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Abstract 

Multiuser Multiple Input and Multiple Output is an antenna technology for wireless 

communication in which number of users or wireless terminals each with one or more number 

of antennas communicate with each other. Precoding in multiuser MIMO systems is important 

to minimize or mitigate the multiuser interference. As a consequence, the design of suitable 

precoding algorithms with a low computational complexity and a good overall performance is 

a challenging scenario when system dimensions are high.  

A linear precoding technique such as regularized channel inversion (minimum mean square 

error), channel inversion (zero forcing), and Block diagonalization techniques for multi-user 

multiple input multiple-output broadcast channels are able to eliminate the multiuser 

interference per antenna or sum power constraint.  

After conducting this thesis an enhanced performance is measured from this thesis. In case, 

analysis of the MU-MIMO with fewer number of antennas may reduce the cost of antenna and 

some complexities in large antenna system. 

Different researches are conducted in multiuser MIMO with single antenna receivers and 

conducted mostly in Rayleigh channel conditions. Besides, the performance of multiuser 

MIMO linear precoding under different channel conditions together with two or more antenna 

receivers have been investigated in this work.   

In this research, the performance of linear precoding in multiuser MIMO under Rayleigh, 

Rician and Deterministic channel conditions are illustrated in different performance metrics 

like data rate, channel capacity and spectral efficiencies. 

The performance of linear precoding under multiuser MIMO with two antenna users have a 

great performance due to the combined effect of the antennas. In addition, the Rican channels 

achieves minimum bit error rate than Rayleigh and deterministic channels. Furthermore, this 

study has advantage of detail comparative analysis when the users are more, and this analysis 

have a direct impact when the congested number of users are involved.   

-Key words: MU-MIMO, broadcast channel, multiuser Interference, linear precoding 
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Chapter 1 

1. Introduction 

     Multiple-Input Multiple-Output (MIMO) systems have got a wide attention since Telatar 

[1] and Foschini et al. [2] verified the potential of high spectral efficiency achieved by multiple 

antenna systems. The MIMO capacity gain is achieved without cost of extra spectrum. Since 

its introduction, MIMO has penetrated commercial wireless markets and will likely become 

one of the pillars underlying transmission technologies for future wireless systems. 

     MIMO is the backbone of today's antenna technology, providing solutions for data rate, 

capacity, and the majority of wireless requirements [3]. To provide a variety of solutions, 

MIMO functions like as precoding, spatial multiplexing, and diversity coding are used. At the 

transmitter, precoding is employed to maximize gain through beamforming. Spatial 

multiplexing focuses on ways for increasing channel capacity. Signal diversity is improved 

through diversity coding. Single-user MIMO, multi-user MIMO, and Massive MIMO are 

examples of MIMO types. 

     MU-MIMO allows numerous users with access, similar to orthogonal frequency division 

multiple access (OFDMA). MU-MIMO was introduced in the year 2012 and the data rate is 

100 Mbps. Because of the use of multi-user multiplexing, it delivers immediate benefit. MU-

MIMO is less influenced by channel link failure. Advanced decoding and precoding techniques 

are required for enhanced MU-MIMO. Time division duplexing (TDD) and frequency division 

duplexing (FDD) are the two main applications of MU-MIMO. 

   Multi-user MIMO is a collection of multiple-input multiple-output wireless communication 

methods in which a group of users or wireless terminals, each with one or more antennas, 

connect with one another as shown in Figure 1.1 

     The base station (BS) sends various signals to MS1, MS2, and MS3 mobile users via the H1, 

H2, and H3 channels. 
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Figure 1.1 Multiuser MIMO System Model (4) 

      SU-MIMO in contrast, takes into account a single multi-antenna transmitter 

communicating with a single multi-antenna receiver. Multi-user (multiple access) capabilities 

are added to MIMO by MU-MIMO. Since the start of the investigation of multiple antenna 

communication, MU-MIMO has been studied. 

     The alarming rise in popularity of MIMO systems has resulted in an increase in data rate 

and the creation of several applications. Some technologies, such as IEEE 802.11, Third 

Generation (3G), and beyond network technologies rely on these systems.  

     The development of wireless communication technologies has aided in the creation of 

multiuser environment in MIMO systems. Such types of communication systems are known as 

MU-MIMOs. The development of new generations of wireless mobile radio system for future 

cellular radio networks mainly depends on these systems. 

   This introduction deals understanding the MIMO communication system under multiuser 

scenarios. Before proceeding to a more general concept, the features of MIMO communication 

system are highlighted. So, the MIMO system's channel model and MIMO communication are 

presented. 

    Following the MIMO system performances are highlighted to understand the concept in 

detail. Then, the concern is to give the reader a conceptual grasp of the multi-user MIMO 

technology's performance analysis. In order to accomplish this, it is crucial to introduce the 

framework of this systems and provide parts that illustrate the recent progress made in it.  

Lastly, the multi-user MIMO under linear precoding is illustrated for nulling out the 

interference happened due to different users. 
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    MU-MIMO systems can enhance capacity by merging MIMO processing with the 

advantages of space division multiple access (SDMA). In a MU-MIMO situation, an access 

point (AP) with multiple antennas communicates with a group of users at the same time. Each 

mobile user is also equipped with a number of antennas. 

     In a MU environment, capacity transforms into a K-dimensional space that fulfill the 

collection of all rate vectors (R1, . . ., RK) that can be achieved by all K users at the same time. 

Basically, there are two scenarios in MU-MIMO that are differentiated. The MU-MIMO uplink 

(UL) or broadcast channels (BC) which is multiple non-corporative terminals are transmitting 

to the single receiver. This scenarios in the information theory are named as MIMO multiple 

access channel (MAC). the second scenario, in which a single transmitter is transmitting to 

many non-corporative receivers is known as MU-MIMO downlink channel.  

     The downlink system for MU-MIMO system is shown in the figure 1.2 is also shown in [5] 

that the sum rate MIMO broadcast channel capacity equals the maximum sum rate dirty paper 

coding achievable region by demonstrating that the achievable rate meets the Sato upper bound 

[6]. 

     The MU-MIMO information theory argues for users to share the channel spatially. Unlike 

time-division (TDMA) or code-division (CDMA) multiple access, such a multiple access 

protocol requires additional hardware (antennas and filters) but does not require bandwidth 

extension. The ensuing multiuser interference is managed by numerous antennas in spatial 

multiple access, which, in addition to providing per-link diversity, also provide the degrees of 

freedom required for spatial separation of the users.    

     Because of numerous important advantages over SU-MIMO communications, MU- MIMO 

techniques and performance have begun to be thoroughly researched and thanks to so-called 

multiuser multiplexing methods.  MU-MIMO techniques allow for a direct increase in multiple 

access capacity (proportional to the number of base station (BS) antennas. 

      MU-MIMO looks to be more resistant to the majority of the propagation issues that plague 

single-user MIMO communications, such as channel rank loss and antenna correlation. 

Although greater correlation has an impact on per-user diversity that may not be significant if 

multiuser diversity [7] can be collected by the scheduler instead. Furthermore, in a multiuser 

setting, line of sight propagation which causes severe degradation in single user spatial 

multiplexing schemes is no longer an issue. 
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     The "uplink" channel and the "downlink" channel are two different problems in MIMO 

communications in multi-user situations each with its own set of challenges [8]. 

     When a group of users sharing the same channel (representing a unique time slot, frequency, 

or code sequence) transmits at the same time referred to as the uplink. This is known as the 

multiple access channel among information theorists. This scenario necessitates the multi-

antenna base station properly separating all interfering signals which can be accomplished if 

the users transmit from various places and the receiver exploits the varying spatial properties 

of the corresponding channels. 

Downlink (Broadcast Channel, BC). 

     The MU-MIMO channel in downlink is a wireless system with a single transmitter is linked 

to multiple receiver system or terminals. This requires transmit handling as a precoding and 

space division multiple access user scheduling. The channel state information at transmitter is 

necessary to the transmitter or base station to empower enormous throughput enhancements 

over the traditional point to point MIMO frameworks. Specifically, when the antenna at the 

MS (receiver) surpassed by the quantity of transmit antenna. 

 

Figure 1.2 Block diagram of multi-user MIMO downlink system [9]. 

     Linear MU-MIMO processing approaches are less computationally intensive than non-

linear processing techniques, and they can precode or decode using either instantaneous 

channel knowledge or long-term channel data. In general, linear MU MIMO processing 

approaches cannot give the highest sum rate capacity, but in some instances, this is possible 

and the multiuser interferences can be kept to a minimum by using semi-orthogonal users for 

simultaneous transmission via SDMA [10]. 

     To enhance signal power at the receiver, MIMO with many antennas transmits the same 

signal at the transmitter [3,11]. This method necessitates the use of appropriate gain and phase 
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parameters. This process is known as beamforming or single stream. Multiple streams are 

combined in precoding and known as multi-stream beamforming. To take use of precoding, 

both the transmitter and the receiver must be aware of the current state of the channel (CSI). 

By reducing the negative impacts of multipath propagation, different streams at the receiver 

add up constructively to improve receiver gain. Traditional beams are used in transmit 

beamforming which is unable to equalize the gain at the receiver. As a result, in modern 

wireless systems precoding is preferred. 

     The user's signal is multiplied with complex weights that adjust the magnitude and phase of 

the signal to and from each antenna in precoding or a multi-stream beamforming technique. 

The output from the array of antennas that forms a transmit/receive beam in the desired 

direction while minimizing the output in other directions is the result of precoding. The benefits 

of this are an increase in received signal gain and a reduction in multipath fading by making 

signals emitted from different antennas add up constructively. Precoding necessitates the 

transmitter's knowledge of channel state information (CSI). 

1.1 Statement of the Problem 

   The necessity of analysis of the linear precoder in terms of data rate and capacity in multiuser 

MIMO scenarios under different channel conditions needs attention because the received 

signals of different users in MU-MIMO systems not only suffer from the noise and the inter-

antenna interference but are also affected by MUI.  

   Designing an appropriate precoding algorithm that exhibits excellent overall performance 

and minimal computational complexity is a formidable task in the area of MU-MIMO systems. 

In these scenarios, the users are spread out across different geographical locations. This creates 

a challenge in decoding the received symbols since joint decoding requires each user to have 

the data received from all the receive antennas of all the users. It is impractical to achieve this 

level of coordination between all users.  

