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Abstract

Massive MIMO (Ma-MIMO) is one of the basic enabler technologies for 5G wireless com-
munication networks to provide higher spectral efficiency (SE) by using large number of
antennas and serves many users simultaneously in the same frequency—time resources. In
a Ma-MIMO downlink (DL) system, the base station (BS) estimates the channel using
uplink (UL) training but a pilot contamination (PC) is the major challenge in multi-cell
Ma-MIMO system. This challenge causes severe inter-cell Interference at the home cell
and then limits the performance of the system. Precoding techniques with pilot reuse
factor(PRF) are used to mitigate the PC effect. The performance of DL multicell Ma-
MIMO system is analayzed under spatial correleted Rayleigh fading channel with both
perfect and imperfect channel state information (CSI). Precoding is used to mitigate
the intra-cell interferences and PRF reduces the PC effect by assigning orthogonal pi-
lots to neighboring cells. SE performance of multi cell Ma-MIMO system is analyzed
with maximum ratio transmitter (MRT), zero forcing (ZF )and minimum mean square
error(MMSE) precoding techniques and combined with PRF. Performance comparison
of precoding techniques showed that MMSE provides the best SE performance for both
CSI and it has highest SE at PRF of four among all when the number of antennas are
changed. When both the number of users and antennas are increased simultaneously
and M >> K, the SE is improved by more than 25% and also system performance with
perfect CSI is better than imperfect CSI.

Key Words: CSI, Ma-MIMO, PRF, PC, Precoding
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Chapter 1

Introduction

1.1 Background

The needs for capacity in wireless communications have been increasing continuously.
But the effect of multipath fading, limited power at the transmitter and scarce spectrum
(the available radio spectrum is limited) are challenging extremely for the designing of
high SE, high reliability wireless communication systems and the capacity of the system
needs cannot be achieved without a significant increase in SE. MIMO technology is used
to mitigate this challenge [1]. MIMO is a technology that uses multiple antennas at
both transmission and reception. When the number of antennas at the transmitter and
receiver increases, the degree of freedom in propagation channel increases and gives an
improvement in SE and the data rate or link reliability [1][2]. Additionally, the efficiency
of a wireless network may be improved by deploying access points more densely, using
more spectrum and increasing the SE [3]. Since the radio-frequency spectrum is scarce
resource, researches over the last years have been focused towards improving SE so that
higher SE can be achieved within a given bandwidth using the MIMO and Ma-MIMO
technology that are used adaptively according to channel condition between source and
destination. MIMO technology can be logically classified into one of three categories:
point-to-point MIMO, Multi user -MIMO (MU-MIMO), and Ma-MIMO [4].

(i) Point-to-Point MIMO (Single User(SU)-MIMO)

A MIMO technique were first investigated in point-to-point MIMO (SU-MIMO). It uses
multiple antennas at the transmitter communicated with multiple antennas at the re-
ceiver and serves a single user. SU-MIMO gives higher SE, data transmission rate and
transmission reliability than Single Input Single Output (SISO) wireless systems. Some
of the technologies that depend on MIMO systems are IEEE 802.11, third Generation
(3G) and Long Term Evolution (LTE) where the LTE standard uses up to eight anten-

nas on both BS and terminals side [4][5]. As shown in Figure 1.1 M and N number of
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Transmitter Receiver
Antenna 1 Antenna 1
Antenna 2 Antenna 2
Antenna 3 Antenna 3
Antenna M Antenna N

Figure 1.1: A SU-MIMO system [6]

antennas at the transmitter and receiver are described in SU-MIMO system, respectively.
In this system, a single transmitter transmits information to a single receiver. The data
intended for the receiver are processed and transformed into the transmit signals to be
sent from M BS antennas [6]. But in point-to-point MIMO, energy power consumption
of the signal processing units and the hardware complexity increase at both sides [2]. It
has unfavorable propagation and is not scalable. The unfavorable propagation can be
minimized using MU-MIMO in which the multiple antenna at the receiver side is divided
into many independent terminal users.

(ii) MU-MIMO

The MU-MIMO is upgraded from the point-to-point MIMO by breaking up the K-antenna
terminal into multiple autonomous terminals. In MU-MIMO system, the BS communi-
cates with MU terminals simultaneously using the same time-frequency resources. Mul-
tiple antenna is implemented in both UL and DL communication. In the UL a group of
users transmits to the same BS whereas in DL a BS broadcast data streams to MUs at
the same frequency and time. MU-MIMO are designed to work both in Time Division
Duplex (TDD) and Frequency Division Duplex (FDD) mode [7].

It uses dirty-paper coding (DPC) or receiver detector to mitigate the interference. DPC
is a nonlinear precoding technique. It is a multi-user precoding strategy based on inter-

ference pre-subtraction and it is also an optimal strategy. It is difficult to implement in
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Figure 1.2: Downlink Multiuser MIMO System [§]

practical systems especially when the numbers of users increase due to its high computa-
tional complexity [9]. To minimize the computational complexity of DPC a sub-optimal
linear pre-processing techniques commonly known as precoding or beam forming is ap-
plied on the transmitted signal. Precoding strategies include a channel inversion variants
and a simple conjugate of a channel are common in MU-MIMO system. The knowledge of
CSI at the transmitter is required to handle the interferences. In the DL, in the absence
of channel state information at the transmitter (CSIT), user multiplexing is generally not
possible, as the BS just does not know in which direction to form spatial beams [10][11].
On the DL both the BS and the terminals have to know the CSI, which requires sub-
stantial resources to be set aside for transmission of pilots in both directions, and which
causes complexity as the number of antennas increased [12]. Due to these challenges,
conventional MU-MIMO is not scalable with respect to the number of BS antennas and
scheduled users [3][13].

(iii) Ma-MIMO Systems

Ma - MIMO is a MU-MIMO system where a BS with a large number of antennas array
serve MU terminals simultaneously, each having a single antenna or more antennas, in the
same time-frequency resource [2]. It has been proposed as a solution to scalability and
uses simple linear signal processing both on the UL and DL. In Ma- MIMO (M antennas
is much larger than K users), only the BS requires and learns channel and operates in
TDD mode to exploit channel reciprocity. Sending UL pilots and exploiting channel reci-
procity are used for CSI acquisition. In Ma-MIMO systems, deploying large number of
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antennas at the BS focuses the transmit energy into smaller regions. This leads high im-
provement in radiated SE and energy efficiency (EE). The SE improvement results from
spatial multiplexing gains and the improvement in EE is obtained due to concentration

of energy in small regions [2][13]. Thus, Ma-MIMO is expected to increase the radiated

i lafam]
o faFin]

@Yoy ere L)

iy S T TR ]

Figure 1.3: Downlink Massive MIMO System [14]

EE in the order of 100x and the SE in the order of 10x [2][12][15]. Ma-MIMO is one of
the key technology for the next generation of wireless communication networks (5G) due
to its higher SE, EE, enhance link reliability, boost the channel capacity, and connection
density. The block diagram of DL Ma-MIMO system with M antennas and K users is
shown in Figure 1.3.

Generally, the main benefits of Ma-MIMO systems are described as follows:

« High SE and reliability of communication : for M-antennas at the BS and
K-users in Ma- MIMO systems can achieve a diversity order of M and multiplexing
gain of K [2][12]. As a result, we can gain high reliability of communication and

high SE by increasing both M and K [2][3].
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« High EE: the gain in EE enables Ma- MIMO systems to operate with low radiated
power as compared to other mobile networks. This helps to minimize the energy
consumption by cellular systems and to save energy. Additionally, networks that
consume low power could be powered by green energy sources such as wind energy
and solar energy [16]. Thus, they can be deployed where no electricity grid is
available. Besides, it is shown in [17] that the users uplink transmit power can
be scaled down proportional to the number of antennas at the BS. This helps to

elongate the battery life of user terminals.

o Simplify signal processing complexity: the use of large number of antennas at
the BS helps to obtain favorable propagation condition where the channel vectors
between the users and the BS become pair wisely orthogonal. Under favorable
propagationl [18], the effect of inter user interference and noise can be eliminated
with simple signal processing techniques. Hence, linear processing techniques such
as liner precoding in the DL and linear detection in the UL can be employed to get

near optimal performance [3][12].

e Channel hardening in large dimension: the effect of small scale fading is
averaged out and the channel becomes nearly deterministic when the numbers of
antennas at the BS are very large. That is, when the channel matrix is large,
the distribution of the eigenvalues becomes less sensitive to the actual distribution
of the channel and this property is termed as channel hardening [19]. Channel
hardening allows simple linear detection and precoding algorithms to achieve near
optimal performance in large dimensions. Thus, user scheduling, power control,
optimization and resource allocation can be done in large-scale fading instead of

the small-scale fading. This simplifies the signal processing complexity [17].

