it s
& o
2 in the Com™

JIMMA UNIVERSITY
JIMMA INSTITUTE OF TECHNOLOGY
SCHOOL OF GRADUATE STUDIES

FACULTY OF ELECTRICAL AND COMPUTER
ENGINEERING

JOINT USER CLUSTERING AND PSEUDO RANDOM
BASED PILOT DECONTAMINATION IN MASSIVE
MIMO TDD SYSTEM
By

Edemialem Tamiru

This thesis is submitted to School of Graduate Studies of Jimma University in
partial fulfilment of the requirements for the degree of
Master of Science
in

Communication Engineering

March 2022

Jimma, Ethiopia



JIMMA UNIVERSITY
JIMMA INSTITUTE OF TECHNOLOGY
SCHOOL OF GRADUATE STUDIES

FACULTY OF ELECTRICAL AND COMPUTER
ENGINEERING

JOINT USER CLUSTERING AND PSEUDO RANDOM
BASED PILOT DECONTAMINATION IN MASSIVE
MIMO TDD SYSTEM
By

Edemialem Tamiru

Advisor: Dr. Kinde Anlay
Co-Advisor:  Mr. Getachew Alemu

Submission Date: November,2022



Declaration

I declare that this thesis work titled ”Joint User Clustering and Pseudo Random
Based Pilot Decontamination in Massive MIMO TDD System” has been presented
in my own except I refer different works that are cited. Also this thesis has not
been previously presented for any other certified or uncertified qualification by any

one.
THESIS SUBMITTED BY:

Edemialem Tamiru

Signature Date

APPROVED BY ADVISORS:

ADVISOR:
Signature Date

CO-ADVISOR: -
Signature Date

APPROVED BY THE BOARD OF EXAMINERS :

Approved by faculty of Electrical and computer engineering research thesis

Examination members

Chairman Signature Date

Examiner (Internal) Signature Date

?)F/(rmlam Gared(¥nD) - 03/03/2027

Examiner (External) Signature Date



Acknowledgements

First and foremost, I thank God, the Almighty, for all of his blessings throughout
my life and for providing me with the ability to proceed effectively in my studies.
Second, I would like to convey my heartfelt gratitude to my advisors, Dr. Kinde
Anlay and Mr. Getachew Alemu, for their valuable suggestions, advice, and con-
tinuous encouragement during my thesis. And I owe a huge sense of gratitude to
everyone who helped me to complete my master’s thesis in any way. It is also an
honor for me to acknowledge Jimma University, which provided me with a schol-
arship for the duration of my master’s studies. Finally, I want to offer my heartfelt

gratitude to my wonderful parents and friends for their constant support.

il



Abstract

Wireless communication technology is now progressing to 5G and beyond. The
number of wireless connections is growing in line with the growing number of
subscribers and demands. One of the promising technology to overcome this is the
usage of massive Multiple Input Multiple Output systems (M-MIMO. However,
M-MIMO system’s performance suffers as a result of the random nature of the
wireless channels. In Pilot based channel estimation there is a problem of pilot
contamination due to the reuse of pilot sequences, which is the bottleneck for M-
MIMO systems. This problem arises when the number of user terminals grows,
they compute for the limited pilot sequence with minimum coherence interval
in channel estimation. Therefore, users’ channels to the BS need to be effectively

estimated by applying proper pilot assignment method to achieve the performance
of M-MIMO.

In this thesis, joint user clustering and pseudo random sequence based pilot de-
contamination for M-MIMO TDD system is proposed. The K-means clustering
algorithm is used to cluster users in the cell depending on the severity of the
problem affecting each user: cell center users and cell edge users. The same pilot
sequences are reused to the cell center users and orthogonal pilot sequences are
assigned to the cell edge users. Pseudo random sequences are used to improve the
orthogonality of pilot sequence of cell center users of different cells. At the BS, the
MMSE channel estimation has been used. Then, using the estimated channels,

multi cell MMSE detectors have been used to detect data from users in the uplink.

The performance of the proposed system is analyzed based on the following met-
rics: NMSE, SINR, and target cell’s SE. To simulate the results Matlab software
has been used. The simulation results of the proposed system when compared to
random pilot assignment, it shows that for cell edge users and cell center users the
normalized mean square error(NMSE) of the estimated channel has improved by
7.76% and 19.021%, respectively. Furthermore, the proposed technique improves
the target cell’s SE by 8.714%.

Keyword: Massive MIMO, Coherence Block, Ortogonal Pilot Sequence, Pseudo

Random sequence, Pilot Contamination
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Chapter 1

Introduction

1.1 Background

Now a days due to the increasing number of subscribers, the demand for higher
data rates, coverage, spectral efficiency, capacity, reduced latency, etc. forced
researchers to the evolution of 5G and beyond networks. Therefore, to address
these demands, there are different technologies like millimeter wave, small cell
and multiple input multiple out put (MIMO) communications are proposed [1][2].
The spectral efficiency (SE) and bandwidth (BW) are the two aspects, which are
used to improve the throughput of wireless radio communication; though, the
bandwidth is a scarce resource, so, improving the spectral efficiency is the way to
maximize throughput. A well-known way to increase spectral efficiency is using

multiple antennas at the transmitter and receiver [1], [3].

A massive multiple input multiple output (M-MIMO) system is one form of con-
ventional MIMO. It has large base station (BS) antennas serving a number of
users simultaneously. Therefore, M-MIMO technology is one of the most promis-
ing solutions to improve the aforementioned challenges. It greatly improves the
spectral efficiency and energy efficiency of wireless communication, since each cell
has a BS with a large number of antennas, that allows simultaneous utilization of

resources by different users in the cell [4]. It uses Spatial division multiple access

1
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(SDMA) to achieve a multiplexing gain by serving multiple users equipment (UE)
on the same time-frequency resources. It has more BS antennas than UEs per
cell to achieve efficient interference suppression. The improved energy efficiency
obtained from the array gain provided by the large set of antennas. The main
difference between M-MIMO and conventional Multiuser MIMO are: BS antennas
are typically much larger than users, only the base station learns the channel, and
last simple linear signal processing is used both on the uplink and on the downlink.
Therefore, these features render M-MIMO scalable to the number of BS antennas.

[5]. Figure 1.2 shows the speed improvement of wireless networks for M-MIMO

ln BS

M antennas

| Downlink
I Channel
]

Uplink
Channel

MM antennas

FiGure 1.1: The Uplink and Downlink channel model of multi-cell multi-user
M-MIMO TDD system.

over the years relative to single-input-single-output (SISO) systems, single user

(SU-MIMO), and multiple users (MU-MIMO) networks [6].

& &) &) O

si1so SLU-MIMO MU-MIMO Massive-MIMO
2002 2000 2012 2020
384 Kbps 100 Mbps 10 Gbps

FIGURE 1.2: Speed improvement of wireless networks over the years [6].

The advantages of having numerous antennas at the BS become apparent when
the BS is aware of the desired UE’s channel response. As a result, obtaining

precise channel state information is required for the base station to get those



Chapter 1. Introduction 3

benefits. Because the channel’s coherence duration is limited [7], in the pilot
based channel estimation there are a finite number of orthogonal pilots. Due to
increasing number of served users, users in other cells must reuse these pilots. As a
result, user’s channel contamination occurs by a linear combination of the channels
of other users who utilize the same pilots [8]. The same pilot sequences are reused

across cells, results in increased inter-cell interference as shown in Figure 1.3.

The widespread usage of pseudo-random signal processing as a viable technique for
many civilian and commercial applications has emerged from the expansion of dig-
ital mobile radio systems, the increasing demand for positioning systems, as well as
advances in integrated circuit complexity. During the late 1980s, pseudo-random
signal processing got considerable attention, particularly with the development
of cellular mobile radio systems [9]. The potential to avoid or mitigate multipath
propagation, minimize to interference, and the ability to share allocated bandwidth
with other users are all significant elements of these processing systems for cellular
radio. The linear feedback shift register [10] generates good autocorrelation and

cross-correlation features to replicated random sequences.

—p= Desired pilot signal
=== Undesired pilot signal

FIGURE 1.3: Intercell Interference in Pilot Transmission Phase for M-MIMO
system[11].
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1.2 Statement of the Problem

Massive MIMO systems use a very large number of antennas at the base station to
simultaneously serve a large number of users. However, due to the short coherence
interval, the number of orthogonal pilot sequences that can be assigned for channel
estimation is limited. Furthermore, as the number of subscribers increases, this
limited number of orthogonal pilot sequences can be re-used in the adjacent cell
users. Due to these, in the uplink pilot transmission re-used pilot sequences can
overlap with each other and results pilot contamination in M-MIMO. As a result
of this issue, the SINR and the uplink transmission rates of M-MIMO is degraded,
since the receive combing used at the BS are highly dependent on the estimates

of the the channel state information.

1.3 Objectives of the Thesis

1.3.1 General Objective

The general objective of this thesis is reduction of pilot contamination by inte-
grating user clustering algorithm and pseudo random sequences in massive MIMO

TDD cellular networks.

1.3.2 Specific Objectives

The specific objectives of this thesis includes:

e To cluster users in each cell using K-means clustering algorithm.
e To apply pseudo random based pilot assignment for cell center users.

e To evaluate the NMSE in channel estimation for a random pilot assignment.
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e To analyse the NMSE in pilot-based channel estimation using joint user

clustering and pseudo-random sequence.
e To evaluate uplink SINR of users in a random pilot assignment.

e To evaluate uplink SINR of users in pilot-based channel estimation using

user grouping and pseudo-random sequence.

e To analyse the uplink SE of each user and the target’s cell sum SE for a

random pilot assignment.

e To evaluate the uplink SE of each user and the target’s cell sum SE for joint

user clustering and pseudo-random sequence based pilot assignment.

e To analyse complexity of joint user clustering and pseudo-random sequence

based pilot assignment.

1.4 Significance of the Thesis

M-MIMO is one of the promising 5G technologies, with hundreds to thousands of
antennas installed at the base station. It improves energy efficiency and spectrum
efficiency by serving multiple user terminals at the same time. However, in channel
estimation phase there is a problem of pilot contamination in M-MIMO due to the
reuse of pilot sequences. So, to improve the performance of M-MIMO the problem
of pilot contamination has to be mitigated. Therefore, Joint user clustering and
pseudo-random sequence based channel estimation were employed to reduce the

effect of pilot contamination, hence improving M-MIMO performance.

1.5 Methodology

In this thesis, to fulfill the objectives outlined in the objectives section effectively,
the first step begins with the acquisition of different literatures about pilot de-

contamination techniques in massive MIMO system. The second task in proposed
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pilot decontamination scheme is clustering users as cell center and cell edge users
using K-means clustering algorithm. The clustering depend on the severity of
pilot contamination in each user. Then, cell center users pilot is scrambled by
pseudo random sequence to reduce the correlation between pilots. The third task
is system designing, which includes proposing the appropriate processing technique
used and preparing the mathematical modeling. The MMSE Channel estimator
is going to be used in channel estimation of each users, which minimizes the inter
cell interference due to pilot contamination. Then the MSE of the channel | the
uplink SINR and the SE of the target cell for the proposed system is analysed.
After that, the mathematical model of the proposed and random pilot assignment

system using the MATLAB simulation program is evaluated.