   The need of analysis in the performance metrices like bit error rate and spectral efficiency in 

MU-MIMO scenarios. With the continued development of industry and business, the 

requirement for radio spectrum is increasingly strong, and thus the suitable radio spectrum is 

becoming scarcer and more expensive. Meanwhile, a complex propagation environment will 

always be encountered by wireless systems. The three influencing factors are noise, fading and 

interference.  
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The need to analysis linear precoders in case of MU-MIMO broadcast channels with the same 

transmit and receive antenna in different configurations. 

1.2 Literature Review and Related Works 

     The MU-MIMO is an advanced feature of a MIMO system that is used to increase spectrum 

efficiency and throughput. Because of several antennas are present at the base station or at the 

user terminal, it is predicted that a large number of users will use a single base station or 

numerous base stations with multiple antenna arrays for spatial multiplexing. 

     Some of the literature reviews showed some interesting technologies and interference 

mitigation techniques for the MU-MIMO broadcast system's transceiver side. 

    In [12] ZF precoding under uncorrelated Rayleigh channels in MU-MISO system with both 

perfect CSI and pilot-based CSI is examined. This paper shows that as SNR increases, the 

number of transmit antennas required for the ZF precoder to produce a certain percentage of 

the maximum possible sum rate decreases monotonically. 

      In [13] MU-MIMO systems assumed that ergodic sum spectral efficiency, tight closed-

form approximation for the average SNR, and downlink ZF precoding are calculated along 

with correlated Rayleigh fading. 

     The possible sum rate is examined for two precoding strategies in [14] MU-MIMO systems 

with a finite number PSK input alphabet: ZF precoding and constructive interference (CI) 

precoding.  This leads to the derivation of a new analytical equation for the average sum rate 

in the two scenarios, which is supported throughout by monte Carlo simulations. 

    In [15] Impact of Antenna spacing on Indoor MU-MIMO Channel Capacity by Feyissa 

Endebu under the guidance of Dr Murad Ridwan is done. This thesis discusses the antenna 

spacing effects on the channel capacity but due to small sizes of the wireless equipment’s it 

recommends to use beamforming as a solution. 

    In [16] Investigating of SU-MIMO techniques for LTE Release 8 in highly scattering 

environment by Nebiyu Suleyman with the guidance of Dr. Murad Ridwan and the emphasis 

are to investigate SU-MIMO under release 8 and beyond release 8 the thesis recommends to 

use MU-MIMO.  Design some pre-coding/beamforming mechanism which can be employed 

to translate a MISO or SIMO system into a mathematically equivalent SISO channel, 

Furthermore, it tries to translate a MIMO channel into a mathematically equivalent SIMO or 

MISO channel.   
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     In multi-user MIMO systems with precoding, Kyung et al. investigated transmit antenna 

selection. Antenna selection techniques with optimum and decreased complexity sub-optimal 

complexity are presented. Antenna selection based on QR-decomposition (QRD) is explored, 

and the explanation for its sub-optimality is derived analytically. It introduces the traditional 

QRD-based algorithm and proposes a QRD-based transmit antenna system that is both efficient 

in terms of implementation and performance [17]. 

     Jorswieck and Boche investigated the worst-case performance of a multiuser MIMO system 

with interference in their paper [18]. Demirkol and Ingram presented an iterative technique 

based on stream control in [19], [20]. This technique uses a trial-and-error method and only 

considers simple network topologies such as rectangular or hexagonal networks. 

     Chen and Gans investigated the network spectral efficiency of a MIMO ad hoc network 

with L simultaneous transmission pairs in their paper [21]. They showed that the network's 

asymptotic spectral efficiency is limited by nr nats/s/Hz as L in the absence of channel state 

information (CSI) at the transmitters, and at least nt + nr + 2ntnr nats/s/Hz when CSI is 

available at the transmitters, where nt and nr are the numbers of transmitting and receiving 

antenna elements of each node respectively. 

     Unlike previous scaling law analyses, which reveal a tendency for extremely large networks, 

we are interested in constructing an algorithm that can compute exact maximum capacity for a 

given (limited size) network topology in this research. Blum demonstrated in [22] that the total 

of each node's mutual receiving antenna components respectively. 

     A multiuser MIMO system's information is neither a convex nor a concave function. A 

change in one user's covariance matrix will also result in a change in all users' mutual 

information. As a result, solving the problem analytically is extremely challenging and the 

majority of academics use iterative local optimization strategies to solve this problem. 

     Yu et al. suggested an iterative water-filling approach in [23]. (IWF). This method was first 

presented for DSL (digital subscriber line) networks. Because of its simplicity, proven 

convergence to global optimality and due to the convexity of MIMO-MAC channels, IWF was 

used to MIMO multiple access channel (MIMO-MAC) problems. Due to the lack of convexity, 

IWF has difficulty achieving convergence in MIMO ad hoc networks with mutually interfered 

links. 
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     Jindal et al. presented several IWF variations for MIMO broadcast (MIMO-BC) channels 

[24]. They, too, cannot be applied directly to MIMO ad hoc networks. IWF is a non-cooperative 

game, and its convergence point is essentially a nash equilibrium with no user can unilaterally 

raise their self-utility function by deviating from this stationary point. 

     Ye and Blum [25] proposed the global gradient projection (GGP) approach, which is a 

variation on the well-known steepest descent method with gradient projection. Unlike in IWF, 

where there is no cooperative game, all users work together to determine covariance matrices 

by computing gradients at each iteration. GGP is more sensitive to the choice of a starting point 

than IWF, and it is simpler to become stuck at a local optimum. Furthermore, as it approaches 

a local optimal solution GGP exhibits zigzagging [26]. GGP and IWF are both local 

optimization strategies that can identify a local optimal solution rapidly but cannot ensure 

global optimality for nonconvex optimization problems. 

     Precoding technique performance across various fading channel distributions, such as 

Rayleigh, Rician, and Nakagami fading channel distributions was evaluated in [27] in terms of 

capacity and BER with regard to SNR. Hence, the Rayleigh fading channel shows superior 

performance in MU-MIMO downlink than Rican and Nakagami channels.  

1.3 Objectives 

1.3.1 General Objectives 

 Performance analysis of different linear precoding for multiuser MIMO broadcast channels 

under the assumption of interference. 

1.3.2 Specific Objectives 

• Using linear precoding to select superior sum rate performance under the assumption 

of interference.    

•  Finding the best bit error rate performance gains for the linear precoders in MU-MIMO 

broadcast channels. 

• Analysis of average user spectral efficiency for MU-MIMO broadcast channels. 

1.4 Contributions of the Research  

The differences in previous research work and the current work underlined in the following 

points. 
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• To provide insight to future researchers about linear precoding performance at different 

scenarios in MU-MIMO Broadcast Channels. 

• To sum up the effect of interference by finding optimal linear precoder with different 

channel conditions. 

• Making comparative performance when the receivers are using one or more antennas. 

• To analyse spectrum efficiency variation due to transmitter preprocessing or precoder 

with different number of antennas. 

1.5 Research Methodologies 

     The methodology used to do this thesis consists of different phases. The first step is survey 

and study different literature on MU-MIMO systems. the remaining parts shows such basic 

tasks are modelling, performance analysis and simulation are performed. 

     The methods used to achieve the desired objective of this thesis are as follows: 

1) Literature reviews – focuses on gaining all the necessary background information required 

to understand the broader picture of MU-MIMO systems. 

2) System modeling – involves how to characterize and model the different linear precoding 

scheme that overcome the multiuser interference appearing in a single cell multiuser MIMO. 

Then, select appropriate algorithm to derive the performances analysis for linear precoding of 

MU-MIMO system. 

3) Simulation – involves outline simulation workflows and programming the system in 

Matlab R2021a. The results will be explained and a conclusion will be made based on the 

obtained results. Finally, suggestions will be given to which linear precoding technique of MU-

MIMO have a good performance. 

1.6 Thesis Outlines  

      There are five chapters in this thesis work. These are, the theoretical overview, statement 

of the problem, literature review and related works, objectives, and research procedure in the 

introduction part. MIMO wireless communications are discussed in Chapter 2. Linear 

precoding in MU-MIMO broadcast channels is discussed in chapter 3. The result and 

discussion of the performance analysis for linear precoding for multiuser MIMO broadcast 

channels are discussed in Chapter 4. Conclusion and recommendation for future works is the 

final chapter. 
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Chapter 2 

2. MIMO Wireless Communication 

2.1 Introduction  

     The real performance of wireless communication systems is determined by the distance 

between the transmitter and receiver [28]. Both large and small scale fadings are affected by 

signal propagation. In general, the signal follows multi-path propagation. Large separations 

between transmitters and receivers create large-scale fading, while lesser separations cause 

small-scale fading. Co-channel interference and neighboring channel effects increase the 

system's S/I and impair the MIMO antenna's actual performance metrics.  

     In wireless communication, several channel design and allocation procedures are utilized to 

cover each location with antenna installations. The system's capacity can be increased by 

controlling interference. The number of streams multiplied by the capacity of a single-input-

single-output system determines the capacity of MIMO antennas. 

     Electromagnetic (EM) waves move through several pathways between transmitter and 

receiver, and are significantly hindered by high-rise buildings, hills, metal objects, and other 

obstacles. Because EM waves are random, the channel is unexpected, and analysis becomes 

difficult. In practice, two forms of fading are used: large scale and small scale fadings. 

Reflection, diffraction, and scattering mechanisms are used to investigate large-scale fading.  

     The rapid variations in signal intensity over a short distance or time are referred to as small 

scale fading. This is produced by EM interference, which causes distinct signals to arrive to 

the receiver at different times. The resultant EM wave observes fluctuations in signal strength 

and angle due to multi-path propagation.  

     The signal strength (S) to interference (I) ratio determines the wireless system's capacity. 

By limiting the frequency reuse scheme, the S/I limit the coverage area. Finally, by increasing 

S the impacts of co-channel and adjacent channel interference are reduced. 

     Cell splitting, sectoring, repeaters, and microcells can all help to increase the capacity of 

wireless channels. MIMO is a multi-path propagation solution. 

2.2 MIMO Transmission Scheme 

The different antenna system configuration for a wireless communication [29].  
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2.2.1 Single-Input Single-Output (SISO) 

 

Figure 2.1 SISO [29] 

     The SISO wireless setup is well-known antenna configuration. SISO Systems are the 

simplest of the four types of communication systems in which a single transmitting antenna 

and a single receiving antenna are employed at the source and destination, respectively. 

    Figure 2.1 depicts a SISO wireless system. Because of SISO systems use fewer components 

and don't require any special coding techniques at the transmitter or receiver, they are less 

expensive to construct. In terms of usability, SISO is a good choice and is not necessary to 

process in terms of diversity schemes. 

