivalent channel 

𝐻𝑡𝑜𝑡𝑎𝑙

26 End stage

Output: 𝑭𝑹𝑭 𝑭𝑩𝑩
𝒌,𝒖, 𝑾𝑩𝑩𝑯

𝒌,𝒖 , 𝑾𝑹𝑭𝑯,𝑷

5.8 Simulation Results and Discussions

To evaluate the performance of the proposed hybrid beamforming design scheme (Alg-

1), the corresponding simulation results are presented in this section. All simulation 

results are obtained by averaging over 8 random channel realizations based on MATLAB 

platform. For simplicity, the propagation environment is modelled as an Nc = 8 cluster 

with Nray = 10 rays per cluster. The azimuth AoAs/AoDs of all channels are assumed to 

follow the uniform distribution within , and the elevation AoAs/AoDs follow a  [0,2𝜋]

uniform distribution in . In the simulation, we consider that both the BS and k-th [ ―
𝜋
2,

𝜋
2]

MS have UPA, UCA and ULA with NBS = 256 antenna elements and MBS = KNs =16 RF 

chains serve K= 8 users, in which each user is equipped with NMS = 16 antenna elements 

and MMS = Ns = 2 RF chains to support Ns = 2 data streams per user simultaneously. 

The noise variance at each user is , where  is thermal noise with (-174 𝜎2
𝑛 = 𝑁𝑜𝐵𝑤𝑁𝐹 𝑁𝑜

dBm),  is the system bandwidth (500MHz),  is the noise figure (8 dB) and the SNR 𝐵𝑤 𝑁𝐹

is defined as Pt/ . It is worth noting that we focus on the hybrid beamforming design of 𝜎2
𝑛

the massive MU-MIMO system with a fully-connected structure in this chapter. 

Furthermore, the proposed approach has been evaluated by comparing it with the full-

digital ZF and MMSE based SVD approach [659] and the proposed HBF method in 

Table 5.2: Simulation parameters
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Algorithm 1 c, under large scale path loss wideband mmWave and Rayleigh channels for 

mobile Indoor and outdoor averments, Two scenarios are considered in our simulation. 

One is that double the least number of RF chains are available for communications. The 

parameter details are listed in Table 5.2.

Parameter Value

Fully Connected Schemes Under Test

Proposal HBF Algorithm 5.2 - (Alg-1)
Full-digital based SVD approach [659] - (FD)
HBF Algorithm in [612] - (HBF)
Single User
Analogue Only

Carrier Frequency 60 GHz
Bandwidth 500 MHz
Noise Figure (Uplink and Downlink) 8 dB
Thermal Noise −174 dBm/Hz spectral density
Penetration and Reflection losses (dB) -25 dB
BS Antenna Height 20 m
MS Antenna Height 1 - 1.5 m
Outdoor Path Loss Model UMi Open square (LOS, NLOS)
Indoor Path Loss Model InH Indoor square (LOS, NLOS)
User Mobile Velocity (Kph) 50 - 300
Scattering Cluster 10
Propagation Paths in A Cluster 8
Angular Spread (Degrees) 5
Cell Dimension All MSs within 500 m
Conventional Code Trails Code Modulation (TCM), Code Rate = 1/2
Modulation Type QAM or QPSK

OFDM Parameters

No of Data Sample =10, 
FFT Size = 256,
No. of Pilot Samples = 8, 
No. of Cycle Prefix Samples = 16,
No. of Null Samples = 14

Number of Independent Realizations 8
Antenna Type UPA, UCA and ULA
No. of Streams (Ns) 2
BS Antenna (NBS) 256
MS Antenna (NMS) 16
BS RF Chain (MBS = KNs) 16
MS RF Chain (MMS = Ns) 2
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5.8.1 Performance for Sum Rate

Figure 5.17 compares the sum-rate performance of different beamforming schemes 

versus SNR when the number of BS antennas is large (NBS = 256). It can be seen from 

this figure since the baseband BD technology leads that the overlap of the row subspace 

of each user channel matrix becomes significant, the performance of the system decreases 

as the number of users increases. However, the proposed analogue hybrid beamforming 

design scheme in (Alg-1) improves the capacity of the equivalent baseband channel, and 

the digital hybrid beamforming derived in the massive MIMO regime can eliminate both 

inner-user and inter-user interferences. 

To demonstrate the effectiveness of the proposed HBF design in the unconstrained case, 

we evaluate the sum-rate of Alg-1 in different configurations and scenarios. The 

traditional BD is carried out by full-digital processing. Moreover, the full-digital ZF 

implemented with the iterative water-filling algorithm is used as the capacity-reaching 

scheme. From Figure 5.17 (a) and (b), we can observe that the proposed HBF design is 

superior to the full-digital BD (because the full-digital BD scheme is not a capacity-

reaching scheme except with the condition that Alg-1 is designed to approximately 

approach the capacity of the channel) and performs quite similarly to the full-digital 

scheme. Furthermore, the figures indicate that the proposed scheme is more suitable for 

Rayleigh channels than mmWave channels, due to the narrower gap between its 

performance and that of the capacity-reaching scheme.
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(a)  Performance in mmWave Channels 

(b) Performance in Rayleigh Channels 
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Figure 5.17: Sum-rate versus SNR in a UMi Open Square (Outdoor) with URA 
256×16 MU-MIMO-OFDM system where K= 8, Ns = 2, MMS = 4, MBS = 32.
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(a)  Performance in mmWave Channels 

(b) Performance in Rayleigh Channels 

To further investigate the performance of the proposed design scheme in the indoor office 

environment, it can observe from Figure 5.18(a) and (b) that the proposed hybrid 

beamforming and HBF design schemes sum-rate response is better than outdoor scenario 

when same parameters values used in mmWave channel, and slightly similar in Rayleigh 

channel. This due to the rising number of LOS and NLOS paths. Besides, the analogue 

only and single-user have the same performance in both indoor and outdoor scenarios 

with higher sum rate in mmWave than Rayleigh channel.  While other schemes have a 

similar response in outdoor site with a small change in both channels.  
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Figure 5.18: Sum-rate versus SNR in a InH Indoor Office (Indoor) with URA 
256×16 MU-MIMO-OFDM system where K= 8, Ns = 2, MMS = 4, MBS = 
32
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(a)  Performance in mmWave Channels 

(b) Performance in Rayleigh Channels 

Figure 5.19: Sum-rate versus SNR in a InH Indoor Office (Indoor) with URA 
256×16 MU-MIMO-OFDM system where K= 8, Ns = 2, MMS = 2, MBS 
= 16.

Figure 5.19 shows the sum-rate comparison for different beamforming shames in terms 

of the number of RF chains at transmitter and receiver is at least equal to the number of 

data streams, and conducted under similar indoor environment conditions and system 

parameters. It seems that the performance behaviour of the proposed Alog-1 has achieved 

lower by around 30 bits/s/Hz at 30 dB than when double the RF chains at both sides 

(Figure 5.18), contrast the other performance schemes are still quite close with very small 

change. 
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5.8.2 Performance for Number of BS Antennas

Figure 5.20 plots the sum rates achieved by different beamforming schemes versus the 

SNR when the number of Transmit antennas, where nTx = 32, 64, 128, 256, 512 and 1024. 

Considering the costs and power consumption, the simulation environment of the BS and 

each user is set as the number of RF chains is equal to the number of data streams, i.e., 

MMS = NS, and MBS = KNS. We find that the performance of all different beamforming 

schemes is similar and very close to that of the MMSE-FD scheme for all the range of 

many transmit antennas. When the number of transmit antennas supported by the system 

increases, the gaps between the sum rates of different schemes become larger 

correspondingly. However, the proposed hybrid beamforming scheme outperforms other 

schemes when the number of transmit antenna is different.

Figure 5.21 compares the sum-rate performance of different beamforming schemes 

versus the BS antennas, where SNR= 0dB. As can be seen from this figure, the sum rate 

performance of different design schemes improves correspondingly as the number of BS 

antennas increase, where the proposed design scheme is better than others. When the 

number of BS antennas is large, the performance gap between the proposed beamforming 

and other hybrid beamforming schemes is small. However, compared with the small 

number of BS antennas, the performance gap between the proposed beamforming scheme 
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Figure 5.20: Sum-rate comparison for different beamforming schemes and 
number of Transmit antennas MIMO-OFDM system in outdoor scenario 
with URA nRx=16 MU- K=8, Ns = 2, MMS = 2, MBS = 16.
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and the schemes (except for ZF-HBF and MMSE-FD) is larger. Furthermore, although 

the proposed scheme is derived from the massive MIMO system, it works relatively well 

even with not a very large number of BS antennas. 

5.8.3 Performance for Number of Users

Figure 5.22 compares the sum-rate performance of the proposed Alg-1 HBF beamforming 

schemes versus the number of users in an indoor scenario, where the number of users 

changes from 2 to 16. We can observe from the figure that the performance gap is very 

small when the number of users is small. As the number of users increases, the sum rate 

performance of Alg-1 design schemes becomes high. Furthermore, it can also be 

explained that with the increase of the scale of the system, the proposed design scheme 

effectively eliminates the inner and inter-user interference, to improve the performance 

of the system.

Figure 5.21: Sum-rate comparison for different beamforming schemes and 
number of receive antennas MU-MIMO-OFDM system in outdoor 
scenario at SNR =0, with URA nTx=256, K=8, Ns = 2, MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 5.22: Sum-rate versus SNR in an InH Indoor Office (Indoor) with URA 
256×16 MU-MIMO-OFDM system for the different number of users, Ns = 
2, MMS = 4, MBS = 32.
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5.8.4 Performance for Symbol Error Rate

To further validate the effectiveness of the proposed HBF design, the symbol error rate 

(SER) of Alg-1 is evaluated with the least number of RF chains compared with the state 

of the art for the HBF system. Figure 5.23 plots the symbol error rate by different 

beamforming schemes when the number of data streams per user is equal to 2. We find 

that the proposed hybrid beamforming scheme outperforms other schemes with more than 

(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 5.23:  SER versus SNR performance comparison in a UMi Open Square 
(Outdoor) with URA 256×16 MU-MIMO-OFDM system for the different 
number of users, Ns = 2, MMS = 2, MBS = 16.
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5 dB at 10-2 SER in mmWave channel and exceed to 12 dB in Rayleigh channel. Both for 

the UMi Open Square (Outdoor) environment scenario. This can be found with big 

similarity in average behaviour to that obtained at InH Indoor Office (Indoor) scenario 

with small changes in values.  

5.8.5 Performance for Antenna Array Configurations

To arrange 256 antenna elements with an inter-element spacing d, It can be seen that the 

1 × 256 ULA requires 125λ space in one direction. On the other hand, 16 × 16 UPA 

requires just 8λ space in horizontal and vertical directions, which is equivalent to a space 

of 64λ2. Similarly, UCA with a radius of about 8λ (D = 16 λ) requires an array size of 

approximately 201.06λ2. It can be seen that UPA is more spatially efficient structure 

compared to both ULA and UCA. To better understand the spatial efficiency, for the 

signal frequency of 60 GHz, the array sizes of ULA, UPA and UCA are respectively 

0.3125m2, 0.0016m2 and 0.0050 m2. Thus, UPA offers the highest spatial efficiency, 

whereas ULA is the least spatially efficient structure.

Figure 5.24 shows the convergence of the proposed hybris beamforming design schemes 

Alg-1 in terms of the SER versus the three main antenna array structures UPA, UCA and 

ULA in both outdoor open square and indoor office environments. Applying same 

parameters when the number of RF chain is equal to the number of data streams, we can 

find that UPA is outperforming the other types by approximately 10 dB at 10-2 SER in 

both environment scenarios at mmWave channel. However, its effectiveness is declining 

at the Rayleigh channel, where the ULA perform better than other configurations in the 

outdoor scenario only and its waste perform in the indoor environment. 
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 5.24:: SER versus SNR performance comparison for the proposal HBF 
algorithm design through the different antenna structures and 
environments with 256×16 MU-MIMO-OFDM system K =8, Ns = 2, 
MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 5.25: Sum-rate versus SNR performance comparison for the proposal 
HBF algorithm design through different antenna structures and 
environments with 256×16 MU-MIMO-OFDM system K =8, Ns = 2, 
MMS = 2, MBS = 16.

Figure 5.25 illustrates the sum-rate achieved by Alg-1 for the three different types of 

antenna configurations and scenarios, in both Rayleigh and mmWave channels. From 

Figure 5.25 (a) It’s clear that UPA achieves higher spectrum efficiency in both outdoor 

and indoor environments almost more than 40 (bits/s/Hz) at 10 dB SNR than closest ULA 

structure and the last one UCA, which has complex elements distribution form and high 

mutual effeteness than others. In contrast, the three antennas structures approximately 
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have thoroughly achievement in not reach spatially Rayleigh channel for both outdoor 

and indoor scenarios. 

5.8.6 Performance for Sensitivity to Channel Estimation Errors

Considering that obtaining perfect CSI in practice is nearly impossible, we evaluate the 

performance of the proposed algorithm with imperfect CSI. The channel matrix with 

imperfect CSI can be modelled as [660], [105]

𝐻 = 1 ― 𝜉𝐻 + 𝜉𝐻𝑒𝑟𝑟 (5.50)

where 0 ≤ ξ ≤ 1 indicates the accuracy of channel estimation, and  represents the error 𝐻𝑒𝑟𝑟

matrix that follows a complex Gaussian distribution, i.e., . The rank of  𝐻𝑒𝑟𝑟 ∈ ℂ𝑁𝑀𝑆 × 𝑁𝐵𝑆 𝐻

is denoted as ( . According to the theory of principal component ℎ = 𝑚𝑖𝑛(𝑁𝑀𝑆,𝑁𝐵𝑆)

analysis [661], [662],  can be approximated by a low-rank matrix. For example, the 𝐻

vector form of the SVD of  is , where  is the ith largest singular value, 𝐻 𝐻 = ∑ℎ
𝑖 = 1𝑢𝑖𝜎𝑖𝑣𝐻

𝑖 𝜎𝑖

and and  are the left and right singular vector corresponding to , respectively. Then 𝑢𝑖 𝑣𝑖 𝜎𝑖

 can be approximated as  , where   is the rank of . Note that 𝐻 𝐻𝑟 = ∑ℎ
𝑖 = 1𝑢𝑖𝜎𝑖𝑣𝐻

𝑖  𝑟 < ℎ 𝐻𝑟

 and  have the same principal component, as can be seen from the left and right 𝐻𝑟 𝐻

singular vectors and the singular values.

Meanwhile,  and  have the same principal component and  is approximated to the 𝜉𝐻 𝐻 𝜉𝐻

low-rank L approximation HL of . The accuracy of approximation between  and HL 𝐻 𝜉𝐻

depends on two factors, i.e., the number of antennas at the transmitter and receiver and 

the value of ξ. When ξ is a constant, increasing the number of antennas helps enhance the 

principal component, thus increasing the robustness to noise. When the number of 

antennas is constant, increasing the value of ξ helps reduce the influence of noise on the 

principal component of the channel matrix. According to the above analysis, it is 

concluded that the larger the number of antennas at the transmitter and receiver, the more 

robust to CSI inaccuracy.

In practical mmWave massive MIMO systems, acquiring perfect CSI is very challenging 

due to the high dimension of the channel matrix. Therefore, it is important to evaluate the 
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performance of the proposed Alg-1 hybrid precoding under imperfect CSI. In mmWave 

MIMO systems, low-rank channel estimation is usually conducted instead of a full rank 

channel estimation to save the signalling overhead [663], where only a limited number of 

paths are estimated (e.g., estimating the low paths with the highest power instead of the 

whole full paths when low RF chains to enable the hybrid precoding). For the channel 

estimation schemes, we adopt a hierarchical codebook [663], [664] to estimate the AoA, 

AoD, and complex gain for a path through analogue beam training, and the number of 

estimated paths is equal to the number of RF chains. Figure 5.26 presents the SER 

performance comparison for the proposed Alg-1 in outdoor and indoor environments in 

which, we can observe that Alg-1 perform well even with high estimation error 

percentage  of mmWave channel. Whereas, it has the worst performance with (𝜖 = 0.8)

same channel estimation conditions in Rayleigh Channel for both scenario environments. 

The RF performing/combining design extracted from the optimum matrix decomposed 

from channel covariance received at BS without has prior knowledge of CSI and the 

codebook design in which omitting the weak paths in channel estimation will make the 

singular values corresponding to the weak paths much smaller, which lowers the 

geometric mean value of these singular values. 

We also evaluate the impact of channel estimation in both indoor and outdoor 

environments in Figure 5.27. In this figure, we find that the performance gap between 

precoding with full-rank CSI and precoding with low-rank CSI becomes smaller in 

mmWave with superior performance at high channel estimation error . On other (𝜖 = 0.8)

hand, Figure 5.27 (b) shows that the Alg-1 approach performance at perfect CSI case 

better than an imperfect one in Rayleigh channel.  This is because the codebook analytic 

design works best on the reach scattering environment.   
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(c) Performance in mmWave Channels

(d) Performance in Rayleigh Channels

Figure 5.26:: SER versus SNR performance comparison for the proposal HBF 
algorithm design through the different values of estimated error 
(Herr) and environments with 256×16 MU-MIMO-OFDM system K =8, 
Ns = 2, MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 5.27: Sum-rate versus SNR performance comparison for the proposal 
HBF algorithm design through different values of estimated error 
(Herr) and environments with 256×16 MU-MIMO-OFDM system K =8, 
Ns = 2, MMS = 2, MBS = 16.

5.8.7 Performance for Energy Efficiency (EE)

In this subsection, we aim to compare the energy efficiency performance of different 

beamforming design schemes. Considering the hybrid beamforming design based on 

fully-connected structure, the power consumption mainly includes the following parts: a) 

the power amplifier (PA) connected to each antenna at the BS; b) the low noise amplifier 
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(LNA) at the receiver; c) the phase shifter (PS) and the RF chain on both receiver and 

transmitter sides; d) the digital baseband (BB) processor; e) the DAC on the receiver side 

and the ADC on the transmitter side. 

Considering the full-digital beamforming for mMIMO, there is a DAC, an RF chain, a 

PS and a PA for each antenna at the BS. Then, a BB which adapts all the data streams to 

the transmit antennas is required. At the receiver, each antenna is equipped with an ADC, 

an RF chain, a PS, and an LNA, plus a baseband digital combiner that combines all the 

outputs of ADC to obtain the soft estimate of the transmitted symbols.

Therefore, the amounts of power consumed by BS and users in full-digital MIMO 

architecture are expressed respectively as

𝑃𝐹𝐷_𝐵𝑆 = 𝑁𝐵𝑆(𝑃𝑅𝐹 + 𝑃𝐷𝐴𝐶 + 𝑃𝑃𝐴) + 𝑃𝐵𝐵 (5.51)

𝑃𝐹𝐷_𝑀𝑆 = 𝐾(𝑁𝑀𝑆(𝑃𝑅𝐹 + 𝑃𝐴𝐷𝐶 + 𝑃𝐿𝐴𝑁) + 𝑃𝐵𝐵) (5.52)

where , , , , , , and , is the power of BB, the power of each 𝑃𝐵𝐵 𝑃𝑅𝐹 𝑃𝐿𝐴𝑁 𝑃𝑃𝐴 𝑃𝑃𝑆 𝑃𝐷𝐴𝐶 𝑃𝐴𝐷𝐶

RF chain, the power of each LNA, the power of each PA, the power of each PS, the power 

of each DAC, and the power of each ADC, respectively. Different from the full-digital 

beamforming for MIMO, each RF chain requires the same number of phase shifters as 

that of all antennas to control the phase of all antennas in the fully-connected structure. 

Therefore, the amounts of power consumed by BS and users in fully-connected MIMO 

architecture are expressed respectively as

𝑃𝑇_𝐵𝑆 = 𝑀𝐵𝑆(𝑃𝑅𝐹 + 𝑃𝐷𝐴𝐶 + 𝑁𝐵𝑆𝑃𝑃𝑆) + 𝑁𝐵𝑆𝑃𝑃𝐴 + 𝑃𝐵𝐵 (5.53)

𝑃𝑇_𝑀𝑆 = 𝐾(𝑀𝑀𝑆(𝑃𝑅𝐹 + 𝑃𝐴𝐷𝐶 + 𝑁𝑀𝑆𝑃𝑃𝑆) + 𝑁𝑀𝑆𝑃𝐿𝑁𝐴 + 𝑃𝐵𝐵) (5.54)

To better compare the performance of different hybrid beamforming design schemes, the 

power efficiency η is used as the standard of measurement, which is expressed as

where P is the total power consumption of the system. In this work we assumed the 

stimulation parameters according to [665] are set as follows:  243mW,  𝑃𝐵𝐵 = 𝑃𝑅𝐹 =

𝜂 =
𝑅
𝑃    (𝑏𝑝𝑠/𝐻𝑧/𝐽) (5.55)
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40mW,  30mW,  16mW,  110mW, and  200mW. 𝑃𝐿𝑁𝐴 = 𝑃𝑃𝐴 = 𝑃𝐷𝐴𝐶 = 𝑃𝐴𝐷𝐶 =

Furthermore, the power consumed by each PS is assumed to be 10mW as in [666].

The energy efficiency performance of different beamforming design schemes versus SNR 

presented in Figure 5.28. It can be seen clearly that the proposed Alg-1 scheme can 

transmit the signal more efficiently with the same SNR and power consumption, which 

means it has higher power efficiency. Further, since the full-digital MIMO architecture 

requires more hardware and produces higher power consumption, its energy efficiency 

performance is relatively low compared with the proposed Alg-1 and HBF schemes. 

Therefore, the full-digital MIMO architecture is rarely used for signal propagation in 

practical applications. Moreover, as shown in Figure 5.28, based on the fact that the sum 

rates of the system achieved by the proposed Alg-1 and HBF with ZF and MMSE schemes 

algorithm are similar to the energy efficiencies of the two algorithms are approximate 

with the same power consumption. 
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(a)  Performance in mmWave Channels 

(b) Performance in Rayleigh Channels 

Figure 5.28: Energy Efficiency versus SNR comparison for the 
proposal HBF algorithm design through indoor and outdoor 
environments with UPA 256×16 MU-MIMO-OFDM system K 
=8, Ns = 2, MMS = 2, MBS = 16.

Figure 5.29 compare the energy efficiency performance of different beamforming 

schemes versus the number of BS and each user antennas, respectively, where SNR = 

0dB. The number of each user antennas is set as NMS = 16 for different the number of BS 

antennas. It can be seen from Figure 5.28 that the power consumption of the PS is 

dominant when the number of BS antennas increases. Thus, under the number of large-

scale BS antennas, the power consumption of the fully-connected structure is higher than 

that of the full-digital structure. According to the simulation results shown in Figure 5.28, 
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the energy efficiency of different schemes is lower than that of the full-digital ZF scheme. 

Therefore, the Alg-1 approach has same higher energy performance for a different 

number of transmit antennas (NBS) with more than 0.45 (bits/s/J) and 2.4 (bits/s/J) at NBS 

=1024 than the closest analogue beamforming method in mmWave and Rayleigh 

channels, respectively.  While, it is outperforming the ZF-HBF and ZF-FD by 

approximately 4.24 (bits/s/J) at NBS =1024 in both channel types, in which they have 

similar performance along with all the different number of NBS. 

Whereas, the number of BS antennas is set as NBS = 256 for different the number of each 

user antennas. It can be seen from Figure 5.29 that the power consumption of the DAC is 

dominant when the number of each user antennas increases. Since the sum rate increases 

with more power consumption for the ZF and MMSE full-digital scheme, its energy 

efficiency declines considerably as the number of each user antennas increases. In 

summary, the proposed hybrid beamforming design scheme has stable and high-energy 

efficiency regardless of changing the number of the BS and each user antennas.
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5.9  Conclusion 

In this chapter, we develop HBF schemes for hybrid analogue-digital precoding 

architecture for the BS and MS sides. In particular, the precoding schemes devised in 

Figure 5.29: Energy Efficiency versus NBS comparison for the proposal HBF 
algorithm design through indoor environment, mmWave and 
Rayleigh channels at SNR =0 and UPA 256×16 MU-MIMO-OFDM 
system K =8, Ns = 2, MMS = 2, MBS = 16.

Figure 5.30: Energy Efficiency versus nRx comparison for the proposal 
HBF algorithm design through indoor environment, mmWave and 
Rayleigh channels at SNR = 0 and UPA 256×16 MU-MIMO-OFDM 
system K =8, Ns = 2, MMS = 2, MBS = 16.
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subsection 5.7 assume the codebook-based fully-connected hybrid precoding architecture 

described in sub-section 5.6.3. The evaluation performance of our proposed HBF design 

through simulation results is presented in mmWave/Rayleigh channels with different 

criteria and scenarios, in which confirm a superior performance against the other MU-

mMIMO-OFDM modified beamforming schemes, such as full digital [657] and HBF 

proposed by [612], associated with ZF and MMSE precoding.

Chapter 6 

Performance Analysis of Robust Hybrid Beamforming for 

Wideband MmWave Massive MU-MIMO-OFDM Systems

6.1 Introduction

The large degree of freedom offered by massive arrays may eliminate the random effect 

caused by wireless fading channels, which can further enhance the performance of the 

communication system. For example, it has been proved that even linear transceivers may 

be favourable under multi-user multiple-input single-output (MU-MISO) scenarios with 

massive base station (BS) antennas [502], [512]. However, traditional full-digital 

processing requires each antenna to be connected to one radio frequency (RF) chain, 

which will lead to high complexity in implementation, especially for high-frequency 

carriers, e.g., mmWave communication systems [23]. Therefore, a cost-effective hybrid 

structure that uses analogue phase shifters in conjunction with far fewer RF chains is 

conceived to leverage the complexity and performance of the communication system 

[520], [522], [673], [674], [589]–[591], [668]–[672]. Signal processing using this 
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structure, in which analogue RF processing offers high-dimensional phase-only control, 

after which low-dimensional digital baseband processing can be performed, is called 

hybrid beamforming (HBF). Note that there are two constraints derived from HBF 

systems: i) limited RF chains, which reduce the complexity of digital processing 

compared to full digital and ii) phase shifters with constant amplitude, which further 

reduce the complexity of analogue processing and result in phase-only control [675]. All 

of these constraints in HBF reduce the overall complexity of massive MIMO systems. 

Many challenges have arisen from maximizing data rates under the constraints derived 

from HBF while solving the optimal processing matrices of both analogue and digital 

precoding/combining. This problem is usually addressed in one of two ways. One is to 

jointly design the analogue and digital precoder/combiner. The other is a two-stage 

approach, wherein the analogue precoder/combiner is optimized according to certain 

criteria, and the digital precoder/combiner is then derived to further enhance system 

performance.

The joint design is widely used for HBF to approach full digital performance. Since the 

optimal full-digital solution for a single-user scenario is known, this method is often used 

in research to design HBF to approach the channel capacity. Specifically, a matching 

pursuit and a method employing Least Square (LS) can decompose full-digital processing 

into separate analogue and digital processing for mmWave channels, where the sparsity 

of the channel can be fully exploited [590], [520]. Furthermore, optimization-based 

methods aiming at full-digital single-user solutions or maximization of the single-side 

information rate can be used to jointly design an analogue and digital precoder/combiner 

[668], [669]. The joint design approach is also used to approximate full-digital linear 

processing for multi-user MIMO (MU-MIMO) systems. For example, a weighted sum 

mean square error (WMMSE) minimization method is used to jointly design analogue 

and digital processing to approach the performance of the block diagonalization (BD) 

solution [659] for full-digital beamforming [670].

The two-stage approach is usually used for HBF to approach the capacity from a new 

perspective. It is widely used for designing HBF for multi-user communications. 

Pacifically, most multi-user schemes prefer harvesting energy in the analogue stage and 

further eliminating the inter-user interference in the following digital stage [589], [522]. 

[671], [672]. Zero Forcings (ZF) is usually used to eliminate inter-user interference in the 



244

digital stage for single-stream-per-user transmission. When considering perfect channel 

state information (CSI), an equal gain transmission (EGT) scheme is proposed to harvest 

the energy of the analogue stage in a generic channel model [589]. Furthermore, by 

exploiting the properties of the mmWave channel, a codebook based method with a 

combinatorial search is suggested [522]. To extend the single-stream case to multi-

stream, BD is proposed for digital processing to perform the generalized ZF in 

conjunction with EGT [671] or combined with an iterative procedure [672] in the 

analogue stage to focus the energy of the effective channel. Besides the criterion of 

focusing energy in the analogue stage and the following digital stage to eliminate inter-

user interference for MU-MIMO, there are other criteria in the literature. For example, 

maximizing the capacity of the baseband channel with iterative methods in the analogue 

stage, followed by eliminating inter-user interference in the digital stage, is proposed in 

[676]. An iterative matrix decomposition aided BD method that first eliminates the inter-

user interference with the information of the angle of departure (AoD) and then optimizes 

the successive effective single-user case is proposed in [673]. Note that other schemes 

use the two-stage approach to design single user communications. For example, a scheme 

that maximizes the single-user spectral efficiency (SE) by optimizing analogue 

processing with fixed digital processing is proposed in [591], and a codebook based 

method maximizing the energy of the effective channel with a reduced codebook search 

in the analogue stage and then optimizing the digital stage for two-path mmWave 

channels is considered in [674].

For the downlink transmission, the precoding at the BS is a crucial signal processing 

procedure to ensure reliable transmission quality for massive multi-user MIMO (MU-

MIMO) systems [677]. Early studies for precoding design focus on the single-stage 

precoders, where the single-stage fully-digital precoding (FDP) is directly designed 

according to the channel matrix. Hence, FDP requires full instantaneous channel state 

information (CSI). Furthermore, the number of radiofrequency (RF) chains should be as 

many as the number of antennas. Among the linear FDP techniques, the regularized zero-

forcing (RZF) precoder has been widely considered due to its near-optimal performance 

compared to the optimal non-linear dirty paper coding [504], [678]–[680].