1.6 Scope of the Thesis

After collecting the necessary data, we performed a mathematical analysis of the
effect of pilot contamination in M-MIMO TDD wireless communication for an
urban macro cell by grouping users as center and edge users of the cell in the system
and assigning the pilot sequence based on the grouping. The second intention of
this thesis is to reduce the channel estimate error of the cell’s center users by using
a pseudo random sequence. As a result, Matlab software is used to evaluate the
mitigation of the pilot contamination of the center users. The SINR of users and
the SE of the target cell were simulated by Matlab software as the third step in
this thesis.

1.7 Contributions of the Thesis

The contributions of the thesis is Summarized as follow:

e Adapting the K-means clustering algorithm in pilot decontamination of mas-

sive MIMO system.



Chapter 1. Introduction 7

e Integrating user clustering and pseudo random sequence

e Mitigating the problem of pilot contamination in a scenario of multi-user
multi-cell massive MIMO system, with a more practical channel model of

spatially correlated fading channel.

e Applying a more efficient multi-cell MMSE channel estimation and multi-cell

MMSE detector at the BS.

e Demonstrating the performance of the proposed pilot decontamination sys-
tem in terms of channel estimate error, SINR and SE using mathematical

and numerical results.

1.8 Thesis Outline

There are six chapters in this thesis paper. Literature reviews of pilot decontami-
nation techniques are covered in the second chapter. The third chapter presented
M-MIMO system’s theoretical basis and the issue of pilot contamination in a M-
MIMO system, which is a problem that must be addressed. The proposed pilot
decontamination system under correlated Rayleigh fading channel is included in
Chapter four. The fifth chapter is the simulation results and discussion. The

conclusion and recommendations are presented in the final chapter.



Chapter 2

Literature Review

2.1 Literature Review

In a M-MIMO TDD 5G system, good CSI helps to maximize network throughput
by focusing of transmit power on the DL and collection of receive power on the
UL [39]. The pilot signals that are transmitted in the uplink to estimate the
channels can be contaminated because of the reuse of non-orthogonal pilot signals
in a multi-cell system [40], which in turn reduces the spectrum efficiency and the
achievable rates in the network [41]. Therefore, there are a variety of researches are
done to mitigate the effect of pilot contamination in massive MIMO 5G wireless

communication.

The authors in [42] mitigate the effect of severe pilot contamination of cell edge
users in massive MIMO systems they propose Soft Pilot Reuse and Multi-Cell
Block Diagonalization Precoding in uncorrelated block-fading Rayleigh fading
channel model. First, users are grouped depending on users’ large-scale fading co-
efficients and some user-grouping thresholds that are dependent on system configu-
ration. For channel estimation, least-square was used and they employed matched
filter detector at the BS to detect the uplink user’s data. Finally, they evaluated

their system with L=19 hexagonal cell, K=10 users per cell, R=500m cell radius
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M=128, and pilot overhead of 0.1. The simulation results show that the probabil-
ity of distribution of uplink SINR of edge users improved than conventional scheme
however when we have seen the uplink SINR cell center users are the same for both
of the schemes. Moreover, the uplink achievable rate of cell edge users is improved
in the SPR scheme but there is a loss for cell-centered users due to the increased
pilot overhead in the SPR scheme. In addition, the average UL cell throughput of

the SPR scheme improved with the increased number of BS antennas.

Asynchronous Pilot Scheduling (APS) method is proposed for massive MIMO
TDD system to mitigate Pilot contamination in uncorrelated Rayleigh fading chan-
nel [43]. In this system, first users are grouped as cell center and cell edge users
depending on the large-scale fading coefficient of each user and some threshold
parameter. Then it used the asynchronous pilot transmission that used the prin-
ciple of; after the edge users in all the cells send the pilots in the non-overlapped
periods, the center users in all cells send the pilots synchronously to their corre-
sponding BS. They used a least square channel estimator for channel estimation

and matched filter to detect at the base station in the uplink data transmission.

Finally, they analyzed the effect of the number of BS antennas on the uplink user’s
data rate and the uplink cell throughput with L= 7 cells, K=8 users, R=1600m cell
radius, and the same 10dB of Up-link transmitting power for pilot and data. They
obtained the data rate of edge users about 2-3bps/Hz/user larger than the con-
ventional scheme when M is 128 and 256 due to edge users in different cells trans-
mitting pilots in non-overlapped periods so the pilot contamination was mitigated.
Furthermore, although the sum rate has been improved, the pilot contamination

between the center users is still present.

In reference to [44], uplink asynchronous fractional pilots scheduling is proposed
in Massive MIMO systems to reduce pilot contamination. Like paper [43] they
agree with pilot contamination in massive MIMO is one of the main obstacles
that limit its performance and users are grouped as cell center and cell edge users
depending on the large-scale fading coefficient of each user and some threshold

parameter. Unlike the previous asynchronous scheduling, since center users are
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reused the same pilot sequence they employ time-shifting operation on the pilot
transmissions of the center users of each cell, to reduce the pilot contamination

due to the reuse of pilot for center users.

Finally, they evaluated their proposed model in terms of uplink sum rate against
the number of BS antennas with L=7 cell, K=15 users, R=1000 meter cell ra-
dius, T= 196 channel coherence time, and same 10dB of Up-link transmitting
power for pilot and data. The simulation result verifies that uplink asynchronous
fractional pilots’ scheduling-based pilot decontamination scheme outperforms SPR
and conventional-based pilot decontamination systems. However, there is still a
problem of interference between the pilot and the data signal during transmission
when the downlink transmit power is large for center users due to the time-shifting
operation like the paper in [45]. Relative to the conventional asynchronous inte-
ger pilot scheduling, the simulation results show that it is preferred in improving

spectral efficiency.

In [46] propose two algorithms separately; the first algorithm employed a path loss
user grouping scheme in the mitigation of pilot contamination in a massive MIMO
system under uncorrelated Rayleigh fading channel. In this scheme, first users in
each cell are grouped as cell center users and cell edge users depending on path loss
of each user and decision parameter of 0.9, and the then orthogonal pilot is assigned
for cell edged user and the same pilot is reused for cell center user in the adjacent
cells. The least Square channel estimator was employed to obtain an estimate of
the uplink channel of each user in a TDD system and after channel estimation, the
target BS utilizes an MF detector to detect the original data symbol transmitted
by the target. Finally, they evaluated their system in terms of quality of channel
estimate (NMSE), SINR, and achievable rate perusers against BS antenna with
L=7 cell, K=15 users, R=1000 meter cell radius, pilot length of 128, the pilot
overhead of 0.05, and same 10dB of average uplink transmitting power for pilot
and data of each user. They obtained an improvement of 13.83 dB and 4.68 dB
in NMSE of edge users and center users respectively at 256 BS antenna over fully
reuse pilot assignment. However, there is still pilot contamination that happened

in cell center users due to the reuse of pilot sequences in adjacent cells.
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The second algorithm depends on the fact that the problem of pilot contamination
is due to the non-orthogonality of a pilot sequence of users used for channel estima-
tion, they employed a pseudo-random code-based pilot decontamination scheme
in each cell. They used an uncorrelated Rayleigh fading channel model, and an
MMSE channel estimator was employed to estimate the channel. In addition,
they assumed single-user mathematical analysis. The simulation result validates
that the pseudorandom-based pilot design is effective when the normalized cross-
correlation between the pseudo-random sequences used in each cell is small which

is close to zero.

The authors in [47] proposed Joint distance-based user grouping and pilot assign-
ment schemes to reduce the effect of pilot contamination in a Massive MIMO
TDD system. In this scheme to find, the best user-grouping boundary they used
a distance-based user-grouping algorithm that used exhaustive search to find the
global optimal distance that maximizes the SINR of both cell edge and cell cen-
ter users at the same time. After grouping users, they proposed a location-aware
pilot assignment, which planned three pilot groups for adjacent cells and deter-
mined the user’s distance to BS, the planned pilots assigned to the users. They
used an uncorrelated Rayleigh fading channel model which does not demonstrate
a practical scenario, and the least square channel estimator employed to estimate
this channel at the BS. Furthermore, an MF detector is used to detect each user’s
data at the desired BS. Finally, they try to optimize pilot schedules in each group
by maximizing the uplink rate of each user with auction-based optimization pi-
lot assignment. In addition, they evaluate the proposed system in terms of the
mean square error of the channel estimate against the number of BS antennas,
the distribution of the uplink SINR, and the distribution of the uplink achievable
sum-rate with M=192, K=10, and R=500. The simulation result shows that the
proposed system outperforms the SPR based [42]|pilot decontamination. However,
there is still pilot contamination happening for users assigned with the same pilot
sequence. Moreover, in a location-aware pilot assignment as the number of users

grow the total number of orthogonal pilot sequence (sum of three pilot groups)
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needed increase, even though it is lower relative to the conventional orthogonal

pilot assignment has a problem for the limited coherence interval available.

Generally, all papers agree with the pilot sequence has to be reused to compromise
the condition of a limited pilot sequence with a large number of user terminals the

question is how?

Therefore, in this paper, we used the K-means grouping algorithm to group users
as cell center and cell edge users after that we try to address the effect of pilot
contamination in center users, which are using the same set of pilot sequences
as the neighboring cell and edge users of weak channel condition in correlated
Rayleigh fading channel. To do so we used pseudo-random code for center users.
It enhances the orthogonality of the pilot sequence for different cells by scrambling
the pilot sequence. We assign different pseudo-random codes for different cells to

improve the orthogonality of the pilot sequence.



Chapter 3

Overview of Massive MIMO
System

3.1 Massive MIMO

A massive multiple input multiple output system is one form of conventional
MIMO. The term MIMO was used to indicate circuits with multiple input and
multiple output ports in their original context, and the term multiple input and
multiple outputs were used to denote the signals that were entering the communi-
cation channel from the multiple antennas at transmitting side and signals received
at the multiple antennas of the receiver side. Massive MIMO, as one of the core
technologies of 5G, is key to meeting the high-performance requirements and does
offer great promises for highly capable 5G with wider bandwidth, more connec-
tions, lower latency, and better reliability [12],[13]. Generally, massive MIMO is a
physical-layer technology, that equips each BS with hundred to thousands number
of antennas that can be used to multiplex many UEs spatially to communicate at

the same time-frequency resource.

There are differents benfits gained from M-MIMO, Some of them are: it has mul-
tiplexing gain due to the usage of SDMA, so The SE per cell can be improved

than conventional cellular networks by orders of magnitude and it mitigate the

13
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interference and signal attenuation by receive combining at the reciever and trans-
mit precoding at transmitter [1]. M-MIMO has also better performance in terms
of robustness and link reliability, since it used large number of antennas at the
BS. Then the diversity gain is increased and fast fading,uncorrelated noise and
multi-user interference averages out [3]. The energy efficiency of M-MIMO can
also improved, due to the array gain which focus transmission power of BS into
the direction where each user is located. it helps to improve the SNR by coherent

combining the desired signal and cancellation of the interference at the receiver

[14],[3].

Even though M-MIMO has enormous benefits due to its large number of an an-
tenna at the BS there are challenges faced like Unfavorable Propagation, Array
implementation, hardware impairment, pilot contaminations, and others. There-

fore, in this thesis, our main target is to address the pilot contamination problem.