      The system's throughput is determined by the channel bandwidth and signal to noise ratio. 

These systems are susceptible to concerns such as multipath effects in specific circumstances. 

When an electromagnetic wave collides with hills, buildings, and other barriers, the waveform 

scatters and travels down multiple paths to reach its goal. This results in issues such as fading, 

losses, and attenuation, as well as a decrease in data speed, packet loss, and errors. 

2.2.2 Single Input Multiple Output (SIMO) 

 

Figure 2.2 SIMO [29] 

     SIMO refers to a wireless communication method in which the receiver has several antennas 

and the source has a single transmitting antenna. Various receive diversity schemes, such as 
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selection diversity, maximum gain combining, and equal gain combining methods are used at 

the receiver to optimize the data scheme.  

To combat the effects of ionosphere fading, SIMO systems were utilized for short wave 

listening and receiving stations. SIMO systems are suitable for a wide range of applications. 

However, where the receiving system is embedded in a mobile device such as a phone, 

performance may be constrained by size, cost, and battery life. 

2.2.3 Multiple Input Single Output (MISO) 

MISO antenna system has a feature of many transmitters antenna and a single receive antenna. 

 

Figure 2.3 MISO [29] 

      MISO is an RF wireless communication system in which the source has several transmitting 

antennas and the system has a single receiving antenna, similar to SIMO, but the receiver has 

a single antenna at the destination. The consequences of multipath wave propagation, latency, 

packet loss, and other issues can be decreased when two or more antenna are used at the 

receiving end or at the destination. This system can be used in a different of methods. 

     MISO systems are advantageous because redundancy and coding have been relocated from 

the receiving end to the sending end which requires less power and processing at the user or 

receiver end as in the case of mobile phones. 

2.2.4 Multiple Input Multiple Output (MIMO)  

     Multiple antennas are used on the sending end and multiple antennas are used on the 

receiving end in MIMO systems. Signals can travel several paths between a transmitter and a 

receiver in MIMO technology. We can use the different paths available to our advantage by 

shifting the antenna a short distance. MIMO can be used to take advantage of these additional 
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paths. They can be used to boost the link data capacity or improve the signal-to-noise ratio, 

making the radio link more robust. 

 

Figure 2.4 MIMO [29] 

     MIMO systems frequently use Spatial Multiplexing which allows signals to be sent across 

many spatial domains. A MIMO system can incorporate all of the benefits of SIMO and MISO 

systems by using a broadcast diversity strategy at the transmitter and a receive diversity scheme 

at the receiver at the same time.  

Table 2. 1 Illustrates of various antennas types. 

Multi-Antenna Types 

SISO The radio system's transmitter and receiver have 

only one antenna, which is referred to as single-

input-single-output. 
 

SIMO The term "single-input-multiple-output" refers 

to the fact that the receiver has numerous 

antennas while the transmitter only has one. 

 

MISO The term "multi-input-single-output" refers to 

the fact that the transmitter has numerous 

antennas while the receiver only has one. 

 

MIMO The term "multi-input multiple-output" refers to 

the presence of numerous antennas on both the 

transmitter and receiver. 
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2.2.4.1 The key benefits of this antenna configuration systems 

1.Array gain 

     The term "array gain" refers to a signal's power gain produced when numerous antennas in 

the transceiver. An average increase in signal to noise ratio at the reception is the result of the 

transceiver's numerous antennas working together coherently to create a combining effect.  If 

the sender is familiar with the media and has many antennas, it can apply a suitable weight to 

the transmission, which will cause coherent combining at the receiver.      

      To obtain this array gain, the state of the channels either in the sending, receiving, or 

transceivers side is essential in many antenna systems. 

2.Diversity gain 

     For increasing the reliability of the message signals a diversity scheme is used for combining 

two or more communication channels with distinct characteristics. Diversity is essential for 

fading, co-channel interference, and preventing burst errors. The idea behind it is that there are 

different levels of disturbance and fades on different mediums. 

 The receiver has the ability to mix several copies of the same signal that are transcived. 

Alternatively, a redundant forward error correction code could be added, and various message 

portions could be sent in distinct wireless mediums. Multipath propagation can be exploited 

via diversity approaches, resulting in a diversity gain that is commonly quantified in dB. 

     Time diversity, frequency diversity, multiuser diversity, space diversity, transit diversity, 

and receive diversity are some of the several types of diversity schemes. 

3. Multiplexing gain 

     In MIMO wireless communications, spatial multiplexing is a transmission technique that 

allows several data signals to be sent via any of the many antennas that transmit information. 

As a result, the space dimension is thus repeatedly used, or multiplied. 

     The maximal spatial multiplexing order is if the transmitter has NT antennas and the receiver 

have NR  antennas. 

Ns=min (NT, NR )                                                          (2.1) 
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      If a linear receiver is employed, Ns streams can be sent in simultaneously and resulting an 

ideal Ns increase in spectral efficiency. Certain streams running simultaneously can have 

extremely low or negligible channel gains due to spatial correlation and the wireless 

mediums rank property, which might restrict the realistic multiplexing gain. 

4. Interference reduction 

     The channel of the desired signal must be known for interference reduction. It may not be 

necessary to have a precise understanding of the interferer's channel. The purpose of 

interference reduction at the transmitter is to reduce the amount of interference energy supplied 

to cochannel individuals still transferring the information to the intended destinations. 

    Multicell capacity is increased as a result of aggressive reuse of frequencies produced 

possible by decreasing interferences. It is not possible to use all of the benefits of MIMO 

technology at the same time because of the competing needs on the spatial degrees of or 

number of antennas. 

2.3 MIMO Channel Capacity 

     The highest transmission rate at which there is almost no possibility of error is known as 

the capacity. The MIMO channel's capacity is specified, 

C = 𝐼(𝑠; 𝑦)𝑓(𝑠)
𝑚𝑎𝑥 ,                                                        (2.2) 

The mutual information between the transmit signal vector s and the receive signal vector y is 

denoted by I (s; y), and f(s) is the probability distribution function (PDF) of the transmit signal 

vector s. The mutual of information is provided by                                                         

𝐼(𝑠; 𝑦)=H(y)-H(y|s),                                        (2.3) 

where H(y) is the receive signal vector y's entropy and H(y|s) is the receive signal vector y's 

conditional entropy. Due to the independence of the transmit signal vector (s) and noise vector 

(n), the conditional entropy H(y|s) is equal to H(n). Consequently, equation 2.3 above is 

expressed as, 

𝐼(𝑠; 𝑦)=H(y)-H(n).                                                     (2.4) 

Maximizing H(y) is equivalent to enhancing the mutual information, or I(s;y)). Therefore, 

the information I (s; y) in equation 2.4 is provided by, 
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𝐼(𝑠; 𝑦)= log2 𝑑𝑒𝑡 (𝐼𝑁𝑅 +
𝐸𝑠

𝑁𝑇𝑁𝑂
𝐻𝑅𝑆𝑆𝐻

𝐻) 𝑏𝑝𝑠/𝐻𝑧,                           (2.5) 

where, INR is an NR × NR identity matrix, The superscript H denotes conjugate transposition, 

RSS is the covariance matrix for the transmit signal, and ES is the power across the transmitter 

independent of the number of antennas (NT). The general capacity of the MIMO channel can 

be obtained from equation 2.5 as follows: 

C= max
RSS,tr(RSS)=NT

log2 det (INR +
Es

NTNO
HRSSH

H) bps/Hz.                                   (2.6) 

2.3.1 Capacity of Deterministic MIMO Channel 

      At both the transmitter and receiver, the deterministic channel coefficient H is known. In 

practical MIMO systems, however, obtaining channel coefficient at the transmitter is quite 

challenging. If the MIMO system doesn’t know the channel coefficient at the transmitter, it is 

a reasonable assumption that the sent signals from each transmit antenna have equal strength, 

which is also known as open loop system. As a result of this requirement, the covariance matrix, 

RSS = 𝐼𝑁𝑇, is identical to the identity matrix. As a result of equation 2.6, equal powered mutual 

information can be calculated as follows: 

𝐼(𝑠; 𝑦)𝑒𝑞=log2 𝑑𝑒𝑡 (𝐼𝑁𝑅 +
𝐸𝑠

𝑁𝑇𝑁𝑂
𝐻𝐻𝐻) 𝑏𝑝𝑠/𝐻𝑧,                               (2.7) 

    the subscript "eq" indicates equal power Positive eigenvalues of the channel matrix 𝐻𝐻𝐻  

can be used to determine mutual information in equation 2.7. When r represents the matrix H's 

rank and 𝜆𝑖,  i=1, 2,... r is the matrix HH^H's non-zero eigenvalues, then equation 2.7 for the 

mutual information becomes, 

𝐼(𝑠; 𝑦)𝑒𝑞=∑ log2 (1 +
𝐸𝑠

𝑁𝑇𝑁𝑂
𝜆𝑖)

𝑟
𝑖=1 bps/Hz.                                      (2.8) 

2.3.2 Capacity of non-Deterministic or Random MIMO Channels 

The MIMO channels change randomly in general [30]. As a result, H is a random matrix, and 

its channel capacity varies randomly over time. In reality, the MIMO channel capacity can be 

defined by assuming that the random channel is an ergodic process. 

𝐶𝑒𝑟𝑔=E[ max
𝑇𝑟(𝑅𝑆𝑆)=𝑁𝑇

log2 𝑑𝑒𝑡 {𝐼𝑁𝑅 +
𝑆𝑁𝑅

𝑁𝑇
𝐻𝑅𝑆𝑆𝐻

𝐻} 𝑏𝑝𝑠/𝐻𝑧. ]                      (2.9) 
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2.3.2.1 Random MIMO Channel Capacity with CSI Unknown at 

the Transmitter 

   When CSI is unknown at the transmitter, The random MIMO channel's ergodic capacity can 

be obtained using, 

Cerg=E[log2 det {INR +
SNR

NT
HRSSH

H}]                                       (2.10) 

In terms of the positive eigenvalues, 

 𝐶𝑒𝑟𝑔=E[log2 𝑑𝑒𝑡 {𝐼𝑁𝑅 +
𝑆𝑁𝑅

𝑁𝑇
𝜆𝑖}]                                                (2.11) 

𝐶𝑒𝑟𝑔 is frequently known as an ergodic channel capacity. 

2.4 MIMO Channel Models 

     The channel matrix H is a 𝑁𝑅 × 𝑁𝑇 complex matrix with NT transmit and NR  receive 

antennas for MIMO channels and represented as follows. 