In this chapter, imperfect CSI is assumed to derive a theoretical solution for academic 

study. We consider a downlink multiuser massive MIMO system with HBF to serve 
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multi-stream transmissions per user, where the single BS with a large antenna array is 

assumed to serve several multi-antenna users. The schemes of the traditional criteria for 

a two-stage approach are usually designed separately in each stage, neglecting the 

information loss between stages, resulting in unnecessary performance loss. Therefore, 

we change the criterion to design HBF in such a case. Valuable property is first derived 

from a generic channel model so that every two different user channels are asymptotically 

orthogonal in a massive MIMO regimen. Furthermore, an asymptotic optimal HBF with 

double the least number of RF chains (the least number of RF chains is equal to the 

number of streams to be transmitted) has been proposed based on the two-stage approach 

in a massive MIMO regimen, where the first analogue stage is to successively design the 

analogue combiner and precoder, aiming to maximize the capacity of the baseband 

channel; then a low-dimensional MU-MIMO scheme is executed to achieve the capacity 

of the baseband channel in the digital stage. By exploiting the near-optimal result derived 

above, the HBF design with the fewest RF chains is deduced. 

6.2 System Model

In this section, the system model, the wideband mmWave channel model and the problem 

formulation are introduced. We consider the downlink of a multiuser massive MIMO 

system with the hybrid processing structure shown in Figure 6.1, where a BS with a large 

number, NBS, of antennas and MBS RF chains is assumed to simultaneously communicate 

with K mobile stations (MSs). Each MS is equipped with NMS antennas and MMS RF 

chains to support Ns data streams. To reduce the hardware complexity and guarantee the 

effectiveness of the massive MIMO communication, the number of RF chains is 

constrained by KNs ≤ MBS << NBS for the BS and Ns ≤ MMS ≤ NMS for each MS. Note that 

Figure 6.1: Block diagram of the mmWave massive MU-MIMO system with 
hybrid beamforming structure.
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the least number of RF chains for the BS and each MS, enabling Ns streams per user 

transmission, are MBS = KNs and MMS = Ns, respectively.

At the BS, the transmitted symbols of K users with the total power constraint Pt first go 

through a diagonal power allocation matrix  satisfying . Then 𝑃 ∈ 𝔻𝐾𝑁𝑠 × 𝐾𝑁𝑠 ‖𝑃‖2
𝐹 = 𝑃𝑡

the symbols after power allocation are processed by a baseband precoder  𝐹𝐵𝐵 ∈ ℂ𝑀𝐵𝑆 × 𝐾𝑁𝑠

followed by an RF precoder  . Since the phase shifters in the analogue 𝐹𝑅𝐹 ∈ ℂ𝑁𝐵𝑆 × 𝑀𝐵𝑆

precoder coloured red in Figure 6.1, can only change the phase of the transmitted signal, 

each entry of FRF is constrained by the same amplitude, i.e.,  . To meet |𝐹𝑅𝐹(𝑖,𝑗)| =
1
𝑁𝐵𝑆

the total transmitted power constraint, FBB is normalized to satisfy .‖𝐹𝑅𝐹𝐹𝐵𝐵‖2
𝐹 = 𝐾𝑁𝑠

At the kth MS, the received symbols are first processed by an RF combiner 𝑊𝑘
𝑅𝐹 ∈

 , which is constrained by phase shifters similar to the RF precoder, ℂ𝑁𝑀𝑆 × 𝑀𝑀𝑆 |𝑊𝑘
𝑅𝐹(𝑖,𝑗)|

. This is followed by a baseband combiner  to demodulate the Ns =
1

𝑁𝑀𝑆
𝑊𝑘

𝐵𝐵 ∈ ℂ𝑀𝑀𝑆 × 𝑁𝑠

streams transmitted to the kth user. Assuming a block fading channel model, e.g., the 

narrowband flat fading channel model, the detected symbols of the kth MS after 

combining, , in one block are given by𝑠𝑘 ∈ ℂ𝑁𝑠 × 1

𝑠𝑘 = 𝑃 𝑊𝑘𝐻

𝐵𝐵𝑊𝑘𝐻

𝑅𝐹 𝐻𝑘 𝐹𝑘
𝑅𝐹𝐹𝑘

𝑅𝐵 𝑠𝑘 + 𝑊𝑘𝐻

𝑅𝐹 𝑊𝑘𝐻

𝐵𝐵𝑛𝑘 (6.1)

where  is the vector for total transmitted 𝑘 ∈ {1, 2, …., 𝐾} , 𝑠 ∈ {𝑠𝑇
1,𝑠𝑇

1, …., 𝑠𝑇
𝐾}𝑇 ∈ ℂ𝐾𝑁𝑠 × 1 

symbols of K users, where  represents the Ns symbols transmitted to the kth 𝑠𝑘 ∈ ℂ𝑁𝑠 × 1

MS, satisfying that denotes the channel matrix for the 𝔼{𝑠𝑠𝐻} =
1

𝐾𝑁𝑠
𝐼𝐾𝑁𝑠. 𝐻 ∈ ℂ𝑁𝑀𝑆 × 𝑁𝐵𝑆 

kth MS. Then the baseband channel for the kth MS can be defined as . 𝐻𝑘 = 𝑊𝑘𝐻

𝑅𝐹𝐻 𝐹𝑅𝐹 𝑛𝑘

 is the additive white Gaussian noise vector for the k-th MS, which each entry ∈ ℂ𝑁𝑀𝑆 × 1

follows the independent and identically distributed (i.i.d.) complex Gaussian distribution 

with zero mean and variance . The transmission signal-to-noise ratio (SNR) is then 𝜎2
𝑛
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defined as . The estimated i-th data stream transmitted to the kth MS, , can be 𝑆𝑁𝑅 =
𝑃𝑡

𝜎2
𝑛

𝑠𝑘𝑖

further expressed as

𝑠𝑘𝑖

= 𝑃𝑘𝑖 𝑊𝑘𝐻

𝐵𝐵(𝑖,:) 𝐻𝑘 𝐹𝐵𝐵(:,𝑘𝑖) 𝑠𝑘𝑖

𝐝𝐞𝐬𝐢𝐫𝐞𝐝 𝐬𝐢𝐠𝐧𝐚𝐥 

+  
𝑁𝑠

∑
𝑗 = 1, 𝑗 ≠ 𝑖

𝑃𝑘𝑗 𝑊𝑘𝐻

𝐵𝐵(𝑖,:) 𝐻𝑘 𝐹𝐵𝐵(:,𝑘𝑗) 𝑠𝑘𝑗

𝐢𝐧𝐭𝐫𝐚 ― 𝐜𝐞𝐥𝐥 𝐢𝐧𝐭𝐞𝐫𝐟𝐞𝐫𝐞𝐧𝐜𝐞 

 +  
𝐾

∑
𝑚 = 1, 𝑚 ≠ 𝑘

𝑁𝑠

∑
𝑙 = 1,

𝑃𝑚𝑙 𝑊𝑘𝐻

𝐵𝐵(𝑖,:) 𝐻𝑘 𝐹𝐵𝐵(:,𝑚𝑙) 𝑠𝑚𝑙

𝐢𝐧𝐭𝐞𝐫 ― 𝐜𝐞𝐥𝐥 𝐢𝐧𝐭𝐞𝐫𝐟𝐞𝐫𝐞𝐧𝐜𝐞 

+ 𝑊𝑘𝐻

𝐵𝐵(𝑖,:)𝑊
𝑘𝐻

𝑅𝐹
 𝑛𝑘

𝐧𝐨𝐢𝐬𝐞 

(6.2

)

where ,  is the k-th element of s in (6.1) and  is the power 𝑘𝑖 =  (𝑘 ― 1)𝑁𝑠 + 𝑖.𝑠𝑘𝑖
𝑃𝑘𝑖

allocated to the i-th data stream of the kth user. The four successive terms of (6.2) on 

different lines respectively represent the desired signal, inner-user interference, inter-user 

interference, and noise. When the Gaussian symbols are assumed to be transmitted, the 

sum-rate of the communication system will be

𝑅 =  
𝐾

∑
𝑘 = 1,

𝑁𝑠

∑
𝑖 = 1,

𝑙𝑜𝑔2(1 + 𝑆𝐼𝑁𝑅𝑘𝑖
) (6.3)

where  is the signal-to-interference-plus-noise ratio (SINR) of the i-th data stream 𝑆𝐼𝑁𝑅𝑘𝑖

for the kth user shown at the top of the next page, which can be calculated by the ratio of 

the signal energy of the first term in (6.2) to the interference plus noise energy of the 

remaining terms. Note that not only the interference between different user streams but 

also the interference between different streams within a user have involved in multi-

stream per user MU-MIMO transmission when Ns > 1.

𝑆𝐼𝑁𝑅𝑘𝑖 =  
𝑆

𝐼 + 𝑁

𝑆 = | 𝑃𝑘𝑖 𝑊𝑘𝐻

𝐵𝐵(𝑖,:) 𝐻𝑘 𝐹𝐵𝐵(:,𝑘𝑖)|2
 

(6.4

)
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𝐼

=
𝑁𝑠

∑
𝑗 = 1, 𝑗 ≠ 𝑖

| 𝑃𝑘𝑗 𝑊𝑘𝐻

𝐵𝐵(𝑖,:) 𝐻𝑘 𝐹𝐵𝐵(:,𝑘𝑗) |2
+  

𝐾

∑
𝑚 = 1, 𝑚 ≠ 𝑘

𝑁𝑠

∑
𝑙 = 1,

| 𝑃𝑚𝑙 𝑊𝑘𝐻

𝐵𝐵(𝑖,:) 𝐻𝑘 𝐹𝐵𝐵(:,𝑚𝑙)|2
 

𝑁 = 𝜎2
𝑛‖𝑊𝑘𝐻

𝐵𝐵(𝑖,:)𝑊
𝑘𝐻

𝑅𝐹‖2

𝐹
 

6.3 Problem Formation

To derive the precoder for the BS and combiners for each MS that maximize the data rate 

in an MU-MIMO system of a hybrid structure with constraints, an optimization problem 

can be formulated as

(𝐹𝑅𝐹, 𝐹𝐵𝐵,(𝑊𝑘
𝑅𝐹 𝑊𝑘

𝐵𝐵)𝑘 = 1:𝐾,𝑃) = 𝑎𝑟𝑔 max
(𝐹𝑅𝐹, 𝐹𝐵𝐵,𝑊𝑅𝐹 𝑊𝐵𝐵,𝑃)

𝑅

𝑠.𝑡.|𝐹𝑅𝐹(𝑖,𝑗)| =
1

𝑁𝑀𝑆
 |𝑊𝑘

𝑅𝐹(𝑖,𝑗)|

=
1

𝑁𝑀𝑆
.( ∗ )

𝑊𝑅𝐹 = [𝑊1
𝑅𝐹 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝐾

𝑅𝐹
]

𝑊𝐵𝐵 = [𝑊1
𝐵𝐵 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝐾

𝐵𝐵
]

𝑇𝑟{𝑃𝑃𝐻} = 𝑃𝑡

(6.5)

 

The problem in (6.5) is generally nonconvex, since both the objective function and the 

constraints are nonconvex, making it intractable to find global optima even if K = 1, i.e., 

the SU-MIMO case [590]. Many researchers have attempted to efficiently solve the 

intractable problem for the MU-MIMO case with multiple streams per user. One typical 
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scheme is to jointly design the precoders/combiners to approximate the linear full-digital 

solution, such as BD [670]. However, this requires additional constraints on the channel 

structure. Besides, the objective function in such a case is suboptimal compared to 

maximizing the data rate. Another classic method is to divide the communication 

procedure into several stages, each optimized by certain criteria to reach a total 

suboptimal solution of the original problem. Some implementations in the literature using 

this method have been described in the introduction [671]–[673], [676].

In this chapter, we assume both the BS and the MSs have perfect CSI. We exploit 

information theory to review the original communication procedure. To begin with, the 

original communication procedure can be decomposed into two successive sub-

procedures: 

1) The digital beamforming stage: the BS transmits the desired symbol s after power 

allocation and digital precoding, and passes through the baseband channel. Each MS 

decodes the coming symbol to  via digital combining. 𝑠

2) The analogue beamforming stage: the BS transmits the precoded symbol x after 

analogue precoding and passes through the channel, and each MS decodes the coming 

symbol to  via analogue combining. The two sub-procedures can be expressed as𝑥

𝑠 = 𝑃 𝑊𝐻
𝐵𝐵 𝐻 𝐹𝐵𝐵 𝑠 +  𝑊𝐻

𝐵𝐵𝑛 (6.6)

𝑥 = 𝑃 𝑊𝐻
𝑅𝐹 𝐻 𝐹𝑅𝐹 𝑥 +  𝑊𝐻

𝑅𝐹𝑛      (6.7)

where , and . ,  𝑥 = 𝑃  𝐹𝐵𝐵 𝑠,  𝑊𝐻
𝐵𝐵𝑥 =  𝑠 𝑛 = 𝑊𝐻

𝑅𝐹𝑛 𝐻 = [𝐻𝑇
1,𝐻𝑇

2, …., 𝐻𝑇
𝐾]𝑇 𝑛 = [𝑛𝑇

1,𝑛𝑇
2, …., 𝑛𝑇

𝐾]𝑇

and are respectively the generalized channel, noise and 𝐻 = [𝐻𝑇
1,𝐻𝑇

2, …., 𝐻𝑇
𝐾]𝑇 = 𝑊𝐻

𝑅𝐹 𝐻 𝐹𝑅𝐹 

baseband channel matrices. Then the information flow from the desired signal to the 

detected signal can be described as

𝑠→𝑥
𝐻

𝑥→𝑠 (6.8)

When the Gaussian symbols are transmitted, the mutual information between s and will 𝑠 

be
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ℒ(𝑠:𝑠) = log2 𝑑𝑒𝑡(𝐼𝐾𝑁𝑠 +  
1

𝜎2
𝑛
 𝑅 ―1

𝑛 𝐻𝐻𝐻) (6.9)

where  and . For ease of further 𝐻 = 𝑃 𝑊𝐻
𝐵𝐵 𝑊𝐻

𝑅𝐹𝐻 𝐹𝑅𝐹𝐹𝐵𝐵 𝑅𝑛 = 𝑊𝐻
𝐵𝐵 𝑊𝐻

𝑅𝐹𝑊𝑅𝐹𝑊𝐵𝐵

analysis of the approximation in large antenna arrays, we assume where Et is 𝑃𝑡 =
𝐸𝑡

𝑁𝐵𝑆
    

fixed. Then we rewrite asℒ(𝑠:𝑠) 

ℒ(𝑠:𝑠) = log2 𝑑𝑒𝑡(𝐼𝐾𝑁𝑠 +  
𝐸𝑡

𝑁𝐵𝑆𝜎2
𝑛
 𝑅 ―1

𝑛
𝐻𝐻𝐻

𝑁𝐵𝑆 ) (6.10)

Exploiting information theory, we obtain 

𝑅 ≤ ℒ(𝑠:𝑠) ≤ 𝐶𝐵𝐶(𝐻) ≤ 𝐶𝐵𝐶(𝐻) (6.11)

where  with the condition of fixed (FRF, WRF), which represents the 𝐶𝐵𝐶(𝐻) = max ℒ(𝑠:𝑠)

broadcast channel (BC) capacity of under the condition that the total number of data 𝐻 

streams is constrained to KNs, and    denotes the BC capacity of H 𝐶𝐵𝐶(𝐻) = max 𝐶𝐵𝐶(𝐻)

under the condition that the total number of data streams is constrained to KMMS. Then an 

upper bound of the optimal solution of the original problem (6.5) can be obtained if we 

can find such (FRF, WRF, FBB, WBB, P) such that the inequalities in (6.11) become 

equalities. 

We start the analysis from inequality (a). To make this inequality approach equality, both 

inter and inner-user interference should be eliminated after the digital beamforming 

procedure described in (6.6). Luckily, as a linear process, the baseband BD scheme 

described in [671] is a qualified method that meets the above requirement. Therefore, we 

use the baseband BD scheme to design (FBB, WBB) as our digital scheme for further 

analysis. The details of baseband BD can be found in [671].

Next, we turn to inequality (b). Under the condition that the digital beamforming is 

designed by the baseband BD scheme, this will turn to equality if the baseband channels 

for different users are mutually orthogonal, i.e., for , and to design P 𝐻𝑝𝐻𝐻
𝑞 = 0𝑀𝑀𝑆 𝑝 ≠ 𝑞

using water-filling [681]. As for the form of (6.10), the condition that ensures ℒ(𝑠:𝑠) =

   changes to   for . So far, a capacity-reaching scheme for 𝐶𝐵𝐶(𝐻) 1
𝑁𝐵𝑆

𝐻𝑝𝐻𝐻
𝑞 = 0𝑀𝑀𝑆 𝑝 ≠ 𝑞
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the baseband channel has been designed using the baseband BD scheme and the water-

filling power allocation in the digital beamforming stage. Note that the capacity-reaching 

scheme relies on the condition that to   for . 
1

𝑁𝐵𝑆
𝐻𝑝𝐻𝐻

𝑞 = 0𝑀𝑀𝑆 𝑝 ≠ 𝑞

By the analysis above, the remaining problem focuses on finding the qualified analogue 

beamforming, i.e., (FRF, WRF), to satisfy   for  and to maximize 
1

𝑁𝐵𝑆
𝐻𝑝𝐻𝐻

𝑞 = 0𝑀𝑀𝑆 𝑝 ≠ 𝑞 ℒ

. In the following sections, we will first show the qualified (FRF, WRF) for which (𝑠:𝑠)

inequality (c) becomes equality exists in the massive MIMO regimen without amplitude-

constraint in the analogue stage, i.e., without the condition (*) in (6.5), which is termed 

the unconstrained case. It should be noted that any unconstrained solution can be 

implemented under the condition (*) in (6.5) when double the number of RF chains are 

supplied [669]. Then we will extend the solution to the amplitude-constraint case, i.e., 

solving the original problem with all the constraints.

6.4 Baseband Block Diagonalization

Before solving the problem in the analogue stage, we will briefly introduce the baseband 

BD scheme used in the digital stage. Based on the baseband channel  derived from the 𝐻𝑘

given RF processing matrices F k ∈ {1, . . . , K} and FRF, we perform the low-𝑊𝑖
𝐵𝐵

dimensional BD processing with the baseband precoder FBB and combiners  k, k ∈ 𝑊𝑖
𝐵𝐵

{1, . . . , K} to cancel the inter-user interference that forces the interference term 𝐻𝑘 𝐹𝑖
𝐵𝐵

, , where  represents the baseband precoder for = 0 𝑖 ≠ 𝑘 𝐹𝑖
𝐵𝐵 = 𝐹𝐵𝐵(:,(𝑖 ― 1)𝑁𝑠 + 1:𝑖𝑁𝑠)

the i-th MS.

To obtain the baseband precoder , we first define 𝐹𝐵𝐵 = [𝐹1
𝐵𝐵,…, 𝐹𝐾

𝐵𝐵] 𝐻𝑘 ≜

 . Then the  should lie in the null space of . Performing [𝐻𝑇
1,…,𝐻𝑇

𝑘 ― 1, 𝐻𝑇
𝑘 + 1, …, 𝐻𝑇

𝐾]𝑇 𝐹𝑘
𝐵𝐵 𝐻𝑘

the singular value decomposition (SVD) of , i.e., 𝐻𝑘

𝐻𝑘 = 𝑈𝑘Σ𝑘[𝑉(1)
𝑘 , 𝑉(0)

𝑘 ]𝐻 (6.12)
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where   are the orthogonal bases of the subspace of , and 𝑉(1)
𝑘 = 𝑉𝑘(:, 1 : (𝐾 ― 1)𝑀𝑀𝑆) 𝐻𝑘

   exactly represents the orthogonal bases of the null 𝑉(0)
𝑘 = 𝑉𝑘(:, (𝐾 ― 1)𝑀𝑀𝑆 + 1:𝑒𝑛𝑑)

space of  if 𝐻𝑘

𝐻𝑘𝑉(0)
𝑖 = 0,    𝑖 ≠ 𝑘 (6.13)

The inter-user interference of different users can be eliminated. Thus, all the MSs can 

perform inter-user interference-free multi-stream transmission through their sub-channels 

, k ∈ {1, …, K}. Further precoding/combining will achieve each MS’s optimal 𝐻𝑘𝑉(0)
𝑘

spectral efficiency via SVD, given by . Define V(Ns) and U(Ns) as the first 𝐻𝑘𝑉(0)
𝑘 = 𝑈Σ𝑉𝐻

Ns columns of V and U, respectively. The baseband precoder and combiner can be 

expressed as 

𝐹𝑘
𝐵𝐵 =  𝑉(0)

𝑘 𝑉(𝑁𝑠),  𝑊𝑘
𝐵𝐵 =  𝑈(𝑁𝑠),  𝑘 𝜖 {1, …, 𝐾} (6.14)

6.5 HBF Design with Double the Least Number of RF Chains 

Although the HBF system has the amplitude-constraint in each RF chain, when extra RF 

chains are available for communications, two RF chains with amplitude-constraint can be 

combined to act as one RF chain without amplitude constraint [669]. Specifically, when 

double the number of RF chains are available for the original communication system, we 

can use the extra RF chains to eliminate the constraint (*) in (6.5). Exploiting this 

property, we can transform the original problem of the constrained case to the 

unconstrained case, i.e., we can remove the constraint (*) in (6.5) at the cost of double 

the number of RF chains. The details of the transformation can be easily extended by 

referring to [669]. For the unconstrained case, the problem of solving (  , )  can 𝐹𝑅𝐹   𝑊𝑅𝐹

be expressed as

(𝐹𝑅𝐹, 𝑊𝑅𝐹) = 𝑎𝑟𝑔 max
(𝐹𝑅𝐹, 𝑊𝑅𝐹)

ℒ(𝑠:𝑠) (6.15)
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𝑠.𝑡.𝑊𝑅𝐹 = [𝑊1
𝑅𝐹 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝐾

𝑅𝐹
]

,   .
1

𝑁𝐵𝑆
𝐻𝑝𝐻𝐻

𝑞 = 0𝑀𝑀𝑆 𝑝 ≠ 𝑞

where (  , ) and P are derived from the baseband BD scheme and water-filling, 𝐹𝑅𝐹   𝑊𝑅𝐹

respectively. By using the SVD by descending order of each user channel matrix, we have

1
𝑁𝐵𝑆

𝐻
𝑘
𝐻𝐻

𝑘 = 𝑈𝑘Σ𝑘𝑉𝐻
𝑘 (6.16)

and

1
𝑁𝐵𝑆

𝐻
𝑐𝑜𝑚𝑝

= 𝑈𝑐𝑜𝑚𝑝Σ𝑐𝑜𝑚𝑝𝑉𝐻
𝑐𝑜𝑚𝑝 (6.17)

respectively, where 

𝐻𝑐𝑜𝑚𝑝 = 𝑊𝐻
𝑅𝐹𝐻 = [𝑊1

𝑅𝐹 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝐾

𝑅𝐹
]

𝐻[𝐻1
.
.
.

𝐻𝐾
] (6.18)

We present the following , k ∈ {1, . . . , K},                                  𝑊𝑘
𝑅𝐹 =    𝑈𝑘(:, 1:𝑀𝑀𝑆)    𝐹𝑅𝐹 =

 is one of the solutions of (6.15) that will cause the inequality in (6.11)    𝑉𝑐𝑜𝑚𝑝(:, 1:𝑀𝐵𝑆)

to become equality in the massive MIMO regimen, i.e., NBS → ∞. Therefore, we derive a 

closed-form solution in the massive MIMO regimen for the unconstrained case, which 

has been proved to be optimal. In summary, we provide the complete HBF design in the 

unconstrained case for a massive MU-MIMO-OFDM system as Algorithm 6.1, which is 

modified algorithm from the HBF algorithm proposed in [675], in which the SVD in (6.5) 

calculated from the covariance   and not from  . Since WRF k, k ∈ {1, . . . 
1
𝑁𝐵𝑆

𝐻
𝑘
𝐻𝐻

𝑘
1
𝑁𝐵𝑆

𝐻
𝑘

, K} and FRF , derived from Algorithm 6.1, are composites of normalized orthogonal 

bases, we can directly use the method in [669] to transform the scheme to the constrained 
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case when double the least number of RF chains are available, i.e., MMS = 2Ns, MBS = 

2KNs. Then the solution of (6.5) under such a case can be expressed as (6.19), shown at 

the top of the next page, where 12×1 denotes the 2 × 1 matrix with each entry equal to one, 

and  is obtained from (6.19). Thus, (𝐹𝑅𝐹, 𝐹𝐵𝐵,(𝑊𝑘
𝑅𝐹 𝑊𝑘

𝐵𝐵)𝑘 = 1:𝐾,𝑃)
 is the solution of original problem (6.5) with double the (𝐹𝑅𝐹, 𝐹𝐵𝐵,(𝑊𝑘

𝑅𝐹 𝑊𝑘
𝐵𝐵)𝑘 = 1:𝐾,𝑃)

least number of RF chains.

𝐹𝑅𝐹(:,𝑖′) = { 1
𝑁𝐵𝑆

𝑒j(∠𝐹𝑅𝐹(:,,  𝑖) + 𝑎𝑟𝑐𝑐𝑜𝑠|𝐹𝑅𝐹(:,,  𝑖)|), 𝑓𝑜𝑟 𝑖′ = 2𝑖 ― 1

1
𝑁𝐵𝑆

𝑒j(∠𝐹𝑅𝐹(:,,  𝑖) ― 𝑎𝑟𝑐𝑐𝑜𝑠|𝐹𝑅𝐹(:,,  𝑖)|), 𝑓𝑜𝑟 𝑖′ = 2𝑖

𝑊𝑘
𝑅𝐹(:,𝑖′) = { 1

𝑁𝑀𝑆
𝑒j(∠𝑊𝑘

𝑅𝐹(:,,  𝑖) + 𝑎𝑟𝑐𝑐𝑜𝑠|𝑊𝑘
𝑅𝐹(:,,  𝑖)|), 𝑓𝑜𝑟 𝑖′ = 2𝑖 ― 1

1
𝑁𝑀𝑆

𝑒j(∠𝑊𝑘
𝑅𝐹(:,,  𝑖) ― 𝑎𝑟𝑐𝑐𝑜𝑠|𝑊𝑘

𝑅𝐹(:,,  𝑖)|), 𝑓𝑜𝑟 𝑖′ = 2𝑖

𝐹𝐵𝐵 =
1
2[12 × 1 ⋯ 0

⋮ ⋱ ⋮
0 ⋯ 12 × 1

] 𝐹𝐵𝐵                                                           𝑊𝑘
𝑅𝐹 =

1
2

k ∈ {1, . . . , K}[12 × 1 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 12 × 1

]𝑊𝑘
𝐵𝐵,                              

(6.19)

Algorithm 6.1 Unconstrained HBF Design for MU-mMIMO-OFDM 
System

Input: 𝑯𝒌,𝒖

1 RF Analog Design:

2 for k = 1 to K do

3 𝐻𝑘 = ∑𝑈

𝑢 = 1
𝐻𝐻

𝑘,𝑢𝐻𝑘,𝑢𝜖ℂ𝑁𝑀𝑆 × 𝑁𝑀𝑆

4       Get , where  is derived by (6.16)𝑊𝑘
𝑅𝐹 =    𝑈𝑘(:, 1:𝑀𝑀𝑆)    𝑈𝑘

5 end for
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6 Compute 𝑊𝑅𝐹 = [𝑊1
𝑅𝐹 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝐾

𝑅𝐹
]

7 Obtain the composite channel    𝐻𝑐𝑜𝑚𝑝 = 𝑊𝐻
𝑅𝐹𝐻

8 Compute where  is derived by (6.17)   𝐹𝑅𝐹 =    𝑉𝑐𝑜𝑚𝑝(:, 1:𝑀𝐵𝑆),    𝑉𝑐𝑜𝑚𝑝 

9 End stage

10 for k = 1 to K do

11       Obtain the baseband channel for the kth MS   𝐻𝑘 =   𝑊𝑘𝐻

𝑅𝐹𝐻𝑘 𝐹
𝑅𝐹

12 end for

13 BB Digital Design:

14
Compute  and  𝐹𝐵𝐵 = [𝐹1

𝐵𝐵,…, 𝐹𝐾
𝐵𝐵] 𝑊𝐵𝐵 = [𝑊1

𝐵𝐵 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝐾

𝐵𝐵
]

by using the baseband BD scheme as described in Section 1.6

15 Adjust each column of  to be  i ∈ {1, . . . , }𝐹𝐵𝐵 𝐹𝐵𝐵(:,𝑖) =
𝐹𝐵𝐵(:, 𝑖)

‖𝐹𝑅𝐹𝐹𝐵𝐵(:,𝑖)‖2
𝐹

,  𝑀𝐵𝑆

16 End stage

17 Obtain the total equivalent channel  𝐻𝑡𝑜𝑡𝑎𝑙 =  𝑊𝐻
𝐵𝐵𝑊𝐻

𝑅𝐹 𝐻 𝐹𝑅𝐹𝐹𝐵𝐵

18 Power allocation stage:

19
Compute P by using water-filling power allocation of the total equivalent 
channel 𝐻𝑡𝑜𝑡𝑎𝑙

20 End stage

Output: 𝑭𝑹𝑭, 𝑭𝒌,𝒖
𝑩𝑩,𝑾𝒌,𝒖

𝑩𝑩, 𝑾𝒌
𝑹𝑭 ,𝑷

6.6 HBF Design with The Least Number of RF Chains 

We now derive the solution of the original problem (6.5) with the least number of RF 

chains for a massive MIMO system as an extension of the unconstrained case described 

in the last section. We call this the constrained case. Since (FRF, WRF) in the unconstrained 

case has been proved to be near-optimal, we aim to find (FRF, WRF) in the constrained 

case sufficiently close to that in the unconstrained case. Therefore, it is reasonable to 
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assume ,  and . Furthermore, the problem of 
1

