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Abstract

The large available spectrum efficiency and wider bandwidth at millimeter wave (mm-

Wave) frequencies can enable the gigabit-per-second data rates needed for next genera-

tion wireless systems. To compensate for the high propagation loss at mm-Wave bands,

multiple-input multiple-output (MIMO) with a large number of antennas are usually em-

ployed to enable beamforming. Therefore, a combination of the large number of antennas

which can be called massive MIMO technology with mm-Wave bands are considered as

one solution for substantially increasing the data rate for future wireless communication

systems. The theoretical benefits of large antenna array systems are based on the fact

that the number of radio frequency (RF) chains is equivalent to the number of antennas

in the conventional wireless communication system which is known as the fully digital

system. Nevertheless, implementing a large number of RF chains can be problematic

since it increases the system cost, power consumption, high complexity and lowers power

efficiency. The overall objective of this thesis is to provide simple and effective hybrid

D/A precoding and combing for mm-Wave large antenna array systems.

Firstly, hybrid D/A precoding with a small number of RF chains is being considered for

mm-Wave large antenna array systems. Currently, two types of antenna structures, fully-

connected antenna array and partially-connected antenna array structures are adopted

in the literature. Considering that each antenna array structure has its own practical

advantage, in this thesis, by addressing both structures hybrid D/A precoding algorithms

are proposed with target of maximizing the system’s spectral efficiency with low compu-

tational complexity. For a fully-connected antenna array structure, the precoding design

is formulated as an optimization problem to minimize the Euclidean distance between the

hybrid D/A and the fully digital system. For a partially-connected antenna array struc-

tures, the hybrid D/A precoding is formulated as a joint D/A optimization to maximize

the spectral efficiency of the system. This work further develops hybrid D/A precod-

ing designs for mm-Wave multi-user systems based on maximizing the sum rate of the

system directly. It will be shown that the proposed algorithms outperform the existing

hybrid D/A precoding algorithms for the two types of structures, in terms of the spectral

efficiency.
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Secondly, energy efficient and low complexity hybrid D/A system for mm-Wave large

antenna array systems is proposed to reduce the power consumption at the system. The

energy efficiency criteria is formulated as fractional programming maximization problem.

The target is to find the optimal number of RF chains as the RF chains consume a high

energy at the system. Therefore, the effective optimal number of RF chains of the sys-

tem is found by proposing a simple search algorithm. Then, two methods are proposed

for designing low complexity analog and digital precoders and combiners. The presented

solutions for the hybrid D/A system are shown to be effective, as these approaches can

achieve high energy efficiency, and low computational complexity as compared to the ex-

isting algorithms in hybrid D/A paradigms. Ultimately, the proposed D/A precoders and

combiners based on the fully-connected antenna array attain an asymptotically optimal

achievable spectral efficiency to that of the fully digital system.

Thirdly, uplink multi-user hybrid D/A precoding and combining design for mm-Wave

large antenna array systems is investigated. The intrinsic focus of this work is to reduce the

interference of the system in the analog and digital precoders and combiners. Considering

the possibility that uplink transmissions from different users can go through the paths

sharing the same physical scatters, some transmission paths of different users may have

overlapped angle of arrivals (AoAs) at the base station. Under this circumstance, the

correlation between the channel vectors also increases highly, which affects the achievable

uplink rate severely. The underlying concentrate of this work is to reduce the interference

caused by users sharing the same scatterers during simultaneous uplink transmission.

Therefore, in this thesis, by taking account the channel correlation between users sharing

the overlapped AoAs, the genuine focus is on substantially maximizing the desired signal

of a piratical user while reducing the system interference. Furthermore, the channel

estimation is investigated by designing a two-step procedure. The strongest power point

in each scattering point is detected and the accuracy is improved by employing an angler

domain scheme. Extensive simulations demonstrate that the achievable uplink rate of

our proposed algorithms surpasses the achievable uplink rate of the existing algorithms

in hybrid D/A paradigms in the practical scenarios.
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According to the latest Cisco Visual Networking Index [1], global mobile data traffic

will increase sevenfold between 2016 and 2021. The high penetration rate of mobile de-

vices and new applications, such as virtual reality, autonomous vehicles, and telemedicine,

require high data rates and large capacity in cellular communication systems. To accom-

modate such a large amount in mobile traffic, the fifth-generation (5G) of the mobile

communication system has been investigated by other researcher. One of the promising

solutions for substantially improving the spectrum utilization efficiency in 5G is to deploy

a large number of antennas which is practically called massive multi-input multi-output

(MIMO) systems [2–8] with millimetre-wave (mm-Wave) bands (frequency ranges from

30 GHz to 300 GHz) that has a large available bandwidth [9–15]. The extreme short

wavelengths (i.e., less than 10 mm) of mm-Wave signals allow a large number of antennas

to be packed in a small physical space. Despite the benefits of combing the large number

of antennas (massive MIMO) system with the mm-Wave communication system, the im-

plementation of such systems is expensive, also requires high computational complexity

and high power consumption. Notoriously, this thesis aims to investigate some of the
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key challenges of precoding and combining in mm-Wave large antenna array systems and

propose low cost and simple solutions towards the implementation of such systems.

1.1 Scope and Objectives

In general, the hardware architecture of beamformers mm-Wave large antenna array sys-

tems can be divided into three categories as fully digital, analog and hybrid digital-to-

analog (D/A) precoding and combining systems. In conventional fully digital wireless

systems, the number of antennas is equal to the number of radio frequency (RF) chains,

so that the maximum performance gain is achieved by using the fully digital beamformer

scheme. However, if the fully digital system is adopted in the mm-Wave large antenna

array systems, the associated large number of RF chains will consume extremely high

power and the hardware complexity will increase dramatically [10,14]. A simple approach

is to employ a pure analog precoder system which uses only one RF chain to support

a large number of antennas. The analog precoder controls the phase of each antenna

and forms beams through low-cost phase shifters [16]. However, the achievable spectral

efficiency of the analog precoding and combining system is much lower than that of the

fully digital system [10]. This is because, the spatial multiplexing gains are not achievable

in the analog precoding and combining system [9, 10, 17–23]. Therefore, a hybrid D/A

precoding and combining system which comprises a small number of RF chains and a

large number of antennas is proposed to balance the achievable spectral efficiency, power

consumption, and the implementation complexity [10,17–23].

The architecture of the hybrid D/A system is designed based on a small number

of RF chains which is known as the digital part. These RF chains are connected to

the large antenna array through a network of phase shifters which is called the analog

part. Thereupon, the design of hybrid D/A precoding and combining is formulated as an

optimization problem with a constant modulus constraint (i.e., all the non-zero elements

in the analog precoder and combiner have the same amplitudes) for all the phase shifters.

This constant modulus is known as a non-convex constraint which makes the optimization

problem difficult to solve. As it will be discussed in the next chapters, to simplify this

2
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constraint, researchers in academia and industry proposed to impose extra constraints

on the system to facilitate the design of analog precoders and combiners. Due to the

complex nature of the problem, such kind of approaches may result in system capacity

and spectral efficiency loss. Furthermore, the implementation complexity of algorithms

requires to be considered, especially when the number of antennas is large. Since hybrid

D/A mm-Wave large antenna array systems demand a large number of phase shifters, the

power consumption of the system remains high. Consequently, the energy efficiency of

hybrid D/A mm-Wave large antenna array systems needs to be optimized.

To extend to the uplink multi-user case in order to improve the maximum achiev-

able rate of mm-Wave large antenna array systems, various hybrid D/A precoding and

combining schemes have been proposed [24–27]. Furthermore, all the existing algorithms

in [24–27] have assumed that only the digital part based on zero-forcing (ZF) or the mini-

mum mean-square error (MMSE) can easily cancel all the interference in the hybrid D/A

mm-Wave large antenna array system. Due to the digital domain restriction to fewer RF

chains, such approaches [24–27] cannot cancel all the system interference which severely

limits the achievable uplink rate in the current hybrid D/A mm-Wave large antenna array

systems. Hence, it is of paramount importance that the D/A precoders and combiners

should be designed carefully to mitigate all the system interference in both the analog

and digital precoders and combiners.

Motivated by the aforementioned discussions and challenges, this thesis investigates

hybrid D/A precoders and combiners problems in mm-Wave large antenna array systems.

The main objectives of this research are:

1. Designing low complexity algorithms and asymptotically optimal hybrid D/A pre-

coding and combining for the single user and multi-user mm-Wave large antenna

array system.

2. Constructing an energy-efficient hybrid D/A mm-Wave large antenna array system.

The effect of the resolution of the phase shifters on the energy efficiency is also

investigated in this process.

3. Designing an optimal analog and digital precoders and combiners for uplink multi-

3
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user hybrid D/A mm-Wave large antenna systems that help in maximizing the

effective gain for a particular user and concurrently reducing the system interference

in both the analog and digital precoders and combiners.

4. Investigating the estimation channel by designing a two-step multi-user scheme for

hybrid D/A mm-Wave large antenna array systems. The aim of this scheme is to

attain lower error estimated channels as compared to the recent existing methods.

1.2 Overview of Contributions

Implementing mm-Wave large antenna array systems in practice demands addressing the

key challenges discussed in Section 1.1. The problems tackled in this thesis lie on the

intersection of these challenges. The primary contributions of this thesis are summarized

as follows:

1. We propose efficient low complexity algorithms for hybrid D/A precoding and com-

bining mm-Wave large antenna array systems. Two types of hybrid D/A architec-

tures namely, fully-connected antenna array and partially-connected antenna array

structures, have been adopted in the literature. Considering the fact that each

structure has its own practical advantages, in this thesis, novel hybrid D/A pre-

coding and combining algorithms that can achieve high system capacity with low

computational complexity are proposed for both structures. For the fully-connected

antenna array structure, the precoding and combining design is formulated as an

optimization problem to minimize the Euclidean distance between the hybrid D/A

and fully digital system. For the partially-connected antenna array structure, hybrid

D/A precoding and combining is formulated as a joint D/A optimization problem

to maximize the spectral efficiency of the system.

Publications related to the contribution number.1:

A. Journal Papers

1. Osama Alluhaibi, Qasim Zeeshan Ahmed, Cunhua Pan, Junyuan Wang, Huil-

ing Zhu, and Jiangzhou Wang, ”Hybrid Precoding Algorithms for Millimetre Wave

Large Antenna Array Systems”, (Accepted in IEEE Transactions on Wireless
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Communications with major revision, 2017.)

B. Conference Papers

1. Osama Alluhaibi and Q. Z. Ahmed and J. Wang and H. Zhu ”Hybrid digital-

to-analog precoding design for mm-wave systems” ,

(Accepted in IEEE International Conference on Communications (ICC)

2017, no.7996401, pp.1-6, May 2017)

2. Osama Alluhaibi, Qasim Ahmed, Cunhua Pan, ”Hybrid Digital-to-Analog

Beamforming Approaches to Maximise the Capacity of mm-Wave Systems”,

(Accepted in IEEE Vehicular Technology Conference (VTC) 2017 spring,

no. 8108385, pp.1-5, June 2017)

3. Osama Alluhaibi, Qasim Zeeshan Ahmed, Cunhua Pan, et al, ”Capacity Max-

imisation for Hybrid Digital -to-Analog Beamforming mm-Wave Systems”,

(Accepted in IEEE Globecom 2016, no.7841649, pp.1-6, Dec. 2016 )

2. One of the main points of proposing the hybrid D/A precoding and combining for

the mm-Wave large antenna array system is to reduce the power consumption of

the conventional fully digital large antenna array system. However, the RF compo-

nents in the hybrid D/A system consume up to 70% of the total transceiver power.

Therefore, in this thesis an energy efficient hybrid D/A precoding and combining

mm-Wave large antenna array system is designed through optimizing the number

of RF chains and the number of data streams while optimizing the D/A precoder

and combiner matrices. To achieve the target of this optimization problem, we

propose simple methods for initially, finding the optimal number of RF chains and

then, designing the low complexity D/A precoder and combiner matrices based on

fully-connected antenna array structure. Further, we analyse the proposed hybrid

precoding and combining strategy under a finite number of quantized bits in the

analog precoding and combining to show the impacts of limited number of bits on

the energy efficiency and spectral efficiency.

Publications related to the contribution number.2:

B. Letter Paper

1. Osama Alluhaibi, Qasim Zeeshan Ahmed, and Jiangzhou Wang, ”Bisection and
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Power Iteration Algorithms Design Energy-Efficient Hybrid Precoding for mm-Wave

Systems.”,

(Under revision to be submitted in IEEE Wireless Communication Let-

ter, 2018.)

3. We propose novel precoders and combiners for uplink multi-user hybrid D/A beam-

forming mm-Wave large antenna array systems, where the number of RF chains

is much less than the number of antennas equipped at each transceiver. It has

been demonstrated that the rough surfaces of buildings and small building rifts can

cause diffused scattering in mm-Wave channels (short distance propagation), which

makes the propagating wave attenuate significantly as the wavelength shrinks. In

this environment, some propagation uplink paths of multiple users are transmitted

via physical common scatters regime, some of these paths may arrive with over-

lapped angle of arrivals (AoAs) at the base station. In this scenario, the correlation

between the channel vectors also increases highly which affects the achievable up-

link rate severely. This limits the achievable uplink rate in the current hybrid D/A

mm-Wave systems. Therefore, it is of paramount importance that the hybrid D/A

precoders and combiners should be designed precisely to mitigate the interference

in both analog and digital parts.

Publications related to the contribution number.3:

A. Journal Papers

1. Osama Alluhaibi, Junyuan Wang, Cunhua Pan, Huiling Zhu, and Jiangzhou

Wang, ”Impact of Overlapped AoAs on the Achievable Uplink Rate of Hybrid Beam-

forming for Massive MIMO mm-Wave Systems”,

(Under revision to be submitted in IEEE Transactions on Vehicular Tech-

nology Correspondence, 2018.)

B. Conference Papers

1. Osama Alluhaibi, and Qasim Zeeshan Ahmed, ”Multi-User Hybrid Precoding

and Decoding Design for mm-Wave Large Antenna Systems”,

(Accepted in IEEE Vehicular Technology Conference (VTC) 2018 spring)
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4. We propose an efficient channel estimation algorithm for mm-Wave large antenna

array systems with hybrid D/A architectures. Leveraging the mm-Wave channel

characteristics, we develop a two-steps scheme that is based on firstly detecting the

strongest power point among multi-power points in the scattering scenarios. Sec-

ondly, the accuracy of the estimation process is considered by proposing a search

method based on searching for the strongest points for all the antenna array. These

two-steps allow our procedure to avoid the drawback of lacking the accuracy of es-

timating the mm-Wave channels.

Publications related to the contribution number. 4:

A. Journal Papers

1. Osama Alluhaibi, Junyuan Wang, Cunhua Pan, Huiling Zhu, and Jiangzhou

Wang, ”Impact of Overlapped AoAs on the Achievable Uplink Rate of Hybrid Beam-

forming for Massive MIMO mm-Wave Systems”,

(Under revision to be submitted in IEEE Transactions on Vehicular Tech-

nology Correspondence, 2018.)

1.3 Overview of the Thesis

This thesis is organized as following: Chapter 2 discusses the background in the context of

hybrid D/A precoding and combining mm-Wave large antenna array systems. In Chapter

3, we propose D/A precoders and combiners for the single user and multi-user hybrid

D/A mm-Wave large antenna array system. Then in Chapter 4, we design an energy

efficient hybrid D/A precoding and combining for mm-Wave large antenna array systems.

Ultimately, this is then extended in Chapter 5 for designing hybrid D/A precoders and

combiners for uplink multi-user mm-Wave large antenna array systems. Finally, the

conclusions and future works are presented in Chapter 6.
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Chapter 2

Overview on Beamforming in

Millimetre-Wave Systems

Contents

2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2 MIMO with Large Antenna Array Systems . . . . . . . . . . . 10

2.3 Millimetre Wave (mm-Wave) Systems . . . . . . . . . . . . . 12

2.4 Beamforming in mm-Wave Large Antenna Array Systems . 13

2.5 Hybrid Precoding and Combining for mm-Wave Large An-

tenna Array Systems . . . . . . . . . . . . . . . . . . . . . . . . 15

2.1 Overview

The foreseeable future of wireless communication systems are demanded to provide high

data rates and increasing the capacity of the system to assist large number of users for

using different range of applications. In general, the capacity of a user communication

system relies on the bandwidth of the system and signal-to-noise ratio (SNR). In cellular

communication system, transmitting a high power signal over a large bandwidth can

attain the target of achieving a high data rate in the system. Nevertheless, such a system

is not possible so far as the system consumes high power, and has high inter-cell and

8
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intra-cell interference which affects the performance of the system directly. Hence, it is of

paramount importance that the system efficiently utilizes the large spectrum and provides

a reasonable SNR level at the receiver side. This contributes to attaining the target of

high data rates in the next generation wireless communication system. The presence of

a large-scale antenna array of tens or even hundreds of elements has been recognized as

an essential component which is also called massive MIMO system to meet the explosive

data rates and capacity increase requirement [2–8]. Large antenna array system exploits

the multipath structure of the propagation channel which leads to efficient use of the

basic resources such as time, spectrum, code and space [2, 3, 7]. Developing multiple

antenna array technology opens possibilities for a large variety of features for example

diversity gain, array gain, and spatial multiplexing gain. Another important achievement

of utilizing large antenna array systems is to attain a high spectral efficiency by exploiting

the spatial multiplexing gain and transmitting multiple data streams over the same time

and frequency slot by spatial filtering. This is provided by proposing precoding and

combining techniques at the transmitter and receiver, respectively [9, 28].

One of the substantial solutions to significantly improve the received SNR is to focus

the transmitted signal power towards the desired user by exploiting directional beam-

forming solutions. Moreover, the total number of transmitted data streams by using

the wireless communication system is limited by the total number of antennas that are

implemented at the base station and the user. Essentially, equipping the base station

with a large number of antennas employs the use of antenna arrays in the range of a few

hundred antennas simultaneously serving many users in the same frequency resource and

also attaining high data rates. Furthermore, large antenna array can effectively generate

a very narrow beams by implementing beamforming techniques [5] as will be shown in

Chapter 3. In this case, a high level of the transmitted power can be intended towards

the desired user which improves the received SNR concurrently low interference among

the all users in the system is achieved as well.

The prior advantages of equipping the base station with a large number of antennas,

which is also known as massive MIMO systems, has stimulated many researchers in in-

dustry and academia to contemplate this technology as one of the primary candidates for

9
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next mobile wireless communication systems e.g., 5G. An overview of such systems and

their advantages, challenges and applications are presented in the following sections.

2.2 MIMO with Large Antenna Array Systems

A large antenna array system is known as a massive MIMO system, is a new research field,

where BS are equipped with a very large number of antennas as compared to previously

considered systems [2–8]. Without any doubt, the main objective of utilizing such system

is to scale up the benefit of the conventional low number of antennas which is known as

MIMO but on a much larger scale. In the future wireless mobile communication system,

large antenna array will be energy-efficient, secure, robust, and efficient in spectrum use.

Fortunately, this can be achieved by deploying a significant large number of antennas

per area, since spectral resources are scarce [29]. Over the last couple of years, the large

antenna array system has gone from being a theoretical concept to becoming one of the

most promising ingredients of the emerging future mobile wireless communication tech-

nology [30]. This is because, it provides a way to improve the area spectral efficiency

(bit/s/Hz/area) under realistic conditions, by upgrading existing base stations. For large

antenna array system, to be capable of providing its full advantages, accurate and instan-

taneous, channel state information (CSI) is demanded at the base station. Substantially,

the large antenna array system was originally envisioned for time division duplex (TDD)

operation [31], but can potentially be applied also in frequency division duplex (FDD)

operation [32]. According to this, the estimates of the channel during uplink responses

need to be available at the base station in order to allow the base station to apply the

same channel parameters during the downlink transmission.

One of the challenges of deploying large number of antennas at the system is the

physical aperture size of the antenna array. Due to antenna size constraints of being

too large, deploying large number of antennas cannot be possible at the system with the

conventional linear arrays. Thus there is a growing interest in a planar array which is

known also as two dimensional (2D) arrays [33]. The definition of the linear arrays is

based on the antenna elements are arranged in a singular straight line, while, the 2D ar-
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Figure 2.1: The linear array geometry of N elements along the x-axis.
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Figure 2.2: The 2D planar array geometry of Nx ×Ny elements along the x-axis and y-axis.

rays arrange the antenna elements in a geometric grid. Fig. 2.1 and Fig. 2.2 illustrate the

antenna elements structures in both the linear arrays and the planar arrays, respectively.

Undoubtedly, the idea of equipping large number of antennas at the system by using the

linear arrays architecture is critical as the physical aperture size is too large in terms of

the length. Therefore, 2D arrays with relatively acceptable in size is proposed to make

the large antenna system physically possible at the system. Furthermore, the anticipated

results of utilizing 2D arrays structure for large antenna array systems allows the trans-
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mitted signal power to be formed in 3D direction, as the base station can spatially steer

the power in the horizontal and vertical directions.

2.3 Millimetre Wave (mm-Wave) Systems

The radio frequency is divided into categories of frequency and wavelength bands rang-

ing from 30 Hz to 3000 GHz. Most of current communication systems operate below 6

GHz band [9, 34]. While, the range between 30-300 GHz is referred to the mm-Wave

bands [35,36]. The mm-Wave transmission promises the distinct advantage of exploiting

the huge amounts of unused (and possibly unlicensed) spectrum in those bands - around

200 times more than conventional cellular systems [35, 36]. Furthermore, such a system

have demonstrated the ability to achieve gigabit-per-second data rates at a distance up

to one kilometre in an urban mobile environment. Hence, it is well-known that the wave-

length of a frequency is inversely proportional to the frequency value which implies that

the wavelength of the mm-Wave bands is shorter than the current utilized bands (i.e.,

less than 6 GHz). Due to the nature of electromagnetic waves at the short wavelength,

deployment of mm-Wave remains a largely unexplored frontier in mobile communication,

and many challenges are required to be addressed. Beginning with signal propagation

and channel properties, it is proved that the mm-Wave signals suffer unwieldy from huge

path loss, penetration loss, rain effect, and atmospheric absorption. On the other hand,

these short wavelength (i.e., less than 10 mm) allow us to pack a large number of anten-

nas, resulting in strong diversity gains which can overcome the high path loss and the

environment effects. Due to this reason, mm-Wave bands can be an excellent candidate

for future wireless communication system to have a large number of antennas in a small

physical 2D aperture size.

Unlike the current wireless communication system such as e long term evolution

(LTE) [37], mm-Wave bands provide a short transmission distance which however support

a low mobility environments. Further, the mm-Wave channel measurements demonstrated

that there is a small number of multipath as compared to the exiting rich multipath chan-

nels [11,38–40]. To eliminate the impact of this issue, directional antennas techniques at

12
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the transmitter and receiver are demanded to be employed to cooperate in generating a

perfect beam alignment between the transmitter and receiver. Therefore, for extracting

the full benefit of utilizing mm-Wave systems, directional antennas with beamsteering

capability are required for the system. As mentioned earlier that the mm-Wave system

allows to equip a large number of antennas which generates a narrow steerable beam-

forming. In this case, beamforming algorithms for mm-Wave large antenna array systems

are required to be proposed which can help in successfully creating the directional trans-

mission. Therefore, an overview of beamforming techniques for mm-Wave large antenna

array system will be discussed in the next section.

2.4 Beamforming in mm-Wave Large Antenna Array

Systems

Beamforming is a technique referring to the antenna’s capability to focus energy in a spe-

cific direction in the space. Furthermore, this technique allows the antenna’s energy to be

focused towards a desired user, whilst attenuating signals or producing nulls in undesired

directions. The principle concept of generating beamforing is based on manipulating the

amplitude and phase of the transmitted signals from each antenna for the purpose of per-

forming beamforming such that the transmitted signals from a desired direction are added

constructively or de-constructively. It is observed that it is common in the literature and

also in this thesis that the term beamforming is utilized to denote a technique at both

the transmitter and receiver to improve the received SNR. The precoding and combining

terms are always applied when the spatial filter is designed to attain spatial multiplexing

at the transmitter and the receiver, respectively.

To utilize the conventional idea of using multiple antennas at the system, each antenna

elements is connected to the base station processor. In this system, a digital-to-analog

conversion (DAC) or an analog-to-digital converter (ADC), signal mixing, amplifier and

filter components are required either per antenna or per a group of antennas [2, 34]. The

term that covers the combination of the required components to connect each antenna

elements or group of antennas in the conventional multiple antennas to the processor are
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called radio frequency (RF) chains. Typically, a system that requires to connect one RF

chain with each antenna in the system is called a fully digital beamforming system [10,41].

Simultaneously, at the system that group of antenna elements are connected to one RF

chain, the system known as an analog beamforming system [17,20].

In the fully digital beamforming, the signals from each RF chain are sampled and

stored, then the beam is formed by summing of the appropriate samples. The RF in-

formation at each element is converted into two streams of binary complex baseband

signals, representing the in-phase and quadrature amplitude or 90 phase shifter compo-

nents. However, this conventional fully digital precoding requires one RF chain for each

antenna, thus in large antenna array systems such system induces huge hardware cost

and power consumption which makes fully digital precoding difficult to realize in prac-

tice [10, 17–23]. In fact, this is particularly crucial at mm-Wave systems, where a large

number of antennas are demanded [5,10,17–23,28].

To handle this challenge, an initially proposed solution was to use only the analog

domain, which is designed based on controlling the phase of each antenna and forming

beams through low-cost phase shifters [16] resulting in proposing analog beamforming

architectures. The analog beamforming is one of the simplest approaches for applying

large antenna array in mm-Wave systems. It can be utilized at both the transmitter and

receiver. It is a defacto solution supported in IEEE 802.11ad [42]. The configuration of

the analog system is often implemented by exploiting a network of digitally controlled

phase shifters. The phase shifter weights are adaptively adjusted using digital signal

processing utilizing a specific strategy to steer the beam and meet a given objective, for

example to maximize received signal power. Nevertheless, this solution are mainly limited

to a single data stream transmission. Since the hardware constraints are applied on the

analog precoder such as the availability of only quantized phase shifters, the extension for

a multi-stream processing is very difficult to design. In this case, the achievable spectral

efficiency of the analog precoding system that is achieved is much lower than that of the

fully digital precoding system [10]. Therefore, a hybrid D-A beamforming system which

comprises a small number of RF chains and large number of antennas have been proposed

to balance the achievable spectral efficiency, power consumption, and the implementation
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complexity [10,17–23].

In the following section more details regarding the hybrid D-A beamforming challenges,

feasibilities, and different type of structures are provided.

2.5 Hybrid Precoding and Combining for mm-Wave

Large Antenna Array Systems

Large antenna wireless systems have been proposed as a leading candidate for 5G wireless

access [10, 17–23]. Along with mm-Wave technologies, that were recently recognized as

essential for providing more spectrum [35, 36], it offers higher data rates and capacities

than traditional wireless communication systems. The utilization of large antenna arrays

at both the transmitter and receiver holds the potential for higher array gain than the pre-

vious existing systems [2,34,37]. To exploit this gain, precoding and combining techniques

are utilized in mm-Wave large antenna array systems. Traditionally, these techniques are

implemented in the baseband (e.g., digital domain), these methods demand a dedicated

RF chain hardware per antenna. However, in the case that a massive number of antennas

is taking into account, this results in a huge computational complexity and cost, as the

RF components are expensive and demand high power consumption. Note, it is feasible

to propose economical hardware that will utilize the potential acquisition from a large

number of cheap antenna elements exploiting a small number of RF chains. To target

this goal, different hybrid D/A schemes have been proposed [10,17–23].

In hybrid D/A precoding and combining, the function of the precoder is split between

the digital and analog domains as illustrated in Fig. 2.3: (i) a low dimensional digital

precoder operates on the transmitted signal at the baseband; (ii) an analog precoder

then maps the small number of digital outputs to a large number of antennas; the same

structure can be performed at the transmitter side and the receiver side as well. Common

analog architectures are based on analog phase shifters networks. The specific schemes

can vary according to the power and area budget. Two main families of hybrid D-A

architectures are proposed, which are introduced as fully-connected antenna array and

partially-connected antenna array structures. Fig. 2.3(b) and Fig. 2.3(c) illustrate the
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structure of the hybrid D/A fully- and partially-connected antenna array systems. Fully-

connected antenna array networks offer a mapping from each antenna to each RF chain

and allow to maximize the precoding and combining gain as shown in Fig. 2.3(b). While in

the partially-connected antenna array scheme, a reduced number of analog components is

utilized and clarified in Fig. 2.3(c). This degrades the spectral efficiency but provides lower

power consumption and lower hardware complexity. In the data phase of each coherence

interval of the large antenna communication process, the transmitter sends multiple data

streams to the receiver over the constant and known channel, using precoding techniques.

At the receiver side, a combiner is used to estimate the data vector from the received
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signal at the antennas. The precoder and combiner are chosen to optimize some desired

performance measure, such as estimation error or spectral efficiency of the system. Unlike

the fully digital system case, when considering a hybrid precoding, the precoder and

combiner matrices cannot have arbitrary entries, but are constrained according to the

specific hardware choice. For example, when using a phase shifter network at the analog

side, only unimodular matrices for the analog precoder are considered. The goal then is to

optimize the performance measure over all pairs of digital and analog precoder matrices,

which yields a non-convex difficult optimization problem. The useful of applying the

digital precoder in the hybrid D-A system is to correct for lack of precision in the analog,

for example to cancel residual multi-stream interference. This allows hybrid precoding

to approach the performance of the unconstrained solutions which is known as the fully

digital system.

In general, the hybrid D/A precoder based on partially-connected antenna array struc-

ture is more suitable for practical applications. In theoretical works, however, the hybrid

D/A precoder based on fully-connected antenna array phase shifter network model is

frequently utilized. It is noted that the hybrid precoding design problems have been in-

vestigated based on various criteria in different scenarios with different structures i.e.,

fully- and partially-connected antenna array system. For example, maximization of spec-

tral efficiency can be considered in single user and multiuser, with perfect and imperfect

channel state information, with joint and separate design the digital and analog precoders

and combiners.

In the following Chapters 3, 4 and 5, the existing solutions for hybrid D/A precoding

systems design problems have been examined, and the proposed solutions for designing

hybrid D/A precoding systems are presented.
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3.1 Overview

Hybrid digital-to-analog (D/A) precoding with a limited number of RF chains has become

popular for mm-Wave systems. Two types of architectures namely, fully and partially-

connected antenna array architectures, have been studied in the literature. In this chapter,

novel hybrid D/A precoding algorithms that can achieve high system spectral efficiency

with low computational complexity are proposed for both these structures. For the fully-

connected antenna array, the precoding design is formulated as an optimization problem

to minimize the Euclidean distance between the hybrid D/A and fully digital system. An

alternative minimization algorithm is then proposed based on Stiefel manifold (ASO). For

the partially-antenna array, a joint D/A precoding optimization problem is formulated to

maximize the system spectral efficiency. An optimal algorithm is proposed based on the

principle of complex circle manifold optimization (CMO). Both ASO and CMO achieve

high spectral efficiency for these structures, although their computational complexities are

high. To reduce the complexity of the proposed ASO and CMO algorithms, particle swarm

optimization (PSO) is designed for both these structures. The alternative minimization

based on PSO (APSO) is tailored for the fully-connected antenna array, while PSO in the

partially-connected antenna array (SPSO) is designed to jointly optimize D/A precoder.
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This chapter further develops hybrid D/A precoding designs for mm-Wave multi-user

systems based on maximizing the sum rate of the system directly. Simulation results show

that our proposed algorithms outperform the existing hybrid D/A precoding algorithms

for the two types of structures, in terms of spectral efficiency. Finally, simulation results

show that our proposed APSO and SPSO algorithms have lower complexity than the

existing algorithms.