H=

[
 
 
 
ℎ1,1 ℎ1,2 … ℎ1,𝑁𝑇
ℎ2,1
⋮

ℎ2,2
⋮

…
⋱

ℎ2,𝑁𝑇
⋮

ℎ𝑁𝑅,2 ℎ𝑁𝑅,2 … ℎ𝑁𝑅,𝑁𝑇]
 
 
 

.                                                 (2.12) 

The coefficient of every channel from the jth transmit antenna to the  ith receive antenna makes 

up the component of the matrix H, hi, j. 

Assume that the total transmit power Es equals the power of the received signal at each receive 

antenna. As a result, we obtain the channel matrix H's normalization value for a deterministic 

channel condition as follows: 

∑ |hi, j|2𝑁𝑇
𝑗=1 =𝑁𝑇,  i=1, 2,…,𝑁𝑅.                                            (2.13) 

The normalization value will be applied to the expected value in the event that the channel 

coefficients are random. At the 𝑖𝑡ℎ receive antenna, the received signal for time t is provided 

by, 

y=∑ ℎ𝑖,𝑗(𝑡). 𝑠𝑗(𝑡)
𝑁𝑇
𝑗=1 + 𝑛𝑖(𝑡),      i=1, 2,…,𝑁𝑇.                           (2.14) 
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where ni(t) is additive white Gaussian noise (AWGN) in the receiver with zero mean and 𝜎2 

variance, and 𝑠𝑗(t) is the transmit signal at the 𝑗𝑡ℎ transmit antenna. Each transmit antenna's 

signal, 𝑠𝑗(t), is added to each receive antenna's signal in the equation above. 

2.4.1 Fading and Channel State Information 

     Shannon was the first to derive capacity for time-invariant SISO channels in which the 

channel is constant in time and the transmitter is aware of its value [31]. The assumptions for 

wireless channels are different. First, the channel's schedule and frequency vary, Second, 

channel fluctuations imply that the transmitter and receiver have varying levels of channel 

knowledge. For example, if the channel varies rapidly, obtaining an accurate estimate of the 

channel is not always achievable. The capacity of a wireless channel varies depending on the 

type of the channel and channel knowledge. 

• A wireless channel that varies in time is said to be fading, and depending on the duration 

of the codeword in relation to the channel variations, two separate situations can be 

distinguished: fast fading and slow fading channels. 

•  Channel State Information (CSI) refers to the information accessible about the channel 

and can take several forms, including channel coefficients, modulus, statistics, and 

noise variance at the receiver. 

2.4.1.1 Fast and Slow Fading 

Fast fading channel 

     Coding delay and coherence time are the two characteristics that define fast fading channels. 

Fast fading channels appear when the coherence time is substantially shorter than the coding 

delay. Capacity-achieving coding techniques are dispersed among a large number of fading 

states in general. 

Slow fading channel 

    The coding delay is substantially smaller in a slow fading channel than it is in a fast-fading 

channel. Time for coherence. As a result, the channel is supposed to remain constant during 

the codeword. It's crucial to know the difference between a slow fading channel and a time 

invariant channel, for which capacity was first investigated. The channel is always constant in 

the latter scenario, and capacity is stated for this constant channel value. 
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2.4.1.2 Channel State Information 

     Channel State Information refers to the information about the channel that is available (CSI). 

The transmitter's and receiver's understanding of the channel determines performance. The 

acquisition of the channel is more difficult at the transmitter. It depends on the method used to 

divide communication from point A to point B and communication from point B to point A in 

the inverse way. In some circumstances, the channel information is updated on a regular basis 

at the transmitter, which is aware of the channel's current value. 

    In other circumstances, the transmitter is not updated frequently enough, but it has access to 

the channel's distribution. 

CSI at the transmitter (CSIT) 

   In general, CSI at the transmitter is more difficult to achieve. Its acquisition is determined by 

the duplexing mode, or the way for separating transmission from point A to point B and in the 

opposite direction from B to A. Direct and inverse communications use distinct time slots in 

time division duplex (TDD), whereas they use different frequency bands in frequency division 

duplex (FDD). The processes for CSIT acquisition in wireless systems rely mostly on feedback 

or channel reciprocity.  

The purpose is for A to calculate the length of the channel from point A to point B. To do this, 

one of the following two strategies could be used: 

• Feedback: Pilot symbols encoded in the signal delivered from A to B are used to estimate the 

channel at B. The CSI is then passed back and forth between B and A. 

• Channel Reciprocity: The channel reciprocity principle asserts that if a channel is measured 

at the same time and frequency from point A to point B, it is equal to the channel from point B 

to point A. 

     Both TDD and FDD can benefit from a feedback reporting method. Because the direct and 

inverse links do not use the same frequencies, only feedback and not channel reciprocity may 

be employed for FDD. TDD can make use of channel reciprocity. 

     Using pilot symbols included in the signal received from B, the channel from A to B can be 

calculated at A. This estimate is also an estimate for the channel from A to B, based on the 

reciprocity principle. In some systems, only B can estimate the channel from A to B.  



20 | P a g e  
  

The channel estimate from A to B is then fed back from B. For the following two scenarios, 

capacity is given. 

1. The receiver is aware of the CSIR's current value. The transmitter is aware of the CSIT's 

current value. 

2. The receiver is aware of the CSIR's current value. The transmitter is unaware of the CSIT's 

current value, but is aware of its distribution. 

   To achieve reliable communication, the coding scheme can be modified based on the 

available channel knowledge at the transmitter. 

CSI at the receiver (CSIR) 

      All of the channel coefficients of the links from the transmitter to the receiver are included 

in the CSI at the receiver. This information is essential in order to do the best ML decoding 

feasible. A simpler but still optimal receiver such as the minimum mean square error (MMSE) 

receiver can be used in some circumstances, but the noise variance must be specified. The 

receiver is expected to track the CSI accurately. In practical systems, pilot symbols embedded 

in the transmitter signal are widely employed to estimate channel and noise variation. 

Instantaneous and statistical channel state information 

Single cell interference and cooperation 

       In the spatial domain, there are three main techniques to dealing with same-cell 

interference. First, the network can avoid the problem of interference by allocating time-

frequency resources in an orthogonal manner, resulting in single-user MIMO communication 

within each cell [32]. This is the simplest and most popular method, although it is inefficient.            

    Interference cancellation in downlink is the third way stated above, in which streams are 

simply broadcast to each user and the receiver is left to decode them. This is unlikely to be a 

practical approach, especially in the downlink, because it necessitates each MS having on the 

order of nT adequately uncorrelated receive antennas and a willingness to accept significant 

processing complexity.  

On the other hand, if the base station has at least KN antennas and each MS broadcasts N data 

streams, receiver multiuser interference cancellation for K mobile stations is theoretically 

possible in the uplink. 
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 Precoding at the base station transmitter allows numerous customers to be served at the same 

time in most appealing and fascinating alternative. 

2.5 Statistical Properties of the Channel Matrix 

2.5.1 Degree of Freedom and Diversity 

The spatial multiplexing capability of a MIMO channel can be quantified using a statistical 

model [33]. The rank of the random matrix Ha is given by rank 𝐻𝑎 =min {Nr, Nc}, where Nr 

is the number of non-zero rows and Nc is the number of non-zero columns with probability 1. 

The number of non-zero rows and columns are determined by two factors: 

• In a multipath environment, the amount of scattering and reflection. The number 

of non-zero elements in the random matrix 𝐻𝑎 and the number of degrees of 

freedom increase as the number of scatterers and reflectors increases.  

• The lengths of the broadcast and receive antenna arrays, Lt and Lr. Many different 

multipaths can be merged into a single resolvable path with short antenna array 

lengths. Increasing the array apertures allows more pathways to be resolved, 

resulting in more non-zero Ha entries and a higher number of degrees of freedom. 

2.5.2 Ricean Fading Channels 

     In mobile cellular networks, there are instances when a strong coherent component is 

present. One or more specular contributions, for example, or a line-of-sight field are examples 

of this component that does not fade with time. In fixed wireless access scenarios, the bulk of 

reflected and diffracted contributions total coherently since the transmitter and receiver are 

fixed. All that produces non-coherent distributed contributions is the movement of a few 

obstacles (car, people, tree leaves, etc.). 

   In all of these cases, the received field amplitude has a Ricean distribution. The phase-shift-

only entries in the matrix 𝐻̅  corresponding to the coherent component(s) are fixed. 

𝐻̅=[𝑒
𝑗𝛼11 𝑒𝛼12

𝑒𝛼21 𝑒𝛼22
].                                                                 (2.15) 

     The phase-shifts αnm are highly influenced by the array configuration and its orientation in 

relation to the dominating component's direction (s). 𝐻̅  is poorly conditioned when there is a 

single dominant component, such as line-of-sight, lowering the multiplexing gain for a given 

received SNR. 
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For broadside arrays, the Ricean matrix corresponding to a pure line-of-sight component is 

obtained by assuming a suitably large spacing between Tx and Rx. 

                       𝐻̅=𝐼𝑛𝑟×𝑛𝑡                                                                               2.16 

Combining 𝐻̅ with the non-coherent contribution 𝐻̃ yields, 

H=√
𝐾

1+𝐾
𝐻̅+√

1

1+𝐾
 𝐻̃                                                       (2.17) 

Where the expected values of the channel matrix are given by, 

𝜀{𝐻}=√
𝐾

1+𝐾
𝐻̅ and K is the Ricean K-factor. 

2.5.3 I.I. D Rayleigh Fading Channels 

     MIMO system designers frequently adopt the Rayleigh fading assumption, primarily 

because it is realistic in scatterer-rich situations [34]. It entails modeling narrowband 

transmission between a broadcast and receive antenna as the sum of a large number of 

contributions with random and statistically independent phases, departure, and arrival 

orientations. 

      The different channel correlations become very tiny and can be considered to be equal to 

zero when the antenna spacings and/or angular spreading of the energy on both sides of the 

link are large enough. The correlation matrix R is proportional to the identity matrix if all 

individual channels have the same average power (i.e., the antenna arrays should be balanced). 

      Actually, R = 𝐼𝑛𝑡𝑛𝑟, with Hw denoting the channel matrix, which is a random fading matrix 

with unit variance and circularly symmetric complex Gaussian elements. When developing 

space–time codes, the so-called independent identically distributed (i.i.d.) Rayleigh assumption 

has been (and continues to be) widely utilized. However, we must emphasize that real-world 

channels occasionally diverge dramatically from this ideal channel for a variety of reasons: 

    The channels become coupled due to limited angular dispersion and/or smaller array sizes 

(channels are not independent anymore). The channel statistics may become Ricean as a result 

of a cohesive contribution (channels are not Rayleigh distributed anymore). 

