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ABSTRACT

Sharmista Paul Jui: Algorithms for Zero-forcing Beamforming in Multiple Input Multiple Output 5G
Systems
Master of Science thesis
Tampere University
Communication system and Networks
October 2020

Zero-forcing beamforming is a method of spatial signal processing via which multiple antennas
can null multiuser interference signals in wireless communications. In general, a signal process-
ing technique which is used in sensor arrays for directional signal transmission or reception is
known as beamforming or spatial filtering. In order to achieve spatial selectivity, beamforming can
be used at both the transmitting and receiving ends. Compared with omnidirectional reception/-
transmission, beamforming introduces the directivity of the array.

Multiple Input Multiple Output (MIMO) is a technique for multiplying the power of radio link using
multiple transmitting and receiving antennas to take full advantage of communications channel
and multipath propagation.

5G introduces a new era of communications networks, where MIMO is necessary to establish
a good network performance and extended coverage. Zero-forcing beamforming can be one
solution to reduce the short comings of long-term beamforming where interference consideration
is not available. On basis of which different approaches are considered, the target of this thesis is
to elaborate those algorithm in terms of throughput versus SNR.

Although several MATLAB codes are available on MIMO beamforming, they do not extensively
cover the zero-forcing approach and its all variants. Thus, the objective of this thesis is to study
different implementations of the zero-forcing method and to provide comparative numerical results
between the considered approaches.
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1 INTRODUCTION

The vast and widespread use of connected mobile devices has led to tremendous so-
cial changes with important economic, cultural and technical impacts on a world that is
becoming increasingly connected. Considering this huge connectivity and energy effi-
ciency in terms of capacity, Fifth generation (5G) mobile networks are required to deal
with increasing number of consumers and upgraded network users. In addition to data
rate improvement, 5G is expected to trigger a massive Internet of Things (IoT) ecosys-
tem where networks can meet the connectivity needs of trillions of smart devices, with
the right trade-offs among speed, latency and cost.[1]

The upcoming 5G mobile networks are projected to have 10,000 times higher traffic with
10-100 times more devices and 1 ms or less latency compared with current technologies.
Present mobile technologies are not enough to satisfy future high-traffic and data-rate
mobile broadband demands. 5G mobile communication need to be a combination of
new technologies, new system and new version of equipment so that it can reduce all
limitations. [2], [3]

The transmission of radio waves in cmWave and mmWave wavelengths poses new chal-
lenges for wireless communication. Path loss usually depends on frequency and dis-
tance. In addition, atmospheric attenuation, strong penetration degradation and fre-
quency fading somehow restrict communication in many scenarios.[4],[5] The greater
path loss can be balanced either by increasing the transmit power or by increasing the an-
tenna aperture size which can be achieved by utilizing multi-antenna systems like MIMO.
[6],[7],[8] In solid state circuit increment of transmit power can be more challenging due
to gain cost and frequency dependencies.[9] Only limited number of power generating
devices are good for using in combined losses in system on chip at mmWave wave-
lengths whereas power combination losses can be higher for multiple power producing
devices.[10]

MIMO can be used for beamforming techniques, which basically combines received sig-
nals at each antenna element to obtain particular physical direction for both transmitter
and receiver site. Improved SNR, higher capacity, low power consumption and spatial
filtering are the benefits of beamforming. [11] Here possibilities of beamforming can be in
three different domain such as fully analog, fully digital and hybrid. Single stream can be
transmitted by analog domain, while multi-streams can be transmitted by digital domain.
Due to hardware complexity and power consumption, hybrid combination came out to
show higher efficiency in power.



2

Beamforming can be utilized with precoding matrix for all methods. Present level sce-
narios also can involve Grid of Beamforming (GoB) or Eigen Based beamforming (EBB)
which consider users independently but these methods don’t try to suppress interfer-
ence though the performance is good. From this interference mitigation perspective Zero-
forcing (ZF) is being considered which refers to group of algorithms that will mitigate the
interference in MU-MIMO transmissions. An idea came up based on the theory studies
to elaborate ZF method and its different approaches.

This Masters thesis is pursued in a way where second chapter will describe evolution of
5G and every generation’s core characteristics. Moreover, 5G is having strong connec-
tivity with MIMO which is also described at the end of the chapter. Later on third chapter
will elaborate multiple antenna systems for wireless communication. Basically the the-
ory of MIMO is considered as point-to-point, multiuser and massive. On the other hand,
fourth chapter will illustrate beamforming and its initial types based on architecture such
as digital, analog and hybrid.

Finally different approaches of beamforming enlighten the theory which helps this thesis’s
motive and perspective, specifically ZF method and its different approaches also showed
its connectivity with the rest of theories. Here every approaches of ZF beamforming de-
scribes algorithms with corresponding figures and variables which are needed to describe
most beneficial approach of ZF beamforming.

Lastly there is a clear description of a system model which initialise all variables that are
required to implement algorithm approaches via MATLAB coding. After that there is a
brief discussion about numerical results comparison based on MATLAB implementation
with or without using ZF.
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2 EVOLUTION OF 5G

2.1 A brief history

In last decades, mobile wireless communication networks having experience of signifi-
cant changes. The mobile wireless generation normally refers to some changes in nature
of system, speed, technology, frequency, data capacity, latency etc. Every generation
have some standards, techniques, features, capacities which basically differentiate one
generation to other. First generation (1G) mobile wireless communication which used
for voice calls only was analog. Whereas digital technology and text messaging is sup-
ported by Second generation (2G). Higher transmission rate of data, capacity increment
and support of multimedia provided by Third generation (3G) mobile technology. Fourth
generation (4G) is a combination of 3G with fixed internet that support wireless mobile in-
ternet and showed mobile technology evolution which helped to overcome the limitations
of 3G. Bandwidth increment and Reduced cost of resources displayed by This genera-
tion.[12] 5G is the latest of all technologies and have all updated features which can’t be
expected earlier.

Mobile communication has faced fast reformation from 1G to 5G which happened due
to increased number of users and service compatible transmission technology require-
ments. In 1980 mobile cellular era started with massive growth and considerate changes
in mobile communication.