𝑁𝐵𝑆
𝐻𝑝𝐻𝐻

𝑞 = 0𝑀𝑀𝑆 𝑝 ≠ 𝑞 𝑊𝐻
𝑅𝐹𝑊𝑅𝐹 ≈  𝐼𝑀𝑀𝑆

solving (FRF, WRF) in the constrained case can be approximately transformed to

(𝐹𝑅𝐹, 𝑊𝑅𝐹) = 𝑎𝑟𝑔 max
(𝐹𝑅𝐹, 𝑊𝑅𝐹)

ℒ(𝑠:𝑠)

𝑠.𝑡.|𝐹𝑅𝐹(𝑖,𝑗)| =
1
𝑁𝐵𝑆

.|𝑊𝑘
𝑅𝐹(𝑖,𝑗)| =

1
𝑁𝑀𝑆

(6.20)

where , and  Note that the ℒ(𝑠:𝑠) ≈  ∑𝐾
𝑘 = 1log2 𝑑𝑒𝑡(𝐼𝑀𝑀𝑆 +  

𝐸𝑡

𝐾𝑁𝑠𝜎2
𝑛
 𝐻𝐻𝐻) 𝐻𝑘 = 𝑊𝑘𝐻

𝑅𝐹 𝐻 𝐹𝑅𝐹.

conditions in (6.20) can be slackened to  and  by |𝐹𝑅𝐹(𝑖,𝑗)| ≤
1
𝑁𝐵𝑆

|𝑊𝑘
𝑅𝐹(𝑖,𝑗)| ≤

1
𝑁𝑀𝑆

multiplying by a factor with  and  in the digital stage. Thus, the objective function 𝐹𝐵𝐵 𝑊𝐵𝐵

and constraints of (6.20) are convex from the view of a real function when decomposing 

a complex number into its real and imaginary parts, which is similar to the analysis in 

[682]. Therefore, the optimal solution with an amplitude-constraint in the analogue stage 

can be equivalent to the nearest point to the optimal solution in the high-dimensional 

plane, i.e.,  and  , k ∈ {1, . . . , K} in the constrained case should have the nearest 𝐹𝑅𝐹 𝑊𝑘
𝑅𝐹

distance to that of the optimal solution derived from the unconstrained case. Since the 

optimal solution in the unconstrained case does not satisfy the condition of constant 

amplitude, the optimal solution of the constrained case must be at the boundary of the 

convex region, i.e., the optimal solution of  satisfies , and the optimal 𝐹𝑅𝐹 |𝐹𝑅𝐹(𝑖,𝑗)| =
1
𝑁𝐵𝑆

solution of  , k ∈ {1, . . . , K}  satisfies  . For illustration, we derive𝑊𝑘
𝑅𝐹 |𝑊𝑘

𝑅𝐹(𝑖,𝑗)| =
1

𝑁𝑀𝑆
 

 in the constrained case. Other required matrices can be obtained in a similar way. To 𝐹𝑅𝐹

start, we assume the optimal  derived from the unconstrained case is  . Then the 𝐹𝑅𝐹 𝐹𝑜𝑝𝑡
𝑅𝐹

optimal  in the constrained case is𝐹𝑅𝐹

𝐹𝑅𝐹 = 𝑎𝑟𝑔min
𝐹𝑅𝐹

‖𝐹𝑜𝑝𝑡
𝑅𝐹 ―  𝐹𝑅𝐹‖2

𝐹 (6.21)

Since  and  , we obtain  𝐹𝑜𝑝𝑡𝐻

𝑅𝐹 𝐹𝑜𝑝𝑡
𝑅𝐹 =  𝐼𝑀𝐵𝑆 𝐹𝐻

𝑅𝐹𝐹𝑅𝐹 =  𝐼𝑀𝐵𝑆
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‖𝐹𝑜𝑝𝑡
𝑅𝐹 ―  𝐹𝑅𝐹‖2

𝐹

= 𝑇𝑟{(𝐹𝑜𝑝𝑡
𝑅𝐹 ―  𝐹𝑅𝐹)𝐻 (𝐹𝑜𝑝𝑡

𝑅𝐹 ―  𝐹𝑅𝐹)}                         = 2𝑀𝐵𝑆 ―  𝑇𝑟

{2𝑅𝑒{𝐹𝑜𝑝𝑡𝐻

𝑅𝐹 𝐹𝑅𝐹}} =  2𝑀𝐵𝑆 ―  2
𝑀𝐵𝑆

∑
𝑛 = 1

𝑁𝐵𝑆

∑
𝑚 = 1

𝑅𝑒{𝐹𝑜𝑝𝑡 ∗

𝑅𝐹 (𝑚,𝑛)𝐹𝑅𝐹(𝑚,𝑛)}

(6.22

)

From (6.22), we observe that  achieves the minimum value only if each ‖𝐹𝑜𝑝𝑡
𝑅𝐹 ―  𝐹𝑅𝐹‖2

𝐹 𝑅𝑒

 is maximized. Since   and {𝐹𝑜𝑝𝑡 ∗

𝑅𝐹 (𝑚,𝑛)𝐹𝑅𝐹(𝑚,𝑛)} 𝐹𝑜𝑝𝑡
𝑅𝐹 (𝑚,𝑛) = |𝐹𝑜𝑝𝑡

𝑅𝐹 (𝑚,𝑛)|𝑒j∠𝐹𝑜𝑝𝑡
𝑅𝐹 (𝑚,𝑛)  

, we have𝐹𝑅𝐹(𝑚,𝑛) =
1
𝑁𝐵𝑆

𝑒j∠𝐹𝑅𝐹(𝑚,𝑛)

𝑅𝑒{𝐹𝑜𝑝𝑡 ∗

𝑅𝐹 (𝑚,𝑛)𝐹𝑅𝐹(𝑚,𝑛)} =
|𝐹𝑜𝑝𝑡

𝑅𝐹 (𝑚,𝑛)|
𝑁𝐵𝑆

acosh Ω ≤  
|𝐹𝑜𝑝𝑡

𝑅𝐹 (𝑚,𝑛)|
𝑁𝐵𝑆

 (6.23)

 where . Obviously, (6.23) is delivered from the [675] and Ω =  ∠𝐹𝑅𝐹(𝑚,𝑛) ― ∠𝐹𝑜𝑝𝑡
𝑅𝐹 (𝑚,𝑛)

maximized when , i.e., the optimal  in the constrained case ∠𝐹𝑅𝐹(𝑚,𝑛) =  ∠𝐹𝑜𝑝𝑡
𝑅𝐹 (𝑚,𝑛) 𝐹𝑅𝐹

shares the phase of the corresponding element of  derived from the unconstrained 𝐹𝑜𝑝𝑡
𝑅𝐹

case.

The same procedures can also be applied to obtain the optimal  , k ∈ {1, . . . , K}   in 𝑊𝑘
𝑅𝐹

the constrained case, and similar results will be derived. In summary, we provide the 

whole HBF design in the constrained case for a massive MU-mMIMO-OFDM system as  

Algorithm 6.2.

Algorithm 6.2 Constrained HBF Design for MU-mMIMO-OFDM System
Input: 𝑯𝒌,𝒖

1 RF Analog Design:

2 for k = 1 to K do

3 𝐻𝑘 = ∑𝑈

𝑢 = 1
𝐻𝐻

𝑘,𝑢𝐻𝑘,𝑢𝜖ℂ𝑁𝑀𝑆 × 𝑁𝑀𝑆

4       Get , where  is derived by (6.16)𝑊𝑘
𝑅𝐹 =

1
𝑁𝐵𝑆

𝑒j∠U𝑘(:, 1:𝑀𝑀𝑆)     𝑈𝑘

5 end for
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6 Compute 𝑊𝑅𝐹 = [𝑊1
𝑅𝐹 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝐾

𝑅𝐹
]

7 Obtain the composite channel    𝐻𝑐𝑜𝑚𝑝 = 𝑊𝐻
𝑅𝐹𝐻

8 Compute where  is derived by (6.17)   𝐹𝑅𝐹 =
1
𝑁𝐵𝑆

𝑒j∠   𝑉𝑐𝑜𝑚𝑝(:, 1:𝑀𝐵𝑆),    𝑉𝑐𝑜𝑚𝑝 

9 End stage

10
Get ,  ,  k ∈ {1, . . . , K} and P by the same procedure as Algorithm 𝐹𝐵𝐵 𝑊𝑘

𝐵𝐵

6.1

Output: 𝑭𝑹𝑭, 𝑭𝒌,𝒖
𝑩𝑩,𝑾𝒌,𝒖

𝑩𝑩, 𝑾𝒌
𝑹𝑭 ,𝑷

6.7 HBF Based Kalman Design

Kalman filter [683], [684] is a powerful tool that has been exploited for several physical 

layer applications, such as carrier frequency synchronization [685], [686] and phase 

recovery [687], [688]. We next formulate the beamforming/combining problem using a 

Kalman filter-based approach, and then we propose a Kalman-based hybrid precoding 

solution. The system architecture consists of a hybrid analogue/digital precoder at the BS 

and simple MS devices with RF analogue combining only. The BS sends the preamble 

message s, and the estimated signal  at the MS represents the , 𝑠 ∈ {𝑠𝑇
1,𝑠𝑇

1, …., 𝑠𝑇
𝐾}𝑇 ∈ ℂ𝐾𝑁𝑠 × 1

observation vector, whose element  at kth MS, where s is the training vector transmitted 𝑠𝑘

from the BS as expressed in (6.1), and  represents the effective 𝐻𝑘 =   𝑊𝑘𝐻

𝑅𝐹𝐻𝑘 𝐹
𝑅𝐹

downlink channel from the BS to kth MS, where  is the effective 𝐻 = [𝐻𝑇
1,𝐻𝑇

1, …., 𝐻𝑇
𝐾]𝑇

channel matrix and represents the observer matrix. 

The Kalman filter (KF) algorithm minimizes the sum MSE  of the training 𝔼{‖𝑠 ― 𝑠𝑘‖2}
vector, defined as the squared difference between the signal s transmitted by the BS on 

different beams as expressed in (6.1), and the estimated signal  at the MSs, that is the 𝑠

collection of all the estimates represented in (6.1). The error e(m) at the nth Kalman 𝑠𝑘 

iteration is then formulated as
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𝑒(𝑚) =
𝑠(𝑚) ―  𝑠(𝑚)

‖𝑠(𝑚) ―  𝑠(𝑚)‖2
𝐹

(6.24)

We consider the baseband precoding matrix  as the Kalman filter state, while the   𝐹𝐵𝐵

analogue precoder  is computed in the previous step of the. The proposed Kalman  𝐹𝑅𝐹

state equation is given as follows

   𝐹𝐵𝐵(𝑛𝑒𝑤) =    𝐹𝐵𝐵(𝑜𝑙𝑑) +𝐾(𝑛)𝔼{𝑑𝑖𝑎𝑔[𝑒(𝑚)]} (6.25)

where K(m) represents the Kalman gains and  is the matrix 𝑑𝑖𝑎𝑔{𝑠(𝑚) ―  𝑠(𝑚)}

representation of the error defined in (6.24), whose mean is computed using (6.1), and the 

effective channel representation , so that 𝐻

𝔼{𝑑𝑖𝑎𝑔[𝑒(𝑚)]} =
𝐼 ―   𝐻𝐹𝐵𝐵(𝑜𝑙𝑑)

‖𝐼 ―   𝐻𝐹𝐵𝐵(𝑜𝑙𝑑)‖2
𝐹

(6.26)

where is estimated as specified in Algorithm 6.3. Substituting (6.26) in (6.25) we obtain𝐻 

  𝐹𝐵𝐵(𝑛𝑒𝑤) =    𝐹𝐵𝐵(𝑜𝑙𝑑) + 𝐾(𝑚)
𝐼 ―   𝐻𝐹𝐵𝐵(𝑜𝑙𝑑)

‖𝐼 ―   𝐻𝐹𝐵𝐵(𝑜𝑙𝑑)‖2
𝐹

(6.27)

In this way, the Kalman algorithm can be divided into the steps detailed in the next 

section. The error in (6.26) is normalized with respect to its Fresenius norm. Note that the 

observation vector is needed for the formulation of the procedure, the algorithm at the 𝑠 

BS does not require any details on the estimated data at the MSs, but only the 

precoding/combining matrices. 

6.7.1 Kalman-Based Hybrid Precoding 

In the hybrid multiuser system, we compute the analogue combining  matrix for each  𝑊𝑅𝐹

mobile station and the hybrid analogue and digital precoding and  matrices at the  𝐹𝑅𝐹  𝐹𝐵𝐵

BS. 
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6.7.1.1 Hybrid Precoding Optimization Formulation 

We now aim to design the hybrid mmWave precoding matrix through the Kalman-based 

approach by minimizing the error defined in (6.24) minimize

𝑎𝑟𝑔 min
(𝐹𝑅𝐹, 𝐹𝐵𝐵)

𝔼{‖𝑠 ― 𝑠𝑘‖2} 

𝑠.𝑡.‖ 𝐹𝑅𝐹 𝐹𝐵𝐵‖2 ≤ 𝑃

(6.28)

where is the training vector s transmitted from the BS as expressed in (6.1), at the 𝑠(𝑛) 

nth Kalman iteration, and s is the collection  of all the estimates  at kth MS 𝑠(𝑚) 𝑠 𝑠𝑘

expressed in (6.2) at iteration n. The first condition  in (6.28) refers to ‖𝐹𝑅𝐹 𝐹𝐵𝐵‖2 ≤ 𝑃

power constraint, while the second one is to limit the search for the columns of the RF 

precoder within a set of L basis vectors. These basis vectors can be chosen from the 

transmit array response vectors at the angle of departure (AoD) of the mmWave channel, 

under the hypothesis of perfect AoD knowledge at the transmitter, or from a codebook F 

of quantized RF precoding vectors [590]. 

Given the error calculation in (6.26), the minimization problem (6.28) becomes 

𝑎𝑟𝑔 min
(𝐹𝑅𝐹, 𝐹𝐵𝐵)

‖𝐼 ―   𝐻𝐹𝐵𝐵(𝑜𝑙𝑑)‖2
𝐹 

𝑠.𝑡.‖ 𝐹𝑅𝐹 𝐹𝐵𝐵‖2 ≤ 𝑃

(6.29)

The optimization formulation (6.29) does not involve any data transmission/estimation 

s(n) and  but only the precoding/combining matrices, i. e., , and the 𝑠(𝑛)  𝐹𝑅𝐹, 𝐹𝐵𝐵

collection of  contained in He, that is the equivalent channel matrix defined as  𝑊𝑅𝐹, 𝑊𝐵𝐵

 in which  represents the effective downlink channel 𝐻𝑘 = [𝐻𝑇
1,…, 𝐻𝑇

𝐾]𝑇 𝐻𝑘 =   𝑊𝑘𝐻

𝑅𝐹𝐻𝑘 𝐹
𝑅𝐹

to k-th MS in (6.1). The problem (6.29) is nonconvex due to the multiplication of the 

variables , and . However, if we fix  and , we can solve the  𝐹𝑅𝐹, 𝐹𝐵𝐵  𝑊𝑅𝐹, 𝑊𝐵𝐵  𝐹𝑅𝐹,  𝑊𝑅𝐹

optimization problem and calculate . Specifically, we first design the RF  𝐹𝐵𝐵

beamforming and combining matrices ( , ), and then we compute the digital  𝐹𝑅𝐹,  𝑊𝑅𝐹 ∀𝑘

precoding  through the iterative Kalman procedure. 𝐹𝐵𝐵
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6.7.1.2 RF Precoding and Combining Matrix 

We determine first the RF beamforming/combining matrices for each BS-MS link 

independently, similarly to [522], and then continue with the baseband precoding to 

reduce the multi-user interference. In the first step, the BS and each kth MS calculate the 

RF beamforming and combining vectors,  and  , by maximizing the signal power  𝐹𝑅𝐹, 𝑊𝑘
𝑅𝐹

for the k-th MS (Algorithm 6.3). Existing single-user RF beamforming solutions can be 

used on this purpose [103], [132], in order to design the RF beamforming/combining 

vectors without explicit channel estimation and maintain a low training overhead. Once 

the combining vectors  are determined for all MSs, as well as the analogue precoder 𝑊𝑘
𝑅𝐹

 at the BS, the digital baseband precoder  is computed as follows.  𝐹𝑅𝐹,  𝐹𝐵𝐵

6.7.1.3 Kalman Baseband Precoding

At this step, the BS utilizes the effective channels . Each effective  𝐻𝑘 =   𝑊𝑘𝐻

𝑅𝐹𝐻𝑘 𝐹
𝑅𝐹

channel vector  has dimension MBS × MBS, which is much lower than the original 𝐻𝑘

channel matrix  with size NMS × NBS [522]. Each k-th MS uses a codebook H to quantize 𝐻𝑘

its effective channel response and sends the index of the quantized channel vector to the 

BS. As the last step, the BS designs its Kalman-based digital precoder  based on the  𝐹𝐵𝐵

quantized channels (Algorithm 6.3). The sparse mmWave channels and the narrow 

beamforming ensure that the effective MIMO channel is well-conditioned [689]. This 

allows the Kalman-based digital beamforming approach to achieve near-optimal 

performance, as shown in the next section. In particular, we consider  with   𝐹𝑅𝐹, 𝑊𝑘
𝑅𝐹

calculated in section 6,6. Thus, the Kalman algorithm can be incorporated in the following 

measurements update equations to compute . We calculate the conditional mean  𝐹𝐵𝐵  𝐹𝐵𝐵

(m) and the variance of the state matrix (m), the 𝑅(𝑚) = 𝔼{[ 𝐹𝐵𝐵(𝑚) 𝐹′𝐵𝐵(𝑚)]}  𝐹𝐵𝐵

Kalman gains K(m), at time instant m, according to (6.30), (6.31), and (6.32) respectively

  𝐹𝐵𝐵(𝑛𝑒𝑤) =    𝐹𝐵𝐵(𝑜𝑙𝑑) + 𝐾(𝑚)
𝐼 ― 𝐻𝐹𝐵𝐵(𝑜𝑙𝑑)

‖𝐼 ―   𝐻𝐹𝐵𝐵(𝑜𝑙𝑑)‖2
𝐹

(6.30)

𝐾(𝑚) = 𝑅(𝑚 ― 1)𝐻𝐻[𝐻𝑅(𝑚 ― 1)𝐻𝐻 + 𝑄𝑛] ―1 (6.31)
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𝑅(𝑚) = [1 ― 𝐾(𝑚)𝐻]𝑅(𝑚 ― 1) (6.32)

where  is set equal to the equivalent channel matrix estimate , and  is the 𝐻 𝐻𝑘 𝑄𝑛

covariance matrix of the noise n(m). We set , where SNR is the signal to noise 𝑄𝑛 = ( 1
𝑆𝑁𝑅)𝐼

ratio. Although the proposed solution requires some iterations compared to the ZF [522] 

and MMSE [690] closed-form equations, it gives better performance in adjusting the 

precoding matrix in a hybrid architecture. Moreover, the number of needed iterations is 

limited to only a few trials. Finally, we note that all the matrices involved in the Kalman 

formulation, i. e., , K, , and R, have small size K × K where K is the number of users, 𝐻 𝑄𝑛

and are independent from the large number of antennas NBS and NMS of the massive MIMO 

system. The pseudo-code of the proposed Kalman-based hybrid precoding is summarized 

in the following Algorithm 6.3.

Algorithm 6.3   Hybrid Beamforming Based Kalman for MU-mMIMO-
OFDM System

Input:  𝑯𝒌,𝒖

1 RF Analog Design:

2 for k = 1 to K do

3 𝐻𝑘 = ∑𝑈

𝑢 = 1
𝐻𝐻

𝑘,𝑢𝐻𝑘,𝑢𝜖ℂ𝑁𝑀𝑆 × 𝑁𝑀𝑆

4       Get , where  is derived by (6.16)𝑊𝑘
𝑅𝐹 =    𝑈𝑘(:, 1:𝑀𝑀𝑆)    𝑈𝑘

5 end for

6 Compute 𝑊𝑅𝐹 = [𝑊1
𝑅𝐹 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝐾

𝑅𝐹
]

7 Obtain the composite channel    𝐻𝑐𝑜𝑚𝑝 = 𝑊𝐻
𝑅𝐹𝐻

8 Compute where  is derived by (6.17)   𝐹𝑅𝐹 =    𝑉𝑐𝑜𝑚𝑝(:, 1:𝑀𝐵𝑆),    𝑉𝑐𝑜𝑚𝑝 

9 End stage

10 for k = 1 to K do

11       Obtain the baseband channel for the kth MS   𝐻𝑘 =   𝑊𝑘𝐻

𝑅𝐹𝐻𝑘 𝐹
𝑅𝐹

12 end for
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13 BB Digital Design:

14 Compute  and  𝐹𝐵𝐵 = [𝐹1
𝐵𝐵,…, 𝐹𝐾

𝐵𝐵] 𝑊𝐵𝐵 = [𝑊1
𝐵𝐵 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑊𝐾

𝐵𝐵
]

15 K-th MS calculate and sends to BS   where 𝐻𝑘 ∀𝑘 𝐻𝑘 = 𝑎𝑟𝑔 max
(𝐻𝑘 ∈ 𝐻)

‖𝐻𝐻𝐻‖ 

16 BS sets 𝐻𝑘 = [𝐻𝑇
1,…, 𝐻𝑇

𝐾]𝑇

17 At BS: for m < M do

18 𝑒(𝑚) =
𝐼 ―   𝐻𝐹𝐵𝐵(𝑜𝑙𝑑)

‖𝐼 ―   𝐻𝐹𝐵𝐵(𝑜𝑙𝑑)‖2
𝐹

19        𝐹𝐵𝐵(𝑛𝑒𝑤) =    𝐹𝐵𝐵(𝑜𝑙𝑑) + 𝐾(𝑚)𝑒(𝑚)

20      𝐾(𝑚) = 𝑅(𝑚 ― 1)𝐻𝐻[𝐻𝑅(𝑚 ― 1)𝐻𝐻 + 𝑄𝑛] ―1

21      𝑅(𝑚) = [1 ― 𝐾(𝑚)𝐻]𝑅(𝑚 ― 1)

22   Adjust each column of  to be  i ∈ {1, . . , }𝐹𝐵𝐵 𝐹𝐵𝐵(:,𝑖) =
𝐹𝐵𝐵(:, 𝑖)

‖𝐹𝑅𝐹𝐹𝐵𝐵(:,𝑖)‖2
𝐹

,  𝑀𝐵𝑆

23 End stage

24 Obtain the total equivalent channel  𝐻𝑡𝑜𝑡𝑎𝑙 =  𝑊𝐻
𝐵𝐵𝑊𝐻

𝑅𝐹 𝐻 𝐹𝑅𝐹𝐹𝐵𝐵

25 End stage

Output: 𝑭𝑹𝑭, 𝑭𝒌,𝒖
𝑩𝑩,𝑾𝒌,𝒖

𝑩𝑩, 𝑾𝒌
𝑹𝑭 ,𝑷

 

6.8 Simulation Results and Discussions

In this section, the performance comparison between the three proposal HBF algorithms 

described in this chapter with each other and the proposed HBF in the previous chapter 

has been done with different scenarios over the wideband large scale path loss mmWave 

and Rayleigh massive MU-MIMO-OFDM. Generally, for the fairly regulation, all 

simulation results are obtained by averaging over 8 random channel realizations based on 

MATLAB platform and using the same parameter setting in section 5.9, as listed in Table 

6.1, Furthermore, the fully-connected structure massive MIMO-OFDM system at both 

transmitter and receiver sides with different antenna structures was considered for all the 

evaluation experiments.
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Parameter Value

Fully Connected Schemes Under 
Test

Proposal HBF Algorithm 5.2 - (Alg-1)
Proposal Unconstrained HBF Algorithm 6.1 - (Alg-2)
Proposal Constrained HBF Algorithm 6.2 - (Alg-3)
HBF Based Kalman Algorithm 6.3 - (Alg-4)

Carrier Frequency 60 GHz
Bandwidth 500 MHz
Noise Figure (Uplink and 
Downlink)

8 dB

Thermal Noise −174 dBm/Hz spectral density
Penetration and Reflection losses -25 dB
BS Antenna Height 20 m
MS Antenna Height 1 - 1.5 m
Outdoor Path Loss Model UMi Open square (LOS, NLOS)
Indoor Path Loss Model InH Indoor square (LOS, NLOS)
User Mobile Velocity (Kph) 50 - 300
Scattering Cluster 10
Propagation Paths in A Cluster 8
Angular Spread (Degrees) 5
Cell Dimension All MSs within 500 m
Conventional Code Trails Code Modulation (TCM), Code Rate = 1/2
Modulation Type QAM or QPSK

OFDM Parameters

No of Data Sample =10, 
FFT Size = 256,
No. of Pilot Samples = 8, 
No. of Cycle Prefix Samples = 16,
No. of Null Samples = 14

Number of Independent 
Realizations

8

Antenna Type UPA, UCA and ULA
No. of Streams (Ns) 2
BS Antenna (NBS) 256
MS Antenna (NMS) 16
BS RF Chain (MBS = KNs) 16
MS RF Chain (MMS = Ns) 2

Table 6.1: Simulation Parameters 
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6.8.1 Performance for Sum Rate

The sum-rate comparison performance of different proposal and modified beamforming 

schemes versus SNR is plotted in Figure 6.2 when the number of RF chain is double than 

the number of streams Ns at both the transmitter and receiver. It’s clear that the sum rate 

of both indoor and outdoor scenarios Alg-1 and indoor Alg-2 are higher than the other 

beamforming algorithms along with the various values of SNR in mmWave and nearly 

similarity in Rayleigh channels. The results are reflected in the proposed analogue hybrid 

beamforming design scheme in Alg-1, where calculated from the covariance unknown 

CSI, improves the capacity of the equivalent baseband channel. Generally, the capacity 

performance of all approaches under tests is similar when the system uses the RF chain 

number same as the overall streams number for each user in Rayleigh channel, except the 

Kalman based HBF improve by 40 (bits/s/Hz) at 25 dB SNR as shown in Figure 6.2 (b). 

However, Figure 6.3 (a) and (b) the sum rate is achieved almost double when the RF chain 

number raises to twice than the number of streams at both transmitter and receiver sides, 

with significant improvement in performance by 80% for Kalman based HBF at mmWave 

channel.

(a) Performance in mmWave Channels
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(b) Performance in Rayleigh Channels

Figure 6.3 (a) and (b) reveals the fact that the performance of all logarithms in general 

decreases by almost half when the number of RF chain equals the total number of streams 

for all users (MBS = K NS) at the two types of the channel with a conservative increase in 

the performance of all types in the indoor environment over the outdoor environment with 

a marked improvement of the Alg-4 in the mmWave channel.

(a) Performance in mmWave Channels

Figure 6.2: Sum-rate versus SNR for both indoor and outdoor environments with 
URA 256×16 MU-MIMO-OFDM system where K= 8, Ns = 2, MMS = 4, MBS = 
32.
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(b) Performance in Rayleigh Channels

6.8.2 Performance for Symbol Error Rate

For more evaluation of the effectiveness of the proposed HBF algorithms design versus 

SER, it is clear from Figure 6.4 (a) that the performance of Alg-1 is better than the rest 

algorithms for both indoor and outdoor scenarios by a ranging between 5-10 dB at 10-2 

SER than the nearest one (Alg-2) in the mmWave channel and case of double RF chain.  

While the difference between them decreases to 10% in the Rayleigh channel.  It is also 

noticed that the efficiency results of all logarithms are similar in terms of the order 

preference for Alg-1, then follow by Alg-2, Alg-3, and finally, Kalman based HBF 

respectively.  Whereas in Figure 6.5 (a), when the minimum number of RF chain used in 

both transmitter and receiver sides, the results changed for Alg-4 in the mmWave channel 

by 3-6db better than Alg-1 at 10-2 SER for the indoor and outdoor environments, 

respectively. However, Alg-4 achieved the lowest performance than other algorithms and 

Alg-1 return to lead by a small gap over Alg-2 in the Rayleigh channel as shown in Figure 

6.5 (b).

Figure 6.3: Sum-rate versus SNR for both indoor and outdoor environments with 
URA 256×16 MU-MIMO-OFDM system where K= 8, Ns = 2, MMS = 2, MBS = 
16.

