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resumo 

 

 

Com o crescimento dos dispositivos de comunicações móveis e de serviços de 
banda larga, os requisitos do sistema tornam-se cada vez mais exigentes. O 
LTE-Advanced apresenta um melhoramento progressivo relativamente ao seu 
antecessor LTE, introduzindo redes heterogéneas, que têm vindo provar 
constituir uma solução sólida para melhorar tanto a capacidade, como a 
cobertura da rede.  
Quanto à implementação do 5G, será necessário um salto disruptivo na 
tecnologia, que permita novas possibilidades, tal como a de conectar pessoas e 
coisas. Para tornar isso possível, é necessário investigar e testar novas 
tecnologias. MIMO massivo e comunicações em ondas milimétricas são 
algumas das tecnologias que têm vindo a demonstrar resultados com potencial, 
tais como o aumento da capacidade e da eficiência espectral.  
No entanto, devido às características da propagação de ondas milimétricas, a 
existência de cenários com redes heterogéneas ultradensas é uma 
possibilidade. Ao se considerar cenários ultradensos com um número massivo 
de utilizadores, o sistema fica limitado devido à interferência, mesmo operando 
na banda das ondas milimétricas. Como tal, é de extrema importância o 
desenvolvimento de técnicas que mitiguem essa interferência. 
Nesta dissertação, propõe-se uma arquitetura de baixa complexidade para um 
transmissor e um recetor a operarem no sentido ascendente, numa rede 
heterogénea ultradensa. Nesta arquitetura são aplicadas tecnologias como 
MIMO massivo, ondas milimétricas e técnicas de beamforming, com o intuito de 
mitigar a interferência entre células. Usando a probabilidade de erro de bit como 
métrica de performance, os resultados mostram que a arquitetura proposta 
consegue remover a interferência eficientemente, alcançando resultados 
próximos de uma arquitetura completamente digital. 
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abstract 

 

With the constant increase of mobile communication devices and broadband 
services, the system requirements are getting more demanding. Long Term 
Evolution (LTE) Advanced comes as a progressive enhancement to its 
predecessor LTE, introducing heterogeneous networks (HetNets), which have 
proven to be great solutions to improve both capacity and coverage. As for 5G, 
it takes more of a disruptive step, enabling new possibilities, such as connecting 
people and things. To enable such a step, new technologies and techniques 
need to be researched and tested. Massive Multiple-Input Multiple-Output 
(MIMO) and millimeter wave (mmWave) communications are two of such 
technologies, as they show promising results such as increased capacity and 
spectral efficiency. However, due to the mmWave propagation constraints, the 
existence of ultra-dense HetNet scenarios may be a possibility. When 
considering ultra-dense scenarios with a massive number of users, the system 
becomes interference-limited, even using mmWave band. As such, the design 
of interference mitigation techniques that deal with both inter and intra-tier 
interference are of the utmost importance.  
In this dissertation, a low complexity analog-digital hybrid architecture for both 
the transmitter and receiver in the uplink scenario is proposed. It is designed for 
an ultra-dense heterogeneous system and employing massive MIMO, mmWave 
and beamforming techniques in order to mitigate both intra- and inter-tier 
interference. Considering the Bit Error Rate (BER) as the performance metric, 
the results show that the proposed architecture efficiently removes both inter- 
and intra-tier interferences, achieving a result close to its fully digital counterpart. 
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Introduction 

As humans rely on each other to thrive, the need for communication has been a key 

aspect throughout history. Conveying complex and secure information at short range has 

been easy since language was developed. However, for long distance communications, 

resourceful methods had to be put to practice. When humanity was fragmented 

throughout the globe, distance communication was only needed for small and restricted 

geographical areas. As such, people would rely on loud sound sources (horns, drums) or 

visible signals (fire, smoke), which could only convey a very limited amount of 

information. With the development of writing and as civilizations emerged, expanded and 

connected, the need to convey more complex information arose. Systems that could 

deliver written messages were developed, but always limited by the velocity of the carrier. 

As we approach modern times, communication systems working at the speed of light are 

developed, such as the telegraph or the telephone, although constrained by the need of 

wires. It is only in 1896 when Guglielmo Marconi patents the first wireless 

communication system. Since then, wireless communications systems have evolved from 

point-to-point communications to a whole wireless network connecting the globe. 

1.1. From the 1G to the 4G of Mobile Communications 

As mobile communications at their earliest were done solely in the analog domain, 

it took some years until it became commercially viable. These early systems required high 

power and large bandwidths, severely limiting its capacity. With the development of 
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techniques such as the cellular concept and the frequency reuse by Bell Labs, it was 

possible to achieve a greater coverage area and capacity. A brief illustration of the mobile 

communications evolution can be seen on Figure 1.1. 

 

 

Figure 1.1. Mobile Communications Evolution [1]. 

 

1G 

The 1G systems were completely analogic and used frequency-division multiple 

access (FDMA). Even though these systems were a big leap for the time, they were 

extremely inefficient. They were bulky, both spectrum and power inefficient, expensive, 

only allowed one user per channel and were susceptible to interference. To add to that, as 

the systems were developed and deployed independently, each had their own standards, 

making them incompatible with each other. Some of the firstly deployed systems can be 

seen in TABLE 1.I. 

2G 

In the early 90s, 2G systems brought major improvements relatively to its 

predecessor 1G as it transitioned from analog to digital. With this, a longer battery life, 

smaller and cheaper mobile phones were made possible, which contributed to a rapid 

increase of mobile users. The communications also got more robust to interference and 

data transmission became possible (e.g. Short Message Service (SMS)). The introduction 

of multiple access technologies based on time-division multiple access (TDMA) and 

code-division multiple access (CDMA) greatly increased the system’s capacity and 

spectrum efficiency, as it allowed to serve multiple users per channel. TABLE 1.II shows 
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the main 2G mobile systems, most of them working over Frequency Division Duplexing 

(FDD), in which both the transmitter and receiver operate at different frequency bands. 

 

TABLE 1.II 

2G MOBILE SYSTEMS 

System Country 
Multiple Access 

Technology 

Personal Digital Cellular 

(PDC) 
Japan TDMA/FDD 

GSM Europe TDMA/FDD 

cdmaOne USA CDMA 

Digital AMPS N. America & South Korea TDMA/FDD 

 

2.5G  

As the number of mobile users and data services kept increasing, 2G started to lag 

behind in face of the demands. To cope with this problem, in the early 00s, 2.5G was 

introduced to enhance the currently deployed 2G network. The two enhancements made 

to the Global System for Mobile Communications (GSM) network, the most globally 

used system, were the addition of the General Packet Radio Service (GPRS), which 

allowed the current system to support packet services, and later of the Enhanced Data 

Rates for GSM Evolution (EDGE), which increased the current system’s data rates.  

TABLE 1.I 

1G MOBILE SYSTEMS 

Year System Country 

1979 
Nippon Telegraph and Telephone 

(NTT) 
Japan 

1981 
Nordic Mobile Telephone 

(NMT) 

Finland, Denmark, 

Sweden, Norway 

1982 
Advanced Mobile Phone Service 

(AMPS) 
USA 

1983 
Total Access Communication System 

(TACS) 
UK 
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Due to their success, 2G and 2.5G networks achieved a great coverage area 

throughout the world and survived till today. However, network providers are now 

shutting down their 2G networks [2], [3], as the technology is outdated and the number 

of users keeps decreasing. But even so, it keeps surviving in some places, such as is in 

Europe, due to its recent use on Internet of Things (IoT) applications, although its days 

are numbered, as other more suitable IoT technologies also emerge in the market. 

3G  

With the proliferation of the internet throughout the world and with the potential 

exploitation of broadband data services, a new technology was needed to accommodate 

these demands. As a solution, 3G was developed by the 3G Partnership Project (3GPP) 

group and introduced in the mid-00s, with the standards Universal Mobile 

Telecommunications System (UMTS) and CDMA2000. The main differences from the 

previous technology (2G), were the increase in the data rate and the use of packet 

switching instead of circuit switching for data transmission. This technology kept getting 

enhanced throughout the years with technologies like High Speed Packet Access (HSPA) 

which allowed greater data rate speeds and capacity. 

4G  

As the end of the decade approached, 4G started to be introduced as the next decade’s 

technology. Some requirements were set by the International Telecommunications Union 

for Radio (ITU-R), such as 100 Mbit/s data rates in high mobility environments and 1 

Gbit/s in low mobility or a simplified all-IP architecture. However, the first candidates 

(HSPA+ and LTE), which brought major improvements to 3G, failed to meet those 

requirements, but were nonetheless commercialized as 4G. Afterwards, one of those 

candidates, LTE, which was developed by the 3GPP group, underwent a major 

enhancement, originating in LTE-Advanced, which met the requirements set for 4G. 

Since it was introduced in the market, the number of LTE subscribers keeps increasing, 

replacing the older technologies, as depicted in Figure 1.2. 

1.2. Future 5G Mobile Communications 

As seen in the previous chapter, a new generation of mobile communications 

technology is introduced approximately every 10 years. As we are approaching the 10 

year mark from the previous generation (4G), discussion on what 5G should be emerges. 
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Efforts are being made on research for potential technologies and, as in 4G, the ITU-R 

set some requirements [4] for what 5G should achieve. 

Whereas the previous generations focused on connecting people, 5G will go beyond 

that and will aim to connect both people and things. Keeping up with the currently 

growing high quality media services, smart factories, autonomous driving and immersive 

augmented reality are some of the possible usages unlocked by 5G. To enable this 

potential and cope with the industry’s demands, three areas must be addressed, massive 

internet of things applications, mission-critical control and enhanced mobile broadband, 

each with its requirements, as seen in Figure 1.3. 

However, to achieve all this, new technologies are needed. Those technologies will 

not try to solve all the aforementioned requirements, but some specific ones. Some of 

these technologies are as follows:  

• Network densification, which will make use of cells of smaller sizes to cover 

specific areas, allowing for a better spectrum and energy efficiency and increased data 

rates and connection capacity [6], [7].  

• Full-Duplex, in which by allowing the down and up link to work over a single 

channel, the spectrum efficiency would double [8].  

 

Figure 1.2. Global mobile subscriptions by technology 2010-2017 [5]. 
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• Device-to-Device (D2D) and Machine-to-Machine (M2M) communications, 

which will allow to off-load the network and evolve towards the internet of things (IoT) 

[9].  

• MmWave, which, by taking advantage of the unused spectrum at higher 

frequencies, with the wavelength in the order of millimeters (from around 20GHz to 

300GHz), makes possible to achieve high transmission rates and a reduced antenna size 

[10].  

• Massive MIMO, where a massive number of antennas is deployed on a base 

station (BS) [11].  

• Network Virtualization, where a distribution of datacenters aids the network 

[12].  

• Cognitive radio, which by adding intelligence to the network makes it possible 

to use the spectrum more efficiently [13]. 

 

 

Figure 1.3: 5G requirements and areas to address [14]. 

1.3. Motivation and Objectives 

4G mobile communication systems, also known as Long-Term-Evolution (LTE) 

[15], recently deployed in the Portuguese market, allow for much greater data rates than 

its predecessor 3G. However, the predictable increase in the need for broadband services, 

which require high data rates, cannot be met with the current network architecture. In a 
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cellular network, a way to increase the data rates would be to reduce the cell’s size, 

consequently decreasing the propagation losses. The densification of the network, which 

implies the introduction of small-cells in the macro-cell, is already considered as a viable 

and flexible option to increase the capacity of the system by the network operators. 