3.1.1 Uplink Transmission in Massive MIMO

As shown in Figure 3.2 and 1.1 ; we used M number of antennas at BS providing
service to K single-antenna users. If we represent the uplink data symbol of K
users in cell j as D; € CE*1 and H'; € CM*E g the uplink channel matrix
connecting the K users of the jy, cell to [y, cell BS then, In addition, if we consider
the average transmit power of each user of this link p,, which is equal for all users.

Then, the uplink signal received at I, cell BS is expressed as R',:
R, = /pH';D; + N' (3.1)

Then, at the Decoding side, the [, cell BS will coherently detect the signals
transmitted from K users by using the estimated channel state information (CSI)
together with the received signal vector R, of Equation (3.1) while CSI estimate
can be obtained from the uplink pilot sequence. In the preceding sub-section, we

discussed the detail of each block of Figure 3.2 .
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FiGURE 3.1: Block Diagram of Uplink Massive MIMO system for [;, cell BS.

3.1.2 Channel Coherence Block

Coherence block contains several time samples and subcarriers over which the
stochastic channel response has become approximately constant and flat fading.
Each coherence block contains 7. = B.1T,. complex-valued samples, wherein B, is
the coherence bandwidth and 7, is the coherence time and they depend on the
carrier frequency, UE speed and delay spread [2]. As stated in [15], it considers d1
and d2 propagation path length for the two paths and if the receiver moves with

velocity (V), then the coherence time Tc, given as
T.=— (3.2)

In addition, the range of frequency over which the magnitude of the channel re-

sponse is approximately flat is expressed with B, and given as

C

Bo=——"— 3.3
2]d2 — d1] (3:3)

Where |d1 — d2] is the path difference between the longest and the shortest prop-

agation Paths, which is related to delay spreadT; = %.

The length of the channel Coherence block determines the frequency range and the
time duration over which the changing radio channel to be approximately constant.
Knowing this range helps to determine the number of pilot overhead transmitted

to update the knowledge of the channel in channel estimation. Therefore, the
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length of coherence block in mobile radio channels has great practical importance
in massive MIMO technology systems, which is one of the factors that determines
the achievable spectral efficiency of the system and the maximum number of users
that the system can serve simultaneously [16]. Therefore, it is of great importance
to have a reasonable estimate of the duration of the coherence block of different

channels.

Frequency Frequency

A A

Uplink i Downlink Uplink
Uplink i Downlink Downlink
= Time = Time
TDD operation FDD operation

FIGURE 3.2: The Frequency Division duplexing (FDD) and Time Division
duplexing (TDD) in a Coherence Block.

For the downlink, the link is from Base Station to user users. Moreover, for the
Uplink, the users are transmitting towards the M antennas of the BS. Then, the
channel matrix in the uplink denoted as Hu, has the size of M x K whereas the
transmitted signal is a K dimensional vector and, the noise and received signal at

the BS, have the same length as the number of BS antenna M.

Orthogonal frequency-division multiplexing is one way of multiplexing scheme used
in the communication system, which used FFT to decompose a single wideband
carrier, which is a frequency-selective channel into many parallel channels that
are a flat-fading channel to transport information. Each OFDM symbol contains
a length of Ty, seconds duration for data transmission part and a length of T,
seconds duration cyclic prefix. Moreover, it has a frequency separation between
neighboring subcarriers given as By [5]. In addition, in a coherence block N, the
number of OFDM symbols grouped in a slot in the time domain and N, number of
consecutive subcarriers grouped in the frequency domain, the duration of one slot

is the product of N, and a single OFDM symbol duration in seconds. Moreover,
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the coherence Bandwidth is the product of N, and frequency separation between

neighboring subcarriers (Bs) as shown in Figure 3.3.

f
Bc:Nc*B_?,
L 1 ]
Ts
Taiot =Msiot™ Ts .
NsBs
[Bs |
1
S |Z| E
312|¢% 3
==l £
& w| D a
Tus | T | » T
73] C | T = g
Tcp Cyclic Prefix

F1GURE 3.3: Block diagram of OFDM multiplexing with Coherence interval,
wherein N, is number of sub carrier in coherence block and Ny is the number
of sub carriers.

Moreover, in this thesis, we assume that the duration of one slot Ty, is less than
or equal to the coherence time given in Equation (3.2), to sustain the channel is
flat fading. In addition, the Macro cell 3GPP channel model with 2GHz frequency
used, having a subcarrier separation of 15KHz in this scenario it can support
mobility of 135 km/h and 2.5 us delay spread [2], [17]. Therefore, from Equations
(3.2) and (3.3) we have 200 kHz coherence bandwidth, 1 ms coherence time, and
14 consecutive subcarriers in a coherence bandwidth. Moreover, the coherence

block that sustains flat fading has 200 samples.



Chapter 3. Qverview of Massive MIMO System 18

3.1.3 Channel Model

The channel model of all users in the j;, cell’s channel propagation matrix to the

Ith cell BS [5] is:

H'j = G'5/DY (3.4)
Where in matrix’s form
hlljl hllj2 ce hlljk g1 Guge2 9k
Rimjt  Pimj2 - i Mok Gumjt - Gumj2 Gk )

Moreover, the channel vector h!;x € CM*! connecting the kth user of the jg, cell

to 1th cell BS antennas is written as:
Wik = g'ixv/B ik (3.5)

Where G'; = [¢'16'2 .- ¢'ix], ¢'jx € CM*! is a small-scale fading, each vector
is iid to each other given as ¢';x ~ CN(0,Iy). D'; = diag(B8'j1 Bja. .. BY%) is
a KxK diagonal matrix that describes the j;, cell large-scale fading coefficient of
each user to the Ith cell BS, and and we assume that the large-scale fading coeffi-
cients are independent of the antenna index M of a given BS. Furthermore, these
coefficients only change when a user’s geographic location changes significantly.

Moreover, the following is its mathematical equation:

l

1 Fjk
Bk = —(rljij)o‘ (3.6)

Where, r'j;. is the distance between the kth user in cell j to BS 1, R cell radius,
zljk is shadow fading coefficient which obeys a lognormal distribution, that is,
10l0g10(2';x) follows zero-mean Gaussian distribution having standard deviation

Oshe and « is path loss exponent.

Generally, hé- @ channel is a vector, which characterized by its unit vector direction

l
ﬁ and magnitude HhékHQ In a fading channel, the norm and the direction of a
ik
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channel are modeled as random variables. Then depending on the relation between

them in paper [18], it is defined as follow:

Definition 1. A fading channel hé-k € CM is spatially uncorrelated if the channel
. . . Rt . .
gain ||h§kH2 and the channel direction W are independent random variables, and
ik
the channel direction is uniformly distributed over the unit-sphere. Otherwise, the

channel is spatially correlated.

3.1.3.1 Spatially Correlated Rayleigh fading Channel

Rayleigh fading is one of the channel models, which used for modeling channel
fading. Depending on definition 1, practical channels are spatially correlated.
Although, the UEs are generally physically separated by multiple wavelengths
so that their channels are well modeled as statistically uncorrelated [2],[18]. To
model spatially correlated channels with none-line of sight path is using correlated
Rayleigh fading:

hly, ~ NC(0,CL,) (3.7)

Where C'Jl-k € CMxM g the covariance matrix of the channel which is positive semi-
definite matrix. Macroscopic propagation characteristics like radiation patterns
and the antenna gains represented with this matrix. In this thesis, we assumed
Cl), € MM is known at the base station since the time-scale changes is much
larger than the coherence time interval of the small-scale fading [19]. In addition,
To model small-scale fading we used the Gaussian distribution. The normalized
trace 85" = 17t7(Cji') is the average channel gain from an antenna at BS 1to UE

k in cell j, and B;;' is the large-scale fading coefficient.

The spatial correlation matrix (Cj' € CM*M) for non-LOS channel user k in cell
j to Ith BS equipped with ULA antenna is modeled using the Local Scattering
model in this thesis. The azimuth angles to the UEs are used to parameterize the
subspaces of correlation matrixes. The signal received at the BS is a multipath
NLOS component superposition of P,,,. Because the BS is located at an elevated

geographical location and hence has no scatters in its near field, this model assumes
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Mth antenna

8 divation

FIGURE 3.4: Local Scattering model of k user in the jth cell, scattering is

centered around the UE with a nominal angle of 0 xomina degree with reference

BS antenna and of Ogeyiation angular standard deviation (ASD) of the multipath
components.

that the scattering is limited around the UE. As a result, each of the multipath
components produces a plane wave that enters the array at a specific angle 6,

yvielding array responses of a, € CM as [2],[19],[20]

27 jd g sin(6) e47rjdH sin(0) § ..627TjdH (M-1) sin(H)} T (38)

ap = gp [1 e

Where a, € C* accounts for the gain and phase rotation for the py, path, dg

is the antenna spacing in the array and @ is i.7.d. random variables with angular

probability density function of f(6) which denote an angle of arbitrary multipath

component and g, are i...d. random variables with zero mean and the variance

E{ |gp|2}, represents the average gain of the py, path component. Then the channel
Ppath

vector between the user and the BS is h! = > 21" ap. Then the total average gain

of the multipath components is

Ppath

8= E{lgl"} (3.9)

Then from the central limit theorem when the number of multipath components
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Pyarn, approaches infinity the channel model becomes h' — NC(0,C). Where the
correlation matrix is C' = E{hl h'f[}. If we consider a particular, set up the

(I,m)y, element of C, then:

Ppath,
[C]l,m = E{hjklhjle} - E{ Z aplapmH}
p=1
Ppath
— Z E{|gp|2}E{627rjdH(l—1) sin(0)€—27rjdH(m_1) Sin(g)}
p=1
— B/GQWjdH(l—m) bln(@)f(e)de (310)

Equation (3.10), [C],,, depends on the difference [ — m, so it can be computed
numerically for any angular distribution #. we assumed that all the multipath
componets are from the user side, Then 0 = Onomina + Qdivation - Where in 0xomina
is a deterministic nominal angle, 0gation 1S @ random deviation distributed as
Oivation~N (0, ASD?) and ASD is the angular standard deviation measured in

radians determines how large the deviations from the nominal angle are [21].

3.1.4 Pilot Sequence for Channel Estimation

As stated in subsection 3.1.2, in each independent frequency-flat channel coherence
interval of 7o samples, 7p of the available samples are utilized to transmit the
pilot sequence known at both ends of the link to estimate the channel at the
BS. Therefore, in the design of the orthogonal pilots, ¢ all columns are mutually
orthogonal ( e = 7pIp) and all elements in the pilot have the unit magnitude

to keep a constant power level per sample [2].

In this thesis to generate a mutually orthogonal pilot sequence, we used the Zadoft-
Chu sequence that satisfies the above condition of elements has unit norm and it

has perfect periodic autocorrelation property. It is defined as [22].

a2
2= { 2u0) = <}
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Where, n=0,1...P-1,P is the length of the sequence and p € {1,2,..P — 1} is the

root index of the pilot sequence.
Then, we assume the pilot sequence matrix of all users in the j;, cell is:

0; = lpi, e k)t 7 =1,2, . , L which has unit magnitude elements of K
x 7 dimension, implies ¢;p;7 = 7k , where I is the identity matrix of order
K x K, then K pilot signals are required for a single cell for orthogonal pilot
assignment. Where 7 is the pilot length. Each pilot sequence is of the form ¢;;, =
[©ik1 Pjk2 .. Pjk.]. Furthermore, from the system model we have then, the uplink

received pilot signal R',eCM™*T at 1th BS:
L
R, = > piH'jp;+ N, (3.11)
j=1

Where /pj is the transmitted pilot power of each user; H';jis an M x K channel
matrix between the K users and the lth base station antennas; and N',e CM*7 ig

the additive noise at the 1th base station.