Although Ma-MIMO systems provide many gains to the current capacity demand, It
has also many technical challenges like channel state acquisition and channel modeling,
complexity of inverse operation in linear processing, MU interference and user scheduling,
resource allocation algorithms and complex power control, multicell operation and PC and

complexities on deployment scenarios [3][20].
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1.2 Multicell Ma- MIMO System and Pilot Contam-

ination

Practical Ma-MIMO systems contain many cells even though PC is the major challenges
in multi-cell Ma-MIMO systems. In a multi-cell scenario, user within each cell receives
inter-cell interference in addition to intra-cell interference. The CSI of Ma-MIMO is
estimated at the BS via UL training based on TDD. MUs send orthogonal signals which
are known at the BS in the UL training. However, in TDD operation the coherence
block is limited and unique orthogonal signals for all users in all cells cannot be realized.
This indicates that orthogonal signals can be reused within a cell or in adjacent cells.
This result intercell interference and channel estimation error. This effect is called PC.
The intercell interference is because of pilot contamination and this restricts the system
capacity [21]. Therefore, PC degrades the system performance and becomes one of the

main reasons for the performance loss in Ma-MIMO systems.

To alleviate this problem and analyze the performance of multi-cell Ma-MIMO systems
various researches have been conducted using different schemes or techniques like precod-

ing, channel estimation and pilot scheduling.

In this thesis work the performance of DL multi-cell Ma-MIMO system is analyzed using
PRF and linear precoding techniques. We used low complexity precodings techniques
such as MRT, ZF and multi-cell minimum mean square error (M-MMSE) to minimize
intracell interference by directing the signal to the intended user and nulls to unintended
users and PRF one, three and four to reduce the inter-cell interference. M-MMSE is used

to reduce intercell interference in addition to intracell interference.

1.3 Statement of the Problem

The Ma-MIMO system terminals use the same orthogonal pilots while UL training to
estimate the channel at the BS. Due to the number of orthogonal pilot signals in a

coherence block is limited, the orthogonal pilot sequences cannot be allocated for all
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users among the cells, which results the reuse of the orthogonal pilots in adjacent cells.
As a result, the same set of orthogonal pilots used in neighboring cells interfere with each
other, and the obtained estimated channel at the BS in a given cell can be contaminated
by pilots transmitted by users in other cells. This effect is known as pilot contamination
and it is a challenge that reduces the performance of the system. To address this challenge
PRF in combination with precoding techniques are used for multi cell Ma-MIMO DL TDD
systems for both perfect and imperfect CSI. The system performance with both CSI and
their comparison using precoding techniques and PRF in terms of SE is analyzed. PRF is
used to reduce intercell interference and precoding techniques like MRT, ZF, and MMSE

suppresses the intracell interferences.

1.4 Objective

1.4.1 General Objective

The general objective of this thesis is to analyze the performance of DL multi cell Ma-

MIMO systems using linear precoding techniques and PRF.

1.4.2 Specific objectives
The specific objectives of our work includes:.

o to review the precoding techniques in multi cell Ma-MIMO System.
» to investigate and analyze the effect of PC in multi cell ma-MIMO system.

» to analyze the system performance of DL multi cell Ma-MIMO systems with perfect
and imperfect CSI.

» to derive SINR, SE and evaluate the SE using MRT, ZF and MMSE Precodings.

» to evaluate the SE using MRT, ZF and MMSE Precodings and one, three and four

PRF for various number of antennas and users.
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e to compare the performance of precodings techniques with PRF.

1.5 Research Methodology

In this study we follow procedural steps and methods in order to realize this thesis.
The methods that should be followed to accomplish this thesis begin with reviewing
the related works (different literature), read and collect data from books, and other
related documents, modeling the system based on the inputs retrieved from review of
related works and the statement of the problem in mind. Then simulate target network
to evaluate the performance as per system model, mathematical description. Finally

interpreting the result, discussion and conclusion will be prepared as shown in Figure 1.4.

Literature Review
- =
System model and description of multi cell Ma - MIMO

- =

Mathematical model of the svstem

- =

Simulation of SE of the system

- =

Result comparison and interpretation

Figure 1.4: Block diagram that describes flow of work

+ Determining the channel model and signal model (considering DL Multi cell Ma-

MIMO TDD Systems and spatially correlated fading channel )
o Defining precoding techniques

o Calculating the SINR and SE of the system using precoding techniques for both
perfect and imperfecet CSI
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 Identifying the parameters for a given simulation scenario
« Simulate target network to analyze the SE as the capacity of the system

o SE that results from using different precoding techniques, and combined them with

PRF is evaluated and performance comparison is done.

The system uses both PRF and precodings to mitigate the PC and analyze its perfor-
mance. The detail methodology diagram is shown in Figure 1.5. First estimate the
channel responses of Ma-MIMO system at the BS using TDD mode via UL pilots and
MMSE channel estimation. Then PRF greater than one is used to reduce PC (which is
occur due to the use of the same pilot by user terminals in adjacent cell as home cell while
sending UL). The PC is reduced by assigning orthogonal pilots to neighboring cells and
next neighboring cells according to pilot group. According to the reuse pattern, a pilot
group is assigned to each cell and the pilots are randomly distributed to the user termi-
nals within that group as in the case of full pilot reuse. Precoding techniques are used
to focus each signal at its desired user terminal and mitigate interference towards other
terminals. Finally, the system performance is analyzed under both perfect and imperfect
CST in terms of SE as capacity based on the used or selected precoding techniques and

different PRF for different number of antennas and users.

1.6 Thesis Contribution

The contribution of the thesis work can be expressed as follows:

o A multi cell Ma-MIMO system with MRT, ZF and MMSE precoding techniques and
PRF are presented. The system SE expressions of users under spatially correlated

rayleigh fading channels are derived.

« Particularly, local scattering based spatial correlation channel model is considered to
develop the NLOS multipath components between BS and users. (i.e. To formulate
a correlated based channel model for multicell Ma - MIMO).
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Figure 1.5: Block diagram of system work methodology

o Analysis and compare system performance of DL multi cell Ma-MIMO with MRT,
ZF and MMSE precoding techniques and PRF in case of both perfect and imperfect

CSL

1.7 Scope Of The Thesis

The thesis focuses on the performance analysis of DL Ma-MIMO system using MRT, ZF
and MMSE precodings with PRF based on key performance indicator which is limited
to multi-cell DL scenario. The system depend on the availability of both perfect and
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imperfect CSI at the BS with the assumption of spatially correlated Rayleigh fading

channel model. Performance evaluations are done using software simulations.