3.2 Introduction

The high prevalence of smartphones has generated a continuing demand for increasing

data rate in wireless systems. One of the promising solutions to handle this challenge is to

deploy multiple antenna systems [3, 8, 44, 45] and mm-Wave systems with large available

bandwidth [9–14]. The extreme short wavelengths (i.e., less than 10 mm) of mm-Wave

signals allow a large number of antennas to be packed in a small physical space [10,11]. As

a result, it is possible to achieve a high array gain which compensates for severe path loss

and atmospheric absorption experienced by mm-Wave signal propagation [10–14, 34]. In

conventional wireless systems, the number of antennas is equal to the number of RF chains,

so that the maximum performance gain is achieved by using the fully digital precoder

scheme. However, if the fully digital precoder scheme is adopted in the mm-Wave systems,

the associated large number of RF chains will consume extremely high power and the

hardware complexity will increase dramatically [10, 14]. A simple approach is to employ

a pure analog precoder system which uses only one RF chain to support a large number

of antennas. The analog precoder controls the phase of each antenna and forms beams

through low-cost phase shifters [16]. However, the achievable spectral efficiency of the

analog precoding system is much lower than that of the fully digital precoding system [10].

Therefore, a hybrid D/A precoding system which comprises of a small number of RF chains

and large number of antennas have been proposed to balance the achievable spectral

efficiency, power consumption, and the implementation complexity [10,17–22,34,41].

The principle of the hybrid D/A precoding system is to first process the signals in a

low-dimensional digital precoder and then push the digital output signals through high
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dimensional analog precoders [10,17–22]. There are two types of structures for the hybrid

D/A precoding. The first structure is a fully-connected antenna array structure, where

each RF chain is connected to all the transmit antennas [10, 14]. The fully-connected

antenna array structure achieves full analog bemforming (BF) gain, even though the

number of RF chains is smaller than the number of antennas. Nevertheless, the compu-

tational complexity for the analog precoder is high, since the number of phase shifters

to be optimized scales linearly with both the number of RF chains and the number of

antennas [20,21]. The second type is a partially-connected antenna array structure, which

can reduce the computational complexity at the cost of BF gains [17, 18, 20–22]. Under

this structure, each RF chain is connected to a specific partially-connected antenna array,

so that the operation cost and computational complexity are much lower than that of the

fully-connected antenna array at the expense of lower spectral efficiency.

In the design of fully-connected antenna array structure, the performance of the hy-

brid D/A precoding mm-Wave system is generally evaluated by comparing the system

spectral efficiency with that of the fully digital system. The design of the hybrid D/A

precoding is formulated as an optimization problem with a constant modulus constraint

(i.e., all the non-zero elements in the analog precoder have the same amplitudes) for all

the phase shifters, which is a non-convex constraint making the optimization problem

difficult to solve. To simplify this constraint, researchers proposed to impose extra con-

straints on the system to facilitate the design of analog precoders [10,15]. However, such

kind of approaches may result in system spectral efficiency loss. Furthermore, implemen-

tation complexity of the algorithms needs to be considered, especially when the number

of antennas is large.

Sparse precoding based on an orthogonal matching pursuit (OMP) algorithm is first

proposed in [10] and widely adopted in the recent papers [15]. The sparse-scattering

property of mm-Wave channels is fully exploited by OMP, which formulates the design of

hybrid D/A precoders as a sparsity constrained matrix reconstruction problem. In OMP,

the columns of the analog precoding matrix are selected from some candidate vectors,

such as array response vector of the channel [12,15] or a pre-defined dictionary. However,

when designing the analog precoder, the optimal precoder for the corresponding fully
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digital system is derived from a singular value decomposition (SVD) of the channel. In

general, the dimension of the analog precoder is much higher than that of the digital

precoder. Hence, the complexity of the OMP algorithm is dominated by the analog part,

which is quite high. A near-optimal hybrid precoder can be found via an optimization

that resembles the problem of sparse signal recovery. However, to perfectly achieve the

performance of fully digital precoding this method requires the number of RF chains

to be twice that of the number of data streams. For the case when the number of RF

chains is equal to the number of data streams, OMP suffers from performance loss, as

the Euclidean distance between the optimal solution and OMP is not tight any more. To

solve this issue, greedy hybrid precoding (GHP) is proposed in [41]. The aim of GHP is

to reduce the complexity of OMP and avoid any constraints on the number of RF chains.

That can be achieved in GHP by replacing the correlation operations over a dictionary

with the element-wise normalization of the first singular vector of the residual. In this

case, GHP avoids any additional constraints on the number of RF chains. This method

attains higher spectral efficiency than OMP and its achievable spectral efficiency is closer

to the fully digital system. Unfortunately, the residual is needed for designing the analog

precoder in GHP which is obtained by using SVD operation two times. This operation

incurs high computational complexity, especially when a large number of antennas are

equipped in the mm-Wave system.

In [19], a popular algorithm, named manifold optimization based on alternating min-

imization (MO-AltMin) algorithm, is introduced to achieve a spectral efficiency that is

tightly close to the fully digital system. To satisfy the constant modulus constraint di-

rectly, the analog precoding matrix is relaxed into a circle complex manifold optimization

based on the conjugate gradient algorithm. This algorithm does not need any pre-defined

candidate set for analog precoders (e.g., OMP). Furthermore, MO-AltMin minimizes the

Euclidean distance very tightly rather than minimizing an upper bound or considering

sparsity optimization, which makes MO-AltMin attain higher spectral efficiency than

OMP and GHP. Like GHP, MO-AltMin also enjoys the flexibility of having any number

of RF chains in the system. Although the MO-AltMin algorithm approaches the perfor-

mance of the fully digital system, its associated high complexity hampers its practical
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application. The complexity of MO-AltMin is high because the analog precoders in each

iteration are updated via three stages. First, a conjugate gradient descent search is re-

quired, where the Armijo backtracking step-size is performed. Second, one needs to search

repeatedly to find the local optimum with zero gradient of the cost function. Third, the

Kronecker product of large-sized matrices is involved in the MO-AltMin algorithm. [19]

has developed another algorithm, called PE-AltMin by using the procrustes solution based

on SVD, where the orthogonal property is imposed to design the digital precoder, and

phase extraction is used to design the analog precoder. However, in the case of the num-

ber of RF chains being equal to the number of data streams, PE-AltMin achieves higher

spectral efficiency than OMP, and even close to the spectral efficiency of MO-AltMin.

Although PE-AltMin quantifies the gap between the proposed analog precoder solution

and the optimal solution, the PE-AltMin performs SVD operation two times to design

the analog precoder, which yields a high complexity when a large number of antennas are

utilized.

Although the fully-connected antenna array system can achieve good performance,

the computational complexity of designing the hybrid D/A precoding is high. Therefore,

another alternative structure named partially-connected antenna array structure attracts

great interest due to its lower computational complexity when designing the hybrid D/A

precodings [17,18,20–22]. In the current state of the art of the hybrid D/A precoding for

the partially-connected antenna array system, the digital precoder is generally fixed as

an identity matrix while the analog precoder is exactly the normalized Hermitian of the

channel matrix [17,18,22]. Since the digital and analog precoders are not jointly designed,

the methods in [17,18,22] led to sub-optimal solutions. Recent investigations on joint D/A

precoders have been proposed using an iterative algorithm based on SVD [20, 21], which

optimizes every RF chain successively. The complexity of the SVD-based hybrid D/A

algorithm is still high because of matrix inversion [46] and the solution of the SVD-based

hybrid D/A algorithm cannot be directly applied to the system as it does not satisfy the

constant modulus constraint [20, 21].

For the downlink of K-user where single antenna is allocated at each user, it is intro-

duced in [13] that hybrid precoder with K RF chains at the base station can achieve a

23



3. Designing Hybrid Precoding for Millimetre Wave Large Antenna Array Systems

reasonable sum rate as compared to the sum rate of fully digital ZF systems. The analog

precoder involves the idea of realizing a scaled version of an arbitrary complex vector as

the addition of two phase shift vectors. In this design, this approach fails to explore the

sparsity structure of mm-Wave channels for complexity reduction which results in the

implementation of such system may not be hardware efficient as it doubles the demanded

phase shifters. Moreover, the digital precoder based on ZF method with effective analog

channel is proposed. Since most of recent works [10,17–22,34,41] showed that mm-Wave

systems work at low and medium SNR levels, and it is known that ZF performs poorly at

low SNR regime [27], thus ZF digital precoder in [13] scarifies performance at mm-Wave

system. Another limitation is that the designed of the hybrid precoding in [13] is based

on the fact that the number of RF chains is twice than the number of data streams in

the multi-user system. Therefore, in the case that the number of RF chains equals the

number of data stream there is a gap between the sum rate achieved with this particular

hybrid precoding design and the fully digital system.

As introduced above, the existing hybrid D/A precoding algorithms either have ex-

tremely high complexity, or significantly sacrifice the system spectral efficiency. Therefore,

this chapter aims to develop novel hybrid D/A precoding algorithms for large-scale an-

tenna mm-Wave systems by taking into account both system spectral efficiency and the

computational complexity for fully- and partially-connected antenna array structures. For

the fully-connected antenna array system, the spectral efficiency of the fully digital system

is used as the performance benchmark for the design of hybrid D/A precoding. Then, the

precoding design is formulated as an optimization problem to minimize the Euclidean dis-

tance between the hybrid D/A system spectral efficiency and fully digital system spectral

efficiency. Due to the non-convexity of this optimization problem, the analog and digi-

tal precoders are firstly designed separately, and then optimized together by employing

an alternative optimization technique. We also consider the partially-connected antenna

array structure where the digital and analog precoders based algorithms can be jointly

designed. Specifically, the contributions of this chapter are summarized as follows:

1. An alternating minimization based on a Stiefel manifold algorithm (ASO) is pro-

posed for the analog precoder in the fully-connected antenna array structure. In
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order to guarantee the constant modulus constraint, a convex Euclidean distance

problem is proposed. Compared to the current algorithms (e.g., OMP and GHP),

the ASO algorithm does not require any pre-determined candidate vectors for form-

ing the analog precoding matrix. The proposed ASO requires much lower compu-

tational complexity than MO-AltMin. Firstly, the SVD operation is required in the

curvilinear search for the MO-AltMin, which is not necessary in ASO. Secondly,

when determining the step size in MO-AltMin, higher complexity is required due

to the additional constraints in MO-AltMin problem. In contrast to MO-AltMin,

Barzilai-Borwein (BB) step-size in our proposed ASO does not require any addi-

tional constraints and also provides fast convergence speed. Simulation results show

that the spectral efficiency of the proposed ASO algorithm surpasses OMP, GHP,

and PE-AltMin, and coincides with MO-AltMin which is very close to that of the

fully digital system. In contrast to OMP and PE-AltMin, ASO does not place any

constraints on the number of RF chains.

2. Although the ASO algorithm has good performance and its complexity is lower than

the popular MO-AltMin algorithm, the complexity is still higher than some of the

existing algorithms (e.g., GHP and PE-AltMin). This is because for ASO, three

operations are needed in each iteration. Therefore, for systems with a large number

of antennas, another analog precoding algorithm is proposed by applying particle

swarm optimization into alternating minimization which is abbreviated as APSO.

This algorithm is an evolutionary approach, which refines the estimates through

a group of agents searching for the solution space. In each iteration, APSO only

requires a cost-function and does not require any differentiation, matrix inversion

or pre-defined candidates (e.g. OMP). Consequently, APSO is very flexible and

feasible in terms of the number of RF chains but also has good spectral efficiency

performance and lower computational complexity. The reason is that APSO depends

only on the number of agents which are used to find the optimal solution. In fact,

the number of agents is directly proportional to the computational complexity and

also to the spectral efficiency of the system. With a smaller number of agents,

APSO has much lower complexity than all the existing algorithms. Interestingly, by

25



3. Designing Hybrid Precoding for Millimetre Wave Large Antenna Array Systems

increasing the number of agents the spectral efficiency performance of the system

increases until approaches those achieved by GHP and PE-AltMin, and it has lower

complexity than the latter algorithms.

3. For the purpose of implementation for the partially-connected antenna array, the

key issue to be addressed in the designing of the joint hybrid D/A precoding is

to satisfy the constant modulus constraint without scarifying much of the system

spectral efficiency. The first algorithm proposed in this chapter is based on the

principle of complex circle manifold optimization (CMO) which directly satisfies

the constant modulus constraint by converting the precoding matrix as a vector

and laying the elements of the vector into a complex circle. CMO achieves higher

spectral efficiency than the existing algorithms. In order to find the optimal solution

in CMO, Riemannian gradient and retraction are preformed. Retraction causes the

computational complexity of the algorithm to be high.

4. For the partially-connected antenna array structure, particle swarm optimization

(SPSO) algorithm is proposed. Due to the flexibility advantages associated with

PSO, SPSO can be implemented in the practical system. Simulation results demon-

strate that the proposed CMO and SPSO algorithms outperform the existing algo-

rithms in [16–18,22]. Numerical results show that SPSO has much lower complexity

than the discussed hybrid D/A algorithms.

5. The designed of the single-user system for both structures is extended to a multi-user

system where the hybrid precoder architecture has multiple RF chains for multi-

user data streams detection. By generalizing the proposed algorithms i.e., ASO,

APSO, CMO, and SPSO for the single-user system, the analog precoder matrix

is designed for maximizing the sum rate of the multi-user system. The digital

counterpart follows the conventional digital MMSE design based on the effective

downlink channels to support spatial multiplexing by decoupling data streams from

diverse desired users. The main idea for the multi-user system is to maximize the

sum rate directly. Consequently, this designs can bypass the steps of (i) deriving the

fully digital precoder via SVD; (ii) avoiding the used of the alternating minimization
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method. This helps in limiting the complexity of the optimization problem when

designing multi-user hybrid precoding mm-Wave systems.

3.3 System Model

Fig. 3.1(a) shows a downlink mm-Wave system with a large antenna array for hybrid D/A

precoding. The base station (BS) sends Ns data streams via Nt transmit antennas to the

receiver which consists of Nr receiver antennas. It is assumed that there are N t
RF and N r

RF

RF chains at the BS and the receiver, respectively. The digital precoder is denoted as

DDDBB and the analog precoder is denoted as AAARF . The analog precoder is designed under

the condition that all the non-zero elements ofAAARF have the same amplitude, but different

phase shifts, while the digital precoder satisfies the total transmit power constraint by

normalizing ‖AAARFDDDBB‖2
F = Ns. The dimensions of DDDBB and AAARF are N t

RF × Ns, and

Nt × N t
RF , respectively. Note that, both DDDBB and AAARF may not be square matrices as

Ns ≤ N t
RF and Nt >> N t

RF .

3.3.1 Channel Model

The mm-Wave channel is using 3D Saleh-Valenzuela geometry-statistical channel model

an adopted in [20,47] which is represented as

HHH =

√
NtNrPnt

L

L∑
l=1

(
h3D
nr,nt,l svsvsvr(θ

r
l , φ

r
l )svsvsv

H
t (θtl , φ

t
l)

)
, (3.1)

where HHH ∈ CNr×Nt , and L is the number of multipaths [20]. Pnt is the power of the nt-th

Tx antenna and is calculated by assuming a single slope exponential power delay profile

by [47]. The superscript (and subscript) t (and r) represents transmitter (and receiver)

respectively. The 3D channel gain h3D
nr,nt from the nt-th transmit (Tx) antenna element

to the nr-th receive antenna (Rx) experiencing the l-th multipath is given by

h3D
nr,nt,l =

FRx,nr,Z(θrl,nr , φ
r
l,nr

)

FRx,nr,A(θrl,nr , φ
r
l,nr

)
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)


× e(j2πλ−1(ϕ̄ϕϕl,nr r̄rrRx))e(j2πλ−1(φ̄φφl,nt r̄rrTx)), (3.2)
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Figure 3.1: A diagram of hybrid D/A precoding based mm-Wave systems when RF chain is (b)(b)(b) connected to

all Nt transmit antennas, or (c)(c)(c) connected to a partially-connected antenna array with Nt

NRF
Tx antennas.

where λ is the wavelength, and θtl(φ
t
l) and θrl (φ

r
l ) represent the zenith (azimuth) angles of

departure and arrival (AoD) and (AoA), respectively. FRx,nr,Z and FRx,nr,A are the Rx

beam pattern for the zenith (Z) and azimuth (A) polarization. FTx,nt,Z and FTx,nt,A, are

the Tx beam pattern for the nt-th Tx antenna. φZZl , φZAl , φAZl , and φAAl are the initial

random phases for zenith (ZZ), cross (ZA,AZ), and azimuth (AA) polarization for

the l-th multipath. κnt is the intra-cluster Rician K-factor associated with the nt-th Tx

antenna [47]. The receive antenna array phase offset of the l-th multipath is represented

as e(j2πλ−1(ϕ̄ϕϕl,nr ·r̄rrRx)) where ϕ̄ϕϕl,nr is the arrival spherical unit vector and r̄rrRx is the position
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vector of the Rx antenna of the user located at the origin which is yielded by

ϕ̄ϕϕl,nr = [cosϑl,nr cosϕl,nr , cosϑl,nr sinϕl,nr , sinϑl,nr ]
T ,

r̄rrRx = [xRx = Nrxux, yRx = hU +Nryuy, zRx = 0]T ,
(3.3)

where ϑl,nr and ϕl,nr are the zenith and azimuth AoA. hU is the height of the user from

the ground. e(j2πλ−1(φ̄φφl,nt ·r̄rrTx)) is the array phase offset for the nt-th Tx antenna and l-th

multipath. φ̄φφl,nt is the departure spherical unit vector of the l-th multipath and nt-th Tx

antenna. r̄rrTx is the position vector of the Tx antenna element relative to the user. φ̄φφl,nt

and r̄rrTx are introduced as

φ̄φφl,nt = [cosθl,nt cosφl,nt , cosθl,nt sinφl,nt , sinθl,nt ]
T ,

r̄rrTx = [xTx = Ntxux, yTx = hB +Ntyuy, zTx = 0]T ,
(3.4)

where θl,nt and φl,nt are the zenith and azimuth AoD, and hB denotes the height of the

BS.

As the uniform planar antenna (UPA) structure [47] is a preferred choice for 3D

channel, Nt = Ntx ×Nty , and Nr = Nrx ×Nry , where (Ntx , Nrx) and (Nty , Nry) represent

the numbers of antennas in the x-axis and y-axis. The array response svsvsvb in (3.1), where

b ∈ {r , t} represents arrival at the receiver (r) or departure at the transmitter (t), is

given by [10,47]

svsvsvb(θ
b
l , φ

b
l ) = vec[svsvsvbx(Ψ)svsvsvHby(Φ)], b ∈ [r , t], (3.5)

where the directions of the array responses svsvsvbx and svsvsvby are represented by svsvsvbq and

devised as

svsvsvbq(Ω) =
1√
Nbq

[
1, ejΩ, · · · , ej(Nbq−1)Ω

]T
, q ∈ [x , y], (3.6)

where Ω ∈ {Ψ,Φ} and the values of Ψ and Φ are given by

Ψ = −2πλ−1ux sin(θbl ) cos(φbl ), Φ = −2πλ−1uy sin(θbl ) sin(φbl ), b ∈ [r , t], (3.7)

where ux and uy are the inter-element distances in the x-axis and y-axis, respectively.

3.3.2 Received Signal of Hybrid D/A BF System

The received signal for all NRF receive antennas yyy = [y1, y2, · · · , yNRF ]T at the user is

expressed as
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yyy =
√
PmaxWWW

H
BBWWW

H
RFHHHAAARFDDDBBsss+WWWH

BBWWW
H
RFnnn, (3.8)

where Pmax represents the average received power. A linear precoder is applied to the

symbol vector sss ∈ CNs with E[ssssssH ] = 1
Ns
IIINs . nnn ∈ CNr is the zero-mean complex Gaussian

noise vector with independent and identically distributed (i.i.d) elements with E[nnnnnnH ] =

σ2IIINr . The analog combiner is denoted as WWWRF and the digital combiner is represented

as WWWBB. The dimension of WWWRF and WWWBB are Nr × N r
RF and N r

RF × Ns. The analog

combiner is realized by the phase shifters which can only adjust the phase of the signal

without changing its amplitude, therefore, all the non-zero elements of WWWRF have the

same amplitude. The objective is to design AAARF , DDDBB, WWWRF and WWWBB to maximize the

spectral efficiency C that is given by

C = log2

∣∣∣∣IIINs +
Pmax

Nsσ2
RRR−1WWWH

BBWWW
H
RFHHHAAARFDDDBBDDD

H
BBAAA

H
RFHHH

HWWWRFWWWBB

∣∣∣∣ , (3.9)

where RRR−1 = WWWH
BBWWW

H
RFWWWRFWWWBB is the processed noise covariance matrix after com-

bining. To simplify the unknown parameters AAARF ,DDDBB,WWWRF and WWWBB, it has been

confirmed that the designed of precoders and combiners can be decoupled into two sub-

problems [10, 19, 41], i.e., to design the combiner of hybrid D/A systems a similar math-

ematical procedure can be used except the extra transmitter power constraint at the

transmitter. Therefore, the structure of this chapter is mainly focused on the precoder

side and the proposed algorithms can be applied for the combiner. Note here as in the

previous proposed hybrid precoding [10, 13, 19, 41, 48], perfect channel state information

(CSI) of HHH will be assumed in this chapter.

Due to the fact that the imperfection of the channel state information (CSI) at each

user has a trivial impact on the system performance, we studied this impact on the

proposed algorithms. The impact of the imperfect CSI on the hybrid D/A precoding

mm-Wave system can be evaluated thus the estimated channel matrix H̃HH can be given as

H̃HH = ηHHH +
√

1− η2∆∆∆err, (3.10)

where HHH is the accurate channel matrix as represented in (1), η ∈ [0, 1] accounts for the

CSI accuracy. Moreover, the estimation variance parameter η is utilized to reflect the

accuracy of CSI the channel estimation, e.g., η = 1 represents the perfect CSI, whereas
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η = 0 corresponds to the case that the CSI is completely uncorrelated with the actual

channel response. ∆∆∆err is a channel estimation error matrix, and each element is generated

as an independent identically distributed (i.i.d.) complex Gaussian random variables with

zero mean and unit variance CN (0, 1).

Remark 1. Although assuming complete channel information knowledge at the trans-

mitter, the CSI can be estimated by using compressive sensing method by exploiting the

sparsity properties of the mm-Wave channel, where only limited channel paths contributes

the channel. Hence, only a few number of channel gains and angles need to be fed back to

the base station. As a result, it is feasible to acquire the full CSI with high accuracy [48].

3.4 Proposed Fully-Connected Antenna Array Hy-

brid D/A Precoding

When designing the hybrid D/A precoding for the fully-connected antenna array system,

each RF chain is connected to all transmit antennas, as shown in Fig. 3.1(b). The optimal

solution of AAARF and DDDBB can be derived by solving the following optimization problem

minimize
AAARF ,DDDBB

‖FFF opt −AAARFDDDBB‖2
F , (3.11a)

subject to |(AAARF )i,j| = 1,∀i, j, (3.11b)

‖AAARFDDDBB‖2
F = Ns, (3.11c)

where FFF opt is the optimal fully digital precoder obtained through the SVD operation of

the channel matrix. Constraint (3.11a) directly leads to maximum spectral efficiency of

the hybrid D/A precoding system. Therefore, the spectral efficiency of hybrid D/A fully-

connected antenna array is compared with the fully digital system [10,13]. (3.11b) is the

constant modulus constraint, restricting all the non-zero elements to the same amplitude,

while (3.11c) represents the normalized transmit power constraint. The main challenge

in solving the above problem is that it is a non-convex optimization problem since the

constraint in (3.11b) is non-convex [10,17–22].

Minimizing over both variables simultaneously is intractable. However, minimization

with respect to one variable while keeping the other variables fixed also known as the
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alternating minimization approach [19, 49], leads to straightforward and analytical solu-

tions. Therefore, instead of solving a single minimization problem over two variables,

the alternating minimization approach is adopted. A solution for each of the alternating

minimization steps can be developed (i) for the reduced-complexity structure, (ii) for the

fully-connected antenna array structure [10, 19, 41], the non-convex problem can be ex-

panded into a series of convex sub-problems. Specifically, in this case the optimization

problem is divided into two sub-optimization-problems: (3.11a) without constraints for

solving the digital precoder DDDBB, and (3.11a) subject to constraint (3.11b) for obtaining

the analog precoder AAARF . Correspondingly, the alternative optimization procedure will

involve three phases. In Phase-I, the analog precoder AAARF is initialized randomly, the

target is to optimize the digital precoder DDDBB, while in Phase-II, the digital precoder

DDDBB that is optimized from Phase-I, is given and analog precoder AAARF is optimized. In

Phase-III, with DDDBB and AAARF obtained in Phase-I and II, constraint (3.11c) is enforced

to modify these two precoders, so that the constraints (3.11b) and (3.11c) are satisfied.

The design for these three phases is presented as follows:

3.4.1 Phase-I: Digital Precoder DDDBB

In Phase-I, the goal is to design the digital precoder DDDBB with preliminary analog pre-

coder AAARF . Notice that only the normalized power constraint (3.11c) affects the design

of the digital precoder DDDBB. We first ignore this constraint and Problem (3.11a) reduces

to

minimize
DDDBB

‖FFF opt −AAARFDDDBB‖F , (3.12)

where the optimal DDDBB is achieved through least squares, resulting in

DDDBB = (AAAHRFAAARF )−1AAAHRFFFF opt. (3.13)

After obtaining the digital precoder, the design of the analog precoder is discussed in

Phase-II and the constraint (3.11c) will be recalled in Phase-III.
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3.4.2 Phase-II: Analog Precoder AAARF

Given the digital precoder DDDBB, the analog precoder is optimized as follows:

minimize
AAARF

‖FFF opt −AAARFDDDBB‖2
F subject to |(AAARF )i,j| = 1,∀i, j. (3.14)

Unfortunately, the constraint in Problem (3.14) is a non-convex constraint, as men-

tioned previously this constraint (3.11b) can incur a high computational complexity to

the system to solve since it cannot be relaxed. A novel efficient method to deal with

this constraint is to convert this constraint into an additional unitary condition such that

XXXHXXX = IIINRF , resulting in the reformulations of Problem (3.14) as

minimize
XXX

‖FFF opt −XXXDDDBB‖2
F subject to XXXHXXX = IIINRF , (3.15)

where XXX is the optimization parameter that needs to be optimized. The constraint set

XXXHXXX = IIINRF is a submanifold of CNt×Nt
RF called the Stiefel manifold. The main purpose

of proposing the unitary condition is, in (3.14) the constraint is based on non-convex

constant modulus which is hard to solve directly. In this case, we develop new solutions for

the hybrid precoder design problem. Before proposing method to approach the problem in

(3.14), we show several properties of the optimum unconstrained precoder (FFF opt). Initially,

it can be noticed that FFF opt is a semi-unitary matrix, as it corresponds to the first columns

NNN s of the right SVD of HHH. Since FFFH
optFFF opt = III, its factorization should also have a

semi-unitary structure, (ARFDBB) ∗ (ARFDBB) ≈ III [10, 19]. This observation justifies

the relaxation unitary constraints that we will contemplate when solving (3.14). This can

help us to propose problem (3.15) that involves matrixXXX based on the unitary constraint.

Now, proposing (3.15) is found to simplify the analog preocder design, then this design

is applied at the Frobenius norm (3.14) to reduce the gap between the unconstrained

precoder FFF opt and the hybrid precoders. Therefore, (3.15) used as a criteria to simplify

the non-convex constraint and make sure that XXX is an optimal solution for an initial

stage, then extracting the phases of XXX to design AAARF which is used in (3.14) to find

the performance of the hybrid precoding as compared to the unconstrained fully digital

precoder.

In the upcoming subsections, optimal XXX is determined by the following two proposed

algorithms. After obtainingXXX, an Euclidean distance problem is intended and formulated
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between the analog precoder AAARF and the known optimal XXX in order to help in designing

the analog precoder AAARF which satisfies the constant modulus constraint in (3.11b).

3.4.2.1 Algorithm 1 Stiefel Manifold optimization based algorithm

In the first algorithm, a Stiefel manifold optimization based geometry method is proposed

which satisfies the unitary condition i.e., XXXHXXX = IIINRF , and determines a near optimal

XXX ∈ CNt×Nt
RF solution to (3.15). This algorithm operates by finding the gradient of

(3.15) in the tangent plane of the manifold at the point XXXα as shown in Fig. 3.2, where

α denotes the number of iterations. A curve is then found on this manifold along the

projected negative gradient. Curvilinear search is proposed along this curve to evaluate

the next point for iteration which isXXXα+1. The reason for selecting curvilinear search over

retraction is its lower complexity and its convergence to a stationary point. The Stiefel

manifold optimization consists of five steps; 1) manifold structuring; 2) tangent space

refinement; 3) Riemannian gradient; 4) curvilinear search; and 5) step-size calculation.

Let us discuss these steps in detail.

Step-1Step-1Step-1 Manifold Structuring: The standard notation for representing a Stiefel manifold

is VNt
Nt
RF

. In the manifold theory, the embedded submanifold is a smooth subset of an

ambient space CNt×Nt
RF , and the Stiefel manifold will be viewed as an embedded sub-

manifold.

Step-2Step-2Step-2 Tangent Space Refinement of a Manifold Structure: The second step is to com-

prehend the tangent space of the Stiefel manifold VNt
Nt
RF

at a current point XXX. Each point

XXX in an embedded sub-manifold having a tangent space which is represented as TXXXVNtNt
RF

.

The tangent space consists of a tangent vector ξξξ of the curves, thus, the tangent space at

point XXX can be written as

TXXXVNtNt
RF

= {ZZZ ∈ CNt×Nt
RF : R{ZZZ �XXXH} = 000Nt×Nt

RF
}. (3.16)

where ZZZ ∈ TXXXVNtNt
RF

, is an element of CNt×Nt
RF , satisfying (15). In a manifold, each tangent

space is given with an inner product. In this algorithm, Riemannian metric is used as the

inner product which varies smoothly from point to point and is given by

〈ZZZ1,ZZZ2〉 = Tr(ZZZH
1 ZZZ2). (3.17)
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TXXXV
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N t
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F

Figure 3.2: Block diagram of an illustration of tangent space and normal space of Stiefel manifold.