3.1.5 Channel Estimation

There is no wired media in wireless communication between transmitter and re-
ceiver the channel must be estimated before any data transfer takes place, as
mentioned in the previous section. The channel estimation technique then pro-
ceeds like this: To estimate the channel, each user in the UL broadcasts training
sequences that are known to both ends. The estimated channel is then used
at the BS in the uplink for data processing in receive combining at reception
and in a downlink precoding . In a TDD system, channel estimation uses the
same frequency resource with distinct time slots for uplink and downlink trans-
missions. It also applies Reciprocity characteristics, although owing to hardware
chain mismatches, perfect channel reciprocity is unattainable in practice. This

non-reciprocity, however, can be eliminated with appropriate calibration [23].
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FiGUurE 3.5: TDD Based Transmission Protocol.

In this thesis, TTD protocol is used due to its reciprocity property.the uplink and
downlink transmission in this protocol is: Uplink Transmission: Each user trans-
mits the pilot sequence, and the base station requires channel status information to
detect the signals sent by the K users (k orthogonal pilot sequence). Based on the
received pilot signals, the BS estimates the CSI. As a result, the channel estimate
process in the TDD system utilize a minimum of K pilot sequences, which is inde-
pendent of the number of BS antennas. Downlink Transmission: The BS requires
CSI to process signals from the BS to each user during in the precoding process,
and each user requires good channel estimates to detect the desired signals from
their BS. The channel estimated at the BS in the uplink can be employed using the
properties of channel reciprocity discussed above. In the downlink FDD system,
however, at least M pilot sequences are required [24]. Furthermore, unlike the
TDD system, FDD-based Channel Estimation uses distinct frequency resources
for downlink and uplink transmissions, and the uplink and downlink channels are
not reciprocal. Then CSI must be estimated at BS and on the users’ side [24]. The
two forms of pilot-based TDD channel estimation approaches, least square channel
estimation and MMSE channel estimation techniques, are discussed in further de-
tail in the preceding section. Furthermore, because M in Massive MIMO is large,

TDD operation is preferred than TDD in Massive MIMO.

3.1.5.1 Least Square channel estimation

The goal of Least Square channel estimation is to reduce the squared error between

the actual receive signal, R', and the estimated received signal. Which stated
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[25],[26] as follows:

S 2

H'; :argminHRlp—HljngjH (3.12)

Then the LS channel estimate of the channel between 1th cell users to 1th BS from

Equation (3.12) become:

. 1 1
H = —Ro! = H + > H + —N',olf (3.13)
J prj J i p¥;
\/pj i#£j \/ﬁj

The LS estimate approach relies just on the received matrices R', and does not
require any prior information of the channel. As a result, the approach is robust
to lack of CSI knowledge [27]. The channel estimate of the kth user in the j;, cell
is a linear combination of the channels of the users in the other cells with the same

pilot sequence, as shown in Equation (3.13).

3.1.5.2 MMSE Channel Estimation Under correlated Rayleigh fading

channel

The goal of MMSE estimation is to get the estimated value to be as close to the
true value as possible. Because a channel is a realization of a random variable,
Bayesian estimators are preferred. When estimating the CSI, the channel statistics
are taken into account. The prior distribution of the channel vector h';r € CM®!
connecting the kth user of the jth cell to the 1th cell BS antennas is hé-kwNC(O, C’Jl-k)
for correlated Rayleigh fading channels. Then, using Equation (3.11) [27],[28], the
MMSE estimate of the uplink channel h';:

. Ol 'le SOH ”
hje = B{h' /Ry ju} = \/ij%

ik

(3.14)

Where C]l-k is the covariance matrices of the channel vector hék, and lllék is the
covariance matrix of the received pilot signal Ré, and is given by

vl = S S P Clipine™ i + 02 Iy

In addition, the estimation error of MMSE estimate of the kth user in the Ith cell
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BS iLljk become:
illjk - hljk - iLl]’k (315)
- - - H
The correlation matrix of hljk given by: C’C’ljk: E { <hljk> (hljk> } Then, the

-2
MSE of the MMSE estimator is expressed as F { thjk

} = tr(CC'};) indicating
the estimated channel’s estimation quality. The channels for each of the antennas
for the specific user are statistically identical. The channel estimation error is
uncorrelated with both the channel estimate and the pilot signal, the channel
estimate hl, and estimation error hl, are jointly Gaussian distributed. For BS
|l can estimate the channels vector of each user k ﬁék directly from the uplink
pilots so there is no need for BS cooperation in signaling between the BSs [2]. The
uplink control channel can also be used to collect long-term channel statistics such

as channel attenuation and the pilot allocation of all users to each BS. As a result,

the M-MMSE technique [28] is fully scalable.

3.1.6 Characterization of Multi-antenna Channel

3.1.6.1 Favorable Propagation

One of the features of multi-antenna channels is favorable propagation. When the
number of BS antennas is large, the directions of the channel between the two
UEs become asymptotically orthogonal using the law of large numbers given in
the appendix part. As a result, this attribute makes it easier for the BS to conduct
linear processing, which is addressed in the preceding section, and makes it easier
for the BS to minimize interference between distinct user channels, improving the
SE overall. As a result, large MIMO takes advantage of the fact that the channel
vectors are nearly orthogonal. If the channels hé-k, and hl, are used together, they

provide asymptotically favourable propagation if.

(hljk:>thz‘k:
VE{I el PYE{ [0 12}

— 0 as M; — oo (3.16)
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When a high number of BS antennas are employed, the inner product of the direc-
tion of the two-channel vector approaches zero, which helps to decrease interference
between different users channels at the BS. Furthermore,a sufficient condition for
asymptotic favourable propagation for correlated Rayleigh fading channel is that,
the spectral norm of each respective spatial correlation matrices is bounded and
the average channel gains of each channel stay strictly positive as the number of

BS antennas increase.

3.1.6.2 Channel hardening

Wireless channel gain by nature fluctuates randomly due to small-scale fading,
caused by microscopic changes in the propagation environments. As a result, one
of the qualities of a multi-antenna channel is channel hardening, which makes this
fading channel behave like a deterministic channel by reducing small scale fad-
ing. According to [2],[29] a propagation channel h';;, provides asymptotic channel

hardening if and only if

hl' 2
M%las]\/[l—)oo (3.17)
E{Ihl2}

The gain of h'j;, close to its predicted value when there are several antennas,

according to this interpretation.

If this is the case, the channel will become deterministic, and the impact of fading
will be reduced, resulting in increased communication performance. Furthermore,
as the number of BS antennas increases, 3;,' = ﬁtr(C’jkl) remains strictly positive,
and the spectral norm of the spatial correlation matrix ( ||C';x||2) is finite, this is
a necessary requirement for asymptotic channel hardening for correlated Rayleigh

fading channels [2].
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3.1.7 Linear Detector processing in Uplink

The Detector is an MxK dimension matrix, with the function of separating the
intended user’s data symbol from the received signal R!, [30]. The received signal
R!, at the lth cell BS is the superposition of all users’ data, according to Equation
(3.1) in the uplink data transmission. The detector vector for each kth user is

determined by their channel estimation vector. Then, from Figure 3.6, the general

Noise(IN)
(MX1)

Detected
Data(D)
(kX1)

Detector(U)
MXK)

F1GURE 3.6: Block diagram of Uplink Data Detection in Massive MIMO.

form of the detected signal ﬁj after the detector is expressed as:

L
D;=U/"R, =Y U;"\/p.H'D; + U'N, (3.18)
i=1
To properly detect the data, the product term (U; H';)in Equation (3.18) must
be simplified (one), and to detect the kth user data stream djj, u; is employed

which is the detector’s kth column, yielding:

L K
djt. = \/Pu Z Z Uijhlikdik + Uijnl

i=1 k=1

K L K
=/ puuijhljkdjk +VPu Z uijhljudju + /Pu Z Z Uijhlikdik + Uijnl
u#k k=1
1=1

LF ]
(3.19)



Chapter 3. Qverview of Massive MIMO System 28

Then, from Equation (3.19) the SINR of the kth user for any detector u;, € CM*?

, is given by [31]:

pu [E {upn "l jpdjn } |
PuD s B {|Ujuthjudju!2} +pu " X S B {|uijhlikdi,€|2} + |||

1=

i F ]

SINR"™, =

(3.20)
As a result, the three types of linear detectors are given more emphasis in the

preceding sub-section depending on how the detector matrix is chosen.

3.1.7.1 Maximum Ratio Combining (MRC) Detector

The simplest type of linear detector at the receiver is maximum ratio processing.
The basic idea is that it detects the signal of interest and amplifies it while disre-
garding multiuser interference. However, it performs badly in interference-limited
circumstances [32]. In this processing, each signal branch is multiplied by a weight
factor proportional to the signal intensity. The general form of MRC detector is
[33]:

UMEC = 1 (3.21)

Then the achievable rate of the kth user in the lth cell using MRC detector ex-
pressed in [32] as:

R =log, (14 SINR) (3.22)

3.1.7.2 Zero Forcing (ZF) processing

Another type of linear processing at the receiver is zero forcing, which is employed
in the detection of signals in uplink massive MIMO. This technique is named from
the fact that it examines multi-user interference while ignoring the effect of noise
[34]. By projecting each stream onto the orthogonal complement of the inter-
user interference, the multiuser interference is totally nulled out in this technique.

When interference is significant compared to noise, ZF comes in useful. As a
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result, it performs badly in noisy environments.The matrix of the ZF detector for

the 1th cell is [32]:

Then, using the ZF detector, the kth user’s achievable rate in the lth cell is ex-
pressed as:

R;,”F =log, (1+ SINR”F ;1) (3.24)

3.1.7.3 MMSE Detector

The third type of linear processing approach is the MMSE receiver. This Algo-
rithm maximizes the received SINR at the receiver by minimizing the mean-square
error between the estimate ﬁj and the transmitted signal D. The minimum mean-

squared error-combining vector [31] for the multi-cell scenario is:

L K -1
UpMM5E = pjy (Z > pir(hhy(hig) ™ + Clig) + 0”u fMj) o (3.25)
i=1 k=1
Then, using the MMSE detector, the kth user’s achievable rate in the Ith cell is

expressed as:

Rj,”F =log, (14 SINRMMSE 1) (3.26)

This method maximizes the instantaneous SINR while minimizing the MSE in data
detection, which is the average squared distance between the desired signal and
the processed received signal. When the distance between the BS and the UE is
substantially more than the distance between the BS antennas, the average channel
gain is considered to be the same for all BS antennas, which is an acceptable

estimate.

3.1.8 Pseudo Random Sequence

The pseudo-random sequence is similar to the noise sequence in some extent.