1.8 Thesis Organization

The rest of the document is organized as follows

o Chapter 2: After describing about MIMO, MU-MIMO, Ma-MIMO, and their
benefits and the challenges their faced, we present the background and recent works
related to precoding techniques and PRF which aimed to solve the short coming of

multi cell Ma-MIMO system.

o Chapter 3 :The system, channel and signal model is presented. Additionally,
the SE with both perfect and imperfect CSI and the linear precoding techniques

matrices are described both mathematically and theoretically.

o Chapter 4 : First we describe the simulation setup which describes how numerical
simulation is performed. Then simulation results which depicts the average sum SE
of multi cell DL Ma-MIMO system with different PRF and precoding techniques
are presented. then discussions and interpretation are made based on each output

of SE evaluations.

e Chapter 5: This chapter includes the conclusion of this thesis and recommenda-

tions which leads future work and further investigation on this work.
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Literature Review

There are different types of research methods investigated the performance of the pre-
coding and pilot assignment techniques to mitigate the issue associated with PC in multi
cell Ma-MIMO system. Among these methods, the most related works are described as

follow:

In [22] Xudong Zhu and Zhaocheng Wang proposed smart pilot assignment (SPA) method
for Ma-MIMO to improve the users performance with severe PC. Authors motivated to
maximize UL signal to interference noise ratio (SINR) by avoiding the pilot sequence with
great inter-cell interference. Here, the pilots are assigned to the user having bad channel
quality. The training sequence is assigned with the lowest inter-cell interference to the user
having the worst channel quality in a sequential way according to the proposed schemes
and by exploiting the large-scale characteristics of fading channels. They concerned on
adjusting the combination between the users and pilot sequences and analyzed the system
performance in terms of the minimum UL SINR with the average UL capacity of the
user among in the target cell with respect to the number of antennas and in each cell
convergence of the UL SINR; the average UL capacity of the user with the minimum UL
SINR of SPA exceeds the conventional schemes by 0.6 bps/Hz. The system performance
of the proposed scheme approaches to that of the optimal solution when large number
of antennas is used. Finally, they concluded that the proposed SPA scheme provides
better performance than random pilot assignment. But they did not consider inter-cell

interference that causes the PC.

In [23] Zhao et al. suggested a combination of pilot contamination precoding (PCP)
and pilot assignment to combat PC in multi-cell MU- Ma-MIMO systems. Authors used
two heuristic pilot assignment schemes, such as a swapping-based and a greedy scheme
combine with ZF-PCP and studied the system performance of the DL transmission in
Ma-MIMO in terms of sum rate metrics as the number of BS antennas is increased and

also studied the computational complexity of the proposed schemes by calculating the

12
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number of search times. They formulated an optimization problem to find the best pilot
assignment solution in PCP assisted Ma-MIMO systems which is used to maximize the
sum rate of the system. They stated that the swapping-based scheme can achieve an
increase of 16 percent in the sum rate, and the greedy scheme can achieve an increase of
13 percent when the number of antennas at BSs, M is large as 1000,

By analyzing the results, They conclude that the proposed methods perform better than
the an existing PCP scheme with random pilot assignment and ZF-PCP scheme. These
schemes provide improved system performance. But the PCP matrix is depend on the
pilot assignment information and altered depending on the update in pilot assignment

information.

In [22] and [24] a joint pilot, time-shifted and SPA assignment scheme has been proposed.
Authors used time-shifted and the SPA schemes to mitigate PC effect. Time-shifted strat-
egy is used to suppress Inter-group interference and intra-group is reduced by SPA scheme.
According to their obtained simulation result the proposed scheme improved the perfor-
mance of the system and provide better than the conventional pilot assignment schemes
but the mutual interference between UL pilot signals and data cannot be eliminated even

though the use of SPA scheme.

Ahmed S. Al-hubaishi in [24], proposed an efficient pilot assignment (EPA) scheme against
PC in Multi cell Ma-MIMO Systems. Authors used this scheme combine with two UL
receiver detectors, maximum ratio combiner (MRC) and ZF to reduce PC problem in
Multi cell UL Ma-MIMO Systems by maximizing the minimum UL rate of the target
cell’s user. They considered the large-scale characteristics of the fading channel to reduce
inter-cell interference at the target cell; formulated the pilot assignment as problem op-
timization and develop algorithm, to increase the throughput by reducing the inter-cell
interference, PC and evaluated the performance of in terms of SINR as the number of
receiver antennas per cell goes to infinity. They also compared the proposed schemes
with the SPA and the conventional schemes as a function of the number of BS’s antennas
using the ZF and MRC as a linear detector.

Finally, They concluded that the EPA scheme is best pilot assignment scheme. It pro-
vides the best performance and least complexity. But the paper did not consider intra

cell interference.
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In [25] Abhishek Thakur and Ramesh Chandra Mishra proposed performance analysis
of energy efficient MU Ma-MIMO system. Authors investigated the EE MU Ma-MIMO
system performance assuming channel reciprocity error using precoding schemes like MR,
ZF and PRF to reduce the PC and optimize the SE for different user density per cell.
They analyzed the Bit error rate (BER), average harvested energy and achievable rate
of Ma-MIMO under Rician fading channel without increasing the bandwidth and cell
density. They evaluated the SE versus number of BS antennas with perfect CSI, FDD
and TDD; SE versus the number of users and different PRFs for both precoding tech-
niques and BER versus SNR (dB) for different smaller values of BS antennas. From the
simulated result, They stated that BER is also negligible for small value of SNR.

By increasing number of antenna at BS, Ma- MIMO performance can be enhanced but
there is some limit which is bounded by EE of the system, the deploying cost and cir-
cuit power consumption will increase and the achievable rate getting constant after some
instant. so, the EE of the Ma-MIMO system will reduce. The SE performance in ZF is
better than MR precoding because Ma-MIMO is noiseless communication system. TDD
mode is showing better performance than FDD mode. For both ZF and MR precoding,
F=1 is preferred when more number of users per cell is used and F=7 is preferred for less
number of users per cell.

Then they concluded that the system performance found by assuming channel non recip-
rocal is lower than the performance by assuming that the channel is reciprocal, Frequency
reuse factor can be increased when user density is less and vice versa for user’s resource
optimization and they obtained the SE of Ma-MIMO is 40 times more than the previous
4G network technology although the system is restricted to line of sight propagation.

In [26] Jun Zhang and Jun Zuo proposed Multi-Cell MU- Ma-MIMO Transmission with
DL Training and PCP. Authors investigated the SE of beamforming training scheme
with MRT precoding and derived closed-form expression of the SE to find the optimal
lengths of UL and DL pilots. To improve the performance, they suggested the BT-PCP
transmission scheme to minimize the PC interference with limited cooperation between
BSs. The proposed BT-PCP scheme can significantly mitigate the PC interference when
the number of BS antennas is large but still finite. They analyzed the SE achieved by

the beamforming training scheme, and obtained the optimal lengths of pilot sequences
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based on the derived approximate closed-form expression. The obtained results depicted
that the performance gain due to CSI estimation at the user side but, the SE per cell in
multi-cell is reduced because of PC as compare with single-cell scenario. Based on the
observed result, They conclude that the proposed scheme provides better performance
than the conventional PCP method, and the performance gap between the perfect CSI
case and BT-PCP is small. But the analysis was focused on uncorrelated channel and

used only MRT precoding

In [27] Qasim Jabbar and Yu Li suggested evaluation, analysis of performance Gains and
Trade offs for Ma-MIMO Systems. Authors studied the system performance gains are in
a multi-cell DL Ma-MIMO system under i.i.d Rayleigh fading channel model with both
perfect and imperfect channel estimation and also the effect of interference among cells
due to pilot sequences contamination. They evaluated and analyzed the performance of
the Array and spatial multiplexing gain as a function of the number of antennas with
both perfect and imperfect channel estimation with multi-cell system. Additionally, They
studied these gains trade offs. They also analyzed comparison between Ma-MIMO and
Conventional MIMO Systems in term of Outage Probability and from the simulation re-
sult, they obtained that Both the Array and the spatial multiplexing gain are increased
with Ma-MIMO system as the number of antennas increases. Although the system per-
formance is degraded with imperfect estimation due to the sharing of the same pilot
sequences from users in other cells which it makes pollution in channel estimation.
They concluded that all gains cannot be maximized simultaneously.

Additionally, discussed the effect of pilot interference on the trade off between energy and
spectral efficiency, this reduces the system performance and a comparison was made be-
tween imperfect and perfect CSI on array gain and multiplexing gain but They analyzed
the system performance Gains in ideal case(i.e. assumed i.i.dRayleigh fading channel

model ), considered unbounded number of antennas and used only MRT precoding.