However, due to the high cost of new spectrum acquisition licenses, it is expected that 

both the macro and small-cell operate at the same frequency. This results in a great 

increase in the interference between both systems. Since the macro-cell is the owner of 

the spectrum license, the small-cells must use the system resources in a way that they do 

not damage the system’s performance for the users in the macro-cell.  

Small-cells can also make use of techniques which are being researched, such as 

massive MIMO and mmWave [16]–[18]. Where massive MIMO makes use of a massive 

number of antennas to exploit the available spatial resources, while mmWave opens a 

whole new free spectrum at high frequencies, with the possibility of much higher data 

rates, in the order of multi-gigabit per second [17]. However, the wireless propagation 

characteristics are quite different from the current sub-6GHz band [19], [20], as it 

degrades with the increase in frequency. As such, special care is needed when designing 

beamforming schemes [21]. As a way to make the most out of the available resources, 

the introduction of cognitive capabilities in the small-cells is of the utmost importance. 

Since from the detection of system parameters, the small-cells can adapt to the current 

conditions. As such, it will be necessary to develop detection techniques, as well as 

methods which will allow to better manage the available resources in heterogeneous 

system (systems with both macro and small-cells). 

Combining both technologies, mmWave and massive MIMO, brings some benefits, 

as it allows to pack a higher number of antennas into the same volume, if compared to 

lower frequencies, due to the small wavelength of the mmWaves [22]. Therefore, both 

terminals can be equipped with a massive number of antennas, which will allow designing 

efficient beamforming techniques that can compensate for the attenuation at higher 

frequencies. However, the design of these beamforming techniques should follow 

different approaches from the ones adopted for its lower frequency counterparts, mainly 

due to hardware limitations [23]. Due to their limitations, hybrid analog-digital 

beamforming techniques, where some processing is done at both the digital and analog 

level, are being researched [24]–[27]. 
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As noted in [28], the use of mmWave and massive MIMO in the context of 

heterogeneous networks would be a key factor to increase the network capacity for future 

5G networks. For a low dense scenario and due to the short range of mmWave 

communications, it is expected that the users on a given small cell would not interfere 

with other small cells and macro cells, and the system is mainly noise-limited. However, 

in ultra-dense scenarios with a massive number of users the system becomes interference-

limited, even using the mmWave band [29] since at the mmWave band, the channel shows 

significant differences for line-of-sight (LOS) and non-line-of-sight (NLOS) path loss 

characteristics. For example, channel measurements show a path loss exponent of 

approximately 2 for LOS and an exponent as large as 5.76 in downtown New York City 

[10]. As shown in [29], when the density of the network is very high (for example, in 

ultra-dense networks) the interference is significant, since that for ultra-dense scenarios, 

a user sees several LOS base stations and thus experiences significant interference. As 

mentioned in [29], the development of more advanced interference management 

techniques is an interesting topic for ultra-dense massive MIMO mmWave-based 

networks. 

This dissertation is inserted in the wireless mobile communications field, and has as 

an objective, to study, implement and evaluate the performance of an ultra-dense 

heterogeneous system where both primary users (macro-cell) and secondary users (small-

cell) coexist under the same spectrum. The work consists on developing hybrid analog-

digital precoding techniques, considering different knowledge of the channel state 

information (CSI). Specifically, the aim is to design a low complexity hybrid analog-

digital transmit precoding and receive equalizer for uplink massive MIMO mmWave 

ultra-dense heterogeneous networks.  

1.4. Contributions 

In this dissertation, the design of a low complexity hybrid analog-digital transmit and 

receive beamforming (or precoder/equalizer) for ultra-dense uplink massive MIMO 

mmWave HetNets networks was successfully developed. To this date, and to the best 

knowledge of the author, uplink hybrid beamforming approaches designed for massive 

MIMO mmWave in the context of HetNets has not been addressed in the literature. Also, 

as a result of this work, the following  article has been published [30]: 
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D. Castanheira, P. Lopes, A. Silva, A. Gameiro, “Hybrid Beamforming Designs for 

Massive MIMO Millimeter-Wave Heterogeneous Systems”, IEEE Access, vol. 5, no. 1, 

pp. 21806 - 21817, Nov 2017. 

1.5. Outline 

This dissertation started by providing a contextualization on the mobile 

communications technology and briefly introduced the work developed and the 

motivation behind it. This work is comprised of 5 more chapters. 

Chapter 2 introduces LTE and LTE-Advanced by giving an overview of their 

technologies, with special focus on heterogeneous networks. After a brief introduction, 

the chapter starts by describing the system’s network architecture, going over the used 

multiple access techniques, carrier aggregation, and then, HetNets.  

Chapter 3 explains the concept of using multiple antennas for communications, with 

special focus on the techniques used for LTE. The chapter starts by introducing the 

possible multi-antenna types. Then, the diversity and multiplexing concepts are 

introduced and techniques on how they can be applied to multi-antenna systems are 

presented. 

Chapter 4 gives an overview of the current state of massive MIMO and mmWave 

communications. The chapter goes over the benefits and limitations of both technologies, 

and how they can be combined. At the end of the chapter, possible architectures to employ 

both techniques are presented.  

Chapter 5 covers the work developed and the obtained results. It starts by introducing 

the system model, describing the scenario, both the receiver and transmitter architecture 

and the channel model. Then, besides the proposed design, various analog/digital 

precoders and equalizers are presented. Furthermore, it shows and compares the obtained 

results for different combinations of analog/digital precoders and equalizers, as well as 

different scenarios, with BER as the performance metric.  

Chapter 6 summarizes the main ideas and conclusions of the developed work, as well 

as the contributions made and possible future work. 
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1.6. Notation 

 Boldface capital letters denote matrices and boldface lowercase letters denote 

column vectors. The operations (.)T , (.)H , *(.) and (.)tr  represent the transpose, the 

Hermitian transpose, the conjugate and the trace of a matrix. The operator sign( )a  

represents the sign of the real number a . For a complex number c , 

sign( ) sign( ( )) sign( ( ))c c j c    , where ( ) ( ( ))c c  represents the real part of c

(imaginary part of c ). The operator sign(.)  is applied element-wise to matrices. Consider 

a vector a  and a matrix A , then diag( )a  and diag( )A correspond to a diagonal matrix 

with diagonal entries equal to vector a  and a diagonal matrix with entries equal to the 

diagonal entries of the matrix A , respectively. ( , )j lA  denotes the element at row j and 

column l of the matrix A . NI  is the identity matrix with size N N . The index u refers 

to the user terminal and p the receiver
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LTE-Advanced and Heterogeneous Networks 

Mobile communications devices and broadband services have been increasing 

exponentially in the last decade. As such, recent mobile networks need to achieve high 

data rates and accommodate a large number of users. LTE-Advanced was introduced with 

the aim to solve that need. As part of LTE-Advanced, HetNets play a key role, as they are 

a flexible solution to cover high density populated and difficult covering areas. 

This chapter starts by making an overview on LTE-Advanced. Then, the network 

architecture is presented, as well as the technologies employed in LTE-Advanced, such 

as multiple access techniques, carrier aggregation and heterogeneous networks. 

2.1. LTE Advanced 

As previously stated, LTE was developed by the 3GPP group. This technology has 

been introduced and enhanced through a number of releases. It started to be deployed 

commercially on release 8 as a candidate to 4G, even though it did not meet its 

requirements, set by the ITU-R.  LTE-Advanced was introduced on release 10, this 

release was able to meet the stated 4G requirements. Currently the 3GPP group is on 

release 15. 

LTE-Advanced, despite being an enhancement to LTE and introducing new 

technologies and techniques into the system, it is compatible with the already deployed 

LTE terminals. Some the technologies used on LTE-Advanced will be discussed further 

in this chapter. 
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2.1.1. Network Architecture 

LTE brought a new core network architecture, known as System Architecture 

Evolution (SAE), which is simpler than its predecessor. This architecture, depicted in 

Figure 2.1, is comprised three main components, the User Equipment (UE), a new Radio 

Access Network (RAN), known as Evolved-Universal Terrestrial Radio Network (E-

UTRAN) and a new core network, known as Evolved Packet Core (EPC).  

 

 

Figure 2.1. LTE-Advanced E-UTRAN and EPC architecture [31]. 

 

E-UTRAN 

The E-UTRAN serves as the radio interface between the UE and the EPC. It is 

composed of evolved based stations, known as eNodeB, which connects to the EPC 

through an interface known as S1. These eNodeBs can further perform coding and 

decoding techniques, radio resource and mobility management and be connected with 

each other by an interface known as X2 to aid in the handover. 
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Evolved Packet Core 

EPC is a full Internet Protocol (IP) core network architecture, designed to bring 

simplicity to the system, while maintaining compatibility with previous multiple access 

technologies. The EPC is composed by the following key elements: 

• Mobility Management Entity (MME), which is the main control element in the 

EPC, since it handles the communications between the UE and core network. This 

element further handles the user mobility and security functions, such as 

authentication.  

• Serving Gateway (S-GW), this gateway routes and forwards all the UE data 

packets to the P-GW and also along different LTE nodes to aid in the mobility. 

• Packet Data Network Gateway (P-GW), which serves as the interface that 

communicates with the outside packet data networks. 

2.1.2. LTE multiple access techniques 

2.1.2.1. Downlink (OFDMA) 

Orthogonal frequency-division multiple access (OFDMA) is a multiple access 

technique based on OFDM modulation, it can achieve high transmission data rates by 

splitting high data streams into multiple smaller data streams, which are simultaneously 

transmitted over different subcarriers spaced by 15kHz. This brings a lot of advantages 

[32], as the symbol time gets higher with the small data streams the Inter-Symbol 

interference (ISI) is reduced. Fading is also mitigated in a frequency selective channel, as 

the subcarriers are smaller the coherence band becomes apparently flat for each 

subcarrier. A higher spectral efficiency is also achieved without causing any inter-carrier 

interference (ICI) by overlapping orthogonal subcarriers, as seen in Figure 2.2. 
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Figure 2.2. OFDM multiple sub-carriers and OFDM symbol [33] 

Cyclic Prefix (CP) 

 Due to the negative effects of multipath, which increase the ISI, a CP is added to the 

data stream. This will mitigate the problem; however, it slightly reduces the spectral 

efficiency, as such, a trade-off between both must be achieved. 

As depicted in Figure 2.3, a CP with a guard time ( GT ), chosen considering the 

multipaths’ max delay, is added to the beginning of the data stream. This CP is built from 

the end of the data frame equivalent to the guard time. 

 

Figure 2.3. CP operation [34]. 
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Frame Structure 

In LTE, there are two types of frame structures. Type 1, for frequency FDD operation 

and type 2, for time division duplexing (TDD).  

Type 1 is depicted in Figure 2.4.For this type, a LTE frame is 10 ms long in the time 

domain. This frame is subdivided in 10 Sub-Frames, each 1 ms long, where each Sub-

Frame is further subdivided in 2 slots, 0.5ms long each, resulting in 20 slots per frame. 

Each slot is built from 6 to 7 OFDM symbols, depending on whether the CP is short or 

long, respectively. 

 

Figure 2.4. FDD LTE frame structure [34]. 

 

As for type 2, which is depicted in Figure 2.5, it also has a 10 ms long frame. This 

frame is subdivided in 2 half frames, 5 ms long each, which is further subdivided in 10 

Sub-Frames, each 1 ms long. Apart from the standard Sub-Frames, half-frames also have 

2 special Sub-Frames, which are made of 3 different fields. The downlink pilot time slot 

(DwPTS), uplink pilot time slot (UpPTS) and guard period (GP). 
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Figure 2.5. TDD LTE frame structure [35]. 