2.1.1 First Generation, 1G

In 1982 1G mobile phones first got introduced and it came out successfully in 1990. It
was used only for voice services and it followed Advanced Mobile Phone System (AMPS)
technology. AMPS was frequency modulated based system. It used frequency division
multiple access (FDMA) with such a channel capacity of 30KHz with frequency band of
824-894MHz.[13] There is some basic features available for this generation based tech-
nologies. Normally it used analog signal and allowed voice calls in one country which
having speed of 2.4kbps. It was having poor battery life, poor voice quality, large-sized
phones, limited capacity, poor hand-off reliability and poor security. Generally offered
spectrum efficiency was very low.



4

It introduced some mobile technologies like Advanced Mobile Telephone System (AMTS),
Mobile Telephone System (MTS), Improved Mobile Telephone Service (IMTS), Push to
Talk (PTT). It didn’t have security at all because voice calls were played back in radio
towers, to make this calls susceptible to unwanted eavesdropping by third parties.[12]

Figure 2.1. Architecture of Advance Mobile Phone System [12]

2.1.2 Second Generation, 2G

In late 1980s 2G based on GSM was emerged which used digital signals for voice trans-
mission. As this technologies was having main focus in digital signals and delivered text
and pictures message at low speed. It used bandwidth of 30-200 KHz and used packet
switched or circuit switched domain based on upgrading of technologies. It provide data
rate 64-144 kbps. It also ensure better quality and capacity, unable to handle complex
data such as videos. It required strong digital signals to help mobile phones for being
active. But there was no network coverage in any specific area which make digital signal
weak.[13]

Figure 2.2. Architecture of GSM System [13]
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2.1.3 Third Generation, 3G

In 2000 3G was launched which is based on GSM. Aim of this technology was offering
high speed data. Technically it improved data up to 14 Mbps and used more packet
switching. It increased clarity with the use of broad band wireless network. It supported
a number of services, video connectivity, new facilities such as worldwide roaming. It
operates in 2100 MHz and having a bandwidth of 15-20MHz which basically required for
internet service, video chatting.[13]

Main features are having speed of 2 Mbps, increased bandwidth and data transfer rates
to accommodate web-based application and audio and video files. It provides faster
communication, send/receive large emails, large capacities and broadband capabilities.
It was a challenge to build the infrastructure for 3G.

3G system was called as Universal Mobile Telecommunication System (UMTS) for Eu-
rope and for American 3G variant it was called CDMA2000. WCDMA is the air-interface
technology for UMTS.[12]

2.1.4 Fourth Generation, 4G

4G offered a downloading speed of 100Mbps. 4G provided same feature like 3G including
with multi-media newspapers, watching videos with more clarity and sending data faster
than previous generations.[14] This technology also considered as Long Term Evolution
(LTE). 4G was improved due to QoS and rate requirements set of upcoming application
lie wireless broadband access, multimedia messaginf service, video chat, digital video
broadcasting, minimal services as voice and data to use bandwidth.[15]

Main features of this technology are high quality networks, high security, give any kind of
service required in any time and place, extended multimedia services, lower cost for each
bit, increment of battery use. But here implementation is hard and needed complicated
hardware structure. Next generation implementation required expensive equipment.[16]

2.1.5 Fifth Generation, 5G

5G was started from late 2010 which facilitated with such a technology that includes
far better levels of connectivity and coverage. First priority of this technology is World-
Wireless World wide Web (WWWW). It assumes to be complete communications which
is not having any limitations.[17]

Main features of this technology are having high speed, high capacity, providing large
broadcasting of data in Gbps, faster data transmission, high supportable to WWWW. It
also supports interactive multimedia, voice, streaming video, internet and other services.
It considered as more effective and attractive technology so far.[18]
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5G technology having ability of binding together unlimited call volumes and limitless data
broadcast via current operating system and it also shows data capabilities. 5G technol-
ogy is a Creator of new era of best technologies and offer ultimate required network to
the consumers which will help to rule world market. This technology provides high con-
nectivity for network and extraordinary capability to support software and consultancy.
5G technology distributes internet access to nodes under a building and implement all
wireless or wired connections. Now-a-days video chats and downloading of movies are
became more time consuming with very high clarity. On the other hand 5G belongs
to packet switched wireless system with wide area coverage and high throughput. 5G
wireless uses Orthogonal Frequency-division Multiplexing (OFDM) and millimeter wave
(mmWave) that enables data rate of 20 Mbps and frequency band of 2-8 GHz. Commu-
nication system of 5G technology is capable of supporting WWWW.

Figure 2.3. Evolution of 5G [19]

5G technology has some key goals by achieving them it looks complete. First goal is
having significant fastest data speed because with this technology its near about 10Gbps.
Another goal can be ultra-low latency where latency means the time it required to transfer
packet of data to another device to one device. Most important goal is to make connected
world which introduce IoT and it is expected to grow exponentially in near future. This
technology is still a long way to become reality but it has most potential aspect to change
the interaction among wireless devices completely. This way it shows a clear difference
with 4G. More specifically table 2.1 is showing numerical changes which describe the
expert level of 5G technology. Here order of increase also elaborate the advancement of
5G.[20]

There is a term of tactile internet which basically referring to cyber-physical tactile control
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Figure 2.4. Requirements of 5G [21]

experiments. It will create and environment which will create a scenario in which human
and devices can interact with each other in real time while moving. This kind of system
requires reliable communication services with small latency. Latency requires for this
systems is 1ms and it also requiring a physical layer (PHY) latency around 200-300 micro-
second.[22], [23]

5G will play an important role in wireless regional area networks by providing internet
access to sparsely populated areas. But here it will have low mobility and latency will not
be main requirement.[24]

Table 2.1. Comparison of 4G performance and 5G requirements [20]