In [28] Ukman Audah and Adeeb Salh suggested mitigating PC for Channel Estimation
in Multi-cell Ma-MIMO Systems. Authors used a channel-estimation scheme by applying
an orthogonal pilot reuse sequence to minimize PC in edge users with minimized channel
quality as per the approximation of large-scale fading, and evaluated the performance of

this scheme using the ZF and MRT precodings under the channel is i.i.d Rayleigh fading.
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They described that largely interfering users in neighboring cells are determined according
to large-scale fading estimation. These users are included in the joint channel processing.
The Achievable data rate of ZF precoding technique gave better values than MRT as a
function of different number of antennas and PRF of three and one. Additionally, the
ZF precoding provides better data rate than the MRT precoding for large pilot reuse due
to the ZF precoding could be applied at high SINR values. The data rate is increased
when the number of edge users or the grouping parameter was fixed. channels became
orthogonal to the other channels and reduces interference between neigh boring cells
as the numbers of antennas in the multi-cell system increased. The achievable data
rate with respect to different number of users is better with ZF precoding than MRT
precoding. This is due to massive number of pilot reuse sequences and the ZF precoding
can minimize the inter-cell interference between neighboring cells became orthogonal to
the other channels and restrained the interference between neighboring cells.

Finally, They generalized as system performance is improved using both MRT and ZF
preorders with respect to the number of antennas and achievable data rate is maximized
because of the orthogonal pilot reuse sequence in the DL improved estimation quality in

the channel.

Even though the related works deal about the performances of multicell Ma-MIMO system
either using linear precoding and non-linear precoding techniques or pilot assignment
schemes, They did not consider performances of the multicell Ma-MIMO system for three
precoding techniques such as ZF MRT, and MMSE and PRF and their comparison under

practical channel model, spatially correlated Rayleigh fading channels.

This thesis focuses the performance analyze of multicell Ma-MIMO systems using MRT,
ZF and MMSE precoding techniques combined with PRF under spatially correlated
Rayleigh fading channel model and compare the performance of those precoding tech-
niques with perfect CSI and the combination of precoding techniques with PRF (1,3 and
4) for the case of imperfect CSI in terms of the SE as a function of number of BS antennas

and the SE with respect to number of users under different consideration.



Chapter

System and Channel Model of DL
Ma-MIMO Systems

In this chapter we will see DL multi cell Ma-MIMO system, channel and signal model.

Similarly, the mathematical expression of SINR and SE of the system with perfect and
imperfect CSI will be derived with the three precoding techniques.

3.1 System Model

A Multi-Cell Ma-MIMO system involves multiple BSs with massive number of antennas
serving different users in different cells. Each BS antennas work coherently together and
different BSs do cooperate. the pilot sequence used in a particular cell is reused in other
cells, and this results intercell interference. Assume the system works in synchronized
operation, either all BSs simultaneously transmit or all user terminals simultaneously
transmit at any given point in time. Ma-MIMO is a MU-MIMO system where a BS with
a large number of antennas array simultaneously serve many user terminals. It has a great
advantage in increasing spatial multiplexing gain (increased data rate) because the BS
is equipped with many antennas and sends the independent data streams to many users
simultaneously. Since the antennas generate a lot of communication paths where the radio
signal can propagate over different paths, the link reliability can be enhanced and the SE
will be improved because the BS is able to focus its transmission power into the spatial
direction where each user is located (array gain). However, in multi-cell MU Ma-MIMO
systems, there is PC problem. This is due to the user terminals use the same pilots while
UL training to estimate the channel at the BS. Similarly, because of limited coherence
block, the orthogonal pilot sequence is also limited. Thus, this pilots sequences reused in
neighboring cells interfere with each other, and the obtained estimated channel in a given

cell can be contaminated by pilots transmitted by users in other cells. This estimated
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Figure 3.1: Three Cells Multi-user Downlink TDD-Massive MIMO System Model

channel is then used to transmit the DL data and finally it degrades the performance of
the system. Precoding techniques are used to focus each signal at its desired user terminal

and mitigate interference towards other terminals.

Figure 3.1 shows the Multi-Cell MU-DL TDD-Ma-MIMO system model. In this model,
the system composed of L. hexagonal cells, and each cell contains a BS with M-antennas
and K single-antenna user terminals and in each cell, K single-antenna users communicate

simultaneously to their BS, assuming that M >> K.



Chapter 3. System And Channel Model 19

3.2 Propagation Channel Model

Let h}k is the channel response between user k in cell j and the BS in cell i, and this
channel response represents the propagation channels of the k' user located in the j*
cell and the BS in i*" cell and it is modeled as spatial correlated Rayleigh fading. The
channel responses are all Gaussian distributed with zero mean and it is entirely defined
through the correlation matrices [29]. Due to practical channels are generally spatially
correlated, the BS antennas have non-uniform radiation patterns and the physical prop-
agation environment makes some spatial directions more probable to carry strong signals
from the transmitter to the receiver than other directions [12][29]. By considering path-
loss, shadowing, multipath fading and spatial channel correlation, a correlated Rayleigh

fading channel model of a user is expressed as [29]
b, ~ N (0,R),) (3.1)

where N¢ denotes complex Gaussian distribution. In which the channel response con-
verges to complex Gaussian distribution.

jik € CM xM s positive semi-definite spatial channel correlation matrix which represents
the model for the large scale fading. Gaussian distribution is used to model the small-scale
fading variations [3]. The spatial channel correlation matrix describes the macroscopic
propagation effects including the radiation patterns and antenna gains at the transmitter
and receiver. Thus, the average channel gain from the i*® BS antenna to user k in cell j
is given by [3].

i

; 1 i dj i

where

;k the large-scale fading coefficient. That describes the effect of both path-loss and
shadowing. dé»k is distance between the k' user in the j cell and the BS in i** cell and
the receiver. « is the pathloss exponent. T is the median channel gain at the reference
distance of 1 km. .
Fj:k represents a log-normal shadowing, FJi.k ~ N (O,afh) around the nominal value

T 4 10alog; % where oy, is the standard deviation of the shadow fading model. The
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shadow fading adds random correction term to obtain a model that better fits with prac-
tical channel measurements [12].

In a nutshell, channel models are either stochastic or deterministic [30]. Deterministic
channel models depends on a given environment with fixed locations of transmitters, re-
ceivers, and scatterers . These models include deterministic LOS channel model, recorded
channel measurements and ray tracing based on 3D-building models [31]. Although, de-
terministic channel models can provide very accurate performance predictions for specific
scenarios, they are only valid for a specific scenario and thus they do not allow for compre-
hensive conclusions. Besides, due to very few openly accessible databases of channel mea-
surements and 3D-building models, the results cannot be easily reproducible [12][30][32].
Stochastic channel models are used to generate a large number of channel realizations
with desired statistical properties and are not depend on a particular environment. These
models include correlation-based, geometry-based channel and parametric-based . Corre-
lated based Rayleigh fading channel model is one of the correlation-based channel model.
The channel responses are all Gaussian distributed with zero mean and it is entirely de-
fined through the correlation matrices. Parametric channel models describes stochastic
distributions of the number of multipath clusters and power, the delay profile, AoD and
AoA of the individual multipath components [12][31]. This models are not depend on the
geometry of the propagation environment, they are infeasible for system-level simulations
of the channel with time-evolution that is caused by movements of the transmitters and
receivers. A geometry-based stochastic channel models represents a distribution of the
physical location of scatterers around the transmitters and receivers. Individual prop-
agation paths are modeled in a quasi-deterministic manner; Once the locations of all
scatterers are chosen. Such models are agree very well with measurements, easy to sim-
ulate, and enable time-evolution [12][31][32]. To simplify our analysis, we consider the

local scattering based spatial channel correlation Model.
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3.3 Local Scattering based Spatial Channel Correla-
tion Model

The local scattering correlation model describes the basic characteristics of spatial channel
correlation in terms of angular standard deviation (ASD) and the nominal angle . These
are the basic parameters to model the spatial channel correlation matrix. The ASD
describes the random deviation from the nominal angle with given standard deviation.
The scenario of a Ma-MIMO system under NLOS propagation with the local scattering

spatial correlation model is shown in Figure 3.2. This approach helps to develop a model

Multipath

component
M,

Angular interval with
standard deviation o,
N,

-~

Seattering
cluster

1
Multipath
component

.
BS Nominal angle

Figure 3.2: NLOS propagation under local scattering spatial correlation model [29]

for the spatial correlation matrix for NLOS propagation between the user and the BS
equipped with uniform linear array (ULA) antennas. The received signal at the BS is the
superposition of N-multipath components. Suppose the scattering is localized around the
user and if there is no scatterers in near field of the BS, each of the multipath components
results in a plane wave that reaches the array from a particular angle and gives an array

response of [3].