 

Resource Block 

A resource block represents the smallest unit of resources to be assigned to the UE. 

These blocks consist of 12 subcarriers, with 180 KHz bandwidth and 1 slot long in time. 

The amount of transmitted resource blocks in a slot time, depending on the LTE system’s 

bandwidth can be seen on TABLE 2.I. While a representation of a resource block can be 

seen in Figure 2.6. 

TABLE 2.I 

LTE supported bandwidths [36] 

Bandwidth Resource Blocks Subcarriers  

1.4 MHz 6 73 

3.0 MHz 15 181 

5.0 MHz 25 301 

10.0 MHz 50 601 

15.0 MHz 75 901 

20.0 MHz 100 1201 
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Figure 2.6. Resource Block with 1.4 MHz bandwidth and normal CP (short) [36]. 

 

2.1.2.2. Uplink (SC-FDMA) 

Unfortunately, OFDMA has a high Peak-to-Average Power Ratio (PAPR), which 

has a major impact on the power amplifiers efficiency, leading to a high energy 

consumption, which makes it unsuitable for the uplink, where the UE are powered by 

batteries. 

As a solution single carrier frequency division multiple access (SC-FDMA) was 

adopted, by distributing the energy of the symbols over the subcarriers, it comes as a 

solution to the PAPR problem [37], while maintaining the advantages of the OFDMA. 

The SC-FDMA frame structure and resource block is very similar to the OFDMA. 

The main difference is in the symbol transmission, where in the SC-FDMA case the 

symbol is spread over the subcarriers, while in the OFDMA the symbol is transmitted 

over one subcarrier. These differences in symbol transmission are depicted in Figure 2.7. 
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Figure 2.7. SC-FDMA and OFDMA data transmission [38]. 

 

2.1.3. Carrier Aggregation 

LTE-Advanced introduced a new technique, carrier aggregation [39], which enabled 

it to meet some of the requirements set by ITU-R for 4G. This technique enables the 

increase system’s bandwidth, without compromising the frequency spectrum restraints 

and keep backwards compatibility with older releases. 

Due to the compatibility with the older releases, the bandwidth of each aggregated 

carrier is restrained by the ones of previous releases, see TABLE 2.I for the bandwidth 

values. It is possible to aggregate a maximum of 5 carriers, making it possible to achieve 

100 MHz of bandwidth. While in TDD the number of aggregated carriers is normally the 

same for both upload and download, in FDD this number can differ. In this case, the 

number of aggregated carriers in the upload is always limited by the number in the 

download. An illustration of the operation in FDD can be seen in Figure 2.8. 
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Figure 2.8. Carrier Aggregation in FDD [39]. 

2.1.4. MIMO Techniques 

With a limited frequency spectrum for mobile communications, it is mandatory to 

achieve high spectral efficiency systems. However, it is hard to increase the system’s 

capacity without decreasing its spectral efficiency. With MIMO technology, the data 

transmission medium is no longer restricted to time and space, as it adds it explores space 

as a new dimension. MIMO systems are comprised of multiple antennas at both the 

receiver and transmitter, these systems are described in detail in Chapter 3. 

LTE release 8 introduced the possibility to use on the downlink up to 4 antennas at 

both the receiver and transmitter (4x4 MIMO). However, no MIMO was introduced at 

the uplink. LTE-Advanced, pushed the technology forward and at release 10 introduced 

the possibility to use on the downlink up to 8 antennas at both the receiver and transmitter 

(8x8 MIMO) and at the uplink up to 4 antennas at both the transmitter and receiver (4x4 

MIMO) [40].  
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2.1.5. Coordinated Multipoint (CoMP) 

As an UE gets closer to the BS, Signal to noise Ratio (SNR) values increase and high 

data rates are easily achievable. However, as it gets closer to the cell-edge, the signal 

strength decreases, due to the distance, and interference increases, due to the neighboring 

cells, as such SNR values decrease and high data rates are harder to achieve. 

CoMP is a technique introduced in release 11, used for both uplink and downlink 

with the purpose to address the aforementioned problem, improving the cell-edge network 

performance [40]. This technique can be applied for both homogeneous and 

heterogeneous networks.  

There are two possible implementations for CoMP, an autonomous 

distributed/decentralized approach or a centralized approach, both depicted in Figure 2.9.  

 

Figure 2.9. CoMP Centralized/Decentralized Control [41]. 

 

In the first decentralized method, independent EnodeBs communicate between each 

other in order to be coordinated. However, this method comes with signaling delays and 

overheads.  

As for the second method, the centralized control is based on remote radio equipment 

(RRE), which are connected through optical fiber to the EnodeBs. In this scenario, the 

EnodeB performs the signal processing and control. As such, it needs to be able to process 

lots of data, which increases with the number of RRE. On the other hand, the signaling 

delay and overhead problem of the decentralized method is greatly reduced [42]. 

The CoMP operation is separated in downlink and uplink, as the processes are 

independent.  
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Downlink 

At the Downlink, CoMP transmission can be done with two different schemes, as 

seen in Figure 2.10, joint processing and coordinated scheduling/coordinated 

beamforming. As for joint processing, it can be subdivided in two categories, joint 

transmission and dynamic cell selection. At joint transmission, the data is sent 

simultaneously to a single UE through multiple transmitters. This will increase the SNR 

of the signal at the receiver, making it possible to achieve higher data rates. Joint 

transmission can either be coherent or non-coherent. Coherent joint transmission, implies 

that the transmitters are synchronized when sending data. While in the non-coherent, the 

transmitters are not synchronized. This type of scheme requires a low latency for good 

coordination and a high bandwidth backhaul. At the dynamic cell selection, the data as to 

be available at multiple transmitters, while the UE selects the one with the best signal. 

 

 

Figure 2.10. Downlink CoMP transmission [42]. 
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At the coordinated scheduling/coordinated beamforming scheme, the data is sent 

from a single transmitter through beamforming techniques. These beams are then 

coordinated with other transmitters, so that interference can be avoided. This method 

reduced the backhaul bandwidth, as only coordination is needed and the data only needs 

to be at one transmitter. 

Uplink 

At the uplink, the UE does not need any knowledge of the neighboring receivers, as 

the signal is transmitted, as if just for one receiver. That signal is then captured by all 

neighboring receivers and combined. 

2.2. Heterogeneous Networks 

Traditional wireless systems were and are deployed in some sort of an 

“homogeneous” way. A high-power base station is deployed to cover a specific area, 

known as macro-cell, with regards to the physical characteristics of the area and the 

number of users. To avoid intercell interference, different frequency bands are used 

between cells, but due to frequency spectrum limitations, a certain frequency re-use is 

used, as depicted in Figure 2.11. However, this kind of networks lack flexibility. With an 

increase in traffic, the cell needs to be split in order to serve all users and avoid the 

system’s performance degradation. This process is costly, complex and time consuming. 

A way to create flexibility, as well as increase the system’s performance and 

coverage is to “densify” the existing macro-cell, by introducing small-cells. The small 

cells are low-power nodes with different categories [43], [44], see TABLE 2.II, which 

allow to offload some traffic of the macro-cell or cover difficult areas. An example of a 

heterogeneous network can be seen in Figure 2.12, where different types of small-cells 

are used. 

2.2.1. Possible Deployment Scenarios 

As stated in [45], there are three possible deployment scenarios for HetNets.  

• Multicarrier deployment, in which the small-cells use different frequencies than 

the macro-cell to avoid intercell interference. This method is undesirable due to 

its frequency spectrum inefficiency, as at least two different carrier frequencies 

are needed.  
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• Carrier aggregation deployment, where one carrier frequency is attributed solely 

to the macro-cell, while another carrier frequency is shared between both the 

macro and small-cells. However, this kind of deployment does not fare well in 

limited/small bandwidth systems. 

• Co-channel deployment, in this scenario the macro and small-cells share the same 

frequency, which makes it the best choice for limited bandwidth systems. 

However, special care is required in the network deployment and interference 

coordination techniques may be needed. This type of deployment is the one 

considered in the work developed for this dissertation. 

 

 

Figure 2.11. Traditional network deployment with frequency re-use [46]. 

 

TABLE 2.II 

Small-cell types. 

Nodes Tx power Coverage Backhaul Applications 

Microcell 2W–20W 250m-1km X2 Outdoors 

Picocell 250mW–2W 100m-300m X2 Indoors and Outdoors 

Femtocell 10mW-200mW 10-50m Internet IP Indoors 

Relay 1W 300m Air-Interface  Outdoors 
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Figure 2.12. Example of a Heterogeneous Network [47]. 
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MIMO Systems 

Multiple antennas can be deployed at both the transmitter and receiver, or as known 

in the mobile communications field, at the Access Point (AP) and UE, referred as MIMO 

systems. This increases the number of spatial dimensions, which can be exploited to 

increase the system’s diversity and/or capacity. Instead of increasing the data rate for a 

single user (SU-MIMO), it is possible to serve multiple users (MU-MIMO). MIMO 

technology was introduced on LTE for mobile wireless communication. However, due to 

its potential, it is also used for Wi-Fi and other wireless systems. 

This chapter starts by presenting the possible multi-antenna configuration. Then, the 

diversity and multiplexing concepts are explained, as well as the techniques on how to 

apply them to multi-antenna systems. 

3.1. Multi-antenna types 

With the possibility to deploy multiple antennas at the receiver and transmitter, 4 

types of configurations can be achieved. For these configurations let’s consider a system 

where the transmitter has L transmitting antennas and the receiver M receiving antennas. 

3.1.1. SISO System 

Single-Input-Single-Output (SISO) system refers to the typical radio system, where 

both transmitter and receiver are equipped with one antenna, as depicted in Figure 3.1. 

This kind of system does not introduce any extra spatial dimension, as such, assuming a 
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system without fading and with additive white Gaussian noise, the system capacity is 

limited by the Shannon-Hartley theorem [48], with  

     2log 1
S

C B
N

 
  

 
, (1) 

where, C is the system’s capacity, B the bandwidth of the system, S and N the power of 

the signal and noise, respectively.  

Ant. 1

RXTX

Ant. 1

 

Figure 3.1. SISO system. 

3.1.2. SIMO System 

In a Single-Input-Multiple-Output (SIMO) system, the receiver is equipped with 

multiple M antennas, while the transmitter is equipped with a single antenna, as depicted 

in Figure 3.2. This kind of configuration is able to receive a signal from M different paths, 

increasing the system’s diversity, this allows the system to be more robust to harmful 

channel propagation characteristics. However, it requires some processing at the receiver, 

increasing the complexity of the system, as well as an increase in power consumption and 

physical space, which can be a great disadvantage for small/mobile receiver devices. 

RXTX

Ant. 1

   

Ant. 1

Ant. 2
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Figure 3.2. SIMO system. 

3.1.3. MISO System 

Multiple-Input-Single-Output (MISO) systems are similar to SIMO systems. In this 

case, the transmitter is equipped with L transmitting antennas, while the receiver is 

equipped with a single antenna, as depicted in Figure 3.3. These multiple antennas 

transmit the same data through different paths, increasing the system’s diversity, which 
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makes the systems more robust to harmful channel propagation characteristics. For some 

applications, this configuration can be preferred to SIMO, as it moves some of the early 

stated SIMO disadvantages to the transmitter. 
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Figure 3.3. MISO system. 