Performance indicator 4G 5G Order of increase

Arca capacity [Mbits/s/m 2 ] 0.1 10− 100 100− 1000

Connection density [devices/km 2 ] 105 106 − 107 10− 100

User data rate [Mbits/s] 10 100− 1000 10− 100

Latency [ms] 10 ≤ 1 ≥ 10

Lnergy efficiency (bits/Joule) − − 100

2.2 5G and MIMO

5G having some main aspects which are related to PHY, those are waveform design,
mmWave and MIMO. The main motive behind mmWave is to use totally intact portion
of the spectrum. mmWave technologies can achieve required data rates with the help of



8

MIMO.[25] Moreover high frequency operation, digital processing of signal may be limited
in some cases, in which situation it required for analog processing.[26] MIMO technology
can employ large number of antennas at base station and serves a considerable number
of terminals that using same time-frequency resources.[27]. Traditional MIMO can serve
limited amount of antennas whereas MU-MIMO consider to serve many antennas in the
Base Station (BS). It opens a new transmission possibilities with a good qualities. This
technology based systems are able to focus on radiated energy towards the intended
directions while mitigate intra-cell and inter-cell interference.[28]

When its about to use mmWave in MIMO systems its normally reduces the size of anten-
nas, increase the number of antennas per square meter.[25] Though MIMO technology
is very promising, it also having some challenges which it needs to be faced. MIMO
system needs to deal with pilot contamination which mainly generated by limited number
of orthogonal pilots of base stations.[6] Due to channel reciprocity MIMO system needs
to depend on Time-division Duplexig (TDD). But due to analog components of radio fre-
quency chains there is some uncertainty which imbalance channel reciprocity which re-
quire calibration.[29], [30] This updated standards of MIMO always being different from
previous mobile communication standards for which it demands major changes in base
station design.[31], [30]
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3 MULTIPLE-ANTENNA SYSTEMS FOR WIRELESS
COMMUNICATIONS

3.1 MIMO

MIMO devices on both transmitters and receivers are categorized as point-to-point com-
munication connects with multiple antennas. The use of multiple antennas on both trans-
mitters and receivers clearly offers enhanced performance over diversity systems where
either the transmitter or receiver has multiple antennas. In figure 3.1, a general outline of
MIMO has shown.

Recent research has shown especially that MIMO systems can be important to cope up
with increased amount of requirements in world.Basically its providing good amount of
transmission diversity and utilises spatial multiplexing. Recent research has shown that
without increasing the transmission power or bandwidth, MIMO systems can dramati-
cally increase the data rates of wireless systems. The cost of this increased rate is the
additional cost of installing multiple antennas, the space requirements of these extra an-
tennas (especially on small handheld units), and the additional complexity necessary for
multi-dimensional signal processing. Recent work in MIMO systems involves capability
of these systems under different assumptions regarding knowledge of channels, optimal
coding and decoding for these systems, and methods of transmission for un-coded sys-
tems.[32]

In addition, each transmitter can send several different data streams (spatial multiplex-
ing), which results in a benefit in multiplexing. This systemically enhances the potential
for spectral efficiency and flexibility within a cell. Consequently, there is a significant im-
provement in spectral quality (improvement in bits / s / Hz) and also reducing errors and
maximizing the speed of data.

Methods of accessing channels are used in cellular networks to separate forward and
reverse channels of communication over the same physical media. They are known as
duplexing techniques, and the main duplexing schemes used in wireless communication
are TDD and Frequency-division Duplexig (FDD).

TDD is the multiplexing of the time-division to extract the forward and reverse data. In
TDD service, the BS learns the uplink channel from uplink drivers sent by terminals. Fur-
thermore, due to reciprocal channel, if the base station discovered the uplink channel,
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Figure 3.1. General outline of a MIMO system.[33]

it will also do automatically valid estimation of the downlink channel, ignoring downlink
driver transmission. For wireless massive MIMO systems, there is no standard yet spec-
ified, but the first choice is a TDD mode. Consequently, all the MIMO devices discussed
in this work would be considered to run under TDD scheme.[34]

FDD means that base station and terminals work at different carrier frequencies and use
multiplexing frequency-division to distinguish forward and reverse data. In FDD, the termi-
nals learn downlink route from pilots which is sent by the base station and communicate
the approximate Channel State Information (CSI) back to the through a control channel.
This feedback can be very costly, except in special cases such as propagation of Line of
Sight (LoS) where CSI can be quantified efficiently.[34]

MIMO technology can be divided into point-to-point MIMO, multiuser MIMO and massive
MIMO. Here first two patterns are already popular for ongoing generations, last one is
one of the strongest candidate for 5G standard.
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3.1.1 Point-to-point MIMO

Point-to-point MIMO is the most simple form of MIMO system where serving terminal and
both are equipped with multiple antennas. Here terminals are orthogonal multiplexed.
Figure 3.2 shows an example of simple point-to-point MIMO where having M numbers of
antennas and terminal having K numbers of antennas.

(a) Downlink

(b) Uplink

Figure 3.2. Point-to-point MIMO System having M-antenna and a terminal of K-antenna
[35]

Advantages of MIMO systems can be displayed by channel capacity.[34] In the presence
of Additive White Gaussian Noise (AWGN) at receiver end, spectral efficiency can be
counted in bit/s/Hz at uplink and downlink:

Cul = log2 det
(︂
IM +

ρul
K

HHH
)︂

(3.1)
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Cdl = log2 det
(︂
IM +

ρdl
M

HHH
)︂

(3.2)

Here H ∈ CM×K is multiple-access channel matrix, ρul ∈ R+ and ρdl ∈ R+ are SNR per
terminal for uplink and downlink, respectively. To make ρul and ρdl constant, normalization
done by M and K. Above equations are considering ideal situations and channel coding
schemes for and terminals which almost not possible to achieve.[36]

3.1.2 Multiuser MIMO

MU-MIMO is a system which will use same time-frequency resources for a single to serve
multiple terminals. Assuming terminals of MU-MIMO are single-antenna systems and
are less complex than point-to-point MIMO K-antenna terminals. Basically, the single-
antenna terminals are usually separated by several wavelengths and the terminals can’t
operate together, either in uplink or downlink. Here different terminals are spatially multi-
plexed. Figure 3.3 describes a simplified MU-MIMO system which is having M-antenna
base station and K single-sntenna terminals.