Step-3Step-3Step-3 The Riemannian Gradient: The computation of the gradient descent direction is

based on the Riemannian gradient structure of the Stiefel manifold. Generally, the Rie-

mannian gradient of f at point XXX is simply the linear projection of the ordinary gradient

of f onto the tangent space. Our Stiefel manifold is a Riemannian submanifold of the

Euclidean space. Therefore, one of the tangent vectors is associated with a negative

Riemannian gradient which is expressed as the direction of the greatest decrease in the

function. Intuitively speaking, this algorithm consists of choosing the search direction as

the negative Riemannian gradient in the tangent space at the current iterate, computing

the line search, move in this direction and then get back to the manifold using the retrac-

tion. In fact, the Riemannian gradient at XXX is defined as a tangent vector, gradf(XXX),

obtained by projecting the Euclidean gradient,555f(XXX) ∈ CNt×Nt
RF , onto the tangent space

TXXXVNtNt
RF

to be

gradf |VNt
Nt
RF

(XXX) = ProjProjProjXXX 555 f(XXX) = (III −XXXXXXH)555 f(XXX), (3.18)

where 555f(XXX), named the Euclidean gradient of (3.15), is derived as

555f(XXX) = ∂
∂XXX

Tr {‖FFF opt −XXXDDDBB‖2
F} ,

= ∂
∂XXX

Tr[FFF optFFF
H
opt −XXXDDDBBFFF

H
opt −FFF optDDD

H
BBXXX

H −AAARFDDDBBDDD
H
BBXXX

H],

= −FFF optDDD
H
BB +XXXDDDBBDDD

H
BB. (3.19)
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Step-4Step-4Step-4 The Curvilinear Search: The ideal method to find the next points on the man-

ifold is called retraction [50]. It is worth mentioning that calculating retraction which

is mathematically equivalent to exponential mapping in Stiefel manifold optimization re-

quires SVD, which involves high computational complexity. Therefore, to find the next

point XXXα+1(τ), Cayley transformation is utilized such that

XXXα+1(τ) = (III +
τ

2
WWW )−1(III − τ

2
WWW )XXXα, (3.20)

where WWW = XXX555 fH(XXX)−555f(XXX)XXXH and τ is the step-size. For brevity, the main parts

of the minimization algorithm by applying curvilinear search XXX(τ) are: 1) provide an

initial point XXXα; 2) for α = 1, · · · , generate new point XXXα+1 from XXXα via a curvilinear

search along XXXα+1(τ) = (III+ τ
2
WWW )−1(III− τ

2
WWW )XXXα. As invert (III+ τ

2
WWW )−1 ∈ CNt×Nt is quite

complex due to a large number of antennas, by applying Sherman-Morrison-Woodbury

(SMW) formula [50], (3.20) is expressed as

XXXα+1(τ) = XXXα − ταKKK(III +
τ

2
PPPHKKK)−1PPPHXXXα, (3.21)

whereKKK = [555f(XXX),UUU ] and PPP = [UUU,−555f(XXX)]. The details are presented in Appendix A.

From (3.21), it is observed that (III +PPPHKKK) needs to be inverted. However, the dimension

of (III + PPPHKKK) is only 2N t
RF × 2N t

RF where N t
RF << Nt, therefore, resulting in lower

computational complexity.

Step-5Step-5Step-5 Calculating Step-Size: Since the procedure of finding the suitable step size in

(3.21) introduces additional constraints, therefore, the Barzilai-Borwein (BB) step-size

is employed and applied to (3.21) to speed up the gradient computation. BB chooses a

simple step-size as

τα =
Tr
(

(4XXX)T 4XXX
)

|Tr
(

(4XXX)T555(4XXX)
)
|
, (3.22)

where4XXX = XXXα−XXXα−1 and555(4XXX) =555f(XXXα)−555f(XXXα−1) [51]. In order to ensure the

global convergence of our BB step-size, a globalization technique is proposed to guarantee

global convergence by regulating the step-sizes. Next points of XXXα+1(τα+1) are iteratively

generated where τα+1 = ταδ% and % is the smallest integer satisfying

f(XXXα(τ)) ≤ Υα + ι1τ
α555 f(XXXα(0)), (3.23)
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where each reference Υα+1 is possessed to be the convex combination of Υα and f(XXXα+1)

as Υα+1 = (ηεαΥα+f(XXXα+1))
εα+1 , where εα+1 = ηεα+1, ε0 = 1 and set η1 ∈ (0, 1) and ι1 ∈ (0, 1).

Note that, in Algorithm 1 to build ASO, it is necessary to compare vectors which

are produced in different tangent spaces. Essentially on manifolds, every tangent vector

belongs to a tangent space specific to its root point on manifolds. Typically, these vectors

from different tangent spaces cannot be compared. An efficient way is to apply a vector

transport along with the chosen curvilinear search. Ideally, this happens when the gradient

at the current iteration is combined with the search direction at the previous iteration.

Therefore, the following simple procedure is used to transport a tangent vector from XXXα

to XXXα+1 which is represented as

TranspXXXα→XXXα+1 = (III −XXXα+1(XXXα+1)H)555 f(XXX). (3.24)

Algorithm 1 in the top of the next page summaries ASO procedure to design XXX.

Importantly, the currently obtained XXX is just the solution to Problem (3.15) without

considering the constant modulus constraint (3.11b). To consider this constraint (3.11b),

we minimize the Euclidean distance between the known XXX and the analog precoder which

is formulated as follows

minimize ‖AAARF −XXX‖2
F subject to |(AAARF )i,j| = 1,∀i, j. (3.25)

Note that

‖AAARF −XXX‖2
F = 2N t

RF − 2Tr{R{AAARFXXX}}. (3.26)

Ideally, as all the elements in AAARF have to satisfy a constant modulus i.e., 1√
Nt

, the phases

of all the elements in AAARF are the same as the elements of the corresponding orthogonal

XXX. This point is proven by utilizing the properties of complex numbers. As matrix XXX

has N t
RF orthogonal columns, and matrix AAARF needs constant modulus, i.e., 1√

Nt
, the

minimum value can be achieved between XXX and AAARF when a matrix AAARF has the same

phase components as XXX, i.e.,

AAARF =
1√
Nt

ej arg(XXX). (3.27)

Remark 2. Complexity Advantages over MO-AltMin algorithm [19]: Note that superior

steps are adopted in Algorithm 1 ASO, which has a lower computational complexity. In
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Algorithm 1 Analog Precoding Based on Stiefel manifold (ASO).

1: Initialize ϕmin = 0, ϕmax = C
Ptotal

and small threshold value $ > 0;

2: while Calculate, ddd0 = −gradf(XXX0) ; do

3: Choose BB step size, f(Xα(τ)) ≤ Υα + ι1τf
′(Y α(0))ddd0;

4: τ ← δτ ;

5: Update the next point XXXα+1 ← XXX(τ), by using (3.21), εα+1 ← ηεα + 1 and

Υα+1 ← (ηεαΥα+f(XXXα+1))
εα+1 ;

6: Calculate the gradient of the new point gradf(XXXα+1); by utilizing (3.18) and

(3.19);

7: Transport to the new tangent space, TranspXXXα→XXXα+1 ;

8: Set τ ← max(min(τα+1,1, τK), τk) ;

9: α← α + 1 ;

10:
EndWhileEndWhileEndWhile, a stopping criterion triggers

contrast to the MO-AlitMin method where the SVD operation is needed in curvilinear

search, this operation can be avoided in ASO by using Cayley transform. Different from

MO-AltMin that applies Armijo backtracking step-size with additional constraints, BB

step-size is utilized in ASO which does not require any additional constraint as shown in

(3.22) and also provides fast convergence.

It is seen from (3.27) that the analog precoder phases of AAARF are extracted from the

phases of the precoder XXX, and it satisfies the constant modulus constraint in (3.11b).

When the number of antennas is very large, the computational complexity of Algorithm

1 is quite high, and it is unwieldy to deal with the constant modulus constraint as will be

analyzed and demonstrated in Sections V and VI. Therefore, a low-complexity algorithm

to design AAARF is proposed in the following.

3.4.2.2 Algorithm 2 Particle Swarm optimization based algorithm

In the second algorithm, we still use the alternating minimization method to design AAARF ,

but based on particle swarm optimization (APSO). APSO is a heuristic algorithm which is

popular for solving optimization problems due to the fact that it is simple to implement,
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quickly converges to the desired solution and guarantees the near global solution. It

is robust against local minima which makes it appealing for real-time applications [52].

In the framework of APSO, a collection of individuals, known as agents, move within

the search space of the optimization problem. To seek better positions within the search

space, the velocity of search agents are iteratively updated according to rules generated by

social behavior of fish schooling or bird flocking. Furthermore, in each iteration of APSO,

velocity of each agent is adjusted towards the best location and toward the best agent. At

the end, the position of an agent represents the solution to the optimization problem. To

devise the optimization problem, exploiting the same novel way and the reason of reducing

Problem (3.14) into Problem (3.15), an Nt×N t
RF dimensional matrix QQQ is introduced and

replaced with AAARF to be optimized, resulting in re-designing of Problem (3.14) as

minimize
QQQ

‖FFF opt −QQQDDDBB‖2
F subject to QQQHQQQ = IIINRF . (3.28)

The framework details of the algorithm are structured as follows. Initialize E agents

with random positions QQQ1(0),QQQ2(0), · · · ,QQQE(0), such that QQQe(0)HQQQe(0) = IIINRF , where

e = {1, 2, · · · , E}. The position of the agent which minimizes (3.28) is represented

as FFF best and is the global best agent. After that, the velocity of all the E agents

VVV 1(0),VVV 2(0), · · · ,VVV E(0) are randomly initialized. After that, the velocity VVV e and po-

sition QQQe of the e-th agent are updated as

VVV e(α + 1) = VVV e(α) + c1W̄WW 1 � (QQQebest(α)−QQQecurrent(α)) + c2W̄WW 2 � (FFF best −QQQecurrent(α)) ,(3.29)

QQQe(α + 1) = QQQe(α) + VVV e(α + 1), e = 1, 2, · · · ,E, (3.30)

where W̄WW 1 and W̄WW 2 are uniformly distributed random matrices where each element is

selected between 0 to 1. c1 and c2 are positive acceleration coefficients. QQQebest
is the best

and QQQecurrent is the current of the e-th agent. In the first iteration QQQebest
= QQQecurrent(0) and

then this step is repeated for each agent. After that, each agent keeps track of its own

best position, which is in terms of achieving the minimum value to Problem (3.28). Once

the position of the e-th agent is updated, its fitness QQQe(α + 1) is evaluated, where the

fitness is the reciprocal value of the objective function. If the updated fitness of the agent

is more than the previous best-fitness of the agent, then QQQebest
(α) = QQQecurrent(α). Likewise,
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the best-fitness of the e-th agent is set to its current-fitness. Finally, we compare the

fitness of all the agents, and the agent which minimizes (3.28) is compared with previous

FFF best. The e-th agent which minimizes (3.28) becomes the global best agent FFF best. Once

the algorithm converges to a global minimum, then FFF best = QQQbest. The main conditions

to guarantee the convergence of PSO c1 + c2 < 3.8 [53]. Algorithm 2 on the top of the

next page, provides APSO architecture to design QQQ.

The solution QQQ that is obtained from APSO cannot be directly applied to Problem

(3.14) as an optimal analog precoderAAARF , because it does not satisfy the constant modulus

constraint. To find the feasible analog precoder which is perfectly close to the optimal

solution, we first normalize the obtained matrix QQQ via QQQbest√
QQQHbestQQQbest

. Next, the Euclidean

distance between QQQ and the optimal analog precoder AAARF is formulated as ||AAARF −QQQ||2F
and is made to approach zero. By exploiting the same approach as (3.25), the feasible

solution is evaluated as

AAARF =
1√
Nt

ej arg(QQQ). (3.31)

3.4.3 Phase-III: Alternating Minimization

In Phase-I and Phase-II, digital and analog precoders are designed separately. However,

the power constraint in (3.11c) is not considered in Phase-I and Phase-II. We deal with

this issue in Phase-III. Specifically, we normalize DDDBB that is obtained in Phase-I by
√
NsDDDBB

||AAARFDDDBB ||F
. This normalized factor will not affect the design of hybrid precoders, as the

Euclidean distance between FFF opt and the hybrid precoders is sufficiently small. To explain

this point clearly, in [19] lemma 1 illustrates that when the Euclidean distance of problem

(3.11a) sufficiently small at step 3, where step 3 ignored the power constraint as formu-

lated in (3.12), the normalization step will also achieve a small distance to the optimal

unconstrained fully digital precoder. If it is clear enough, all (FFF opt)i , i = 1, · · · , Ns, have

unit l2 norm which yields ||FFF opt||2F = Ns, ||AAARFDDDBB||2F = Ns in (10c) [10, 41]. Therefore,

the normalization step ensures that the transmit power constraint is exactly satisfied.

The detailed procedure in Phase-III is summarized in Algorithm 3.

In the proposed alternating minimization algorithm, the Euclidean distance in (3.11a)

is minimized via steps 3 and 4. Observe that each step of the alternating minimization
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Algorithm 2 Analog Precoding Based on Particle Swarm optimization (APSO).

1: Initialize E weights with random values random values QQQ1(0),QQQ2(0), · · · ,QQQE(0), such

that QQQE(0)HQQQE(0) = IIINRF ;

2: Initialize the velocity of each weight VVV 1(0),VVV 2(0), · · · ,VVV E(0);

3: Evaluate the fitness of each weight using (3.28). Find the global best weight, FFF best

among all and its fitness;

4: for α = 1, 2, · · · ; do

5: for e = 1, 2, · · · , E; do

6: Evaluate the velocity of the weight e using (3.29) and update agent e by uti-

lizing (3.30);

7: Evaluate the fitness of the agent e, using (3.28);

8: if (weight-current-fitness < weight-current-fitness);

9: (weight-best-fitness = weight-current-fitness) ;

10: QQQebest = QQQecurrent ;

11: end for

12: Find the global best-weight, QQQbest.

13: end for

process in Algorithm 3 treats the steps exactly. Thus, it can guarantee that no increase

in the Frobenius norm can be attained and thus the error term is guaranteed to decrease

monotonically with each iteration [10, 19]. Moreover, the objective function based on

the Frobenius norm is also non-negative. Consequently, these two properties together

guarantee that the proposed algorithms based on ASO and APSO can converge to a

feasible solution.

Note that, the two algorithms, the optimal Stiefel manifold-based analog precoding

ASO and the simplified PSO-based analogy precoding APSO, are proposed for analog

precoder design. These algorithms are implemented for the fully-connected antenna array

system. Let us now propose hybrid D/A precoder for partially-connected antenna array

systems in the next section.
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Algorithm 3 Analog Precoding Based on Particle Swarm optimization (APSO).

1: FFF opt;

2: Initialize AAARF with random phases.

3: IterationsIterationsIterations, α = 1, 2, · · · ;

4: Update DDDBB by solving (3.13) where the solution is given DDDBB =

(AAAHRFAAARF )−1AAAHRFFFF opt.;

5: Fix DDDBB and then optimize AAARF in (3.14) by utilizing either Algorithm 1, AAARF =

1√
Nt
ej arg(XXX); Or Algorithm 2, AAARF = 1√

Nt
ej arg(QQQ);

6: Normalize the digital part DDDBB by factor
√
NsDDDBB

||AAARFDDDBB ||F
.

3.5 Proposed Partially-connected Antenna Array Hy-

brid D/A Precoding

The block diagram of partially-connected antenna array hybrid D/A precoding mm-Wave

system is shown in Fig. 1(c). Ns data streams are passed through the N t
RF RF chains

and fed to M = Nt/N
t
RF transmit antennas to perform analog precoding. The analog

precoder is represented as AAARF = blkdiag[āaa1, āaa2, · · · , āaaNt
RF

] = [aaa1, aaa2, · · · , aaaNt
RF

], where

each column in the analog precoder is aaan = [0001×M(n−1), āaa
T
n , 0001×M(Nt

RF−n)]
T ∈ CNt×1, where

n = 1, 2, · · · , N t
RF . The analog precoder vector is denoted as āaan ∈ CM×1, where all the

elements of āaan have the same amplitude but different phase shifts. In the partially-

connected antenna array, GGG is defined as the joint hybrid precoding matrix, given by [54]

GGG = AAARFDDDBB. (3.32)

In order to achieve the maximum capacity of the system, an appropriate GGG needs to

be chosen from the following optimization problem [20,21]

GGGopt = argmax
GGG

log2 det
(
IIINr + HHHGGGGGGHHHHH

σ2

)
, (3.33)

where C1 and C2 are defined as:

C1: The Frobenius norm ofGGG should satisfy ||GGG||2F = ||blkdiag[ḡgg1, · · · , ḡggNt
RF

]||2F ≤ N t
RF to

meet the total transmit power constraint. The joint hybrid precoding matrix is composed
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as GGG = [ggg1, ggg2, · · · , gggNt
RF

], where gggn = [0001×M(n−1), ḡgg
T
n , 0001×M(Nt

RF−n)]
T ∈ CNt×1 and ḡggn =

dnāaan.

C2: All the non-zero elements of AAARF have the same amplitude which is equal to 1.

The optimization problem in (3.33) is an Nt × N t
RF matrix optimization problem,

which is difficult to solve. Since GGG is a block diagonal matrix with N t
RF column vectors,

we can solve N t
RF independent vector optimization problems instead of directly solving

the original matrix optimization problem. As a result, the vector gggn can be optimized

independently rather than the whole matrix GGG. The constraints of the vector gggn can be

obtained from constraints C1 and C2 as follows:

T1: The Frobenius norm of gggn should satisfy ||gggn||2F ≤ 1 to meet the transmit power

constraint.

T2: All the non-zero elements of gggn have the same amplitude which is equal to 1.

Based on the above discussion, the optimization problem for vector gggn can be formu-

lated as

gggnopt = argmax
gggn

C(ḡggn) = log2

(
1 + gggHnHHH

HHHHgggn
σ2

)
, (3.34)

In the following, two algorithms are proposed to solve Problem (3.34).

3.5.1 Complex Circle Manifold Optimization (CMO)

In this section, the optimization problem in (3.34) is solved by using a manifold optimiza-

tion algorithm which has been widely used in geometry, topology and analysis [19, 55].

In fact, when a manifold reduces from a matrix to a vector, it becomes a complex circle

manifold. Then, the precoder vector ḡggn belongs to the complex circle manifold

VccM =
{
ḡggn ∈ CM×1 : ‖ḡn1‖ = · · · = ‖ḡnM‖ = 1

}
[56], which makes all the non-zero ele-

ments have the same amplitude satisfying (T2) i.e., the constant modulus constraint.

Each ḡm is a point on the complex plane C and is numerically represented in R2, where

m = 1, · · · ,M. The detailed description of the complex circle manifold optimization

(CMO) algorithm is summarized in Algorithm 4, which consists of three main steps: a

tangent space, Riemannian gradient and retraction of complex circle manifold.

Let us first derive the tangent space. Each point in the complex circle manifold has

a neighbourhood that is homomorphic to the Euclidean space. The notion of a tangent
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space TḡggnV
cc
M of the manifold is a vector space which has the same dimension as the

manifold that is composed of a tangent vector ξ of the curves. For example, for each

point ḡggn in the manifold VccM , there is a tangent space linked to it as

TḡggnV
cc
M = {ttt ∈ CM×1 : R{ttt� ḡggHn } = 000M×1}. (3.35)

In the Euclidean space, one of the tangent vectors is associated with a negative Rie-

mannian gradient which is expressed as the direction of the greatest increase of the func-

tion. The complex circle manifold is a submanifold, and the Riemannian gradient at ḡggn

is defined as a tangent vector gradf(ḡggn) obtained by projecting the Euclidean gradient

555f(ḡggn) ∈ CM×1 onto the tangent space TḡggnV
cc
M

gradf(ḡggn) = Proj(ḡggn)555 f(ḡggn) =555f(ḡggn)− R{555f(ḡggn)� ḡggHn } � ḡggn, (3.36)

where 555f(ḡggn) can be obtained by using (3.34)

555 ḡggf(ḡggn) =

 1

ln(2)
(

1 + gggHnHHH
HHHHgggn
σ2

) 2(HHHHHHHgggn)

σ2

 . (3.37)

Ideal retraction is called the exponential mapping when it maps the tangent vector

ξ ∈ TḡggnV
cc
M to a point along a geodesic curve [55]. A geodesic on VccM is defined as the

shortest distance between two points in the manifold. In general, the exponential mapping

Expḡggn(ταpppα) of a tangent vector ξ in an embedded manifold VccM is evaluated as

Expḡggn : TḡggnV
cc
M → VccM ,Expḡggn(ταpppα) = exp{−εR{555f(ḡggn)ḡggHn − ḡggn555 fH(ḡggn))}}ḡggn, (3.38)

where exp(·) is the matrix exponential and α is the iteration number. After finding the

tangent space, Riemannian gradient and retraction of the complex circle manifold, we are

ready to design ḡggn. In order to guarantee that the objective function is non-decreasing

at each iteration, BB line step length of ε and Polak-Ribiere parameter are used [57].

On manifolds, every tangent vector belongs to a tangent space specific to its root point.

Therefore, Polak-Ribiere step and the conjugate direction step can be applied to CMO. In

addition, to combine them together, a mathematical tool that is capable of transporting

a tangent vector ppp from ḡggαn to ḡggα+1
n is introduced as follows

Transpḡggαn→ḡggα+1
n

: ppp→ ppp− R{ppp� (ḡggα+1
n )H} � ḡggα+1

n . (3.39)

44



3. Designing Hybrid Precoding for Millimetre Wave Large Antenna Array Systems

(3.39) is applied at step 7 of Algorithm 4 which is located in the top of this page. According

to 4.3.1 in [56], the convergence of CMO can be guaranteed. The joint precoder ḡggn that

is obtained from CMO should be decomposed into āaan and dn, yielding

dn =
1

M
, āaan = ḡggn. (3.40)

dn is chosen to satisfy the power constraint T1 and each RF chain has a unit power,

Algorithm 4 Complex Circle Manifold Optimization (CMO)

1: for the n-th RF chain (n ≤ N t
RF ) do

Require: AAARF with random phases.

2: ppp0 = −gradf(ḡgg0
n)

3: RepeatRepeatRepeat

4: εα = Linesearch(ḡggαn, ppp
α, ḡggα+1

n ) . BB step size;

5: ḡggα+1
n = Expḡggαn(ταpppα) . search for the next point by applying (3.38);

6: κκκα+1 = gradf(ḡggα+1
n ) . Determine the gradient according to (3.37) and (3.36);

7: (pppα)+ = Transpḡggαn→ḡggα+1
n

. find the vector transport of the Riemannian gradient

and conjugate direction;

8: Select Polak-Ribiere γα+1;

9: pppα+1 = −κκκα+1 + γα+1(pppα)+ . the new conjugate direction;

10: α← α + 1 ;

11: UntilUntilUntil a stopping criterion triggers.

12: end for

so that, the total transmit power constraint can be guaranteed. The solution obtained

by the proposed CMO algorithm satisfies the non-convexity constraints. However, the

computational complexity of retraction step is quite high, especially when a large number

of antennas are applied in the system. For this reason, it is important to develop a

low-complexity hybrid D/A precoding scheme.

3.5.2 Particle Swarm Optimization (PSO)

In this subsection, a PSO-based algorithm named SPSO is proposed for the partially-

connected antenna array system due to its simplicity, fast convergence speed, and robust-
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ness against local minima [52,58,59]. In SPSO, the coordinates of an agent represent the

solution to the problem. Furthermore, in each iteration of SPSO, the direction of each

agent is adjusted towards the best location and the best agent. For problem in (3.34),

the M dimension vector ḡggn needs to be optimized. Specifically, denote E as the set of

initial agents with random positions ḡggn1
(0), ḡggn2

(0), · · · , ḡggnE (0). The position of the agent

that maximizes (3.34) is denoted as fffbest and is the global best agent. All positions are

normalized to ensure that the power of n-th RF chain is unity. After that, the velocities

of all the E agents vvvn1(0), vvvn2(0), · · · , vvvnE (0) are randomly initialized. The positions of

the agents are used to evaluate (3.34). After initialization, update the velocity vvvne and

position ḡggne of e-th agent as

vvvne(α + 1) = vvvne(α) + c1w̄ww1 �
(
ḡggnebest (α)− ḡggnecurrent (α)

)
+ c2w̄ww2 �

(
fffbest − ḡggnecurrent (α)

)
,

(3.41)

ḡggne(α + 1) = ḡggne(α) + vvvne(α + 1), e = 1, 2, · · · , E , (3.42)

where w̄ww1 and w̄ww2 are uniformly distributed random vectors. ḡggnebest is the best and ḡggnecurrent

is the e-th agent at the current iteration. c1 and c2 are positive acceleration coefficients.

To guarantee the convergence of SPSO, parameters w̄ww1 and w̄ww2 elements should be chosen

between 0 and 1 and c1 + c2 < 3.8, respectively [52,53]. In the first iteration, ḡggnebest (0) =

ḡggnecurrent (0) for e = [1, 2, · · · , E ]. After that, each agent keeps track of its own best position.

Once the position of the e-th agent is updated, its fitness Cn(ḡggne(α + 1)) is evaluated. If

the updated fitness of the agent is more than the previous best-fitness of the agent, then

ḡggnebest (α) = ḡggnecurrent (α). Similarly, the best-fitness of the e-th agent is set equal to its

current-fitness. Finally, the fitness of all the agents and the agent which maximizes (3.34)

is compared with the previous fffbest and the one that maximizes (3.34) becomes the global

best agent fffbest. When the iterative procedure is complete, ḡggnebest = fffbest.

The detailed procedures of SPSO are given in Algorithm 5, shown at the top of this

page. Again, the joint precoder that is obtained from SPSO should be decomposed into

āaan and dn. Unfortunately, we cannot choose ḡggn freely, as ḡggn does not satisfy the constraint

(T1) and (T2). To find the feasible analog and digital precoders āaan and dn that are

close to the optimal solution in terms of Euclidean distance, let us first normalize the

obtained precoder as ḡggn =
ḡggnebest√

ḡggHnebest
ḡggnebest

. The optimization problem in (3.34) can then be
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reformulated as

min E
{
‖ḡggn − dnāaan‖

2
2

}
,

i.e.,

min E
{
ḡggHn ḡggn − dnR(āaaHn ḡggn + ḡggHn āaan) + d2

nāaa
H
n āaan

}
. (3.43)

As aforementioned in the system model, āaan has M non-zero elements with the same

amplitude, the optimal āaan to maximize (3.34) is

āaan = ej∠(ḡggn), (3.44)

where ∠(ḡggn) represents the phase vector of ḡggn and all the elements of āaan share the same

amplitude. Substituting (3.44) into (3.43), dn is obtained as

dn = R(āaaHn ḡggn + ḡggHn āaan) =
1

M
‖ḡggn‖1 . (3.45)

Note that dnāaan for all the partially-connected antenna array and the optimal solution ḡggn

have a similar form. After obtaining the precoder vector ḡggn for the n-th RF chain, the same

algorithm is applied to the other chains. After optimizing the last RF chain, the optimal

precoding matrices DDDBB,AAARF , and GGG are obtained. In SPSO, as ||ḡggn||1 < ||ḡggn||22 = 1, the

total transmit power constraint C1 is satisfied, i.e., ||GGG||2F = ||blkdiag{ḡgg1, · · · , ḡggNt
RF
}||2F ≤

N t
RF . In general, all the obtained vectors ḡggn from CMO and SPSO that are used to

construct GGG have the same amplitude as a result, the second constraint is also satisfied.

3.6 Hybrid D/A mm-Wave Design For Multi-User

Large Antenna Arrary Systems

Now, we seek to design the hybrid precoders for the downlink multi-user system in which

a BS equipped with large number of antennas Nt, but limited number of RF chains N t
RF ,

serves K single-antenna users where Nt >> K. For such a multi-user system with hybrid

precoding architecture at the BS, the optimization problem is formulated based on the

47



3. Designing Hybrid Precoding for Millimetre Wave Large Antenna Array Systems

Algorithm 5 Particle Swarm optimization based partially-connected antenna array

(SPSO)

1: for the n-th RF chain (n ≤ N t
RF ) do

Require: E agents random positions ḡggn1
(0), ḡggn2

(0), · · · , ḡggnE (0)

Require: the velocity of each agent vvvn1(0), vvvn2(0), · · · , vvvnE (0);

2: Evaluate the fitness of candidates by using (3.34). Find the global best fffbest;

3: for α = 1, 2, · · · ; do

4: for e = 1, 2, · · · , E ; do

5: Evaluate the velocity e by applying (3.41) and update the agent e utilizing

(3.42);

6: Evaluate the fitness of the agent e, via using (3.34);

7: if (agent-current-fitness < agent-best-fitness);

8: (agent-best-fitness = agent-current-fitness);

9: QQQebest = QQQecurrent ;

10: end for

11: Find the global best-weight, QQQbest.

12: end for

13: end for

spectral efficiency expression for the multi-user can be expressed as

Ck = max
{AAARF , DDDBB}

log(1 + SINRk), (3.46a)

subject to |(AAARF )i,j| = 1,∀i, j, (3.46b)

‖AAARFDDDBB‖2
F = K = Ns, (3.46c)

where SINRk is the signal-to-interference-plus-noise ratio (SINR) of the user k which is

presented as

SINRk =
|hhhHk AAARFdddbbk |2

K∑
i=1,i 6=k

|hhhHi AAARFdddbbi |2 + σ2

, (3.47)

where hhhHk ∈ CNt , is the channel from the BS to the kth user and dddbbk represents the lth

column of the digital precoder DDDBB. The first constraints in (3.46b) are subjected to the
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non-convex constant modulus constraints, restricting all the non-zero elements to have the

same amplitude in the analog domain. While, the second constraint (3.46c) represents the

total normalized transmit power constraint. In the following, two sections aim to design

optimal analog and digital precoders to maximize the sum rate in (3.46) of multi-user

mm-Wave systems.

3.6.1 Design of Digital Precoder For Multi-User Systems

In this subsection, a next important step focus on designing the digital precoder for the

multi-user system. Practically, to design the low dimension and asymptotically optimal

fully digital preocders, here the digital precoder is proposed based on MMSE by exploiting

the effective downlink analog channel gains which is expressed as

DDD = DMMSE · H̄HHH
AAARF (AAAHRFH̄HH

H
H̄HHAAARF +Kσ2AAAHRFAAARF )−1, (3.48)

where H̄HH = [hhh1, · · · ,hhhk]. Ultimately, in (3.48) DMMSE is denoted as the normalization

factors to ensure the power constraint ||AAARFDDDBB||2F = K = Ns, which is given as

DMMSE =

√
Ns

||H̄HHH
AAARF (AAAHRFH̄HH

H
H̄HHAAARF +Kσ2AAAHRFAAARF )−1||F

(3.49)

By exploiting the effective downlink channel a low-dimension matrix can be gener-

ated, then MMSE is utilized to design the feasible digital precoder for multi-user hybrid

precoding mm-Wave systems.