3.1.4. MIMO System 

In the MIMO system, both the receiver and transmitter are equipped with multiple 

antennas, as depicted in Figure 3.4. As aforementioned, this type of configuration can 

increase both the system’s diversity and capacity, by introducing spatial multiplexing. 

However, it requires some coding techniques at the transmitter and receiver, which 

increases the system’s complexity. 
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Figure 3.4. MIMO system. 

3.2. Diversity 

Diversity in communication systems can be achieved by introducing some 

redundancy in the system. This implies that the same information needs to be sent 

multiple times. A way to do it is by transmitting the same data through independent fading 

channels. This independency is achieved by having low or no correlation between 

channels. In this way, as the channels affect differently the same transmitted data, the 
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chances of having an error-free transmission, increases with the number of independent 

fading channels. 

There are three different types of diversity: 

• Time diversity, where diversity is achieved by sending the same data in slots 

separated with a time greater than the coherence time of the channel. However, 

this method decreases the data rate, with a factor equal to its number of repetitions. 

• Frequency diversity, in which the same data is sent through different frequencies, 

that must be spaced at least by the coherence bandwidth of the channel [49]. 

Unfortunately, the system requires more bandwidth to apply it, which may not be 

ideal in an already limited spectrum. 

• Spatial diversity, where multiple antennas create multiple independent fading 

channels, with the right spacing between the antennas [50]. In this method, there 

is no need to sacrifice either data rates or bandwidth. 

3.2.1. Receive Diversity 

Receive diversity is achieved when the receiver is equipped with multiple antennas, 

as the SIMO case. Any of the three types of diversity can be applied and, due to the 

multiple antennas, it is possible to achieve both diversity and antenna gain. Assuming that 

the transmitter has one antenna and the receiver is equipped with M antennas, as depicted 

in Figure 3.5, and all M channel propagation paths are independent, the diversity gain is 

given by the number of independent paths created, which in this case is the same as the 

number of antennas. 

RXTX
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Figure 3.5. SIMO Receive Diversity 

For the receiver to achieve the diversity gain, the received signals need to be 

combined. There are various combining methods, each with its complexity and needs, 
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such as Channel State Information (CSI). Where each have different performances when 

achieving diversity.  

Equal Gain Combining (EGC) and Selection Combining (SC) are two possible low 

complexity methods, which do not require any CSI. 

In SC, the received signals are compared, and the one with better SNR is chosen 

[51]. As for EGC and maximal ratio combining (MRC), they are linear combining 

methods, where the later requires CSI [50]. In these methods, the signals are added 

together. From these 3, MRC comes as the optimal solution, as it can maximize the 

received SNR. 

3.2.2. Transmit Diversity 

Transmit diversity is achieved when the transmitter is equipped with multiple 

antennas, as in the MISO case. Any of the three types of diversity can be applied due to 

the multiple antennas. However, in the case of transmit diversity, the data symbols cannot 

be sent simultaneously. This is due to the transmitted signals being added at the receiving 

antenna. Consider the scenario in Figure 3.6, a MISO system with the transmitter 

equipped with L antennas. By transmitting the same data simultaneously over the L 

antennas, the receiving antenna will add the signals and data will be seen as if it had only 

gone through one channel, which is the sum of all L channels instead of L independent 

channels. This results in no diversity in the system. To solve this problem some precoding 

techniques at the transmitter are needed. There are two main types of precoding 

techniques for transmit diversity, open loop and closed loop. The open loop techniques 

do not require the CSI to be known at the transmitter side. On the other hand, the closed 

loop techniques do require some knowledge of the CSI at the transmitter side. 
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Figure 3.6. MISO transmit diversity. 
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3.2.2.1. Open Loop Techniques 

As a way to achieve diversity, the same symbols can be sent at different times at 

different antennas, as opposed to the aforementioned scenario. An efficient way to do it 

is through space time/frequency coding techniques [52] such as : 

• Space time/frequency block coding (STBC or SFBC), with simple coding 

techniques. Where the Alamouti scheme is used for systems with 2 transmitting 

antennas and Tarokh codes for systems with more than two transmitting antennas; 

• Space-Time Trellis Code, which, apart from the diversity gains, also introduce 

coding gain. However, unlike STBC these techniques are more complex; 

• Layered Space-Time Codes, where the main focus is to boost multiplexing gain 

instead of diversity; 

As the one used in LTE, only Alamouti scheme will be further discussed. 

Alamouti schemes 

In the Alamouti schemes the codes used in both transmitting antennas must be 

orthogonal between each other. This creates the possibility to use two different codes, 

however, only the one used in LTE system will be further discussed, which is described 

in TABLE 3.I. 

TABLE 3.I 

Alamouti code 1 (LTE) 

Time/frequency Antenna 1 Antenna 2 

n  nS  
1nS 

  

1n   1nS   
nS   

 

Consider the MISO system scenario depicted in Figure 3.7, received signal is given 

by    

     

1 1 11 2
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By soft decision, the estimated received symbols are given by   

      ˆ H

eqHs = y , (3) 
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which results in   

                
 

 

2 2

1 2
1 1
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2 2

1 2

0ˆ

ˆ 0

H

eq

h hs s

s sh h

          
     

H n , (4) 

where a diagonal matrix is achieved, being equivalent to two different independent 

channels, achieving diversity. 

For a system with more than one receiving antenna, this process can be replicated 

for each receiving antenna. 

 

Figure 3.7. Block Diagram of the Alamouti space-time decoder [53]. 

3.2.2.2. Closed Loop Techniques 

Closed loop techniques achieve diversity by applying beamforming and precoding 

techniques with some CSI knowledge, which, depending on the system’s operation, can 

be fed back through different techniques. 

In TDD systems there is channel reciprocity since the same frequency is used for 

both downlink and uplink. This makes it easier to be estimated, as the channel between 

the transmitter and receiver is the same. 

In FDD systems, the channel has to be estimated in the receiver and fed back to the 

transmitter, as the downlink and uplink operate at different frequencies. 

3.3. Spatial Multiplexing 

To make it possible to apply spatial multiplexing techniques, multiple antennas must 

be equipped at both the transmitter and receiver. As such, it is not applicable to SISO, 

MISO and SIMO systems, where these system’s capacity is limited by the Shannon-

Hartley theorem, explained in (1). On the other hand, MIMO systems, through spatial 

multiplexing techniques can go beyond the aforementioned capacity limits. These 

techniques explore the degrees of freedom (DoF), which can be seen as possible parallel 
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links between transmitter and receiver. As such, they are limited by the minimum number 

of antennas at either the transmitter or receiver. In a system with L and M transmitting 

and receiving antennas, respectively, the number of DoF would be given by min ( , )L M  

and further increase the system’s capacity by that number, with no need for extra power 

or bandwidth. Depending on whether the channel is known just at the receiver, through a 

transmitted pilot signal, or at both the transmitter and receiver, the signal processing 

techniques differ. 

3.3.1. Channel Known at the Transmitter 

With the channel known at both the transmitter and receiver, through the 

decomposition of the channel matrix, using singular value decomposition (SVD), it is 

possible to convert the channel into a group of parallel channels [54].  

Consider the system depicted in Figure 3.8, where the transmitter and receiver are 

equipped with L and M antennas, respectively. The received signal in a time-invariant 

channel is given by   

       y Hx n , (5) 

where My  denotes the received signal, 
Lx  the transmitted signal, 

Mn  the 

white Gaussian noise with variance 
2  and 

M LH  the channel between the 

transmitter and receiver. 
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Figure 3.8. MIMO system. 

Decomposing the channel matrix H using SVD   

      
HH UDV , (6) 

where 
rM U  and 

L rV  are unitary matrices and 
rrD  is a diagonal matrix 
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with non-negative real numbers. The diagonal elements of the matrix D  1 2, , ... , r    

are the singular values of the matrix H, such that ( ) min ( , )r rank L M H . 

The precoder matrix W is given by 

      
1/2W VP , (7) 

where 
L rW  and 

r rP  is a diagonal power allocation matrix. As for the equalizer 

G, it is given by   

      
HG U , (8) 

where 
r MG . 

The transmitted signal is then  

      x Ws , (9) 

where 
1rs  is the vector of r symbols to be sent in parallel. With this, the received 

signal given in (5) becomes   

     1/2H y UDV VP s n . (10) 

As for the estimated symbols ŝ , they are given by   

   1/2 1/2ˆ H H H s = Gy = U UDV VP s U n = DP s n . (11) 

Resulting in an ISI free transmitted symbols. As for the power allocation, as the channel 

is known, the water filling method is used [55]. In this method, the channels with the 

worst characteristics, above a certain threshold, are discarded, and the power is distributed 

over the other channels. 

3.3.2. Channel Not Known at the Transmitter 

With the channel only known at the receiver, it is possible to achieve the same data 

rate as the previous case. However, the complexity of the receiver’s architecture greatly 

increases with the number of transmitted symbols. For that, simple sub-optimal linear 

receiver architectures are used. 

3.3.2.1. Zero Forcing (ZF) 

The ZF equalizer is designed to remove the channel component from the signal, 

consequently removing the ISI. This is done by applying the inverse of the channel 

frequency response to the received signal [56]. With this, the equalizer is given by  
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1

H H

ZF



G H H H . (12) 

However, the performance is greatly reduced in the presence of noise, low SNR, as the 

noise component is amplified by the equalizer. 

3.3.2.2. Minimum Mean Square Error (MMSE) 

MMSE equalizers try to reach a compromise between reducing the ISI and noise. As 

such the equalizer is given by 

      
1

2H H

MSSE M


 G H H I H . (13) 

This makes it a better solution for low SNR application than the ZF. However, its 

performance at high SNR is similar to the ZF  
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Massive MIMO with mmWave Communications 

As discussed in the introduction, Massive MIMO and mmWave Communications 

are promising technologies to be employed in 5G. In this chapter, the individual benefits 

and limitations is covered. Then, the advantages of combining both these technologies is 

presented, as well as possible architectures to employ them. 

4.1. Massive MIMO systems 

With the arrival of 5G and the IoT, the demand for a greater capacity in a limited 

frequency spectrum will increase. Massive MIMO comes as a candidate technology to 

make these concepts feasible. 

By making use of a massive number of antennas, in the hundreds, it allows the 

possibility of beamforming and consequently spatial multiplexing. This brings the 

possible scenario seen on Figure 4.1, where different devices are served by a different 

beam in the same time-frequency resource, differentiated in space (spatial multiplexing). 

Furthermore, multiple data streams can be transmitted to each of these served devices. 

This is a very important aspect, as the demand for frequency bands is high and the 

frequency spectrum is a limited resource and currently overloaded. Massive MIMO is 

also a scalable technology, where adding extra antennas into the system will improve its 

performance. 



 

36 
Hybrid Transmit and Receive Designs for Massive MIMO Millimeter-Wave Heterogeneous Systems 

Chapter 4 - Massive MIMO with mmWave Communications 

 

Figure 4.1. Example of massive MIMO operation [57]. 

As these massive MIMO systems employ a greater number of antennas, these 

systems can very easily reach high levels of complexity. As such, linear precoding and 

equalization techniques are good candidates to mitigate this problem due to their 

simplicity. Furthermore, as the number of antennas increase, the performance of these 

techniques approach the theoretical Shannon capacity limits [58]. 

In order to keep massive MIMO scalable, the estimated CSI should be measured 

instead of assumed [58], working over a closed loop. As such, some sort of feedback is 

required in the uplink, such as pilot sequences. Because of this, massive MIMO works 

preferably over TDD mode, but research is being made to make it efficiently work over 

FDD mode. This advantage of TDD over FDD, comes from the processing of the CSI, 

which is simplified in TDD operation, thanks to its channel reciprocity characteristic [59].  