But pseudo-random sequence is a seemingly random with regular periodic binary
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sequence. In terms of the behavior over time t, a deterministic signal with period
T is predictable. Because this form of signal has some qualities in common with
random signals, it is commonly referred to as a pseudo random signal[35]. When
comparing pseudo random signals to true random signals, the autocorrelation
qualities of individual signals and the cross-correlation properties of groups of
signals are the most significant characteristics to consider. When the degree of
similarity of a deterministic signal’s qualities in terms of specific characteristics
approaches that of a random signal, it is referred to as a pseudo random signal.
Because the precise quantification in degree of resemblance depends on the specific

application [9].

3.1.8.1 Generation of Pseudo Random Sequence

Pseudo-random codes are utilized in CDMA transmission because they have good
auto-correlation and cross-correlation features [35]. The pseudo-random sequence

is generated using linear feedback shift registers [36].

3.1.8.2 Linear Feedback Shift Register

A linear feedback shift register (LFSR) is a register that swaps its bits in a se-
quential manner, with the input bit based on its prior state. The seed value of
the LFSR is defined, and because the action of this register is deterministic [37],
the register’s values are determined by its present state. A shift register is made
using flip-flops for storing binary data. The coefficients S,, S51,55..., Sy, which are
an element of 0 and 1 of the characteristic polynomial (Q), determine the LFSR
feedback pattern, which is depicted in the picture by the taps or multipliers in the
feedback channels. Linear XOR logic is used to add up the elements that were
supplied back into the register.

The characteristic polynomial of generating a pseudo-random sequence is:

Q(r) = Sy+ Sir+ Sor? + Sgr’ 4 oo + Spor" T S (3.27)
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I L Find T, pseudo sequence®

FiGURE 3.7: Linear Feed Back Shift Register.

Scrambling is a binary bit-level processing approach that is used to randomize
the binary sequence to be sent [38]. Maximal-length sequences are L-stage linear
shift register generators whose maximum possible period is the maximum possible
period (m-sequences). The bipolar sequence is used to define the periodic auto-
correlation function. The normalized cross-correlation value between two pseudo-
random sequences a; and b; assigned for two separate base stations during the

maximum feasible time of N = 2 — 1 is expressed as [9],[35]:

\gb

1
Op(ai, bj) = ¥ aib; (3.28)

n=1

The following are the three criteria for determining whether a signal qualifies for

pseudo randomness or not [9].

a) Run property: it refers to a string of successive zeros or ones, so 1-runs and

O-runs alternate with the same number of O-runs and l-runs.

b) The property of balance. In each period of a pseudo random sequence, the

number of zeros differs by at most one from the number of ones.

b) The criterion for correlation. The out-of-phase of a tiny constant was required

for the periodic autocorrelation function.

In the information signal, one of the most significant functions of scrambling is to
break up a regular pattern of long runs of zeros and ones. Impurities like pattern-

dependent jitter and unstable clock recovery can be reduced in this way, lowering

ISI [38].
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3.1.8.3 Correlation and Orthogonality

In communication engineering, signal analysis, and mathematical science, the con-
cept of orthogonality is widely utilized to develop an orthogonal expansion of sig-
nals or to provide a geometric representation of signals and noise. Two complex-
valued signals X,,(t) and X.(t) specified on their period are said to be orthogonal
in signal analysis if the following condition holds [9],[37]:

s - [ xox.ma-{ T g

b 0 for n#c

Where b is any constant, and T is the function’s period. And k = 1 holds when the
two signals X,,(t) and X,.(t) are orthonormal. As a result, the orthogonality con-
dition between two signals x(t) and y(t) specified in Equation (3.29) is associated
to their in-phase correlation value as follows:

0:,4(0) = AR (3.30)

0 for x(t) # y(t)
The correlation functions for pseudo-random signal processing, on the other hand,
are specified for any value of the discrete shift variable n. As an example, consider
the two-periodic sequences {X;} and {Y;} of period N. If the in-phase periodic
cross correlation value specified in Equation (?7?) is zero, the two sequences are
considered to be orthogonal, [38]. Furthermore, if the following condition applies,

the two periodic sequences are considered to be uncorrelated:

L V2
Ozy(n) = N Z Tiliyn = 0 (3.31)
i=1

Where n is discrete shift variable.
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3.2 Pilot Contamination in Massive MIMO Sys-

tem

In this thesis, a multiuser massive MIMO time division duplexing system with L
number of cells and a single BS in its center, M number of co-located antenna, and
K randomly located single-antenna user terminals is considered. We also assume
that the channel is Rayleigh fading and that it is independent across the antennas.
During the channel coherence time, the wireless channels are considered static. We
assumed that all users in the same cell utilize orthogonal pilot, hence the number

of orthogonal pilot sequences is 7, (K < 7, < KL).

3.2.1 Uplink Pilot Transmission and Channel Estimation

The system runs in TDD duplexing mode, users in all cells send the pilot signal
simultaneously, and the BS then estimates the uplink channel of each user based
on the received pilot sequence. Upon the estimation of the uplink channel, the
downlink channel is estimated using the channel reciprocity property. The uplink
payload data is then transmitted from the user’s side, and the BS detects the data

signal using one of the detection algorithms as follows.

From subsection 3.1.4 we have a pilot matrix of K x 7 dimension. The determin-
istic pilot assignment has been made when the UE connects to the BS. And from

Equation (3.11) the received uplink pilot signals R',eCM*™ at 1th BS is:

L
Ry, = piH'0;+ N, (3.32)
j=1
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h use.

|th cell jth cell

F1GURE 3.8: The problem of pilot contamination between two cells in massive
MIMO.

Then from Equation (3.32) the pilot signal of user k in cell 1 at the 1th BS, we can

rewrite 7 kp aS:

Jkp \/pj thSOJk’ + Z vV Pik th‘PJk"" Z ZVPZ hlinem +n' (3.33)

Deszred user pilot k’ -1 Z -1
k# K 1#£]
Intra u;;r pilots Inter u;r pilots

Where

T’ljl hlljk‘ nll

l .

r; hi2j5k nl2
iy = 7 hlik = J And n!, =

i hiM jk nlM

Where ,/pjx is the uplink transmission power of user k in lth cell BS and n' is the
AWGN matrix Of order M x7 with iid elements as n' ~ CN(0, oy71.2).
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The users sets reused the same pilot as UE k in cell | is defined as:
U= {(l, w):pju=¢u, . = 1,2...Landu = 1... K;} (3.34)

The base station then estimates each user’s channel response based on the obser-
vation of the received uplink signal r!};,, of Equation (3.33). As a result, in order
for the BS to estimate the channel of a specific user K, the UE’s pilot sequence
(¢;) must be known. It enables in channel estimation by correlating the received
signal. In this section, The simplest LS channel estimator has been used to demon-
strate the effect of pilot contamination in massive MIMO for non-orthogonal pilot
sequence users during the channel estimation phase. Then, using the LS estimator
stated in subsection 3.1.5.1 the LS estimate of the uplink channel hé-k using 'k,

and known pilot sequence ¢ ;; becomes:

hby = B{R /im0 1} =

1
\/p—,krjkplSOij
J
L K 1

K
L e S R S S e R
k=1 VPik

k=1 1=1
k# - 7]
1
= Thl), + thly, +—=nlo" .  (3.35)
target user channel response (]; ]C) g Uju m

L F ]

other cells same pilot users channel

J/

From Equation (3.35), It is seen that the channel estimate of user k in cell 1 at the
BS 1 is the superposition of the channel propagation matrix of other cells same
pilot users to the target cell user k in addition to the target channel response and

noise. That is the effect of pilot contamination due to non-orthogonal pilot users.
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3.2.2 Uplink Data Transmission

If we represent the uplink data symbol of user k in cell j as,d;; and it has a power
of pjr =FE {|djk]2}, which is a random data signal dj; ~ CN(0, p;). Then, after
the pilot transmission phase, all users in the cells send the uplink data signal to

the BS using the same time-frequency resource. Then, the data signal received by

the [, cell BS Ril e CMlis

L
R'y= Y \/piH!Dy + N'
=1

K

Z VR ed g+ Z Z Voirhlindi + 0t (3.36)

B 1=1
i#]

Which are the superposition of the desired signal j;;, cell users, the interfering cell
signal and the noise of the corresponding cell. Then BS 1 selects the simplest MF
receive combining vector (U;z € CM') and uses the channel estimation value of
Equation (3.35), and the received data signal to separate the desired signal of the

kth user from the interference part as:

7 _ 77H pl
djk:_Uijd

N H
= (hljk) Sy VR + 30 ) S /Pirhldl, +
Z pry
i#]
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e ThY AT
! (.]7 k) S Ulu ’

L F ]

1 H
m@]knl

X S Ph rd e + 30 | S phlindy, + 0!
1=
i#]

= oEThl T d e + 30 . T/l had'n
n =

n#+k
) 7 (3.37)
, T/ Pinht ik Rl dlyy, + Wl
(Z, k?) € Uju
i

Which is the superposition of the desired signal, intracell interfere signal, inter-cell
interferes signal, and the corresponding additive noise. Then, the uplink SINR of
the kth user in the j;, cell from Equation (3.37) is expressed as [42],[47]:

SINRVE ! = [E {ry/mhl e hjed'se } |

ZK E {’T\/ﬁhlijhllndllnlz}

n=1
n+#k

+ ZK . E {lT\/pikhlijhlikdlik‘2} + F {‘hlijnlf}
(Z,k) € Uju

L7 ]

(3.38)

When the number of BS antennas approaches infinity in an uncorrelated Rayleigh
fading channel, the intra-cell interference, and uncorrelated noise components de-
crease. The massive MIMO system’s channel does progressive orthogonality, and

the consequent expression of Equation (3.37) is [42],[47]:

L K
dé-k ~ M7 /pirBipd i + M Z Z VB id i (3.39)

i) k=1
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Moreover, the uplink SINR of the kth user in the j;;, cell become:

SINRU" ! ~ Mey8'se”
’ M3 , pirBlix?
(]7 k)eUzu
LF
1.2
~ Pk’ jk
~ Bl (3.40)
. PikP ik
(.77 k)er
LF ]
Where, U, represents the users in different cells using the same pilot as user k in
cell j, and > B2 is the pilot contamination.
(ia U) eUi

Hence, the uplink average achievable rate R [47] as:

Blw=b (1 - E) E{log, (1+SINR"" ;) } (3.41)

TC
Where B, the system bandwidth.
Tp, is the number of pilots used for channel estimation and

Te, 18 the total number of samples in a coherence block.



Chapter 4

System Model Under Spatially

Correlated Rayleigh fading
Channel

4.1 The Proposed Pilot Decontamination Scheme

Using the K-means Clustering Algorithm, users in the cells are clustered into cell
center and cell edge user based on their distance from the BS. The SINR of the
desired user is affected by other cells same pilot users large scale fading coefficient.
The large scale fading coefficient has indirect effect with the distance of users from
BS. Following the grouping of each user, the edge users are allocated an orthogonal
pilot sequence, while the center users have reused the same pilot sequence for
neighboring center users. Finally, we used a pseudo-random sequence to minimize
the pilot contamination of center user pilots by reducing their correlation with
adjacent center user pilots. The channel estimation and the uplink data detection

is done for each clusters.