 Using numerous polarizations causes gain imbalances in the channel matrix's various parts 

(channels are no longer identically distributed). 
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2.5.4 Spatial Correlation  

     MIMO techniques are distinct in that they take advantage of the spatial or double-directional 

nature of the channel. This architecture also has a significant impact on MIMO system 

performance. As a result, it's only natural to develop a way for describing the spatial 

characteristics of a multi-antenna channel, or, more precisely, the channel's space-only 

correlation. 

The spatial correlation matrix for a MIMO channel with a limited number of antennas is defined 

as, 

R=ε{𝑣𝑒𝑐(𝐻𝐻) 𝑣𝑒𝑐(𝐻𝐻)𝐻}.                                                     (2.18) 

This matrix is a 𝑛𝑡𝑛𝑡 × 𝑛𝑡𝑛𝑟 positive semi-definite Hermitian matrix, which describes the 

correlation between all pairs of transmit-receive channels. 

2.5.4 Singular Values and Eigen Values 

      Using the singular value decomposition, a MIMO channel can be viewed as a collection of 

independent SISO channels (SVD) [35]. H is not usually full rank in the channel matrix. The 

singular value decomposition (SVD) of the nr, nt channel matrix reads as:  

   𝐻 = 𝑈𝐻Ʃ𝐻𝑉𝐻
𝐻                                                              (2.19) 

 Where 𝑈𝐻 and 𝑉𝐻 are 𝑛𝑟 × r(H) and 𝑛𝑡 × r(H) unitary matrices (𝑈𝐻𝑈 = 𝐼𝑁𝑅 and  𝑉𝐻𝑉 = 𝐼𝑁𝑇), 

and Ʃ𝐻=diag{𝜎1, 𝜎2, … , 𝜎𝑟(𝐻)} is the diagonal matrix containing the ordered singular value of 

H.  

If H is a full-rank matrix, there are min (𝑁𝑅 , 𝑁𝑇) of nonzero singular values and hence with 

the same number of independent channels. 

If H is a full-rank matrix, there are min (𝑁𝑅 , 𝑁𝑇) nonzero singular values, implying that there 

are the same number of independent channels. 

The received signal 𝑦̃ is calculated as follows: 

𝑦̃=𝑈𝐻𝑦 

𝑦=Hs+𝜂 

                             𝑦̃=𝑈𝐻(Hs+𝜂), substitute equation of H in to  𝑦̃. 

        𝑦̃=𝑈𝐻(U𝜮𝑉𝐻s+𝜂)                                                    (2.20) 
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Since s=V𝑠̃,   𝑦̃ can be written as: 

𝑦̃=𝑈𝐻(U𝜮𝑉𝐻V𝑠̃+𝜂) 

=𝑈𝐻U𝜮𝑉𝐻V𝑠̃+𝑈𝐻𝜂) 

=𝜮𝑠̃+𝜂̃ 

     It can be observed that the output is the product of precoded input signal 𝑠̃ and the singular 

value matrix 𝜮. The distribution of the noise does not change by multiplying the noise 𝜂 by the 

unitary matrix 𝑈𝐻. 

 

Figure 2.5 Decomposition of a MIMO channel with full CSI 

2.6 Analytical Models 

2.6.1 Correlation-Based Analytical Models 

       Several narrowband analytical models make use of a multivariate complex Gaussian 

distribution of MIMO channel coefficients (i.e., Rayleigh or Ricean fading). 

      The channel matrix can be split into two parts: a zero-mean stochastic part Hs and a fully 

deterministic part Hd. Ricean is the sum of a constant HLOS and a scattering-induced variable 

Rayleigh component in the Ricean MIMO channel [36,37]. 

𝐻𝑅𝑖𝑐𝑒𝑎𝑛=√
𝐾𝑟

1+𝐾𝑟
𝑒𝑗𝜙0𝐻𝐿𝑂𝑆+√

1

1+𝐾𝑟
𝐻𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ                      (2.21) 

     The general configuration of a multiple transmitting and receiving antenna array 

is illustrated in figure below. 
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Figure 2.6 Geometry of a Tx and an Rx linear antenna array [36]. 

    Where 𝐻Ricean  is the MIMO channel matrix, 𝐻Rayleigh is the MIMO matrix for the variable 

component, HLOS is the MIMO matrix for the constant signal component, K is the     Ricean–

K factor, and ∅0 is the phase shift of the signal when propagating from a transmitting antenna 

element to the corresponding receiving antenna element. 

The channel matrix for a given transmitter to receiver distance of R and the inter distance of d 

is given by: 

𝐻𝐿𝑂𝑆=[

1 𝑒𝑗𝜃       … 𝑒𝑗(𝑛𝑡−1)𝜃

𝑒−𝑗𝜃

⋮

1       …
⋮         ⋱

⋮
𝑒𝑗𝜃

𝑒−𝑗(𝑛𝑟−1)𝜃 𝑒−𝑗(𝑛𝑟−2)𝜃   … 1

]                    (2.22) 

Where 𝜃 is the angle corresponding to phase shift between the neighbour array elements. 

K0 affects the contribution of HLOS to HRicean. For simplicity,  

𝜙0=𝜋/4, implies 𝑒𝑗𝜙0=1/√2 +j1/√2                                       (2.23) 

Consequently, after some manipulation the real and imaginary parts of 𝐻Ricean  is given as: 

𝐻𝑅𝑖𝑐𝑒𝑎𝑛=√
𝐾

𝐾+1
(
1

√2
+ 𝑗

1

√2
)H (1) +√

1

𝐾+1
𝐻𝑤                            (2.24) 

 

i.i.d Model 

       The degree of correlation between the individual nTnR channel gains that make up the 

MIMO channel is a complicated consequence of environmental scattering and transmitter and 

receiver antenna spacing. 

 With increasing antenna spacing, the decorrelation between the channel elements will rise. 

However, antenna spacing isn't enough to guarantee decorrelation.  
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     Decorrelation of the MIMO channel elements is ensured by rich (i.e., omni-directional and 

isotropic) scattering in the environment combined with suitable antenna separation. 

     The typical antenna spacing required for decorrelation with rich scattering is roughly 𝛌/2, 

where 𝛌 is the wavelength corresponding to the operating frequency. 

Kronecker Model 

     If we apply the Kronecker principle, the generation of correlated channel entries is largely 

simplified. Instead of dealing with a large matrix of dimension (𝑁𝑇𝑋𝑁𝑅𝑋) × (𝑁𝑇𝑋𝑁𝑅𝑋), we can 

deal with a much smaller matrix of dimension (𝑁𝑇𝑋  × 𝑁`𝑅𝑋). 

  The Kronecker model simplifies the expression of the full correlation matrix by using a 

separability assumption as: 

R=𝑅𝑟⊗𝑅𝑡,                                                                     (2.25) 

where Rt and Rr are the transmit and receive correlation matrices, respectively. 

The two conditions that jointly make the Kronecker model to be valid are, 

• The transmit correlation coefficient are independent from the considered receive 

antenna. 

• the cross-channel correlations must be equal to the product of corresponding transmit 

and receive correlations. 

    The Kronecker model is viable independently of antenna designs and intra-array 

spacings when the transmit and receive correlation coefficients are (in magnitude) 

independent of the considered receive and transmit antennas. 

If all DoDs couple into all DoAs with the same power profile, and vice versa. 

The channel matrix is expressed as, 

𝐻̃=𝑅𝑟
1/2𝐻𝑤𝑅𝑡

1/2                                                                (2.26) 

Where 𝑅𝑡 and 𝑅𝑟 are defined in the equation below. 

𝑅𝑡=ε{𝐻𝐻𝐻}                                                                       (2.27) 

𝑅𝑟=ε{(𝐻𝐻𝐻)𝑇}                                                                 (2.28) 

 



27 | P a g e  
  

The Weichselberger Model 

     This model is the extended version of the Kronecker model without the assumption of 

separability. 

The correlation matrices at the transmitter and receiver by eigenvalue decomposition is as 

follows: 

RRX=URX⋀RXURX
H                                                             (2.29) 

RTX=UTX⋀TXUTX
H                                                             (2.30) 

Where ⋀TX and ⋀RX are eigenvalue matrices with corresponding orthonormal eigenvectors, 

UTX and URX. The matrices  RRX
1/2

 and RTX
1/2

 are as follows. 

RRX
1/2

=URX√ ⋀RX                                                           (2.31) 

RTX
1/2

=√⋀TXUTX
H                                                              (2.32) 

Where the magnitude of the eigenvalue matrices defined as, 

√ ⋀RX =diag (λRx,1, λRx,2, … . λRx,ñx),                                             (2.33) 

√ ⋀TX =diag (λTx,1, λTx,2, … . λTx,ñx),                                              (2.34) 

HWeich=URX√⋀RXHiid√⋀TXUTX
H                                                  (2.35)      
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Chapter 3 

3. Multiuser MIMO Systems 

     As a result of the advancement of MIMO technology, new communication methods have 

emerged. 

     Multiuser MIMO is the name given to a wireless communication system in which a base 

station equipped with several transceiver antennas communicates with numerous users, 

each has one or more antennas. 

     The space-division multiple access (SDMA) system is usually seen as an extension of the 

MU-MIMO [38] technology (SDMA). With this method, multiple connections can be made 

over one conventional channel, and spatial signatures are used to distinguish between different 

users. To boost data speeds, SDMA uses spatial multiplexing. Various pathways could be used 

as separate data channels to achieve this. The reduction of interference from adjacent cells or 

users is another advantage of utilizing SDMA technology in cellular networks. 

      Conventional communication MIMO systems are commonly referred to as single-user 

MIMO systems or point-to-point MIMO systems. In MIMO systems, the base 

station establishes a connection with a single terminal. Multiple antennas are installed on both 

the base station and the end-user. The access point unlike the single-user can communicate 

with several mobile terminals. Multi-user communication systems can be configured in two 

ways: SU-MIMO and MU-MIMO. 

3.1 MU-MIMO vs SU-MIMO 

     The base station in SU-MIMO systems communicates only to one user, in contrast to MU-

MIMO systems where a single base station can connect in numerous mobile terminals. 