4.1.1. Benefits and Limitations of Massive MIMO 

The benefits of massive MIMO in comparison with the current systems are quite 

appealing, some of these benefits are described below [11]: 

• Increased capacity:  

Capacity can be increased by 10 time or more, this comes from the possibility of 

spatial multiplexing stated earlier. 

• Increased energy efficiency:  

With the possibility of beamforming, energy can be focused onto the receiver. 
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This way the energy is not wasted on the sidelobes or propagating where there is 

no receiver. 

• Increased spectrum efficiency:  

By spatial multiplexing, a multitude of devices can be served in the same 

frequency.  

• Lower latency:  

By beamforming, the area of transmission is smaller, this brings less reflections 

and consequently a lower multipath fading. 

• Inexpensive low-power components:  

With a massive number of antennas, the power amplifiers (PA) require less power 

for each antenna. This also contributes for the energy efficiency, as the PAs are 

less efficient for higher amplifications. 

• Increased robustness to jamming. 

• Simplified Media Access Control (MAC) layer. 

However, Massive MIMO has its limitations, as seen in [60], some of them are: 

• Channel reciprocity, by working over TDD it requires channel reciprocity and the 

hardware chains may not be reciprocal over both the uplink and downlink. 

• Pilot-contamination, due to the pilot re-use, because of the limited number of pilot 

sequences. 

• Radio propagation and orthogonality of channel responses. 

4.2. Millimeter Wave Communications 

As stated earlier, the frequency spectrum is overloaded and has a high demand for 

its frequency bands. Going up in the frequency spectrum comes as an inevitable solution. 

MmWave band refers to both super high frequencies (3-30 GHz) and extremely high 

frequencies (30-300 GHz) bands. As such, the 3-300 GHz band is attributed to the 

mmWave band, with wavelengths in the orders of millimeters (1-100mm) [61]. 

4.2.1. Benefits and Limitations of Millimeter Wave Communications 

This new spectrum range brings several possible benefits to future communication 

applications. Some of these advantages are discussed below [10]: 
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• Spectrum availability, as stated before, the available spectrum will range 

from 3 to 300 GHz, where there are already some defined 

telecommunications bands [16]. 

• Limited range and beamwidth, this characteristic can be seen as an advantage 

or limitation. As an advantage, it brings an improvement to security and 

short-range communications. 

• Reduced antenna size, with the increase in frequency, the physical size of the 

antennas is reduced. When working at such high frequencies the size of the 

antennas becomes really small, which will unlock new transmission 

techniques, as it is possible to fit a great number of antennas in small physical 

space. 

Despite the benefits previously stated, high frequencies come with a set of drawbacks 

in their propagation characteristics, such as: 

• Reduced coherence time, since it decreases as the Doppler spread increases [4], 

where the change in frequency due to the Doppler effect is given by [62]  

     
c

v
f f

c


  , (14) 

where f  is the frequency shift due to the Doppler effect, v  the relative velocity 

between the source and the receptor and cf  the carrier frequency. 

• Free-space propagation attenuation increases with the frequency, which can be 

seen by the Friis formula [63]  

   20log [ ]
4

r t t r

c

c
P P G G dBm

R f

 
     

 
, (15) 

where rP  is the receiving power, tP  the transmitted power, tG  the gain of the 

transmission antenna, rG  the gain of the receiving antenna, R  the distance 

between the transmission and receiving antennas and cf  the carrier frequency. 

• Shadowing, as the wavelength gets smaller, the penetration characteristics get 

weaker, this makes the transmission over walls difficult [64], which is particularly 

relevant when considering an urban environment. 

• Atmospheric absorption, as it can be seen on Figure 4.2, despite having the whole 

mmWave frequency band, not all of it is equally good for propagation. 
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• Propagation in rain, the size of the rain droplets is also in the orders of millimeters. 

As such, they may cause scattering on the transmitted signals. 

 

Figure 4.2. Atmospheric absorption [65]. 

 

4.2.2. Benefits of mmWave massive MIMO Systems 

By joining massive MIMO with mmWave, the beamforming capability of massive 

MIMO when applied to mmWave mitigates some of the previously stated drawbacks, 

while maintaining its benefits. Some of these benefits are described below: 

• Increased coherence time, with the beamforming capacity of massive MIMO, the 

coherence time can be increased. As seen on Figure 4.3, the coherence time gets 

higher as the beamwidth gets narrower. 

• Reduced free-space propagation attenuation. There is no apparent increase in the 

free-space attenuation, considering the same transmitted power and physical area 

[66]. Since the antennas are smaller, it is possible to place more of them in the 

same area of an antenna that operates at lower frequencies. 

As for the shadowing, it gets worse since the transmission is confined to a beam. 

This beam can be easily blocked, because of the bad penetration characteristics of the 

mmWaves and the absence of alternate paths. 
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Figure 4.3. Variation of the coherence with the beamwidth [67]. 

 

4.2.3. Benefits of mmWave massive MIMO Systems in HetNets 

As aforementioned, these technologies, mmWave communications, massive MIMO 

and HetNets, when deployed alone, each have their own limitations. However, they 

perfectly go together, besides the already discussed benefits of mmWave massive MIMO 

systems and HetNets, when employed together the capacity of the systems can increase 

in great orders and the shadowing effect that persisted is also solved to some degree [68]. 

An example of such system can be seen on Figure 4.4. 

 

Figure 4.4. Possible mmWave massive MIMO HetNet system [68]. 
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4.3. MmWave Massive MIMO Beamforming Architectures 

As aforementioned, beamforming techniques play a crucial role in mmWave massive 

MIMO systems. As the high path losses at high frequencies can be bypassed by 

redirecting the energy into a beam. To achieve a beam, high antenna gains are needed at 

the desired direction. For that, control over the phase of the signal at each antenna at both 

the receiver and transmitter is needed. This arises several hardware constraints, as such, 

new architectures need to be researched where signal processing also plays a big role [69]. 

Three different beamforming schemes are possible, which will be discussed below, 

analog, digital and hybrid beamforming. 

4.3.1. Digital Beamforming 

As depicted in Figure 4.5, digital beamforming performs some digital 

precoding/combining at baseband and is comprised of as many DACs and RF chains as 

the number of antennas. As each DAC is connected to a RF chain which is connected to 

a single antenna. This type of architecture offers the possibility to transmit multiple data-

streams and beams. Furthermore, if the CSI is known at the transmitter it is possible to 

achieve optimum transmission. However, it is not feasible due to hardware constraints. 

In mmWave massive MIMO systems the number of antennas is high and the spacing 

between them is small. As such, this architecture would greatly increase the system’s cost 

and power consumption. Its physical implementation would be hard to achieve due to to 

the size of the hardware. 

 

 

Figure 4.5. MmWave massive MIMO system using digital beamforming [69] 
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4.3.2. Analog Beamforming 

From all of these architectures, analog beamforming is the most straightforward 

approach. As it can be seen on Figure 4.6, every antenna is connected to a digitally 

controlled phase shifter. Which makes it possible to redirect the beam to the desired 

direction. In addition to that, all of these phase shifters are connected to a single RF chain, 

limiting it to a single data stream. This type of beamforming is also limited to a single 

beam. Therefore, analog beamforming does not take advantage of multi-stream and multi-

user modes, typical of MIMO technologies. 

 

 

Figure 4.6. MmWave massive MIMO system using analog beamforming [69]. 

 

4.3.3. Hybrid Beamforming 

Hybrid beamforming consists on a compromise of both analog and digital 

beamforming architectures. Therefore, a trade-off between the good performance of 

digital architectures and low hardware complexity of analog architectures is made. As 

depicted in Figure 4.7, this hybrid architecture is comprised of some baseband 

precoding/combining, with a number of DACs and RF chains ( tL ) inferior to the number 

of antennas ( tN  ), as well as a RF precoding/combining stage, in charge of controlling 

the phase shifters. Therefore, multiplexing capabilities are added to the system and it is 

possible to achieve multiple data streams ( sN  ) and beams, in a way that s tN L  and 

consequently serve up to sN  users. 
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Figure 4.7. MmWave massive MIMO system based on hybrid analog-digital precoding and 

combining [69]. 

 

Regarding the RF precoding/combining blocks, there are different ways to 

implement them. Three of them are discussed below, by using phase shifters, switching 

networks and lenses. 

4.3.3.1. Processing based on phase shifters 

As depicted in Figure 4.8, there are two possible implementations on phase shifters 

in the analog domain. At (a) each RF chain is connected to every single antenna, while at 

(b) each RF chain is connected to a subset of antennas. The difference between both is 

that the one offers more flexibility and control, while the later a lower hardware 

complexity. As such, a compromise can be found with the size of the subset of antennas. 

The implementation of this type of analog processing in hybrid architectures is 

advantageous, as the digital precoding part can correct any irregularity of the analog 

processing. 

 

Figure 4.8. Analog processing for hybrid beamforming based on phase shifters [69]:  

(a) each RF chain is connected to all the antennas; 

(b) each RF chain is connected to a subset of antennas. 
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4.3.3.2. Processing based on switches 

A less complex and power efficient alternative to phase shifters is the use of 

switching networks. In this method, at the receiver, a sampling process can be done 

without sacrificing the quality of the signal. As depicted in Figure 4.9, there are also two 

possible implementations for this type of processing. Like its phase shifters counterpart, 

in (a) each RF chain can switch through every antenna and in (b) each RF chain is 

connected to a subset of antennas. As such, a compromise should be met depending on 

the number of antennas and RF chains. 

 

 

Figure 4.9. Analog processing for hybrid beamforming based on switches [69]: 

(a) Each RF chain can be connected to all antennas;  

(b) each RF chain can be connected to a subset of antennas. 

 

4.3.3.3. Processing based on lenses 

At the transmitter, it is also possible to use lenses to perform beamforming. By 

applying a continuous aperture phased (CAP) MIMO transceiver, as seen in Figure 4.10, 

it is possible to achieve a low complexity system, when compared to the other methods. 
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Figure 4.10. The CAP-MIMO transceiver that uses a lens-based front end for analog 

beamforming; it maps the p=Ns precoded data streams to L = O(+) beams via the 

mmWave beam selector and lens [69]. 
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Hybrid Beamforming Designs for Massive MIMO 

mmWave Heterogeneous Systems 

Network densification through the deployment of small cells along the coverage area of 

a macro-cell, employing massive MIMO and mmWave technologies, is a key approach to 

enhancing the network capacity and coverage of future systems. For ultra-dense mmWave 

heterogeneous scenarios with a massive number of users, one should address both inter- and 

intra-tier interferences contrary to the low-density scenarios where the network is mainly 

noise-limited. Therefore, this chapter proposes low complex hybrid analog-digital receive 

and transmit beamforming techniques for ultra-dense uplink massive MIMO mmWave 

heterogeneous systems to efficiently mitigate these interferences.  

For the design, the following considerations were taken: 

• At the small cells, a distributed hybrid analog-digital architecture was considered, 

where the analog part is performed at the small cell base stations and the digital part 

at the central unit for joint processing, as seen in Figure 5.1. The main motivation to 

consider a distributed hybrid analog-digital processing at the small cells, is that the 

information to be sent by the access points to the central unit is significantly reduced, 

since the number of RF chains is much lower than the number of antennas. Moreover, 

the signals are transported through the front-haul in the analog domain. 
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• To efficiently cancel the inter-tier interference, the digital part of the precoders 

employed at the small cells user terminals are designed in a way that this interference 

resides in a low dimension at the macro base station. We show numerically that 2 

bits of inter-tier information exchange are enough to efficiently align the inter-tier 

interference with a good overall network performance. 