Figure 6.4: SER versus SNR performance comparison in a UMi Open Square 
(Outdoor) with URA 256×16 MU-MIMO-OFDM system for different 
number of users, Ns = 2, MMS = 4, MBS = 32
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
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(a) Performance in mmWave Channels

(b) Performance in mmWave Channels 
Figure 6.5 SER versus SNR performance comparison in a UMi Open Square 

(Outdoor) with URA 256×16 MU-MIMO-OFDM system for the different 
number of users, Ns = 2, MMS = 2, MBS = 16.
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6.8.3 Performance for Number of BS Antennas

Figure 6/6 plots the sum rates achieved by different HBF schemes versus the SNR when 

the number of transmit antennas  (32, 64, 128, 256, 512 and 1024) for the mmWave 𝑁𝐵𝑆

and Rayleigh channels. Considering the costs and power consumption, the simulation 

environment of the BS and each user is set to =16 and the number of RF chains is 𝑁𝑀𝑆

equal to the number of data streams, i.e., , and ,. In the mmWave 𝑀𝑀𝑆 =  𝑁𝑆 𝑀𝐵𝑆 =  𝐾𝑁𝑆

channel, we notice that the performance of the Alg-1 and the Alg-2 is stable, with an 

almost linear increase, and outperform the Alg-3 by 10 dB at 20dB SNR, as seen in Figure 

6.6 (a).  Whereas, the performance of the Alg-4 is affected by the change of , as it 𝑁𝐵𝑆

achieves high performance when  = 512 and its performance decays by approximately 𝑁𝐵𝑆

40 – 120 bits/s/Hz at 20 dB SNR when  decreases to 256 - 64, respectively. It is worth 𝑁𝐵𝑆

noting that the performance of the four schemes in the Rayleigh channel is similar to their 

performance in the mmWave channel, where the performance of Alg-1 corresponds to 

Alg-2 for all element values, and then followed by Alg-3 with a small gap equal to 𝑁𝐵𝑆 

that in the mmWave channel as seen in Figure 6.6 (b). While Alg-4 algorithm outperforms 

the other approaches at low SNR values, and then start to decay at 10 SNR and above.  In 

general, the sum-rate performance for all approaches have a linear rising trend with the 

number of transmit antenna is increased, except Alg-4 in the mmWave channel.  Thus, 

we conclude that one of the applied methods to increase the effective rate of the system 

can be done by increasing the number of transmitter elements . 𝑁𝐵𝑆
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(a)  Performance in mmWave Channels 

(b) Performance in Rayleigh Channels 

Figure 6.6: Sum-rate comparison for different beamforming schemes and 
the number of receive antennas MU-MIMO-OFDM system with 
URA NMS =16, K=8, Ns = 2, MMS = 2, MBS = 16.

Figure 6.7 compares the sum-rate performance of different beamforming schemes versus 

the BS antennas, where SNR= 0dB. As can be seen from this figure, the sum rate 

performance of Alg-4 design scheme improves correspondingly as the number of BS 

antennas increase in mmWave channel as seen in Figure 6.7(a). Whereas the proposed 

Alg-1 and Alg-2 design schemes are performed better than others in both channels with 

65 bits/s/Hz sum rate and stable manner with increasing the number of . 𝑁𝐵𝑆
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(a)  Performance in mmWave Channels 

(b) Performance in Rayleigh Channels 

Figure 6.7: Sum-rate versus NBS comparison for different beamforming 
schemes and the number of Received antennas MU-MIMO-OFDM 
system at SNR =0, with URA, K=8, Ns = 2, MMS = 2, MBS = 16.

When the number of BS antennas is large, the performance gap between the proposed 

beamforming and other hybrid beamforming schemes is small. However, compared with 

the small number of BS antennas, the performance gap between the proposed Alg-4 HBF 

scheme and the two superior schemes (Alg-1 and Alg-2 HBF) is disappeared. 

Furthermore, although the proposed schemes are derived from the massive MIMO 

system, it works relatively well even with not a very large number of BS antennas. Figure 

6.7(b) illustrated an irregular case with Alg-4 HBF in Rayleigh channel, where it has 
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higher sum-rate performance at a lower number of BS antennas and then start drop to 

corresponding Alg-1 and Alg-2 HBF level.  

(a)  

Performance in mmWave Channels 

(b)  Performance in Rayleigh Channels 

The sum-rate performance of different proposed HBF schemes for different number of 

receive antennas versus the SNR antennas are compared in Figure 6.8, where  =256. 𝑁𝐵𝑆

It is clear that the sum-rate performance of all HBF algorithm schemes is similar to the 

corresponding schemes in Figure 6.6 for both channel types with a small exception for 

Figure 6.8: Sum-rate comparison for different beamforming schemes and the 
number of receive antennas MU-MIMO-OFDM system with URA NBS 
=256, K=8, Ns = 2, MMS = 2, MBS = 16.
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Alg-4, in which has same sum performance for all number of receive antennas and lower 

than Alg-1 at higher SNR. Thus, the enhancement in overall system performance can be 

made by either increasing the number of receive or transmit element antennas or both. 

6.8.4 Performance for Number of Users

Figure 6.9 compares the sum-rate performance of the proposed beamforming schemes 

versus SNR for the number of users, where the number of users changes from 2 to 64. 

We can observe from the figure that the performance gap between the Alg-1, Alg-2 and 

then Alg-3 are very small when the number of users is small. As the number of users 

increases, the sum rate performance of Alg-1, Alg-2 is still small. While became bigger 

between Alg-1 and Alg-3 schemes. There is a noticeable enhancement of 90 bits/s/Hz in 

all schemes when the of users raise from 4 to 8, and a big performance rate achieved by 

around 300 bits/s/Hs when the K changed from 8 to 16. However, it’s observed from the 

results, that the effect of changed the number of users in the systems is very low on the 

performance rate of Alg-4 in both channel types and both scenarios. Furthermore, it can 

also be explained that with the increase of the scale of the system, the proposed codebook 

and constrain power-based HBF design schemes effectively eliminates the inner and 

inter-user interference, to improve the performance of the system.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 6.9: Sum-rate versus SNR in an UMi Open Square (Outdoor) with URA 

256×16 MU-MIMO-OFDM system for the different number of users, Ns = 
2, MMS = 4, MBS = 32.

6.8.5 Performance for Antenna Array Configurations

Figure 6.10 and Figure 6.11, show the convergence of the proposed hybrid beamforming 

design schemes in terms of the SER versus the three main antenna array structures UPA, 

UCA and ULA in both outdoor open square and indoor office environments, respectively. 

Applying same parameters when the number of RF chain is equal to the number of data 
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streams, we can find that UPA is outperforming the other types more than 11dB in 

mmWave outdoor/indoor environments at 10-2. Meanwhile, the effectiveness of the 

different schemes for all antenna structures is very closed to other in Rayleigh channel 

and both scenarios except Alg-3 which achieved big gap between them for both 

environment types as seen in Figure 6.10 (b) and Figure 6.11 (b). where the ULA perform 

better than other configurations in the outdoor scenario only and its waste perform in an 

indoor environment. 

(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 6.10: SER versus SNR performance comparison for the proposal HBF 

algorithm design through the different antenna structures and 
outdoor environment with 256×16 MU-MIMO-OFDM system K =8, 
Ns = 2, MMS = 2, MBS = 16.
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It can be seen from the two figures that Alg-1 achieved superior performance over all 

other schemes and for all three types of antenna, which is led by UPA, followed by UCA 

and the last by ULA.  Except the in mmWave indoor scenario, in which Kalman -based 

HBF over all three antenna configurations achieve best SER.

(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 6.11: SER versus SNR performance comparison for the proposal HBF 
algorithm design through the different antenna structures and the 
indoor environment with 256×16 MU-MIMO-OFDM system K =8, Ns 
= 2, MMS = 2, MBS = 16.
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Figure 6.12 and Figure 6.13 depict the relationship between the effectiveness of the sum 

rate versus SNR for the mmWave and Rayleigh channels and both the outdoor and indoor 

scenarios, respectively. the tendency of the results is very similar to the previous cases 

with some slight differences in the values.  In general, the Alg-1 using UPA is keeping 

outperform all the algorithms with the same type of antenna in the indoor/outdoor 

mmWave channel as shown in Figures 6.12 (a) and 6.13 (a). Then follow by the Alg-2, 

Alg-4 and least Alg-3, respectively.  

(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 6.12: Sum-rate versus SNR performance comparison for the proposal 

HBF algorithm design through different antenna structures and 

-20 -15 -10 -5 0 5 10 15 20 25 30
SNR (dB)

0

50

100

150

200

250

300

350

400

450

Su
m

-R
at

e 
(b

its
/s

/H
z)

HB-Alg1 UPA
HB-Alg1 UCA
HB-Alg1 ULA
HB-Alg2 UPA
HB-Alg2 UCA
HB-Alg2 ULA
HB-Alg3 UPA
HB-Alg3 UCA
HB-Alg3 ULA
HB-Alg4 UPA
HB-Alg4 UCA
HB-Alg4 ULA

-20 -15 -10 -5 0 5 10 15 20 25 30
SNR (dB)

0

50

100

150

200

250

Su
m

-R
at

e 
(b

its
/s

/H
z)

HB-Alg1 UPA
HB-Alg1 UCA
HB-Alg1 ULA
HB-Alg2 UPA
HB-Alg2 UCA
HB-Alg2 ULA
HB-Alg3 UPA
HB-Alg3 UCA
HB-Alg3 ULA
HB-Alg4 UPA
HB-Alg4 UCA
HB-Alg4 ULA



279

outdoor environment with 256×16 MU-MIMO-OFDM system K =8, 
Ns = 2, MMS = 2, MBS = 16.

Whereas, Alg-2 achieved the highest rate performance at one level for all three types of 

antenna in the indoor/outdoor Rayleigh channel as seen in Figures 6.12 (b) and 6.13 (b).  

At the same time, Alg-1 performance declined significantly in this channel and for both 

scenarios.  Similarly, for both scenarios, Alg-4 has swing performance between slightly 

good performance in the mmWave channel and poor performance in the Rayleigh 

channel. It is worth noting that the UPA achieved the best performance rate then followed 

with alternating roles between UCA and ULA for all types of channels and scenarios. 

(c) Performance in mmWave Channels

(d) Performance in Rayleigh Channels
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Figure 6.13: Sum-rate versus SNR performance comparison for the proposal 
HBF algorithm design through different antenna structures and 
the indoor environment with 256×16 MU-MIMO-OFDM system K 
=8, Ns = 2, MMS = 2, MBS = 16.

6.8.6 Performance for Limited Feedback Channel

Figure 6.14 presents the SER performance comparison for the proposed algorithms in 

mmWave and Rayleigh channels in which, we can observe that Alg-2 and Alg-4 perform 

well even with high channel estimation error percentage  of mmWave (Herr = 0.8)

channel and better than Alg-1 and Alag-3 as seen in Figure 6.14 (a). The results in Figure 

6.15 (a) have the same tendency as in Figure 6.14 (a) with 1 -5 dB decayed in overall 

SER performance at 10-2 SER. That’s mean the codebook -based and constraint-based 

HBF has high immunity against the deformities and disturbances in the system due to the 

high-power constraint for Alg-2 and insensitive beam searching based for Alg-1.  

However, Figure 6.15(b) and Figure 6.15(b) illustrated that the Alg-1 and Alg-2 with 

similarity performance, outperform Alg-3 by 12- 15 dB at 10-2 SER in Rayleigh outdoor 

and indoor scenarios respectively. Whereas, Alg-3 has worst performance with same 

channel estimation conditions in Rayleigh channel for both scenario environments. 

They have demonstrated that all the HBF schemes have similar acting in outdoor and 

indoor for each channel, with higher efficiency in the outdoor environment within a range 

of 1 – 5 dB at 10-2 SER.  
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 6.14: SER versus SNR performance comparison for the proposal 

HBF algorithm design through the different values of estimated 
error (Herr) and outdoor environment with UPA 256×16 MU-
MIMO-OFDM system K =8, Ns = 2, MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 6.15: SER versus SNR performance comparison for the proposal HBF 
algorithm design through the different values of estimated error 
(Herr) and the indoor environment with UPA 256×16 MU-MIMO-OFDM 
system K =8, Ns = 2, MMS = 2, MBS = 16.

Our results demonstrated that the effectiveness of all the proposed approaches does not 

need to be constant for all conditions and channels, as seen in Figure 6.16(a) and (b), the 

Alg-1 with the Alg-2 achieved the highest sum rate efficiency when the estimated error 

rate is high compared to the other algorithms in the mmWave channel while Figure 

6.16(b) and Figure 6.17(b) reported that the Alg-1  and Alg-2 and then the Alg-3 have the 

highest sum-rate performance at the Rayleigh channel in the perfect CSI and decrease by 

150 at 30 dB when the estimated error rate is halved.  While it decreases by 10% when 
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the value channel estimated error decreases to 0.8.  The same pattern can be observed 

followed by the scheme Alg-3 and then with less similarity for Alg-1.  It is also noted that 

the Alg-4 cannot observe a significant effect by changing the estimated error rate of the 

channel, as it remains almost constant for all types of channels and the environment under 

test, as shown in Figure 6.16 and Figure 6.17. Moreover, Alg-1 and Alg-2 achieved higher 

sum-rate performance in the case of imperfect channel state (estimated error channel 

equal to 0.8) in mmWave channel as in Figure 6.16(a) and Figure 6.17(a). Consequently, 

the performance decayed with lower estimated error channel rate. These results prove that 

these robust algorithms have performed strongly in worst channel conditions.

(c) Performance in mmWave Channels

(d) Performance in Rayleigh Channels

Figure 6.16: Sum-rate versus SNR performance comparison for the 
proposal HBF algorithms design through different values of 
estimated error (Herr) and outdoor environments with UPA 
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256×16 MU-MIMO-OFDM system K =8, Ns = 2, MMS = 2, MBS = 
16.

(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
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Figure 6.17: Sum-rate versus SNR performance comparison for the 
proposal HBF algorithms design through different values of 
estimated error (Herr) and indoor environments with UPA 
256×16 MU-MIMO-OFDM system K =8, Ns = 2, MMS = 2, MBS = 
16.

6.8.7 Performance for Low-Resolution DACs/ADCs

We propose to perform phase-only control at the RF domain by extracting phases from 

the analogue beamforming at the transmitter and k-th receiver This is to align 𝐹𝑖,𝑗
𝑅𝐹  𝑊𝑘,𝑖,𝑗

𝑅𝐹 . 

the phases of channel elements and can thus harvest the large array gain provided by the 

excessive antennas in massive MIMO systems. To clarify, denote  and 𝐹𝑖,𝑗
𝑅𝐹 ∈ ℂ𝑀𝐵𝑆 × 𝑁𝐵𝑆

as the (i, j)-th element of and we perform the RF precoding 𝑊𝑘,𝑖,𝑗
𝑅𝐹 ∈ ℂ𝑀𝑀𝑆 × 𝑁𝑀𝑆 𝐹𝑅𝐹 𝑊𝑘

𝑅𝐹

according to

𝜑𝑖,𝑗 =  ∠𝐹𝑖,𝑗
𝑅𝐹,  (𝜑𝑘,𝑖,𝑗 =   ∠𝑊𝑘,𝑖,𝑗

𝑅𝐹 ) (6.33)

where  is the phase of the (i, j)-th element of the  Consequentially, in order 𝜑𝑖,𝑗 𝐹𝑖,𝑗
𝑅𝐹,  𝑊𝑘,𝑖,𝑗

𝑅𝐹 .

to quantized RF phase control, according to (6.33), each entry of the RF precoder  and 𝐹𝑅𝐹

 differs only in phases which assume continuous values. However, in practical 𝑊𝑅𝐹
𝑘

implementation, the phase of each entry tends to be heavily quantized due to practical 

constraints of variable phase shifters. Therefore, we need to investigate the performance 

of our proposed Algorithms HBF scheme in this realistic scenario. Thus, phases of the 

MBS entries of  (MMS entries of ) are quantized up to B bits of precision, each 𝐹𝑅𝐹 𝑊𝑘
𝑅𝐹

quantized to its nearest neighbour based on closest Euclidean distance. The phase of each 

entry of  can thus be written as  where is chosen according to [589]𝐹𝑅𝐹 (2𝜋𝑞) 2𝐵 𝑞 

 𝑞 = arg min
𝑛𝜖{0,…., 2𝐵 ― 1}

|𝜑𝑖,𝑗 ―
2𝜋𝑞

2𝐵  | (6.34)
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where  is the unquantized phase obtained from (6.33). Then the baseband precoder is 𝜑

computed in section 6.4 with the quantized and .𝐹𝑅𝐹 𝑊𝑘
𝑅𝐹

In Figure 6.18, we firstly consider a moderate scale MIMO with a total number of NBS = 

256 transmit antennas at the BS and K = 8 with NBS = 16 antenna users in the system. 

Overall the HBF approaches with 8-bit quantization, we observe that the proposed Alg-3 

constrained HBF achieves the best BER performance in both mmWave and Rayleigh 

channels, while others proposed HBF scheme achieve an inferior performance. In 

mmWave channel as seen in Figure 6.18 (a), It is noticeable in the Figure 6.18 (a), that 

Alg-3 achieved the best SER at the highest value of 8- bits quantized error and a gap of 3 

dB only when B=2 bits, with better more than 5dB and 7 dB for the closest achieved result 

for Alg-1 and Alg- 2 respectively.  While it is noticed that the performance of the Kalman-

based HBF is poor for all quantization error and SNR values.  In contrast to its 

performance in the Rayleigh channel, it achieved the best performance for SER at 8 and 

2-bits, with a very slight gap from Alg- 3 and by more than 5dB and 9dB for Alg- 2 and 

Alg-1 respectively.

(a) Performance in mmWave Channels
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(b) Performance in Rayleigh Channels

Figure 6.18: SER versus SNR performance comparison for the proposal 
HBF algorithms design through different values of Low-
Resolution DAC/ADC and indoor environments with UPA 
256×16 MU-MIMO-OFDM system K =8, Ns = 2, MMS = 2, MBS = 16.

The results of evaluating the achievable sum-rate, assuming perfect effective channel 

knowledge at the transmitter and eight users with two streams per user and one active RF 

chains for each stream are used, are shown in Figure 6.19. The four proposed HBF 

algorithms are evaluated with 1, 2 and 8-bits ADCs/DACs at the transmitter/receiver. It 

is clear that employing one-bit ADCs severely degrades the sum-rate performance due to 

quantization errors. On the other hand, the constrained HBF (Alg-3) achieves comparable 

performance outperforms the three other algorithms with 2 and 8-bit quantization error. 

Meanwhile, all algorithms achieve the same sum rate performance with 1-bit in mmWave 

and Rayleigh channels for the outdoor scenario as seen in Figure 6.19 (a) and (b).  Despite 

the effectiveness of all the proposed HBF algorithms are similar in terms of preference 

between them in both indoor and outdoor environments, Figure 6.20 (a) show the values 

of the Alg-3 with 8-bits quantization error in mmWave outdoor scenario are almost higher 

than those in indoor by 8 (bits/s/Hz) and for the Alg-1 and Alg-2 by approximately 2 

(bits/s/Hz) at 30 SNR. In contrast, from Figure 6.19 (b) and Figure 6.20 (b) the sum-rate 

performance of all algorithm schemes is similar in both preferences between them and 

values except slightly higher for Alg-3 with 8-bits quantizer in outdoor scenario. It’s 

worth noting that although the effectiveness of Alg-4 (Kalman- based HBF) is better than 
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the effectiveness of all the proposed HBF algorithms in term of SER comparison, it has 

very weak performance in both the indoor and outdoor scenarios and for both types of 

channel, as shown in Figure 6.19 and Figure 6.20. In summary, the per-symbol power-

constrained HBF has superior performance in term of SER and achievable sum-rate when 

the system work at low-resolution RF chains for a wideband mmWave massive MU-

MIMO=OFDM system.

(a) Performance in mmWave Channels

(b)  Performance in Rayleigh Channels
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Figure 6.19: Sum-rate versus SNR performance comparison for the 
proposal HBF algorithms design through different values of 
Low-Resolution DAC/ADC and outdoor environments with 
UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 2, MMS = 2, MBS 
= 16.

(a) Performance in mmWave Channels
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(b) Performance in Rayleigh Channels

Figure 6.20: Sum-rate versus SNR performance comparison for the 
proposal HBF algorithms design through different values of 
Low-Resolution DAC/ADC and indoor environments with 
UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 2, MMS = 2, 
MBS = 16.

6.8.8 Performance for Energy Efficiency (EE)

Figure 6.21 presents the energy efficiency performance of different beamforming design 

schemes versus SNR for both outdoor and indoor scenarios and in mmWave and Rayleigh 

channels. It can be seen clearly that the proposed Alg-1 and Alg-2 schemes can transmit 

the signal more efficiently with the same SNR and power consumption, which means it 

has higher power efficiency in both outdoor and indoor environments. These both 

schemes have same higher performance in indoor mmWave channel with 34 bits/Hz/J at 

20 dB SNR and 16-24 bits/Hz/J higher than Alg-3 and Alg-4, respectively. While, 

outperform the same scheme in the outdoor scenario by 6-10 bits/Hz/J higher than Alg-1 

and Alg-2, respectively as shown in Figure 6.21(a). Compared to the Rayleigh channel as 

seen in Figure 6.21(b), Alg-1and Alg-2 have a high efficiency compared to both 

scenarios, hence the power efficiencies of the two algorithms are approximate with the 
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same power consumption. Moreover, outperform the Alg-3 with 10 bits/Hz/J for the 

indoor and 12 bits/Hz/J for the outdoor environments. Furthermore, there is more than 44 

bits/Hz/J a gap from Alg-4 for both environments. Further, since the Kalman-based HBF 

architecture requires more hardware and produces higher power consumption, its power 

efficiency performance is relatively low compared with the other approaches. 

The number of each user antenna elements is set as  = 16 for different the number of 𝑁𝐵𝑆

BS antenna elements in mmWave and Rayleigh channels. It can be seen from Figure 6.22 

that the power consumption of the PS is dominant when the number of BS antennas 

increases. Thus, under the number of large-scale BS antennas, the power consumption of 

the fully-connected structure Alg-4 is higher than that of the Alg-1, Alg-2 and Alg-3. 

According to the simulation results shown in Figure 6.22, the energy efficiency of Alg-1, 

Alg-2 schemes are stable identical performance and high-energy efficiency regardless of 

changing the number of the BS elements array is 4.2 bits/Hz/J and higher than Alg-3 by 

0.8 bits/Hz/J at  = 256 in both channels and Alg-4 by 1.9 bits/Hz/J in mmWave 𝑁𝐵𝑆

channel. While the performance Alg-4 in Rayleigh channel has the highest energy 

efficiency at lower  and decreases along with higher . 𝑁𝐵𝑆 𝑁𝐵𝑆

(a)  Performance in mmWave Channels 
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(b) Performance in Rayleigh Channels 

Figure 6.21: Energy Efficiency versus SNR performance comparison for 
the proposal HBF algorithms design for indoor and outdoor 
environments with UPA 256×16 MU-MIMO-OFDM system K =8, 
Ns = 2, MMS = 2, MBS = 16.

Figure 6.22: Energy Efficiency versus NBS comparison for the proposal HBF 
algorithm design through indoor environment, mmWave and Rayleigh 
channels at SNR = 0 and UPA MU-MIMO-OFDM system K =8, Ns = 2, MMS 
= 2, , MBS = 16, NMS = 16.
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The number of BS antennas is set as  = 256 for different the number of each user 𝑁𝐵𝑆

antennas . It can be seen from Figure 6.23 that the power consumption of the DAC is 𝑁𝑀𝑆

dominant when the number of each user antennas increases. Alg-1, Alg-2 schemes have 

similar tendency to Figure 6.22, where their energy efficiency is higher stable energy 

efficiency regardless of changing the number of the MS elements array with 

approximately 4.23 bits/Hz/J and higher than Alg-3 by 1 bits/Hz/J at  = 16 in both 𝑁𝑀𝑆

channels and Alg-4 by 1.1 bits/Hz/J in mmWave channel. Since the sum rate increases 

with more power consumption for the Alg-4 scheme, its energy efficiency declines 

considerably as the number of each user antennas increases. In summary, the proposed 

HBF Alg-1 and Alg-2 design schemes have stable and high-energy efficiency regardless 

of changing the number of the BS and each user antennas.

6.9 Conclusion 

This chapter considers three proposed hybrid beamforming algorithms for wideband 

mmWave /Rayleigh MU-mMIMO-OFDM wireless communication systems with large-

scale fading affected. An extensive set of experimental analysis is carried out to analyse 

Figure 6.23: Energy Efficiency versus NMS comparison for the proposal HBF 
algorithm design through the indoor environment, mmWave and Rayleigh 
channels at SNR = 0 and UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 
2, MMS = 2, MBS = 16.
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the sum-rate, SER and energy efficiency of these HBF schemes. It is investigated with 

varying number of transmitting/receiving antenna elements and array configuration, 

many users, resolution of ADC/DAC, estimated channel feedback. It is shown that fully-

connected hybrid beamforming Alg-2 can achieve the same performance of hybrid 

beamforming Alg-1 scheme with both cases, much fewer the required number RF chains 

and double the number of active data streams. Further, when the number of RF chains is 

less than twice the number of data streams, this chapter proposes heuristic algorithms for 

solving the problem of overall spectral efficiency maximization for the transmission 

scenario over an MU-MIMO system. The numerical results show that the proposed 

codebook-based HBF (Alg-1) and the modified constraint-based HBF(Alg-2) approaches 

to achieve a performance close to each other in different scenarios and channels, while 

they achieve better performance as compared to the other modified hybrid beamforming 

algorithms (Alg-3) and (Alg-4). Finally, this chapter modifies the proposed algorithms 

for systems with finite and low phase resolution shifters. The numerical results suggest 

that the proposed modifications can improve the performance significantly when only 

very low-resolution phase shifters and limited feedback channel are available.
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Chapter 7                                                                  

Efficient Performance Partially Connected Hybrid Beamforming 

in MmWave Multi-User Massive MIMO-OFDM Systems

7.1 Introduction

More recently, attention has been paid to the use of mmWave communications for 

backhaul networking between cells and mobile access within a cell [8], [9]. Meanwhile, 

advances in electronic components and larger unlicensed spectra motivate the wireless 

industry to consider mmWave as a prime candidate for outdoor cellular communications 

in 5G systems [16], [530], [691]. However, compared with current cellular systems, 

mmWave communications have much higher carrier frequencies. It is well known that 

the higher the carrier frequency is, the higher the propagation path loss is experienced in 

wireless communications [157]. Fortunately, the decrease in the wavelength of mmWave 

makes it possible to place a very large number of antennas in a much smaller region. 

Massive MIMO provides spectrally efficient communications with high data rates and 

reasonable cell sizes through multiuser spatial multiplexing and beamforming Due to 

small antenna sizes at higher frequencies, massive MIMO technology with large antenna 

arrays has been recognized as a promising approach to provide high array gains via 

narrow beams to combat severe propagation losses occurring in mmWave frequencies. 

Large antenna arrays can provide highly directional beamforming gains via precoding, 
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which helps overcome the propagation path loss and increase the link reliability. In 

multiuser massive MIMO systems, lower complexity transmission algorithms, such as 

ZF and MMSE are of practical interest since they may provide relatively good 

performance [125]. Moreover, larger antenna arrays can transmit multiple streams via 

spatial multiplexing, which helps improve spectral efficiency. However, with the increase 

in the number of antennas at the transmitter, the number of radiofrequency (RF) chains 

required by fully digital beamforming (DBF) is equal to the number of antennas, which 

is unrealistic in terms of cost, complexity, thermal overshoot, and implementation within 

a small form factor at the UE side. As such, hybrid beamforming (HBF) is considered as 

a promising solution to reduce the number of required RF chains [23], [692].

There are two main RF architectures in the hybrid beamforming (HBF) procedure in 

which researchers attention has focused namely, the fully connected structure [95], [530], 

[591], [671], [693]–[696] and the partially connected structure [519], [611], [644], [697], 

[698], as shown in Figure 7.1 (a) and Figure 7.1 (b), respectively. In [8], the orthogonal 

matching pursuit (OMP) algorithm is proposed to design the analogue precoder by 

choosing each column of the analogue precoding matrix from the candidate array 

response vectors. Therefore, the design of the OMP-based hybrid analogue precoder can 

be viewed as a spatially sparse precoding problem, which implies that increasing spatial 

resolution helps improve the spectral efficiency of the system [671]. The computational 

complexity is proportional to the spatial resolution. Hence, research has shifted to reduce 

the computational complexity of the OMP method [671], [695], [696], [699].

Plenty of works have been conducted on HBF with fully and partially connected 

structures proposing different kinds of algorithms from heuristic ones to optimization-

based approaches [591], [700]–[703]. For example, a ZF-based HBF approach was 

developed for mmWave massive MIMO communications in [9]. Partially connected RF 

architecture is a practical choice for a massive MIMO type of implementation since it 

requires a limited number of lossy connections between RF chains and antenna elements 

[639], [701]. In consideration of the hardware implementation complexity of the fully 

connected structure, the partially connected structure is proposed in [704]. In this 

structure, the analogue precoding matrix is block diagonal, and each block corresponds 

to the precoding of a sub-array, resulting in independent precoding for each sub-array. 

Leveraging this property, a hybrid digital and analogue precoding based successive 
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interference cancellation (SIC) structure is proposed in [697] and [519]. Most precoder 

designs in the above algorithms are based on singular vectors. Given the singular vectors 

based precoder structure is sensitive to small changes in path length [705], [706], the 

directional beamforming method is proposed in  [707]–[709]. However, these algorithms 

incur some performance loss as opposed to the algorithm based on singular vectors.

More recently, attention has shifted to the energy efficiency of different HBF structures 

in mmWave MIMO systems [519]., [644], In [519]. and [644], the spectral efficiency and 

energy efficiency are compared between different HBF structures. Those comparison 

results show that the partially connected structure outperforms the fully connected 

structure in energy efficiency when the number of RF chains satisfies certain conditions, 

and underperforms in spectral efficiency. These comparison results motivate us to design 

a trade-off between spectral efficiency and energy efficiency for the hybrid digital and 

analogue precoders. Then, we propose the hybrid connected structure, where the design 

degrees of freedom are much more flexible in the analogue domain. 

The aforementioned references, however, assume frequency flat single-carrier MIMO 

systems. Their extension to frequency-selective multi-carrier MIMO-OFDM systems is, 

in general, not a straightforward task, especially with the partially-connected 

architectures. Therefore, recent works [628], [665], [710]–[713] proposed HBF design 

methods considering MIMO-OFDM systems. For example, the authors in [712] consider 

a downlink multi-user MISO-OFDM system, where the baseband beamforming (BBF) 

Figure 7.1: Analog beamforming network of HBF structures.