39
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4.1.1 User Grouping Algorithm

The K-means clustering algorithm is used to group all of the users in the lth cell
into two groups. The number of clusters needed, the input data set, and the
specific data in each cluster were all taken into account by the K means clustering
algorithm. And, using euclidean distance between them, it clusters each data into

distinct clusters based on their correlation to the specific data.

Algorithm 1 User Clustering Algorithm

Input : R, L,and K
Initialization : Isgpdge = zeros (K, L) ,check = 0, K, = zeros(1,L), K, =
zeros (1, L) ,and, k = 2

3: for j«+—1......... L do

6: calculate dis(k, j,1)
end for
end for
9: end for
for j <+ 1......... L do
:E(Z) — diS(:,j,j),Ge = [ ] ,Ge = [ ] )
12:  x. < min(dis(:, j, 7)), ze + max(dis(:,1,1))
while check =0 do
for i<+ 1......... length(x) do

15: if abs(x(i) — x.) > abs(xz(i) — z. then
Ge < [z x(1)], [s_Edge (i,1) + 1
else
18: Ge « [z x (1)]
end if
end for
21: Te < mean(Ge), xe < mean(G.,)
if (ze ~= 2.&& o1 ~=x.) then
Ge=[,G.=]
24: else
check <+ 1
end if
27: end while
end for

for i<+ 1......... L do

30:  K.(1,1) = nnz (Is_Edge(:,7)), K.(1,i) =K — K.(1,17)
end for
outputs : Is_Edge, K.and K,
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As a result, in Algorithm 1, this clustering algorithm uses two numbers of clusters,
the distance of each user to the BS as input data, and the minimum and maximum
distance users as two particular data in each clusters. The k-means clustering

algorithm 1 can then be used to cluster the users in each cell into two clusters as:
CU  AEU
G~";, G

Are center users group and edge user group respectively where (j = 1,2,...,L)

then the number of center and edge users in the cluster are:

K¢y = max(G)) (4.1)
L

Kp,=)» G™, (4.2)
=1

Wherein K¢, and Kg, is the number of center users and edge users in the system
respectively. Therefore the total number of pilot sequences needed for channel

estimation in this system is N,, which is equivalent to 7,:

N, = Kcu + K. (4.3)

4.2 The Pseudo Random Based Pilot for Center

Users

To use the output of the LFSR for channel estimation with the user pilot sequence,
it must first be processed to a form that is appropriate for transmission, i.e. first it
must pass through a [ length rectangular window. Second, the window’s output is
modulated with QAM. Then the modulated sequence is then diagonalized. Finally,
the scrambler sends the diagonalized pseudo random sequence to the user pilot in
the center. In block diagram, the pseudo-random scrambling processes are as

follows:



Chapter 4. Proposed Pilot Decontamination Scheme 42

Center
User_K Pilot

@ T

Length /
Diagonalizatio
LFSR Rectangular Modulation Scrampling | proposed pilot_,.
n Matrix )

Window (T

FI1GURE 4.1: Block Diagram of Pseudo Random Based Pilot Sequence.

From the block diagram of 4.1 we have: LFSRout = [p1,p2, D3 D4, ... pn| At the
output of LFSR. Then [ length of the rectangular window used with zero centered

is given as,

L snst
w(n) = . (4.4)
0, otherwise

Then, the resulting [ length of the output sequence is given as:

Rwout = [p17p27p3,p4, ''''''' pl] (45)

The Rw,,; sequence was modulated with a QAM modulator, and the modulator’s
output was diagonalized, which is obtaining the eigenvalues of the resulting matrix.
Then it used to scramble the center user pilot, and the resulting diagonal sequence

expressed as:

0 0 ---A
Finally, the diagonal matrix passes through the scrambler, which scrambles the

center user pilot. ™ ;xcu = [Pjk1s ks Pik3, - Pjki] With the diagonalized pseudo

random matrix S; of Equation (4.6). Then the resulting output of the scrambler
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¢ ke, €1 x 1is:

Pjk1

Pjk2
A 0 0 ’

u cu . . . Pik3
SOC Kevuj — Sﬂﬁ Tchu = . . . lzl ’

0 O A
| Pikl |
[Argjir Aspjra Aspjus - - - Aroju]” (4.7)

Therefore, the pilot sequences dedicated for all center users of the j,, cell becomes
@Cuj’
SOC'uj — [Soculj Qpcu2j---900uKCUj]

Al@jll A1pjo1 .. A1pjp1

A2<Pj12 A2¢pj02 ----A290jk2

| A Ao - Aipn

i=1,2,..L

Which has | x K¢p; dimension, K¢y 5 is the total number of center users in the
J,, cell. Moreover, the pilot sequence of edge users of the j, cell is represented
with ¢, and it has K gy X [ dimension. For each edge users in each cell, the edge

pilot sequence expressed in matrix form as:

E
7k

E
Pt
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Where %, is the pilot sequence applied to edge user of Lth cell, and it has

Kgy 1 x 1 dimension.

Using Equation (4.8) and (4.9) the set of pilot sequences applied to the center and

edge users of j,, cell are:
o=|"7 i=12 ..L (4.10)

Therefore, using Equation (4.9) and (4.10) all the available sets of pilot sequence

used for the channel estimation phase become in matrix form,;

CuT
-t

- =1,2,.. 11
SD CuT .] 727 7L (4 )

Eu

4.3 Channel Estimation

We cluster users and their respective pilot sequence into two groups, and then we

cluster the channel matrix of each user H' j as:

Where H lj cu € OMxKcuj ig the channel matrix of all users of center users of the
J., cell to 1th BS, and H'; p, € CM*KEui i the channel matrix of all users of edge

users of the j,, cell to 1th BS,

Then the uplink received pilot signal at lth BS is:
L
RY,= > piH g+ N
i=1

— RCUIp+ REulp+Nl
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L L
= Vo Y Hicud™ i+ op Y H'ipup™" + N

i=1 =1

L Kcuj L Kgu;
=V DY et T, Y D Mg + 0 (4.13)
=1 k=1 i=1 k=1

The pilot sequence is then received at the lth BS, and if needed, the channel
of each user is estimated by correlating the received pilot signal (RL) with their

respective pilot sequence. If the BS | wants to estimate the channel of the kth

user, it correlates the signal to the pilot sequence. “;* as

Rlypju = Ry,
- \/p_pzz 1 ZKCUZ hlszu‘P ZkQO ]k *+ \/p_pzz 1 ZKEUZ hlzk EuSOEuikQOCUJk
+7’LZQOCU k*

KCUz l CuT Cu % I, Cu
—\/szz 12 R ikcutp K9k FnieT g

o 18T 5% 108 1
—_——N—
_ ! CuT Cu * 1, .Cu
= /Pp Z(z‘,k)ngu Zk R ikou kP e TOT ik

(4.14)

PpT Z(i7k)ngu > Mikcubji + nlp®
Where, ¢;,87;5* " jk = 70; which is the cross correlation of the pseudo-

random sequence and Uj, represents the users in different cells using the same

pilot as user k in cell j assigned to cell j and user k as defined in Equation (3.34).
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4.3.1 Center Users Channel Estimate and MSE

The MMSE channel estimator is a good estimator in terms of accuracy. Then, the

MMSE estimate of the uplink center users channel A/ jkCu 18:
. C' Rl
hiwcu = B{h jkcu/ Ry} = \/ijﬁ (4.15)

Wl , is the covariance matrix of the received pilot signalR!, j, and is given by

E{R!y R M0} = Wl = 300y 3ok oo™ T jrep i Cliap i i + 02 IMI

- Z(i7k)§Uju > Pp70%5:C s + 02 Inny

Then, the MSE of the estimated channel is given as,
1

= E{tr{(hljkCU - iLljkCu)(hljk Cu — illjk:Cu)H}}

MSE = E {H hljwu - illjkcu

= tr{E{h jkcuh' ™ jrcu} — E{hljkCuiLlijCu} - E{}AlljkCuthjkCu} + E{illjkcuilmjkcu}}

= tr{C"jx — /Psk \E{hljkCuRaljk}:\I[_ijClij — /DiRC i i E{RlpjkthjkCu}:

R @

—pnClip ¥ g E{R B i} O 55,01 5y}

®

(4.16)
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After that using (4.16) and (4.18) the expression of MSE becomes;

1

———
MSE = tr{C"j — pjue" T i 5 CLi 0 H 3 O 31 — pi Ol U1 5Ol 0T 510"

I

-~

L K
_pjkcljk ‘I’_ljk < Z Pik:SOCUTik‘ﬂcu*ikclik@CUTikSOCu*jk + UQ[MZ) \I’_ijClij}
=1 k=1

= tr{C";r — pjrC' k¥ " 1 C i}

PieST1S* i i ek ST 5% 5o sk
'\ '\

= tr{Cx — pixC'jx ZiLzl Zszl pik 09T o i Clin 09" T e 09" g1 +0 2 I M1 Clix}

-1
=tr{C' —piClix | D D pat0?iCly+ 0 IML)|  C'y}  (4.17)

(i.k)CU,, K
From Equation (4.17), we can see that the channel estimate error of the center
users are reduced by decreasing the cross correlation of the pseudo random se-
quence (6;;)used by different cells in to zero value(uncorrelated). And also for nu-
merical purpose the NMSE of the estimated channel is used in this thesis, wherein

normalization has been done by the correlation of the channel.

4.3.2 Edge Users Channel Estimate and MSE

Moreover, when the BS wants to estimate the channel of edge user (hl jk Eu), 1t cor-

relates the received pilot signal (R',) with their respective pilot sequence (")

Y

then using the orthogonality principle of center user pilot and edge user pilot R, jx
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given as,

l |  Eu H
Ry = Rpp™"ji

u K u u
- \/ pp Ez 1 ZKCUL hlszuSOC TikSOE + \/p_pzz 1 Z EU] hlzk Eu SOE szOE jk

_I_nl(pEu]kH
_ \/p_pZ, ) EKEU'L hlzkEu (pEuikgo H nl(pEu H
(4.18)
Then, the MMSE estimate of the edge users channel h! jk Eu glven as:
7l l l JkR pjk
Wk pu = E{W jupu/ B pji} = /Djk (4.19)
Where, \Ifljk = plTCljk + 0%IMI
In addition, its MSE of the channel estimate becomes:
MSEE'u = tT’{Cljk — pjkC'ljk (pjkCljk + O'QIMZ) Clij (420)

Therefore, the entire channel estimate of the uplink channel of j,, cell users is

expressed in matrix form as:

ﬁlj < []:Ilj CuI:—ﬂj Eu] (421)

4.4 Uplink Users Data Detection

Suppose d“"; = [dC“jl, d%;o, ..., dC“j KCuJ.:| r represents the data vector transmit-
ted from the K"} center users in the j,, celland d¥*; = [dP";1, d"}s, ..., dP"; geu ] g

represents the data vector transmitted from the K#*; edge users in the j,, cell, then
dCuTAdEuTA]T
J

we can express the data signal of all users in the j,, cell as D; < [ j
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j=1,2..,.L. Then the received data signal at the lth BS can be represented as,R'y

L
R'y= > /pH'Di+ N'
i=1

K9 KP; L K
= Vorhiread® i+ D i ikead™ e+ D > owhlad a4 0!
k=1 i1 k=1
i#J
(4.22)
Where, D; denotes the symbol vector transmitted from the K; users in the j,,

cell, and N' is the corresponding AWGN.