• To optimize the analog part of the hybrid equalizer and the precoders used at both 

the macro and small cell user terminals, we minimize the distance between the hybrid 

and fully digital approaches. In the optimization problem, we impose the constraints 

of the analog part and the constraints inherent to the distributed nature of the small 

cells access points. This approach is significantly different from the single tier case 

where the analog and digital parts are centralized and therefore, the optimization 

problem is less complex. 

The chapter starts by introducing the system model, describing the scenario, both the 

receiver and transmitter architecture and the channel model. Then, various analog/digital 

precoders and equalizers are presented, as well as the proposed design. 

 

 

Figure 5.1. System model, example with 2 small cells within the macro-cell 
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5.1. System Model 

Considering the uplink of a two-tiered network whose carrier frequency is in the 

mmWave band. The two-tiered network comprises a macro-cell with N small cells within 

its coverage area (all sharing the same frequency spectrum), as depicted in Figure 5.1. The 

macro-cell has a BS and one user terminal (UT). Each small cell has an AP which serves the 

UT. The APs have an analog-only architecture, i.e., the signals are processed in the analog 

domain. The processed analog domain signals are sent through a fiber-based front-haul 

network to a central unit (CU), where they are digitized and jointly processed in the digital 

domain. Namely, for the small cells, the analog and digital processing are distributed (the 

analog processing is done at the APs and the digital processing at the CU and for the macro-

cell, the analog-digital processing is centralized at the BS. 

At the receiver side, the small cells have two entities, the N APs, which perform the 

analog processing and a CU which performs the digital processing. In contrast, the macro-

cell has just one entity, the BS, which performs both the analog and digital processing. To 

simplify the description, in the following sections the BS is divided into two logical entities, 

equivalent to the ones at the small cells, where the analog and digital processing occurs. 

With a slight abuse of terminology, it will be denominated by BS the logical entity 

performing the digital processing and will give a different name to the analog entity. 

Henceforth, to standardize the notation between the macro and small cells, the macro UT is 

denoted by 0UT  and the UT of the pth small cell by UTp
. At the receiver side, the logical 

entity that performs the analog processing is denoted by RX p
, with {0, , }p N  . The 

digital domain entities are denoted by BS and CU, for the macro and small cells, respectively. 

From now on, it will be assumed that the UTp
 and RX p

 have 
pL  and 

pM  antennas, 

respectively. 

For this work, it will be considered the uplink direction, where each UT transmits sN  

data streams to its respective receiver. The received signal at RX p
 is given by  

      ,

0

N

p p u u p

u

 y H x n , (16) 

where 
pM

p y  denotes the received signal, uL

u x  the UTu  transmitted signal, 
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pM

p n  the white Gaussian noise with variance 
2  and ,

p uM L

p u


H  the channel 

between UTu  and RX p
. 

5.1.1. User Terminal Architecture 

For UTu  a hybrid analog-digital architecture, as depicted in Figure 5.2, is considered. 

In this architecture, UTu  is equipped with uT  transmitting RF chains. As such, the 

transmitted signal is given by  

      
, ,a u d uu ux W W s , (17) 

where ,
u uL T

a u


W  is the analog precoder, which is comprised of a number of phase-

shifters that connect each RF chain to all transmit antennas, ,
u sT N

d u


W  the digital 

precoder and Ns

u s  denotes the UTu  data symbols modulated using an M-QAM 

constellation. The precoders must be designed such that the power constraint 

2

, ,a u d u sF
NW W  is respected. 

 

Figure 5.2. User terminal block diagram 

5.1.2. Receiver Architecture 

As previously mentioned, at the receiver side, the analog processing is performed at 

RX p
 and the digital processing at the BS or CU. In the following sections, the analog and 

digital processing will be described in two different sections. 

5.1.2.1. Analog domain 

As previously mentioned at RX p
, an analog only architecture is considered (see Figure 

5.3 and Figure 5.4). The RX p
 has 

pM  antennas and outputs 
pR  signals to the digital 
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processing entity. RX p
 performs a linear map between its inputs and outputs. This mapping 

may be mathematically described by 

     
, ,
ˆ H

a p a p ps G y , (18) 

where ,
ˆ p

a p

R
s denotes the vector containing the 

pR  outputs of RX p
 and ,

p p

a p

M R
G  

the analog equalizer, which is comprised of a number of phase-shifters that connect each 

output to all receiving antennas. 

 

Figure 5.3. Block diagram of macro-cell receiver. 

 

   

Ant. 1

y1

Ant. 2
Ga,1

Analog

Equalizer

RF Chain 1

Gd,CU

Digital

Equalizer

RF Chain R1

RF Chain 2

   

Data

Demodulation

ŝ1,1

      

Bit Stream 1

Bit Stream 2

Bit Stream Ns

ŝ2,1

ŝNs,1Ant. M1

   

Ant. 1

y2

Ant. 2
Ga,2

Analog

Equalizer

RF Chain 1

RF Chain R2

RF Chain 2

   
Ant. M2

   

Ant. 1

yN

Ant. 2
Ga,N

Analog

Equalizer

RF Chain 1

RF Chain RN

RF Chain 2

   
Ant. MN

Data

Demodulation

ŝ1,2

      

Bit Stream 1

Bit Stream 2

Bit Stream Ns

ŝ2,2

ŝNs,2

Data

Demodulation

ŝ1,N

      

Bit Stream 1

Bit Stream 2

Bit Stream Ns

ŝ2,N

ŝNs,N

RX1

Analog Proc.

RX2

Analog Proc.

CU
Digital Proc.

RXN

Analog Proc.

         

 

Figure 5.4. Central unit block diagram. 
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5.1.2.2. Digital domain 

For the digital domain processing, solely the model for the CU is described, since for 

the BS, the description is identical to the case where the CU processes only one small cell 

( 1).N  The CU receives the signal 1

, ,1 ,
ˆ ˆ ˆ[ , , ] NR RT T T

a CU a a N


  s s s  through the front-haul. 

This signal is first digitized by 1CU NR R R   RF chains and then processed by the 

digital equalizer at baseband frequency. The estimated symbols at the CU are given by 

     ,, , ,ˆ ˆH

d Cd C UU a CUs G s  (19) 

where d, 0
ˆ ˆ ˆ ˆ,, ,,T T T

CU Nu

T s = [s s s ]  denotes the estimated transmitted symbols from each UT, 

with ˆ sN

u s  and 
( )

,

1CU sR N

C

N

d U


G  is the digital equalizer. One of the dimensions of the 

digital part of the equalizer is equal to the total number of streams sent by the N+1 UTs. 

Therefore, one requirement for resolvability of all streams is ( 1)CU sR N N  . 

5.1.3. Channel Model 

For the channel model, a narrowband clustered channel based on the Saleh-Valenzuela 

is adopted. As discussed in [29], the channel 
, , , {0, },p u p u N H is considered the sum of 

the contributions of clN  scattering clusters, where each of the clusters contributes 
rayN  

propagation paths to the channel matrix 
,p uH . The matrix channel 

,p uH  can be described by 

   
. , , , ,

, , ,

*

,

( , ) ( , )  ,p u p u p u p u p u

p u p up u il il il il il

i l

      H a b  (20) 

where /t r cl rayN N N N   denotes the normalization factor; .p u

il the complex gain of the 

i-th scattering cluster and the lth ray for the channel between UTu  and RX p
, where both 

, ,( )p u p u

il il   and ,p u

il ,( )p u

il  represent its azimuth (elevation) angles of arrival and departure 

for the link between RX p
 and UTu  respectively; 

,p ua  (
,p ub ) the normalized receive 

(transmit) array response for the link between RX p
 and UTu . In the following, we will also 

use the matrix form of (20) 
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     , , , ,

H

p u p u p u p uH A Λ B , (21) 

where 
,p uΛ  is a diagonal matrix where the entries are given by 

.

,1 1{ }
cl ray

p u

il i N l N     , 

, ,

, 1 1, ,[ ]( , )
cl ray

p u p u

p u il il i N l Np u      A a  and 
, ,

, 1 1, ,[ ]( , )
cl ray

p u p u

p u il il i N l Np u       bB . 

5.2. Hybrid Precoder and Equalizer Design 

In massive MIMO mmWave systems, the implementation of full digital algorithms can 

be impractical, as each antenna requires a dedicated RF chain. Hybrid designs are taken into 

consideration at both the transmitter and receiver terminals in this work. For the sake of 

simplicity and without loss of generality, in this section only the design of the small cell 

precoder and equalizer is described, since the macro-cell precoder and equalizer may be 

obtained using a similar approach. For the macro BS, the N small cell UTs may be considered 

as just one UT, since interference alignment to align the signals of these N terminals at the 

BS is used. 

A decoupled design is considered. First, the analog part was designed, and then with 

the knowledge of the analog part, the digital part was also designed. Apart from simplifying 

the design of the analog and digital parts, this decoupled procedure brings further benefits. 

Namely, the channel between UTu  and 0RX  has dimensionality 0uL M . By including the 

analog precoder and equalizer at both ends of the channel, the resulting equivalent channel 

has dimensionality 0uT R . As the number of RF chains is much smaller than the number of 

antennas, then the dimensionality of the equivalent channel is much smaller than the 

dimensionality of the original channel. This fact significantly reduces the overhead 

necessary to estimate such channels, a factor that will be important in the design of the digital 

precoder of the small cell UTs which requires the knowledge of the inter-tier channels and 

uses the interference alignment technique to align the inter-tier interference along a low 

dimensional subspace. 

5.2.1. Analog Equalizer and Precoder Design 

For the analog part, two types of equalizers/precoders are proposed, one that is 

randomly generated and another that considers the channel information and the specific 
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characteristics of mmWave-channels (specifically the sparsity) to compute the analog 

precoder. 

In the following, solely the analog equalizer design is described, since the analog 

precoder is similar. The main difference between the two is the value of the weighting matrix 

R in the optimization problem (26). For the precoder, this matrix is equal to the identity but 

for the equalizer, it corresponds to the received signal correlation matrix. 

5.2.1.1. Random Equalizer 

In random design, the analog decoder is randomly generated. By doing this, the receiver 

does not need information about the channel, simplifying the overall system design and 

reducing the overhead required to estimate the channel. As the analog part is composed of a 

matrix of analog phase shifters, each element of the decoder must be normalized, so that 

2 1

,(| ( , ) | )a p pi j M G . The analog equalizer may then be expressed as  

      
2

, ,pi

a p e



Θ

G   (22) 

where 
p pM

p

R
Θ   denotes a matrix of uniform random numbers, such that ( , ) [0,1]p i j Θ , 

with {1,..., }pi M  and {1,..., }pj R  and the exponential is applied element-wise to the 

matrix 
pΘ . 

5.2.1.2. Proposed Distributed Hybrid Equalizer for Heterogeneous Networks 

From (18) and (19), it follows that the equalized signal at the CU is given by  

      , ,C, U
ˆ ,H H

d CUd C a UU Cs G G y  (23) 

where 
, ,1 ,diag( , , )a CU a a N G G G  and 

1[ , ], N

T T T

CU y y y . By (16), (17) follows that  

    , ,CU , ,CU,
ˆ H H H H

d CU a CU d CU a Cd UCU  s G G G GH Ws n  (24) 

where 
, 1 ,0[ ]CU p u p N u N   H H , 

, , 0diag( )a u d u u N W W W , 0[ ]u u N s s  and 

0[ ]pCU p N n n .  