Figure 7.2: Partially connected full array-based structure [721].Figure 7.3: 
Analog beamforming network of HBF structures.
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matrix is designed using the classical ZF method, while the analogue beamforming (ABF) 

matrix is designed such that the approximated upper-bound of the system’s spectral 

efficiency (SE) is maximized. However, the proposed solution in [712] is mostly 

applicable for fully-connected architectures, where its simple adaption to partially-

connected architectures incurs a high performance lose. Differently, the authors in [20] 

consider a fully-connected downlink multi-user MIMO-OFDM system and propose an 

HBF design approach, where the ABF matrices are designed using a subspace matching 

approach by exploiting the tensor structure of the propagation channels, while the BBF 

matrices are designed afterwards as a solution to a signal-to-leakage-plus-noise ratio 

(SLNR) optimization problem.

In [591], instead of solving the matrix factorization problem, the authors directly targeted 

the original SE problem and proposed some iterative algorithms. In [642], the MMSE 

criterion has been taken for the HBF optimization, based on which the HBF design 

problem can be shown to be decomposed into two subproblems concerning hybrid 

precoding and hybrid combining optimization and solved in a unified way. Although the 

fully-connected architecture has the potential of achieving the full beamforming gain for 

each RF chain, it requires complex circuitry and consumes relatively high power. An 

alternative way is to connect each RF chain only with part of the antennas, i.e., the 

partially connected structure, which can greatly reduce the hardware cost and power 

consumption. However, the traditional HBF design algorithms for the fully-connected 

architecture cannot be straightforwardly applied to the partially-connected one as the 

analogue beamforming matrix becomes a block diagonal matrix [714]. 

Compared to its fully-connected counterpart, HBF for the partially-connected architecture 

has been less well studied. The first effort was in [715], where the analogue and digital 

precoders were alternatively optimized by updating one while fixing the other. A semi-

definite relaxation-based algorithm was proposed to optimize digital precoder. However, 

the whole design was still based on the matrix factorization approach instead of directly 

minimizing the spectral efficiency. In [716], the authors first designed the analogue 

precoder for high and low SNR regions, respectively, and then applied the water-filling 

algorithm to optimize the digital precoder. However, only the narrowband scenario was 

considered. In [717], the authors considered the design of HBF for MIMO-OFDM 

systems. By utilizing the average of the covariance matrices of frequency domain 
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channels, the original algorithms proposed for the narrowband scenario can be extended 

to the broadband one. However, to solve the problem, the original objective function had 

to be replaced by an upper bound, which unavoidably led to performance loss.

In this chapter, we consider a frequency-selective downlink multi-user MIMO-OFDM 

system and propose an HBF design approach that applies to both fully-connected and 

partially-connected architectures. We assume that the transmit BBF and receive BBF 

matrices are designed using the classical ZF method the MMSE approach [21]. To obtain 

a solution, we divide the problem into a series of non-convex sub-problems that are 

updated iteratively until convergence is obtained. Simulation results show that the 

proposed solution achieves a comparable performance to the benchmark methods for 

fully-connected architectures, while significantly outperforming them in the partially-

connected case.

7.2 System Model and Problem Formulation

Consider the downlink of the wideband mmWave MIMO-OFDM system with the 

partially-connected HBF architecture, as shown in Figure 7.2. At the transmitter (i.e., the 

base station (BS)), a digital transmit beamformer (precoder)  is first 𝐹𝐵𝐵
𝑘,𝑢 ∈ ℂ𝑀𝐵𝑆 × 𝐾𝑁𝑆

employed to precode Ns data streams, denoted by the vector  with 𝑠𝑘 ∈ ℂ𝐾𝑁𝑠 × 1 𝔼[𝑠𝑘𝑠𝐻
𝑘 ] =

, at the k-th subcarrier, for u = 1,2, . . . , U, where  denotes the number of 𝐼𝑁𝑠 𝑀𝐵𝑆

transmitting RF chains. Then, each of the  precoded streams are converted to the time 𝑀𝐵𝑆

domain by a U-point inverse fast Fourier transform (IFFT). After adding a cyclic prefix 

(omitted in Figure 7.2 due to space limitations), each stream is up-converted to the carrier 

frequency by passing through a dedicated RF chain. Before transmitting the RF signals at 

the  antennas, an analogue precoder consisting of several phase shifters is deployed 𝑁𝐵𝑆

for enhancing the beamforming gain. From an equivalent baseband point of view, the 

transmitted signal vector at the u-th subcarrier of the  antennas are represented by 𝑁𝐵𝑆

, where  denotes the analogue precoder. Note that  𝑥𝑘,𝑛 = 𝐹𝑅𝐹 𝐹𝐵𝐵
𝑘,𝑢𝑠𝑘,𝑢 𝐹𝑅𝐹

𝑘 ∈ ℂ𝑀𝐵𝑆 × 𝐾𝑁𝑆 𝐹𝑅𝐹

is the same for all the U subcarriers because of its post-IFFT processing. Considering the 

maximum transmit power constraint per subcarrier is .‖𝐹𝑅𝐹 𝐹𝐵𝐵
𝑘,𝑢‖2

𝐹 ≤ 1
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At the receiver with  receive antennas, the equivalent baseband received signal at the 𝑁𝑀𝑆

u-th subcarrier can be expressed as , where 𝑦𝑘,𝑛 = 𝑃𝑘,𝑢 𝐻𝑘,𝑢𝐹𝑅𝐹 𝐹𝐵𝐵
𝑘,𝑢𝑠𝑘,𝑢 + 𝑛𝑘,𝑢 𝑛𝑘,𝑢 ∈

 denotes the complex additive white Gaussian noise at the u-th subcarrier, which ℂ𝑁𝑀𝑆 × 1

each entry follows the independent and identically distributed (i.i.d.) complex Gaussian 

distribution with zero mean and variance  of the k-th user,  is the received power 𝜎2
𝑛 𝑃𝑘,𝑢

per user and denotes the geometric model based channel matrix at the u-𝐻𝑘,𝑢 ∈ ℂ𝑁𝑀𝑆 × 𝑁𝐵𝑆 

th subcarrier [642], [715], [717], i.e., the extended Saleh-Valenzuela model [155], which 

is given by 

𝐻𝑘,𝑢 =  
𝑁𝑀𝑆𝑁𝐵𝑆

𝑁𝑐𝑁𝑝

𝑁𝑐

∑
𝑖 = 1

𝑁𝑝

∑
𝑙 = 1

𝛼𝑘
𝑖,𝑗 𝐿(𝑟𝑖.𝑗) a𝑀𝑆(𝜃𝑘

𝑖𝑙, ∅
𝑘
𝑖𝑙)a𝐻

𝐵𝑆(𝜃𝑘
𝑖𝑙, ∅𝑘

𝑖𝑙)𝑒
―𝑗

2𝜋
𝑈 (𝑢 ― 1)

(7.1)

where  is a normalization factor that satisfies , the total of 
𝑁𝑀𝑆𝑁𝐵𝑆

𝑁𝑐𝑁𝑝
𝔼{‖𝐻‖2

𝐹} = 𝑁𝑀𝑆𝑁𝐵𝑆 𝑁𝑐

 represents the number of scattering paths, and αl stands for the complex gain of the × 𝑁𝑝

l-th path. We assume that  follows the complex Gaussian distribution .   𝛼𝑘
𝑖𝑙 𝒞𝒩(0, 1) 𝐿(𝑟𝑖.𝑗)

is path loss (whose length is denoted by ), associated with the of the l-th ray in the ith 𝑟𝑖.𝑗

cluster for the kth user. Finally,  and are the antenna array a𝑀𝑆(𝜃𝑘
𝑖𝑙, ∅

𝑘
𝑖𝑙) a𝐻

𝐵𝑆(𝜃𝑘
𝑖𝑙, ∅𝑘

𝑖𝑙) 

response vectors at the transmitter and receiver, where  and are the l-th path’s ∅𝑘
𝑅𝑖,𝑙 ∅𝑘

𝑡𝑖,𝑙

azimuth angle of arrival (AoA) and angle of departure (AoD), respectively.  and 𝜃𝑘
𝑅𝑖,𝑙 𝜃𝑘

𝑡𝑖,𝑙

are the l-th path’s elevation angle of arrival (AoA) and angle of departure (AoD), 

respectively. It is assumed that the antennas of ULA, UPA and UCA are deployed at the 

transmitter and receiver.

Figure 7.2: Diagram of an mmWave MIMO-OFDM system with the partially-connected 
HBF architecture
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The received signal is first processed by an analogue receive beamformer (combiner) 𝑊𝑅𝐹
𝑘

 and then down-converted to the baseband, where  denotes the number ∈ ℂ𝑁𝑀𝑆 × 𝑀𝑀𝑆 𝑀𝑀𝑆

of receive RF chains. Note that  is also the same for all subcarriers as similar to . 𝑊𝑅𝐹 𝐹𝑅𝐹

A cyclic prefix (CP)-OFDM based multi-carrier modulation scheme with U subcarriers 

is applied to combat the multipath effect. Assuming that the CP length has the same length 

as the maximum excess delay of the channel, such that the intersymbol interference is 

avoided, the received signal on the u-th subcarrier. After cyclic prefix removal and fast 

Fourier transform (FFT), the  baseband signal streams are then passing through a 𝑀𝑀𝑆

low-dimensional digital combiner  at subcarrier u with the output given 𝑊𝐵𝐵
𝑘,𝑢 ∈ ℂ𝑀𝑀𝑆 × 𝑁𝑆

by

𝑠𝑘,𝑢 =  𝑊𝐻
𝑘,𝑢 ( 𝑃𝑘𝐻𝑘,𝑢 𝐹𝑘,𝑢 𝑠𝑘,𝑢 + 𝐻𝑘,𝑢 

𝐾

∑
𝑗 ≠ 𝑘

𝑃𝑗𝐹𝑗,𝑢 𝑠𝑗,𝑢 + 𝑛
𝑘,𝑢

) (7.2)

where  is the k-th of the precoding matrix,  is the k-th of the 𝐹𝑘,𝑢ℂ𝑀𝐵𝑆 × 𝐾𝑁𝑠 𝑊𝑘,𝑢ℂ𝑀𝑀𝑆 × 𝑁𝑠

decoding matrix, We consider an HBF structure such that  and 𝐹𝑘,𝑛 = 𝐹𝑅𝐹 𝐹𝐵𝐵
𝑘,𝑢

. It is assumed that  so that the digital combiner  is a 𝑊𝑘,𝑢 =   𝑊𝑅𝐹
𝑘  𝑊𝐵𝐵

𝑘,𝑢 𝑀𝑀𝑆 = 𝑁𝑆 𝑊𝐵𝐵
𝑘,𝑢

square matrix. We consider the two well-known ABF architectures [718], [719], fully-

connected and partially- connected. In the fully-connected, each RF-chain is connected 

to all antennas using a network of PSs. Therefore,

𝐹𝑅𝐹 = [𝑓𝑅𝐹
1 , 𝑓𝑅𝐹

2 , …, 𝑓𝑅𝐹
𝑁𝐵𝑆] ∈ ℂ𝑀𝐵𝑆, |[𝑓𝑅𝐹

𝑙 ]𝑖| =
1

𝑀𝐵𝑆

𝑊𝑅𝐹
𝑘 = [𝑤𝑅𝐹

𝑘,1, 𝑤𝑅𝐹
𝑘,2, …, 𝑤𝑅𝐹

𝑘,𝑁𝑀𝑆] ∈ ℂ𝑀𝑀𝑆, |[𝑤𝑅𝐹
𝑘,𝑙 ]𝑖| =

1
𝑀𝑀𝑆

(7.3)

In this chapter, we mainly focus on the partially-connected architecture for the analogue 

transmit and receive beamformers and assume that each transmits RF chain is only 

connected with  antennas at the transmitter using a network of PSs and each receives 
𝑁𝐵𝑆

𝑀𝐵𝑆

RF chain to  antenna elements at the receiver using a network of PSs, as shown in 
𝑁𝑀𝑆

𝑀𝑀𝑆

Figure 7.2. Therefore, both  and  become block-diagonal matrices𝐹𝑅𝐹 𝑊𝑅𝐹
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𝐹𝑅𝐹 = 𝑏𝑙𝑘𝑑𝑖𝑎𝑔{𝑓𝑅𝐹
1 , 𝑓𝑅𝐹

2 , …, 𝑓𝑅𝐹
𝑁𝐵𝑆} ∈ ℂ

𝑀𝐵𝑆 𝑁𝐵𝑆, |[𝑓𝑅𝐹
𝑙 ]𝑖| =

1
𝑀𝐵𝑆 𝑁𝐵𝑆

𝑊𝑅𝐹
𝑘 = 𝑏𝑙𝑘𝑑𝑖𝑎𝑔{𝑤𝑅𝐹

𝑘,1, 𝑤𝑅𝐹
𝑘,2, …, 𝑤𝑅𝐹

𝑘,𝑁𝑀𝑆} ∈ ℂ
𝑀𝑀𝑆 𝑁𝑀𝑆, |[𝑓𝑅𝐹

𝑙 ]𝑖| =
1

𝑀𝑀𝑆 𝑁𝑀𝑆

(7.4)

The achievable R at the k-th MS on the nth subcarrier can be expressed as

𝑅 = log |𝐼𝑁𝑠 + Φ ―1
𝑘,𝑛 𝑊𝐻

𝑘,𝑛𝐻𝑘,𝑛𝐹𝑘,𝑛𝐹𝐻
𝑘,𝑛𝐻𝐻

𝑘,𝑛𝑊𝑘,𝑛| (7.5)

where denotes the covariance Φ𝑘,𝑢 = 𝑊𝐻
𝑘,𝑢(𝐻𝑘,𝑛(∑𝐾

𝑗 ≠ 𝑘𝐹𝑗,𝑛𝐹𝐻
𝑗,𝑢)𝐻𝐻

𝑘,𝑢 + 𝐼𝑀𝑀𝑆𝜎
2
𝑛)𝑊𝑘,𝑢  

matrix of the multi-user interference plus noise. Let 𝐹𝑢 = [𝐹1,𝑢, 𝐹2,𝑢, …, 𝐹𝐾,𝑢] ∈ ℂ𝑀𝐵𝑆 × 𝐾𝑁𝑠,

. Then, we enforce , where and P is the total transmit power. In ‖𝐹𝑢‖2
𝐹 =  𝑃𝑢 ,   𝑃𝑢,  =

𝑃
𝑁  

this work, our goal is to design the HBF matrices to maximize the total spectral efficiency 

R of the system, over the U subcarriers subject to the transmit power constraint and the 

constant modulus constraint of the analogue beamformers. The problem can be 

formulated as follows maximize

𝑎𝑟𝑔 max
(𝐹𝑘,𝑢, 𝑊𝑘,𝑢)

𝑅 =
1
𝐾

𝐾

∑
𝑘 = 1

𝑈

∑
𝑢 = 1

𝑅𝑘(𝐹𝑘,𝑢, 𝑊𝑘𝑢) 

𝑠.𝑡. ‖𝐹𝑘,𝑢‖2
𝐹 =  𝑃𝑢   ≤

𝑀𝐵𝑆

𝑁𝐵𝑆
 ∀𝑢,∀𝑘,  𝐹𝑅𝐹 𝜖 ℱ, 𝑊𝑅𝐹

𝑘  𝜖 𝒲, ∀𝑘

(7.6)

where  and  denote the sets of ABF matrices satisfying the constraints that are ℱ 𝒲

associated with each architecture as specified above. The transmit power constraint in 

(7.5) comes from the requirement of  and the fact that ‖𝐹𝑅𝐹𝐹𝐵𝐵
𝑘,𝑢‖2

𝐹
≤ 1 𝐹𝑅𝐹𝐻

𝐹𝑅𝐹 =
𝑁𝐵𝑆

𝑀𝐵𝑆
𝐼𝑀𝐵𝑆 

when  is a block diagonal matrix according to (7.4). Note that (7.6) is a non-convex 𝐹𝑅𝐹

optimization problem, where the major difficulty comes from the joint optimization of 

the BBF and ABF matrices and the non-convex constraints in , and . 𝑊𝑅𝐹
𝑘  𝜖 𝒲, ∀𝑘 𝐹𝑅𝐹 𝜖 ℱ

In the following, we relax problem (7.6) by decoupling the optimization of BBF and ABF 

matrices and treat them separately, which is a common practice in the literature [519], 

[667], [712], [713], [720]. Due to its non-convexity, problem (7.6) cannot be optimally 

solved as such Convex approximation methods can be applied to find sub-optimal 

solutions. Due to their high computational complexity, the target of such sub-optimal 
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methods is to provide performance upper bounds for lower complexity heuristic methods. 

When it comes to MIMO systems with large antenna arrays, ZF and MMSE beamforming 

-based methods seem attractive due to their lower complexity and relatively good 

performance [639], [703], [721].

7.3 HBF Algorithms with Partially Connected MU-MIMO-OFDM

In this section, the proposed HBF algorithms with partially connected in a wideband 

single-cell MU-MIMO-OFDM system with large antenna arrays are described. The first 

two algorithms employ full array-based processing structure while the last two algorithms 

use subarray-based processing approach. For all HBF algorithms, the water-filling 

algorithm power allocation is used, Power values are stacked in a diagonal matrix as 

.𝑃 = 𝑑𝑖𝑎𝑔[𝑃1, 𝑃2, …, 𝑃𝐾]

This system consists of a BS with  antenna elements serving K users. It is assumed 𝑁𝐵𝑆

that perfect channel state information (CSI) is available at the BS which uses a hybrid 

structure with  RF chains. The HBF structure of the BS can apply both amplitude and 𝑀𝑅𝐹

phase control in the analogue part. The antenna array of the BS is divided into  𝑀𝐵𝑆

subarrays, each with   antenna elements. The number of RF chains is considered 𝑀 =
𝑁𝐵𝑆

𝑀𝐵𝑆

to be equal to the number of streams perusers, i.e.,  = KNs.𝑀𝐵𝑆

The MU-MIMO system model with HBF at the BS. As illustrated in Figure 7.3 and Figure 

7.4 partially connected HBF structure can be divided into a full array- and subarray-based 

processing strategies [712]. In the case of full array-based processing, where all data 

streams are conveyed to all RF chains, the digital precoder . can be 𝐹𝐵𝐵 ∈ ℂ𝑀𝐵𝑆 × 𝐾𝑁𝑠

expressed as 

𝐹𝐵𝐵 = [ 𝑓𝐵𝐵
11      𝑓𝐵𝐵

12
𝑓𝐵𝐵

21       𝑓𝐵𝐵
22

⋯
𝑓𝐵𝐵

1𝐾𝑁𝑠

𝑓𝐵𝐵
2𝐾𝑁𝑠

⋮ ⋱ ⋮
𝑓𝐵𝐵

𝑀𝐵𝑆1 𝑓𝐵𝐵
𝑀𝐵𝑆2 ⋯ 𝑓𝐵𝐵

𝑀𝐵𝑆𝐾𝑁𝑠

] (7.7)
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In the case of subarray-based processing, each data stream is conveyed to only one RF 

chain. Hence, the digital precoder becomes a diagonal matrix as 𝐹𝐵𝐵 = 𝑑𝑖𝑎𝑔

The analogue precoder can be written as[𝑓𝐵𝐵
11 , 𝑓𝐵𝐵

22 , …, 𝑓𝐵𝐵
𝑀𝐵𝑆,𝐾𝑁𝑠]. 𝐹𝑅𝐹 ∈ ℂ𝑁𝐵𝑆 × 𝑀𝐵𝑆

𝐹𝑅𝐹 = [𝑓𝑅𝐹
11      0
0      𝑓𝑅𝐹

22
⋯ 0

0
⋮ ⋱ ⋮

0         0 ⋯ 𝑓𝑅𝐹
𝑀𝐵𝑆,𝐾𝑁𝑠

] (7.8)

where , is the analogue precoder of the i-th subarray, 𝑓𝑅𝐹
𝑖,𝑗 =  [𝑒𝑗𝜃(𝑖 ― 1)𝑎 + 1, . . .,𝑒𝑗𝜃𝑎 ]𝑇 ∈ ℂ𝑎 × 1

and  is the phase of the i-th phase shifter. 𝜃𝑖

(a)

Figure 7.3: Partially connected (a) full array-based structure, (b) subarray-   
based structure.

(b)
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7.3.1 Full Array-Based Processing

In the full array-based processing method, the data stream is related to all RF chain. 

Hence, the digital precoder becomes a matrix just to route the streams to all RF chains 𝐹𝐵𝐵
𝑘  

and the beamforming is carried out in the analogue domain.

7.3.1.1 ZF Hybrid Beamforming
This algorithm intends to minimize the difference between the fully digital ZF 

beamformer and the hybrid beamformer of each user. The maximum spectral efficiency 

is equivalent to the minimum Euclidean distance between the hybrid precoding matrix 

and the optimal precoding matrix. The corresponding optimization problem can be 

expressed as minimize

𝑎𝑟𝑔 min
(𝐹𝑅𝐹𝐹𝐵𝐵

𝑘 )
 ‖𝐹𝑜𝑝𝑡

𝑘 ― 𝐹𝑅𝐹𝐹𝐵𝐵
𝑘 ‖𝐹

𝑠.𝑡. ‖𝐹𝑅𝐹𝐹𝐵𝐵
𝑘 ‖2

𝐹 = 𝑁𝑠 

|𝐹𝑅𝐹(𝑖,𝑗)|2 = 1,  ∀ 𝑖, ∀𝑗

(7.9)

where  is the optimal fully digital beamformer containing the ZF 𝐹𝑜𝑝𝑡
𝑘 ∈ ℂ𝑁𝐵𝑆 × 𝐾𝑁𝑠

beamforming vectors of all users. SVD is performed on the channel matrix  , that is, 𝐻𝑘,𝑢

, where U and V are respectively corresponding left singular value matrix 𝐻𝑘,𝑢 = 𝑈Σ𝑉𝐻

and right singular value matrix, and Σ is an eigenvalue matrix. Taking the first Ns column 

of the right singular value matrix as the optimal digital precoder . The  𝐹𝑜𝑝𝑡
𝑘 = 𝑉(:, 1:𝐾𝑁𝑠)

 should satisfy the partially- connected structure form as in (7.8). 𝐹𝑅𝐹

this subsection uses a partially- connected structure to prove that the angle of ordered 

right singular value vector of the channel matrix  can be used to initialize the analogue 𝐻𝑘,𝑢

precoding matrix without need the antenna array response vector at the transmitter. 

According to the analysis in [26] and [86], the hybrid precoding optimization problem 

can be rewritten as
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𝑎𝑟𝑔 min
(𝐹𝑅𝐹(𝑜𝑝𝑡)𝐹𝐵𝐵(𝑜𝑝𝑡)

𝑘,𝑢 )
 tr(𝐹𝑜𝑝𝑡𝐻

𝑘,𝑢 𝐹𝑅𝐹𝐹𝐵𝐵
𝑘,𝑢)

𝑠.𝑡. ‖𝐹𝑅𝐹𝐹𝐵𝐵
𝑘,𝑢‖2

𝐹 = 𝑁𝑠 

|𝐹𝑅𝐹(𝑖,𝑗)|2 = 1,  ∀ 𝑖, ∀𝑗

(7.10)

Minimizing  and maximizing tr is equivalent [26]. For a ‖𝐹𝑜𝑝𝑡
𝑘,𝑢 ― 𝐹𝑅𝐹𝐹𝐵𝐵

𝑘,𝑢‖𝐹 (𝐹𝑜𝑝𝑡𝐻

𝑘 𝐹𝑅𝐹𝐹𝐵𝐵
𝑘 )

given  , for ease of derivation, use simple least squares to get𝐹𝑅𝐹

𝐹𝐵𝐵
𝑘,𝑢 = (𝐹𝑅𝐹𝐻𝐹𝑅𝐹) ―1

𝐹𝑅𝐹𝐻𝐹
𝑜𝑝𝑡
𝑘,𝑢

(7.11)

Substituting equation (7.11) into equation (7.19)

𝑎𝑟𝑔 min
(𝐹𝑅𝐹(𝑜𝑝𝑡))

 tr(𝐹𝑍𝐹
𝑘,𝑢𝐹𝑜𝑝𝑡

𝑘,𝑢 𝐹
𝑜𝑝𝑡𝐻

𝑘,𝑢 )

𝑠.𝑡. ‖𝐹𝑅𝐹𝐹𝐵𝐵
𝑘,𝑢‖2

𝐹 = 𝑁𝑠 

|𝐹𝑅𝐹(𝑖,𝑗)|2 = 1,  ∀ 𝑖, ∀𝑗

(7.12)

where (AB) = tr(BA) , are applied,  and  are 𝑡𝑟  𝐹𝑅𝐹
𝑘 = 𝐹𝑅𝐹(𝐹𝑅𝐹𝐻𝐹𝑅𝐹)𝐹𝑅𝐹𝐻 ―1

𝐹𝑅𝐹
𝑘 𝐹𝑜𝑝𝑡

𝑘,𝑢 𝐹𝑜𝑝𝑡𝐻

𝑘,𝑢

orthogonal projections. Let and  be subspaces of  and  columns 𝑆𝑅𝐹 𝑆𝑜𝑝𝑡
𝑘 𝐹𝑅𝐹 𝐹𝑜𝑝𝑡

𝑘

respectively, and is defined as the inner product of and . The 𝑡𝑟(𝐹𝑍𝐹
𝑘 𝐹𝑜𝑝𝑡

𝑘 𝐹
𝑜𝑝𝑡𝐻

𝑘 ) 𝑆𝑅𝐹 𝑆𝑜𝑝𝑡
𝑘

problem of  design can be transformed into , and make the inner product of and 𝐹𝑅𝐹 𝑆𝑅𝐹 𝑆𝑅𝐹

is the largest, ie, let   is the largest.𝑆𝑜𝑝𝑡
𝑘 |𝑆𝑜𝑝𝑡𝐻

𝑘 𝑆𝑅𝐹|

Proposition 1: Given vector , a set 𝑔 = [𝑎1𝑒𝑗∅1, . . ., 𝑎𝑁𝑒𝑗∅𝑁]𝑇 𝐹 =

, for any , we have .{𝑓 ∈ ℂN × 1:|𝑓(𝑛)| = 1, ∀𝑛 } 𝑓 ∈ 𝐹 |𝑔𝐻𝑓| = [𝑒𝑗∅1, . . ., 𝑒𝑗∅𝑁]𝑇

Proof: set  , then we have𝑓 = [𝑒𝑗∅1, . . ., 𝑒𝑗∅𝑁]𝑇
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|𝑔𝐻𝑓| = [∑𝑁

𝑖 = 1
𝑎𝑖𝑒𝑗(∅𝑖,𝜑𝑖) × ∑𝑁

𝑖 = 1
𝑎𝑖𝑒

𝑗(𝜑𝑖, ∅𝑖)] (7.13)

The maximization problem can be converted to take the derivative of  respect to  |𝑔𝐻𝑓| 𝜑𝑖 

and make it to equal 0, then we can have , i = 1, . . . , N. According to Proposition 𝜑𝑖 = ∅𝑖

1, to make the inner product of and  the largest, the subspace composed of  𝑆𝑅𝐹 𝑆𝑜𝑝𝑡
𝑘,𝑢 𝐹𝑅𝐹

and  is the same.  is known as the right singular value matrix of the channel 𝐹𝑜𝑝𝑡
𝑘.𝑢 𝐹𝑜𝑝𝑡

𝑘,𝑢

matrix, and the corresponding phase angle constituents its subspace. Due to the unit 

modulus limitation,  can be formed by the phase angle of the channel right singular 𝐹𝑅𝐹

value matrix element. From the above analysis, it can be known that the analogue 

precoder can be initialized with the phase angle of the channel matrix right singular value 

matrix element. The specific initialization process is

𝐻𝑘,𝑢 = 𝑈Σ𝑉𝐻 (7.14)

where U  -dimensional unitary matrix, V  -dimensional unitary ∈ ℂ𝑁𝑀𝑆 × 𝑁𝑀𝑆 ∈ ℂ𝑁𝐵𝑆 × 𝑁𝐵𝑆

matrix, Σ is a diagonal matrix, and diagonal elements are arranged in descending order. 

Let  , be the phase angle of the m-th row and the nth column element of V, and take 𝜑𝑚,𝑛

the phase angle of the elements in V as a set F

𝐹 =  {𝑣1, 𝑣2, . . ., 𝑣𝑁𝐵𝑆 } (7.15)

where, , each of  has the same phase angle as each 𝑣𝑛 =  [𝑒𝑗∅1,𝑛,𝑒𝑗∅2,𝑛, . . ., 𝑒
𝑗∅𝑁𝐵𝑆,𝑛]𝑇

𝑣𝑛

element corresponding to V. The initialized analogue precoding matrix is

𝐹𝑅𝐹 =  {𝑣1, 𝑣2, . . ., 𝑣𝑀𝐵𝑆 } (7.16)

That is, the first  a column vector of the F is taken. Applying to (7.8), performing 𝑀𝐵𝑆

block diagonalization, the resulting initial analogue precoding matrix is

𝐹𝑅𝐹 = [𝑣1(1:𝑀)                 0
0      𝑣2(𝑀 + 1:2𝑀) ⋯ 0

0
⋮ ⋱ ⋮

0                               0 ⋯ 𝑣𝑖((𝑖 ― 1)𝑀 + 1:𝑖𝑀)] (7.17)
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where  is the  to  elements in , I = 1,2, . . . , 𝑣𝑖((𝑖 ― 1)𝑀 + 1:𝑖𝑀) (𝑖 ― 1)𝑀 + 1 𝑖𝑀 𝑣𝑖 𝑀𝐵𝑆

., 𝑀 =  𝑁𝐵𝑆 𝑀𝐵𝑆

Applying the alternate minimization structure after obtaining analogue precoder , 𝐹𝑅𝐹

fixing the , optimize the   according to the Euclidean distance of the minimized 𝐹𝑅𝐹 𝐹𝐵𝐵
𝑘

 and , and make the𝐹𝑜𝑝𝑡
𝑘,𝑢 𝐹𝑅𝐹𝐹𝐵𝐵

𝑘,𝑢

𝐹𝐵𝐵
𝑘,𝑢 = 𝑉′1,𝑢𝑈𝐻

1,𝑢 (7.18)

where,  ,  is the first  column of  , i.e., 𝐹𝑜𝑝𝑡𝐻

𝑘,𝑢 𝐹
𝑅𝐹

=  𝑈1,𝑢Σ1,𝑢𝑉𝐻
1,𝑢 𝑉′1,𝑢 𝑁𝑠 𝑉1,𝑢 𝑉′1,𝑢 = 𝑉1,𝑢

 . Applying the alternating iterative structure, the digital precoder  is obtained (:,1:𝑁𝑠) 𝐹𝐵𝐵
𝑘

through the above steps, and the analogue precoder  is updated by extracting the phase 𝐹𝑅𝐹

information of the  and then block diagonalized output. 𝐹𝑜𝑝𝑡𝐹𝐵𝐵𝐻

𝑘,𝑢

Problem (7.9) is non-convex with respect to  and . Hence, it cannot be optimally 𝐹𝑅𝐹 𝐹𝐵𝐵
𝑘,𝑢

solved as such. However, a sub-optimal solution can be found by using an alternating 

optimization strategy where one variable is optimized while the other variable is fixed. 