(a) Downlink

(b) Uplink

Figure 3.3. MU-MIMO System having M-antenna and a terminal of K-antenna [35]



13

If TDD is the operation methods, then multiple-access and broadcast channel capacity in
terms of uplink it will be same as 3.1 and for downlink it can be

Cdl =

⎧⎨⎩ maximizep∈RK×1
+

log2 det
(︁
IM + ρdlH

∗Diag(p)HT
)︁

subject to 1TKp = 1
(3.3)

where H ∈ CM×K is describing multiple-access channel matrix, power calculation de-
scribed by p ∈ RK×1

+ .ρul ∈ R+ and ρdl ∈ R+ are SNR per terminal for uplink and downlink
respectively. In these equations CSI knowledge has been assumed. For uplink knows
about the channels and terminal should know about transmission rate which is permitted
due to required capacity. On the other hand for downlink, both ends need to know about
required capacity.[36] MU-MIMO having advantages compare to Point-to-point MIMO, its
having less sensitivity and it requires single-antenna terminals.

3.1.3 Massive MIMO

Massive MIMO is improved version of MU-MIMO as it aimed for the solution of the main
issues of MU-MIMO. There are three fundamental differences between Massive MIMO
and MU-MIMO. Here it consider that only BS can read about H for which single-antenna
terminals may be cheaper than MU-MIMO. On the other hand M needs to be much higher
than K which will show increasing capacity rate with reducing power of each separate
antenna. Moreover linear digital signal processing is used by both ends.[27]

Here in figure 3.4, it shows a simple single-cell massive MIMO with M-antenna and a K
single-antenna terminal. For both forward and reverse link, all terminals need to use full
time-frequency resources continuously. The base station needs to extract exact signals
transmitted by terminals for reverse link and also ensure the signals which are intended
by particular terminal receivers. Here base station’s multiplexing and de-multiplexing can
be possible for utilization of large number of antennas and also utilization of CSI. [27]
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(a) Downlink

(b) Uplink

Figure 3.4. Massive MIMO System having M-antenna and a terminal of K-antenna [35]
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4 BEAMFORMING AND DIFFERENT APPROACHES

4.1 Beamforming

Beamforming is a technique that directs a wireless signal to a particular receiving unit,
rather than spreading the signal in all directions, as it would usually be. The resulting
direct connection is quicker and more reliable than without beamforming.[37] In general,
beamforming uses multiple antennas to monitor a wave-front path by properly measuring
the magnitude and phase of individual antenna signals in a multiple antenna array.

4.1.1 Digital Beamforming

Digital beamforming can be explained by precoding or baseband beamforming. Before
RF transmission the signal is precoded (amplitude and phase modifications) in the pro-
cessing of the baseband. Multiple beams (one per user) can be generated from the
same collection of antenna elements simultaneously. Digital beamforming enhances cell
efficiency, since it is possible to use the same PRBs (frequency / time resources) to si-
multaneously relay data to multiple users.

Figure 4.1. Basic Diagram of Digital Beamforming [38]

Figure 4.1 describing the whole digital beamforming structure. MU-MIMO technique is
applicable with digital beamforming. However its preferred to be implemented in base
station side due to reduce complexity and hardware cost.
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4.1.2 Analog Beamforming

In this pattern of architecture, an analog beamformer is built with one RF chain and
multiple shifters across the antenna elements.[39] In RF domain the signal phases of
individual antenna signals are modified. Analog beamforming impacts the pattern of ra-
diation and antenna array performance, thus increasing coverage the antenna gain boost
that the analog beamforming provides partially overcomes the effect of high pathloss in
mmWave.

Figure 4.2. Basic Diagram of Analog Beamforming [38]

Figure 4.2 represents analog beamformer with one RF chain, this type of beamforming
being used widely in range of system such as radar and short-range communication
system as IEEE802.11 ad.[40] Benefits of this beamformer are cost effective and simple
to implement. Moreover one RF chain can transmit one stream at a time.

4.1.3 Hybrid Beamforming

Its a combination of analog and digital beamforming. There is a form of hybrid beamform-
ing which is decided to use in mmWave gNB( in 5G). For MU-MIMO or SU-MIMO, it can
be designed to use analog beams in a coarse of beamforming, and using a digital beam
inside analog beam as per required.

Figure 4.3 shows a fully connected system of hybrid beamforming where each RF chain
is linked to a particular number of phase shifters and to all antennas. In sub-connected ar-
chitecture each RF chain is assigned to a sub-array of phase shifters. Here full-connected
beamformer having higher gain than sub-connected setup. But its complicated to imple-
ment.
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Figure 4.3. Basic Diagram of Hybrid Beamforming [38]

4.2 Eigen Beamforming

Eigen Beamforming (EBF) is the basic form of algorithm for downlink of Single-user MIMO
(SU-MIMO). If channel matrix expressed with H for specific user end and its dimension
will be Nr ×Nt then it can be expressed as-

H = UDV H (4.1)

here U and V are unitary matrices that means, UHU = I and V HV = I whereas I is
identity matrix. D is a diagonal matrix which diagonal components are singular value of
H.
As eigen based beamforming will be generated with the value of singular values, then
D = diag{

√
λ1,

√
λ2, · · · ,

√
λr} where λi is the eigen values of HHH. [41]

If required data is s and received data is ŝ, conjugate transpose of first column of U which
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is denoted as uH
1 and first column of V is v1, then

ŝ = uH
1 Hv1s = uH

1 UDV Hv1s = (
√︁

λ1, 0, · · · , 0)

⎛⎜⎜⎜⎜⎜⎜⎝
1

0
...

0

⎞⎟⎟⎟⎟⎟⎟⎠ s =
√︁
λ1s (4.2)

From equation 4.2 it will be cleared that required data will be received with gain
√
λ1.