3.6.2 Design of Analog Precoder For Multi-User Systems

Now, we explore to design the analog precoder assuming the MMSE digital precoding as

in (3.48). Fortunately, it can be observed that in (3.46) the analog precoder matrixAAARF is

fixed, and also the sum rate with the MMSE digital precoder relies on the analog precoder

only through the power constraint ||AAARFDDDBB||2F = Ns. Therefore, the design of the analog

precoder problem can consider only the constant modulus constraints |(AAARF )i,j| = 1,∀i, j.

In this case, the previous proposed algorithms ASO and APSO for fully-connected antenna

array structures, CMO and SPSO for partially-connected antenna array structures, can
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be applied directly to the multi-user hybrid D/A system to design the analog precoder

AAARF . The optimization problem in this scenario can be re-formulated as

Ck = max
{AAARF }

log(1 + SINRk), (3.50a)

s.t. |(AAA)nt,nRF | = 1,∀nt,∀nRF . (3.50b)

Unfortunately, the constraint (3.50b) in Problem (5.14a) is a non-convex constraint

which can incur a high computational complexity to the system to solve since it cannot

be relaxed. Therefore, the same novel efficient method to deal with this constraint that

is used in (14) to relax the constant modulus constraint in (3.50b) into an additional

unitary condition such that XXXHXXX = IIINRF , resulting in, the reformulations of Problem

(5.14a) can be expressed after replacing the analog precoder matrix AAARF with the matrix

XXX ∈ CNt×NRF , as

Ck = max
{AAARF=XXX}

log(1 + SINRk), (3.51a)

subject to XXXHXXX = IIINRF . (3.51b)

Now, the proposed algorithms can be used to design the matrix XXX with the same

analog precoder algorithms steps that are applied in the Section III-B (i.e., ASO and

APSO) and Section IV (i.e., CMO and SPSO). The prime objective here is the sum rate

in (5.14a) which can be maximized directly. Note here, as the objective function of the

spectral efficiency in (5.21a) is different from the one that is maximized in (10) for the

single-user system, thus the gradient of the objective function has to be updated for ASO

and CMO, which is expressed as

555f(XXX) =

(
1

ln(2)

(
1+

|hhhH
k
XXXdddbbk

|2

|hhhH
i
XXXdddbbi

|2+σ2

)XXX(dddbbkhhh
H
k hhhk+dddHbbk

hhhkhhh
H
k )·(|hhhHi XXXdddbbi |

2+σ2)−|hhhHk XXXdddbbk |
2·XXX(dddbbihhh

H
i hhhi+ddd

H
bbi
hhhihhh

H
i )

(|hhhHi XXXdddbbi |
2+σ2)2

)
,(3.52)

where 555f(XXX) named the Euclidean gradient of (5.21a). In APSO and SPSO to design

the analog precoder an objective function is demanded, thus in multi-user case the sum

rate in (5.21a) represents the objective function that is utilized to find the FFF best.
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Table 3.1: Computational complexity of fully-connected antenna array.

Number of operations per iterations

Algorithm Additions Multiplications Iterations

MO-AltMin [19] 2Ns(NtN
t
RF − 1)Nt +

NtNs(NtN
t
RF − 1) +

NtN
t
RF (NtNs − 1) +

2NtN
t
RF (NtN

t
RF − 1)

2N t
RFNsN

2
t + N2

t NsN
t
RF +

N2
t Ns + 2N2

t N
t2

RF +NtN
t
RF

α

Proposed ASO N t2

RF (Ns−1)+2NtN
t
RF (N t

RF−

1)+2N2
t (N t

RF−1)+N t
RF (Nt−

1) +
Nt3

RF

6

2N2
t (N t

RF +Ns) +N t2

RF (N2
t +

Ns) +NtNsN
t2

RF + 2N t2

RFNt +

Nt3

RF

6

α

OMP sparse pre-

coding [10]

Nt3

RF

6
+N t

RF (Nt − 1)LNs NsN
t
RFN

3
t L NRF

GHP [41] 2N
3
s

6
+Nt(N

t
RF − 1)NsL 2N2

sLNt + 3NsLN
2
t α

PE-AltMin [19]
N3
t

6
+ N t

RF (Ns − 1)Nt +

N t
RF (Nt − 1)Ns

2NsNtN
t
RF +

N3
t

6
α

Proposed APSO 7NtN
t
RFNsE N t

RFNs(7NtE + 2E) α

3.7 Complexity and Energy Efficiency Analysis

3.7.1 Computational Complexity

3.7.1.1 Fully-connected antenna array

The complexity of the hybrid precoding mm-Wave system is evaluated by taking into ac-

count the number of multiplications and additions involved as shown in Table-I. Since the

mm-Wave system uses sophisticated large antenna array, the computational complexity

is dominated by the number of antennas. Similar to the complexity of MO-AltMin, our

proposed ASO complexity consists of four parts: Euclidean gradient, Riemannian gradi-

ent, curvilinear search and Transport vectors. It requires 2N2
t (N t

RF + Ns) + N t2

RF (Nt +

Ns) +NtNsN
t
RF + 2N t2

RFNt +
Nt3

RF

6
multiplications and N t2

RF (Ns− 1) + 2NtN
t
RF (N t

RF − 1) +

2N2
t (N t

RF − 1) + N t
RF (Nt − 1) +

Nt3

RF

6
additions. The inverse of matrix in (20) for ASO
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is derived with the help of cholesky decomposition. Notice that the number of antennas

involved in ASO has a smaller impact on the complexity than MO-AltMin and OMP

sparse precoding, as shown in Table-I, where L represents the number of multipaths in

OMP sparse precoding [10]. APSO complexity consists of two parts, namely velocity and

position of the agent. It takes 7NtN
t
RFNsE additions and N t

RFNs(7NtE+2E) multiplica-

tions per iteration, where E is the number of agents. APSO is preferred over the existing

algorithms, due to its low complexity. This is will be proved in Section VI. Certainly, the

number of iterations has the impact on the overall complexity of the algorithms. There-

fore, the complexity of the whole hybrid D/A algorithms is magnified by the number of

required iterations until convergence. Table-3.1 summarizes the computational complexity

for the fully-connected antenna array.

3.7.1.2 Partially-connected antenna array

Table-3.2 provides the computational complexity comparison for the partially-connected

antenna array. In general, M multiplications and M additions are required to determine

āaan and dn respectively. Therefore, the complexity of the proposed CMO algorithm consists

of three main steps, i.e., gradf(ḡggn),555f(ḡggn), and exp(·) . All these steps in each iteration

takes N t
RF (5M−2+M3

6
) additions and N t

RF (2M2+M3+M3

6
) multiplications. According to

Lemma 1 in [60], the complexity of the exponential is calculated as eigen-decomposition.

SPSO includes 7ME additions and 7ME+ 2E multiplications per iteration to determine

optimal ḡggn. The total complexity of the algorithm is 7ME + M additions and 7ME +

2E+M multiplications. For the hybrid D/A BF system with N t
RF chains, the complexity

will be N t
RF (7ME+M) additions and N t

RF (7ME+2E+M) multiplications. In contrast,

SVD-based hybrid D/A precoding system [21] takes N t3

RFM + N t3

RFM
3 additions and

N t3

RFM +N t3

RFM
3 multiplications in each iteration.

3.7.2 Energy Efficiency Calculation

RF chain components consume up to 70% of the total transceiver power [14]. The practical

energy efficiency of different types of hybrid D/A models have been discussed in [16–18].

Nevertheless, some circuit devices were not included in the hybrid D/A such as the filter
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Table 3.2: Computational complexity of partially-connected antenna array.

Number of operations per iterations

Algorithms Additions Multiplications Iterations

SVD-based hybrid D/A pre-

coding [21]

N t3

RFM +

N t3

RFM
3

N t3

RFM +N t3

RFM
3 α

Analog precoder [16] N t
RF (M2 −M) N t

RFM
2 α

Proposed CMO N t
RF (5M − 2 +

M3

6
)

N t
RF (2M2 + M3 +

M3

6
)

α

Proposed SPSO N t
RF (7ME+M) N t

RF (7ME + 2E +

M)

α

Pfilter and the base-band amplifier PB. Therefore, we have taken the power consumption of

these two devices into consideration, which are denoted by Pfilter and PB, respectively. As

each power amplifier is connected to each antenna in our system, the power consumption

of each RF chain is modelled as

PRF = Pmixer + PLO + Pfilter + PB, (3.53)

where Pmixer is a power of mixer, and a PLO is the power for local oscillator. From the

energy perspective, a fully-connected antenna array consumes more power because the

number of phase shifters scales linearly with the number of RF chains and the num-

ber of transmit antennas. As the phase shifters are independent of the number of RF

chains in the partially-connected antenna array, it consumes less energy than the fully-

connected antenna array. The total powers consumed by a hybrid precoding mm-Wave

fully-connected antenna array and partially-connected antenna array systems are given

by

P full
total = N t

RF (PDAC + PRF ) +Nt(PPA +N t
RFPPS) + PBP ,

P sub
total = N t

RF (PDAC + PRF ) +Nt(PPA + PPS) + PBP , (3.54)

respectively, where the power amplifier is modelled as PPA = Pt/γPA, PDAC is the power

of the digital-to-analog converter, PBP is the base-band processing power, and PPS is the

53



3. Designing Hybrid Precoding for Millimetre Wave Large Antenna Array Systems

power consumed by the phase shifters (including the energy for the excitation and the

energy for the compensation of insertion loss [61]). The energy efficiency is then given by

γ =
C

Ptotal

. (3.55)

3.8 Simulation Results

In this section, simulation results are provided to evaluate the performance of our pro-

posed algorithms. For the fully-connected antenna array, the existing algorithms such

as MO-AltMin [19], GHP [41], PE-AltMin [19] and OMP [10] are used for comparison.

An optimal fully digital system is also considered as a performance benchmark. For the

partially-connected antenna array, an analog precoder system [16] and a hybrid D/A pre-

coding in [18] are shown in the simulation results. In addition, a hybrid D/A precoding

based on SVD method in [21] is also considered. A benchmark is applied based on hy-

brid D/A precoding partially-connected antenna array architecture [21]. The number of

channel paths is set to L = 13 [13, 27, 30]. The transmitter antenna array is assumed to

be a UPA with the antenna spacing uq = λ
2

[30]. The AoAs and AoDs are generated in-

dependently from the uniform distribution with mean cluster angle uniformly distributed

[0, 2π], while the angle spread is set to 7.5 [10, 19, 30]. As shown in previous work on

mm-Wave systems [10, 13, 19, 41, 48], most of our results in this section are tested with

low and medium SNR levels.

Fig. 3.3 shows the convergence behavior of three different algorithms for the fully-

connected antenna array system with SNR = −15dB. The spectral efficiency achieved is

averaged over 10, 000 independent channel generations. It can be seen from Fig. 3.3 that

our proposed ASO has faster convergence speed than other algorithms. The curvilinear

search and BB enable our proposed ASO to converge within 12 iterations. MO-AltMin

converges slower than the proposed ASO which requires about 20 iterations. The conver-

gence performance of the APSO with the population sizes of 6 and 25 are sufficiently close,

while the latter requires much higher complexity. Fig. 3.4 shows convergence behavior of

the CMO algorithm and SPSO with different numbers of agents in partially-connected

antenna array when SNR=0dB. It can be seen from Fig. 3.4 that CMO converges fast
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within 22 iterations. Meanwhile, by increasing the number of agents, SPSO also converges

faster (within 34 iterations) and can also achieve higher spectral efficiency. However, if

we apply a lower number of agents, for e.g, when SPSO has 6 agents, it results in a lower

spectral efficiency with slower convergence (40 iterations).

Fig. 3.5 plots the spectral efficiency performance for the fully-connected antenna array

when N t
RF = N r

RF = Ns, as a function of SNR. From Fig. 3.5 it can be seen that the

spectral efficiency achieved by OMP is always lower than those achieved by our proposed

algorithms and the benchmark. The reason is that it is designed for a special scenario when

N t
RF ≥ 2Ns. The spectral efficiency achieved by ASO is similar to that of MO-AltMin,

which is close to the fully digital system. This is because ASO can accurately approximate

the optimal precoder which outperforms OMP, GHP, PE-AltMin and APSO. With a lower

number of agents, APSO can still achieve higher spectral efficiency than OMP and its

spectral efficiency increases by increasing the number of agents. In Fig. 3.6, we investigate

the effect of the number of RF chains on the spectral efficiency performance of different

algorithms, for the fully-connected antenna array with a fixed numner of data streams. It

can be seen that both ASO and MO-AltiMin achieve the same spectral efficiency as that

of the fully digital system when NRF ≥ 2Ns. GHP and APSO need more RF chains to

approach the performance of the fully digital system. As mentioned earlier, the PE-AltMin

cannot take the advantage of extra RF chains and achieves constant spectral efficiency.

OMP achieves a lower spectral efficiency for the case of NRF = Ns, it is designed to take

the advantage of extra RF chains in the system. The performance loss of ASO algorithm

comes from the relaxation of the original problem (13) to be the problem (14). However,

we have used the simulation tool as in Fig. 3.5 to show that this loss is small and this

relaxation produces an unnoticeable gap from the optimal fully digital system. Moreover,

the performance achievements of APSO depends on the relaxation problem and also on

the number of agents, where with the high number of agents APSO can achieve close

enough to the optimal solution.

Fig. 3.7 and Fig. 3.8 plot the spectral efficiency versus SNR for partially-connected

antenna array hybrid precoding mm-Wave systems. To show effect of the number of

antennas, we consider different numbers of antennas N t
RF = 2, Nt = 64, Nr = 16 and
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N t
RF = 2, Nt = 128, Nr = 32. It can be seen that the spectral efficiency achieved by

the analog precoder in [16] is the lowest. When SNR = 0dB the spectral efficiency gap

between the analog precoder [16] and the proposed CMO and SPSO is about 4bits/s/Hz,

while when SNR = 10dB, the spectral efficiency gap increases to about 9bits/s/Hz. Fur-

thermore, the spectral efficiency achieved by hybrid D/A precoders [18] is lower than that

of hybrid D/A precoders based on CMO. In addition, CMO achieves better spectral effi-

ciency than SPSO and SVD-based hybrid D/A precoding. The reason is that CMO can

approximate the optimal joint precoder more accurately. SPSO with 25 agents achieves

similar spectral efficiency to the SVD-based hybrid D/A precoding [21]. By comparing re-

sults in Fig. 3.5 and Fig. 3.8, it is observed that the fully-connected antenna array achieves

higher spectral efficiency as compared to partially-connected antenna array system.

Fig. 3.9 plots the sum rate performance for the fully-connected antenna array when

N t
RF = N r

RF = Ns, as a function of SNR. A significant performance gain can be observed

for the proposed algorithms compared to the existing algorithms, and the performance

is close enough to the fully digital MMSE system. Fig. 3.9 shows that the sum rate

achieved by the algorithm in [13] based ZF method is always lower than those achieved

by our proposed algorithms and the fully digital MMSE. The reason is, the algorithm

that is designed in [13] for a special scenario when N t
RF ≥ 2Ns. With a lower number of

agents, APSO can still achieve higher sum rate than the algorithm in [13] and its sum

rate increases by increasing the number of agents.

Fig. 3.10 illustrates the sum rate performance for the partially-connected antenna

array when N t
RF = N r

RF = Ns of the proposed algorithms. Without considering any

interference in the system is simulated which is introduced as a benchmark and it is

called free interference. It is observed that the proposed algorithms based CMO and

SPSO still close enough to the free interference. SPSO with different number of agent is

simulated where SPSO with low number of agents achieves the lowest curve as compared

to the SPSO with higher number of agents.

Fig. 3.11 and Fig. 3.12 illustrate the impact of imperfect CSI on the spectral efficiency

performance of various algorithms with N t
RF = 2 and Nt = 128. From Fig. 3.11 and

Fig. 3.12 it can be seen that OMP and the methods in [18] achieve very low spectral
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Figure 3.11: Spectral efficiency of hybrid D/A precoding mm-Wave system based on imperfect CSI for

fully-connected antenna array algorithms

efficiency in the imperfect channel case with η = 0.4. The reason is that these two

algorithms rely much on the channel estimation to design the analog precoding matrix.

Our proposed algorithms have low spectral efficiency in the imperfect case with η = 0.4,

but still can achieve relatively good spectral efficiency as compared to the perfect CSI

case and the existing algorithms.

Fig. 3.13 plots the number of multiplications for full antenna array with respect to the

number of antennas, as multiplications consume more computation than additions. Fully

digital system has high complexity because the number of RF chains is proportional to

the number of antennas. From the figure, it is seen that the complexity of MO-AltMin

increases exponentially. The complexity of the proposed ASO is lower than that of MO-

AltMin and OMP, while the complexity of the OMP increases exponentially but it is still

lower than that of MO-AltMin. The complexity of the APSO scheme increases linearly.

It is also verified that by increasing the number of agents for APSO, the complexity

the system increases. Therefore, in the fully-connected antenna array system, APSO

has lowest complexity than all algorithms, including MO-AltMin, ASO, GHP and OMP.
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Fig. 3.14, shows the complexity for the number of selected area. In general, the partially-

connected antenna array has lower complexity than the fully-connected antenna array.

In the partially-connected antenna array structure, the complexities of CMO and SVD

proposed in [21] increase exponentially, and CMO has lower complexity than SVD. The

complexity of the SPSO and the analog precoding [16] scheme increases linearly. When

SPSO adopts with a larger number of agents, the complexity of the system increases.

Therefore, the complexity of the SPSO based method is a little higher than the analog

precoding proposed in [16].

In terms of the running times of the proposed algorithms versus the existing algorithms,

we report the following: the proposed ASO and CMO take around 35 and 27 second

respectively. APSO and SPSO take around 0.0007 second which are the fastest algorithms

amongst the proposed and the existing hybrid D/A algorithms. For fully antenna array,

the existing algorithms MO-AltMin, OMP, GHP, and PE-AltMin consume 63, 0.075,

0.058, and 0.0011 seconds, respectively. However, the pure analog precoder [16] attains the

fastest algorithm as compared to all other algorithms which are summarized in Table 3.3.
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Table 3.3: Running time of the proposed algorithms versus the existing algorithms.

Algorithms running time Algorithms running time

Proposed ASO 35 second MO-AltMin [19] 63 second

Proposed APSO 0.0007 second OMP sparse precod-

ing [10]

0.075 second

Proposed CMO 27 second GHP [41] 0.058 second

Proposed SPSO 0.0007 second PE-AltMin [19] 0.0011 second

SVD-based hybrid

D/A precod-

ing [62]

0.0025 second Analog precoder [16] 0.0001 second

These running times are averaged over the 500 realizations, implemented in Mathworks’

Matlab c©.

Fig. 3.15 plots the energy efficiency versus the number of RF chains, N t
RF , when

Nt = 128 and SNR= 0dB. It is assumed that the average path loss is 100dB. The trans-
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mission power and the efficiency of the power amplifier are Pt = 1W and γPA = 0.375

respectively [17, 18]. The other system parameters are Pmixer = 19mW, PLO = 5mW,

Pfilter = 14mW, and PB = 5mW. In the hybrid D/A precoding mm-Wave system, the

parameters are set as PDAC = 255mW, PBP = PDAC [61], and PPS = 30mW. ASO

algorithm for the fully-connected antenna array is considered to show the energy effi-

ciency advantages of different hybrid D/A precoding architectures. CMO and SPSO are

considered based on the partially-connected antenna array hybrid D/A precoding. The

fully-connected antenna array consumes more power since the number of phase shifters

scales linearly with N t
RF and Nt. Conversely, the number of phase shifters is independent

of N t
RF in the partially-connected antenna array. It is seen from Fig. 3.15 that when the

number of N t
RF is small, ASO attains better energy-efficiency than the partially-connected

antenna array algorithms due to the fact that the power consumption for RF chains is low

and its achieved spectral efficiency is high. Nevertheless, by increasing N t
RF , the spectral

efficiency of the system will increase in the fully-connected antenna array along with the

exponentially increased number of phase shifters that consumes excessive power. Sub-

sequently, the energy efficiency of the fully-connected antenna array structure decreases

gradually. The proposed algorithms CMO and SPSO for the partially-connected antenna

array has higher energy efficiency and its performance decreases slowly with increasing

N t
RF . Moreover, SPSO with 6 agents is considered and attains less energy efficiency than

SPSO with 25 agents.

Remark 3. A discussion based on practical aspects for OMP [10] and the proposed algo-

rithms: From the aspect of the energy efficiency criteria OMP consumes more transmitted

power than the proposed algorithms. The reason is, in Fig. 4(b), it is shown that hybrid

precoding based on OMP to perfectly achieve the performance of fully digital precoding,

the number of RF chains is required about NRF ≥ 10 under a practical condition where

the number of RF chains same as the number of data streams. However, the proposed

algorithms ASO and ASPO achieve the same spectral efficiency as that of the fully dig-

ital system when NRF ≥ 4 and NRF ≥ 5, respectively. This produces an extra problem,

the number of phase shifters in the system is higher in OMP than the proposed algo-

rithms, as OMP demands more RF chains than the proposed algorithms. To conclude,
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the proposed algorithms are not only bridging a spectral deficiency performance gap as

shown in Fig4(a), the energy efficiency of the proposed algorithms is much higher than

OMP, because the required RF chains and phase shifters by the proposed algorithms are

lower than that required by OMP. In machine learning, the low-rank matrix is used widely

in several applications such as communications, computer vision, recommended systems,

and environmental science. We therefore often face optimization problems that require

non-convex either high-rank or low-rank constraints as in the mm-Wave large antenna

array systems. Therefore, one of the suitable solutions is to form the rank constraints

problem as a smooth manifolds in Rn. Because, intricate optimization problems based on

manifolds can be solved more accurate than optimization problem based on for example

Euclidean space [50,56]. For APSO, it has been established widely in industry for design-

ing industrial robots that are used in industrial manufacturing [?]. The wide use of PSO

in practical systems, as well as the close optimal spectral efficiency performance that is

attained by PSO for both structures makes it one of the perfect solutions for designing

hybrid precoding mm-Wave systems.

Finally, in this chapter, as a 3D BF gain is considered which means, the beampattern

should be a 3D pattern. Furthermore, when Nt is large enough that will lead to negligible

beampattern interference only in partially-connected antenna array. Therefore, the mini-

mum angle for 3D beampatterns between two beams in partially-connected antenna array

that can be distinguished and without interference to each other is investigated in this

section. A beampattern function is equal to array factor (AF) that has been modelled

in [33], and we may rearrange AF in the following form

AF =
sin(Ntx

2
Λx) sin(

Nty
2

Λy)

(
NtxNty

4
ΛxΛy)

, (3.56)

where Λx = 2πλ−1ux sin(θil) cos(φil) + βx, Λy = 2πλ−1uy sin(θil) sin(φil) + βy, i ∈ [r , t],

and βx, βy is determined by user position in small cell. In essence, to find 3D beampattern

nulls in the mainlobe based on (3.56), the first null determines the minimum angle between

two beams that can be distinguished from each other. Second pair of nulls, determines the

major property of the largest sidelobe, in general the maximum interference to adjacent

users occurs here. Therefore, by observing (3.56) we can find nulls by zeroing either
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Figure 3.16: Beam pattern square array by using the proposed scheme APSO based on fully-connected

antenna array for an array of size Nt = 128, N t
RF = 2.

factors of its numerator

NtxNty

4
ΛxΛy = µπ, (3.57)

where µ = 0,±1,±2, · · · . It is obvious from (3.57) that beampattern nulls depend on

multiple parameters. Therefore, finding the 3D beampattern nulls over 2D scenario can

be represented as

θnull = sin−1(
λ

2πux
(±2πNtx

Nt

− βx)), (3.58)

φnull = sin−1(
λ

2πuy
(±

2πNty

Nt

− βy)), (3.59)

With ({∣∣∣∣( λ

2πux
(±2πNtx

Nt

− βx)) ≤ 1

∣∣∣∣} ∪{∣∣∣∣( λ

2πuy
(±

2πNty

Nt

− βy)) ≤ 1

∣∣∣∣}
)
.
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Figure 3.17: Beam pattern square array by using the proposed scheme SPSO based on partially-connected

antenna array for an array of size Nt = 64 per RF chain, N t
RF = 2.

where θnull, φnull are the zenith and azimuth null angles, respectively. Notice that in

Table-(3.3), the first null is approximately reciprocally proportional to the number of

array antenna elements in the broadside of the antenna.

Fig. 3.16 and Fig. 3.17 shows that the beam pattern generated by a transmitter with

a Nt = 128 and N t
RF = 2 based on planar array. The beampatterns are generated by

using APSO precoder for fully-connected antenna array and SPSO for partially-connected

antenna array. It can be noticed that the beam pattern of fully-connected antenna array is

much narrower than that of partially-connected antenna array. The reason is very obvious,

in the fully-connected antenna array each RF chain is connected to all the antennas in the

system which makes each RF chain use the whole antenna in the array Nt = 128 to create

a beam. However, in the partially-connected antenna array each RF chain is connected

to a sub antenna and create its own beam, in this case each RF chain is connected into
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Table 3.4: Numerical Results

θnull φnull Ntx Nty

14.48 30 8 8

half of the number of antennas Nt = 64. In this case, the two beams can be separated by

utilizing θt and φt directions. Furthermore, the fully-connected antenna array has lower

sidelobes than the partially-connected antenna array, which results in sidelobes have lower

impact on the main lobe in the fully-connected antenna array.

3.9 Conclusions

In this chapter, we have proposed novel hybrid D/A precoding algorithms for fully-

connected antenna array and partially-connected antenna array mm-Wave systems. For

the fully-connected antenna array structure, an efficient way was proposed uniquely to

help reformulate the non-convex constraints and also to enable the low-complexity algo-

rithm development. Based on this approach, ASO and APSO algorithms were proposed

to satisfy the reformulated constraints. ASO can achieve high spectral efficiency at the

cost of high complexity. APSO can achieve a relatively good spectral efficiency with

lower complexity, related to the number of agents. CMO and SPSO were proposed for

the partially-connected antenna array mm-Wave systems. Simulation results showed that

our proposed algorithms were able to achieve higher spectral efficiency than the existing

hybrid D/A precoding algorithms. Ultimately, the effect of the channel estimation was

considered, which showed that our proposed algorithms are more robust to the estimation

error than the existing algorithms. Finally, our simulation results showed that APSO and

SPSO have lower complexity than the existing hybrid D/A precoding mm-Wave system

algorithms.
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4.1 Overview

Hybrid D/A precoding is widely used in mm-Wave system to reduce power consumption.

The RF chains consume maximum transmitted power, therefore, in this chapter, optimal

number of RF chains are selected to achieve the desired energy efficiency (EE). The opti-

mization problem is formulated as the fractional programming maximization. Therefore,

the novelty of the proposed method is in two folds. First, the optimal number of RF

chains are selected by the proposed bisection algorithm. In this work, the number of data

streams equals the number of RF chains which results in the number of data streams

is also optimized. Second, the optimal analog precoder and combiner are designed by

eigenvalue decomposition, followed by the digital precoder and combiner which are de-

signed based on applying the singular value decomposition to the proposed effective uplink

and downlink channel gains matrix. Furthermore, the computational complexity of the

hybrid D/A system is considered in this chapter as well. The proposed D/A precoders

and combiners are designed carefully to attain a lower complexity than the existing D/A

precoders and combiners algorithms simultaneously with achieving a good performance.

The effect of the resolution of the phase shifters used in the analog precoder on EE is

investigated. Simulation results show that the proposed algorithms outperform the ex-

isting algorithms in terms of the EE and the spectral efficiency. It also showed that the

hybrid precoding with an optimal number of quantized bits of resolution attains the best

EE performance. Finally, simulation results demonstrate that our proposed methods for

designing D/A precoders and combiners have lower complexity than the existing D/A

precoders and combiners algorithms.

4.2 Introduction

5G mobile communication is proposing mm-Wave bands (frequency ranges from 30 GHz

to 300 GHz) to solve the spectrum scarcity issues [10,19,21,38,63]. However, there are a

lot of challenges to implement 5G for mm-Wave systems [5, 54]. In conventional wireless

communication systems, the number of RF chains is equal to the number of antennas

71



4. Energy-Efficient Design for Hybrid D-A Precoders in mm-Wave Systems

and the optimal performance in terms of spectral efficiency is achieved by using the fully

digital precoder. It is a well known fact that 70% of the transmitted power is consumed by

the RF chains [10, 19, 21, 63]. However, if the fully digital precoder is adopted the power

consumption will be extreme due to large number of RF chains. Therefore, a simpler

approach is to use a single RF chain that is connected to a large number of antennas

as proposed in [63] for mm-Wave system. However, the spectral efficiency performance

of this approach is much lower than that of the prior system [10, 19, 21]. Therefore, a

hybrid D/A precoding system has been studied to balance the spectral efficiency and

power consumption [10,19,21] which consists of a low-dimension digital beamformer and

a high-dimension analog beamformer implemented using phase shifters.

Sparse precoding based on OMP algorithm is proposed for the hybrid D/A mm-Wave

system in [10]. The spectral efficiency of the hybrid D/A precoding system is maximized

but the power consumption has not been considered in [10]. Hence, in Chapter 3 the

computational complexity of designing the hybrid D/A system based on OMP is explained

well and it is showed that OMP demands a high complexity to design the hybrid D/A

system. Moreover, to address the power consumption issue in [19], the hybrid D/A

precoding system is designed to achieve higher spectral efficiency than OMP, and also

calculate the energy efficiency (EE) criteria. However, neither the number of RF chains

is optimized nor reducing the computational complexity of the hybrid D/A is considered

in [19]. Therefore, the number of RF chains in [64] is investigated, two new algorithms

are proposed which optimized the number of RF chains while the hybrid D/A system

is designed with high complexity based on conventional OMP algorithm. There are two

issues with the approach in [64] firstly, finding the optimal number of RF chains which is

equivalent to the number of antennas is quite difficult as the number of antennas is quite

large. Secondly, the hybrid D/A precoding is not optimized for the selected number of

RF chains. Hence, it is of paramount importance that the hybrid D/A mm-Wave system

should be designed carefully to be more energy efficient.