. . _ . . _ T
A, = go | 1 hinn) . oa2ndhMI=1)sin(on) | (3.3)

where a, € CM, g, € C accounts for the gain and phase rotation for this path, ¢, is the
arrival angle and dj, is the spacing between the BS antennas. The channel response at

the BS is the superposition of multipath components and expressed as [28].

H:i an, (3.4)

when the arrival angels ¢,, are iid random variable with angular probability density func-

tion of f ( ¢,) and g, are iid random variables with zero mean and variance of E {| gn]2}
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The variance describes the average channel gain of the n'® path and the total average
gain of the multipath components is denoted by § = ZnNzl E {\ gn\z} . When N — oo, by

using the central limit theorem, the channel response converges to [3].
H — No(0, R) (3.5)

where N denotes complex Gaussian distribution. Besides, the spatial channel correlation
is formulated as R = E {Zn ana}f} by using equation 3.3, the (j,m)™ element of the

spatial channel correlation can be expressed as [28]
Ry = § [ 20 m @)z (3.6

As shown in equation 3.6, R, depends on the difference j—m , hence R is Toeplitz matrix.
Assuming that all the multipath components originate from a scattering cluster localized
around the user, at the BS antennas ¢ = ¢+¢§ where ¢ is the deterministic nominal angle
and ¢ is the random deviation from the nominal angle with angular standard deviation
o,. The ASD is measured in radians and determines how large the deviation from the
nominal angle. The random deviation can be modeled as Gaussian distributed, Laplace
distributed and Uniformly distributed deviations [3][29].

But here, we assume the Gaussian angular standard distribution model. In Gaussian
angular distribution with small ASD values, an approximate closed form expression of

the spatial channel correlation matrix can be expressed as [29]

o2
Ry, = Bed2rdn(i=m)sin(oyp) o= F 2ndi(=m) cos(())? (3.7)

This approximation helps to reduce the computational complexity and also gives some
insights on the structure of the correlation matrix. When o, = 0, R;,, = fe/2mdnli=m)sin(¢)
and all multipath components arrive from angle ¢ and gives rank-one correlation matrix.
Whereas, for o, > 0 the diagonal elements are the same, but off-diagonal elements

2
. __¥
decrease with e~

% (2rd(j—m) cos(#))” 4 goes to zero as o, grows to large [12].
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3.4 Channel Estimation

The BS requires CSI in Mu-MIMO systems to separate the signals associated with the dif-
ferent users. Perfect CSI can not be achieved in practice, since the channels are changing
over time and frequency, and thus must be estimated using limited resources. The chan-
nel estimation of a frequency-selective channel can be handled by splitting the frequency
resources into multiple independent frequency-flat sub channels that can be estimated
separately. A pilot sequence, which is known is transmitted over each such sub channel
and the received signal is used to estimate the channel response. To explore all spatial
channel dimensions, this sequence must at least have the same length as the number of
BS antennas [8].(i.e. a pilot sequence sent by the BS needs to have the length M, while
the combined pilot sequence sent by the single-antenna user terminals needs to have the
length K.)

There are FDD and TDD modes of implementing the UL and DL transmission over a
given frequency band. In FDD mode the bandwidth is split into two separate parts: for
the DL and UL. Pilot sequences are needed in both the DL and UL due to the frequency
selective fading, giving an average pilot length of % per sub channel. DL CSI is
estimated by the users and fed back to the BS. For a large number of BS antennas, CSI
estimation and feedback may become very complex. For TDD mode the whole band-
width is used for both DL and UL transmission, but separated in time.

Ma-MIMO uses TDD mode to estimate channel at the BS via UL pilots, which is preferred
over FDD [11], it permits channel estimation in one side, UL and avoids the estimation
of the other side, DL due to channel reciprocity property. This indicates that TDD based
channel reciprocal reduces the overhead signals used for channel estimation and saves
bandwidth of the system. In TDD, DL and UL channels are reciprocal due to this mode
uses the same frequency spectrum for the DL and UL transmissions but with different
time slots. It requires shorter pilots than FDD, but is also highly scalable since the pilot
length is independent on the number of BS antennas. In practical system, due to hard-
ware chains are mismatched, the DL and UL channels cannot be perfectly reciprocal. But
with proper calibration [7], this non reciprocity can be removed. Here in this thesis work,

the hardware chain calibration is assumed to be perfect.
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Figure 3.3: Time-division duplex Protocol [3]

A coherence block (7.) consists of a number of time samples and sub carriers over which
the channel response can be approximated as constant and flat-fading. Each coherence
block contains 7. = B.T.

where B, is the coherence bandwidth and 7T, is the coherence time. The DL transmission

has two steps: Training step and DL data transmission step.

3.4.1 Uplink Training Phase (Uplink Pilot Transmission) Based

Channel Estimation

In the training step, the BS estimates the CSI from K users that depends on the received
pilot sequences in the UL so as to make efficient use of the massive number of antennas.
Users transmit pilots to BSs, and then the BSs will estimate the corresponding channel
coefficients. Let 7, samples are reserved for UL pilot signaling or training phase in each
coherence block. Each UE sends a pilot sequence that spans these 7, samples. All user
terminals in the system send pilot sequences to BSs synchronously, and then the it BS
receives the pilot sequences transmitted from users and these received pilot sequences at

the i® BS is denoted by YF € CM*™ as shown in equation 3.8 [29]

K; _ L K; _
YU =Y Vo higda + D D /im0 + N; (3.8)
k=1

j=1j#im=1
where the superscript P in YT stands for pilots. p; is The UL transmit power which scales
the elements of ¢;;. H is used as transpose. N; denotes the additive white Gaussian noise
(AWGN). The first term in equation 3.8 represents the received pilot signals from users
in the home or target cell. The middle term express the inter-cell interference signal from

the neighbor cells, which causes the pilot contamination.
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The BS performs a de-spreading operation by correlating the received signals with each of
the K pilot sequences. This is equivalent to right-multiplying the received signal matrix

by the matrix of pilots, yielding [29].

K;
AN TR SR AN 5 Z VPim Bin@im" Sl + Nid
m=1,m#k j=1,j#im=1

(3.9)
The second and third terms in equation 3.9 represent interference and contain inner
products of the form ¢ ¢, between the pilot of the desired UE and the pilot of another
UE i in cell j. To estimate the channel of a particular user, the BS needs to know the
transmit pilot sequence of the user. so, the pilots should be deterministic sequences and
pilot assignment is made when the user connects to the BS.
Ideally, all pilot sequences to be orthogonal, but practically, the pilots are limited,which,
is 7, -dimensional vectors due to coherence block is limited, for a given 7, , we can
only find a set of at most 7, mutually orthogonal sequences. The limited length of the
coherence blocks is limited, 7,7.. Thus, assigning mutually orthogonal pilots to all UEs
are impossible in practice. Assuming that the system uses a set of 7, mutually orthogonal
pilot sequences. These can be gathered as the columns of the UL pilot book ¢ € C™ x 7,
which satisfies ®7¢ = 7,1,,.
For conventional pilot reusing scheme, the k' users in all cells reuse the k" pilot sequence,

i.e. the set with the indices of all UEs use the same pilot sequence as UE k in cell i.