4.3 Zero-forcing Beamforming

Zero-forcing Beamforming (ZFBF) is spatial signal processing for multiple antenna wire-
less devices. For downlink, ZFBF algorithm permits a transmitter to transmit data for
desired user and nullified the directions of unwanted user. On the other hand for uplink,
ZFBF receives only desired signal and nullified the unwanted signals. It also known as
null-steering which sum up the techniques of zero-forcing precoding.[42] When transmit-
ter knows all about CSI of a particular downlink, ZF based precoding will gain system
optimal capacty for sufficient numbers of users. Otherwise it will show decrements in
resulting output of ZF based precoding. To gain full gain precoder need to have feed-
back overhead with respect to SNR. If CSI in transmitter is not correct there will be huge
throughput loss due residual multiple users interference, then it can not be possible nul-
lified the interference.[43] If there is a model of MIMO which will be having multi-user
beamforming system of Nt for downlink, then received signal can be written as-

yk = hT
k x+ nk, k = 1, 2, . . . ,K (4.3)

where x =
∑︁K

i=1 siPiwi is Nt × 1 vector for transmitted data, nk is noise value in scalar,
hk is downlink channel coefficient of Nt × 1 vector, wi is the linear precoding matrix.

For uplink this system’s received signal will be

y =
K∑︂
i=1

sihi + n (4.4)

where si will be the transmitted data for user i, n is noise,hkis downlink channel coefficient
of Nt × 1 vector, Here ZFBF prrecoding matrtix will gain after having perfect CSI where
matrix will choose to be normalized rows of inverse of the channel matrix [h1,h2, · · · ,hM ].
If CSI value become imperfect, then this matrix will not be orthogonal to the channel
matrix.
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4.4 Eigen based zero-forcing beamforming

Eigen Zero-forcing (EZF) beamforming is based on EBF but it will reduce ZF to handle
Multi-User Interference (MUI). If we assume channel matrix of k-th user end as Hk, then
decomposed value with SVD will be:

Hk = UkDkV
H
k (4.5)

For initial beamforming vector assuming largest eigenvalue is vK1. Here equivalent matrix
will be Heq = (v11,v21, · · · ,vK1)

H , from which we can calculate beamforming matrix
as[44]

W = HH
eq

(︁
HeqH

H
eq

)︁−1
(4.6)

4.5 Regularised Eigen based zero-forcing beamforming

Regularised Eigen based zero-forcing beamforming (REZF) algorithm will be described
like k number of user having rank named as r1. As per eigen value decomposition,
HH

k Hk = VDVH will be found and then dominant eigen vectors of each user to form
matrix Heq -

Heq =

⎡⎢⎢⎢⎢⎢⎢⎣
VH

1 (:, 1 : r1)

VH
2 (:, 1 : r2)

...

VH
K (:, 1 : rK)

⎤⎥⎥⎥⎥⎥⎥⎦ ∈ CR×N (4.7)

Here R is sum of rank of k number of user.Matrix of eigen vectors is V k for user k. Then
descending eigenvalues matrix W will be

W = HH
eq

(︁
HeqH

H
eq + λIR

)︁−1
(4.8)

where λ is real constant which value depends on noise variance ad matrix dimension.
Since A = HeqH

H
eq + λIR is hermatean and positive definite. Then we can rewrite the

equation of W,

WA = HH
eq (4.9)
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4.6 Block Diagonalisation

BD method is an improvement on the ZF method by increasing each transmission’s spa-
tial diversity. The signals are merged and sent from all transmitters. The recipient’s Block
Diagonalisation process then decodes the received signal to cancel unwanted symbols
and other interference at the recipient.

Figure 4.4. BD taking benefits of the spatial diversity of MIMO systems

Here in figure 4.4, BS wants to transmit data symbols from s0 to Rx1 and s1 to Rx2 and
both symbols will be combined and transmitted from both transmitters. Therefore, we
have twice the amount of useful streams that arrive at each receiver that contains the
symbol we wanted. Consequently, spatial diversity is growing. The quantity of usable
streams that arrive at the desired receiver is equal to the sum of transmit antennas. The
receiver then requires a decoding method to isolate these previously combined symbols
in order to obtain the correct symbols. For this reason, the value of s1 discarded at Rx1
and the value of s0 cancelled at Rx2.

The basic concept is to pick a precoding matrix W, to get exact block diagonal matrics of
W * H. All interference and unused symbols will be exactly deleted due to having block
diagonal matrix. This can be done by selecting W to be within each H value’s nullspace
(as H shifts for each target user). W will be found with unitary columns. Singular Value
Decomposition (SVD) of channel matrix will be required to gain all of this conditions.

There are two precoding filter which will provide BD precoding algorithm via SVD opera-
tions. First precoding filter will eliminate the MUI with noise due to this operation nearly
parallel SU-MIMO channels will be obtained. Second filter will be used in parallelise each
user’s streams.

4.6.1 Singular Value Decomposition

SVD is a mathematical function with will factorise a real and complex matrix which related
to eigen decomposition function.[45] To generate factorization of a complex matrix, SVD
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operation diagonalise this matrix and give three matrices:

M = UΣV T (4.10)

Here in 4.10 Σ means Diagonal matrix with the same dimensions as M with non-negative
diagonal elements in decreasing order. The diagonal entries are the non-negative square
roots of the eigenvalues of MMT . Moreover U and V is a unitary eigenvectors matrix of
MMT with m by m and n by n dimension respectively.V T is hermitian transpose of M.
Here SVD needed to get MIMO channel capacity.

4.7 Regularised Block Diagonalisation

Regularized Block Diagonalisation (RBD) precoder removes the restriction of total num-
ber of receive antennas to be less than or equal to total number of transmit antennas
and does not necessarily create nulls towards all the victim UEs, and is a generalization
of the BD precoder. Here precoding matrix determined in two steps, firstly multi-user
interference suppression by transmitting in the space spanned by the effective channel
matrices of victim users with the power that is inversely proportional to the singular val-
ues of the combined channel matrix of these users.Next step is to determine the dominant
eigen directions in the projection of the user’s channel in the sub-space determined in the
previous step. When Nu User ends are in the beneficiary set of BS k and assuming SU-
MIMO for convenience, ˜︁Hk is computed by excluding the k-th User end’s channel from the
composite channel matrix of scheduled user ends in the same cluster, i.e.Hkk omitted.