The optimization process begins with initializing the analogue beamformer and 

optimizing the digital beamformer as

𝑎𝑟𝑔min
𝐹𝐵𝐵

𝑘,𝑢

 ‖𝐹𝑍𝐹
𝑘 ― 𝐹𝑅𝐹𝐹𝐵𝐵

𝑘,𝑢‖𝐹 (7.19)

Then, fixing the digitally optimized beamformer, the analogue beamformer can be solved 

from minimizing

𝑎𝑟𝑔min
𝐹𝑅𝐹

 ‖𝐹𝑍𝐹
𝑘 ― 𝐹𝑅𝐹𝐹𝐵𝐵

𝑘,𝑢‖𝐹 (7.20)

This procedure is repeated until either the difference between two subsequent iterations 

passes a threshold or the maximum number of iterations is reached. Convergence to a 

sub-optimal solution is guaranteed since each optimization step is convex and improves 

the objective value. These optimization problems can be solved using standard 

optimization tools. Note that an orthogonality constraint can be added to the digital 

beamforming optimization step in (7.19) in order to make hybrid beams orthogonal. The 

constraint can be written as
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(𝐹𝑅𝐹
𝑘 𝐹𝐵𝐵

𝑘,𝑢)𝐻
𝑖 (𝐹𝑅𝐹

𝑘 𝐹𝐵𝐵
𝑘,𝑢)𝑗 ≤ 𝜀,   ∀ 𝑖 ≠ 𝑗 (7.21)

Finally, the overall hybrid precoder is formed as  where is the normalized precoder. 𝐹 = 𝑃𝐹 𝐹 

The ZF precoding method is summarized in Algorithm 7.1.

7.3.1.2 MMSE Hybrid Beamforming
This algorithm aims at minimizing the difference between the fully digital MMSE 

beamformer and the hybrid beamformer of each user. The optimization process follows 

similar steps as in the ZF precoding case. The MMES optimization problem can be 

formulated as minimizing

𝑎𝑟𝑔 min
(𝐹𝑅𝐹𝐹𝐵𝐵

𝑘,𝑢)
 ‖𝐹𝑀𝑀𝑆𝐸

𝑘 ― 𝐹𝑅𝐹𝐹𝐵𝐵
𝑘,𝑢‖𝐹 (7.22)

Algorithm 7.1 ZF Hybrid Precoding Algorithm for mmWave MIMO-
OFDM Systems with the Partially-Connected Architecture

  Input: H, 𝑭𝒐𝒑𝒕

1 Initialization:  𝐹𝑅𝐹

2 for i = 1 to  do𝑁𝐼𝑡𝑒𝑟

3 Solve  by update in (7.18) while is fixed𝐹𝐵𝐵
𝑘,𝑢 𝐹𝑅𝐹

4
Solve , take the phase angle of the  and block diagonalized 𝐹𝑅𝐹 𝐹𝑜𝑝𝑡𝐹𝐵𝐵𝐻

𝑘,𝑢

output while  is fixed𝐹𝐵𝐵
𝑘,𝑢

5 end for

6 𝐹𝐵𝐵
𝑘,𝑢 = 𝐹𝐵𝐵

𝑘,𝑢

‖𝐹𝐵𝐵
𝑘,𝑢‖2

𝐹

‖𝐹𝑅𝐹𝐹𝐵𝐵
𝑘,𝑢‖2

𝐹

,  𝐹𝑅𝐹 = ‖𝐹𝑅𝐹‖2
𝐹,   𝐹 =   𝐹𝑅𝐹𝐹𝐵𝐵

𝑘,𝑢

7 𝐹 = 𝑃𝐹

Output: 𝑭
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where  is the fully digital beamformer containing the MMSE beamforming vectors 𝐹𝑀𝑀𝑆𝐸
𝑘,𝑢

of all users. Due to the non-convexity of (7.22), an alternating optimization strategy is 

applied to find a sub-optimal solution. 

For the highly non-convex and multivariate optimization problem in (7.6), it is very 

difficult to get the optimal solution. Our main idea is that instead of directly solving the 

problem, we formulate a WMMSE problem and show that it is equivalent to the original 

SEM problem. It is worth noting that although the WMMSE design approach has been 

considered in [722]–[724] for the fully-digital beamforming optimization and in [591], 

[642], [690], [725] for the HBF optimization, the equivalence in the HBF scenario has 

not been proved. In this subsection, we first formulate the WMMSE HBF optimization 

problem and prove its equivalence to the SEM problem. Then, to solve the WMMSE 

problem, we separate it into two subproblems, namely the hybrid precoding and hybrid 

combining optimization subproblems, and propose several effective algorithms. Finally, 

an alternating minimization algorithm is applied between the two subproblems for better 

performance.

Similar to that in [642], we take the modified MSE as the performance metric and define 

the modified MSE matrix [527] as follows

𝐸𝑘,u

= 𝔼[(𝑠𝑘,𝑢 ― 𝜉 ―1
𝑘,𝑢 𝑦𝑘,𝑢)(𝑠𝑘,𝑢 ― 𝜉 ―1

𝑘,𝑢 𝑦𝑘,𝑢)𝐻] = 𝐼𝑁𝑠 ― 𝜉 ―1
𝑘,𝑢

𝐹𝐻
𝑘,𝑢𝐻𝐻

𝑘,𝑢𝑊𝑘,u ― 𝜉 ―1
𝑘,𝑢 𝑊𝐻

𝑘,𝑢𝐻𝑘,𝑢𝐹𝑘,u + 𝜉 ―2
𝑘,𝑢 𝜎2

𝑘,𝑢𝑊𝐻
𝑘,𝑢𝑊𝑘,u + 𝜉 ―2

𝑘,𝑢 𝑊
𝐻
𝑘,𝑢𝐻𝑘,𝑢𝐹𝑘,u𝐹

𝐻
𝑘,𝑢𝐻𝐻

𝑘,𝑢𝑊𝑘,u

(7.23

)

for u = 0, 1, . . . , U, where  a scaling factor to be jointly optimized with the hybrid 𝜉𝑘,𝑢

beamformers [642]. Defining a semi-positive definite matrix  as the weight Λ𝑘,u ≥ 0

matrix for the u-th subcarrier, the WMMSE problem can be formulated as minimize

𝑎𝑟𝑔 min
(𝐹𝑘,𝑢, 𝑊𝑘,𝑢, 𝜉𝑘,𝑢,Λ𝑘,u )

1
𝐾

𝐾

∑
𝑘 = 1

𝑈

∑
𝑢 = 1

𝑡𝑟(Λ𝑘,u𝐸𝑘,𝑢) ― 𝑙𝑜𝑔 |Λ𝑘,u|

𝑠.𝑡.‖𝐹𝐵𝐵
𝑘,𝑢‖2

𝐹 ≤
𝑀𝐵𝑆

𝑁𝐵𝑆
,  ∀𝑘,  

|𝑓𝑞(𝑝)| = 1,  ∀𝑝,∀𝑞,  

|𝑤𝑛(𝑚)| = 1,  ∀𝑚,∀𝑛,  

(7.24)
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Fixing , , the solution of the optimal  is given by 𝐹𝑅𝐹,  𝐹, 𝐵𝐵
𝑘,𝑢 𝑊𝑅𝐹, 𝜉𝑘,𝑢 and Λ𝑘,u 𝑊, 𝐵𝐵

𝑘,𝑢

𝑊, 𝐵𝐵
𝑘,𝑢 = (𝑊𝐻

𝑘,𝑢𝐺𝑘,𝑢𝐺𝐻
𝑘,𝑢𝑊𝑘,u + 𝛼𝑘,u𝐼𝑁𝑀𝑆) ―1𝑊𝐻

𝑘,𝑢𝐺𝑘,𝑢 (7.25)

where and . By substituting  back into (7.23), the 𝐺𝑘,𝑢 = 𝜉 ―1
𝑘,𝑢 𝐻𝑘,𝑢𝐹𝑘,u 𝛼𝑘,u =

𝜎2𝜉 ―2
𝑘,𝑢 𝑁𝑀𝑆

𝑀𝑀𝑆
𝑊, 𝐵𝐵

𝑘,𝑢

corresponding MSE matrix becomes

𝐸 
𝑘,𝑢 = (𝐼𝑁𝑠 + 𝛼𝐻

𝑘,𝑢𝐺, 𝐻
𝑘,𝑢𝑊, 𝑅𝐹

𝑘,𝑢 𝑊, 𝑅𝐹𝐻

𝑘,𝑢 𝐺
𝑘,𝑢) ―1 (7.26)

Then, the following theorem will set up the equivalence between the WMMSE problem 

and the MSE problem in (7.6).

Theorem 1- The problem in (7.24)  is equivalent to the problem in (7.6) in the sense that 

the global optimal solution of and  for the two problems are identical.𝐹𝑅𝐹,  𝐹, 𝐵𝐵
𝑘,𝑢  𝑊𝑅𝐹

Proof: First the optimal  can be acquired by differentiating the objective function of 𝑊, 𝐵𝐵
𝑘,𝑢

(7.24) with  and setting the result to zero, which is the same as  in (7.25). As 𝑊, 𝐵𝐵
𝑘,𝑢 𝑊, 𝐵𝐵

𝑘,𝑢

for the weight matrix , it can be shown in the same way that the optimal one has a Λ𝑘,u

closed-form expression

Λ, 𝑜𝑝𝑡
𝑘,𝑢 = 𝐸, ― 1

𝑘,𝑢 (7.27)

with the optimal  and , the problem in (7.24) can be stated as 𝑊, 𝐵𝐵
𝑘,𝑢 Λ𝑘,u

𝑎𝑟𝑔 min
(𝐹𝑅𝐹,  𝐹, 𝐵𝐵

𝑘,𝑢 , 𝑊𝑅𝐹 )
―

1
𝐾

𝐾

∑
𝑘 = 1

𝑈

∑
𝑢 = 1

𝑙𝑜𝑔 |𝐸, ― 1
𝑘,𝑢 |

𝑠.𝑡.‖𝐹𝐵𝐵
𝑘,𝑢‖2

𝐹 ≤
𝑀𝐵𝑆

𝑁𝐵𝑆
,  ∀𝑘,  

|𝑓𝑞(𝑝)| = 1,  ∀𝑝,∀𝑞,  

|𝑤𝑛(𝑚)| = 1,  ∀𝑚,∀𝑛,  

(7.28)

with  

log |𝐸, ― 1
𝑘,𝑢 | = log |𝐼𝑁𝑠 + 𝛼 ―1

𝑘,𝑢 𝐺, 𝐻
𝑘,𝑢𝑊, 𝑅𝐹

𝑘,𝑢 𝑊, 𝑅𝐹𝐻

𝑘,𝑢 𝐺
𝑘,𝑢| (7.29)
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= log |𝐼𝑁𝑠 +
𝑀𝑀𝑆

𝜎2𝑁𝑀𝑆
𝑊, 𝑅𝐹𝐻

𝑘,𝑢 𝐻𝑘,𝑢𝐹𝑘,u𝐹
, 𝐻
𝑘,𝑢

𝐻, 𝐻
𝑘,𝑢𝑊, 𝑅𝐹

𝑘,𝑢 |
It can be seen that (7.29)  is the same as (7.5) for the case of . This shows that 𝑀𝑀𝑆 =  𝑁𝑠

the problem of (7.24) is equivalent to the problem (7.6) in the sense that the global optimal 

solution of and  for the two problems are identical. The proof is thus 𝐹𝑅𝐹,  𝐹, 𝐵𝐵
𝑘,𝑢  𝑊𝑅𝐹

completed. 

It is also worth noting that the proof of Theorem 1 can be shown to apply to both the 

fully-connected HBF architecture and the partially-connected one as there is no constraint 

to the structure of the analogue beamformers in the proof.

7.3.1.2.1 Hybrid Precoding Design

By first fixing the hybrid combiner  and the weight matrix  in (7.24) we 𝑊𝑅𝐹,  𝑊, 𝐵𝐵
𝑘,𝑢 Λ𝑘,u

obtain the hybrid precoding optimization subproblem. By further fixing the analogue 

precoder  in this subproblem, the optimal  and  has a closed-form solution as 𝐹𝑅𝐹  𝐹, 𝐵𝐵
𝑘,𝑢 𝜉𝑘,𝑢

follows [642], [527]

𝐹, 𝐵𝐵,𝑜𝑝𝑡
𝑘,𝑢 = 𝜉𝑘,𝑢 𝐹, ― 1

𝑘,𝑢 𝐹𝑅𝐹𝐻
𝐺𝐻

𝑘,𝑢Λ𝑘,u (7.30)

and

𝜉𝑘,𝑢 =
1

𝑁𝐵𝑆

𝑀𝐵𝑆
‖ 𝐹, ― 1

𝑘,𝑢 𝐹𝑅𝐹𝐻
𝐺𝐻

𝑘,𝑢Λ𝑘,u‖
2

𝐹

(7.31)

where , and𝐺𝐻
𝑘,𝑢 = 𝐻, 𝐻

𝑘,𝑢𝑊, 
𝑘,𝑢

 𝐹, 
𝑘,𝑢 = 𝐹𝑅𝐹𝐻

𝐺𝐻
𝑘,𝑢Λ𝑘,u𝐺𝑘,𝑢𝐹𝑅𝐹 + β𝑘,u𝐼𝑁𝑀𝑆

(7.32)

where   By substituting (7.30) and (7.31) back into the β𝑘,u =
𝜎2𝑁𝐵𝑆𝑁𝑀𝑆  𝑡𝑟(Λ𝑘,u 𝑊, 𝐵𝐵𝐻

𝑘,𝑢  𝑊, 𝐵𝐵
𝑘,𝑢 )

𝑀𝐵𝑆𝑀𝑀𝑆

objection function in (7.24), and assuming a fixed hybrid combiner, the original problem 

is now reduced to the one for optimizing the analogue precoder  as follows𝐹𝑅𝐹
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𝑎𝑟𝑔min
(𝐹𝑅𝐹 )

𝑓(𝐹𝑅𝐹 )

𝑠.𝑡.|𝑓𝑞(𝑝)| = 1,  ∀𝑝,∀𝑞,  

(7.33)

where  However, the 𝑓(𝐹𝑅𝐹 ) =  
1
𝐾∑𝐾

𝑘 = 1
∑𝑈

𝑢 = 1𝑡𝑟((Λ, ― 1
𝑘,𝑢 + β, ― 1

𝑘,𝑢 𝐺𝑘,𝑢𝐹𝑅𝐹𝐹𝑅𝐹𝐻
𝐺𝐻

𝑘,𝑢) ―1). 

above problem is still non-convex and it is difficult to obtain the optimal solution. Thus, 

we propose an iterative algorithm for obtaining a local optimal solution, such as the 

manifold optimization (MO) algorithm. 

7.3.1.2.2 The Manifold Optimization (MO) Algorithm

Here we propose the MO algorithm with less complexity. Note that the MO method has 

been applied to deal with a series of problems with the constant modulus constraint of the 

phase shifters [642], [715]. The basic idea is to consider these optimization problems in 

a complex circle manifold defined by the constant modulus constraint. Finally, the 

updated optimization variable is retracted into a complex circle manifold to meet the 

constant modulus constraint [715].

For the partially connected architecture, the Euclidean conjugate gradient  of the ∇𝑓(𝐹𝑅𝐹 )
real-valued function  with respect to  can be given by𝑓(𝐹𝑅𝐹 ) 𝐹𝑅𝐹

∇𝑓(𝐹𝑅𝐹 ) =  ∇𝐹𝑅𝐹𝑓(𝐹𝑅𝐹 ) ⊙ 𝒫 (7.34)

where ,  is a block-diagonal matrix ∇𝐹𝑅𝐹𝑓(𝐹𝑅𝐹 ) =
∂𝑓(𝐹𝑅𝐹 )

∂𝐹𝑅𝐹  𝒫 = 𝑏𝑙𝑘𝑑𝑖𝑎𝑔(𝒫1, 𝒫2, . . . 𝒫𝑀𝐵𝑆 )

( ) and  is the Hadamard product of two matrices.𝒫1 =  𝒫2 = . . . = 𝒫𝑀𝐵𝑆 = 𝐼𝑁𝐵𝑆
𝑀𝐵𝑆

× 1
⊙

According to (7.34), the first step is to derive  without considering the ∇𝐹𝑅𝐹𝑓(𝐹𝑅𝐹 )
partially connected architecture. By applying the properties of the matrix differentiation, 

we have
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d(𝑓(𝐹𝑅𝐹 )) = 𝑑 (1
𝐾

𝐾

∑
𝑘 = 1

𝑈

∑
𝑢 = 1

𝑡𝑟(𝑀 ―1
𝑘,𝑢 ))

= ―𝑡𝑟 (1
𝐾

𝐾

∑
𝑘 = 1

𝑈

∑
𝑢 = 1

β, ― 1
𝑘,𝑢 𝐺𝑘,𝑢𝑀 ―2

𝑘,𝑢 𝐺𝐻
𝑘,𝑢𝐹𝑅𝐹𝑑(𝐹𝑅𝐹𝐻))

(7.35)

where . According to the relationship between the 𝑀𝑘,𝑢 = Λ, ― 1
𝑘,𝑢 + β, ― 1

𝑘,𝑢 𝐺𝑘,𝑢𝐹𝑅𝐹𝐹𝑅𝐹𝐻
𝐺𝐻

𝑘,𝑢

matrix differentiation of the scaling function and the Euclidean gradient, we have

d(𝑓(𝐹𝑅𝐹 )) =  𝑡𝑟(∇𝐹𝑅𝐹𝑓(𝐹𝑅𝐹 ))𝑑(𝐹𝑅𝐹𝐻
 ) (7.36)

By comparing (7.35) and (7.36), we obtain . According to (7.34), we finally  ∇𝐹𝑅𝐹𝑓(𝐹𝑅𝐹 )
have

∇𝑓(𝐹𝑅𝐹 ) =  ― (1
𝐾

𝐾

∑
𝑘 = 1

𝑈

∑
𝑢 = 1

β, ― 1
𝑘,𝑢 𝐺𝑘,𝑢𝑀 ―2

𝑘,𝑢 𝐺𝐻
𝑘,𝑢𝐹𝑅𝐹) ⊙ 𝒫 (7.37)

Finally, the retraction operation is applied to make the result satisfy the constant modulus 

constraint. The overall algorithm for the analogue precoding with the partially connected 

architecture is summarized in Algorithm 7.2. It is worth noting that the entire MO 

analogue beamforming optimization algorithm converges, which further ensures that the 

iterations of the analogue precoding optimization make the WMMSE not increase until 

the stop condition is satisfied.

7.3.1.2.3 Hybrid Combining Design

In the above subsection, we have investigated the hybrid precoding optimization 

subproblem by assuming the hybrid combiner is fixed. Now we focus on the design of 

the hybrid combiner with a fixed precoder. Back to the original problem in (7.24), by 

fixing, , , the objective function is only a function of  and 𝐹𝑅𝐹,  𝐹, 𝐵𝐵
𝑘,𝑢  𝜉𝑘,𝑢 and Λ𝑘,u 𝑊𝑅𝐹

. The closed-form solution of the optimal  has been given by (7.25). By  𝑊, 𝐵𝐵
𝑘,𝑢  𝑊, 𝐵𝐵

𝑘,𝑢

substituting it into the objective function in (7.24) and neglecting the second unrelated 

term, the optimization problem for  can be formulated as 𝑊𝑅𝐹
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𝑎𝑟𝑔 min
(𝑊𝑅𝐹 )

𝑔(𝑊𝑅𝐹 )

𝑠.𝑡.|𝑤𝑛(𝑚)| = 1,  ∀𝑚,∀𝑛,  

(7.38)

where

This problem is very similar to the analogue precoding optimization problem in (7.33) 

and thus can be solved in the same way as that in subsection 7.3.3.1. In particular, 

Algorithm 7.3 can be applied to optimize  in the same way as that for . Similarly, 𝑊𝑅𝐹 𝐹𝑅𝐹

for the MO algorithm, the Euclidean gradient of the objective function of  can be 𝑊𝑅𝐹

derived to be

where  and     𝑁𝑘,𝑢≅Λ ―1
𝑘,𝑢 + α, ― 1

𝑘,𝑢 Λ ―1
𝑘,𝑢 𝐺𝐻

𝑘,𝑢𝑊𝑅𝐹𝑊𝑅𝐹𝐻
𝐺𝑘,𝑢 𝒫′1 =  𝒫′2 = . . . = 𝒫′𝑀𝑀𝑆 = 𝐼𝑁𝑀𝑆

𝑀𝑀𝑆
× 1

is a block-diagonal matrix and . 𝒫′ = 𝑏𝑙𝑘𝑑𝑖𝑎𝑔(𝒫′1, 𝒫′2, . . . 𝒫′𝑀𝑀𝑆 )

7.3.1.2.4 Modified MMSE HBF 

In the previous section, we have investigated the HBF design for the partially connected 

architecture aiming at maximizing the spectral efficiency by solving an equivalent 

WMMSE problem. We now consider its special case when the weight matrix is reduced 

to an identity matrix, i.e., without any weight. We refer to it as the MMSE HBF design. 

The motivation for the MMSE HBF design comes from three aspects. First, it can be 

regarded as a low-complexity version of the WMMSE design as the weight matrix does 

not need to be optimized. Second, it can be regarded as an initialization step for the 

WMMSE design by providing some good initial HBF matrices instead of random 

initialization for the WMMSE based algorithm. Third, in some cases, when a practical 

system is constrained to some particular modulation and coding scheme instead of the 

Gaussian code, the MSE metric becomes a direct performance measure to characterize 

𝑔(𝑊𝑅𝐹 ) =
1
𝐾

𝐾

∑
𝑘 = 1

𝑈

∑
𝑢 = 1

Λ ― 1
𝑘,𝑢 + α, ― 1

𝑘,𝑢 Λ ―1
𝑘,𝑢 𝐺𝐻

𝑘,𝑢𝑊𝑅𝐹𝑊𝑅𝐹𝐻
𝐺𝑘,𝑢 (7.39)

∇𝑔(𝑊𝑅𝐹 ) =  ― (1
𝐾

𝐾

∑
𝑘 = 1

𝑈

∑
𝑢 = 1

α, ― 1
𝑘,𝑢 𝐺𝑘,𝑢𝑁 ―2

𝑘,𝑢 𝐺𝐻
𝑘,𝑢𝑊𝑅𝐹) ⊙ 𝒫 (7.40)
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the transmission reliability. By setting  = INs in (7.24), the MMSE HBF optimization Λ 
𝑘,𝑢

problem is formulated as

𝑎𝑟𝑔 min
(𝐹𝑅𝐹,  𝐹, 𝐵𝐵

𝑘,𝑢 , 𝑊𝑅𝐹 )
―

1
𝐾

𝐾

∑
𝑘 = 1

𝑈

∑
𝑢 = 1

𝑡𝑟 (𝐸𝑘,𝑢)

𝑠.𝑡.‖𝐹𝐵𝐵
𝑘,𝑢‖2

𝐹 ≤
𝑀𝐵𝑆

𝑁𝐵𝑆
,  ∀𝑘,  

|𝑓𝑞(𝑝)| = 1,  ∀𝑝,∀𝑞,  

|𝑤𝑛(𝑚)| = 1,  ∀𝑚,∀𝑛,  

(7.41)

Similar to the design approach for the WMMSE HBF problem, it can be separated into 

the hybrid precoding and combining subproblems. It can be shown that the digital 

precoder  , the scaling factor ξk, and the digital combiner  can be expressed in the 𝐹𝐵𝐵
𝑘,𝑢 𝑊𝐵𝐵

𝑘,𝑢

same form as those in (7.30), (7.31) and (7.25) by just replacing  by INs in them. Λ 
𝑘,𝑢

Furthermore, the optimization problems for the analog precoder and combiner are similar 

and can be solved in the same way. We take the analogue precoder optimization problem 

with the MMSE criterion for example, which is expressed as follows by replacing   Λ 
𝑘,𝑢

by INs in (7.35)

𝑎𝑟𝑔min
(𝐹𝑅𝐹 )

𝐽(𝐹𝑅𝐹 )

𝑠.𝑡.|𝑓𝑞(𝑝)| = 1,  ∀𝑝,∀𝑞,  

(7.42)

where

𝐽(𝐹𝑅𝐹 ) =  
1
𝐾

𝐾

∑
𝑘 = 1

𝑈

∑
𝑢 = 1

𝑡𝑟((𝐼𝑁𝑠 + 𝔶, ― 1
𝑘,𝑢 𝐺𝑘,𝑢𝐹𝑅𝐹𝐹𝑅𝐹𝐻

𝐺𝐻
𝑘,𝑢) ―1) (7.43)

where . 𝔶𝑘,𝑢 ≜
𝜎2𝑁𝐵𝑆𝑁𝑀𝑆

𝑀𝐵𝑆𝑀𝑀𝑆
𝑡𝑟(𝑊𝐵𝐵𝐻

𝑘,𝑢 𝑊𝐵𝐵
𝑘,𝑢)

Then, the optimization procedure is started by initializing the analogue beamformer and 

optimizing the digital beamformer as
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𝑎𝑟𝑔min
𝐹𝐵𝐵

𝑘,𝑢

 ‖𝐹𝑀𝑀𝑆𝐸
𝑘,𝑢 ― 𝐹𝑅𝐹

𝑘 𝐹𝐵𝐵
𝑘,𝑢‖𝐹 (7.44)

Then the resulting optimized digital beamformer is fixed and the optimization process is 

done for the analogue beamformer as 

𝑎𝑟𝑔min
𝐹𝑅𝐹

𝑘

 ‖𝐹𝑀𝑀𝑆𝐸
𝑘,𝑢 ― 𝐹𝑅𝐹

𝑘 𝐹𝐵𝐵
𝑘,𝑢‖𝐹 (7.45)

 This process is carried out until a desired level of convergence is achieved. The hybrid 

precoder is formed as  . The MMSE-matching approach is summarized in 𝐹 = 𝑃𝐹

Algorithm 7.2.

Algorithm 7.2:  HBF MMSE Optimization for mmWave MIMO-OFDM 
Systems with the Partially-Connected Architecture

Input: , 𝑯𝒌,𝒖, 𝝈𝟐 𝑮𝒌,𝒖, 𝚲 
𝒌,𝒖, 𝛃𝒌,𝒖,  𝑲

Initialize  with random phases and set i = 0; 𝑾𝑹𝑭
𝒊 , 𝑭𝑩𝑩

𝒌,𝒊 , 𝚲 
𝒌,𝒊, 𝑭𝑹𝑭

𝒊

HBF Beamforming Design:

1 for i = 1 to  do𝑁𝐼𝑡𝑒𝑟

2 Compute ∇f ( ) according to (7.34)𝐹𝑅𝐹

3 Update  based on the (7.37) 𝑭𝑹𝑭
𝒌,𝒊 + 𝟏

4 Update  according to (7.30) 𝑭𝑩𝑩
𝒌,𝒊 + 𝟏

HBF Combining Design:

5 Compute ∇g ( ) according to (7.39)𝑊𝑅𝐹

6 Update  based on the (7.40) 𝑾𝑹𝑭
𝒌,𝒊 + 𝟏

7 Update  according to (7.25) 𝑾𝑩𝑩
𝒌,𝑖 + 𝟏

8 Set  based on (7.26)𝚲 
𝒌,𝒊 =  𝑬 ―𝟏

𝒌

9     𝑖 ←𝑖 + 1

10 end for

Output: 𝑭𝑹𝑭,  𝑭𝑩𝑩
𝒌 , 𝑾𝑹𝑭, 𝑾𝑩𝑩

𝒌

7.3.2 Subarray-based Processing

In the subarray-based processing method, each subarray is dedicated to one user. This 

implies that each data stream is related only to one RF chain and consequently to only 
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one subarray. Hence, the digital precoder becomes a diagonal matrix as  𝑭𝑩𝑩
𝒌,𝒖 = 𝑑𝑖𝑎𝑔

, just to route the streams to RF chains and the beamforming is [ 𝒇𝑩𝑩
𝟏,𝒖,  𝒇𝑩𝑩

𝟐,𝒖, …,  𝒇𝑩𝑩
𝑲,𝒖]

carried out in the analogue domain.