Furthermore, numerous receivers are used in multi-user MIMO systems in order increase 

communication speed with maintaining the same level of guarantee. The total multiplexing 

gain, which is determined by subtracting the number of base station antennas from the number 

of antennas at every client, can be achieved by such systems. The system performs better 

because multiple users are able to communicate at the same time over the same frequency 

range. However, there is a significant amount of interference from neighboring channels in 

multiuser-MIMO systems, but SU-MIMO networks are not susceptible to such type of 

interference. 
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3.2 Communication Schemes for MU-MIMO Systems 

     For MU-MIMO systems, there are two communication methods: downlink multi-user 

MIMO and uplink multi-user MIMO. Users transfer information to the access point in the case 

of uplink communication. The access point, on the other hand delivers signals to users in 

downlink communication. 

  We will suppose that the access point has N antennas. In the case of downlink multiuser 

MIMO, the base station tries to send signals to K users U1,..., UK, which are having antennas 

with numbers M1,..., MK, respectively. 

A notation denoting Rxk indicates whether antenna k is used as a receiving antenna. 

Alternatively, it is represented as Txk. 

                             

Figure 3.1 (a) uplink and (b) downlink single cell Multiuser MIMO respectively [38]. 

    According to the downlink multiuser MIMO communication model, K users are expected to 

be receiving transmitting signals concurrently. The sum of signals meant for users U1,..., UK 

is the transmitted signal vector x (N × 1):  

     The downlink multiuser MIMO communication model implies that K users are receiving 

signals from the base station at the same time. The sum of signals intended for users U1, . . ., 

UK etc., is given as the transmitted signal vector x (N × 1). 

                              x=∑ 𝑋𝑘
𝐾
𝑘=1                                                                              (3.1) 

 The channel matrix between user 𝑈𝑘; k = 1, . . ., K and the base station is denoted by  𝐻𝑘(𝑀𝑘 

×N). At each user, received signal vector of dimension ( 𝑀𝑘 × 1); k = 1, . . ., K is given by: 
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𝐻𝑘(𝑀𝑘 ×N) represents the channel matrix between user 𝑈𝑘; k = 1,..., K and the base station. 

The signal vector of dimension ( 𝑀𝑘 × 1) at every user, where k = 1,..., K is determined as 

follows: 

                                            𝑌𝑘 = 𝐻𝑘· X + 𝐵𝑘;                                                                                        (3.2) 

The additive noise signal vector Bk; k = 1,..., K has size (Mk × 1). 

 The above  𝑌𝑘 is written as: 

                                           𝑌𝑘 = 𝐻𝑘· x + 𝐵𝑘;                                                                       (3.3) 

 = 𝐻𝑘· 𝑋𝑘+∑ (𝐻𝑘 ·  𝑋𝑗)
𝑘
𝑗≠𝑘 +𝐵𝑘;   the index k=1,…  

The interference signal from several users is represented by the summation term in eq (3.3). 

3.3 Multiuser MIMO System Model 

     Consider a multiuser MIMO downlink system in which the base station transmits to K 

independent users at the same time, resulting in co-channel interference at all users, as depicted 

in Figure 1. For u=1, 2,..., U, the received signal is expressed as, 

𝑦𝑢=𝐻𝑢
𝐷𝐿x+𝑛𝑢  for u=1, 2,…, U.                                                                         (3.4) 

     In this system, user j has 𝑛𝑗  having more than one receive antennas, and the access point has 

𝑁𝑡 transmit antennas, which are referred to as {𝑛1 , ⋅ ⋅ ⋅, 𝑛𝑘 } × 𝑁𝑡in the following. 

     Assume that a downlink MU-MIMO broadcast channel with U geographically sparse 

mobile stations communicates with a BS with M antennas. Where 𝑁𝑇=∑ 𝑁𝑢
𝑢
𝑢=1  is the total 

number of users' antennas. With the independent channels of flat fading, the assumption is that 

𝑁𝑇 ≤ M.  

    The system model for MU-MIMO downlink system in linear precoding with the transmitted 

data symbol vector Ss, the noise vector Ns, and the precoding matrix  Ws for all users is shown 

in figure 3.2 as, 



31 | P a g e  
  

 

Figure 3.2 Multiuser MIMO broadcast system with precoding 

3.3.1 Uplink Model (Multiple Access Channel) 

     The multiple access channel describes the data streams are transmitted towards from Mobile 

Stations to a Base Stations [39]. Let 𝑋𝑢ℂ
𝑁𝑀𝑥1 be the transmitted signal from the 𝑈𝑡ℎ-user where 

u= 1,2, …, k, and 𝑌𝑀𝐴𝐶𝜖ℂ
𝑁𝐵𝑥1 be the received signal from all the K users assuming 𝑁𝐵 is the 

total number of  base station antennas and 𝑁𝑀  is  each mobile station antennas, then the total 

received signal vector at the base station can be written as [35]: 

                            𝑌𝑀𝐴𝐶=𝐻𝑢𝑋𝑈+Z⇒

[
 
 
 
 
𝑌1
𝑌2
.
.
𝑌𝐾]
 
 
 
 

=[𝐻1   𝐻2  . .   𝐻𝐾]

[
 
 
 
 
𝑋1
𝑋2
.
.
𝑋𝐾]
 
 
 
 

+Z                                     (3.5) 

Where 𝐻𝑢 ∈ ℂ𝑁𝐵𝑥𝑁𝑀  is the channel matrix between the 𝑢𝑡ℎ  MS and the BS and Z∈ 

ℂ𝑁𝐵𝑥1 is a noise matrix. 

3.3.2 Downlink Model (Broadcast Channel) 

     The Broadcast Channel (BC) [39] is the downlink model that explains the data streams that 

are routed from a BS to MSs. The received signal vector can be represented as [40]: using the 

same assumptions as the MAC channel. 
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𝑌𝑢=𝐻𝑢𝑋+Z⇒

[
 
 
 
 
𝑌1
𝑌2
.
.
𝑌𝐾]
 
 
 
 

=

[
 
 
 
 

 

𝐻1
𝐻2
.
.
𝐻𝐾]
 
 
 
 

𝑋+

[
 
 
 
 
𝑍1
𝑍2
.
.
𝑍𝐾]
 
 
 
 

                                                (3.6) 

3.4 Transmission Method for Broadcast Channel  

     This work looks at methods for detecting data streams transmitted to the MS that is 

dependent on the number of antennas at the receiving unit. For reasons that will be discussed 

later, the detection methods utilized for single antenna receivers differ from those used for 

multiple antenna receivers. In all later treatments, the transmitter will always be a BS, while 

the receivers will always be MSs. 

3.4.1 Single Antenna Receiver  

     If the MS only has one receive antenna, it will be unable to reduce interference using receive 

diversity principles. As a result, prior to transmission, the transmitter must apply precoding 

techniques to decrease interference effects [40], which needs a thorough understanding of the 

channel state information. Channel inversion and regularized channel inversion are two 

proposed strategies for cancelling interference and noise effects in single antenna receivers. 

      Because of single-antenna receivers can't accomplish their own spatial interference 

reduction, they can only receive data over a single spatial channel. 

     The single-antenna techniques are a  𝑛𝑅≤𝑛𝑇, where 𝑛𝑅 is the total number of receive 

antennas across all users. This basically treats each receive antenna as if it were a separate user, 

eliminating the requirement for collaborative processing between the antennas. However, 

because the problem is unduly constrained and the number of users is limited beyond what is 

required, performance is limited. In both channel inversion and regularized channel inversion, 

the number of users is limited to K≤𝑛𝑇. 

3.4.1.1 Channel Inversion  

     The linear processing-based multi-user transmission techniques are the first to be studied. 

The constraint that all interference terms be zero is a simple way to deal with inter-user 

interference. 

   By multiplying the data stream by the opposite channel response at the transmitter, this 

method negates the channel effect when the signal reaches the receiver [40]. As a result, before 
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the receiver can communicate this information back to the transmitter, the CSI must be entirely 

understood by the receiver. The figure below illustrates this strategy: 

 

Figure 3.3 Channel Inversion [40] 

    It is a linear pre-coding technique that cancels out the effect of inter-user interference at the 

user level [41, 42]. Let Wk be the kth user's precoding vector, the received signal is given by, 

𝑦𝑢=𝐻𝑢
𝐷𝐿 ∑ 𝑊𝑘𝑥̃𝑘

𝐾
𝑘=1 +𝑛𝑢 

𝑦𝑢= 𝐻𝑢
𝐷𝐿𝑊𝑢𝑥̃𝑢+∑ 𝐻𝑢

𝐷𝐿𝑊𝑘𝑥̃𝑘 + 𝑛𝑢
𝐾
𝑘=1,𝑘≠𝑢                                  (3.7) 

The precoder design forces zero interference is expressed as: 

                                                           𝐻𝑢𝑊𝑘=0 for u≠k                                                       (3.8) 

The precoding matrix is chosen as: 

𝑊𝑍𝐹=𝐻𝐻(𝐻𝐻𝐻)−1                                                (3.9) 

Hence, the achievable sum rate and capacity respectively for this precoding technique is given 

as:  

𝑅𝐶𝐼=∑ log2 (1 +
𝑝

𝐾𝜎2
|𝐻𝑘𝑊𝑘|

2)𝐾
𝑘=1 ,                                      (3.10) 

𝐶𝐶𝐼=  log2 (1 +
𝑝

𝐾𝜎2
|𝐻𝑘𝑊𝑘|

2)𝐻𝑘𝑊𝑗= 0, 𝑗≠𝑘
𝑚𝑎𝑥                                    (3.11) 

3.4.1.2 Regularized Channel Inversion  

The received signal is given by, 

 𝑦𝑢=𝐻𝑢
𝐷𝐿 ∑ 𝑊𝑘𝑥̃𝑘

𝐾
𝑘=1 +𝑛𝑢= 𝐻𝑢

𝐷𝐿𝑊𝑢𝑥̃𝑢+∑ 𝐻𝑢
𝐷𝐿𝑊𝑘𝑥̃𝑘 + 𝑛𝑢

𝐾
𝑘=1,𝑘≠𝑢                       (3.12) 

𝑊𝑀𝑀𝑆𝐸=𝐻𝐻 (𝐻𝐻𝐻 +
𝜎𝑛
2

𝜎𝑥
2 𝐼)

−1

,                                                    (3.13) 
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 where 𝑊𝑀𝑀𝑆𝐸  is the precoding matrix. 