H̃k =
[︂
HT

1,k HT
2,k . . . . . . .H

T
k−1,k HT

k+1,k . . . . . . ..H
T
Nu,k

]︂T
(4.11)

Beamforming matrix for the transmission of k-th channel is given as P cbf
k,k = Fa ·Fb, where

Fa computed as Fa = MaDa. Here Ma is a unitary matrix and Da is a diagonal power
loading matrix, all these components can be found from SVD operation on H̃k

˜︁Hk = ˜︁Uk
˜︁ΣkṼ

H
k (4.12)

Ma = ṼkandDa =

(︃
Σ̃T
k Σ̃k +

MRσ
2

Pk
INT

)︃−1
2

(4.13)

MR is the number of receive antennas (N⋆
rNu) and σ2is the noise variance and INT

identity matrix of NTxNT where NT is transmit antennas at BS. Pk is total transmit power

of BS k. The channel matrix
⃦⃦⃦ ˜︁HkFa

⃦⃦⃦2
is reduced and Fb can be found from SVD of the

user’s channel projected in the sub-space determined for MUI suppression.[46]

Hk,kFa = UkΣkV
H
k

Fb = Vk
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Then the final precoding matrix will be

P cbf
k,k = FaVk (4.14)

4.8 Signal to Leakage Noise Ratio

SLNR uses an alternative approach to the other algorithms studied earlier.[47] Here leak-
age means interference caused by signal which is required for one particular signal but
it leaked onto other unwanted users. This kind of activity ensures waste of power. The
main perspective of this algorithm is to keep this leaked power near to zero as much as
possible.Moreover SLNR precoding select beamforming coefficients to maximizeSLNR
for all users randomly rather then perfectly cancelling out interference at each user.

Figure 4.5. SLNR algorithm, Red links showing leaked values.

Figure 4.5 describes a MIMO scenarios where three users are randomly contacting BS.
Like with BD here all transmitters also communicate with each user. For every user
scenario, The required power will arrive at the correct receiver. Whereas some signals
will be leaked onto other receivers which create co-channel interference. Here SLNR
will make this unwanted power as low as it can and make the desired signal as large
as possible. This algorithm is reverse of earlier algorithm, and that’s why here Signal to
interference plus noise ratio (SINR) at the site of input of receiver,

SINRi =
∥Hiwi∥2

Miσ2
i +

∑︁K
k=1,k ̸=i ∥Hiwk∥2

(4.15)

here ∥Hiwi∥2 means equivalent power of desired signal component of user i. At very
same moment part of transmitted power can be leaked onto other users. So we can ex-
plain leakage power featured to user i as

∑︁K
k=1,k ̸=i ∥Hkwi∥2

Its equivalent to LI =
⃦⃦⃦ ˜︁Hiwi

⃦⃦⃦2
. Here received signal power needs to be huge in ratio
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with leakage power to satisfy the algorithm, then ratio will be

SLNRi =
∥Hiwi∥2

Miσ2
i +

⃦⃦⃦ ˜︁Hiwi

⃦⃦⃦2 (4.16)

For 4.16 equation Mi is number of received antennas and σ2
i is the variance of AWGN.

If AWGN is assumed to be zero, then the power is equal to variance. Therefore SLNR
operation does not require any dimension condition related to the number of transmit or
receive antennas.
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5 RESULT OVERVIEW

5.1 System Model

Here in modelling a system we choose a particular scenario where parameters are being
defined and then executed with previously discussed beamforming approaches. Results
will show the throughput as a function of SNR where multiple users and base stations
are available. Generally throughput means a rate of production or rate of generated
data. In terms of communication like Ethernet or packet data its defined as a successful
message delivery over a communication channel.[48] As per theory knowledge it must
to have higher number of throughput correspond to SNR, which will show algorithm suc-
cess. Throughput usually measured in bits per second(bit/s) but for this model simulations
consider per channel use.

Initially we implement a general scenario which is bearing several numbers of receiv-
ing antennas and transmitting antennas. Here we assume noise will be AWGN and for
calculation easiness and it will be 1. Here we assume a range of SNR to get the vari-
ation in different algorithm and have a conclusion based on that. For channel, normally
distributed random function which will show Nt ×Nr.

In first phase we are comparing ZF with WF power allocation and without WF. Here WF
algorithm is a way in digital communications system to allocate power among different
channels in MIMO system. This process is also similar to pouring water in cell. Total
amount of WF power allocation is proportional to SNR and algorithm also shown in figure
5.1.[49]

In MATLAB SVD used for calculation to get Channel to interference noise ration (CNR)
from square a diagonal matrix. Here we also take in account about interference which is
not theoretically needed but we used it to make it practical. Here we first create precoding
matrix for each streams and then with the help of this preceded matrix we also calculated
interference which we are keeping for practical scenarios. As this value is considering
against each streams all values need to be summed up. Signal can be generated with
the value of channel and precoded matrix. As now we are having signal power values,
interference amount and noise power value, we can calculate SINR. SINR = S

I+PN

where S is the received signal, N is the noise and I is the interference power.

The throughput by definition is the maximum data rate transmitted by the communication
system. In the theoretical limit it is equal to the Shanon channel capacity. The spectral
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Figure 5.1. WF power allocation algorithm

efficiency Th is the ratio of the transmitted data rate rb divided by the channel bandwidth
B.

According to to Shanon, there is a relation between the spectral efficiency and SINR
provided that the interference signal is like to noise such that: Th = log2 1 + SINR. So,
in order to increase spectral efficiency for a given channel one has to increase its SINR.
This is basically for Single Input Single Output (SISO).