The 1th cell BS used MMSE detector in conjugate with the channel estimate
obtained by Equation (4.21) to detect the uplink transmitted data signal for each
user as follows. The detected symbol vector for the K*; users in the jth cell for

the Center users can be given as:
Cul _ ,,CuH l
djk: =Uu gk R d

KCu

w KEu u
het VPR reud ™ g+ D0y /PR jeEad™ i

= U ik +ZL' 1 2211 /_pikhlikdlik 4 nl
1 =
i#]
Cu
— \/muCu ijhljkCudcujk + EK l MU/CU ijhljkCudCujk
k=1
k£ k

KPBu CuH 1l E L K CuH 1l CuH 1

+ D it /PR T h jpad ™ e+ D0 . Y b VP iR e d i+ u T en
Z =
i#]

(4.23)



Chapter 4. Proposed Pilot Decontamination Scheme 50

Moreover, from Equation (4.23) the uplink SINR of a user K, is given as:

B {/muC b iend |

S]NRUL Cujkl _ — 2
k=1
k£ k
Eu 9
+ZkK:1 ijE{‘uC“ijhljkEudE“jk} }
2 2
+3" . Yo pikE{‘uCUijhlikdlik‘ } + | [ H |
1=

i#)
(4.24)
For the Edge users the detected symbol vector for the K#*; users in the jth cell

can be obtained as;

JEul _ , EuH [
djku = u~" ijd

KCu w KEu ”
fet VPN reud g+ Dy /Pl jeEad™ i
= Pl + ZL_ . SO pirhbirdby, + !
7=

i#j

_ EvH 71l Eu KCu EvH 1l Cu
= /Pt ik W jepad™ i D iy PR ke B poud” i

Eu
+2Kk 1 ijuE“ij hljkEudEujk + ZL, 1 ZkK:1 pikuEquk hlikdlik +uEquk nl
g 1T =
k+k i#j

(4.25)
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Moreover, from Equation (4.25) the uplink SINR of the user K%, is given as:

|E { /o b g d® ) |2

SINRVEFv ! = 2
2 pjkE{}uEqukhljkEudEujk| }
k=1
s
Cu 9
+ZkK:1 pikE {'UEUijhljkCudcujk| }
+ZL. . S pinE {|UE“ijhlikdlik‘2} + | [P | ‘2
7=

i#]
(4.26)
Hence, The achievable uplink SE formulated as:
SE = (1— ) E{logs (1+ SINR)} (4.27)
Where 1o = :—p is the spectral efficiency loss for channel estimation.
In addition, the uplink target cell sum SE is obtained as:
K
SEjuum = Y SE; (4.28)
i=1

4.5 System Computational Complexity

In this section, the computational complexity of joint user clustering and pseudo
random based pilot assignment in massive MIMO TDD cellular system is analysed.
Basically, the complexity analysis of the system has been done for three parts: The
first part is the channel estimation phase and the second part is the uplink data
detection phase and the last part is the K-means clustering part. Then in each
part, the complexity analysis has been done in terms of multiplications and division

in complex form.

Generally, for each part there are: matrix to matrix multiplication, matrix ad-

dition and matrix pseudo inverse operation. The computational complexity are
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examined once in each coherence block. For complexity analysis, lets consider two
matrices Xe€C4*B and YeCB*C: Then the product of the two matrices XY re-
quires ABC number of complex multiplication and (B—1)AC number of additions.
and if matrix X is a hermitian symmetric matrix then the complex multiplication

requirement of the matrix multiplication of X X* is given as:

(A + A" - A) * B (4.29)

2

Since for symmetric matrix: X=X7 [51]. For a positive definite matrix XeC4*4

and YeC4*P to compute the product X 'Y, it has been required A?B complex

multiplications and A number of complex division [2]. first the inverse of "X’

A3—A
3

matrix has to be computed: ie X! using LDL technique it requires

complex multiplications [52].

Therefore, In the channel estimation phase each users transmit their pilot sequence
to the serving BS. For the cell center users in pseudo random based pilot scrambling
of Equation (4.7) it required 7, number of complex multiplications, Then the
uplink pilots of all cell users (RéC’M *Tr) are received at the lth BS as stated in
Equation (4.13) it constitute H/eCM*X ;eC**™ and N',eC™*™ matrices.
Then it requires LM K7, number of complex multiplications and (K — 1)M, +
M L7, number of additions. And also for computation of Equation (4.14) which
is correlating the received pilot signal RLCM *™ with the hermitian of the specific
user pilot sequence i ECT*™ has been took 2M 7, complex multiplications and

2(7, — 1)M number of additions.

The MMSE channel estimate per user of Equation(4.15) is the multiplication of
Cly, CM>M -yl CMXM and R, CM>1 matrices. Then the number of complex
multiplication required is expressed as:

M3+M2+M3—M
2 3

+ M?* + M? (4.30)

The second part is the computational analysis of uplink data reception and detec-

tion using MMSE detection technique at the lth BS. The uplink data reception i.e
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Equation(4.24), is the multiplication of D/l € C**!' and H'; € C™*¥ matrices.
Then it required M K L7, number of complex multiplications. Then the detected
users data by MMSE receive combining vector for each users expressed in Equation
(4.25) and (4.27) at the lth BS is the multiplication of MMSE combining vector
ufly, CPM and uplink data matrix R'y CM*™. Then it required MK L7, num-
ber of complex multiplications. And also the number of complex multiplications
required to compute the MMSE combining vector for the specific user defined in
Equation (3.25) uMMSE, CM*1 given as:

M3 — M M3 + M?
T M

JLK +2M (4.31)
The third part of the system complexity analysis is the K-means clustering part.
As stated in [54] the space complexity of this algorithm is expressed in big O
notation, which has O((K+2)L).
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Then table 4.1 summarise the computational complexity of the proposed joint user
clustering and pseudo random based pilot assignment. It has been analysed in two
parts: the channel estimation phase and the uplink data detection phase. For the
two parts the complexity has been done in terms of complex multiplication and

complex division.

TABLE 4.1: The Computational Complexity Analysis

Multiplication Division

Channel
Estimation
Uplink Data
Detection

T+ LMK, +2M7, + X M3 + 2M? — M —

AMP+ IMPLK + M? + MPLK + 2MLK7, + 3M | M




Chapter 5

Result and Discussion

5.1 Simulation Parameters and Assumption Made

This chapter analyzes the performance of proposed joint user clustering and pseudo
random based pilot assignment and random pilot assignment in massive MIMO
multi-cell multi-user TDD cellular system. Furthermore, the 3GPP urban Macro
cell channel model is used, with a 2GHz carrier frequency [17] and a regular hexag-
onal form to represent each cell. From the channel model, we used a cell radius of
500 m and a minimum distance to BS of 30 m [17]. As shown in Figure 5.1, we
evaluated L number of cells with a single BS (each BS used M antenna) at each
cell, placed in the cell’s center and servicing K number of single antenna users

distributed randomly in each cell.

We also assumed that there is no correlation at the BS antenna array due to the
half-wavelength antenna spacing. For urban regions, we employed the Angular
Standard Deviation (ASD)of the multipath components of spatially correlated
channels of 10 degrees[48] and the Normalized Cross Correlation of the pseudo
random sequence of 0.3[46]. The proposed and random pilot assignment systems
are simulated using simulation parameters from Table 5.1. Matlab softwere has
been used for simulation of User Grouping, the NMSE of channel estimation, the

CDF of SINR, the CDF of spectral efficiency of each user, and the target cell sum

%)



Chapter 5. Simulation Result and Discussion 56

SE. 5.1 Presented the details of basic parameters used in the simulation to assess

the proposed system’s performance.

TABLE 5.1: Parameters Used for Simulation

Parameters Symbolg Values

Cell radius R 500m

Cell Shape — hexagonal
Number of antennas at each BS M 10 <= M <= 400
Number of users in each cell K 10

Average transmit power at each users | py 10dBm

Average transmit power at BS Pdi 12dBm

Path loss exponent @ 3.76

Log normal shadowing fading Ysh 8dB

Carrier frequency fe 2GHz

System Bandwidth B 20MHz

Samples per coherence block Te 200

pilot sequences for Random Tp K< 7 < 7,15

5.2 User Distribution in Each Cell and User Clus-

tering

As shown in Figure 5.1, each user in a hexagonal cell with a radius of 500m is
uniformly spread around the serving BS. So, using the parameters in Table 5.1,
we generate users at random across the cell, each with an x and y position. The
red crosses in each cell represent users, while the yellow triangle in the cell’s
center represents the serving BS. After users are distributed, using the K-means
clustering algorithms users in the cell are grouped as a center and edge users. As
shown in Figure 5.2, once users are grouped, the blue diamond shape represents

center users, while the red circle shape represents edge users.
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Random Users Distribution Across Each Cell
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F1GURE 5.1: Simulation Result of User Distribution Across L=7 cells using
R=500m and K=10. Wherein the red crosses and yellow triangle denote users
and BS respectively.

Center and Edge Users Distribution Across Each Cell
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FIGURE 5.2: Simulation scenario of User Clustering in each Cell. Wherein the
blue diamond and red circle represent the center and edge users respectively.
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5.3 Normalized Mean Square Error(NMSE) of

Channel Estimate

Figure 5.3 shows the simulation results of the proposed and random pilot assign-
ment systems’ normalized mean square error versus BS antennas for a 50-channel
realization. As the number of BS antennas increases, the NMSE for both systems
reduces in a decreasing trend, as seen in the figure. For both center and edge
users, the proposed technique outperforms the random pilot assignment. This is
because the proposed system takes into account the users’ channel state by clas-
sifying them as center or edge users and assigning orthogonal pilot to edge users
while reusing pilot for adjacent center users . In addition, as mentioned in section
5.1, pseudo-random code with a normalized cross-correlation of 0.3 [46] was used

to reduce the correlation of this center user pilot.

As aresult, the influence of pilot contamination is reduced, and we obtain a channel
estimate with decreased estimation error. The NMSE is increased by 3.07 dB and
9.63 dB for edge and center users, respectively, using a specific BS antenna 210.
As a result, the suggested system improves users’ channel estimates by mitigating

pilot contamination due to system pilot reuse.