Pik = {(J,m) . ¢jm = QZSm ] =1....... L,k =1...... Kj (310)

Equation 3.10 indicates UE m in cell j uses the same pilot as UE k in cell i, (j,m) € Pi

and Using then equation in 3.9 is simplified as:

e = VPwEmh Y Pmmph,, + Nid (3.11)

(4,m)€Epik\pik
The first term in equation 3.11 represents the desired pilot signals. The second and third
term describe interfering pilot and noise respectively. Where Y?, is the processed received

signal. The processed received signal is a sufficient statistics to estimate hjik
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3.4.2 MMSE based Channel Estimation

In order to implement precoding and decoding, the home cell needs only an estimate of

its own channel matrix. Assuming that the BS uses MMSE channel estimation.

The MMSE estimator of hj, is the vector that minimizes the MSE E ‘ e~ A;'-k ‘2
where ﬂ;k is given as [29].
;‘k; =F {h;k | Yip} = \/ijRj‘k‘I’zijzﬁp (3.12)

. . —1
= 2 (vpj'k'Tp{R§k+1M) (3.13)

jr'k €pjk
where gpé-k is the inverse of normalized correlation matrix. Rj»k, is the spatial correlation
matrix of the channel to be estimated. Yj,;P is the received pilot sequences at the ih
BS that are transmitted from users in the j cells. The estimation error hi, = hi, — A;'-k
has the correlation matrix. The channel estimation quality can be determined by using
the mean square error as E {h;k — hiy =tr (C;k> . In which a good estimation quality is

represented by small MSE.

3.5 Pilot Contamination

Pilot contamination is caused by sharing of non-orthogonality of pilot sequences among
users in adjacent cells, which is a crucial problem in Ma-MIMO [23]. It exists because
of the practical necessity to reuse the time-frequency resources across cells. Each user
terminals send UL pilot sequences to its BS simultaneously. This helps to know the
channel responses of its user terminals. The BS needs to know the channel responses
of its user terminals and these are estimated in the UL by sending pilot signals. Each
pilot signal is corrupted by noise and inter-cell interference when received at the BS. For
example, consider the scenario illustrated below where K number of user terminals are
transmitting simultaneously, so that the BS receives a correlated of their pilot sequences.
Thus, the desired pilot signal is contaminated. When estimating the channel from the
desired terminals in a home cell(served cell), the BS cannot easily separate the transmitted

pilot sequences from the all terminals. This has two basic indications:
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o First, the interfering pilot sequences reduces the channel estimation quality.

e Second, the BS unintentionally estimates a superposition of the channel from the
required terminals and from the interferes. as a result, the estimated channel at the

BS is contaminated. This degrades the estimation quality.

Later, the desired terminals transmit payload data and the BS wishes to coherently com-
bine the received signals, using the channel estimate. It will then unintentionally and
coherently combine part of the interfering signal as well. This is particularly poisonous
when the BS has M antennas, since the array gain from the receive combining increases
both the signal and the interference power proportionally to M. Similarly, in DL trans-
mission when the BS transmits a beam formed DL signal towards its terminal, it will
unintentionally direct some of the signals towards to interferes.at the end, the system

performance is degraded [23].

» Desired Pilot Transmission

* Interfering Pilot Transmission

Figure 3.4: Uplink Pilot Contamination in a multi cell scenario where BS i in cell i receive
pilots from adjacent cell [23]
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3.6 Perfect and Imperfect CSIT

3.6.1 Perfect CSIT

Perfect CSIT means the channel is perfect, channel estimation is not required. That
means all the components of H is known at the transmitter instantaneously and without
errors i.e E { ;k} =E {A;k} [27]. The performance of the system can be increased very
much using the CSIT in an ideal scenario.but this isn’t achieved in real condition. in fact,
perfect CSIT is impossible to achieve because the precision of the electronics should be
infinite, the transmission should be instantaneous, and some other hypothesis that in the

reality are impossible.

3.6.2 Imperfect CSIT

Perfect CSI can typically not be achieved in practice and to analyze the system perfor-
mance in realistic, the CSI is incomplete [28]. It means that only a part of the channel
is unknown. It can be due to some user not knowing its channel. Then a whole row
of Hj is missing. Or due to some resources constraints in the system that does n’t let
know a specific amount of information of the channel. It can also be originated because
a quantification error or an error on the obtainment of CSI. Using statistical properties,

the missing information can be obtained.

3.7 Pilot Reuse Factor

In order to mitigate the PC, consider arbitrary pilot allocation with the only requirement
of 7, > K [33]. The parameter N = %P > 1 is called the PRF. Full pilot reuse results to
high inter-cell interference during channel estimation, that can be minimized using pilot
reuse factor. PRF is designed to have each cell within a cluster to use unique orthogonal

signals. This helps to mitigate inter-pilot contamination effect. It is calculated in a
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similar manner to the cellular frequency reuse factor [33] given as:

N =4 +ij + j (3.14)

where 7 and j are positive integers
From equation 3.14 the possible PRF values are:1,3,4,7,9,12..

It is analogous to traditional frequency reuse. terminals within the pilot reuse area
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Figure 3.5: Cellular hexagonal cell with N=3 [3]

are confined to utilize only a fraction of the time-frequency resources during the channel
estimation phase. However, with pilot reuse, each terminal is free to use all the available
resources for data transmission during the rest of the coherence interval. The PRF 1/N
is the rate at which pilot resources may be reused in the network.

Where N is the number of cells that are assigned orthogonal pilots. A factor N reduces
the pilot contamination effect by assigning orthogonal pilots to neighboring cells, the
next-neighbor cells and so on. The total number of pilots reserved for pilot transmission
are 7, = KN,

where K is the number of users per cell.
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Figure 3.5 and 3.6 shows a hexagonal geometric arrangement of cells with a PRF N=3
and 4. Each cell within a cluster is assigned unique orthogonal signals: 1, 2, 3 for a

PRF N=3 and 1, 2,3, 4 for a PRF N=4 . We assumed that every cell served exactly K
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Figure 3.6: Cellular hexagonal cell with N=4 [3]

terminals; the minimum required duration of the pilot sequences is 7, , would be equal to
KN. For each of the N groups of pilots, i = 1, . . ., N, denote by K4, i the maximum
number of terminals served by any of the cells in that group. Then the required pilot

duration is equal to the total number of mutually orthogonal pilots in the system.

N
Tp =) Kuax-i (3.15)

=1

Each terminal in a cell is randomly assigned one of the pilot sequences allocated to that
cell. The reuse factor should divide the total number of cells. The cells are enumerated

such that the n'® cell and the (n £ N)* cell use the same set of orthogonal pilots.
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3.8 Signal Model of Downlink Data Transmission

3.8.1 DL Data Transmission

The BS has to ensure that each terminal receives only the signal intended for it. DL
data transmission uses a linear precoding operation that combines data symbols with the
channel estimates to create the actual signals that the array transmits. The j*" BS in cell

j independently transmitting a signal, X; [30].

Xj = Z Ajmsjm (3.16)

where Ajy is the precoding vector that determines the spatial directivity of the transmis-
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Figure 3.7: Block diagram of the linear precoder at each BS [3]

sion. Sjx ~ Cn (0, pjx) is a vector of K symbols intended for the K terminals in the cell.
pjk is the signal power. The average precoding vector is assumed to be unity. that is:
E{|\Ajk||2} = 1, Such that E {HAjksijz} = pjk, is the transmit power allocated to this

UE. Users in the i'" cell received signal is defined as [3]:

Yi:

L
Jj=

(H)"X, + N, (3.17)

1
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where N; = [0, nyo . . .nik]T € C¥ is the noise vector of the k user in cell i. Each users

received DL signal in cell i can be written as

C\H Ki C\H Kj U
Yao=(hh) AuSic+ > (hh) AwSm+ Y Y (hh) ApmSpm+ N (3.18)

m=1,k#m j=lj#tm=1

Where A, is the m* column of precoding matrix A, . Equation 3.18 represents the de-
J g j

j H
5 Ag  Cellj (h'y)

Uzerk celli

— Yii:

(ht 0H

Figure 3.8: : Block diagram representation of a multi-cell DL Ma-MIMO system with
linear precoding [3]

sired signal for the user k in cell i, intra-cell interference signal, and inter-cell interference

signal, respectively.