According to figure 5.2 for multiple input multiple output wireless channel with Nt transmit
antenna and Nr receive antenna, one can reuse the bandwidth of the channel many times
such that the bandwidth multiplicity can reach up to min (Nt and Nr). Then if Nr=Nr,
then the bandwidth will be multiplied by Nr. For the same SNR, one can increase the
data rate by Nr. So, the same channel for SISO with data rate of rb can transmit data rate
up to Nr rb for Nt×Nr MIMO system. The multiplicity of the bandwidth can be achieved
only if Nt independent paths exist in the space between the transmit and receive antenna
arrays. This is called space division multiplexing which can be substitution. It can be
done with bandwidth, the number of antennas, the signal power at receiver side, the
interference power at receiver and the noise power at input of the receiver in the above
Shanon formula to get the required channel capacity.

Later on EZF,REZF,SLNR are also implemented. Initial process for EZF,REZF were
same but for SLNR required some more steps to add as its having equation related δ2I

which means noise power to make EZF calculation more stabilized. EZF,REZF both are
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Figure 5.2. General model scenario

having equivalent channel Heq, which is basically conjugate transpose of eigenvector
which can be decomposed from SVD equation.

In general if all approaches need to be simplified then it can be like, precoding algorithms
generated based on individual approaches in a numerical programming environment.
This was used to create a model simulation of throughput calculation of several theoretical
scenarios. This can be got from changing different variables. The algorithm can be
compared against themselves of against each other, to draw theoretical conclusions on
their overall performances.

As there are some limitations in every approaches few assumption can be made on basis
of theory. Transmission was models at a bit level in terms of channel, each bit which
was sending must need to be precoded. In practical situation transmission occurs at a
packet level so each packet of bits is precoded. Perfect CSI is difficult to achieve as al-
gorithms performs optimally. A Multiple Input Single Output (MISO) model is assumed
where multiple antennas used at base station (transmitter) and user(receivers) had one
antenna each but multiple users communication the base station. Power level of trans-
mission need to be same otherwise each receiver can efficiently receive data from each
transmitter.

The nature of wireless channels are stochastic. So in each realization there will be a
random value (scalar/vector/matrix). To have an average here is a need to have many
samples of them. That’s why we iterate the channel realization. And this makes the
overall rate performance to become a smoother curve.

Here model designed with precoding algorithm by using MATLAB. This was generated so
that a representation of result relating with throughput and SNR range can be displayed.
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Figure 5.3. General Block Diagram of implementation in MATLAB

This could be received by changing some calculation and variables based on scenarios
and different approaches.

Figure 5.3 shows a flowchart which provides a general view of MATLAB model worked.
Here two ’for’ loops are available. First cycle is about SNR ranges which will add the
amount of AWGN added to transmitted signal depends on. The second cycle is dealing
with number of symbols its going to transmit. Due to deal with stochastic channels it will
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average each integration’s random value. CSI will generate Nt X Nr matrix. Each SNR
iteration, each use of channel corresponds to individual matrix of H.

5.2 Result Discussion

As in this scenario we assumed that multiple antennas will be used at transmitter side,
and there will be multiple users connectivity available with base station. But each user will
have only one receive antenna, that is why it shows similarity with MISO. There is consid-
eration of memory-less components as very first received bits assumed to be dominant
multipath. It is assumed that only AWGN acting on given SNR range. As it considered
that only individual bit can be sent and it would be precoded separately. But in practical
situation a packet consist of bits will be precoded.

First compared scenario is SVD algorithm and ZF with WF and without WF. As it is con-
sidering MU-MIMO scenario, multiple beams will be transmitted from BS. With variable
iteration number output having several changes in Throughput corresponding to SNR.

Figure 5.4. Throughput vs SNR graph for MU-MIMO System,iteration value =1000

In figure 5.4 represents graph that shows increasing of SNR is proportional to throughput
changes. But throughput increment depending on the value of signal and SINR. Its grad-
ual changes takes the average sum of every bit transmission.
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Figure 5.5. Throughput vs SNR graph for MU-MIMO System,iteration value =10

In figure 5.5, increment of SNR is proportional to throughput changes. But throughput
gradual development is depending on the value of signal and SINR. It also having some
variation in result due to having range of SNR. It also consider normalized matrix as
pre-processing.

In figure 5.6, it shows a graph having gradual increment of SNR is proportional to through-
put changes which is having sharp increase. Whereas SVD is not considering interfer-
ence as per definition which is practically not possible to implement. Moreover ZF with or
without WF having same result and same improvement and it also consider interference.
So its more practical then SVD.

In figures 5.4, 5.5, 5.6, graphs are showing result where the value of iteration got de-
creased and it shows less smoothness in graphs. As assumed channel are having
stochastic, it’s having sharpness according to higher number of realization. On the other
hand as its about MU-MIMO, so number of transmitting and receiving antennas will be
large. So we tried to vary the numbers of these antennas for further cases with best
iteration value.

Further investigation can be came out to compare three coding approached to each other
in terms of changing antenna numbers of both end. Figure 5.7 shows that 4 individual
antenna based users are connected to base station. As per algorithm execution there is
no significant throughput changes due to spatial diversity.
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Figure 5.6. Throughput vs SNR graph for MU-MIMO System,iteration value =100

In figure 5.8 user number increased to 8 with 8 transmitter and 8 receivers in the channel.
The amount of co-channel interfering streams got doubles for each receivers. That’s why
the differences among SVD and ZF with or without WF increased. Based on interference
consideration make some differences as well. On practical basis ZF is better than SVD
because it also consider noise with interference. Power allocation distributed by WF also
showed gradual smooth approaches correspond to each bit transmission.

In figure 5.9 and 5.10 it tested with 16 and 32 users respectively with maximum of iteration
number so that it can show smooth performance in terms of throughput corresponding
to increasing SNR due to stochastic channel. Here SVD performs well comparing to two
other approaches showing high diversity confirms hypothesis of this approach. But dif-
ferences between ZF and ZF are getting increased which has impact due to interfering
tendency of signals and also consideration both noise and interference. Though huge
number of receiving antennas create a lower output on point of throughput but SVD is
tough to implement in practical.