5.4 Commulative Distribution Function(CDF) of
SINR and SE

Figures 5.4 and 5.5 show the probability distribution function (CDF) of the SINR
and the spectral efficiency of each user in each cell, respectively. In the simulation,
192 BS antennas are utilized to serve 10 users in each cell, with the rest of the
parameters remaining unchanged from table 5.1. As demonstrated in Figure 5.4,
the SINR of edge users in the proposed system is better than in the random pilot
assignment, because the pilots assigned to each edge user in the proposed system

are orthogonal to each other. As a result, their channel estimate improved, the
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NMSE Versus Number of BS Antennas(M)

~
~

~
.-
T~ o
o---..____.____.__
-40 -» i

*-""'--~_+
e e e e e ===

45 - = + = Edge users[proposed]
=—@— Center users[proposed]
= ® =Edge users[Random]
=——@&— Center users[Random]

(NMSE)

50 4

-55 - b

0 50 100 150 200 250 300 350 400
M

FIGURE 5.3: Simulation Result of NMSE versus BS Antenna with R=500m,
K=10,L=7 and ASD = 10 degree

interference part in the SINR denominator owing to pilot contamination decreased,
and their SINR improved. Furthermore, the proposed system’s center users have
improved SINR, despite the fact that the center pilot sequences are reused in each
cell. This is because the pseudo random sequence used in the proposed system
has good cross correlation property, which reduces the correlation of center users
pilot as defined in Equation (4.17). As a result, it enhance the channel estimate

of the users due to the effect of pilot contamination.
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FIGURE 5.4: Simulation Result of CDF of the Uplink SINR, with M = 192, K
= 10 and ASD= 10 degree

As seen from Figure 5.5, The SE of center users for the proposed system is improved
over the random pilot assignment, this is due to the gain of SINR term is greater
than the reduction in the Prelog factor in the SE expression of (4.27). In addition,
as compared to the random pilot assignment, 15% of ege users in the proposed
system have their SE reduced. This is because, as mentioned in Equation (4.3),
the proposed system required more pilot sequence for the channel estimation phase
than the standard system. As a result, the increase in channel estimate does not
outweigh the decrease in prelog factor in SE expression for such users. In general,
as shown in the graph, 15% of edge users have some SE loss, 25% of edge users
have the same SE, and 60% of edge users have improved SE for the proposed

system when compared to the random pilot assignment.

5.5 Cell Sum Spectral Efficiency(SE) Against BS

Antennas

Figure 5.6 shows the simulation result of the Sum SE versus the number of BS
antennas. As can be seen in the graph, as the number of antennas at the BS
increases, the sum SE of the target cell increases for both proposed and random

pilot assignment. However, it is noticeable that as the number of BS antennas
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FIGURE 5.5: Simulation Result of CDF of the Uplink SE per UE, with M =
192, K = 10,and ASD = 10 degree

increases, the proposed system’s target Cell sum SE outperforms the random pilot
assignment from the graph. For example, when we use a BS antenna with M=210,
the proposed system outperforms the random pilot assignment by 4.18bps/Hz/cell.
This is because the effect of pilot contamination has been reduced by efficiently
assigning pilot sequence to users based on the severity of the problem affecting

each user.

Furthermore, the figure shows that when the number of BS antennas increases, the
improvement gap between the two systems widens. Our proposed system outper-
forms the random pilot assignment by 4.566 bps/Hz/cell at M=370 BS antenna,
and this improvement is increasing in comparison to M=210 BS antenna. This
is due to the fact that performance improvement with increasing BS antenna in

massive MIMO is limited by the effect of pilot contamination.
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FIGURE 5.6: Simulation Result of target cell Sum SE versus BS Antenna, with
K = 10, and with ASD = 10 degree

5.6 Sum Spectral Efficiency(SE) Versus Average

Transmit Power of Users

The trend of target cell Sum SE versus average transmit power of each user is
shown in Figure 5.7. As it can be observed in the graph, as the average transmit
power of each user increases, the sum SE of the target cell increases for both
proposed and random pilot assignment. Furthermore, as shown in the graph, the
proposed system’s Sum SE is higher than random pilot assignment , because as the
average transmit power of the desired users increases, so does the average transmit

power of the interference.
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FIGURE 5.7: Simulation Result of the sum SE [bps/Hz/cell] against average
transmit power of users with M = 192, K = 10, L=7 and ASD = 10 degree

5.7 Sum Spectral Efficiency(SE) Versus Coher-

ence Block Length

Figure 5.8 shows the simulation result of the Sum SE vs the coherence block length.
As seen in the graph, as the length of coherence block increase then the target
cell sum spectral efficiency also increase for both of proposed and random pilot
assignment techniques. The Sum SE increment with coherence length is due to the
increment in the prelog factor (1 — ) in Equation (4.29). From Equation (3.33)
the coherence block length has an indirect relation to the mobility of the users, as
the mobility of users increase the interval in which the channel approximately flat
is short and vis verse. For a coherence block length of 200 supports a mobility of
135Km/h, and then as the coherence block length increases to 1000 the mobility
which the channel supports decreased. However, it is noticeable that as the number
of BS antennas increases, the proposed system’s target Cell sum SE outperforms

the random pilot assignment from the graph.
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FIGURE 5.8: Simulation Result of the sum SE [bps/Hz/cell] against Coherence
Block Length with M = 192, K = 10, L=7 and ASD = 10 degree

5.8 System Complexity Versus Number Of BS

Antenna

Figure 5.9 shows the simulation result of the system complexity Vs the Number Of
BS Antenna. The system complexity is expressed in terms of number of complex
multiplication, it is clearly seen from the graph that AS the number of base station
antennas increase the number of complex multiplication required is also increase.
There fore there is always trade off system sum spectral efficiency with system

complexity.
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Chapter 6

Conclusion and Recommendation

6.1 Conclusion

Massive MIMO is one of the promising 5G and beyond technologies, due to its
higher spectrum efficiency. Although, it has this advantages due to the limited
number of available pilots in a coherence interval pilots are reused in adjacent
cells in channel estimation. This results in pilot contamination that degrades
the estimation of channel state information at the BS. In addition, this problem
weakens SINR of the uplink users that depends on estimate of CSI, and also it
degrades the uplink Spectral Efficiency(SE)that depends on the estimated channel
at the BS. For this existing and hot problems various solutions has been suggested
by many researchers. Each of the the existing works relay on uncorrelated Rayleigh

fading channel.

In this thesis, to minimize pilot contamination effect users in the cell are clus-
tered depending on the severity of the problem affecting each user. The K-means
clustering algorithm has been used to group users to cell centred and cell edge
users. Then orthogonal pilots are assigned for cell edge users because they are
more vulnerable to the effect, while cell center users reuse the same pilot sequence
with the adjacent cells. The pseudo random sequence employed for cell center

users is effective at reducing correlation between identical pilot users, resulting in

66
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a good channel estimation. The mathematical and numerical results of the pro-
posed system have been evaluated for the following performance metrics: NMSE,

SINR, and SE under a spatially correlated Rayleigh fading channel.

From the numerical results the proposed system has shown a 7.76% and 19.021%
improvement in normalized mean square error(NMSE) for cell Edge users and cell
center users respectively, as compared to random pilot assignment. In addition,
In terms of target cell sum SE, the proposed system outperforms random pilot
assignment by 8.714%. As a result, we conclude that the proposed system pilot

decontamination scheme outperforms random pilot assignment.



Chapter 6. Conclusion and Recommendation 68

6.2 Recommendations

We recommend taking into account power control of uplink pilot and payload
transmit power of users for further improvement of joint user clustering and
pseudo-random based pilot decontamination scheme, which is power control schemes
that optimize the SE of users, since we assumed equal transmit power for all users
in our system. The last point we recommend is that if there is an optimization
function that relates the number of users in a cell, the number of BS antennas,

and the channel coherence length, to maximize the SE of the system.
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Appendix A

A.1 The law of large number

The rule of large numbers states that sample measurements tend to the real for a
random variable with a large number of realizations defining a set of experiments.

Then for any pair of random vectors x€C™ and yeCM [50]. :

1
lim —afz =g, (A1)
M—o00
lim — gty =0 (A.2)

A.2 MMSE based Channel Estimation
We assume the channel model as:
y=hx+n (A.3)

Where, h is the channel vector, x is the signal transmitted and n is AWGN noise.

The MMSE estimator is the Bayesian estimator that minimizes the MSE as defined

E{Hh—ﬁ 2} (A.4)

below,

1)
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Where in, B:ay + b and a and b are constants selected to minimize MSE of the

channel estimate

MSE = E{|| h - (ay + b)||*}
=tr(E{(h—ay —b)(h — ay — b)})

= tr(E{hht — hyfla? — ho!! — ayh™ + ayy?al? + ayb? — b + byt a + bb})
= tr(E{hhf} — E{hy" }a! — E{h}b" — aE{yh"} + aE{yy" }a’
+aE{y}b! —bE{h"} + bE{y" }a + bb™)
= tr(E{hh} — E{hy"}a!! — aE{yh™} + aE{yy" }a™)
+tr(aE{y}b? — E{h}b" — bE{h"} + bE{y" }af + bb™)
= tr(E{hh'} — E{hy"}a! — aE{yh'}

+aB{yy"}ya")) + E{||b — E{h} + aE{y}||*}
(A5)

Then by choosing the minimum of a and b, MSE is minimized as,bmin = E{h} —

aE{y} Then the MSE expression becomes,

MSE = tr(E{hh} — E{hy"}a — aE{yh™} + aE{yy™ }a™))
(A.6)
= tr(Chy, — Crya? — aCyp, + aCyya™)

Where, Cjpis the autocorrelation of the channel (h), Cjp,the cross-correlation of
the channel and the received signal (y), and C,,is the autocorrelation of y. Using

the rule of completing the square method for matrix, it results;

MSE = tr(Cyn) +tr((aCyy — Ciy ) Cyy ™ (aCyy — Cy) 1) =11 (Cy Cyy " Oy ™) (ALT)
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The result of MSE is then minimized by selecting a value of a = Cy,C,, ", sub-

stituting this value then finally the mean square error of the channel become:
MSE = tr(Cpp) — tr(ChyCyy ™ Cry™) (A.8)
And, the estimation error covariance matrix become,
CC = Cpp — CpyCly  Cry " (A.9)
Finally, the MMSE channel estimation becomes,

h = ay +b
(A.10)

= (Chycyy_l)y+E{h} (Chy vy )E{y}

A.3 Proof of Equation (4.16)

From equation (4.14), we have R',;; and it has Hermitian conjugate of R'# ;.

given as:

Kcui u u ok u
P]k’ = +/Pp Zz 1 Z CU hlszuQDC TKi(pC Jk + nlgpc jk
(A.11)

R Kceui Cu T Clu * lH Cu T ntH
ka_\/pPZzlz O g N ikow + 0
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Then from Equation (4.16) the expressions (1), (2), and (3)are reduced as follow:

( ) E{hleCuR Hpjk} = \/p_pZz 1ZKCU1 cu; T@CU*K E{hljkCuh ikCu}
(1)

_|_900u TE{hljkCu H}
— /—pijOCu Tjk@cu *jkoljk

(2) B{R il " jrou} = VP i Sl E{R wodh™ jrea b T k0% i
@

+E{nlthjkCu}Qpcu]k
— \/moljk(pc’u TijOC’u *jk

( ) E{RlkaR Hpak} = Pp Zz 1 ZKCUZ CujkTSOCu*KjE{hlikCuhlHikCu}SOCUTKiSOCu
(3)

_|_E{nl C’u]k*SOCujkT an}

= Zz'L:I 25:1 Piee”" T " ik Clin g Tin 0@ i + 02 I M1
(A.12)

A.4 Basic of Hexagonal cell

The individual element of the cellular concept is known as a cell since it uses a
hexagonal form to split coverage of the region. If R is the radius of a cell, then
the distance between two neighboring cells from their respective centers in terms

of their radius is equivalent to R\/S, as shown in Figure A.1.
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FicURE A.1: Diagram of Hexagonal cell in terms of distance
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FIGURE A.2: Hexagonal cell in terms of angular domain[49]
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