The achievable sum rate and the capacity is given respectively as: 

𝑅𝑅𝐶𝐼=∑ log2 (1 +
|𝐻𝑘𝑤𝑘|

2

∑ |𝐻𝑗𝑤𝑗|
2
+𝐾𝜎2/𝑃𝑗≠𝑘

)𝐾
𝑘=1 ,                                            (3.14) 

𝐶𝑅𝐶𝐼= log2 (1 +
|𝐻𝑘𝑤𝑘|

2

∑ |𝐻𝑗𝑤𝑗|
2
+𝐾𝜎2/𝑃𝑗≠𝑘

)𝐻𝑘𝑊𝑗= 0, 𝑗≠𝑘
𝑚𝑎𝑥                                    (3.15) 

3.4.2 Multiple Antenna Receiver  

     If the receiver has many antennas, the multiuser MIMO channel is divided into separate 

single user MIMO channels, which can then be used to reduce noise and multipath fading using 

any of the space diversity techniques. 

     Multiple antennas overcome the constraints of a single antenna receiver, as long as the 

transmitter and receiver can coordinate their spatial processing and use the available spatial 

resources correctly. 

3.4.2.1 Block Diagonalization  

     The Multiuser MIMO system is decomposed into parallel single user MIMO systems using 

block diagonalization precoding, which lowers multiuser interference from the base station.  

    The aim is to design an optimal precoding vector W such that multi-user interference is zero. 

This is possible when 𝑊𝑗 lies in the null space of  𝐻𝑘
∗. 

 The received signal for u user is expressed as: 

             𝑦𝑢=𝐻𝑢
𝐷𝐿 ∑ 𝑊𝑘𝑥̃𝑘

𝐾
𝑘=1 +𝑛𝑢= 𝐻𝑢

𝐷𝐿𝑊𝑢𝑥̃𝑢+∑ 𝐻𝑢
𝐷𝐿𝑊𝑘𝑥̃𝑘 + 𝑛𝑢

𝐾
𝑘=1,𝑘≠𝑢                      (3.16) 

The singular value decomposition of 𝐻𝑘
∗ is given by, 

                                 𝐻𝐾
∗=𝑈𝑘

∗𝑆𝑘
∗[𝑉𝑘

∗(1)
𝑉𝐾
∗(0)
]
𝐻

                                                          (3.17) 

  Any precoder 𝑊𝑘 that is linear combination of columns of 𝑉𝐾
∗(0)

 will satisfy the null constraint 

and will produce zero interference at other users. 

𝐻𝑘𝑉𝑘
∗(0)

=𝑈𝑘 [
𝑆𝐾 0
0 0

] [𝑉𝑘
(1)

 𝑉𝑘
(0)
]
∗

                                              (3.18) 

The achievable sum rate and capacity of the BD is given respectively as: 

𝑅𝐵𝐷=∑ log2 (𝐼 +
𝑃

𝐾
𝐻𝑘𝑊𝐾𝑊𝐾

𝐻𝐻𝐾
𝐻)𝐾

𝑘=1 ,                                         (3.19) 
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 𝐶𝐵𝐷=   log2 (𝐼 +
𝑃

𝐾
𝐻𝑘𝑊𝐾𝑊𝐾

𝐻𝐻𝐾
𝐻)𝐻𝑘𝑊𝑙= 0, 𝑙≠𝑘

𝑚𝑎𝑥                               (3.20) 

3.5 Multiuser MIMO Channel Decomposition 

     Choi and Murch [43] proposed an alternate strategy in 2004, dividing the multiuser channel 

into separate single user channels to avoid interference and then reducing noise effects using 

the channel inversion technique. This method is depicted in the diagram below. 

 

Figure 3.4 Multiuser MIMO decomposition [43] 

𝑦𝑢=𝐻𝑢 ∑ 𝑤𝑘𝑥̃𝑘 + 𝑍𝑢
𝐾
𝑘=1  

𝑦𝑢=𝐻𝑢𝑤𝑢𝑥̃𝑢⏟    
𝑠𝑖𝑔𝑛𝑎𝑙

+ ∑ 𝐻𝑢𝑤𝑘𝑥̃𝑘
𝐾
𝑘=1,𝑘≠𝑢⏟          
𝑖𝑛𝑡𝑒𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

+ 𝑍𝑢⏟
𝑛𝑜𝑖𝑠𝑒

                                 (3.21) 

Where: 

𝑥̃𝑘: The data symbol vector of user K 

𝑤𝑘: The precoding matrix 

𝐻𝑢: The channel matrix 

𝑍𝑢: The noise matrix 

   The aim is to make the interference term equals to zero by selecting none zero precoding 

matrices. This condition can be expressed as [43]: 

𝐻𝑢𝑤𝑘=0, ∀𝑢 ≠ 𝑘                                                            (3.22) 

   For this purpose, a new channel matrix is constructed which contains the channel 

matrices of all users except the intended 𝑢𝑡ℎ user [43]: 

H=[𝐻1
𝐻… 𝐻𝑢−1

𝐻 𝐻𝑢+1
𝐻 … 𝐻𝐾

𝐻]𝐻                                                  (3.23) 
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  Based on the proposed method in [43], the singular value decomposition 

(SVD) on the matrix B is found [44]: 

           H=U[⋀ 0][𝑉1𝑉2]
𝐻                                                           (3.24) 

   Using matrix operations, if both sides are multiplied by w we get [44]: 

                              H𝑉2= U[⋀ 0] [
𝑉1
𝑉2
]
𝐻

𝑉2=U⋀[𝑉1]
𝐻𝑉2= U⋀ 0⏟=0                               (3.25) 

    Consequently, the best precoding matrix that cancels all the interference is 𝑤𝑢= 𝑉2 and 

this gives the following received signal vector assuming three users [39,44]: 

[

𝑦1
𝑦2
𝑦3
]=[
𝐻1 
𝐻2 
𝐻3 

  𝐻1    
𝐻2 
𝐻3 

𝐻1
𝐻2
𝐻3

] [

𝑊1𝑋̃1
𝑊2𝑋̃2
𝑊3𝑋̃3

]+[
𝑍1
𝑍2
𝑍3

] 

                      [

𝑦1
𝑦2
𝑦3
]=[
𝐻1𝑊1 
𝐻2 𝑊1
𝐻3 𝑊1

  𝐻1𝑊2    
𝐻2 𝑊2
𝐻3 𝑊2

𝐻1𝑊3
𝐻2𝑊3
𝐻3𝑊3

] [

𝑋̃1
𝑋̃2
𝑋̃3

]+[
𝑍1
𝑍2
𝑍3

]                                (3.26) 

                 [

𝑦1
𝑦2
𝑦3
]=[
𝐻1𝑊1 
0
0

   
0    

𝐻2 𝑊2  
0

0
0

  𝐻3𝑊3

] [

𝑋̃1
𝑋̃2
𝑋̃3

]+[
𝑍1
𝑍2
𝑍3

]                                (3.27) 

This way the multiuser MIMO channel has been decomposed to single user MIMO 

channels [43]. 

User selection/scheduling strategy 

 The system equation for the case of single-antenna UEs for the multi-user mode is,  

𝑦1=ℎ1
+𝑝1𝑥1+ℎ1

+𝑝2𝑥2+𝑛1,                                                                                        (3.28) 

 Where,  𝑝1 and 𝑝2 is the requested precoder. 

    The scheduling strategy is based on the principle of maximizing the desired signal strength 

while minimizing the interference strength. the eNodeB schedules two UEs on the same RBs 

which have requested opposite (orthogonal) precoders or out of phase 180◦. 

So, if UE-1 has requested p1 =
1

√4
[
1
𝑞
], q ∈ {±1, ±j}, then eNodeB selects the second UE 

which has requested p2 = 
1

√4
[
1
−𝑞
].  
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Chapter 4 

4. Result and Discussion 

4.1 Introduction  

     In this chapter, illustration of simulation results on the basis of ideas discussed in previous 

chapter 3 using MATLAB 21.0 is going to be done. 

     In fact, a lot of programming languages are available today. Matlab is taken as a guarantee 

to the reliability and the algorithms are modified or changed. MATLAB has numerous built-in 

functions and is specially developed tool box for communication and signal processing which 

makes coding simple and straight forward. For this reason, MATLAB has been chosen as the 

underlying platform for all simulator and code development work. 

     In multi-user MIMO broadcast channel, the channel state information is assumed both 

known and unknown at the transmitter. 

Table 4. 1 Simulation Parameters for CI, RCI and BD 

Number of antennas at the transmitter (NT) A Maximum of 8 

Number of antennas at the receiver (NR) A maximum of 8 

Number of users in the multiuser case A maximum of 4 

 Precoding type   Channel inversion, regularized channel 

inversion and block diagonalization. 

Diversity Spatial 

Modulation type QPSK 

Number of frames/packets(N_frame) 20 

Number of bits per QPSK symbol(b) 

 

2 

Number of packets 100 

Number of bits in a packet(N_pbits) 

 

N_frame*NT*b 

 

Number of total bits 

 

Number of bits in a packet* Number of packets 

 

Message bits randi(1,N_pbits) 



38 | P a g e  
  

4.2 Simulation Result and Discussion  

• The simulation given in figure 4.1 considers four active users from the pool of 8 users 

where the base station and the mobile stations are equipped with NB=4 and NM=1 

antennas. 

• The Bit error rate performance of the channel inversion under a certain SNR is 

illustrated in the figure 4.1 is shows the error rate is decreases with increase of the SNR 

values. 

 

Figure 4.1 BER performance of channel inversion system 

   The channel inversion technique shown in figure 4.1 is solves the problem of interference 

due to different users used to transmit signals in same time frequency resources and have the 

capability of nulling out the interferences. The channel inversion techniques are assumed 

without the effect of noise enhancements. 

   The simulation given in figure 4.2 considers four active users from the pool of 8 users where 

the base station and the mobile stations are equipped with NB=4 and NM=4 antennas 

respectively. 
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Figure 4.2 BER performance of regularized channel inversion method 

    The regularized channel inversion is a linear precoding with considering reduction of 

interference and considers the effect of noise appearing and have the capability of reducing this 

nose effects.      

 The channel inversion and regularized channel inversion is illustrated in figure below as: 

 

Figure 4.3 BER comparison of RCI AND CI method 

    Block diagonalization is for multiuser MIMO system are the best way of interference 

reduction for the special way since it considers receive antennas having more than a single 

antenna.i.e.,NM>1.  
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Figure 4.4 BER performance of block diagonalization method 

 

System specifications for block diagonalization precoding under multiuser MIMO with number 

of antennas are greater than one per user is given by: 

Table 4. 2 Simulation parameters for BER performance for MU-MIMO under BD precoding 

Number of frames/packets 10 

Number of packets 100 

Number of bits per QPSK 2 

Number of transmit antenna 4 

Number of receive antenna 4 

Number of users 2 

Number of bits per packet 80 

Number of total bits 8000 

SNRdBs [0:2:20] dB 

Channels Rician, Rayleigh and deterministic channels. 
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Figure 4. 5 BER performance of block diagonalization method b Rayleigh, Ricean and 

Deterministic Channels. 