3.9 Precoding Techniques

Transmit precoding is a generalization of beamforming to support multi-stream trans-

mission in multi-antenna wireless communications. It is a versatile technique for signal
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transmission from an array of M antennas to one or multiple users. In wireless com-
munications, its goal is to increase the signal power at the intended user and reduce
interference to non-intended users . A high signal power is achieved by transmitting the
same data signal from all antennas, but with different phases and amplitudes such that
the signal components add coherently at the user. Low interference is accomplished by
making the signal components add destructively at non-intended users. This corresponds
mathematically to designing beamforming vectors (that express the phases and ampli-
tudes) to have large inner products with the vectors describing small inner products with
non-intended user channels and the intended channels . Since transmit precoding focuses
the signal energy at certain places, less energy arrives to other places because it permits
SDMA, which is K spatially separated users are served simultaneously.

In Ma-MIMO systems, space division multiple access (SDMA) is implemented using a

precoder. There are two types of precoding techniques. These are:

e Non-linear and

o Linear precoding.

1. Nonlinear Precoding Techniques

Nonlinear Precodings Provide better performance than linear precodings. These include
Dirty Paper Coding (DPC),THP, etc.. and these precodings have the ability to achieve
Shannon capacity [34] although with a huge computational complexity and are difficult to
implement in real systems, like MIMO systems. In fact, nonlinear precoding techniques
are vital important when M is not much larger than K, which is not the case in Ma-MIMO.
Thus, linear precoding techniques are chosen in Ma-MIMO due to low complexity.

2. Linear Precoding Techniques

Linear Precoding has lower performance prove their ability to approach near capacity
with low computational complexity. These linear precoding techniques include MRT,
MMSE, ZF, RZF and etc [35].

The three linear precoding techniques like MRT, MMSE and ZF are used to reduce the
inter user interference or intra cell interference for both perfect and imperfect CSI in this
thesis work.

MRT precoding is the DL version of maximum ratio combining of the UL. MRT is
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a pre-processing technique at the transmitter. It maximizes signal gain at the intended
user [27].

ZF precoding: ZF precoding is a type of precoding technique, which eliminates the
interference by transmitting the signal toward the intended user while nulling in the
directions of other users. It is the pseudo-inverse of the CSI matrix.

MMSE Precoding: MMSE tries to strike a balance between getting the most signal

amplification and reducing the interference.

3.10 Spectral Efficiency with Perfect and Imperfect
CSI

Performance is one of the main factors, which is required for any communication network.
It represents the measure of quality of the service provided by wireless communication
network. These performance metrics also help us to discover original drifts and proac-
tively respond to performance issues. The system performance can be defined by several
methods. Among these methods, the SE is one of the method to measure the system per-
formance. It is the amount of information transferred per second over a unit bandwidth.
The SE is followed by Shannon theorem. This theorem describes the maximum rate in

which the transmitter can transmit over the channel.

3.10.1 Spectral Efficiency with Perfect CSI

In perfect CSI, channel estimation is not required. Hence, the pilot sequences received
from the users aren’t required because the BS knows the propagation channel matrix H1
of multi cell Ma-MIMO system. the precoding matrix is described in terms of propagation

channel matrix H' [27]. Assume the scalling factor of precoding vector is unity.

AMRT = ()", MRT Precoding
1

AZF (Hii)H (Hii (Hii)H)_ , ZF Precoding (3.19)

A}WMSE = (Hii)H [(Hii (Hii)H + Kazp_1>_1] , MMSE Precoding
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where

AMRT — [AMRT - AMRT  AMRT]

AZF = [AZF AT, AT

A?/IMSE _ { A%\{IMSE7 A%IMSE’ o A%MSE]

These are the three precoding matrix such as: MRT, ZF and MMSE expression of all K
users in cell i. Since the channel is perfect, users will receive the desirable data transmis-
sion from their BS without interfering with other users from other cells. i.e. there is no
inter- cell interference but there is inter user interference for finite number of antennas .
Thus, assuming the system is behaving as a single cell [27].

Then by considering the expression in equation 3.18 above, the SINR of k' user in the

cell i for perfect CSI can be evaluated as follows [27]:

A (hi)"|

Pik
02
25’:17k7&m Pim ’Azm (hzzk) ’ + 072L

SINR}™ “8 T = (3.20)

The SE for k™ user in i cell and sum SE for i*? cell is given as shown below in equation

3.21 and 3.22 respectively.

SERS! = log, (1 + SINRR™ ") [bit /s /Hz] (3.21)
K

SEFH Ot = N it bit /s /Hz /cell] (3.22)
k=1

The SE of the system for perfect CSI is calculated using the three precoding techniques.

MRT precoding is a pre-processing technique at the transmitter. It maximizes signal

AMRT
1

gain at the intended user. The normalized MRT Precoding matrix can be obtained

by the complex conjugate of the CSI matrix Aygrr and normalization factor oMPT [27].
AMRT _ (MRT A (3.23)

Assume that the normalization factor is unity (i.e. o™M® =1). Thus, the AMFT can be

expressed in terms of channel matrix

AMET — (1) (3.24)
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and the k™ user of MRT precoding is AMRT and its expressed as

AN = ()" (3.25)

Then the k' user SINR and SE of MRT are expressed respectively as follows

.14

pik | Wik

SINR XIRT Perf,CSI _ - : — ; (3.26)
Zm’:l,k;ﬁm Pim ‘ h im (hlik) ‘ + On

ZF is the pseudo-inverse of the CSI matrix. The k' user of Zero forcing precoding is

A% and its expressed as [27]:

-1

AZF = (ui)" (hiki (hik)H> (3.28)

Then the k' user SINR and SE of ZF are expressed respectively as follow:

Dik hi-kA%{Ff
SINRZF Fertest — — : (3.29)
: 2
pir: | Dy AL
SEiF Perf,CSI _ 10g2 1+ O_k2 k ‘ (3‘30)

MMSE reduces the interference and improves the performance by minimizing the mean

square error. This technique is generated by the mean square error method [27].

H

. A H -1
AikMMSE = (hikl) [ (hiki (hik1> + Kazpiil) ] . (331)

Where K is the number of users. p;, is the power allocated to kth user. o2 is the noise

variance

. 2
bl AikMMSE‘

MMSE Perf,CSI Pik
SEik S erf,CS

=log, | 1+ —— (3.32)
Zylyi:l,]g#m Pim ‘ Aim (hlik)H‘ + O-n2
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Where

MMSE Perf,CSI Pik
SINR JMSEPefcst _ "L
Zm:l,k;ﬁm pim| Aim(hlik) | +0'n2

hig A MMSE |2
1 1

3.10.2 Spectral Efficiency with Imperfect CSI

In order to utilize the advantages of Ma-Mu-MIMO, accurate CSI is required at the BS. In
multi-cell system, there is reused of pilots by users while user terminals send UL pilots to
the BS to estimate the channel response within cell due to the coherence block is limited.
If each cell is serving the maximum number of terminals, then the received pilot signals
at the BS are contaminated by pilots transmitted by terminals in other cells. Therefore,
the user in the i cell for example receives signal from its BS and from other BSs [28].
In imperfect CSI, there is estimation error because the transmitter not knows all the
components of Hi. That is {tr (C’;)] #0,ie E {hzk} #E {A;k}
The channel estimation error, E}k = hj) — ﬁjk and the channel vector, hj, is expressed as
[29]

b = hiy + 0l (3.33)

Substitute the expression in equation 3.16 into 3.18 then the received DL signal vector

by user k in cell i for imperfect CSI can be obtained
H K N L K N
Y= (Bh) AuSuc+ > (0)AmSm+ Y > (W) A Simt
m=1,k#m j=1,j#1 m=1k#m

K .
> (hfk)Aijjm + Nik

1 m=1

L (3.34)

J

The first term of equation 3.34 contains the intended signal, whereas the other three
terms represent effective noise, including intra-cell and inter-cell interference due to non-
orthogonal channels, interference from estimation error of DL effective channel, and re-
ceiver noise, respectively. Since we use TDD mode (UL pilot) that limits the pilot over-
head, no DL pilots and we depend on instead on channel hardening. Thus, the users do
not know their instantaneous channel realizations. However, they can learn their average
equivalent channels, E {(hik)H Aik}. (i.e.without beamforming training, the users detect
the signals based on the statistical CSI).