As enumerated above, the existing hybrid D/A mm-Wave system neither the number

of RF chains is optimized nor reducing the computational complexity of the hybrid D/A

mm-Wave system is investigated. Therefore, the aim of this chapter is to develop new algo-
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rithms can design an energy efficiency hybrid D/A mm-Wave systems, where the number

of RF chains is optimized simultaneously with designing low complexity D/A precoders

and combiners. Motivated by this aforementioned discussions, the main contributions of

this chapter are discussed as follows:

The optimization problem is formulated as the fractional programming maximiza-

tion which helps in dividing the optimization problem into two sub-problems. The first

sub-problem is formulated as a power allocation and then a bisection algorithm (BI) is

proposed. All the positive and non-zero power values that are formulated based on a

power allocation, are found by utilizing BI. After that, these power values are combined

in a vector. Essentially, the optimal number of RF chains equals the number of all the

positive and non-zero power values that are calculated via BI. Furthermore, in this model

the number of data streams same as the number of RF chains. Subsequently, the number

of data streams in the system is also optimized. The second sub-problem is focused on

designing the D/A precoders and combiners with low complexity. To avoid multi-variable

joint optimization, the literate works in [10,19,21] decouple the transmitter and receiver,

then design separately, not jointly. To address the issue of the hybrid precoding design

in the low energy consumption situation with the number of data streams equal to the

number of RF chains, this chapter introduces the concept of effective channel gains to

realize the joint design of transceiver. The analog beamformer under a non-convex con-

stant modulus constraints is designed based on a method that exploits the potential of

gaining the knowledge of the channel. This method is called the eigenvalue decomposition

(EVD), which is theoretically based on calculating the eigenvector that corresponds to

the largest eigenvalue of a matrix [65]. The main advantages of proposing EVD method is

that: i) this scheme does not require calculating the gradient of the optimization function

as shown in existing algorithms [10,19,63], which reduces the complexity of the system; ii)

It also does not require a high number of iterations, as it calculates only the eigenvector

that corresponds to the largest eigenvalue. After that, the digital precoder is designed by

proposing a low dimension matrix that is generated based on the effective channel gains

of the duality of the uplink and downlink channel gains. The optimal digital precoder can

be obtained by applying SVD to the low dimension effective uplink and downlink channel
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gains matrix.

The computational complexity while designing the analog and digital precoder and

combiner is precisely considered. The existing algorithm MO-AltMin [19] to design the

analog part in each iteration have a high complexity which comes from three stages i.e.,

conjugate descent, find the local optimum, Kronecker product of large-sized matrices.

For designing the digital part in [19] pseudo inverse of a matrix dimension equals to the

number of antennas in the mm-Wave system is applied. This operation not only increases

the computational complexity because of a large number of antennas, it also sacrifices

performance when the analog beamformer irreversible. OMP in [10] when designing the

analog precoder, the number of antennas is involved in addition to SVD operation is

also applied for obtaining the fully digital precoder while the same digital precoder is

used as in [19] which is designed based on least square (LS) method. Consequently,

the computational complexity of hybrid D/A mm-Wave systems based on MO-AlitMin

and OMP algorithms in [10, 19] is always high. Therefore, the proposed methods in this

chapter managed to reduce the computational complexity of the hybrid D/A system.

First, the analog part designed based on EVD that only involves the number of antennas

without the need of the iterative optimization procedure and iterative SVD operation.

Second, the digital part avoided the need of the large dimension matrix by proposing the

low dimension matrix based on the effective uplink and downlink channel gains.

Since the power consumption increases with the resolution of the phase shifters of the

analog precoder, a trade-off between the spectral efficiency and power consumption based

on limited resolution is investigated. This essentially allows us to point out substantial

conclusions about the EE of the intended hybrid D/A precoding when different numbers

of quantized bits of precision are utilized.

Finally, the EE is compared with different existing systems such as a single RF chain

beam steering algorithm [63], hybrid precoding based on fully-connected antenna array

architecture OMP [10], MO-AltMin [19] and the fully digital system. Although in [19] two

algorithms were proposed for fully-connected antenna array architecture, only MO-AltMin

is compared here as it outperformed the other algorithms in [19]. The simulation results

showed that the EE of the proposed hybrid D/A precoding algorithm is superior to all
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these precoders. Ultimately, the spectral efficiency of the proposed algorithm is simulated

against the beam steering, OMP, MO-AltMin and the fully digital system. The simulation

result also investigates the effects of utilizing few quantized bits on the spectral efficiency

and EE. It also showed that the hybrid precoding with an optimal number of quantized

bits of resolution attains the best EE performance. Meanwhile, numerical results show

that the proposed hybrid D/A has much lower complexity than the existing hybrid D/A

algorithm.

4.3 System Model

Fig. 1 shows a downlink mm-Wave system for hybrid D/A precoding based on fully-

connected antenna array architecture where each RF chain is connected to all the an-

tennas in the system. The BS sends Ns data streams via Nt transmit antennas to the

receiver which consists of Nr receiver antennas. Note here, the receiver side is imple-

mented symmetrically as the transmitter. Therefore, it is assumed that there are N t
RF

and N r
RF RF chains at the BS and the receiver. The digital precoder is denoted as DDDBB

and the analog precoder is denoted as AAARF . The analog precoder is designed under the

condition that all the non-zero elements of AAARF have the same amplitude, but different

phase shifts, while the digital precoder satisfies the total transmit power constraint by

normalizing ‖AAARFDDDBB‖2
F = Ns. The dimensions of DDDBB and AAARF are N t

RF × Ns and

Nt ×N t
RF . Note that, both DDDBB and AAARF may not be square matrices as Ns ≤ N t

RF and

Nt >> N t
RF .

4.3.1 Signal Model

The received signal for all NRF receive antennas yyy = [y1, y2, · · · , yNRF ]T at the user is

expressed as

yyy =
√
ρmaxWWW

H
BBWWW

H
RFHHHAAARFDDDBBsss+WWWH

BBWWW
H
RFnnn, (4.1)

where ρmax represents the average received power. The symbol vector sss ∈ CNs with

E[ssssssH ] = 1
Ns
IIINs . nnn ∈ CNr is the zero-mean complex Gaussian noise vector with inde-

pendent and identically distributed (i.i.d) elements with E[nnnnnnH ] = σ2IIINr . The analog
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Figure 4.1: Block diagram of a hybrid D/A mm-Wave large antenna array system.

combiner is denoted as WWWRF and the digital combiner is represented as WWWBB. The di-

mension of WWWRF and WWWBB are Nr×N r
RF and N r

RF ×Ns. The analog combiner is realized

by the phase shifters which can only adjust the phase of the signal without changing its

amplitude, therefore, all the non-zero elements of WWWRF have the same amplitude. The

objective is to design AAARF , DDDBB, WWWRF and WWWBB to maximize the spectral efficiency C

that is given by

C = log2

∣∣∣∣IIINs +
Pmax

Nsσ2
RRR−1WWWH

BBWWW
H
RFHHHAAARFDDDBBDDD

H
BBAAA

H
RFHHH

HWWWRFWWWBB

∣∣∣∣ , (4.2)

where Pmax represents the maximum allocated power and RRR−1 = WWWH
BBWWW

H
RFWWWRFWWWBB is

the processed noise covariance matrix. Note in mm-Wave systems, the spectral efficiency

can be improved by increasing the number of RF chains [10,19,21] which consumes up to

70% of the total transceiver power [21]. Therefore, EE criterion is required which is given

as [65]

γEE =
C

Ptotal

, (4.3)
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where Ptotal is the total power consumed by the PTtotal transmitter hybrid D/A and PRtotal

receiver hybrid D/A mm-Wave system and is given as

PTtotal = βtr(GGGGGGH) +N t
RF (PDAC + PRF )

+ Nt(PPA +N t
RFPPS) + PBP , (4.4)

PRtotal = βtr(WWWWWWH) +N r
RF (PADC + PRF )

+ Nr(PPA +N r
RFPPS) + PBP , (4.5)

where GGG = AAARFDDDBB and WWW = WWWRFWWWBB, β denotes reciprocal of amplifier efficiency.

The power amplifier is modelled as PPA = Pnt/γPA. PDAC and PADC in (4.4) and (4.5)

are the power of the digital-to-analog converter and the power of the analog-to-digital

converter, respectively. PBP is the base-band processing power, and PPS is the power

consumed by the phase shifters (including the energy for the excitation and the energy

for the compensation of insertion loss [61]). γPA is the average transmitting power of each

antenna, and is fixed to 0.375 [18, 21]. In (4.4) and (4.5), PRF is the power consumption

of each RF chain and is modelled as

PRF = Pmixer + PLO + Pfilter + PBA, (4.6)

where Pmixer is the power consumed by the mixer and PLO is the power required by the

local oscillator. From (4.6), it can be observed that the mm-Wave system also considers

the power consumed by the filter Pfilter and the base-band amplifier PBA which was not

included in [19, 21] and [18] making our power consumption model more accurate and

generalized.

4.3.2 Problem Formulation

Our objective is to maximize (4.3) when different constraints are applied on the hybrid

D/A mm-Wave system. Notice here, the main focus of this work is on the transmitter

side, this is because, the same work can be applied to the receiver side easily which helps

in simplifying the optimization problem. In this case, for the transmitted side the spectral

efficiency C can be reformulated as

C = log2

∣∣∣∣IIINs +
1

σ2
HHHGGGGGGHHHHH

∣∣∣∣ . (4.7)
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Therefore, the optimization problem is now formulated as:

arg max
AAARF ,DDDBB ,N

t
RF

γEE =
C

Ptotal

,

s.t. C ≥ v,

tr(GGGGGGH) ≤ Pmax,

|(AAARF )nt | = 1, ∀nt,

||GGG||2F = Ns,

1 ≤ N t
RF ≤ Nt, (4.8)

where v is the minimum desired spectral efficiency. The non-convex constant modulus

constraint is subjected to AAARF as restricting all the non-zero elements to have the same

amplitude in the analog domain. The total power consumed Ptotal equals the total power

consumed in the transmitter side PTtotal in (4.4). The total transmit power constraint

and limited number of RF chains between 1 and the maximum number of antennas are

considered respectively in (4.8). Undoubtedly, the optimization problem in this chap-

ter targets the combination of different parameters AAARF ,DDDBB, and N t
RF simultaneously

which renders the problem difficult to be tractable. Moreover, the analog precoder AAARF

constraints is non-convex and hard to deal with. Therefore, this problem can be parti-

tioned into two sub-problems, initially the number of RF chains N t
RF are optimized in

the system, and finally the hybrid precoders AAARF ,DDDBB are optimized. In this work, we

assume AAAoptRF , DDDopt
BB, and N topt

RF are the optimal solutions to the above mentioned problem.

Let us now try to optimize the number of RF chains.

4.4 Optimized Number of RF Chains

It can be observed from (4.2) that the spectral efficiency of the system is a function of HHH

and GGG where GGG = AAARFDDDBB. The spectral efficiency problem in (4.2) can be reformulated

as a power allocation problem by taking SVD of HHH and GGG yielding [65]

C(N t
RF , {pi}) =

Nt
RF∑
i=1

log2

(
1 +

1

σ2
λ2
i pi

)
, (4.9)

where λi corresponds to the eigenvector of GGG and pi denotes the power allocated to the

i-th RF chain. The total power in (4.4) can be a function of this power allocation by
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replacing tr(GGGGGGH) as

Ptotal(pi) = β

Nt
RF∑
i=1

pi +N t
RF (PDAC + PRF )

+ Nt(PPA +N t
RFPPS) + PBP . (4.10)

From (5.25) and (4.10) the optimization function in (4.8) is redesigned to properly choose

the optimized number of RF chains at the transmitter N topt

RF as

N topt

RF = arg max
Nt
RF

C(N t
RF , {pi})

Ptotal(N t
RF , {pi})

,

s.t. C(N t
RF , {pi}) ≥ v,

Nt
RF∑
i=1

pi ≤ Pmax,

1 ≤ N t
RF ≤ Nt. (4.11)

The objective function in (4.11) denotes the EE that is obtained through finding the

optimal number of RF chains N topt

RF . This objective function can be solved by using

primal fractional optimization programming which involves maximization of a ratio of two

different functions [66,67]. (4.11) can be transformed using the Dinkelbach’s method [67],

and the optimal solution for a given ϕ can be achieved if and only if the function E(ϕ) = 0

which implies ϕ = ϕopt and ϕopt = arg max C
Ptotal

. The maximization of the ratio C
Ptotal

is

mathematically identical to the maximization of the difference C − ϕPtotal for a specific

choice of the parameter ϕ [66]. Thus leveraging the theoretical results in [66, 67], the

problem in (4.11) is transformed as the following parametric programming problem

E(N t∗

RF , {p∗i }, ϕ∗) = arg max
Nt
RF

C(N t
RF , {pi})− ϕPtotal(N

t
RF , {pi}),

s.t. C(N t
RF , {pi}) ≥ v,

Nt
RF∑
i=1

pi ≤ Pmax,

1 ≤ N t
RF ≤ Nt. (4.12)

The above proposition implies that if we can find a parameter ϕ such that the optimal

value of the objective function in (4.12) is zero i.e., E(ϕ) = 0, then this optimal solution

can be directly applied to (4.11). However, from a mathematical point of view, the

function E(ϕ) = 0 is a monotonically decreasing function over ϕ, in such case solving
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Algorithm 6 Bisection Algorithm (BI) for selecting the optimal number of RF Chains.

1: Initialize ϕmin = 0, ϕmax = C
Ptotal

and small threshold value $ > 0;

2: Let ϕ = ϕmin+ϕmax
2

. Solve E(N t∗
RF , {p∗i }, ϕ∗) in (4.12) with the given ϕ, and obtain the

corresponding solutions;

3: ififif E(N t(m)

RF , {pi}(m), ϕ(m)) ≥ 0 thenthenthen,

4: ϕmin = ϕ; ElseElseElse ϕmax = ϕ.;

5: ififif the termination criteria |ϕmax − ϕmin| ≤ $, thenthenthen Stop; ElseElseElse, return to step 2

6: Consider N t∗
RF = N t

RF , {p∗i } = {pi} optimal solutions;

(4.12) through the Dinkelbach’s method does not guarantee optimal solution to (4.11) [67].

Therefore, a bisection algorithm (BI) [68], that is demonstrated in Algorithm 6, perform

better in this problem as compared to finding ϕ. In BI, it is important to decrease the

search time of this procedure which is achieved by initializing the ϕ based on lower ϕmin

and upper bounds ϕmax, such that ϕmin ≤ ϕ ≤ ϕmax. Intuitively, the lower and upper

bounded are valued by ϕmin = 0, and ϕmax = C
Ptotal

, respectively. Algorithm 6 at the top

of this page provides the BI based solution to obtain the optimal number of RF chains

N topt

RF . The acquired combination of optimal power values {p∗i } can be represented as a

power vector pppopt. Importantly, by utilizing BI all the positive and non-zero power values

are found. The optimal number of RF chains equal the number of all the positive and

non-zero power values. Essentially, when the power value equal either a negative or zero,

then we set it to zero and the algorithm start with a new RF chain until the BI finds all

the optimal number of RF chains for the hybrid D/A design. In this system model, we

have assumed that the number of data streams equal the number of RF chains, therefore,

this method can target the optimal number of data streams as well. Theorem 3 in [69]

provides the convergence properties of BI based algorithm. Based on the analysis in [69],

BI converge to the optimal ϕ∗. Any solution ϕ, which satisfies |ϕmax − ϕmin| ≤ $ for a

small $ > 0, can be found within at most α iterations, where α is the minimum integer

such that α ≥ log2( 1
$
· C
Ptotal

). Fortunately, the BI algorithm that is used to optimize the

number of RF chains at the transmitted side can be applied directly to the receiver side.

At this point, we have had an efficient method to optimally find one of the main

parameters that this chapter targets to optimize, the number of RF chains. Therefore,
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the remaining task is to obtain the precoding D/A design which will be discussed in the

next section.

4.5 Precoders and Combiners Design for Hybrid D/A

mm-Wave Large Antenna Array System

In this section, the main focus is to design hybrid D/A precoding and combining methods.

Initially, the analog precoder and combiner AAARF and WWWRF are designed based on the

eigenvalue decomposition (EVD) followed by the digital precoder and combiner DDDBB and

WWWBB that exploit the duality of the effective uplink and downlink channel gains where the

non-convex constraint and the total transmit power constraints are satisfied. Although

our proposed algorithms in Chapter 3 ASO and ASPO can be easily implemented to

design the analgo precoder and combiner in this section, a new method is proposed here

by avoiding the complexity of the optimization procedure. Furthermore, unlike the other

algorithms proposed in literature [10,19,63] that are designed hybrid D/A precoders and

combiners, the proposed methods based on EVD and the duality of the effective uplink

and downlink channel gains while designing the hybrid D/A precoder and combiner can

avoid some optimization steps which result in a low complex optimization procedure,

these advantages points are summarized as

1. The proposed method does not require a gradient of an objective function to deter-

mine the optimal analog and digital precoder and combiner. This helps the system

to reduce the complexity highly as compared to the existing algorithms in [10,19,63],

especially when finding the optimal solutions for an optimization problem with large

number of antennas.

2. Euclidean distance between the optimal fully digital system and the hybrid D/A

system is required in the conventional algorithms [10,19], this step is avoided in the

proposed system with guarantee of attaining a near optimal spectral efficiency.

Let us first look into the design of analog precoders and combiners based EVD followed

by desiging digital precoders and combiners based on the effective uplink and downlink
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channel gains matrix.

4.5.1 Analog Precoders and Combiners

The design of the analog precoder AAARF is proposed as follows. Suppose PPPT = HHHHHHH

where PPPT ∈ CNt×Nt , is Hermitian and the diagonalizable matrix. Here, we only need to

use EVD to decompose PPPT and then select the eigenvector uuuNt that corresponds to the

largest eigenvalue. Therefore, PPPT = UUUTΛΛΛTUUU
H
T , where ΛΛΛT denotes a diagonal matrix with

diagonal elements that represent the eigenvalues γNt , and each column of UUUT denotes as

an eigenvector of PPPT . In this case PPPT will consist of Nt linear independent eigenvectors

uuu1,uuu2, · · · ,uuuNt where uuuNt ∈ CNt×1 with corresponding eigenvalues of γ1, γ2, · · · , γNt , such

that PPPTuuue = γeuuue for e = 1, · · · , Nt.

The analog precoder AAARF matrix can be designed with N t
RF column vectors such

that AAARF = [aaa1, aaa2, · · · , aaaNt
RF

] where aaai ∈ CNt×1 and i is the index of the RF-th chain.

In this case, the first column of the analog precoder aaa1 is designed by the eigenvector

corresponding to the largest eigenvalue that is selected from the output of EVD method.

The element-wise normalization is satisfied for the non-convex constraint in (4.8) as

aaa1 =
1√
Nt

ejarg[uuu1]. (4.13)

After obtaining aaa1, to design the next analog precoding vector aaa2, initially the first column

vector of the matrix PPP = HHHHHHH is replaced by the selected eigenvector that corresponds

to the largest eigenvalue from previous EVD of aaa1, therefore, EVD method are repeated.

Finally, the second analog vector aaa2 is designed by using equation (5.20). Similarly, all

the columns of the optimal analog precoder matrix AAAoptRF are designed.

For designing the analog combiner matrix WWWRF = [www1,www2, · · · ,wwwNr
RF

], the same steps

can be followed which are utilized to design the analog precoder AAARF based on EVD.

Therefore, suppose PPPR = HHHHHHH where PPP ∈ CNr×Nr , is Hermitian and the diagonalizable

matrix. Here, we only need to use EVD to decompose PPPR and then select the eigenvector

uuuNr that corresponds to the largest eigenvalue. Thus, the analog combiner is obtained as

www1 =
1√
Nr

ejarg[uuu1]. (4.14)
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After that to design the next analog combiner vector www2, initially the first column vector

of the matrix PPPR = HHHHHHH is replaced by the selected eigenvector that corresponds to

the largest eigenvalue from previous EVD of www1, therefore EVD method are repeated.

Finally, the second analog vector www2 is designed by using equation (4.14). Similarly, all

the columns of the optimal analog combiner matrix WWW opt
RF are designed.

4.5.2 Quantized Analog Precoders and Combiners

In the previous subsection 4.5.1, the analog precoder and combiner are designed assuming

that the resolution of the phase shifters (PSs) elements to be infinity ∞. However, this

assumption affects proportionally the power consumptions, because the number of PSs

scales linearly with the number of antennas in the system [19,21]. Utilizing low-resolution

of PSs can enhance the EE of the hybrid D/A mm-Wave system. Therefore, to solve

this issue, the phase ϑ of each elements of the analog precoder AAARF is quantized up to

B bits of precision. The minimum Euclidean distance is formulated between the phase

of nearest neighbour element to its quantized in order to accurately design the quantized

phases of precision. The quantized phase of each elements of analog precoder AAARF and

analog combiner WWWRF is given as

ϑ̂ =
2πτ̂

2B
, τ̂ = arg min

τ∈[0,2π( 1

2B
),··· ,2π( 2B−1

2B
)]

|ϑ− τ |, (4.15)

where τ is the set of quantized phases. Finally, the analog precoder and combinerAAAF
opt

RF (ϑ̂)

and WWW F opt

RF (ϑ̂) are designed with quantized of each element.

4.5.3 Digital Precoders and Combiners

After having accomplished the designed of the analog beamformer, the joint design of the

digital precoder and combiner is now our focus. We consider to design transceiver low

complexity digital precoding and combining jointly based on the effective channel gains

of the duality of the uplink and downlink channel gain.

In general, the existing algorithms [10, 19] use the well-known LSs solution, which is

given by [10,19]

DDDBB = (AAAF
optH

RF (ϑ̂)AAAF
optH

RF (ϑ̂))−1AAAF
optH

RF (ϑ̂)FFF opt, (4.16)
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where FFF opt is the optimal fully digital precoder obtained through the SVD operation of the

channel matrix. The solution in (4.16) employees pseudo inverse in the process of solving,

this operation not only increases the computational complexity, it also sacrifices perfor-

mance when the analog beamformer irreversible. In this case, to design low complexity

and asymptotically optimal digital preocders and combiners, the optimal DDDopt
BB and WWW opt

BB

are designed based on the duality of the effective uplink and downlink channel gains that

is denoted as HHHEF , where HHHEF = WWW F opt
H

RF (ϑ̂)HHHAAAF
opt

RF (ϑ̂),HHHEF ∈ CNr
RF×N

t
RF . For this stage

only, let ignore the power transmitted constraint, therefore, there is no restriction onDDDBB

and WWWBB. Based on our assumption, we can get the unconstrained digital precoder and

combiner DDDBB and WWWBB as

DDDBB = VVV EF (1 : Ns) = [vvvEF1 , · · · , vvvEFNs ], (4.17)

WWWBB = UUUEF (1 : Ns) = [uuuEF1 , · · · ,uuuEFNs ], (4.18)

where VVV EF and UUUEF are the unitary matrices that are derived by taking SVD of the

effective channel gains HHHEF = UUUEF
∑∑∑

EFVVV EFH . After obtaining the digital precoder and

combiner from (4.17), now, we normalize DDDopt
BB =

√
NsDDDBB

||AAAFopt
H

RF (ϑ̂)DDDBB ||F
. This step guarantees

that the power transmitted constraint ‖AAARFDDDBB‖2
F = Ns is satisfied. Although this work

is focused on the transmitted side, the analog and digital combiners for the receiver side

are designed jointly with the D/A precoders.

4.5.4 Computational Complexity of Proposed Hybrid D/A mm-

Wave Large Antenna Array Systems

The complexity of the hybrid D/A mm-Wave system is calculated taking into account the

number of multiplications and additions involved as shown in Table-(4.1) and Table-(4.2).

Since the mm-Wave system uses sophisticated large antenna arrays, the computational

complexity is dominated by the number of antennas. In this section, the the computational

complexity of analog in Table-(4.1) and digital in Table-(4.2) precoders are discussed.

The complexity of our proposed method based on EVD for designing the analog pre-

coder consists of two stages: multiplying two channel matrices and then decomposing the

desired matrix PPPT . It requires N3
t L multiplications and Nt(Nr−1)+Nt(Nt−1) additions,
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where L represents the number of multipaths. The inverse of a matrix for any algorithm

is derived with the help of cholesky decomposition. Notice that, the number of antennas

involved in calculating the computational complexity of the proposed EVD method has

a smaller impact on the system complexity as compared to the MO-AltMin and OMP

algorithms when designing the analog precoder, as shown in Table-(4.1). Certainly, the

number of iterations has the impact on the overall complexity of MO-AltMin and OMP

algorithms. In Table-(4.1), we enumerate the calculation of the computational complexity

per iteration. Thus, the overall computational complexity of each algorithm needs to be

multiplied by the required number of iterations for each algorithm. In this case, suppose

that the hybrid D/A mm-Wave system is designed based on N t
RF = Ns = 2, Nt = 144 and

Nr = 64, let now numerically calculate the computational complexity for MO-AltMin,

OMP and the proposed method:

1. MO-AltMin algorithm requires 456480 number of multiplications to complete the

first iteration. However, MO-AltMin algorithm needs 20 iterations to converge

which makes the calculation of the number of multiplications increases highly to be

9129600 in order to design the analog precoder in the system [19].

2. In OMP algorithm, the number of multiplications is around 11943936 to complete

the first iteration. In general, OMP needs approximately 5 to 10 iterations to

converge, so let take 5 iterations to design the analog precoder in the system which

implies that the number of multiplication after 5 iterations grows sharply to be

around 59719680.

3. Fortunately, our proposed method does not require an iterative procedure. In this

case, to design the analog precoder in the system based on the proposed EVD

method, the number of multiplications is equal to 2985984. Undoubtedly, the num-

ber of multiplications that is demanded to perform the proposed method is signifi-

cantly lower than that of MO-AltMin and OMP algorithms.

Note here, in the previous calculations the number of multiplications is only considered

because the multiplications operation consume more computations than additions [70].
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Table 4.1: Computational Complexity of Analog Precoders.

Number of operations per iterations

Algorithm Additions Multiplications

MO-AltMin analog pre-

coding [19]

2Ns(NtN
t
RF − 1)Nt +

NtNs(NtN
t
RF − 1) +

NtN
t
RF (NtNs − 1) +

2NtN
t
RF (NtN

t
RF − 1)

2N t
RFNsN

2
t + N2

t NsN
t
RF +

N2
t Ns + 2N2

t N
t2

RF +NtN
t
RF

OMP analog precod-

ing [10]

Nt3

RF

6
+N t

RF (Nt − 1)LNs NsN
t
RFN

3
t L

Proposed analog precod-

ing based on EVD

Nt(Nr − 1) +Nt(Nt − 1) N3
t L

Table 4.2: Computational Complexity of Digital Precoders.

Number of operations per iterations

Algorithm Additions Multiplications

LS solution for digital

precoding in [10,19]

N t
RF (Nt − 1) + Nr(Nt − 1) +

N t
RFNr(N

2
t − 1)

N t
RFN

2
t +NsN

2
t +N t

RFNtNs

Proposed digital precod-

ing based on SVD

N t
RFNr(Nt−1)+N t

RF (Nr−1) N t
RFNrNt +N t2

RFNr +N t3

RF

For designing the digital precoder, the proposed method based on SVD consists of three

stages. Therefore, it requires N t
RFNr(Nt − 1) + N t

RF (Nr − 1) additions and N t
RFNrNt +

N t2

RFNr +N t3

RF multiplications. It can be noticed that the number of RF chains has more

impact on the computational complexity of the proposed method. Essentially, in hybrid

D/A mm-Wave systems the number of RF chains is roughly small as compared to the

number of antennas, thus, the complexity of our proposed method attains lower than

the LS solution. By seeking the same numerical example, the number of multiplications

that are required in the proposed method based effective channel is 18696 and in the

conventional LS solution is 83520, receptively.

To sum up, our proposed methods for the analog and digital precoders are preferred
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over the existing algorithms, due to its low complexity which is proved numerically. Fur-

thermore, this is will be proved by simulation as well in Section 4.6. Ultimately, Table-

(4.1) and Table-(4.2) summarizes the computational complexity for the hybrid D/A mm-

Wave system.

Finally, after obtaining AAAF
optH

RF (ϑ̂),DDDopt
BB, N topt

RF , and pppopt, the joint precoder is designed

as GGGopt = AAAF
optH

RF (ϑ̂)DDDopt
BBdiag[pppopt]

1
2 . Now, the spectral efficiency is determined by (4.7),

total power by (4.4) and the EE by (4.3). The above proposition guides to an energy

efficient hybrid D/A precoding system, and the performance of the proposed system is

compared with the current known systems [10,63] and [19] in the upcoming section.

4.6 Simulation Results

In this section, the EE performance of our desired hybrid precoding system is carried

out. Our algorithm performance is compared with four known algorithms in literature.

The first algorithm is based on beam steering which utilizes a single RF chain as proposed

in [63]. Second and third algorithms OMP [10] and MO-AltMin [19] are also simulated

with a fixed RF chains. The fourth algorithm is a fully digital system where the number of

RF chains is equal to the number of antennas. Mm-Wave channel as described in Chapter 3

Section 3.3.1 is deployed and the number of multipaths is set to L = 15 [10, 19, 41]. The

transmitter antenna array is assumed to be a UPA with the antenna spacing uq = λ
2
. The

AoAs and AoDs are generated independently from the uniform distribution with mean

cluster angle uniformly distributed [0, 2π], while the angle spread is set to 7.5 [10,19,30].

Moreover, the minimum spectral efficiency is fixed as v = 1 bits/s/Hz. Table (4.3)

provides the practical values of the power parameters that are used in the simulation

results [19, 21,64] and [18].

Fig. 4.2 illustrates the effect of the EE with respect to the number of transmit antennas

when the SNR is fixed to 15 dB. In the simulation, the existing hybrid D/A precoding al-

gorithms OMP and MO-AltMin utilize 6 number of RF chains. It is observed in Fig. 5.13

that the proposed hybrid precoding attain superior EE as compared to the other known

solutions in literature [10,63] and [19]. From the figure, it is observed that as the number
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Table 4.3: The power expressions of different precoding systems where used in the simulation results [19,

21,64] and [18].

Power Type Values

Pmixer 19mW

PLO 5mW

Pfilter 14mW

PBA 5mW

PPS 10mW

PDAC = PBP 255mW

of transmit antennas increase the EE of all the known solution decreases linearly in per-

formance except the proposed one. The proposed solution, enhances the EE by searching

the optimal number of RF chains and then implementing the optimal precoders D/A in

the system. In the fully digital system the number of transmit antennas are equal to the

number of RF chains, therefore, as the number of antennas increases, the EE performance

decreases as the RF chain consumes more power. Both the OMP and MO-AltMin hybrid

precoding losses the EE linearly because the number of RF chains both have not been

optimized. The simplified beam steering neither achieves the highest nor the lowest EE

because there is no effort for optimizing the number of transmitted antennas.

Fig. 4.3 shows the EE variation for different precoding solutions with respect to SNR.

For a 64 × 16 mm-Wave system, it is very clear that the proposed EE hybrid precod-

ing system based algorithms outperforms all the existing precoding solutions in [10, 63]

and [19] with increase in SNR. The reason is obvious as the proposed hybrid precoding

designed based on finding the optimal number of RF chains and then applying the opti-

mal precoders D/A in the system. The hybrid precoding based on OMP and MO-AltMin

algorithms achieve a reasonable performance because the main focus is to find only the

optimal D/A precoders in the system. Finally, the fully digital system and the beam

steering have the lowest performance as compared to the hybrid D/A precoding system.