Let 
,CU optG  denote the optimum fully digital equalizer. If we use as a metric the mean 

square error, then the optimum fully digital equalizer is the Minimum Mean Square Error 

(MMSE) which is given by 
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1

2

, s

H H H H

CU opt CU CU N CU


 W H I WG HH W  (25) 

To optimize the analog part of the equalizer, it will be used as a metric the weighted 

Frobenius norm [24] between the fully digital and hybrid equalizers. Mathematically, this 

corresponds to 

    
 

2
1/2

, , ,CU ,

,

arg min 

s.t. .

a CU CU opt a d CU
F

a

pt

CU a

o 



G R G G G

G
 (26) 

where 2H H

CU CU  R HH WW I  denotes the correlation matrix [24] of the signal 

1[ ]CU p p N y y , and a  denotes the set of all block-diagonal matrices with block-diagonal 

entries respecting the analog constraint 
2 1

,(| ( , ) | )a p pi j M G . More specifically, the set a  

is given by a  , ,{ :a CU a CU G G ,p 1diag( ) ,a p N G
2 1

,| ( , ) | , {1, , }}a p pi j M p N   G . In 

this optimization problem, we considered the optimum digital part to obtain the analog part 

of the equalizer, which accordingly to the KKT conditions is given by  

     
1

, ,CU ,CU ,CU , .d

op

CU a

t H H

a a CU opt



G G RG G GR  (27) 

Using (27), the optimization problem simplifies to 

     

,

2
1/2

,

,

arg min 

s.t. . 

a CU

CU opt F

a CU a



G

QR G

G

 (28) 

where  
1

1/2 /2

,CU ,CU ,CU ,CU

H H

a a a a

H


 R G G RG G RQ I . By expanding the merit function of the 

optimization problem (28), we verify that it is equal to a constant minus a term that is 

dependent on 
,a CUG . Therefore, (28) simplifies to 

     

,

2
1/2

,CU ,CU ,CU ,

,

arg max 

s.t  ..

a CU

a a a CU op

H

t
F

CU a

H

a







G

G RG G RG

G

 (29) 

To solve (29), it’s proposed to iteratively optimize the analog equalizer matrix column by 

column. Let 
( )

,CU

1

a

i
G  denote the output of the optimization problem at iteration 1i   and 
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( ) (

,CU ,CU ,CU

1) ( )[ , ]i i

a a a

iG gG  where 
( )

,CUa

i
g  denotes the column we are optimizing at the iteration i , 

then, using the Gram-Schmidt orthogonalization, follows that 

( ) (1/2 1/2

,CU ,

) ( )

CU ,CU(( ) )i i H

a a a

i 
R G G RG

( 1) ( 1) 1/2

,

( )

CU[ , ]i i i

a

  R gU P  with  and 

( 1) 1/2 1/2

,CU ,

( 1) ( 1) (

C CU

1)

U ,(( ) )i Hi i

a a a

i   U R G G RG . Therefore, the objective at iteration i  is to find 

column i  of the analog equalizer, which is given by 

   

,CU

/2 ( 1) ( 1)

,

( 1) 1/2 /2 ( 1) 1/2

,

( )

( )

CU ,CU ,

,CU

( )

( )

arg max (

( ) )

s.t. . 

H

i

i i

a

H H i i

CU opt

i H H i

a a CU op

i

t

a a

 

 







G R U U

R

g

P g

g

Rg P R G
 (30) 

and equivalent to  

     

( ) ( )

(

2
( 1)

,CU ,CU

,CU

)

arg max 

.t. .s

i

a a

i i

a a

i





Cg g

g
, (31) 

where 
( 1) /2 ( 1) 1/2i H i  P RR R  and 

( 1) ( 1)

,

i H i

CU opt

  RC G . Accordingly, to the definition of the 

constraint set a , the optimum analog equalizer must have a block diagonal structure. Let us 

decompose matrix 
( 1)i

C  in N blocks along its columns, i.e., 

( 1) ( 1) ( 1) ( 1)

1[ , ,, , ]i i i

N

i

p

     C C C C . Then, by including the block diagonal constraint in the 

merit function of the optimization problem (31) follows  

    
  2

( 1( ) ( )

(

)

,

)

,p ,( , ) arg max 

s.t. 

max

1, ,,

i

a p a p
p

a p a

i i

i

p

p N







  

g gC

g

 (32) 

where ( )

,a p

i
g  denotes a column of the analog part of the equalizer of RX p

, and 

2 1

, ,| ({ ): | }a a p a p pi M  g g . To solve (32), the optimum value of ( )

,a p

i
g  is found for all 

{1, , }p N   and then select the index p that corresponds to the maximum among all 

{1, , }p N  . For RX p
 this corresponds to  

    
2

( 1)

,p , ,

( ) ( ) ( )arg max , s.t. i

a p a p p

i

a

i i

a

 g g gC  (33) 

Replacing the constraint 2 1

, ( )| |a p pi M g  with the relaxed constraint 2

,| 1|| |a p g , then the 

optimum value of the previous problem is equal to the maximum eigenvalue of the positive-

( 1) ( 1) ( 1)Hi i i    UP I U
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semidefinite matrix ( 1) ( 1)( )i H i

p p

 
C C , and ( )

,a p

i
g  would be equal to the corresponding 

eigenvector. Therefore, a simple approach to ensure that the constraint ( )

,

i

a p ag  is 

respected is to project the corresponding eigenvector along the set of vectors in the set 

( )

,

i

a p ag ,which amounts to retaining the phase of each element of the optimum eigenvector 

and setting its magnitude to 1

pM  . A different approach to solve (33) would be to use a 

dictionary whose elements respect the constraint ( )

,

i

a p ag  and select the best element from 

the dictionary as the optimum analog equalizer. Denoting by 
p

 the dictionary used for 

RX p
. Therefore, the optimization problem corresponds to 

     
2

( 1

p

(

,

) )

, arg max  i j

j

i

a p a p

 gCg  (34) 

where 
,

j

a pg  denotes the element j of the dictionary 
p

. For the dictionary, it may used the 

array response matrix of RX p
, i.e., matrix

, 0[ ]p p u u N A A . From the definition of matrix 

( 1)i

p


C , its row space is identical to the column space of the channel matrix CUH . Therefore, 

a similar conclusion applies for matrices ( 1)i

p


C  and 

, 0[ ]p p u u N H H  (see definition of the 

channel matrix 
, 1 ,0( [ ] )CU p u p N u N   H H ). Hence, from (21), it follows that matrix

pA  forms 

a good basis for the channel [24].  

With the dictionary-based approach, the CU computes the analog equalizer for the N 

APs and then forwards to the APs the index of the 
pR  selected dictionary entries, or 

equivalently, forwards to RX p
 the selected angles of arrival. In contrast, for the projection-

based approach, the CU must forward to each RX {1, }, ,p Np   the full analog equalizer 

matrix ,
p pR M

a pG


  that corresponds to 
p pR M  real numbers. Due to its lower overhead, 

the dictionary-based approach is superior and is the one we will use to obtain the numerical 

results in section 5.3.  
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The pseudo-code for the proposed algorithm is given in Algorithm 1. 

Algorithm 1: The proposed hybrid multi-user linear equalizer algorithm for HetNets 

Inputs: 1/2

, ,CU optG R  

1. 
(0) P I  

2. for 1: RCUi   

3.  
( 1) /2 ( 1) 1/2i H i  P RR R  

4.  ( 1) ( 1)

,

i H i

CU opt

  RC G  

5.  for 1:q N  

6.    ( 1)i

q q q

Ψ C A  

7.    1, ..., ,arg max ( )
cl ray

H

l Nq N q qk  Ψ Ψ  

8.  end for 

9.  1, ..., k ,karg max ( )
q qq q

H

q Np  Ψ Ψ  

10.  
( )

, ,[ , ]pk

a p a p p AG G  

11.  
( )

,CU ,CU[ , ]pk

a a pG AG  

12.  ( 1) 1/2 1/2

,CU ,

( 1) ( 1) (

C CU

1)

U ,(( ) )i Hi i

a a a

i   U R G G RG  

13.  
( 1) ( 1) ( 1)Hi i i    UP I U  

14. end for 

15. 
,CU ,1 ,, ,,: a a a Nretu G GGrn  

5.2.2. Digital Equalizer Design 

For the digital part of the equalizer, we use the optimum digital equalizer as in equation 

(27), which is repeated here for completeness. 

     
1

, ,CU ,CU ,CU , .d

op

CU a

t H H

a a CU opt



G G RG G GR  (27) 

As previously mentioned, the analog precoder and equalizer may be designed using similar 

procedures, since one may be considered as a specific case of the other. In contrast, the 

digital parts of the hybrid precoder and equalizer perform different functions. The digital 

part of the equalizer separates the received data signal into data streams, and the digital part 

of the precoder aligns the inter-tier interference along a small dimension subspace. In the 

next section, the digital precoder is described. 
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5.2.3. Digital Precoder Design 

As discussed before for ultra-dense mmWave heterogeneous systems, the inter-tier 

interference from the small cell UTs to the macro-cell BS impacts the network performance. 

Therefore, the objective is to design the digital precoders of the small cell UTs so that the 

inter-tier interference is removed. To enforce the zero-interference condition, the following 

constraint must be respected.   

      
,0 0, , 0H

d u d u WG F , (35) 

where 
0, ,0 0, ,

H

u a u a uG H WF  denotes the equivalent channel between the BS and UTu , 

considering both analog precoder and equalizer, which dimensionality is much smaller than 

the one of the original channel 
0,uH . Let’s define matrix 

,0null( ).d GV Then, from (35) it 

follows that   

      
0, ,u d u F W V , (36) 

The space spanned by the equivalent channel, including the digital precoder, i.e., channel 

0, ,u d uF W , is identical across all small cell user terminals and equal to 0 sNR 
V , which is 

denominated by alignment direction. Therefore, the solution to the zero-interference 

condition is  

     
,u ,0 0,null( )H

d d u G FW , (37) 

      
,0null( )d GV , (38) 

According to the previous derivation, the alignment direction V  completely defines the 

subspace where the full inter-tier interference resides. This subspace occupies a subspace 

with dimensionality sN . In contrast, if condition (35) is not respected, the interference 

subspace dimensionality would be sNN , i.e., N times higher. Furthermore, from (38), we 

verify that the alignment direction is a function of the BS digital equalizer and vice-versa. 

As the UTu , u {1, , }N   precoder is a function of the digital equalizer of the BS (or 

equivalently, of the alignment direction), this matrix must be known at all UTs. Several 

approaches may be considered to select the value of this matrix. In the following subsections, 

we describe three approaches in more detail. It is assumed that this matrix is selected at the 

macro BS, since its value will influence the performance of the macro-cell, and then it is 

forwarded to the small cells through the air. By starting with the optimum approach, with 

the highest requirements in terms of information exchange between the macro and small 
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cells and then proceed until the simplest and with the lowest requirements in terms of 

information exchange. The approach proposed in the previous paragraphs has similarities 

with the one proposed in [70]. However, here we consider that the small cell UTs transmit 

more than one stream, and the type of architecture considered is quite different. As 

mentioned, we consider a hybrid analog-digital architecture in this work and in [70], a fully 

digital architecture was assumed. 