Here in figure 5.11 and 5.12 several downlink precoding methods for multi-user is imple-
mented. There performances decided by the amount of throughput in graph correspond-
ing to SNR variation. Here regularised ZF showing better throughput than REZF and
EZF. Regularised ZF showing less complexity as eigen based method are dealing dom-
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Figure 5.7. Throughput vs SNR graph for MU-MIMO System,Transmitting antennas= 4
and Receiving antennas=4

inant channel which having more complexity to implement. Moreover all ZF approaches
without SVD is giving performance graph considering interference and noise though per-
formance curve having variety of changes in range of throughput.

SLNR is complicated to implement as it required correct leakage amount of power. Its
somehow showing near about constant values for throughput against variable SNR. As
SLNR is probability oriented method and prioritise to generate precoding matrix W. But
CSI is not instantaneous, SLNR predict precoding matrix which is not correct all the time.
that’s why its not getting near about zero values like SVD, ZF.

In terms of presenting all output in same plot, we assumed that every user is having one
antenna. Because SVD is for SU-MIMO, whereas other approaches are good at single
user as well as multiple user. Moreover all my perspective regarding results description,
is based one same scenario. For this its easy to make a general comparison among all
approaches.

In terms of implementing all approaches we need to normalised matrix and also need to
have average value that create a visible changes in throughput range in terms of each
bit transmission. Here Gradual raise in receiving antennas shows a raise in throughput
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Figure 5.8. Throughput vs SNR graph for MU-MIMO System,Transmitting antennas= 8
and Receiving antennas=8

range. SVD, ZF with and without WF, eigen base ZF, and regularised ZF shows similar
ranges of improvement in throughput respect to SNR. But rest of the two methods are
having difference in throughput changes and bearing a big gap in between. On the other
hand when we focus on regularised ZF it shows certain change when number of anten-
nas in both hand is low. Each scenario bear 2:1 ratio in transmitting and receiving end.
But bigger number of antennas also having some effect in these graphs.

Furthermore when the curve of regularized EZF and SLNR showed a different scenario.
when its about lower SNR up to range on 10 dB it gradually develop performance rate
but after that when the SNR is raising its throughput shows some saturation point of in-
crement. Though these two approaches having gap in throughput ranges as well. As
complication and complexity need to be less considerate, ZF approaches are good. For
more specified way ZF with WF and without WF, eigen based ZF are the best implemen-
tation in terms of good throughput. Every and each approaches having some complexity
but its appreciated which can be implemented practically and good for future network.
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Figure 5.9. Throughput vs SNR graph for MU-MIMO System,Transmitting antennas= 16
and Receiving antennas=16
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Figure 5.10. Throughput vs SNR graph for MU-MIMO System,Transmitting antennas=
32 and Receiving antennas=32
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Figure 5.11. Implementing all algorithm for Throughput vs SNR graph,Transmitting an-
tennas= 16 and Receiving antennas=8
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Figure 5.12. Implementing all algorithm for Throughput vs SNR graph,Transmitting an-
tennas= 32 and Receiving antennas=16
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6 CONCLUSION

Nowadays communications systems need to provide a huge capacity jump with increased
quality of service. For this there is an important aspect considered in this thesis regarding
beamformed MIMO systems. The main objective of the thesis was to study the theory and
analyse about the coding techniques which related to co-channel interference problems
and accuracy about output in receiving end in a MIMO system. This was studied through
a software model considering pros and cons of a particular scenario with focus on ZF
beamforming and its different approaches.

In this thesis, beamforming technology is considered to introduce a new era for 5G, and
beyond. Beamforming technology has many advantages for high-end networks. Pre-
coding based algorithms for ZF beamforming shows good performance with nulling in-
terference of separate users near to zero. So we can manage to have low latency high
availability in network that is having less impact of interference which is exactly required
by new phase of network.

In the thesis there were different tested scenarios in terms of iteration numbers and an-
tenna numbers for both ends (transmitter and receivers). Moreover after implementation
of these changes in same scenario, a gradual changes found in output signal which clear
about the aspect of reducing or increasing interference and leakage of a particular data
transmit. In step-by-step process ZF got its attention why future requirements need to
focus on this approach and there is a slight comparison available with SVD and SLNR.
Here a suitable assumption made towards using ZF on basis of theory and software
based coding.

In MATLAB simulation of algorithms like SVD, ZF with and without WF, EZF, REZF, Reg-
ularised zero-forcing beamforming (RZF), SLNR were implemented with different user
numbers. All users were having one antenna though the scenario was based on MIMO.
Here its assumed to take less number receiving antennas than transmitting antennas,
because only REZF will qualify without this condition. Otherwise every other algorithm
involves matrix dimension issues. SVD and ZF with and without WF shows good through-
put counting with the increasing amount of SNR. Regularised ZF has an average perfor-
mance output of success correspond to SNR. The rest of the two execution such as SLNR
and REZF are not as good as expected as per theory. So, here it can be concluded that,
ZF with and without WF are proven beneficial from the implementation aspect, as they
are less complicated than the other ZF approaches.
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In the given theoretical background it is discussed that ZF need to show best output in
terms of throughput in its all approaches. However, SVD was giving good result in terms
of increased SNR also while changing the numbers of iteration and users numbers. In
terms of lower SNR there is a slight increment in throughput of REZF but it remains satu-
rated later on with a minimal numbers of throughput corresponding to other approaches.
More effective results shows for SVD and gradual changes for ZF approaches. In SLNR
select beamformimng coefficient to get maximize values, so perfect cancellation of inter-
ference is not mandatory unlike other approaches.

The broad assumption in this thesis is that each transmitter knows CSI perfectly and in-
stantaneously. Practically coding techniques are used in frequency domain. So it proves
in a fundamental way that with perfect CSI all techniques work well. For future research
different approaches with imperfect CSI should be considered.

To summarise, the selection of algorithm depends on the specific scenario. If low compu-
tational complexity is required with lowest amount of AWGN, then ZF is the best option. If
performance need to be nearly error free with high quality of service, then SLNR can offer
a good solution. For general basis SVD shows most effective result in many aspects, but
due to lack of consideration of interference and noise it gets less priority.
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