In Fig. 4.4 the EE of the different algorithms based on different systems with respect

to the transmission power is tested for Nt = 64 × Nr = 48, and the number of RF
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Figure 4.2: EE performance versus the number of transmitter antennas at SNR = 15 dB.
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Figure 4.3: EE performance versus SNR when Nt = 64×Nr = 16, B=∞.
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chains is fixed as N t
RF = Ns = 4 only for the proposed algorithms, MO-AltMin [19], and

OMP [10] based on hybrid D/A precoding system. As depicted when the transmission

power is higher than 8W, the proposed algorithm is more energy efficient than the existing

algorithms. This is due to, the beam steering algorithm [63] have only single RF chain,

thus for power up to 8W, the gains of the spectral efficiency are becoming higher as

compared to the power cost. However, as the power increases above that value, the beam

steering performance decreases sharply as the spectral efficiency deteriorates as compared

to the power consumption, and at some point it performs even worse than the other

algorithms. Furthermore, MO-AltMin and OMP algorithms achieve lower EE than that

of the proposed algorithm, since the both algorithms focus on the precoding solutions only,

without any efforts on optimizing the total power of the hybrid D/A system which makes

the power costs having more impact on their EE. Moreover, for OMP algorithm which

is based on codebook, the analog precoder performance is limited which affects directly

the gains of the spectral efficiency as compared to the power costs. On the other hands,

the proposed algorithm always achieves superior EE, because the spectral efficiency is

tightly close to the fully digital system and the total power is optimized which balances

the EE performance as compared to the power consumptions. In general, as the power

consumption grows linearly all the algorithms decreases, since the achievable capacity has

lower gains as compared to the power consumption.

Fig. 4.5 plots the spectral efficiency performance for the hybrid D/A mm-Wave system

when N t
RF = N r

RF = Ns, as a function of SNR. Since the beam steering [63] employs a

single RF chain, the spectral efficiency achieved by beam steering is always lower than

the spectral efficiency achieved by our proposed algorithms and the benchmark which is

the fully digital system. OMP [10] is designed to achieve a spectral efficiency very close to

the fully digital system only for a special scenario when N t
RF ≥ 2Ns. Therefore, when this

case N t
RF = N r

RF = Ns is applied, the spectral efficiency performance is not close to the

fully digital system. It is observed that the spectral efficiency achieved by our proposed

precoder based on EVD and LS methods outperforms the OMP and the beam steering

and is slightly higher than MO-AltMin performance, which is close to the fully digital

system. The reason is that the proposed precoders EVD and LS methods can accurately
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Figure 4.4: EE performance versus transmission power when Nt = 64 × Nr = 48, with fixed RF chains

N t
RF = Ns = 4, B=∞.

design the optimal precoders which maximizes the spectral efficiency of the system and

therefore, outperforms the existing algorithms.

Fig. 4.6 presents the spectral efficiency and the EE with respect to the number of

quantized bits of the resolution of the PSs. Initially, as expected, the spectral efficiency

of the finite-bit grows with resolution. It can be observed that the proposed hybrid

precoding based EVD method for B=8 bits similar performance is achieved as B=∞. This

implies that increasing the number of bits of precision do not always provide much gain as

compared to the few-finite-bits. Based on this observations, we lay insight into the optimal

number of quantization bits required the proposed hybrid precoding based algorithm

perspective. From simulation results it can be observed that when the quantization B

=4-5 bits, the maximum EE is achieved. This is because, the hybrid precoding at very-

low-resolution (B =1-2 bits) suffers from a severe spectral efficiency lack, while at the

high resolution (B =7-8 bits) the power consumption increases linearly.

Fig. 4.7 shows also the convergence behavior of the BI algorithm that searches for

the optimal number of RF chains with SNR = 0dB. The spectral efficiency achieved is
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Figure 4.5: Spectral efficiency of hybrid D/A mm-Wave system when different algorithms are used and

N t
RF = Nr

RF = 2, Nt = 128, Nr = 32, B=∞.
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Figure 4.7: Convergence of the proposed algorithm BI in terms of the EE.

averaged over 10, 000 independent channel generations. It can be seen that BI converges

very fast and only 4 iterations are required. The reason is that BI has a very simple

structure and it is bounded to find the solutions quickly.

In both Fig. 4.8 and Fig. 4.9 the structure of the hybrid D/A mm-Wave system is

based on N t
RF = Ns = 2, and Nr = 16 . Fig. 4.8 plots the number of multiplications for

designing the analog precoder for the hybrid D/A mm-Wave system with respect to the

number of antennas, as multiplications consume more computation than additions. Fully

digital system has high complexity because the number of RF chains is proportional to

the number of antennas. From the figure, it is seen that the complexity of OMP with

5 iterations increases exponentially. The complexity of MO-AltMin with 20 iterations is

lower than that of OMP when the number of antennas increases. While, the complexity

of the the proposed scheme based EVD increases linearly. It is also verified that by

increasing the number of of antennas, the complexity of the system increases. Therefore,

in the analog precoder that is designed for the hybrid D/A mm-Wave system, the proposed

scheme based EVD has lowest complexity than all algorithms, including MO-AltMin, and
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Figure 4.8: Number of multiplications versus the number of selected antennas for Analog precoder com-

plexity

OMP.

Fig. 4.9 demonstrates the computational complexity for designing the digital precoder

for the hybrid D/A mm-Wave system as a function of the number of multiplications versus

the number of antennas. From the figure, it is seen that the complexity of the LS solution

grows exponentially. This is because, when calculating the computational complexity

of LS solution the number of antennas involved in the calculation is doubled, as shown

in Table (4.2). While, the complexity of the the proposed scheme based SVD increases

linearly. It is shown that at very low number of antennas (> 22) the proposed scheme has

slightly higher complexity than the LS solution. The reason, as our proposed method is

designed the digital precoder jointly which involves the number of received antennas in the

calculation. However, as the number of received antennas keeps constant and the number

of transmitted antennas increases above (< 22) the computational complexity of the

proposed method attains much lower complexity than the LS solutions. Therefore, in the

digital precoder that is designed for the hybrid D/A system, the proposed scheme based

SVD and effective channel has lowest complexity than conventional LS solution [10,19].
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Figure 4.9: Number of multiplications versus the number of selected antennas for Digital precoder com-

plexity.

4.7 Conclusions

In this chapter EE hybrid precoding mm-Wave system is designed. The optimization

problem was separately aimed to initially optimize the number of RF chains in the system

where BI algorithm was proposed. This algorithm also optimizes the number of data

streams in the system. After that, the optimal analog precoder is designed with the help

of EVD method without the needs of finding the gradient of the cost function. While,

the digital precoder was designed based on LS solution. Ultimately, the proposed hybrid

precoding based on limited resolution of the phase shifters was explored to show a potential

EE gain as compared to the hybrid precoding having infinite bits of resolution. One of

the main concluded points is that neither increasing highly the number of quantized bits

of the resolution results in more spectral efficiency nor does a few-finite-bits (i.e., 1-2 bits)

achieves the best EE for hybrid precoding systems. Simulation results showed significant

EE performance advantages of our proposed algorithms over the existing systems.
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5.1 Overview

In this chapter, we develop novel precoders and combiners for multi-user hybrid D/A

beamforming for mm-Wave massive MIMO systems, where the number of RF chains is

much less than the number of antennas equipped with each transceiver. Due to some

propagation uplink paths of multiple users are transmitted via physical common scat-

ters regime, some of these paths may arrive with overlapped angle of arrivals (AoAs)

at the BS. In this scenario, the correlation between the channel vectors also increases

highly which affects the achievable uplink rate severely. Therefore, the intrinsic focus is

on substantially maximizing the desired signal while reducing the system interferences.

The analog precoders and combiners are designed by using the power iteration and the

Riemannian optimization method based on Stiefel manifold, algorithms respectively. The

digital combiner adapts the MMSE by judiciously exploiting the effective uplink analog

channel gains. Further, the estimation channel is investigated by designing a two-step pro-

cedure. The strongest power point in each scattering point is formulated and the accuracy

is improved by employing an angler domain scheme. Ultimately, simulation result show

that the proposed algorithms surpass the existing algorithms in hybrid D/A paradigms

in terms of the achievable uplink rate, and also attain a smaller error estimated channels.

5.2 Introduction

The high prevalence of smartphones has generated a continuing demand for increasing

data rate in wireless systems. One solution for substantially increasing the data rate

in 5G mobile communication is to combine mm-Wave bands (frequency ranges from 30

GHz to 300 GHz) [11, 38, 71] with MIMO [5, 72]. Therefore, massive MIMO systems

operating at mm-Wave bands are anticipated to become very popular [12]. In fact, there

are plenty of challenges to implement mm-Wave massive MIMO communication systems.

As known, it is definite that in conventional wireless systems, the number of antennas
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is equal to the number of RF chains, so that the highest performance gain is achieved

by using the fully digital precoder scheme. However, if the fully digital precoder scheme

is adopted in the mm-Wave massive MIMO systems, the associated large number of RF

chains will consume extremely high level of power and the hardware complexity will

increase dramatically [10–12, 19]. Therefore, a hybrid D/A precoding and combining

system has been studied to balance the achievable rate, power consumption, and the

implementation complexity [10, 19, 24–27]. Fundamentally, the hybrid D/A structure

consists of a small-number of RF chains called the digital part and a large-number of

antennas called the analog part. Hence, the optimal hybrid D/A precoding and combining

design has the challenge of solving an intractable non-convex constant modulus constraint

optimisation problem [10,19,24–27].

[10] has been focused on designing hybrid D/A for single-user mm-Wave massive

MIMO systems, where OMP based approach was proposed to procure the analog and

digital solution. Later on, MO-AltMin and PE-AltMin based on SVD as iterative algo-

rithms were proposed in [19] to further improve the achievable rate of the OMP approach

for single-user scenarios.

To extend to the multi-user case in order to improve the maximum achievable rate of

mm-Wave massive MIMO systems, various hybrid D/A precoding and combining schemes

have been proposed [24–27]. For instance, a hybrid D/A system was designed by consid-

ering the weighted sum mean square error (WSMSE) based on the theory of compressed

sensing in [24]. The number of RF chains in the system [24] were assumed to be half

of the number of antennas in the system. To reduce the number of RF chains in [25]

the precoder and combiner problem are proposed to split into two stages. In stage one,

a beamsteering based algorithm was proposed for the analog part and in stage two, ZF

solution was developed for the digital part [25]. Though simple, such a system sacrifices

the achievable rate when a realistic multipath channel is applied to the system. To re-

solve this issue in multipath channels, maximum ratio combining (MRC) was proposed

to design the analog precoding and then ZF was applied for the digital precoding [26].

However, MRC [26] did not consider the effects of large interference in the system which

consequently spoils the achievable rate. In [27], the analog precoding was designed by
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using an extension algorithm based on a conventional OMP and MMSE was applied for

the digital precoding. The elements of analog precoding and combining matrices were

selected from a pre-defined dictionary which depends on angles of arrivals (AoAs) and

angles of departures (AoDs) [27]. However, in mm-Wave massive MIMO systems with

5G high user density, there is a noticeable achievable rate gap between the hybrid D/A

based on OMP and the fully digital system.

All the algorithms in [24–27] have assumed that the propagation paths correspond-

ing to different users have independent channel vectors which results in non-overlapping

AoAs at the BS. However, it has been demonstrated in recent research that the rough

surfaces of buildings and the rifts between small buildings can cause diffused scattering in

mm-Wave channels (short distance propagation) [11,38,39]. This makes the propagating

wave attenuate significantly as the wavelength shrinks. Practically, in urban areas (i.e.,

shopping malls, stadiums, city centres), the number of unforeseen scatterings increases

considerably so that mm-Wave signal channels may not be necessary to have isolated

AoAs at BS. For example, measurements in Daejeon City, Korea, based on ray-tracing

simulation [40] showed that the propagation paths of multiple users were spotted under

the impact of non-negligible common scattering scenarios, thus the arrived signals tend to

overlap at the BS. With high probability, in this scenario we intuitively observe that some

propagation paths of multiple users sharing some common scatterers, therefore these dif-

ferent propagation paths will enforce to have the same AoAs at the BS. This phenomenon

generates a non-negligible severe interference in the system. Indubitably, with the hybrid

D/A mm-Wave massive MIMO system, this type of interference cannot be eliminated by

the digital processing domain only, because the digital domain is restricted with fewer

RF chains. In this case, if the existing precoders and combiners [24–27] are applied, this

serves to severely limit the achievable rate in the current hybrid D/A mm-Wave massive

MIMO systems. Hence, it is of paramount importance that the hybrid D/A precoders

and combiners should be designed precisely to mitigate this type of interference.

[73] was developed to manage the interference due to signals having the overlapped

AoAs at the BS. Initially the Gram-Schmidt (GS) algorithm is formed for the analog stage

and then applying the MMSE scheme at the digital stage. However, mathematically GS
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based on iterate vector by vector, in the end, these vectors do not completely eradicate

the interference at the analog stage. Undoubtedly, this results in an illustrious perfor-

mance gap away from the fully digital system. Ultimately, despite of the massive MIMO

diversified advantages, algorithms in [24–27,73] have been applied only for multiple-input

single-output (MISO) systems.

Channel estimation for hybrid D/A mm-Wave massive MIMO systems is crucial. The

main disputes arise from the certainty that the digital part estimator is positioned to

the rear of the analog part. This makes the digital part only access to the effective

analog channel gains with lower dimensionality. This limitation motivated researchers to

develop new channel estimation algorithms. A promising scheme based on compressed

sensing theory [48] was proposed which relies heavily on the mm-Wave channels using

sparse channel matrices. This limits the algorithm practicality, as it may not be feasible

when there are more scattering in mm-Wave channels (i.e., shopping malls, city centre).

To overcome the previous drawbacks, a recent developed work based on Hierarchical

beamforming training algorithm (HBT) was designed in [74]. For estimating the channel

angles, HBT begins with dividing the whole estimated angle spaces, number of sectors,

and number of antennas into hierarchical levels. The main constraint is that the number of

estimated angles and sectors must double that of the corresponding number of antennas

at each level. In view of prior work, as the number of sectors increases linearly, HBT

suffers severely from the sectors’ overlapped interference problem. Therefore, the number

of sectors is compulsorily small which affects the accuracy of choosing the estimated angles

in HBT.

Motivated by aforementioned discussions, the existing hybrid D/A mm-Wave massive

MIMO system has clearly assumed that there is always non-overlapped AoAs case, or

that there is no precise decrease in the overlapped AoAs interference which sacrifices the

system’s achievable rate. Furthermore, the current estimation channel algorithms are

neither practical in 5G dense areas with several scatters environments nor do they find

accurate estimated angles due to overlapped sectors’ interference. Therefore, the prime

target of this Chapter is to maximize the desired channel gain concurrently mitigating

the interferences that are generated frontally when the signals are transmitted through

100



5. Designing Hybrid Precoding for Uplink Multi-User Millimetre Wave Massive MIMO
Systems

some common scatters which produce overlapped AoAs, and backwardly multi-streams of

data transmission, arrive at the BS. To clarify the aim, a low dimension matrix based on

combining all the precoders, channels, and combiners is formulated as an effective uplink

analog channel gains. In this matrix, the diagonal elements represent the desired user gain

and the off-diagonal elements denote the interference of the system. Ultimately, a method

is proposed that can estimate the mm-Wave channels under the common scatters scenarios

with a feature providing a more accurate estimation of the channel angles. Specifically,

the contributions of this chapter are summarized as follows:

1. The analog precoder is designed based on an algorithm that exploits the potential

of gaining the knowledge of the channel at the user. This algorithm is called Power

Iteration (PI) based on calculating the eigenvector that corresponds to the largest

eigenvalue of a matrix. In this design, to satisfy the non-convex constant modulus

constraint, the optimal analog precoder is designed by extracting the phases of the

eigenvector that corresponds to the largest eigenvalue which is optimally found by

PI. Conceptually, this algorithm is similar to the optimal SVD operation, but im-

portantly avoids the high complexity of SVD especially in large matrices. Although

PI is used previously in Google [75], in rare cases we may not find an exact solution

which leads to iterate infinitely. Therefore, in this chapter a developed version is

proposed that avoids previous convergence problems.

2. After designing the analog precoder optimally, the analog combiner at the BS needs

to be proposed with the aim of maximizing the received power of the desired signal

simultaneously with suppressing the off-diagonal elements impact, using a Rieman-

nian optimisation method based on Stiefel manifold (ROSt) under orthogonal con-

straints. The non-convex constant modulus constraints is ignored at the begging

steps until find the optimal solution based on the cost function by using ROSt. Then

in order to guarantee the constant modulus constraint, the analog combiner will ex-

tract the phases of the optimal solution at the last step. In contrast to [24, 25, 27],

our proposed approach to find the analog combiners aims to optimize the achievable

uplink rate of the hybrid D/A mm-Wave massive MIMO system directly. One of the

other advantages of proposing ROSt is that it removes the need for any pre-defined
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candidate set for analog part (e.g. OMP).

3. In an enterprise to magnify the achievable uplink rate, further reduce the interference

in the effective uplink analog channel gains. The digital combiner will be designed

jointly by exercising MMSE based on uplink analog channel gains.

4. We propose a two-step multi-user channel estimation scheme for mm-Wave channels.

In the first step, detecting the strongest power point among multi-power points in the

scattering scenarios. As each scatterer point in the channel consist of multi-power

points where there is a point that is defined as the most of the power focuses around

in that scatterer point. Therefore, instead of estimating jointly all the combination

of multiple paths and angles as in [74], the proposed method can find directly the

strongest power point in each scatter point. In the second step, the accuracy of

the estimation process is considered by proposing a search method based on an

angular domain that aims in searching for the strongest points for all the antenna

array. This allows our method to avoid the drawback of lacking the accuracy, as the

sectors’ overlapped interference problem does in [74].

Simulation results show that the proposed PI and ROSt algorithms based hybrid D/A

under practical circumstances can outperform the existing algorithms [24–27,73] in terms

of achievable uplink rate. Ultimately, the proposed estimation method attains lower error

estimated channels than HBT [74].

5.3 Uplink Model

Consider a single cell uplink multi-user hybrid D/A mm-Wave massive MIMO system as

illustrated in Fig. 5.1. A BS is equipped with a large-scale antenna array of Nr antennas

and NRF RF chains, where each RF chain is connected to all Nr antennas. It is assumed

that the BS communicates with K users, each of which has Nt antennas and one single

RF chain. Therefore, each user can transmit one data stream at one time. The number

of users K is assumed to be K ≤ NRF in the system. K users are allowed to share the
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same spectrum. Then, the received signal at BS is given by

yyyul =
K∑
k=1

HHHkjjjRFksk + nnn, (5.1)

where the matrix HHHk ∈ CNr×Nt represents the uplink channel for the user k, sk is the

transmitted data symbol of the user k. jjjRFk is the analog precoder which is implemented

by analog components like phase shifters, i.e., an Nt × 1 vector with constant modulus

entries. nnn is the noise vector that follows nnn ∼ CN (000, σ2IIINr×1). It is assumed that the

data symbols for users are independent with unit power, i.e., E[sksi] = 0, k 6= i, and

E[|sk|2] = 1. For data-transmission, beamforming is implemented at the BS to decode

users’ data streams. Specifically, at the BS, by using combing vector gggk to decode user

k’s signal, we have

gggHk yyyul = gggHk HHHkjjjRFksk + gggHk
∑
i 6=k

HHH ijjjRFisi + gggHk nnn, (5.2)

where gggk = AAAdddk ∈ CNr×1 denotes the hybrid D/A combiner at the BS. The analog

combiner matrix at the BS is denoted asAAA = [aaa1, · · · , aaaNRF ] ∈ CNr×NRF , where aaai ∈ CNr×1,

is a phase array of adjustable phase shifters connecting to the ith RF chain. In other

words, each analog combiner aaai has the same amplitude but different phase shifters. The

data symbol will be further separated by applying an NRF ×K digital combiner (without

the constant modulus constraint on its elements) DDD = [ddd1, · · · ,dddK ] ∈ CNRF×K , where

dddk ∈ CNRF×1.

5.3.1 Channel Model

The mm-Wave channel can be portrayed with the popular multipath channel model [38,

39, 76], in which a number of propagation paths are associated with a few scatterers

points. To consolidate this phenomena, in this chapter the extended 3D Saleh-Valenzuela

geometry-statistical model is adopted [76]. The channel of user k can be written as

HHHk =
1√
Ncl

Ncl∑
m=1

√
ckmHHHkm, (5.3)

where HHHkm denotes the 3D mm-Wave channel from user k to the BS via cluster m. In

general, when the signals hit an object (e.g., wall), this phenomena will originate l paths
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Figure 5.1: Diagram of K users that applies only analog precoder simultaneously transmit to the BS using

hybrid D/A combiner mm-Wave massive MIMO system.
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Figure 5.2: Example of a scenario with two users are transmitting through common scatter points to the

BS.

from a few physical scatters close to each other forming a cluster. Therefore, in such case

where the number of scatters has a significantly large physical size, it is meaningful to

contemplate the entire scatterer as common scatters for different l paths and different users

as shown in Fig. 5.2. Extraordinarily, when the wavelength shrink, it is possible to have

l paths from each scatter point. However, mm-Wave channel measurements [38, 39, 76]

showed that most of these paths carrying a very low power which can be ignored and
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the dominant power is concentrated merely on one or two paths, thus each scatter point

produce one path in this work. Even though, it can be also observed from Fig. 5.2 that

there is still autonomous lth path which is represented as uncommon path. InHHHk, the total

number of clusters is denoted as Ncl. ckm denotes the significance of cluster m for user k,

which measures the percentage of energy carried by cluster m with
∑Ncl

m=1 ckm = Ncl [76].

HHHkm is represented as

HHHkm =

√
NtNr

Lkm

Lkm∑
l=1

e
j∆kzlkm h3D

zlkm
svsvsvr(θ

r
zlkm

, φrzlkm
)svsvsvHt (θtzlkm

, φtzlkm
), (5.4)

where Lkm = [1, · · · , Lkm] is the propagation paths index set of user k from cluster m.

∆kzlkm
∈ [−π/2, π/2] is the uniformly distributed random phase for lkm propagation path

and cluster m. h3D
zlkm

is independent and identically distributed (i.i.d) CN (0, δ2
k) random

variables with δ2
k representing the user k data channel’s propagation attenuation. The

scatter index set is denoted as Z where zlkm ∈ Z(∀lkm ∈ Lkm) represents the scatter

index of lkm paths. θrzlkm
(φrzlkm

) and θtzlkm
(φtzlkm

) represent AoA and AoD, respectively.

As the uniform planar antenna (UPA) structure [19] is a preferred choice for 3D channel,

in this case, Nt = Ntx × Nty , and Nr = Nrx × Nry , where (Ntx , Nrx) and (Nty , Nry)

represent the numbers of antennas in the x-axis and y-axis. In the following notation,

the superscript (or subscript) t and r are used to represent transmitter and receiver,

respectively. svsvsvb(θ
b
zlkm

, φbzlkm
) in (5.4) represent the normalized receive and transmit array

response vectors associated with AoA and AoD, where b ∈ {r , t} represents arrival at

the receiver (r) or departure at the transmitter (t), is given by [10,19]

svsvsvb(θ
b
zlkm

, φbzlkm
) = vec[svsvsvbx(Ψ)svsvsvHby(Φ)], b ∈ [r , t], (5.5)

where the directions of the array responses svsvsvbx and svsvsvby are represented by svsvsvbq and

devised as

svsvsvbq(Ω) =
1√
Nbq

[
1, ejΩ, · · · , ej(Nbq−1)Ω

]T
, q ∈ [x , y], (5.6)

where Ω ∈ {Ψ,Φ} are the values of Ψ and Φ are given by

Ψ = −2πλ−1ux sin(θbzlkm
) cos(φbzlkm

), Φ = −2πλ−1uy sin(θbzlkm
) sin(θbzlkm

), (5.7)

where λ is the wavelength, and ux and uy are the inter-element distances in the x-axis

and y-axis, respectively.
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5.3.2 Cases of Common Scatterers ( Overlaped AoA ) on the

Propagation signal

It has been substantiated that in mm-Wave channels (short distance propagation), the

rough surfaces of buildings and small building rifts can cause diffused scattering, which

make the propagating wave attenuate considerably as the wavelength shrinks [38, 39].

Therefore, utilizing mm-Wave communications in a dense area (i.e., shopping malls, sta-

diums, city centres) will force multiple users paths to share the same scatterers. Thus

uplink signal transmission from different users in these scenarios produce the same AoAs

at the BS as depicted in Fig. 5.1 and Fig. 5.2. Here, substantially, under these scenarios

different cases need to be investigated in multi-user hybrid D/A mm-Wave massive MIMO

systems. First, the extreme case when all the paths of several users are shared the same

common scatterers which arrive with completely overlapped AoAs at the BS. Second, the

most likely case to occur when some of the propagation paths are overlapped which are

well spotted when two users share some of the common scatterers, i.e., there exists at

least two paths l1 ∈ Lk1 , l2 ∈ Lk2 sharing the same common scatterers points z1 = z2.

Third, the perfect case is defined as several users paths arrive with non-overlapped AoAs

at the BS. Our main analysis in this section is stated in Lemma 1.

Lemma 1. By using svsvsvb(θ
b
zlkm

, φbzlkm
) (as in (5.4)), and the assumption of UPA structure,

the array responses of different users propagated through common scatters then we have

the following result:

svsvsvHb (θb1, φ
b
1)svsvsvb(θ

b
2, φ

b
2), 

= 1, if(θb1 = θb2) and (φb1 = φb2)

= v2(θb
1 , φ

b
1, θ

b
2 , φ

b
2),

if(θb1 6= θb2) and (φb1 = φb2)

if(θb1 = θb2) and (φb1 6= φb2)

 ,
= v1(θb

1 , θ
b
2)v2(θb

1 , φ
b
1, θ

b
2 , φ

b
2), else

(5.8)

where v2(θb1, φ
b
1, θ

b
2, φ

b
2) =

[
1−ejkdnbx (sin(θb1)sin(φ

b
1)−sin(θb2)sin(φ

b
2))

1−ejkd(sin(θ
b
1)sin(φ

b
1)−sin(θb2)sin(φ

b
2))

]
, and v1(θb1, θ

b
2) =

[
1−ejkdnby (cos(φb1)−cos(φb2)

1−ejkd(cos(φ
b
1)−cos(φb2)

]
.

For simplicity and making the analysis clear, the number of paths and shared scatters

is assumed to be equal one, where (θb1, φ
b
1) and (θb2, φ

b
2) are angles for two different users,

respectively.
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Figure 5.3: Case1: Fully overlapped AoAs where (θb1 = θb2) and (φb1 = φb2).

ProofProofProof : From (5.4), we have

svsvsvHb (θb1, φ
b
1)svsvsvb(θ

b
2, φ

b
2),

=
1

Nb

Nbx∑
nbx=1

Nby∑
nby=1

ejkd(nbx−1)(cos(θb1)−cos(θb2)) × ejkd(nby−1)(sin(θb1)sin(φb1)−sin(θb2)sin(φb2))

=
1

Nb

 Nbx∑
nbx=1

ejkd(nbx−1)(cos(θb1)−cos(θb2))

×
 Nby∑
nby=1

ejkd(nby−1)(sin(θb1)sin(φb1)−sin(θb2)sin(φb2))

 . (5.9)

In the most influential case when the AoAs of different users are completely overlapped

due to all the propagation paths and angles of two users are completely shares the same

common scatters (θb1 = θb2) and (φb1 = φb2), the right hand side of (5.9) is equal to

1

Nb

[Nbx ][Nby ] =
1

Nb

[Nb] = 1.

Importantly, this extrema case means that we cannot differentiate the signals from dif-

ferent users by constructing array response since they share the same AoAs. Thus one of

the key concepts of using the hybrid D/A for the mm-Wave massive MIMO system is not

practically useful in the system any more, i.e., beamforming. The resulting array response

of this case is shown in Fig. 5.3. Note that, in Fig. 5.3, Fig. 5.4, and Fig. 5.5 the system

parameters are set as K = 2 and Nr = 16, so there should be two main spatially beams
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along with their own side lobes. It can be observed from Fig. 5.3 that it is impossible to

distinguish between the two users spatial beams, as it looks as a one beam from the top

view of the BS.

Interestingly, in the most likely case where (θb1 6= θb2) and (φb1 = φb2), or (θb1 = θb2) and

(φb1 6= φb2), the right hand side of (5.9) is equal to

1

Nb

[Nby ]

[
1− ejkdnbx (sin(θb1)sin(φb1)−sin(θb2)sin(φb2))

1− ejkd(sin(θb1)sin(φb1)−sin(θb2)sin(φb2))

]
=

1

Nbx

v2(θb
1 , φ

b
1, θ

b
2 , φ

b
2).

The array response in this case is shown in Fig. 5.4. It is seen from Fig. 5.4 that the

propagation shape has shared an angle whenever either the zenith or azmiuth due to

share some scatterers. However, a spatial beam with its own side lobes can be detected

by the receiver in Fig. 5.4 as either the zenith or azimuth AoAs does not share common

scatterers. For the last case where (φb1 6= φb2) and (θb1 6= θb2), again we take the right hand

side of (5.9) which gives

1

Nb

[
1− ejkdnby (cos(φb1)−cos(φb2)

1− ejkd(cos(φb1)−cos(φb2)

][
1− ejkdnbx (sin(θb1)sin(φb1)−sin(θb2)sin(φb2))

1− ejkd(sin(θb1)sin(φb1)−sin(θb2)sin(φb2))

]
=

1

Nb

v1(φ1, φ2)v2(θb
1 , φ

b
1, θ

b
2 , φ

b
2). (5.10)

Fig. 5.5 shows the case when AoAs of different user from side and top views are well

separated (θb1 6= θb2) and (φb1 6= φb2), i.e., the users do not share any common scatterers,

which allows them to align their beams in a specific direction. Therefore, two spatially

separated beams are formed in Fig. 5.5, this perfect case is named as non-overlapped

AoAs.

Lemma 1 shows that the multi-user hybrid D/A mm-Wave massive MIMO system can

easily lose its effectiveness in applying the beamforming technique for transmission when

the propagation signal (wave) of different users passes through common scatterers in 5G

scenarios.

In the existing proposed multiuser hybrid D/A precoding [24–27] assumed that as a

large number of antennas is implemented, the channel vector of a desired user will tend

to be independent or more asymptotically orthogonal to the channel vector of a randomly
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Figure 5.4: Case2: Partially overlapped AoAs where (θb1 6= θb2) and (φb1 = φb2), or (θb1 = θb2) and (φb1 6= φb2).