5.2.3.1. Fully Coordinated 

In the fully coordinated approach, the alignment direction V  is generated at the BS, and 

the macro-cell performance is the best. To achieve the best performance, the alignment 

direction, where the inter-tier interference resides, must span a subspace orthogonal to the 

signal space of the macro-cell signal. Mathematically, this corresponds to setting the 

alignment direction as follows  

      ,0 0,0 ,0 )null( .H

a aV H WG  (39) 

Equation (39) ensures that no attenuation occurs in the desired signal when the interference 

is removed. To compute V , the analog precoder and equalizer of the macro-cell terminals 

must be previously computed or have access to some knowledge about them. However, as 

the alignment direction must be fed back to the secondary system at each transmission time 

interval (TTI), the feedback requirements can be quite demanding, at 02 sR N  reals per TTI. 

5.2.3.2. Static 

In the static method, the alignment direction is predefined and does not change 

throughout the communication process. The alignment direction needs to be shared just 

once, at the beginning of the interaction. This implies a reduction in the performance, but 

the feedback requirements are greatly reduced. 

5.2.3.3. 2n-Bit Coordinated 

In [71], the authors propose a 2n-bit coordinated method where it is possible to achieve 

a compromise between performance and feedback requirements, ranging from the static 

method ( 0)n   to the fully coordinated method ( )n   . In this method, the alignment 

direction is obtained as in the fully coordinated method. However, instead of feeding back 

real numbers, only a quantized version of the alignment direction matrix is fed back. This 
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quantized version feeds back n bits from the real part and other n bits from the complex part. 

Hence the 2n-bit name, where n=1,2,3. The quantized alignment direction matrix is given 

by  

    ( {( )}) ( {( )}),q Q Qf Re i f Im V V V  (40) 

where (.)Qf  denotes the quantization function, and  {.}Re and {.}Im  the real and complex 

parts of the alignment direction .V  

As seen in [71] for a flat fading Rayleigh channel without spatial correlation and with 

independent channel realizations, 1 bit for each real and complex part of the IA vector 

( 1)n   shows promising results for a minimum feedback requirement. For this specific case, 

the channel is correlated along the spatial dimension and not Rayleigh-distributed. It is a 

narrowband clustered channel as described in section 5.1.3. However, as will be verified in 

the numerical results section, the performance of the 1-bit scheme is close to the full-

coordinated approach. 

5.3. Simulation and Results 

In this section, a comparison of the performance results for different combinations of 

the previously described precoder and equalizer designs is made. Two scenarios are 

considered with the main parameters shown in TABLE 5.I, each with six different schemes, 

as seen in TABLE 5.II. The main difference between scenario 1 and 2 is that the number of 

transmitting data streams of the second is twice the first. 

 

TABLE 5.I: Parameters for the two different scenarios. 

Parameters sN  N  
pM  

sM  pL  
sL  pT  

sT  pR  
sR  

Scenario 1 
1 2 32 16 16 16 1 2 2 2 

Scenario 2 
2 2 32 16 16 16 2 4 4 4 
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TABLE 5.II: Precoder/equalizer designs. 

Scheme Analog Precoder Analog Equalizer Small/Macro Cell Alignment Direction 

1 Random Random Static 

2 Random Random 2 bit 

3 Random Algorithm 1 2 bit 

4 Algorithm 1 Algorithm 1 2 bit 

5 Algorithm 1 Algorithm 1 Full-Coordinated 

6 Full Digital 

 

In all schemes, (28) is used to compute the digital part of the equalizers (either BS or 

CU). The first precoder/equalizer scheme corresponds to the case where both analog 

precoders and equalizers are randomly generated as in (23), and the static method for the 

digital small cells UT precoders. With this scheme, the system has the minimum inter-system 

feedback requirements, since the alignment direction must be shared only once. In the second 

scheme, the static IA vector is replaced by the coordinated vector, with 2 (n=1) quantization 

bits. In the third scheme, the random analog equalizer at both the small cell BS and macro-

cell APs is replaced by the proposed algorithm, described in chapter 5.2.1 (Algorithm 1). In 

this case, the BS and the CU must estimate a channel with higher dimension than the 

previous scenarios. In the fourth scheme, the random analog precoder is replaced by the 

proposed algorithm. In this case, the UTs need to know more information about the channel 

regarding the previous scenarios. In the fifth scheme, the static IA vector is replaced by the 

full coordinated approach, where the inter-tier exchange information is the highest. Finally, 

at the sixth scheme, a fully digital system is considered, i.e., one RF chain is assumed per 

antenna, and the IA vector is computed based on a full coordinated approach. 

For the channel model, 8clN   clusters are considered, all with the same average power 

and each with 3rayN   rays with Laplacian distributed azimuth/elevation angles of 

arrival/departure as in [72]. The angle spread for both the transmitter and receiver is 8º. 

Although it was used this specific value, similar results are obtained for larger angle spreads. 

The carrier frequency is set to 28 GHz, and the antenna spacing elements assumed to be half-
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wavelength. All results were obtained by considering QPSK modulation. The performance 

metric considered is the BER, which is presented as a function of the 0/bE N , with bE  

denoting the average bit energy and 0N  denoting the one-sided noise power spectral density, 

given by 2

0/ 1/ (2 )bE N  . Let’s start by analyzing scenario 1. In Figure 5.5, the results 

for the macro-cell are presented, while Figure 5.6 shows the results for the small cell. From 

Figure 5.5, it can be seen that the performance is the worst for the first scheme since the 

analog precoders and equalizer are randomly generated, and the alignment vector is static. 

These results are expected since the information about the channels at the terminals is quite 

small. We can observe that just by using a 2-bit quantization of the alignment vector, scheme 

2, the performance improves 10.6 dB for a BER=10-3. The results also show that by using 

the proposed analog equalizer, scheme 3, the performance improves 15.9 dB for the same 

BER and by further using the proposed precoder, scheme 4, the performance improves 11 

dB for a BER=10-3. By replacing the 2-bit approach (low overhead) with the full coordinated 

(high overhead), scheme 5, the improvement is small. It can also be seen that the 

performance of the proposed analog equalizer/precoder with a 2-bit quantization for the 

alignment (scheme 5) is very close the one achieved by the full coordinated approach, that 

can be seen as the lower bound for the analog-digital approaches, indicating that the 

proposed hybrid scheme is quite efficient to remove the interference that the small cell UTs 

cause in the macro-cell BS using the degrees of freedom of the mmWave channel efficiently.  

Figure 5.6 (small cell results) shows that the performance of the scheme 1 and 2 is the 

same as in scheme 4 and 5. From Table II, we can see that for these two pairs of schemes 

(scheme 1, 2 and scheme 4, 5), the analog equalizer and precoders are the same, only the 

alignment direction changes as a result of the independence between macro and small cell 

channels, which are used to compute the alignment direction and the precoders/equalizers, 

respectively. Similar to the macro case, scheme 5 has the best performance, which is 

identical to the scheme 4 as previously discussed. Again, the gap between the proposed 

hybrid scheme and the full digital approach is very small, which means that the proposed 

distributed scheme effective mitigates the multiuser and inter-tier interferences  
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Figure 5.5. Macro-cell average BER for the first scenario. 

 

 

Figure 5.6. Small cell average BER for the first scenario. 

 



 

65 
Hybrid Transmit and Receive Designs for Massive MIMO Millimeter-Wave Heterogeneous Systems 

Chapter 5 - Hybrid Beamforming Designs for Massive MIMO mmWave Heterogeneous Systems 

The results for scenario 2 are depicted in Figure 5.7 and Figure 5.8 for macro and small 

cells, respectively. In this case, the number of transmitting data streams is twice the number 

of the first scenario, i.e., each UT transmits 2 data symbols in parallel. From these figures, 

we basically can note conclusions similar to scenario 1. From Figure 5.7 (macro-cell results), 

it can be seen that by replacing the 2-bit quantization approach (scheme 4) with the full 

coordinated approach (scheme 5), the improvement is more significant than in the scenario 

1, i.e., the gap between these two schemes is larger than in the first scenario. Therefore, 

scenario 2 requires more bits to approach the full coordinated approach and hence a higher 

overhead because now the level of interference is higher since the intra-tier interference is 

composed of the intersymbol and multi-user interference, contrary to scenario 1 which has 

only multi-user interference. 

 

 

Figure 5.7. Macro-cell average BER for the second scenario. 
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Figure 5.8. Small-cell average BER for the second scenario. 
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Conclusion and Future Work 

The introduction of LTE-Advanced in the mobile communications market, improved 

our experience with mobile phones. It allowed the use of countless broadband services 

that are already part of our daily routine. This is possible due to the technologies used in 

LTE-Advanced, such as MIMO and HetNets, which allows to achieve increased capacity 

and better coverage. However, to keep up with these increasing demands, towards 5G, 

new technologies are needed. Here, massive MIMO and mmWave communications may 

play an important role, due to their potential. Nevertheless, research is needed, as the 

application of these technologies for mobile communications is rather new. Future 

systems may be comprised of HetNets with massive MIMO and mmWave. Research in 

this field is needed, as the interference in HetNets is a current problem and massive 

MIMO with mmWave environments still require further research. 

6.1. Conclusion 

In this dissertation, it was proposed low-feedback overhead hybrid analog-digital 

precoder and equalizer schemes for the uplink in massive MIMO mmWave HetNets 

systems, which contributed to the advancement of the state of the art. The hybrid 

processing is performed in a distributed fashion at the small cells, where the analog part 

is performed at the small cell base stations (or Aps) and the digital part at the CU for joint 

processing to efficiently remove the inter/intra tier interferences. In order to optimize the 

analog part of the hybrid equalizer and the precoders (used at the user terminals), the 
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distance between the hybrid and the fully digital approaches was minimized. In the 

optimization problem, it was imposed constraints of the analog part and the constraints 

inherent to distributed nature of the APs. To cancel the inter-tier interference, the digital 

part of the precoders employed at the small cell user terminals was designed in such a 

way that this interference resides in a low dimension subspace at the macro BS.  

From this work, the following conclusion can be made: 

• The performance of the proposed hybrid analog-digital precoder/equalizer 

schemes by exploring the degrees of freedom of the mmWave channel, 

efficiently removes the interference caused by the small-cell UTs in the 

macro-BS, achieving results quite close to its fully digital counterpart when 

transmitting a single data symbol, as in scenario 1 of the developed work. 

• In a scenario where a single or a small number of parallel data symbols are 

transmitted, as in scenarios 1 and 2 of the developed work, 2 bits of inter-tier 

information exchange are enough to efficiently align the interferences. Since 

the performance of the proposed schemes does not deviate much from the 

fully digital one. This greatly reduces the necessary overhead, consequently 

easing the demands on the network, achieving a good overall network 

performance. 

• For a greater number of transmitting parallel data symbols, the system’s 

complexity increases, and so does the level of interference. This interference 

is composed of intersymbol and multi-user interference. As such, for the 

same number of bits, the gap in the performance between the proposed 

scheme and the fully digital one increases with the number of data streams. 

Therefore, more inter-tier information bits are necessary to shorten this gap, 

increasing the necessary overhead and putting more strain into the system’s 

network. 

6.2. Future Work 

In this work, a scenario with a single-user per cell with perfect CSI knowledge at the 

transmitter was considered. As future work, a more realistic scenario should be taken into 

account, where no perfect CSI is known at the transmitter, as well as multiple users per 

cell, to fully exploit multi-user MIMO techniques. Additionally, as single carrier was 

considered, the system could be extended to OFDM. 
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