7.3.2.1 Subarray-Based ZF

 In the subarray-based ZF method, each subarray uses ZF beamformer to its 

corresponding user while nulling the interference to the other users. To cancel the 

interference successfully in this method the number of antennas of each subarray is 

required to be more than or equal to the number of users. Stacking the channel vectors, 

the normalized subarray based ZF beamformer can be formed as

𝐹𝑍𝐹
𝑘 = [ |𝑓𝑍𝐹

11|
‖𝑓𝑍𝐹

𝐾𝐾‖𝐹
  ⋯ 0

⋮ ⋱ ⋮

0 ⋯
|𝑓𝑍𝐹

𝐾𝐾|
‖𝑓𝑍𝐹

𝐾𝐾‖𝐹

] (7.46)

where . The matrix  is the channel between k-th subarray and 𝑓𝑍𝐹
𝑖𝑗 = 𝐻𝐻

𝑘 (𝐻𝑘𝐻𝐻
𝑘 ) ―1 𝐻𝑘ℂ𝑛 × 𝐾

all K users, and [.]k denotes the k-th column of its matrix argument. Then the overall 

beamformer is formed as . 𝐹 = 𝑃𝐹

7.3.2.2 Subarray-Based MMSE 

In this method, each subarray applies the MMSE solution to its corresponding user. The 

normalized subarray-based MMSE beamformer can be obtained from

𝐹𝑀𝑀𝑆𝐸
𝑘 = [𝑓𝑀𝑀𝑆𝐸

11 ⋯ 0
⋮ ⋱ ⋮
0 ⋯ 𝑓𝑀𝑀𝑆𝐸

𝐾𝐾
] (7.47)

where  denotes channel vector from the kth 𝑓𝑀𝑀𝑆𝐸
𝑖𝑗 =  

𝐻𝐻(𝐻 𝐻𝐻 + 𝜎2𝐼𝐾) ―1

𝑡𝑟{(𝐻 𝐻𝐻 + 𝜎2𝐼𝐾) ―1𝐻𝐻𝐻(𝐻 𝐻𝐻 + 𝜎2𝐼𝐾) ―1}

subarray to its corresponding user. Then the overall beamformer is formed as .𝐹 = 𝑃𝐹

7.4 Simulation Results and Discussions
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The performance evaluation of the partially-connected for the four proposed HBF 

algorithms in previous chapters with the optimized ZF and MMSE hybrid beamforming 

design schemes are presented in this section. Distinctly, all simulation parameters are set 

similar to that used with fully connected structures and the results are obtained by 

averaging over 8 random channel realizations based on the MATLAB platform.

The noise variance at each user is , where  is thermal noise with (-174 𝜎2
𝑛 = 𝑁𝑜𝐵𝑤𝑁𝐹 𝑁𝑜

dBm),  is the system bandwidth (500MHz),  is the noise figure (8 dB) and the SNR 𝐵𝑤 𝑁𝐹

is defined as Pt/ . Moreover, we apply the water-filling power location algorithm for all 𝜎2
𝑛

users and approaches. The parameter details are listed in Table 7.1.

Table 7.1: Simulation Parameters 



320

7.4.1 Performance for Sum Rate

The sum-rate comparison performance of different proposed and modified beamforming 

schemes versus SNR is plotted in Figure 7.4 when the number of RF chain is double than 

the number of streams Ns at both the transmitter and receiver. It’s clear that the sum rate 

of both indoor and outdoor scenarios Alg-1 is higher than the other beamforming 
Parameter Value

Partial Connected Schemes Under 
Test

HBF Algorithm 5.2 - (Alg-1)
HBF ZF Algorithm 7.1 [667] - (HB-ZF)
HBF MMSE  Algorithm 7.2 [667] - (HB-MMSE)
Unconstrained HBF Algorithm 6.1 - (Alg-2)
Constrained HBF Algorithm 6.2 - (Alg-3)
HBF Based Kalman Algorithm 6.3 - (Alg-4)

Carrier Frequency 60 GHz
Bandwidth 500 MHz
Noise Figure (Uplink and 
Downlink)

8 dB

Thermal Noise −174 dBm/Hz spectral density
Penetration and Reflection losses -25 dB
BS Antenna Height 20 m
MS Antenna Height 1 - 1.5 m
Outdoor Path Loss Model UMi Open square (LOS, NLOS)
Indoor Path Loss Model InH Indoor Office (LOS, NLOS)
User Mobile Velocity (Kph) 50 - 300
Scattering Cluster 10
Propagation Paths in A Cluster 8
Angular Spread (Degrees) 5
Cell Dimension All MSs within 500 m
Conventional Code Trails Code Modulation (TCM), Code Rate = 1/2
Modulation Type QAM or QPSK

OFDM Parameters

No of Data Sample =10, 
FFT Size = 256,
No. of Pilot Samples = 8, 
No. of Cycle Prefix Samples = 16,
No. of Null Samples = 14

Number of Independent 
Realizations

8

Antenna Type UPA, UCA and ULA
No. of Streams (Ns) 2
BS Antenna (NBS) 256
MS Antenna (NMS) 16
BS RF Chain (MBS = KNs) 16
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algorithms along with the various values of SNR in mmWave and nearly similarity in 

Rayleigh channels. Figure 7.4(a) present that Alg-1 in the outdoor scenario is 

outperforming the closest HBF scheme (Alg-2) by 10% at zero SNR value, and the same 

percentage for Alg-3. While, its performance in the indoor environment is 230 bits/s/Hz, 

which is approximately 20% less than in outdoor scenario, and this represents the highest 

performance overall schemes in indoor under the same experimental conditions as seen 

in Figure 7.4 (a).

The results show that the performance of the HBF with optimized HB-ZF and HB-MMSE 

is weak compared to the three proposed algorithms that were tested in the previous 

chapter. The explanation for this trend may be due to the intense process of optimization 

calculation in the analogue and digital parts, in addition to the method of driving the 

analogue part itself.  We note that HB-MMSE performance is much worse than HB-ZF, 

although they have the same method of deriving the analogue part and they differ only in 

the way of optimization.  From the Figure 7.4 (b)., it is also noticed that the performance 

of the Kalman- based HBF (Alg-4) is worse than all the proposed methods and partially 

connected HBF with optimization schemes in both channels, with some improvement in 

the Rayleigh channel at high SNR than in mmWave channel, and also has similar 

performance for both scenarios.  To analyse the performance of all the partially-connected 

HBF approaches in the Riley channel is likely identical to the performance of each of 

them separately in the mmWave channel, with slight differences such as the resulting 

sum-rate values are 5% less than what they are in the mmWave, as well as the two HBF 

optimization methods are similar along with the SNR values. However, they still perform 

much less than the three proposed HBF schemes it is better than Alg-4 by rates that may 

exceed 60%.  It is worth noting that their performance is better than all at low SNR values.  

In addition to the fact that the change of the environment does not affect their performance 

at all, as is the case for all proposal HBF approaches in this channel.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 7.4: Sum-rate versus SNR for both indoor and outdoor 
environments with URA 256×16 MU-MIMO-OFDM system 
where K= 8, Ns = 2, MMS = 4, MBS = 32.

The effect of reducing the number of RF chain to the minimum limit for hybrid 

beamforming system with the number of streams (equal to the number of all streams for 

all users) can be seen the performance of all proposed schemes and HBF with 

optimizations methods as seen in Figure 7.5.  It is clear that the number of RF chain 

greatly affects the sum-rate performance of the partially connected for both channels.  As 

Figure 7.5 shows that the rate performance has decreased by approximately one third, and 
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Alg-1 remaining in the outdoor environment achieved better compared to all HBF 

algorithms and methods at values higher than 0 SNR.  It is also noted that it exceeds its 

closest performance Alg-2 by a gap of 40 bits /s/Hz at 20 dB for the same environment, 

and by 75 bits higher than its highest performance in the indoor environment, which is 

similar to and Alg-2 also, in which confirms their full compatibility for this environment 

at higher SNR values.  From the results in Figure 7.5(a), it confirms the superior 

performance of the HB-ZF method in the low SNR values, then passed to match the 

highest performance of Alg-1 in the higher SNR values. This can apply to both 

environments equally.  Whereas, the HBF optimization HB-MMSE performance varies 

from strong at low values, and its decline behind all HBF approaches except Alg-4 for 

values higher than 10 dB.  Thus, we conclude that the performance of the two HBF with 

optimization methods is changed for the better by reducing the number of RF chain to the 

minimum limit.  This indicates that reducing the number of RF chain reduces 

consequently reducing the number of required HBF optimization processes, and as a 

result, reduces the possible error rates.  It is worth noting that the performance of the 

Kalman based HBF remains the worst of all the approaches, and the number of RF chain 

did not significantly affect its performance, except by reducing the values by the same 

percentage of one-third for both environments and channels.  In the Relay environment, 

as in Figure 7.5(b), we note that all approaches remained largely conservative at their 

performance level than they were when doubling the RF chain.  However, the resultant 

values will almost drop to halve.  Also, there is no impact of the environment on the 

performance of all schemes in this channel.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 7.5: Sum-rate versus SNR for both indoor and outdoor 

environments with URA 256×16 MU-MIMO-OFDM system where 
K= 8, Ns = 2, MMS = 2, MBS = 16.

7.4.2 Performance for Symbol Error Rate

To integrate the evaluation of the proposed HBF groups, Figure 7.6 illustrates a 

comparison of the effectiveness of the SER for the HBF approaches proposed in this 

chapter and the previous two chapters against the SNR and for both environments and 

channels.  As the effect of reducing the number of RF to the minimum required for the 

hybrid beamforming system was in the previous subsection, its effect is similar in this 
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evaluation, but by a much smaller percentage, not exceedingly approximately 5% for all 

the methods used in the comparison.  Where Alg-1 retained its best achievement for SER, 

followed by Alg-2 with a difference of more than 5 dB at 10-2 SER. Then followed by 

Alg-3 with a gap of approximately 17 dB, and finally more than 20 dB for Alg-4, 

effectively close to the two HBF with optimization methods in the Outdoor environment 

mmWave channel as shown in Figure 7.6 (a).  Furthermore, the efficiency of Alg-1 is the 

highest among all the schemes in Indore, which is less than that of the outdoor by 

approximately 13 dB at the same SNR value.  This result is converging with a lower rate 

also for Alg-2, as the gap between its performance in the two environments is close to 7 

dB at 10-2 SER.  Whereas, there was no difference in performance for Alg-4 and the two 

HBF with optimization methods in the two environments with different SNR values.  On 

the Rayleigh channel in Figure 7.6(b), the Alg-3 in indoor scenario achieved an 

unexpected best SER result, overcoming the performance of Alg-1 and Alg-2, which are 

close to 4dB, and for the outdoor environment with 3dB at approximately 10-2 SER.  

Moreover, its performance difference in the outdoor environment is more than 5 dB at 

the same SIR value.  Also, the effectiveness of Alg-4 and the two HBF with optimization 

methods achieved worse results for SER as their performance did not start to improve 

until after it exceeded 10 dB SNR.  With a slight preference in the indoor environment 

than the outdoor.  It is worth noting that there was no clear effect of the RF number on 

the performance of all the approaches working in the two channels.  Therefore, we 

conclude that the proposed approaches work with full effectiveness, regardless of the 

number of RF chain in the hybrid beamforming systems.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 7.6: SER versus SNR performance comparison for both indoor and 
outdoor environments with partially connected UPA 256×16 MU-MIMO-
OFDM system for the different number of users, Ns = 2, MMS = 4, MBS = 
32.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 7.7: SER versus SNR performance comparison for both indoor and 
outdoor environments with partially connected URA 256×16 MU-
MIMO-OFDM system for the different number of users, Ns = 2, MMS = 
2, MBS = 16.

7.4.3 Performance for Number of BS Antennas

Figure 7.8 plots the sum rates achieved by different partially-connected proposed HBF 
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512 and 1024) in the mmWave and Rayleigh channels. Considering the costs and power 

consumption, the simulation environment of the BS and each user is set to =16 and 𝑁𝑀𝑆

the number of RF chains is equal to the number of data streams, i.e., , and 𝑀𝑀𝑆 =  𝑁𝑆 𝑀𝐵𝑆

. Generally, the MATLAB simulation was conducted under the same conditions =  𝐾𝑁𝑆

that were tested for these HBF schemes in the case of fully-connected.

We can distinguish that the sum-rate performance of HBF with ZF optimization achieved 

the highest sum-rate over the range of SNR for both scenarios in conjunction way with 

the efficiency of Alg-1 and Alg-2 for each  element number with ranges of 64, 256 𝑁𝐵𝑆

and 512.  Evidently, in the same manner, the effectiveness of Alg-3 was, but at a lower 

rate ranging between 5-20% at low and high SNR values, respectively, and in equal 

proportions for all values of the transmitter elements and for both scenarios in the 

mmWave channel as shown in Figure 7.8 (a).  This can be applied to its rate performance 

in the Rayleigh channel, but the gap ratio is less than 10% along with the SNR values as 

shown in Figure 7.8(b).  It can be seen that the efficiency of the Kalman-based HBF (Alg-

4) in the mmWave channel has greatly improved with a direct increase in the number of 

transmitting elements, and it matches the efficiency of Alg-1 and Alg-2 over the range of 

SNR values when 256 elements and decreases by a gap of 170 bits at 30 dB SNR when 

it is 64 elements. When increasing the elements to 512, its sum-rate performance 

corresponds to 256, but it decreases slightly by about 15% at the highest SNR value. 

While in Rayleigh channel it achieved the highest rate performance when  = 64, and 𝑁𝐵𝑆

within 2% less than when  = 256 and 512. It is noted that the sum-rate performance 𝑁𝐵𝑆

of HBF with MMSE optimization is very similar to Kalman-based HBF, but with a higher 

result than at the lowest value of elements by more than 10% at 20 dB SNR.  In addition, 

the efficiency with elements 256 and 512 is identical for all SNR values. Therefore, in 

partially connected HBF systems there is no noticeable effect on the sum-rate efficiency 

of most proposal algorithms when raising the number of transmit antenna for both 

scenarios and channels over SNR rang. Except on the Alg-4 and HBF with MMSE 

optimization, in which their sum-rate performance improved when increasing , within 𝑁𝐵𝑆

a big manner in mmWave and lower in Rayleigh channel.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels 

Figure 7.8: Sum-rate comparison for different beamforming schemes 
and the number of receive antennas and an outdoor MU-
MIMO-OFDM system with partially connected URA NMS =16, 
K=8, Ns = 2, MMS = 2, MBS = 16.

Figure 7.9 compares the sum-rate performance of different beamforming schemes versus 

the BS antennas for the different number of receiving elements when SNR= 0dB. As can 

be seen from this figure, the sum rate performance of Alg-4 design scheme improves 

correspondingly as the number of BS antennas increase in mmWave channel as shown in 

Figure 7.9(a). Whereas the proposed HBF Alg-1, Alg-2 and HB-ZF optimization design 

schemes are performed better than others in both channels with the highest sum rate 65 

bits/s/Hz and in a stable manner for all receive antenna elements  and along with 𝑁𝑀𝑆
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increasing the number of . Furthermore, the performance of the all partially-connected 𝑁𝐵𝑆

HBF algorithms and optimization methods are found great similarity trend to that 

obtained from the same experiment and under same conditions when fully-connected 

HBF systems for both channels and it is worth to say they achieved a similar level of 

spectrum efficiency without losing any values. 

(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 7.9: Sum-rate versus NBS comparison for different beamforming 
schemes and the number of Received antennas and an 
outdoor with partially connected UPA MU-MIMO-OFDM 
system at SNR =0, with URA, K=8, Ns = 2, MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

The sum-rate performance of different proposed HBF schemes for different number of 

receive antennas versus the SNR antennas are compared in Figure 7.10, where =256. 𝑁𝐵𝑆

It can be seen in this figure the great convergence of the performance of Alg-1, Alg-2, 

and HB-ZF for all three values of the receiver element. They achieved the equally highest 

sum-rate performance for all SNR values for both channels, with a gap of 5 dB at sum-

rate of approximately 200 bits/s/Hz from Alg-3, whose achievement is equal for all the 

Figure 7.10: Sum-rate comparison of different beamforming schemes 
for the number of receive antennas outdoor MU-MIMO-OFDM 
system with partially connected URA NBS =256, K=8, Ns = 2, MMS 
= 2, MBS = 16.
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values of the receiver elements in the mmWave channel, as in Figure 7.10 (a), and varies 

by a percentage ranging between 1 - 5% for the 8 elements lowest value of and up to the 

highest receiver antenna elements of 32 respectively, as in Figure 7.10(b).  Whereas the 

HB-MMSE achieved a performance equal to Alg-1, Alg-2 and HB-ZF for the values of 

receiver antenna elements 8 and 16. The value of SNR increased by 10 dB for the same 

value of 165 bits/s/Hz sum-rate achieved or 32 elements. Kalman based HBF scheme kept 

achieving the worst sum-rate performance of all schemes at the same level in the 

mmWave channel. However, its performance varying in Rayleigh channel, from the 

highest achievement at 240 bits/s/Hz for 32 elements, followed by 200 bits/s/Hz for 16 

elements, and the lowest achievement was for 8 elements at approximately 160 bits/s/Hz, 

as in Figure 7.10(b).  It can also be confirmed that the partially connected HBF schemes 

did not affect the sum rate achievement values for each approach, as it is noticed that the 

same values were achieved by these approaches when full connected HBF is used for 

both channels in the outdoor environment.

7.4.4 Performance for Number of Users

Figures 7.11 and 7.12 compares the sum-rate performance of the proposed beamforming 

schemes versus SNR for the different number of users, where the number of users changes 

from 2 to 16. These figures show that Kalman based HBF is the best effect for both 

channels and the scenarios and all numbers of users, with a large performance difference 

in the mmWave channel and much greater in the Rayleigh channel than the performance 

of all approaches in this experiment.  We notice that its SER performance decay with 

increasing SNR as the number of users increases in the mmWave channel.  This indicates 

that the performance of Kalman based HBF deviates from this pattern in this channel 

only.  Furthermore, the two figures also show that there is a large performance gap 

between the maximum value of the user and the minimum number that may exceed 10 

dB at 10-2 SER.  It is worth noting that MMSE based HBF showed good performance for 

both scenario and channels as it comes after Kalman in terms of SER performance, which 

is very similar to Alg-1 performance.  In contrast, the performance of HB- ZF varies 

between the average in the mmWave channel and the worst in the Rayleigh channel, with 

following the pattern of improved performance by increasing the number of users.  

Moreover, Alg-3 was the worst performer on the mmWave channel for both scenarios. 
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Finally, all HBF algorithms schemes have similar SER efficiency on average in both 

scenarios.

(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

(a) Performance in mmWave Channels

Figure 7.11: SER versus SNR performance comparison for the proposal HBF 
algorithm design and outdoor environment with partially connected 
UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 2, MMS = 2, MBS = 16.
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(b)  Performance in Rayleigh Channels

To find the extent of the effect of increasing the number of users K on sum-rate against 

SNR, we find that the effect is clear for all types of HBF algorithms with relatively little 

effect of the Kalman based HBF in the two channels and for both scenarios, as shown in 

Figures 7.13 and 7.14.  The results reveal that Alg-1 is dominant in the mmWave channel, 

with a performance gap of approximately 8% from Alg-2, and this percentage is 

equivalent to Alg-3 for all SNR values when the number of users is 16 in an outdoor 

scenario as in Figure 7.13(a).  This ratio decreases between Alg-1 and Alg-2, but increases 

for Alg-3 at the same number of users in the indoor scenario, Figure 7.14 (a).  In addition, 

in the case of reducing the number of users to 8, the results show that Alg-1 remains the 

highest achievement, followed by a gap of approximately 1%, Alg-2 in both scenarios, 

and then by Alg-3, with a gap of approximately 12% in the outdoor scenario and 2% in 

the case of the indoor scenario.  As for the Rayleigh channel, the general trend of the 

performance of the HBF schemes is very similar to that of the mmWave channel, with 

noting that the achieved sum rate values are higher at a performance range between 10-

15%

In order to evaluate the performance of HB-ZF and HB-MMSE, we find that the 

performance of HB-ZF is much better than that of HB-MMSE by more than 30% when 

the value of the number of users is 16 and with a difference of 300 bits, while the 

difference becomes 45% at K = 8 and decreases to approximately 28%. At K = 4 in the 

mmWave indoor channel.  In general, its performance is modest in terms of achievement 

with the three logos, and it always comes behind them with a difference that increases 

with the increase in the value of k.  Whereas HB-ZF and HB-MMSE maintain the same 

performance in the outdoor environment of the same channel, while we find that HB-ZF 

has almost similar performance with a slight increase in values, HB-MMSE significantly 

weakens its performance in the Rayleigh channel and for both scenarios as in Figures 

7.13(b) and 7  14(b) to increase the gap between them in the case of K = 16 to more than 

Figure 7.12: SER versus SNR performance comparison for the proposal HBF 
algorithm design and the indoor environment with partially connected 
UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 2, MMS = 2, MBS = 16.
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320 (bits/s/Hz) and decrease to 180 (bits/s/Hz) at K = 8, to become 70 bits at K = 4, where 

its performance is very close with the change of the number of users.  Finally, unlike what 

Kalman -based HBF achieved in the effectiveness of SER, its performance is very poor 

for both channel and scenario types, with a value of sum rate not exceeding 50 (bits/s/Hz) 

for the highest number of users and not less than 15 (bits/s/Hz) at K = 4.

(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 7.13: Sum-rate versus SNR in an Outdoor with partially connected URA 
256×16 MU-MIMO-OFDM system for the different number of users, Ns = 
2, MMS = 2, MBS = 16.

Figure 7.14: Sum-rate versus SNR in an Indoor with partially connected URA 
256×16 MU-MIMO-OFDM system for the different number of users, Ns = 
2, MMS = 2, MBS = 16.
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7.4.5 Performance for Antenna Array Configurations

Figure 7.15 and Figure 7.16, show the SER effectiveness of the proposed hybrid 

beamforming design schemes versus SNR in terms of the three main antenna array 

structures UPA, UCA and ULA in both outdoor and indoor mmWave/Rayleigh channels, 

respectively. Applying same parameters when the number of RF chain number is equal 

to the number of data streams in full connected structure, we can find that UPA 

outperforms the ULA and UCA for all HBF schemes except Alg-3 in which ULA 

achieved better than UPA by more than 12dB and by 8dB gap with the best SER 

performance for Kalman based HBF, MMSE-HBF and HB-ZF in the approximately same 

level of achievement for all antenna array structures in mmWave outdoor environments 

at 10-2, as seen in Figure 7.15(a). In contrary, ULA outperforms all antenna array 

configurations with small gap SNR for all HBF schemes in Figure 7.15 (b) at outdoor 

Rayleigh channel, where Alg-1 achieved better SER performance, while the Alg-4, HB-

ZF and HB-MMSE were the worst among all the HBF schemes.  Moreover, Alg-4, HB-

ZF and HB-MMSE algorithms have similar SER performance for all antenna array 

structures and SNR values. Meanwhile, we note that the effectiveness of most of the HBF 

algorithms in the indoor scenario is very similar to that of the outdoor scenario, with very 

slight differences for both channels.  As seen in Figure 7.16(a), the Alg-4, Hb-ZF and 

HB-MMSE achieved the best results in the mmWave channel for all types of antenna 

arrays, with an Alg-4 UPA preference over the rest of Scheme, and the worst results were 

for Alg-3, ULA and UCA respectively.  Whereas Figure 7.16(b) illustrate that the best 

results in the Rayleigh channel were achieved by UPA for Alg-1 and Alg-2, then UCA 

and finally ULA, respectively.  In contrast to the best effectiveness of HB-ZF and HB-

MMSE in mmWave channel, they achieved the worst results for all types of array 

configurations and the SNR values were completely consistent with those in the outdoor 

Scenario.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 7.15: SER versus SNR performance comparison for the proposal HBF 

algorithm design through the different antenna structures and 
outdoor environment with partially connected 256×16 MU-MIMO-
OFDM system K =8, Ns = 2, MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 7.16: SER versus SNR performance comparison for the proposal HBF 

algorithm design through the different antenna structures and the 
indoor environment with partially connected 256×16 MU-MIMO-
OFDM system K =8, Ns = 2, MMS = 2, MBS = 16.

Figure 7.17 and Figure 7.18 depict the relationship between the sum-rate performance 

versus SNR in the mmWave and Rayleigh channels and for both the outdoor and indoor 

scenarios, respectively. The superiority of Alg-1 using UPA antenna array in the 

performance of the sum-rate with previous evaluations was in the full connected structure, 

as the results illustrated in the outdoor scenario at high SNR values in mmWave channel. 
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Alg-4 with a large achievement gap, which still achieves the lowest sum-rate for all types 

arrays, starting roughly at 5dB.  Generally, we find that the highest achievement of sum-

rate performance has been achieved for all types of logarithm using UPA, then UCA and 

finally ULA except for Alg-4, where UPA achieved the worst achievement compared 

with the other two types, as in Figure 7.17(a).  Figure 7.17(b) shows the superiority of 

Alg-2 for all types of arrays with Alg-1 using UPA, with a higher achievement difference 

close to 30% of what was achieved in the mmWave channel, where they achieved 430 

(bits/s/Hz) at 30 SNR.  It should also be noted that the efficiency of HB-ZF and HB-

MMSE algorithms are equal to that of all types of antenna arrays, and the efficiency is 

similar to what was achieved in the mmWave channel.  Likewise, the Kalman based HBF 

sum-rate performance follows the same trend.

Figure 7.18 illustrates the sum-rate achieved by the Alg-1 for the three different types of 

antenna array configurations and scenarios, in indoor mmWave/ Rayleigh channels. 

Observably, the tendency of the results is very similar to the previous scenario with some 

slight differences in the values, which has higher achievement at higher SNR than an 

outdoor environment.  In general, the HB-ZF has the highest sum-rate performance along 

with SNR, together with HB-MMSE scheme using UPA at lower SNR and divert 

dropping by 36% at the highest SNR value.  Furthermore, Figures 7.18 (a) show that the 

Alg-1 and Alg-2 in the same level of effectiveness and for all array types, still keeping 

outperform Alg-3 using UPA by 5% and Alg-4 using UCA/ULA by 20%. However, the 

worst performance in indoor mmWave channel was achieved by Alg-3 using UCA and 

ULA antenna array, respectively. Similarly, to the sum-rate performance in Figure 7.17 

(b), Figure 7.18 (b) present that the three antennas structures for all modified algorithms 

approximately have thoroughly sum-rate achievement in not reach spatially indoor 

Rayleigh channel. 
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 7.17: Sum-rate versus SNR performance comparison for the proposal 
HBF algorithm design through different antenna structures and 
outdoor environment with partially connected 256×16 MU-MIMO-
OFDM system K =8, Ns = 2, MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 7.18: Sum-rate versus SNR performance comparison for the proposal 
HBF algorithms design through different antenna structures and 
the indoor environment with partially connected 256×16 MU-MIMO-
OFDM system K =8, Ns = 2, MMS = 2, MBS = 16.
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lowest value of (Herr=0) through to (Herr=0.5), and the worst performance for all HBF, 

discrepancies at a value of (Herr=0.8), which is consistent with the results of Figure 

7.20(b) for the indoor scenario, but with slightly lower performance, such as by 

approximately 5 dB at 10-3 SER for (Herr=0). For a deep analysis of the performance of 

the HBF approaches in the two channels and for both scenarios, we find that the overall 

best performance was achieved by the HB-MMSE scheme correlated with Alg-3 and Alg-

1 with (Herr=0) with a similar performance level in outdoor mmWave channel is 0 dB at 

10-3 SER.  It follows at this value with a performance difference very close to Alg-2 not 

exceeding 4 dB and a 10dB SNR performance gap for the best performance for Alg-4 

with (Herr=0.8) as in Figure 7.10 (a). Contritely, the worst performance was achieved in 

this figure for Alg-4 for values of (Herr=0 and 0.8). Typically, Figure 7.20 (a) indoor 

mmWave channel the best performance was Alg-2 with (Herr=0), by 1dB SNR at 10-3 

SER, followed by a very close performance level for Alg-2 for both values of (Herr=0 

and 0.8) and the HB-MMSE scheme with (Herr=0), with a performance gap of 6dB SNR, 

at the same value as SER.  Additionally, the worst performance was achieved by Alg-4 

with one level performance for all of the channel estimated error values. 

In outdoor Rayleigh channel, as in Figure 7.19b, the best performance is for the HB-

MMSE scheme with the value of (Herr=0), by 0 dB SNR at 10-3 SER, followed by a 

performance gap of approximately 5 dB, 6 dB and 10 dB for Alg-1, Alg-2 and Alg-3 HBF 

schemes, respectively.  Alg-3 with (Herr=0.5) was the worst performance by 20 dB SNR 

at 10-3 SER.  On the same trend, we find that the results for indoor Rayleigh channel in 

Fig. 7.20(b), but with the performance value of Alg-1 correlated with Alg-2 and the HB-

MMSE scheme with (Herr=0) by -4 dB SNR at 10-3 SER, followed by a gap of 7 dB Alg-3 

with (Herr=0).  With roughly one package, the performance of all the proposed HBF 

approaches comes with an (Herr=0.5), with a 13 dB SNR difference at 10-3 SER.  Finally, 

the worst performance of Alg-3 was with (Herr=0.5), by approximately 20dB at 10-1 SER.  