Figure 5.5: Case3: Non-overlapped AoAs where (θb1 6= θb2) and (φb1 6= φb2).

selected interfering user most of the time. However, in reality, when different users trans-

mitting through common scattering environments the channel vectors for different users

are correlated, or not asymptotically orthogonal any more [77]. Intuitively, the correlation

between the channel vectors of different users in mm-Wave system defined in (5.11), is a
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good option to measure the orthogonality of these channel vectors. The correlation Πi,k

of the magnitude of the inner product between the channel vectors is defined as

Πi,k ,
|svsvsvHb (θbi , φ

b
i)svsvsvb(θ

b
k, φ

b
k)|

||svsvsvb(θbi , φbi)||2||svsvsvb(θbk, φbk)||2
. (5.11)

To show the impact of the channel correlation (i.e., when different users propagate

through the common scattering regime) on the achievable uplink rate, a simulation result

is formed between two users in Fig. 5.6. The conventional algorithms GS [73], OMP [27]

and MRC [26] based on hybrid D/A mm-Wave massive MIMO systems is applied in this

result at SNR −10 dB. The channel parameters are set as 12 scatters, 4 clusters and

Lkm = 3, also the BS is equipped with NRF = K = 2, Nr = 128, and each user is built

with Nt = 16. Importantly, it is seen that all the algorithms loss their performance sharply

when there is a high correlation between the channel vectors of the two users especially

after −20 dB. In other words, most the propagation paths of the measured users share

most of the common scatters in the channel which arrive with highly overlapped AoAs

at the BS. However, in a low correlation when the propagation paths not share common

scatters all the algorithms achieve similar and high achievable uplink rate. Therefore,

theoretically there are two correlation regions; low correlation region and high correlation

region. As our main encourage in this chapter is to maximize the achievable uplink rate

in the common scattering environment, therefore the high correlation region is the target

when designing the precoders and combiners for the hybrid D/A system. Undoubtedly,

the conclusion of this important result is contrastingly to the law of large numbers of

antenna can provide independent channel vectors, and also show the existing algorithms

cannot perform good in the practical environments.

Remark 4. The key finding from Fig. 5.3, Fig. 5.4, Fig. 5.5 and Fig. 5.6, is that the

propagation signals of different users that arrive at the BS through common scatterers with

different cases of overlapped AoA can interfere with each other. In [24–27], this type of

impractical interference was not considered which spoils the achievable uplink rate of multi-

user hybrid D/A mm-Wave massive MIMO systems. Another impractical assumption is,

when there are high number of antennas that are equipped in the system, the AoAs of

different users can be spatially separated well as having a very low correlation. However,
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Figure 5.6: Achievable uplink rate versus correlation between two users.

our analysis and results in this section have proved that these assumptions are neither

realistic nor valid for multi-user hybrid D/A mm-Wave massive MIMO systems.

5.4 Problem Formulation

For the scenarios considered in this chapter where mm-Wave transmission is utilized

in a dense area (i.e., shopping malls, stadiums, city centres), multiple users transmit

their signals through common scatterers. This results in the AoA spreading and the

propagation multipath for the desired user being confined to a region of space where

interfering paths from other users are very likely to exist. If this is the case, this will

cause severe interference at the BS as discussed in Section 5.3.2. This problem constitutes

a challenge that exhausts the achievable uplink rate of multi-user hybrid D/A mm-Wave

massive MIMO systems. Moreover, hybrid D/A with a limited number of RF chains

is utilized in 5G, thus interference due to the propagation paths that are transmitted

through common scatterers prevails and cannot be eliminated directly by using traditional

interference cancellation such as MMSE and ZF at the digital part only [24–27]. Therefore,
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the BS becomes incapable of precisely eliminating and separating those uplink signals from

different users that share the same AoAs even when applying the existing hybrid D/A

precoders and combiners in [24–27].

Previously, to mitigate the risk of this problem, a null space method solution has been

proposed in [78], principally based on capturing the desired user paths from the interfering

paths while requiring the fully digital system. The role of this solution is assembled based

on the assumption that the orthogonal signal subspaces can be derived from the covariance

matrix RRR, where RRR is obtained separately from the desired and interference channels.

This provides the ability to abstract the desired signal from the interfering signals by

making all the paths from different users fall into the null space of its covariance matrix.

Consequently, an ideal role is assumed that, the possibility of different propagation paths

to have overlapped AoAs at the BS is almost zero. This result is rooted in the law of the

fully digital system, because such a solution needs to be spatially applied in the system

which requires that the number of RF chains equals the number of antennas. However,

this method is impossible to be directly applied to hybrid D/A mm-Wave massive MIMO

systems, as fewer RF chains are utilized in the system. One of the limiting points of

employing the null space solution, inaccurately, it is also suggested that the BS is always

situated in a high building, and the AoA spread of different user paths that impinges

at the BS, are well separated. Nevertheless, this is not the case in 5G short distance

propagation i.e., mm-Wave channels [38,39].

Recent research in [24–27, 79] focused on multi-user hybrid D/A mm-Wave massive

MIMO systems based on the same assumption that, the possibility of different propagation

paths to have overlapped AoAs at the BS is almost zero. However, this role cannot be con-

templated as a straightforward solution for 5G environments when multi-user hybrid D/A

mm-Wave massive MIMO systems are utilized because of the aforementioned reasons.

In this chapter, the user and BS have knowledge of channel HHHk. In contrast to the

literature [24, 25, 27], our proposed approach to find the hybrid D/A precoders and com-

biners aim to maximize the achievable uplink rate and eliminating interference due to the

same AoAs of the multi-user hybrid D/A mm-Wave massive MIMO system directly. The
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achievable uplink rate of the system is given by

RUL =
K∑
k=1

log(1 + SINRk), (5.12)

where SINRk is SINR of the user k which is presented as

SINRk =
|gggHk HHHkjjjRFk |2

K∑
i=1,i 6=k

|gggHk HHH ijjjRFi |2 + σ2||gggk||22
. (5.13)

The prime target of this section below is to maximize the achievable uplink rate of

the hybrid D/A precoding and combing system synchronously with reducing the system

interferences that are combinationally generated due to preliminary the sharing of the

same AoAs and then the multi-streams at the BS. To accomplish our target, we are

interested in optimizing the analog precoder jjjRFk , combiner AAA, and the digital combiner

dddk. Therefore, the optimization problem is formulated as

RUL = max
{jjjRFk , AAA, dddk}

K∑
k=1

log(1 + SINRk), (5.14a)

s.t. |(jjjRF )nt | = 1,∀nt, (5.14b)

|(AAA)nr,nRF | = 1,∀nr, ∀nRF , (5.14c)

where the first and second constraints in (5.14b), and (5.14c), are subjected to the non-

convex constant modulus constraints, restricting all the non-zero elements to have the

same amplitude in the analog domain of the user and BS sides. Unfortunately, this makes

the Problem in (5.14a) more intractable. Practically, harvesting the potential gains of

nulling the overlapped AoAs interference in the analog beamformers aids to reduce the

quantization noise concurrently relieves the degrees of freedom necessity at the digital

combiner. Thus technically decreases the required number of RF chains in the hybrid

D/A system. In this situation, the analog beamformers needs to be precisely designed

so as to alleviate interference due to comparable AoAs as much as possible, as well as

correspondingly adjust the analog precoder.

In the following section, the analog and digital precoders and combiners are designed

for multi-user hybrid D/A mm-Wave massive MIMO systems for attaining the target of

the optimization Problem in (5.14a).
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5.5 Proposed Hybrid D/A Precoders and Combiners

We present the proposed schemes in this section, where the aim is to design the hybrid D/A

schemes that help in maximizing the effective gain for a particular user and concurrently

reducing the system interference in both the analog and digital precoders and combiners.

The analog precoder jjjRFk for each user k is designed based on knowledge of HHHk, and then

the analog combiner AAA is designed at the BS. Effectively, to conceive the effective uplink

analog channel coefficient between the receiver and transmitter in a consolidated matrix

that is denoted asHHHEF . Primarily, let combine all the analog precoder vectors in a matrix

as JJJ = diag[jjjRF1 , jjjRF2 , · · · , jjjRFK ] and then the channel of each user in a matrix that is

represented as HHH = [HHHT
1 ,HHH

T
2 , · · · ,HHHT

K ]T , thus HHHEF is expressed as

HHHEF = AAAHHHHJJJ. (5.15)

Considerably, the diagonal entries ofHHHEF denote the desired effective uplink analog chan-

nel gains, while the off-diagonal entries unwieldy consist of the analog interference due to

the same AoAs and also the digital multi-stream interference. For this reason, in what

follows, the designing of the analog precoders and combiners must be precise, for initially

maximizing the diagonal elements of HHHEF , then sequentially vanishing the off-diagonal

elements. Importantly, the digital combiner will be designed wisely to further decrease

the off-diagonal entries effects. For more clarification, the k-th diagonal term of HHHEF can

be represented as

HHHEF (NRF , k) = aaaHNRFHHHkjjjRFk . (5.16)

Note here, the analog precoder and combiner are designed in the system separately, the

aim of doing this is to reduce the complexity of the system and also evade any extra

information that can be exchanged between the receiver and transmitter. The proposed

framework of the steps and algorithms that enhance the receive SNR as well as nulling the

interferences three key steps. Firstly, the analog beamformers jjjRFk and AAA are designed

respectively under a non-convex constant modulus constraints (5.14b), and (5.14c), for

each user intending at maximizing particularly the corresponding effective uplink analog

channel gains. Secondly, to tractably mitigate the interference from the same AoAs,
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Power Iteration (PI) is proposed for forming the analog precoder, then a Riemannian

optimization method based on Stiefel manifold (ROSt) under orthogonal constraints is

imposed to design the analog combiner. Thirdly, in the sequel to further diminish the

effect of the interference in the system, MMSE solution is adopted which aims in designing

the digital combiner based on the effective uplink analog channel gains. Therefore, the

upcoming subsections representative the design of the analog precoder, combiner and the

digital combiner that are discussed in details.

5.5.1 Analog Precoders Design

The design of the analog precoder jjjRFk is proposed as follows. As defined previously,

jjjRFk is the analog precoder of each user k which is implemented by phase-only. To exploit

the potential gains that each user posses its channel HHHk, an algorithm is proposed to

calculate only the eigenvector that corresponds to the largest eigenvalue of a matrix. This

algorithm is called Power Iteration (PI), which is used robustly in Google for the web page

rank, as the web page, nodes and their hyperlinks are represented as a large matrix [75].

PI algorithm involves multiplying the diagonalize matrix by a randomly chosen vector,

and iteratively normalizing and multiplying the matrix by the normalized vector from

the previous step. After efficiently computing the largest eigenvalue and denoting the

corresponding eigenvector of a diagonalizable matrix, we then extract the phase of the

eigenvector that is corresponding to the largest eigenvalue to precisely create the analog

precoder jjjRFk at each user. Suppose PPP = HHHH
k HHHk where PPP ∈ CNt×Nt , is Hermitian and

the diagonalizable matrix. Therefore, PPP consist of Nt linear independent eigenvectors

uuu1,uuu2, · · · ,uuuNt where uuuNt ∈ CNt×1 with corresponding eigenvalues of γ1, γ2, · · · , γNt , such

that PPPuuue = γeuuue for e = 1, · · · , Nt. For the convergence analysis, those eigenvalues are

organized in a way that |γ1| ≥ |γ2| ≥ · · · ≥ |γNt |, where γ1 is the dominant eigenvalue with

a corresponding eigenvector of uuu1. In PI, suppose that a random given vector vvv0 ∈ CNt×1

be an approximation to an eigenvector of PPP with ||vvv0|| = 1 and vvv0Huuu1 6= 0, continually

multiply by PPP, producing a sequence of vectors vvv1,vvv2, · · · defined as

vvvα = PPPvvv(α−1) = PPPαvvv0, (5.17)
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where α = 1, 2, · · · is denoted as the number of iterations. Fortunately, as PPP is diag-

onalizable matrix, thus each vector is a linear combination of the eigenvectors which is

represented as

vvv0 = c1uuu1 + c2uuu2 + · · ·+ cNtuuuNt , (5.18)

where c1 6= 0 is a normalizing constant to avoid uuue from getting too large or too small.

Then, we have

vvv1 = PPPvvv0 = c1PPPuuu1 + · · ·+ cNtPPPuuuNt

= c1γ1uuu1 + · · ·+ cNtγNtuuuNt

= γ1

[
c1uuu1 +

(
γ2

γ1

)
c2uuu2 + · · ·+

(
γNt
γ1

)
cNtuuuNt

]

vvv2 = PPP2vvv1 = γ2
1

[
c1uuu1 +

(
γ2

γ1

)2

c2uuu2 + · · ·+
(
γNt
γ1

)2

cNtuuuNt

]
...

vvvα = PPPαvvvα−1 = γα1

[
c1uuu1 +

(
γ2

γ1

)α
c2uuu2 + · · ·+

(
γNt
γ1

)α
cNtuuuNt

]
. (5.19)

As |γ1| ≥ |γe| for e = 2, · · · , Nt, it inferences that the coefficients of uuue where e =

2, · · · , Nt, converge to zero as α→∞. Therefore, as α increases the vector PPPαvvv0 tends to

assume an increasingly significant component in the direction of converges eigenvector uuu1,

while its components in other directions uuuNt decrease. This conclude to an exceedingly

simple method of evaluating an eigenvalue and eigenvector. In PI, the simplest criterion

that is proposed to find the accuracy of an approximate eigenpair vvvα, γα, is to compute

the norm of the so called residual vector

rrr = PPPvvvα − γαvvvα.

This information can in turn be helpful in selecting a stopping criterion in PI. Therefore,

the stopping criterion in PI is introduced as

|γα − γα−1| 6 ||rrr||2.

Another challenge, the vector vvvα may either underflow in the case that ||PPP|| < 1

or overflow when ||PPP|| > 1 especially for large α. Moreover, the convergence rate of
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Algorithm 7 Power Iteration based algorithm (PI) for designing the analog precoder.

1: Initialize a starting vector randomly with ||vvv0|| = 1 and vvv0Huuu1 6= 0;

2: for α = 1, 2, · · · do

3: α = α + 1;

4: vvvα = PPPvvv(α−1);

5: µα = ||PPPvvvα−1||2;

6: vvvα = vvvα/µα;

7: γα = vvvα
H
PPPvvvα

8: ififif |γα − γα−1| 6 ||rrr||2, thenthenthen stop

9: end for

PI depends on |γ2
γ1
|, significance that the distance between vvvα and a vector uuu1 decreases

roughly by this factor from iteration to iteration. Practically, this may leads PI to converge

slowly when γ2 is almost as large as γ1. Thus in PI that is structured in Algorithm 7, both

problems are remedied by normalizing the vector vvvα at each iteration to avoid PI having

underflow, overflow and slower convergence. Thus the normalization step is defined as

vvvα+1 =
PPPvvvα

||PPPvvvα||2
.

Now, after finding the eigenvector and eigenvalue by utilizing PI in Algorithm 7,

the analog precoder jjjRFk is then proposed as the eigenvector which corresponds to the

largest eigenvalue with an element-wise normalization to satisfy the non-convex constraint

(5.14b), of phase shifters, represented as

jjjRFk(e) =
1√
Nt

ej arg[%e], (5.20)

where arg(x) generates an element containing the phase of the entries of the element x,

which results in, %e is the phase of the eth element in uuu1. Hereafter efficiently designing the

optimal first part in the diagonal elements aaaHNRFHHHkjjjRFk of HHHEF , the next important step

in the following subsection is to design the analog combiner in order to shed further light

on the significance of maximizing the diagonal while handling interference of off-diagonal

of HHHEF .
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5.5.2 Analog Combiners Design

In this subsection, the essential challenge now is to design the analog combiner that

simultaneously satisfies the non-convex constraint in (5.14c), helps in maximizing the

diagonal of HHHEF and to actively put down the off-diagonal elements value that represents

the interference of the system. Unfortunately, the constraint (5.14c) in Problem (5.14a) is

a non-convex constraint which can incur a high computational complexity to the system

to solve since it cannot be relaxed. Therefore, a novel efficient method to deal with this

constraint is to convert this constraint into an additional unitary condition such that

WWWHWWW = IIINRF , resulting in, the reformulations of Problem (5.14a) can be expressed after

replacing the analog combiner matrix AAA with the matrix WWW ∈ CNr×NRF , as

RUL = max
{AAA=WWW}

K∑
k=1

log(1 + SINRk), (5.21a)

subject to WWWHWWW = IIINRF , (5.21b)

where WWW is the optimization parameter that needs to be optimized. Note here, the

constraint (5.14b) has not imposed in Problem (5.21a), because it is satisfied in the pre-

vious Section 5.5.1. The constraint set WWWHWWW = IIINRF is a submanifold of CNr×NRF

called the Stiefel manifold. The optimization Problem in (5.21a) is defined over a novel

ROSt based on Stiefel manifold which is of interest in the study of geometry, topol-

ogy, and analysis [56, 57]. The standard notation of Stiefel manifold is noted as SNrNRF .

The reason for selecting the Stiefel manifold is that the (compact) Stiefel manifold is

the Riemannian submanifold of orthogonal matrices [56, 57]. Therefore, we only use

orthogonal Stiefel manifold matrices WWW ∈ SNrNRF to represent subspaces. An optimal

WWW is required to be selected in the tangent plane of the Stiefel manifold which can

maximize the cost function. The feasible set of Stiefel manifold SNrNRF is represented

as SNrNRF =
{
WWW ∈ CNr×NRF ,WWWHWWW = IIINRF

}
. Algorithm 8 based on ROSt with their three

stages in each iteration is proposed to find the optimal WWW . Following steps of Algorithm

8 based on ROSt will be carried out; 1) the tangent space refinement; 2) Riemannian

gradient; 3) retraction. Let us discuss the steps in details.

Step-1Step-1Step-1 Tangent Space Refinement of a Manifold Structure:

The ROSt based on Stiefel manifold admits a tangent space at each point. Each point
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WWW in an embedded sub-manifold has a tangent space which is represented by TWWWSNrNRF .

The tangent space consists of a tangent vector ξ of the curves which is represented by a

matrix ξξξ ∈ CNr×NRF , thus, the tangent space at point WWW can be depicted as

TWWWSNrNRF = {ξξξ ∈ CNr×NRF : R{ξξξ �WWWH} = 000Nr×NRF }. (5.22)

In a manifold, each tangent space is given with an inner product. In this algorithm,

Riemannian metric is used as the inner product which varies smoothly from point to point

and is represented as

∀ξξξ1, ξξξ2 ∈ TWWWSNrNRF , 〈ξξξ1, ξξξ2〉 = trace(ξξξH1 ξξξ2). (5.23)

Step-2Step-2Step-2 The Riemannian Gradient: The computation of the gradient descent direction

is based on the Riemannian gradient structure of the Stiefel manifold. Generally, the

Riemannian gradient of f at point WWW is simply the linear projection of the ordinary

gradient of f onto the tangent space. Therefore, the Riemannian gradient of the function

at WWW is defined by computing the gradient of gradf(WWW ), in usual way, then projecting

the Euclidean gradient 555f(WWW ) firstly onto the tangent space TWWWSNrNRF , and then to the

Stiefel manifold

gradf |SNrNRF
(WWW ) = ProjProjProjSWWW 555 f(WWW ) = (IIINRF −WWWWWWH)555 f(WWW ), (5.24)

where 555f(WWW ) named the Euclidean gradient of (5.21a), which is derived as

555f(WWW ) =

(
1

ln(2)

(
1+

|gggH
k
HHHkjjjRFk

|2

|gggH
k
HHHijjjRFi

|2+σ2||gggk||
2
2

) ·
gggHk HHHkjjjRFkjjj

H
RFk

HHHH
k (|gggHk HHHijjjRFi |

2+σ2||gggk||22)−|gggHk HHHkjjjRFi |
2(gggHk HHHijjjRFijjj

H
RFi

HHHH
i +σ2gggHk )

(|gggHk HHHijjjRFi |
2+σ2||gggk||22)2

)
,

(5.25)

where gggk = WWWdddk, in this stage only the digital combiner is assumed to be an identity

matrix IIINRF .

Step-3Step-3Step-3 The Retraction: Retraction RWWW (ξξξ) on SNrNRF is another concept which maps

every vector from a given point WWW along a prescribed direction ξξξ while remaining on the

manifold, and is expressed as

RWWW (ξξξ) = polar(WWW + ξξξ), (5.26)
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where polar(WWW + ξξξ) ∈ SNrNRF designates the Nr × NRF orthonormal factor of the polar

decomposition of (WWW + ξξξ). For example, if fff = (WWW + ξξξ), then to compute the polar of fff,

a thin SVD is used which means fff = ΞΣΓΞΣΓΞΣΓT , and polar(fff) = ΞΓΞΓΞΓT . In order to guarantee

that the objective function is non-decreasing at each iteration α, Armijo backtracking line

step of length ε and Polak-Ribiere parameter [57] are defined and tracked in Algorithm 8.

Essentially on manifolds, it is necessary to compare vectors belonging to different tangent

spaces. Ideally, this happens in the case where the gradient at the current iteration wants

to combine with the search direction followed at the previous iteration. Consequently to

combine them, a mathematical tool capable of computing the transport vectors [56] of

the tangent vector ξξξ at WWWα to WWWα+1 is applied, which is represented as

TranspWWWα→WWWα+1 = (IIINRF −WWWα+1(WWWα+1)H)555 f(WWW ). (5.27)

(5.27) is applied as given in step 6 of Algorithm 8 which provides the architecture of

ROSt algorithm based on Stiefel manifold optimization. For making certain that Algo-

rithm 8 based on the ROSt converge, suppose WWWα be an infinite sequence of iterations

originated by Algorithm 8. The resulting each accumulation point is a critical point of

the defined cost function. Therefore, in theorem 4.3.1 in [56] and section 4.1 in [80], it

has been proved that the convergence on manifolds is guaranteed.

Notice that, one of the main points of selecting (5.21a) to be the Euclidean gradient is

when designing WWW instead of only focusing on the desired user (i.e., the diagonal elements

of HHHEF ), is also to effectively design an optimal WWW that helps in keeping the off-diagonal

of the effective uplink analog channel elements in low values as an another target as well.

To clarify this issue conceptually, the receiver has to apply the same analog beamforming

matrix to combine all K users’ data. Fortunately, the optimal WWW already consist of

K columns of optimal vectors [www∗1,www
∗
2, · · · ,www∗K ], where wwwk ∈ CNr , which can help in

guaranteeing the fairness among all K users. If this is the case then mathematically each

vector can simultaneously maximize its corresponding gain www∗k = argmax
wwwk

||wwwHk HHHkjjjRFk ||2F .

Mutually the target of decreasing the interference, when different users with different

effective uplink analog channel coefficients for instance wwwHk HHHkjjjRFk and wwwHi HHH ijjjRFi are

highly correlated, the vectors wwwk and wwwi in the analog domain WWW attains this condition

www∗k
Hwww∗i ≈ 0 which can actively put down the interference due to the correlated vectors.
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Algorithm 8 Riemannian optimization methods based on Stiefel manifold (ROSt).

1: Initialize α = 0 and WWW 0 ∈ SNrNRF ;

2: ξξξ0 = −gradf(WWW 0)

3: RepeatRepeatRepeat

4: εα = Linesearch(WWWα, ξξξα,WWWα+1) . Armijo backtracking step size;

5: WWWα+1 = RWWW (ξξξ) . search for the next point;

6: κκκα+1 = gradf(WWWα+1) . Determine the gradient;

7: (ξξξα)+ = TranspWWWα→WWWα+1 . find the transport;

8: Select Polak-Ribiere γα+1;

9: ξξξα+1 = −κκκα+1 + γα+1(ξξξα)+ . the new conjugate direction;

10: α← α + 1 ;

11: UntilUntilUntil a stopping criterion triggers.

So far, the obtained WWW from Algorithm 8 is the solution that only satisfies the or-

thogonal constraints (5.21b), but it does not satisfy the constant modulus constraint in

(5.14c). Since matrix WWW has NRF orthonormal columns, and matrix AAA needs constant

modulus, i.e., 1√
Nr

, then the minimum value can be achieved when AAA has the same phase

components as WWW, i.e.,

AAA =
1√
Nr

ej arg(WWW ). (5.28)

where arg(XXX) generates a matrix containing the phases of the entries of the matrix XXX. It

is confirmed that phases of the analog combiner AAA are extracted from the phases of WWW .

Ideally, as all the elements in AAA have a constant modulus, the phases of all the elements

in AAA are the same as the elements of the corresponding orthonormal WWW . This point is

proven by utilizing the properties of complex numbers [46].

Note here, a metric is defined based on the diagonally dominant matrix condition

|HHHEF
k,k | >

∑
i 6=k
|HHHEF

k,i | [81], in the aim of illustrating the robustness of the proposed algorithms

PI and ROSt. This metric is introduced as a Ratio of the magnitude of the diagonal

element in each row to the sum of the magnitudes of all the off-diagonal elements in that

121



5. Designing Hybrid Precoding for Uplink Multi-User Millimetre Wave Massive MIMO
Systems

Proposed Algorithms, GS Algorithm, OMP Algorithm, MRC Algorithm
0

0.5

1

1.5

2

R
at

io
 

Row1 of HEF

Row2 of HEF

Row3 of HEF

Figure 5.7: Illustration of a Ratio between the diagonal and off diagonal elements of HHHEF .

row which is represented as

Ratio =
|HHHEF

k,k |∑
i 6=k
|HHHEF

k,i |
, (5.29)

where HHHEF
k,k is the diagonal element in each row, and HHHEF

k,i is the off-diagonal element in

the same row of HHHEF , respectively. Suppose that there are 3 users transmitting through

common scattering scenario, where the number of RF chains equals the number of users

i.e., NRF = K = 3 and Nt = 4 and Nr = 16. Now, for comparison, several HHHEF

are generated by different algorithms, initially the proposed algorithms (PI and ROSt),

GS [73], OMP [10], and MRC [26] algorithms, respectively. Fig. 5.7 compares the Ratio

of 4 different algorithms where each of which designs its HHHEF , and each bar represents a

row of HHHEF . It can be noticed that the diagonal entries of HHHEF that are generated by

our proposed algorithms attain higher values as compared to the off-diagonal elements.

Consequently, superior Ratio based on the proposed algorithms is attained than that of

the other compared algorithms, as expected. Intuitively, it can be also recognized that

the off-diagonal values of the other compared algorithms are close enough to the diagonal

values which affects the Ratio directly and making it always close to one.

Ultimately, ROSt that is summarized in Algorithm 8, is achieved the target of de-

signing the analog combiner AAA for maximizing the desired user and helping in putting all
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the off-diagonal elements effects down. As mentioned earlier, the off-diagonal elements of

HHHEF represent the interference entries, thus in the upcoming subsection to further elim-

inate their effects on the system, the digital combiner DDD will be designed for multi-user

hybrid D/A mm-Wave massive MIMO systems.

5.5.3 Design of Digital Combiners

In this subsection, after having accomplished the design of the analog precoder and

combiner, a next important step focus on designing the digital combiner. Practically,

here the digital combiner is proposed based on MMSE by exploiting the effective uplink

analog channel gains. Note here, for each user k, its effective uplink analog channel gains

can be defined as h̄hhk = HHHkjjjRFk ∈ CNr . Therefore, the optimal MMSE combiner which

helps in further decreasing the off-diagonal elements is designed as [27]

DDD = H̄HH
H
AAA (AAAHH̄HH

H
H̄HHAAA+

Kσ2

η
AAAHAAA)−1, (5.30)

where H̄HH = [h̄hh1, · · · , h̄hhk]. Ultimately, the digital combiner DDD that is obtained from (5.30)

based on the effective uplink analog channel can efficiently applied for making the off-

diagonal elements have lower impact on the desired diagonal elements.

To sum up, the hybrid D/A precoders and combiners for the multi-user mm-Wave

massive MIMO system that considers 5G dense area were designed properly in a way to

mitigate the system interference in both analog and digital precoders and combiners.

5.6 AoA Estimation for Hybrid D/A mm-Wave sys-

tems

The aim of this section is to show how the proposed two-steps method can estimate

the AoAs for the mm-Wave signals by exploiting an idea of detecting the point that

represents the most power focuses around in the scattering scenario. This power point

can be represented as (qzlkm , rzlkm ), where illustrated in Fig. 5.8. In [82], it has been

discussed that each scattering point consist of a group of power points. Interestingly, it

is also shown that one of those power points, most probably the centre point, has the
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Figure 5.8: Illustration of a group of power points inside a scattering point in our scenario.

most power around which produces the strongest lth path as depicted clearly in Fig. 5.8.

Authors in [82] exploited the point that has most of the power around to idealize the

scattering function in frequency-wavenumber space in order to evaluate the performance

of detectors. Specifically, this theory is employed in this section for a different purpose.

This theory is proposed as one of the main stages that are formulated for helping in

estimating AoAs of the mm-Wave signals. In this case in order to formulate the point

that has the most power around, thus let us show the (q,r)th component of the channel

estimation matrix [ĤHHkm]q,r which is defined as

[ĤHHkm]q,r =
1√
Nb

h3D
zlkm

Nbx∑
nbx=1

Nby∑
nby=1

e
−j( 2π

Nbx
nbxr+

2π
Nby

nby q−2πd/λ(nby sinθ̂bzlkm
cosφ̂bzlkm

+nbxsinθ̂bzlkm
sinφ̂bzlkm

))

=
1√
Nb

h3D
zlkm

e
−j

Nby
−1

2
( 2π
Nby

nby q−2πd/λ(sinθ̂bzlkm
cosφ̂bzlkm

)
e
−j

Nbx
−1

2
( 2π
Nbx

nbxr−2πd/λ(sinθ̂bzlkm
sinφ̂bzlkm

)

·
sin
[
Nby

2
( 2π
Nby

q − 2πd/λ(sinθ̂bzlkm
cosφ̂bzlkm

))
]

sin
[

1
2
( 2π
Nby

q − 2πd/λ(sinθ̂bzlkm
cosφ̂bzlkm

))
] · sin

[
Nbx

2
( 2π
Nbx

r − 2πd/λ(sinθ̂bzlkm
sinφ̂bzlkm

))
]

sin
[

1
2
( 2π
Nbx

r − 2πd/λ(sinθ̂bzlkm
sinφ̂bzlkm

))
] .

(5.31)

It can be easily noticed that, when Nbx → ∞ and Nby → ∞, then [ĤHHkm]qzlkm ,rzlkm
=

√
Nbh

3D
zlkm

that possess only a point where all the power will concentrate around which is

represented as (qzlkm , rzlkm ). Therefore, the estimation AoAs in both angles (i.e., zenith
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and azimuth) is formulated as

θ̂bzlkm
= arcsin

λ/d√(qzlkm
Nbx

)2

+

(
rzlkm
Nby

)2
 , φ̂bzlkm

= arctan

(
qzlkm
Nbx

)
(
rzlkm
Nby

) , (5.32)

where θ̂bzlkm
and φ̂bzlkm

are the estimated zenith and azimuth angles. Importantly, the

power point is defined as

qzlkm =
Nbyd

λ(sin$b
zlkm

cosωbzlkm
)
, rzlkm =

Nbxd

λ(sin$b
zlkm

sinωbzlkm
)
.