    When the transmitter has no the states of the channel cumulative distribution function (CDF) 

of the capacity of the MIMO channel is produced as shown in figure 4.6. 

Table 4. 3 Simulation parameters for MIMO with different antennas 

Number of transmit antenna (NT) 4/8 

Number of receive antenna (NR) 4/8 

Function  Probability density function  

SNR [dB] 10/20[dB] 

CDF coefficients  0:0.1:1 
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a. SNR=10 dB 

 

b. SNR=20 dB 

 

Figure 4.6 The CDF of MIMO channel capacity 

From the figure 4.6, it is clearly indicating the MIMO channel capacity improved with 

increasing the number of transmit and receive antenna and even influenced with the variation 

in the ratio of signal power to noise power. Capacity increases with increase in SNR values.  

The figure 4.7 shows spectral efficiency versus SNR at different transmitter and receiver 

antenna configuration.  
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Table 4. 4 Simulation parameters for spectral efficiency of MIMO systems 

Number of transmit antenna  Maximum of 4 

Number of receive antenna Maximum of 4 

SNR_dB -10:5:20 

Signal power(B) 1 

Noise power(N0) 1e-4 

Transmit power N0 * SNR 

 

Spectral efficiency  pdf of elements in matrix landa in SVD 

decomposition of matrix H. 

 

 

                          Spectral efficiency vs. SNR 

 

Figure 4.7 Capacity of MIMO channel for different antenna configuration 

The spectral efficiency is the rate at a given transmission bandwidth. The spectral efficiency of 

the mimo channel  is incrased with in the increasement of the transmit and receive antenna and 

the SNR values too. 

    System specifications for capacity of the different linear precoding with different number of 

receive antenna configurations. 
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Table 4. 5 Simulation parameters capacity of the different precoding transmissions 

Number of transmit antenna 4 

Number of receive antenna 4(1,1,1,1) configurations 

SNR  10dB 

Outage probability 0.11 or 11% 

Transmission system Channel inversion, regularized channel inversion, 

block diagonalization, blind transmitter, single user. 

 

 

Figure 4.8 Complementary cumulative distribution functions of sum capacity for Gaussian 

channels for four transmitters. 

   Figure 4.8 shows the probability distribution function of the sum capacity of the three 

receiver antenna configurations with the at a given transmit antennas, namely the {1,1,1,1} ×4, 

{2,2} ×4, and single-user 4 ×4 channels. 

  The assumption of signal to noise ratio (SNR) is 10dB, and all the channels are assumed to 

be independent and identically distributed (IID) Gaussian.   

    It is interesting to note in Fig. 4.8 that at low outage probabilities, the case where each 

receiver has only one antenna produces better results when channel knowledge is not assumed 

and the users are simply time multiplexed. For the case of two antennas at each receiver, the 
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average capacity gain derived from exploiting channel knowledge using the BD algorithm is 

around 30%. Note that BD outperforms channel inversion at all outage probabilities. 

  The figure 4.9 shows the capacity vs. SNR at different transmitter shown in legend at outage(R>C) of 

0.11(11%).  

Table 4. 6 Simulation parameters for Capacity as a function of SNR with different receiver 

antenna configuration. 

Number of transmit antenna 4 

Number of receive antenna 4(1,1,1,1) or 4(2,2) 

SNR 0:2:18[dB] 

Transmission method Channel inversion, regularized channel inversion, 

block diagonalization, blind transmitter,1 user. 

 

 

Figure 4.9 Capacity as a function of SNR with different receiver antenna configuration. 

    Figure 4.9 shows the different receiver antenna configuration of a different transmitter and 

with some outage probability. Thus, the configurations having two antenna per receiver shows 

some improvement in the capacity of the single antenna receivers.  
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   From the figure 4.9 the capacity of a single user is better than the remaining configurations 

because of the receivers a single receiver is utilizing the shared resource from the given 

transmitter. 

  The figure 4.10 shows the capacity vs. the number of transmit antenna at different transmitter 

shown in legend. 

Table 4. 7 Simulation parameters channel capacity as a function of transmitter antenna 

Number of transmit antenna 4 

Number of receive antenna 4[1,1,1,1] or 4 [2,2] 

SNR 20 dB 

Transmission method Channel inversion, regularized channel 

inversion, block diagonalization, blind 

transmitter,1 user. 

 

 

Figure 4.10 Capacity as a function of transmitter array size at a SNR of 20 dB. 

    Figure 4.10 shows the capacity as a function of the transmitter array size with the outage 

probability fixed at 0.11. The capacity gains of the BD algorithm are quite sizable here, up to 

a factor of 4 for the {1,1,1,1} channel, and a factor of 2 for the {2,2}×4 channel. This is due to 

the ability of the BD algorithms to optimally use the excess degrees of freedom available at the 

transmitter. 
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   The result in figure 4.11 shows that capacity with different receiver configuration and with 

receiver antenna element correlation. 

Table 4. 8 Simulation parameters for channel capacity as a function of channel correlation 

Number of transmit antenna 4 

Number of receive antenna 4[1,1,1,1] or 4[2,2] 

SNR 10 dB 

Receive antenna element correlation 0:0.1:1 

Transmission type Block-diagonalization, channel inversion, regularized channel 

inversion, blind transmitter,1 user. 

 

 

Figure 4.11 Capacity as a function of channel correlation between Rx antennas at an SNR of 

10 dB. 

     From Figure 4.11 the performance of channel correlation with respect to the effect of 

correlated receive antenna but independently of the transmit antenna. The correlation of the 

channel arises because of the mobile stations having closely spaced antenna while the base 

station has significantly separated antennas. 
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    The different users assumed to be uncorrelated and the channel inversion algorithm has two 

curves because the channel matrix for each user is independent, resulting in a completely 

independent channel 𝐻𝑗 for {1,1,1,1}×4 case and partially correlated 𝐻𝑠 matrix for {2,2}×4 

case with the assumption of no correlation. As the channel becomes completely correlated, the 

capacity of the BD solution decreases slightly but less than the other algorithms. 

   This figure 4.12 shows rate of block diagonalization for 2 user case and their maximum sums 

achieved at given SNR and Blind Tx for comparison. 

Table 4. 9 Simulation parameters rate regions at different SNR 

Number of transmit antenna 4 

Number of receive antenna 4(2,2) 

Number of users 2 

SNR [5,10,15] dB 

Transmission method Block Diagonalization, Blind transmitters 

Attenation No 

 

 

Figure 4.12 Rate regions for a randomly generated H of dimension {2,2} ×4 at various power 

constraints. 

The figure 4.12 shows the two-dimensional rate region for a randomly chosen H matrix, and 

two users with two antennas of each. 

    The block diagonalization rate regions are derived by equally dividing the powers among 

the users and leading the power loading coefficients with ‘’local’’ water filling. 
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    From the curves shown in the figure 4.12 an additional line is a blind transmitter means the 

channel is unknown at the transmitter which is set for comparison. The three curves are shown 

in figure 4.12, for SNR of 5dB, 10dB and 15 dB, respectively. The Asterix (*) is used to 

indicate the maximum sum capacity on the point of each curve. The highest sum capacity in 

block diagonalization (BD) is in the outermost which is 15dB than the inner most 5dB. 

    In the figure 4.13, the assumption is for 2 user case with block diagonalization and their 

maximum sums achieved at given SNR with the presence of attenuation of 10 dB. 

Table 4. 10 Simulation parameters rate regions at different SNR with attenuation 

Number of transmit antenna 4 

Number of receive antenna 4(2,2) 

Number of users 2 

Channel type Rayleigh fading channel 

SNR [5,10,15] dB 

Transmission method Block Diagonalization, Blind transmitters 

Attenuation 10dB 

 

 

Figure 4.13 Rate regions for a “Near–Far” H of dimension {2,2} × 4 with 10 dB 
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   The figure 4.13 shows the two-dimensional rate region for a randomly chosen H matrix, and 

two users with two antennas of each. In this figure the channel of user 2 is attenuated by 10 dB 

and thus creates the near far problem. 

    The block diagonalization rate regions are derived by equally dividing the powers among 

the users and leading the power loading coefficients with ‘’local’’ water filling. 

    The three curves are shown in figure 4.13, for SNR of 5dB, 10dB and 15 dB, respectively. 

The Asterix (*) is used to indicate the maximum sum capacity on the point of each curve. The 

highest sum capacity in block diagonalization (BD) is in the outermost which is 15dB than the 

inner most 5dB. 
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Chapter 5 

5. Conclusion and Recommendation 

5.1 Conclusion 

     This thesis emphasizes the summary of the performance analysis of linear precoding for 

multiuser MIMO downlink systems. Depending on the given precoding strategies the 

performances of multiuser MIMO standards are compared in different metrics. However, Block 

Diagonalization precoding techniques are the best method of interference reduction in 

multiuser MIMO systems. 

    The use of linear precoding in Multiuser system are the best mechanism for interference 

reduction or nulling with the assumption of reduction of number of antennas with the higher 

generations. Furthermore, the use of precoding at the transmitter side makes the interference 

reduction easier because of the difficulties of interference nulling at the end devices or users. 

   Block diagonalization precoding have a better bit error rate and better channel capacity under 

Rician fading than Rayleigh fading and deterministic channels under the same number of otal 

transmit and receive antennas. 

    Under the assumption of TX Antenna channel capacity is better when the receiver is having 

multiple antennas than the single antennas because of the combination of different antenna 

signals give a better performance than the single antenna reception. 
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5.2 Recommendation and Future Work 

    This topic can be a hot research idea with the 5G and beyond networks because of a lot of 

users requires higher data rate and capacity. Besides, the capacity of the access point or base 

stations the interference are one issue. Another future research areas in this paper are 

investigation of interference mitigation at the end user side. 

   The results addressed in this thesis are based on the simulation results in which the number 

of antennas at the transmitting and receiving end are assumed to be equal with different 

configurations. The channel state information at both ends is assumed to be known and such 

kinds of assumptions which is stated above are a challenging task in real condition and 

interestingly solving such kind of problems need to be addressed. 

    All of the work in this paper is based on single cell multiuser phenomenon. As a result, 

another possible experiments like multicell multiuser MIMO systems taken as an account. 
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