Generally, the results indicate that the performance of the proposed HBF schemes in the 

outdoor scenario is relatively better than in the indoor scenario within range of 1 – 5 dB 

at 10-3 SER for both channels.
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(a) Performance in mmWave Channels

(b)  Performance in Rayleigh Channels

Figure 7.19: SER versus SNR performance comparison for the proposal 
HBF algorithms design through the different values of 
estimated error (Herr) and outdoor environment with partially 
connected UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 2, 
MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels

(b)  Performance in Rayleigh Channels

Figure 7.20: SER versus SNR performance comparison for the proposal 
HBF algorithms design through the different values of 
estimated error (Herr) and the indoor environment with partially 
connected UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 2, 
MMS = 2, MBS = 16.
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Alg-1 and Alg-2, which they have a very close performance for all channel estimation 

values.  In another hand, Alg-4 had identical worst performance for all channel estimation 

values, with a maximum sum-rate value of 90 (bits/s/Hz) at 30 dB SNR.  We also see that 

the performance of the optimized HB-ZF scheme was higher for all channel estimation 

values and with a performance gap higher than the optimized HB-MMSE scheme with 

the channel estimation error range of 0 - 0.8, approximately 100 - 75 (bits/s/Hz) sum-rate, 

respectively.  It is worth discussing these interesting facts revealed by the results of the 

indoor mmWave channel in Figure 7.22(a), we can see very similar performance in terms 

of higher performance preference between the proposed approaches and also in values.  

Noting that the performance of Alg-2 with channel estimation 0.8 achieved the highest 

performance at high SNR values, surpassing the performance of Alg-3.  This trend also 

applies to the codebook based HBF scheme (Alg-1).  A popular explanation is that the 

sum-rate performance of hybrid algorithms is better in the indoor mmWave channel than 

in the outdoor when the channel is subjected to high distortion by inter and intra-symbol 

interference signals, taking advantage of the reach scattering and autocorrelation 

phenomenon of the multipath reflection /diffraction rays.

Figure 7.21(b) and Figure 7.22(b) reported that the Alg-1 and Alg-2 HBF schemes and 

then the Alg-3 HBF scheme by performance gap 25 (bits/s/Hz) along with SNR value 

range, have the highest sum-rate performance at the Rayleigh channel and the sum-rate 

for Alg-2 scheme decrease by 125 at 30 dB when the estimated error rate is halved.  While 

it decreases by 5% when the value channel estimated error decreases to 0.8.  The same 

pattern can be observed followed by the Alg-3 HBF scheme and then with less similarity 

for Alg-1 HBF.  It is also noted that the Kalman based HBF cannot observe a significant 

effect by changing the estimated error rate of the channel, as it remains almost constant 

for both types of channels and environments as shown in Figure 7.21 and Figure 7.22. 

Moreover, Alg-1 and Alg-2 achieved higher sum-rate performance in the case of 

imperfect channel state (estimated error channel equal to 0.8) in mmWave channel as in 

Figure 7.21(a) and Figure 7.22(a). Consequently, the performance decayed with lower 

estimated error channel rate. These results prove that these robust algorithms have 

performed strongly in worst channel conditions. The results of this analysis in Rayleigh 

channel is then compared with the optimized HB-ZF and HB-MMSE algorithm schemes, 

in which it is clear that the channel estimation error has not to effect on the sum-rate 

performance of these both optimized HBF schemes in both scenarios and they have 
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identical higher sum-rate achievement at lower and up to -5 dB SNR, then their 

performance growth up to 250 (bits/s/Hz) at 30 dB SNR.

(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 7.21: Sum-rate versus SNR performance comparison for the 

proposal HBF algorithms design through different values of 
estimated error (Herr) and outdoor environments with partially 
connected UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 2, 
MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 7.22: Sum-rate versus SNR performance comparison for the 

proposal HBF algorithms design through different values of 
estimated error (Herr) and indoor environments with partially 
connected UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 2, 
MMS = 2, MBS = 16.
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7.4.7 Performance for Low-Resolution DACs/ADCs

From the results in Fig.7.23(a), for the outdoor mmWave channel confirming the 

superiority of the Kalman based Hybrid with 8-bit quantized DACs/ADCs by 22dB at 10-

2 and with a performance gap difference of less than 2dB over Alg-1 with 8-bit and the 

optimized HB-ZF and HB-MMSE algorithm schemes with all quantized DACs/ADCs 

values.  The other lower quantized bits (1 and 2 bit) values of the Alg-44 performed the 

worst.  Furthermore, the 8-bit quantized DACs/ADCs Alg-2 performance was behind the 

best performance (8-bit quantized DACs/ADCs Alg-4).  In another hand, Fig.7.24(a) 

illustrate with the same trend in the performance of the SER Versus SNR for the Indoor 

mm channel, as this time the superiority of the Alg-4 with 8 bits quantized DACs/ADCs 

with the same value achieved in the outdoor by SNR =22 dB at the 10-2 SER. but with a 

performance gap difference of less than 0.8 dB over Alg-1 with 8 bits, and same 

performance level with both the HB-ZF and HB-MMSE algorithm schemes for all 

quantized values quantized DACs/ADCs.  However, its performance with 1 and 2 bits of 

quantized DACs/ADCs is the worst of all HBF approaches and for all quantized 

DACs/ADCs values.  Then we see the performance of Alg-2 with a minimum 

quantization (B=1 bit) of approximately 27 dB SNR at 10-2 SER.

Overall the HBF approaches with 8-bit quantized DACs/ADCs value in both scenarios, 

we observe that in both scenarios, the proposed Alg-3 power-constrained HBF achieves 

the best SER performance in Rayleigh channel as seen in Figure 7.23 (b) and Figure 7.24 

(b). Observably, it achieved in the outdoor scenario 10-2 SER at 22 dB, with a 

performance gap difference from Alg-2 with B = 1 and the HB-ZF and HB-MMSE 

algorithm schemes with for all quantized values quantized DACs/ADCs slightly less than 

1dB at the same SER value.  Compared to what was achieved in the Indoor scenario, we 

find that although the SER performance of all the proposed HBF approaches maintained 

the same trend, they generally achieved much better results.  Starting the best performance 

achieved by 10-2 SER at 16 dB SNR for Alg-3 with B = 8 bits, passing through 6dB SNR 

at the same SER value for the HB-ZF and HB-MMSE algorithm schemes with all 

quantized DACs/ADCs values as well as in one level performance with Alg-2 with B = 

1 bit. Ending with the worst SER performance over all the proposed HBF approaches of 

the Kalman based HBF scheme with nearly flat response for all quantized DACs/ADCs 

values. 
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 7.23: SER versus SNR performance comparison for the proposal 

HBF algorithms design through different values of Low-
Resolution DAC/ADC and outdoor environment with partially 
connected UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 2, 
MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels
(b)  

Performance in Rayleigh Channels

Figure 7.24:: SER versus SNR performance comparison for the proposal 
HBF algorithms design through different values of Low-
Resolution DAC/ADC and the indoor environment with partially 
connected UPA 256×16 MU-MIMO-OFDM system K =8, Ns = 2, 
MMS = 2, MBS = 16.

The results of evaluating the achievable sum-rate versus SNR for the all modified HBF 

algorithms with the different values of sensitive resolution bit ADCs/DACs at the 

transmitter/receiver in outdoor and indoor scenarios are shown in Figure 7.25 and Figure 

7.26, respectively. Assuming the same experiment conditions taken in the full connected 
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HBF in the previous chapter. It is clear that employing one-bit ADCs severely degrades 

the sum-rate performance due to quantization errors for all HBF algorithm schemes. 

Observably, the optimized HB-ZF and HB-MMSE algorithm schemes achieved a 

superior highest efficiency without effecting by changing the channel or scenarios, 

through achieve 100 (bits/s/Hz) and 370 (bits/s/Hz) at -20dB and 30dB, respectively. 

Whereas, the constrained HBF (Alg-3) achieves comparable performance outperforms 

the three other algorithms with 2 and 8-bit quantized resolution. Meanwhile, all 

algorithms achieve the same sum-rate performance with 1-bit in mmWave and Rayleigh 

channels for the outdoor scenario as seen in Figure 7.25 (a) and (b). Despite the 

effectiveness of all the proposed HBF algorithms are quite similar to the fully connected 

structure, in terms of preference between them in both indoor and outdoor environments, 

all HBF algorithm schemes with partially connected structure have achieved less sum-

rate nearly by the range 15-40%. Figure 7.25 (a) show the value of the Alg-3 with 8-bits 

quantization error in mmWave outdoor scenario are almost higher than its performance 

with 2-bits quantization error in outdoor by 9 (bits/s/Hz) and by approximately 4-5 

(bits/s/Hz) at 30 SNR for the Alg-1 and Alg-2, respectively. This results trend can be 

found reflected in the same order for all HBF algorithm schemes and all quantized error 

values in indoor mmWave channel except Alg-2, in which its sum-rate decayed by 

approximately 20% when B=8, as shown in Figure 7.26 (a).  In another hand, the results 

in Figure 7.25 (b) and Figure 7.26 (b) illustrate that there is no effect of environment on 

the sum-rate performance for all algorithm schemes, as the results are almost similar in 

both preferences between them and values. It’s worth noting that although the 

performance of Alg-4 (Kalman- based HBF) is surely better than the effectiveness of all 

the proposed HBF algorithms in term of SER comparison, it has very weak performance 

in both the indoor and outdoor scenarios and for both types of channel, as shown in Figure 

7.25 and Figure 7.26. In summary, the per-symbol power-constrained HBF has superior 

performance in term of SER and achievable sum-rate when the system work at low-

resolution RF chains for a wideband mmWave massive MU-MIMO=OFDM system.
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(a) Performance in mmWave Channels 

(b) Performance in Rayleigh Channels
Figure 7.25: Sum-rate versus SNR performance comparison for the 

proposal HBF algorithms design through different values of 
Low-Resolution DAC/ADC and outdoor environments with 
partially connected UPA 256×16 MU-MIMO-OFDM system K =8, 
Ns = 2, MMS = 2, MBS = 16.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels
Figure 7.26: Sum-rate versus SNR performance comparison for the 

proposal HBF algorithms design through different values of 
Low-Resolution DAC/ADC and indoor environments with 
partially connected UPA 256×16 MU-MIMO-OFDM system K =8, 
Ns = 2, MMS = 2, MBS = 16.
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7.4.8 Performance for Energy Efficiency (EE)

Figure 7.27 presents the energy efficiency performance of different hybrid beamforming 

design schemes versus SNR for both outdoor and indoor scenarios and in mmWave and 

Rayleigh channels. Superior results are seen for the optimized HB-ZF scheme along with 

the SNR in the mmWave channel and for both scenarios as shown in Figure 7.27(a).  

Together with MMSE at low values of the SNR up to 0 dB for the indoor and 5 dB for 

the outdoor when it starts to descend at 30 dB SNR with an efficiency gap 6 - 13 

(bits/Hz/J) for the outdoors, respectively.  While we see that all HBF schemes are 

ineffective except at the value of -5 dB SNR, where we can see rapid growth of Alg-1 in 

the case of indoor, followed by its result of the outdoor with a very small difference of 

0.5%, and then we find the result of the growth of the effectiveness of Alg-2 for both 

scenarios with an almost constant gap 1% from Alg-1 outdoor scenario.  Then, the Alg-3 

is followed by outdoor and indoor, with a growth gap of 9-12 (bits/Hz/J) at 25 dB SNR.  

Finally, at the same SNR value, we find that Kalman based HBF performance grows 

equally for both scenarios, with an energy efficiency difference of 14 (bits/Hz/J) from the 

Alg-1.  In Rayleigh channel as shown in Figure 7.27(b), we can find the return of the 

dominant pattern for the performance of all HBF approaches and both scenarios equally 

in terms of achieving energy efficiency from the highest efficiency achieved by the Alg-

1 with the same level as Alg-2 and then follow by the performance of the Alg-3 with an 

energy efficiency gap of up to 20% and the lowest level of achievement was for the Alg-4, 

which remains idle up to 10 dB SNR, where the efficiency begins to grow with a 42 

(bits/Hz/J) efficiency gap below the energy efficiency of the Alg-1 at 25 dB.  While we 

observe the optimized HB-ZF scheme fluctuation from the highest energy efficiency over 

all the HBF schemes at low SNR levels, to the start of its decay and decline behind Alg-

1 with 2 (bits/Hz/J) energy efficiency at 0 dB and Alg-3 at 11 dB SNR with almost 

constant linear growth to achieve 37 (bits/Hz/J) at 25 dB SNR.
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(a) Performance in mmWave Channels

(b) Performance in Rayleigh Channels

Figure 7.27: Energy Efficiency versus SNR performance 
comparison for the proposal HBF algorithm design for 
indoor and outdoor environments with UPA 256×16 MU-
MIMO-OFDM system K =8, Ns = 2, MMS = 2, MBS = 16.
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The number of each user antenna elements is set as  = 16 for different the number of 𝑁𝐵𝑆

BS antenna elements in mmWave and Rayleigh channels. It can be seen from Figure 7.28 

that the power consumption of the PS is dominant when the number of BS antenna 

elements increases. And the overall energy-efficiency performance of the proposed HBF 

schemes is quite similar to that in full connected structure HBF. According to the 

simulation results shown in Figure 7.28, the energy efficiency of Alg-1, Alg-2 schemes 

are stable identical performance and high-energy efficiency regardless of changing the 

number of the BS elements array is 4.2 (bits/Hz/J) and higher than Alg-3 by 0.9 (bits/Hz/J) 

at  = 256 in both channels. Contritely, at  = 64 the performance of the Alg-4 in 𝑁𝐵𝑆 𝑁𝐵𝑆

indoor Rayleigh channel has the highest energy efficiency, while its performance dropped 

by 2.4 (bits/Hz/J) in mmWave channel, then has equal achievement in both channels at 

 = 256 and higher . Furthermore, the optimized HB-ZF and HB-MMSE 𝑁𝐵𝑆 𝑁𝐵𝑆

algorithms are achieved worst energy efficiency performance among all the HBF 

algorithm schemes at average energy efficient 0.8 (bits/Hz/J) along with the transmit 

antenna elements change for both channel types, with Rayleigh channel preference n 

mmWave channel at lower  𝑁𝐵𝑆.

Figure 7.28: Energy Efficiency versus NBS comparison for the proposal HBF 
algorithm design through indoor environment, mmWave and Rayleigh 
channels at SNR = 0 and UPA MU-MIMO-OFDM system K =8, Ns = 2, MMS 
= 2, , MBS = 16, NMS = 16.
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The number of BS antennas is set as  = 256 for different the number of each user 𝑁𝐵𝑆

antennas . It can be seen from Figure 7.29 that the Alg-1, Alg-2 and Alg-4, in the 𝑁𝑀𝑆

indoor scenario and both mmWave and Rayleigh channels, have equal higher stable 

energy efficiency regardless of changing the number of the MS elements array with 

approximately 4.30 bits/Hz/J and similar performance tendency to Figure 7.28, and in 

average higher than Alg-3 by 0.8 (bits/Hz/J) and 1.1 (bits/Hz/J) at  = 16 in Rayleigh 𝑁𝑀𝑆

and mmWave channel, respectively. Since the sum rate increases with more power 

consumption for the Alg-3 scheme, its energy efficiency declines slightly as the number 

of each user antennas increases. Moreover, the worst energy efficiency is achieved by the 

optimized HB-ZF and HB-MMSE algorithms, where they have similar performance on 

mmWave channel with 0.2 (bits/Hz/J) and little improvement in Rayleigh channel at 0.4 

(bits/Hz/J) approximately. In summary, the energy efficiency of the proposed partially 

connected HBF Alg-1, Alg-2 and Kalman based HBF design schemes are similar to that 

in fully connected, in which have stable and high-energy efficiency regardless of 

changing the number of the BS and each user antennas.

Figure 7.29: Energy Efficiency versus NMS comparison for the proposal HBF 
algorithm design through indoor environment, mmWave and Rayleigh 
channels at SNR = 0 and UPA MU-MIMO-OFDM system K =8, Ns = 2, MMS 
= 2, , MBS = 16, NBS = 256.
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7.5 Conclusion 

The energy consumption in fully-connected HBF precoding is practically considered too 

high. In this chapter, the partially-connected hybrid precoding in mmWave MU-MIMO-

OFDM system is studied. Furthermore, we have developed the ZF and MMSE based 

design approach to equivalently solve the partially-connected HBF optimization problem 

to maximize spectral efficiency. It is proved that the initial analogue precoder can be 

derived from the phase angle of the channel right singular value vector, which can avoid 

the complicated optimization process of searching for the optimal analogue precoding 

matrix. It is not necessary to know the transmit antenna array response vector, which 

reduces the complexity, and finally alternately applies the minimum structure to improve 

performance. The simulation results show that at the lower SNR, the performance of the 

proposed ZF and MMSE HBF algorithms is higher than that in high SNR and the 

complexity is lower. Compared with the proposed HBF algorithms designed in previous 

chapters, the proposed HB-ZF optimization algorithm has higher sum-rate efficiency, 

lowers hardware power consumption, and is more practical. Also, to deal with the highly 

non-convex and multivariate WMMSE problem, we separated it into the hybrid precoding 

and combining subproblems and applied the alternating minimization algorithm to 

iteratively optimize the hybrid precoder and combiner. The proposed the partially -

connected ZF and MMSE algorithm-based optimization HBF have been shown to achieve 

good SNR gain over the proposed HBF algorithms. Furthermore, we have modified the 

WMMSE based algorithms to the MMSE based ones to reduce the computational 

complexity and provide much better initial beamformers to the WMMSE based 

algorithms than the random initialization. Considering the practical finite resolution phase 

shifters, we have also evaluated the modified HBF algorithms, which perform better than 

the one using the uniform quantization, especially in the case of 1-bit phase shifters.
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Chapter 8 

Conclusion and Future Work

8.1 Conclusions

This chapter summarizes the complete work in this research and provides the necessary 

information of both the ongoing work and the future planned work. The work presented 

in this thesis focused on the challenges of adopting efficient hybrid beamforming for 

wideband multiuser massive MIMO technologies at mmWave spectrum bands in the next 

generation of wireless communication systems and cellular networks. The thesis begins 

with the background study and literature review on new B5G techniques and its potential 

requirements, challenges and implementations in wireless/mobile communication 

systems. Moreover, the major existing researches challenge and identify possible future 

research directions were pointed out. Subsequently, we give a detailed description of the 

underlying physical layer technology. This includes the understanding of new physical 

channels, estimating new mmWave channel models with LOS/NLOS, different model 

types of path loss, beamforming architectures. 

MmWave technology is envisaged to be the key enabler to support data rates above 10 

Gbps in ultra-dense networks, which poised to be a distinct possibility for the future 

generation of wireless communications. The previous mmWave propagation 

measurements and results obtained above 6 GHz, presenting the key challenges and its 

technical potentials via past knowledge of indoor and outdoor propagation characteristics 

and material properties at mmWave frequencies has been investigated. In chapter two, a 

survey study examines various topologies and techniques to extend the point-to-point as 

well as a multipoint link at mmWave indoor, outdoor and outdoor-to-indoor 

environments.

The behaviour of indoor channel characteristics was studied by applying four candidates 

mmWave frequencies with different wide bandwidth. Considerately, the effecting of 

popular building materials on the incident signal and direction of arrival to find the best 

covering model for the specific floor. It seems that the path loss increases linearly with 
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higher frequencies and a large number of barriers. Moreover, it has sharply increased 

when the wall constructed from concrete and wood material. In contrast, delay spread and 

the number of multipath received signal and power are decreases in the NLOS 

environment. The signal penetration rate of the wood is very low, approximately non-

existent for Concrete and compared with other species such as plasterboard, which is 

important to achieve greater coverage inside the building. Furthermore, the change in 

thickness of the walls have relatively little effect or almost negligible at these findings. 

However, the penetration rate of concrete likely is increasingly few if proportions were 

changed so that the transmitter antenna is facing a concrete wall, and at a greater rate 

when increasing the transmitted power. Moreover, Indoor-indoor and indoor-outdoor 

including LOS/ NLOS propagation channel are investigated for three different mmWave 

spectrum. The effect of building materials, multipath effects and channel characteristics 

such as path loss, received power, the direction of arrival and delay spread at a distance 

separation between transmitter (Tx) and receiver (Rx) has been presented. It has been 

observed that signal is much more affected by concrete walls, also reacting differently for 

LOS and NLOS at each particularized frequency. Another important aspect is the position 

of the receivers, transmitter antenna directivity and the distance between TX-RX. The 

results showed that path loss behaves at a higher frequency and due to the number of 

obstructions while the received power and delay spread decreases by increasing 

frequency.

A comparative study between different indoor path loss prediction models has been 

presented, based on models generated using MATLAB platform and compared to 

Wireless InSite ray-tracing software simulations. It was found that Motley Keenan model 

(MKM) and averaged wall loss model (AWM) have similar performance for high 

frequencies. Also, it was found that both models show good performance for path loss 

predictions through walls while their predictions for LOS propagation regions and 

corridors are pessimistic; on the other hand, models based on path loss exponents and 

attenuation factors show good performance at these regions and have poor performance 

for path loss predictions through walls. Two slope model (TSM) tends to have the best 

performance while AWM/MKM show the best performance. Linear attenuation model 

(LM) and single slope model (SSM) have close performance and their corresponding 

parameters tend to increase as frequency increases. For all frequencies, PM had the worst 

results as it uses fixed values for path loss exponents.
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Furthermore, in chapter three a set of comprehensive studies on estimation of local 

average signal strength for indoor multipath propagation was conducted, covering 406 

tested scenarios in a typical modern office-type building. The work investigated the 

importance of averaging and its effect on localization. The set of results indicated the 

best-performing arrangement types, the effect of changing sample spacing for the same 

number of samples, and the relationship between arrangement type and spacing for all 

arrangement sizes. It was found that using a horizontal two-dimensional configuration of 

samples reduces the effect of fast fading significantly; also, using the same number of 

samples with larger spacing enhanced averaging compared to small spacings. The use of 

larger configurations improves averaging for some arrangement types while it does not 

improve it for others. Smaller arrangement sizes demonstrated better results as spacing 

was increased for the cases of the 3D, 2D-H, 1D-V and 1D-P arrangement types, while 

the hybrid (HYB) type gave good results as spacing increased for most of the 

arrangements. Arrangements with at least 9 points may be an optimum choice as they 

provide good results and require manageable numbers of collection points.

The wideband characteristics of the mmWave channels present several formidable 

challenges for mMIMO communications, particularly in a multiuser scenario in chapter 

four. Adaptable systems that respond to varying channel conditions to achieve the desired 

performance are worth exploring. It presents a holistic view of massive MIMO 

beamforming techniques for mmWave communication. The underlying principle of 

massive MIMO channel models and beamforming mechanism is briefly explained. In this 

study, we presented proposal beamforming based SVD for OQSTBC for a low and fairly 

large number of transmitting antenna configurations for future communication systems. 

We derived optimal transceiver beamformer and the SNRs metrics for the models. We 

showed the methods of improving the received signal throughput via directional 

beamforming at both the transmitter and the receiver sides for mmWave model systems. 

The results we obtained showed that the SVD technique is elegant for designing STBC 

systems with simplified receiver design. We derived and showed that with sufficient 

modal matrices, the SNR and BER performances of the QO-STBC systems can be 

improved when the channel matrices are processed with Hadamard-based modal 

matrices. When operated with beamforming, the results showed additional enhancement 

in the received SNR and the reduction of the received BER at the receiver.
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Waveforms designs are important to achieving a large variety of requirements in 5G 

communication system. Chapter five presents the design requirements of waveforms, the 

major advantages of the potential candidates, the challenges that need to be tackled in 5G 

waveform design. Besides, the evolution of beamforming systems for mmWave 

communications along with contemporary developments is described. Beamforming for 

mmWave communication is a crucial aspect in link budget analysis for feasible system 

design. In this context, Hybrid beamforming methods, comprising of baseband precoding 

with a limited number of RF chains and constant amplitude analogue phase shifters, are 

shown to be effective in terms of achieving the desired performance for mmWave massive 

MU-MIMO systems. To reduce the hardware cost, the precoding circuit can be jointly 

designed in both analogue and digital domains to reduce the required number of RF 

chains. Hybrid beamforming designs for large-scale mmWave MU-MIMO pose a unique 

set of challenges including inter and intra-user cancellation strategies and design of low 

complexity HBF algorithms. Hybrid Beamforming is also expected to be the key enabler 

for mmWave indoor and outdoor backhaul networks. The major challenge in this 

application is to address link maintenance issues through accurate pointing and tracking 

under varying environmental conditions. Present trends in mmWave beamforming 

research include solving complex issues related to hybrid beamforming, polarization 

diversity, optimization of HBF design, concurrent beamforming protocols, robust 

adaptive beamforming, exploiting channel sparsity and 3D beamforming. These solutions 

must meet the objectives of reducing the computation cost, delay and power consumption 

during the beamforming process while maintaining an acceptable quality of service at 

multi-Gbps data rates.

This work considers hybrid analogue and digital beamforming design for the OFDM-

based MU-mMIMO system. Built on the principle of optimization, we proposed an 

effective alternating algorithm design for hybrid beamforming. Specifically, analogue 

beamforming is optimized by utilizing BD criteria. Moreover, linear HBF designs with 

imperfect CSI for the downlink of a massive MIMO system with closed-form solutions 

have been proposed for double the least number of RF chains and the least number of RF 

chains. It has been demonstrated that the proposed HBF design with double the least 

number of RF chains, could approach the capacity of the wideband channel when the 

number of BS antennas is large. Furthermore, the simulation results of the proposed HBF 

design with the least number of RF chains has been proved to outperform the state of the 



364

art for full digital and traditional HBF systems in the literature. With the development of 

channel estimation, the proposed Alg-1 based HBF design may be a promising scheme 

for practical implementation for massive MU-MIMO-OFDM systems, owing to its linear 

processing and closed-form solutions. It should be noted that the proposed schemes for 

an Alg-1 HBF system are based on the case where the analogue stage employs codebook 

searching to avoid channel estimation of the analogue channel with large dimensions. the 

SLNR based baseband BF and the iterative water-filling power allocation algorithm are 

designed, when a baseband BD scheme is used in the digital stage (by sending a reference 

signal in the digital stage to estimate the low-dimensional baseband channel), the 

analogue stage will focus on designing search criteria such as to obtain the codewords 

used by the analogue precoder and combiner that maximize the capacity of the baseband 

channel. Our future work will focus on the design of alternative codebook based HBF 

system, which is more practical in future applications.

Moreover, chapter six also proposed three simplified constrained, unconstrained power 

and Kalman based HBF algorithms designs to reduce the computational complexity 

remarkably without large performance loss. Furthermore, a brief comparison of the 

proposed and modified HBF schemes in terms of achievable spectral efficiency and 

symbol error rate at a large scale mmWave/Rayleigh channels and indoor/outdoor 

environments has been presented. The results have shown that the proposed codebook 

based HBF (Alg-1) achieved higher performance, offering increased values of spectral 

efficiency and low symbol error rate.  Similarly, the constrained power-based HBF (Alg-

2) performance was close to Alg-1 in most comparable scenarios. There is no definite 

winner, in the sense that the preferable HBF algorithm design scheme depends on the 

considered scenario in terms of number of RF chains, number of transmitting and 

receiving antenna elements, number of users, low-resolution ADC/DAC, limited 

feedback channel and energy efficiencies. and some other parameters, such as the allowed 

receiver complexity. 

Finally, the two-hybrid beamforming structures, full- and partial-connections are 

presented in chapter seven, where the optimized analogue precoder obtained with on 

digital precoder design are explored. The partial-connection structure performance 

compared over these two modified optimized linear HBF with the four proposed HBF in 

chapter five and six was analysed, where it is found that the ZF / MMSE based HBF does 
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not always achieve a larger precoded channel gain and performance in terms of symbol 

error and sum spectrum efficiency rate, which depends on of many RF chains, number of 

transmitting and receiving antenna elements, number of users, low-resolution ADC/DAC, 

limited feedback channel and energy efficiencies which are validated by simulations. 

8.2 Future Work

The most obvious extension of the work in this thesis is to take it into the practical field 

and adopt the proposed adaptive algorithms in a real case scenario in the wideband 

mmWave indoors /outdoors environments. Below is the main subject that would be 

attained to complete this research. plans for the next stage of my research would involve 

the following:

 Implement a channel sounding measurements campaign at 28, 39, 60 and 73 GHz 

using the different array antenna types and parameters for the same scenarios and 

locations that the simulations models have done. To extract the channel impulse 

response at these environments and sites. Then apply a comparison study between 

the simulation and measurement results to assess the reliability of the channel 

sounding and the software itself. As a result, the more accurate and reality channel 

model will be created and used to evaluate the other candidate techniques for B5G 

wireless communication systems.   

 The self-equalization for FBMC-based massive multiuser MIMO systems, which 

can help reduce the number of subcarriers required by the system. It is also shown 

that the blind channel tracking property of FBMC can be used to address pilot 

contamination, which is a major limiting factor of massive multiuser MIMO 

systems. Therefore, there is a strong motivation for an entirely new research 

avenue towards a better understanding of waveform design for B5G with a 

particular emphasis on F-OFDM and FBMC-based mmWave multiuser massive 

MIMO systems.

 QO-STBC based beamforming for narrowband mmWave mMIMO system on 

downlink transmission leading to better performance and attained full diversity. 

However, it is necessary to extend this study to include QO-STBC based HBF 
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design with an emphasis on streams domain diversity instead of EVCM to 

decrease the complexity of system computation, as well as the impact of new 

system models over the frequency selective channel through applying a more 

realistic wideband multipath channel for a broadband mmWave massive MIMO 

system on transmission. Additionally, this performance study will be applied on 

a perfect/ imperfect estimated CSI to expire this approach and achieve a 

considerable improvement over the combined system.

 Finally, there is a persistent need to perform and develop a robust hybrid adaptive 

beamforming algorithm for mmWave multiuser massive MIMO-FBMC or F-

OFDM. The design of sub-arrays for different types of channels is of interest for 

a given an MU-MIMO system with many RF chains and antenna array constraints. 

For example, a sub-array of antennas sharing a single RF chain can be located as 

a tight group of adjacent antennas, or the antennas from multiple sub-arrays can 

be interleaved.
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