By doing this, the first stage of formulating the estimated angles is done. It is confirmed

that this point (qzlkm , rzlkm ) plays a main role in entire of the estimation process, where

each of which depends on a $b
zlkm

and ωbzlkm
. Therefore, to find $b

zlkm
and ωbzlkm

in this

chapter, a search method called angular domain search is proposed as the second step. In

this step that is expedited in estimating the AoAs, a wide search in the angular domain

ranged from 0 to π and from −π
2

to π
2

are performed linearly with a step size of π
Ω

and

π/2
Ω

that is used as an angle step size search. Practically, Ω ≈ 2Nb
1.7

[82] is denoted as the

minimum step search that relies on the number of antennas Nb employed for the AoAs

search. The main concept of using such a step is to search among a range of angles and

finding which angle can achieve the minimum estimation error. Where for each antenna

in both axis the angular domain search is represented as $b
zlkm

= (nbx − 1) π
Ω

, where

nbx = [1, · · · , Nbx ], and ωbzlkm
= (nby − 1)π/2

Ω
, where nby = [1, · · · , Nby ]. The normalized

estimation error criteria between the estimation channel that is obtained based on the

estimated angles and the given channel, is applied as a performance metric which is

denoted as Err and then formulated as

Err = 10 log10

(∑Lkm
l=1 ||H̄HHkm −HHHkm||2F∑Lkm

l=1 ||HHHkm||2F

)
. (5.33)

Lastly, the two angles that achieve the minimum estimation error between the estima-

tion channel and the given channel are chosen as the estimated angles for the mm-Wave

signals.

With the aforementioned criterion, we provide an estimation approach for the mm-

Wave signals that were suffered also from the overlapped AoAs. Basically, the strongest
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power point will be first found and formulated and then an accurate search method is

also involved in this approach. The both stages are applied to strongly find the estimated

angles that constructively minimize the normalized estimation error criteria between an

estimation channel and the given channel.

5.7 Simulation Results

In this section, simulation results are provided to evaluate the performance of our proposed

algorithms. For simplicity, the number of users equals the number of RF chains at the BS.

The simulation parameters are set as follows. Both BS and users are equipped with UPA,

having antenna spacing uδ = λ
2
, where δ ∈ [x, y] [30]. In this result, the BS is equipped

with NRF = K = 6, Nr = 128, and each user is built with Nt = 16. For fair comparison,

any ZF solution in literature algorithms is replaced by an MMSE solution. As shown in

previous work on mm-Wave systems [10, 13, 19, 41, 48], most of our results in this section

are tested with low and medium SNR levels.

Fig. 5.9 illustrates the effect of the correlation between the channel vectors of different

users in mm-Wave system on the achievable uplink rate when SNR is set as −10 dB.

There is a strong relation between the scattering environment and the orthogonality

between the channel vectors of users. It is seen in Fig. 5.9 that all the algorithms achieve

lower performance when the correlation reach to 0 dB. This is because, as most of the

propagation paths of the two users share most of the scattering points, then their signals

overlapped at the BS, the correlation between the channel vectors reach to the worse level

by losing the orthogonality feature. It can be concluded that our proposed algorithms

attain higher achievable uplink rate than the other algorithms at the practical regime

when there is a high correlation between users staring from −20 dB until 0 dB.

In Fig. 5.10 and Fig. 5.11, we investigate the achievable uplink rate as a function of

SNR for two usersK = 2, where the correlation is fixed at−10 dB and−5 dB, respectively.

It can be seen when the correlation high at −5 dB in Fig. 5.11 all the algorithm perform

lower achievable uplink rate as compared to the Fig. 5.10 when the correlation value is

set as −10 dB at all SNR values. Intuitively, when the correlation of the channel vectors

of these users increase due to the propagation paths of the two users sharing most of the
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Figure 5.9: Achievable uplink rate versus channel correlation between K = 2B.
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Figure 5.10: Achievable uplink rate versus SNR when K = 2 and correlation = −10 dB.
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Figure 5.11: Achievable uplink rate versus SNR when K = 2 and correlation = −5 dB.

common scattering point in the regime and arrive with overlapped AoAs, the interference

at the BS increases sharply which spoils the performance of the system. In both figures

the proposed algorithms superior than the existing algorithms, as the analog domain is

designed directly to decrease the correlation effect which acquires more achievable uplink

rate.

Fig. 5.12 reveals the effect of the interference due to some of the propagation paths

share some common scatters on the achievable uplink rate of hybrid D/A mm-Wave

massive MIMO systems. In the practical regime the correlation between users is varying

from user to user in the system, for instance when two users are shared most of the

common scatters then their correlation maybe −6 dB, but in the case that there is no

sharing between these users then the correlation maybe −18 dB. Thus in this figure, we

have K = 6 users and the correlation between each two users randomly selected, but

within the high correlation range (−20 ∼ 0) dB. Further, the number of scatterers is

set as 12 and there are 4 clusters and Lkm = 13 [13, 27, 30]. We randomly select (3 ∼ 5)

scatterers from an existing set of scatterers with a pre-defined probability that users share
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Figure 5.12: Achievable uplink rate under the overlapped AoAs scenario versus SNR, K = 6..

common scatterers, also each scatterer has a unit average power. The fully digital MMSE

system and the hybrid D/A based on GS [73], MRC [26] and OMP [27] algorithms are

applied as comparisons. Noticeably the hybrid D/A based on the proposed algorithms gain

higher achievable uplink rates than the existing hybrid D/A based on GS [73], MRC [26]

and OMP [27] algorithms as expected. Although, GS algorithm is built to decrease the

overlapped AoAs interference, unacceptably it has a noticeable gap from the fully digital

MMSE system. This can prove that the correlation interference has not been efficiently

removed. Furthermore, MRC [26] and OMP algorithms [27] have a high gap from our

proposed algorithms and the fully digital MMSE because the interference that is created

due to the common scattering fades their performance improperly. Fig. 5.12 represents

the practical scenario, as users physically move which affects the correlation values either

increase or decrease, but among all these affect parameters our designed algorithms attain

reasonable performance.

To investigate more, let us test the system when the achievable uplink rate as a function

of the number of users in Fig. 5.13. In the dense area the number of users is high and
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Figure 5.13: Achievable uplink rate the overlapped AoAs scenario versus K.

varying between spot to spot which influences the users correlation values. From previous

figure, the correlation between each two users in Fig. 5.13 is also guaranteed to be in

the high correlation range (−20 ∼ 0) dB at SNR −10 dB. It can be observed that the

achievable uplink rates of our proposed PI and ROSt algorithms significantly outperform

GS [73], MRC [26] and OMP [27] algorithms, especially when the number of users is

large. The reason is, as the number of users grows excessively, more users share a small

number of scatterers resulting in the correlation increases between each two users which

generates high interference in the system. It is obvious that GS algorithm suffers from

the high number of users which makes GS curve bend toward OMP curve. Furthermore,

the existing MRC [26] and OMP [27] algorithms have not designed their hybrid D/A to

reduce the effect of the interference due to common scattering in the system. Therefore,

in Fig. 5.13 the curves of GS, MRC, and OMP algorithms almost saturate.

Fig. 5.14 plots the achievable uplink rate versus SNR for the hybrid D/A mm-Wave

massive MIMO system in the low correlation region which implies that the channel vectors

are more independent. The number of channel parameters are set as 4 clusters, 8 scatters
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Figure 5.14: Achievable uplink rate of non-overlapped AoAs versus SNR, K = 6.

and Lkm = 13 [13,27,30]. The AoAs and AoDs are taken independently from the uniform

distribution within [0, 2π], while the angle spread is set to 7.5 [10, 19, 30]. The fully

digital MMSE system achieves the highest achievable uplink rate which is selected as

a benchmark for the hybrid D/A mm-Wave massive MIMO system. Specifically, it is

observed in Fig. 5.14 that, the hybrid D/A based on proposed algorithms PI and ROSt

always attain an achievable uplink rate that is close to the fully digital MMSE system,

and slightly higher than the existing algorithms in [26, 27, 73]. Further, the achievable

uplink rate of our proposed algorithms surpasses that of the beamsteering and WSMSE

in [24,25] algorithms.

In Fig. 5.15, the estimation error performance as a function of the estimation channel

and the given channel versus the number of antennas at the BS is illustrated. As shown

here, the performance of the proposed estimation method improves significantly when the

number of antennas increases from 10 to 20 as compared to HBT. The reason is that, in our

proposed estimation method the search stage with more antennas can improve quickly the

accuracy of the estimation channel by examining all antennas in both axes which acquires

131



5. Designing Hybrid Precoding for Uplink Multi-User Millimetre Wave Massive MIMO
Systems

0 20 40 60 80 100 120 140 160 180 200

Number of Antennas

-40

-35

-30

-25

-20

-15

-10
E

st
im

at
io

n 
E

rr
or

 (
dB

)

Proposed Estimation method

HBT

Figure 5.15: Estimation channel error performance.

better estimation. On the other hand, AoA estimation in HBT suffers from the overlapped

sectors problem thus lower number of sectors in the space is always recommended. As

a consequence, the performance for estimating the AoA will be inaccurate, having high

estimation errors. Even though later on, as the number of antennas grows, this can help

the sector space increase with less overlapped impact which aids the slow improvement

in performance of HBT.

The normalized mean square error (MSE) of estimation channel for both the pro-

posed method and HBT is presented in Fig. 5.16, where the MSE is defined as MSE

= 1
K

K∑
k=1

||ĤHHkm−HHHkm||2
||HHHkm||2

. The configurations in which both the transmitter and the receivers

are equipped with Nt = 8, 32 and Nr = 64, 128 antennas are compared. The channel

model is set as 4 clusters, 10 scatters and Lkm = 13 [13,27,30]. As displayed in Fig. 5.16,

for all number of antennas, the MSE achievement of the proposed method are all superior

to those of HBT. Essentially, because the proposed method can provide higher accuracy

as compared to HBT. It can also seen that by enlarging the number of antennas, the

MSE performance diminishes for both methods. This is because the accuracy of the both
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methods grows significantly when the number of antennas increases in the system. Take

SNR= 16 dB as an example, the MSE of 128 antennas is around 38% better than that of

64 antennas in our proposed method.

Fig. 5.17 shows the convergence behaviour of the ROSt algorithm and PI algorithm at 0

dB SNR. The channel model parameters are set as 4 clusters, 8 scatters and Lkm = 13 [13,

27,30]. The performance achieved is averaged over 10, 000 independent realisations of the

channel. The curves in the figure show that the PI algorithm converge within 6 iterations

which is considerably faster than ROSt. The simple framework and the normalized step of

PI algorithm are actively enhanced the convergence speed to reach a steady state swiftly.

On the other hand, ROSt algorithm converges within 16 iterations which is slower than

PI algorithm. The retraction step needs more mathematical operations to perform and

then move to the next step, this was predicted in our analysis and discussions.

In Fig. 5.18, we turn to consider binary phase-shift keying (BPSK) transmission to

illustrate the bit-error-rate (BER) performance versus SNR when NRF = K = 4, Nt = 16

and Nr = 128. The parameters of the channel are described as 4 clusters, 10 scatterers,
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and Lkm = 13 [13, 27, 30]. Our proposed hybrid D/A based on ROSt and PI algorithms

has better BER performance over the hybrid D/A based on the existing algorithms. The

observation results agreed with our previous analysis and simulations where our proposed

algorithms have focused on eliminating the interference that are initialized due to the

overlapped AoAs and the multi-streams from the off-diagonal elements of HHHEF . This

results in attaining a reasonable BER performance as compared to the fully digital MMSE

system. As anticipated the existing algorithms GS, OMP, and MRC curves always have

a lower performance as compared to our proposed algorithms.

5.8 Conclusions

The addressed issue in this chapter was to investigate the effect of the overlapped AoAs

scenario on the achievable uplink rate of hybrid D/A mm-Wave massive MIMO systems.

Due to the uplink signals transmitted via the common scatterers, users were spotted

suffer from a non-negligible severe interference in the system as the correlation between

channel vectors increases highly. The hybrid D/A was proposed for the aim of primarily

maximize the desired signal while minimizing the system interference that was generated

from overlapped AoAs at the BS during simultaneous uplink transmission. Therefore, the

novel precoders and combiners were designed in this chapter based on the trust able PI

algorithm at the user and then ROSt algorithm at the BS for the analog part. Then, the

digital combiner was formed jointly applying MMSE by exploiting the effective uplink

analog channel gains. Simulation results showed significant achievable uplink rate perfor-

mance advantages in our proposed PI and ROSt algorithms, over the existing algorithms

GS, OMP, and MRC algorithms for overlapped AoAs scenarios. Importantly, the chan-

nel estimation for hybrid D/A was examined by proposing a two-steps procedure. The

strongest power point in each scattering point was formulated. Then, the accuracy of this

procedure was actively improved by proposing a search method based on the angler do-

main scheme. Ultimately, the proposed estimation method attains lower error estimated

channels than the recent existing HBT scheme.
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Large antenna array systems which are called massive MIMO for mm-Wave systems

with conventional digital precoders and combiners are one of the promising technologies

to offer high data rates. Nevertheless, such systems are very costly and also power hungry

due to the associated large number of RF chains that are demanded to connect the large

number of antennas to the baseband. Since the associated phase shifters are significantly

cheaper and consume lower power as compared to RF chains, hybrid D/A precoders and

combiners are considered as an enabling technology to attain the promises of the existing

of large antenna arrays systems. To do this, the design of hybrid D/A beamformers is a

challenging task this is because the non-convex nature of the optimization problem.

This thesis addressed some of the key challenges in the design of hybrid D/A beam-

formers with large antenna array for mm-Wave systems. In this concluding Chapter,

to begin with the summary and conclusions of this research will be presented. After

that, considering the state-of-the-art survey on hybrid D/A precoders and combiners that

was presented in Chapter 2, future directions of this research will be introduced in this

Chapter.
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6. Conclusion and Future Work

6.1 Summary and Conclusions

This thesis focused on developing precoding and combining solutions that address key

challenges in large antenna array systems, namely, the hardware constraints, the precoding

and combining design complexity, the energy efficient precoding and combining, and the

channel estimation, for single user and multi-user mm-Wave large antenna array systems.

Firstly, in this thesis, we provided a comprehensive literature survey to identify the

gaps in the existing works for hybrid D/A beamformers mm-Wave large antenna array

systems. To the best of our knowledge, there were no closed-form expressions for the

hybrid D/A beamformers mm-Wave large antenna array system and also for the spectral

efficiency that was achieved by the existing researchers. Moreover, most of the existing

researchers were concentrated on sparse scattering channels only without considering the

applicability of other scenarios such as rich scattering channels. High computational

complexity associated with most of the state-of-the-art techniques and algorithms was

another limiting factor for the implementation of hybrid D/A precoding in large antenna

array scenarios. Further, the use of digital phase shifters with full resolution can result in

a dramatically high complexity system and poor energy efficiency. Last but not the least,

the power consumption increases with the resolution of the phase shifters of the analog

precoder, which can be very high. Therefore, a trade-off between the spectral efficiency

and the power consumption based on finite number of resolution require to be discussed.

Having investigated these challenges, the contributions of this thesis are summarized as

following:

In Chapter 3, we proposed efficient low complexity algorithms for hybrid D/A pre-

coding and combining mm-Wave large antenna array systems. Two types of hybrid D/A

architectures namely, fully-connected antenna array and partially-connected antenna ar-

ray structures, have been adopted in the literature. To this end, considering the fact

that each structure has its own practical advantages, in this thesis, novel hybrid D/A

precoding and combining algorithms that can achieve high system spectral efficiency with

low computational complexity were proposed for both structures. For the fully-connected

antenna array structure, the precoding and combining design was formulated as an opti-
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mization problem to minimize the Euclidean distance between the hybrid D/A and fully

digital system. The objective function of the approximation problem have a non-convex

constraint, however, much less complex than the original one. This formulation is an

efficient way to find the optimal precoders and combiners that achieve close performance

to the single user fully digital system. Moreover, the optimization problem aimed to de-

sign optimally two different parameters each of which has its own constraint, non-convex

constant modulus constraint and transmit power constraint. Alternating minimization

approach was utilized to solve the optimization problem based on the Euclidean distance.

We were mainly focused on designing the analog precoder with its non-convex constant

modulus. Therefore, two algorithms were proposed in Chapter 3. Firstly, ASO based

on Stiefel manifold which achieves always high spectral efficiency which close to the fully

digital system with a reasonable computational complexity as compared to the existing

algorithms. Secondly, to reduce the complexity of the proposed ASO algorithm, PSO

with alternative minimization was utilized to propose APSO which aimed to design the

low complexity analog part for fully-connected antenna array structures.

For the partially-connected antenna array structure, the hybrid D/A precoding and

combining was formulated as a joint D/A optimization problem to maximize the spectral

efficiency of the system directly. The first algorithm CMO was based on the principle

of complex circle manifold optimization which can directly satisfy the constant modu-

lus constraint by re-writing the precoding matrix as a vector and laying the elements of

the vector into a complex circle. Subsequently, CMO algorithm achieves higher spectral

efficiency than the existing algorithms. In order to find the optimal solution in CMO,

Riemannian gradient and retraction were preformed. The second algorithm SPSO based

on PSO was again proposed here to reduce the complexity of CMO. The attained simula-

tion results illustrated that our proposed algorithms were able to achieve higher spectral

efficiency than the existing hybrid D/A precoding algorithms. Ultimately, the effect of

the channel estimation was considered, which showed that our proposed algorithms were

more robust to the estimation error than the existing algorithms. Finally, our simula-

tion results demonstrated that APSO and SPSO have lower complexity than the existing

hybrid D/A precoding mm-Wave large antenna array system algorithms.
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In Chapter 4, one of the main points of proposing the hybrid D/A precoding and com-

bining for the mm-Wave large antenna array system was to reduce the power consump-

tion of the conventional fully digital mm-Wave large antenna array system. However, RF

chains component in the hybrid D/A system consume up to 70% of the total transceiver

power. Therefore, in this thesis an energy efficient hybrid D/A precoding and combining

mm-Wave large antenna array system was designed through optimizing the number of RF

chains and the number of data streams while optimizing the D/A precoder and combiner

matrices. To achieve the target of this optimization problem, we proposed simple meth-

ods for initially, finding the optimal number of RF chains and then, designing the low

complexity D/A precoder and combiner matrices based on fully-connected antenna array

architecture. The optimization problem was separately aimed to pramarelly optimize the

number of RF chains in the system where BI algorithm was proposed. This algorithm

also optimizes the number of data streams in the system. After that, the optimal analog

precoder and combiner were designed with the help of the EVD method without the needs

of finding the gradient of the cost function which reduced the complexity of the optimiza-

tion problem. The digital precoder and combiner was designed based on applying SVD

operation into the proposed low dimension effective channel gains matrix. Consequently,

the computational complexity of the proposed digital precoder and combiner for the hy-

brid D/A system was much lower than that of the existing designed system based on LS

solution.

Ultimately, the proposed hybrid precoding based on limited resolution of the phase

shifters was explored to show a potential EE gain as compared to the hybrid precoding

having infinite bits of resolution. One of the main concluding remarks was that neither

the highly increase of the number of quantized bits of the resolution results in more

spectral efficiency nor does a few-finite-bits (i.e., 1-2 bits) achieve the best EE for hybrid

precoding systems. The simulation results showed significant EE performance advantages

of our proposed algorithms over the existing systems, such as fully digital system, MO-

AltMin and OMP algorithms based on hybrid precoding and beam steering based on a

single RF chain in the system. Further, we analyzed the proposed hybrid precoding and

combining strategy under a finite number of quantized bits in the analog precoding and
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combining to show the impacts of limited number of bits on EE performance.

In Chapter 5, the addressed issue of the effect of the overlapped AoAs scenario on

the achievable uplink rate of hybrid D/A mm-Wave massive MIMO systems was inves-

tigated. Due to the uplink signals transmitted via the common scatterers, users were

spotted suffer from a non-negligible severe interference in the system as the correlation

between channel vectors increases highly. The hybrid D/A was proposed for the aimed

of primarily maximizing the desired signal while minimizing the system interference that

was generated from overlapped AoAs at the BS during simultaneous uplink transmission.

Therefore, the novel precoders and combiners were designed in Chapter 5 based on the

trust able PI algorithm at the user and then ROSt algorithm at the BS for the analog

part. Then, the digital combiner was formed jointly applying MMSE by exploiting the low

dimension effective uplink analog channel gains matrix. The simulation results showed

significant achievable uplink rate performance advantages in our proposed PI and ROSt

algorithms, over the existing algorithms GS, OMP, and MRC algorithms for overlapped

AoAs scenarios.

Importantly, the channel estimation for hybrid D/A was examined by proposing a

two-steps procedure. The strongest power point in each scattering point was formulated.

Ultimately, the accuracy of this procedure was actively improved by proposing a search

method based on the angler domain scheme. Finally, the proposed estimation method

attained lower error estimated channels than the recent existing HBT scheme.

6.2 Future Works

The hybrid D/A precoding and combining approaches investigated in this research were

developed and evaluated under certain assumptions such as the availability of perfect CSI,

no RF impairments and ideal lossless hardware. Nevertheless, in order to integrate hybrid

D/A precoders and combiners into practical mm-Wave large antenna array systems, the

effect of these important parameters should be designed carefully. Under more realistic

scenarios the hybrid D/A system requires solving many more research problems including

imperfections CSI that can degrade the performance. In this section, we only highlight
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the research topics that are associated with channel estimation.

Designing Hybrid Precoding for mm-Wave Large Antenna Array SystemsDesigning Hybrid Precoding for mm-Wave Large Antenna Array SystemsDesigning Hybrid Precoding for mm-Wave Large Antenna Array Systems : The mul-

tiplicative structure of the proposed D/A precoding framework in Chapter 3 makes it

feasible for hybrid architecture implementations. Although, we highlighted one main idea

for this implementation, several open problems still require further investigations. For

example, it is important to develop novel and optimized solutions for implementing the

inter-cell interference avoidance stage in the analog precoding and combining. One initial

way to do that is by employing antenna elements that have electrically controlled direc-

tional patterns. This, however, needs further research in the optimization and the actual

implementation.

Another important challenge with hybrid D/A precoding mm-Wave large antenna

array system is the channel acquisition. All of the proposed algorithms rely on the as-

sumption of perfect CSI at the transmit end of the large antenna array link. However in

reality, CSI cannot magically be assumed to appear at the transmitter, and this needs to

be realistically taken into account in the study. In Chapter 3 the estimated channel is a

noisy version of the true channel which is a simple method to check the robustness of the

proposed algorithms. However, the amount of CSI imperfections is directly a function of

how much time, or bandwidth was spent after training, as well as the electrical power

utilized used in the training phase of transmission. These are not being taken into account

because of the difficulties of designing the D/A precoders. Therefore, considering these

parameters to be part of the channel estimation analysis is very curial when designing

D/A precoders for mm-Wave large antenna array systems.

Energy-Efficient Design for Hybrid D/A Precoders in mm-Wave SystemsEnergy-Efficient Design for Hybrid D/A Precoders in mm-Wave SystemsEnergy-Efficient Design for Hybrid D/A Precoders in mm-Wave Systems : In this the-

sis, we proposed several combinations of RF chains and phase shifters to reduce the power

consumption of hybrid D/A precoding and combining systems. The RF chains consume

maximum transmitted power, therefore, in Chapter 4 optimal number of RF chains was

selected to achieve the desired EE. Several challenges, though, face the extension of this

aim into multi-user systems, which makes it non-trivial. This is mainly due to finding

the optimal number of RF chains in a system that is redirected with the number of RF

chains is equivalent to the number of data streams and equal to the number of users, is
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quite difficult as the number of users is large in the next mobile wireless communications

system. Therefore, if the number of users and data streams are larger than the number

of RF chains, the hybrid D/A precoding system might be unable to optimize the selected

number of RF chains. Hence, it is of paramount importance that the hybrid D/A mm-

Wave system should be designed carefully to adaptively search for the optimal number

of RF chains in the system for such different cases. Moreover, the hybrid D/A precoding

system should be designed to support more data streams per RF chain in some extrema

cases.

Impact of Overlapped AoAs on the Achievable Uplink Rate for mm-Wave SystemsImpact of Overlapped AoAs on the Achievable Uplink Rate for mm-Wave SystemsImpact of Overlapped AoAs on the Achievable Uplink Rate for mm-Wave Systems : In

Chapter 5, we developed novel precoders and combiners for multi-user hybrid D/A beam-

forming for mm-Wave massive MIMO systems, where the number of RF chains was much

less than the number of antennas equipped with each transceiver. Channel mm-Wave

measurements in Daejeon City, Korea, showed that the propagation paths of multiple

transmitted signal users were spotted under the impact of non-negligible common scat-

tering scenarios. Thus the arrived signals tend to overlap at the BS. With high probability,

in this scenario we intuitively observe that some propagation paths of multiple users shar-

ing some common scatterers, therefore these different propagation paths were enforced

to have the same AoAs at the BS. This phenomenon generates a non-negligible severe

interference in the system. Indubitably, with the hybrid D/A mm-Wave massive MIMO

system, this type of interference cannot be eliminated by the digital processing domain

only, because the digital domain is restricted with fewer RF chains. In this case, if the ex-

isting precoders and combiners are applied, this serves to severely limit the achievable rate

in the current hybrid D/A mm-Wave massive MIMO systems. Hence, with high number

of users the overlapped signals will block the BS to distinguish between these users which

results in designing inaccurate combiners. Therefore importantly, it is of paramount im-

portance that the analog precoders and combiners of the hybrid D/A system should be

designed precisely to help the digital domain in mitigating this type of interference.

In real wireless communications systems, the channel changes over the time quickly,

in this case the channel estimation must repeat after the coherence time of the channel

is over. Investigating the tradeoffs between the tolerable estimation error, the signalling
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overhead and data transmission within the coherence time of the channel are necessary

steps towards the implementation of hybrid D/A precoding and combining mm-Wave

systems. In other words, the target of these steps are to optimize the signalling and data

transmission time given the performance of the hybrid D/A precoding and combining mm-

Wave which is directly related to the accuracy of the estimated channel. The problem in

the mm-Wave large antenna array system is represented in the hardware constraints which

make it challenging to derive closed-form recovery guarantees. This, therefore, requires

developing new analytical tools to overcome the challenges and to enable formulating

solid statements on the mm-Wave channel estimation performance under large number of

antennas at the transmitters and receivers. One difficulty of doing that comes from the

mm-Wave geometric channel model that leaves a small gap for tractable analysis. This

opens new rooms for future work.

It would also be interesting to develop impairment-aware precoding and channel esti-

mation solutions. Based on the insights that will be obtained from analysing hybrid D/A

structures under practical circuit models, it might be possible to design new optimized hy-

brid D/A structures, precoding and combining, and channel estimation solutions that take

these insights into discussion. Moreover, promoting such solutions that are more robust

to the hardware impairments can boost the actual spectral and energy efficiency per-

formance of hybrid D/A structures under practical conditions. Thereby, improving such

hybrid D/A structures and the associated signal processing solutions while analysing their

performance are very important for future mm-Wave and large antenna array systems.
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A.1 Proof of Sherman-Morrison-Woodbury (SMW)

(3.21)

We show that the Sherman-Morrison-Woodbury (SMW) formula can be used to simplify

(19) to obtain (20). To prove it, we present the following:

Lemma 2. Postulate that WWW = 555f(XXX)UUUH − UUU 555 fH(XXX), where, UUU = −XXX. Rewrite

WWW = KPKPKPH for KKK = [555f(XXX),UUU ] and PPP = [UUU,−555 f(XXX)]. If (III + τ
2
PPPHKKK)−1 is invertible,

(19) is

XXXα+1(τ) = XXXα − ταKKK(III +
τ

2
PPPHKKK)−1PPPHXXXα.

Proof : By applying the Sherman-Morrison-Woodbury (SMW) formula [55], one obtains:

(BBB + αKKKPPPH)−1 = BBB−1 − αBBB−1KKK(III + αPPPHBBB−1KKK)−1PPPHBBB−1. (A.1)

Letting BBB = III, and, substituting into (A.1), one obtains

(III +
τ

2
WWW )−1 = III − τ

2
KKK(III +

τ

2
PPPHKKK)−1PPPH , (A.2)
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where WWW = KKKPPPH , then

(III +
τ

2
KKKPPPH)−1(III − τ

2
KKKPPPH) = (III − τ

2
KKK(III +

τ

2
PPPHKKK)−1PPPH) (III − τ

2
KKKPPPH)

= III − τ

2
KKK(III +

τ

2
PPPHKKK)−1PPPH − τ

2
KKKPPPH

+
τ 2

4
KKK(III

τ

2
PPPHKKK)−1PPPHKKKPPPH

= III − τ

2
KKK(III +

τ

2
PPPHKKK)−1

[
III + (III +

τ

2
PPPHKKK)− τ

2
PPPHKKK

]
PPPH

= III − τKKK(III +
τ

2
PPPHKKK)−1PPPH . (A.3)
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[34] R. W. Heath, N. González-Prelcic, S. Rangan, W. Roh, and A. M. Sayeed, “An

Overview of Signal Processing Techniques for Millimeter Wave MIMO Systems,”

IEEE Journal of Selected Topics in Signal Processing, vol. 10, pp. 436–453, April

2016.

[35] S. Sun, T. S. Rappaport, R. W. Heath, A. Nix, and S. Rangan, “MIMO for millimeter-

wave wireless communications: beamforming, spatial multiplexing, or both?,” IEEE

Communications Magazine, vol. 52, pp. 110–121, December 2014.

149



Bibliography

[36] T. S. Rappaport, Y. Xing, G. R. MacCartney, A. F. Molisch, E. Mellios, and J. Zhang,

“Overview of Millimeter Wave Communications for Fifth-Generation (5G) Wireless

Networks-With a Focus on Propagation Models,” IEEE Transactions on Antennas

and Propagation, vol. 65, pp. 6213–6230, Dec 2017.

[37] M. Rumney, LTE Introduction, pp. 648–. Wiley Telecom, 2013.

[38] T. S. Rappaport, G. R. MacCartney, M. K. Samimi, and S. Sun, “Wideband

Millimeter-Wave Propagation Measurements and Channel Models for Future Wireless

Communication System Design,” IEEE Trans. on Commun., vol. 63, pp. 3029–3056,

Sep. 2015.

[39] Y.-H. Nam, B. L. Ng, K. Sayana, Y. Li, J. Zhang, Y. Kim, and J. Lee, “Full-dimension

MIMO (FD-MIMO) for next generation cellular technology,” IEEE Commun. Mag.,

vol. 51, pp. 172–179, June 2013.

[40] S. Hur, S. Baek, B. Kim, Y. Chang, A. F. Molisch, T. S. Rappaport, K. Haneda, and

J. Park, “Proposal on Millimeter-Wave Channel Modeling for 5G Cellular System,”

IEEE J. Sel. Areas in Signal Processing, vol. 10, pp. 454–469, April 2016.
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