The DL signal vector received by user k in cell i for imperfect CSI in equation 3.34 or in
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3.18 can then be expressed as [3]:

Yi = E { (ni)" Aik} S + ((hik)H Aw —E { (ni)" Aik})

K C\H L K . \H
Sit Y. (hh) AwSmt > > (hh) A S+ Na

m=1,k#m j=1,7#1i m=1k#m

(3.35)

The second term describes receiver’s lack of knowledge about H. The first term in equation
3.35 is the desired signal received over the deterministic average precoded channel fl;-kAik
, where as the remaining terms are random variables with realizations that are unknown
to the UE.

The SINR and SE for k™ user in i cell for imperfect CSI in equation 3.34 and 3.35 are

re-expressed as follow in equation 3.36 and equation 3.37, respectively.

B{(4)"} 1,

SINRImperf CSI _ Pik — 5 (336)
52721 Zmet Pim ’E {(Am)" W} = o | B {(Au)" } 1| + 02
SE[mpert, CSI (Td) log, (1 + SINRE"CST) [bit /s /Hy) (3.37)
To

Equation 3.36 is the lower bounded DL ergodic channel capacity of UE k in cell i
The SE expression can be expressed for any channel model and precoding scheme.

Where The expectations are with respect to the channel realizations.

hiy, = i, + Ezk and E(Ezkﬁ;k) = 0. Due to the estimate and the estimation error are
independent and have zero mean.

Where :—i is the prelog factor, which is fraction of all samples used for DL data. It is
also represent the ratio of the time needed in sending data to the coherence interval and

describes the pilot overhead. It is equivalent to 1 — ().

Equation 3.37 is re-write equivalent to in equation 3.38
gElmPert, CSI (1 - (P)> log, (1 + SINRE™S1) [bit /s /Hy) (3.38)
Tc

The sum SE for imperfect CSI of i*" cell is

SEJPr OS] Z Bl [bit/s/ Ha/ cell (339
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We also used Linear precoding techniques such as MR, ZF and M-MMSE to analyze the
performance of multicell Ma-MIMO systems with imperfect CSI. These Linear precoding
techniques are selected using the UL-DL duality precoding design principle. The UL-
DL duality theorem describes that the SE achieved in the UL can be achieved also in
the DL, if the UL combining vectors are used as DL precoding vectors. i.e. if the DL
power is allocated in a particular way based on the UL powers and the precoding vectors
are selected based on the detection vectors [36]. Hence, under imperfect CSI, the DL
precoding vectors are based on the UL receive combining vectors are expressed as follow

[29]:

Vik
Aip = 3.40
L= (3.40)
where
Yie= BV}
V, MRC with MR precoding
Vi=1[Vii....Vi] = Ve with ZF precoding

YV, M-MMSE - with M - MMSE precoding
Equation 3.40 can be normalized by||Vi|| instead of |/ E {|MkH2} to reduce variations in
precoded channel (hi)" Ay
VMRC — ﬁl
e ())
VHTANEE = ( i HiP, (ﬁj)H + 3k Y PGl + U%LIM) h HiP;
MRT Precoding Techniques
It is a linear precoding technique that maximizes the SINR. The MRT precoding for UE
k in cell i is determined based on the channel estimate, hi, or the UL receive combining

vectors, VMEC = hiy [29].

1 A
i
hyy
T

Ay = (3.41)

The precoding normalization constraint is assumed to be unity. that is: E{||Ay|} =1

The SE can be calculated in closed form for this average-normalized MRT precoding.
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The SE of average-normalized MRT precoding is expressed as [29]: Ay = S

E{ fiy 2}

SEMRT, —— (f) log, (1 + SINRE™ CSIMRT) (it /s /17 (3.42)

ZF Precoding Techniques ZF precoding is linear precoding technique that is used to
cancel the intra-cell interference. This precoding is a normalization of ZF combining vec-
tor. The ZF combining vector is assumed to implement a pseudo-inverse of the estimated

channel matrix [36].
%(F _ Vi
1 IVE

(3.43)

i\ a1
where V3 2F = Hj ((H}H) Hli) , the ZF combining vector. The SE expression of average-

i (ﬁ%kﬁ.‘ii) B -
1 1 1 L
= —£- and based on the

1 A%
\/E{”ﬁiik(ﬁik)Hﬁ%k) 2} ‘ h

normalized ZF precoding, with Ay =

MMSE channel estimate [29].

1

SEZF = Cd) log, (1 + SINRY™ 1) [bit /s /1] (3.44)

M- MMSE Precoding Techniques
The multi-cell MMSE precoding matrix of cell i is expressed based on the multi-cell
MMSE receive detector matrix of cell i [29][36].

M—MMSE VT MMEE
Al = [y (3.45)
where,
~. ~\H . . -1 __
VM-MMSE _ [y v, Vik| = ( I HiP; (HJI) + 30 YR ijC}m) + O'%LIM> H!P;
P; = dig (pj1, pj2y - v oo - - - pjk) is the transmit powers of all UEs in cell j.

ICIJ‘ is estimated channel matrix that containing the estimates of all channels from UEs in
cell j to BS 1.
The multi-cell MMSE precoding vector of k' user in i cell is expressed based on the

multi-cell MMSE comining vector of k' user in i*! cell.

AM—MMSE — V}\liliMMSE (3 46)
N |
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SEM-MMSE _ <Td) log, (1 + SINRLP CSIMMMSEY (1341 (3.47)

Te
M-MMSE combining maximizes the instantaneous SINR and also minimizes the MSE in
the data detection; which is, the average squared distance between the desired signal and

the processed received signal.
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Simulation Results and Discussion

In this chapter, we will present the simulation results, and analysis for the performance

analysis of the system.

4.1 Simulation setup

The system performance evaluations are analyzed for five different cases.

Case 1. SE performance evaluation (analysis) using PRFs and linear precoding techniques
at different BS number of antennas with imperfect CSI.

Case 2. SE performance analysis using linear precoding techniques for different number
of users with imperfect CSI.

Case 3.SE for different number of users and number of antennas with imperfect CSI
Case 4. SE performance analysis using linear precoding techniques at different BS number
of antennas with perfect CSI.

Case 5. SE performance evaluation using linear precoding techniques for different BS
number of antennas and number of users having perfect CSI.

The parameters and their values for matlab simulation are listed under Table 4.1.

Figure 4.1, 4.2 and 4.3 illustrate 16-cell cluster with pilot reuse N= 4, 12-cell cluster with
pilot reuse N= 3 and 16-cell cluster with pilot reuse N= 1 respectively. Each pattern is
associated with a different set of orthogonal pilots. These are also mutually orthogonal
from pilot reuse pattern to pattern. In Figure 4.1, 4.2 the cells are described that the n'"
cell and the (n 4= N)*™ cell use the same set of orthogonal pilots. In other word, the cells
that have the same color use the same set of orthogonal pilots while the cells that have
different color use different set of orthogonal pilots. Consequently, inter-cell interference
or PC is reduced within cells. Each cell has different color with its neighboring cells. For
example, the neighboring cells for cell 4 with pilot reuse N=4 are cell 1, 2, 3,7,10 and 13

that have distinct color with cell 4. Figure 4.3 shows all cells have the same color this

42
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Table 4.1: parameters and values

parameters values (considerations)
Number of cells Multi-cells (16 [29], 12)
Cell radius 1000m [26]
Channel state information Perfect and imperfect CSI at the BS
Channel model Correlated Rayleigh fading
Number of antennas per BS (Fixed) 100 [28]

Range of antennas per BS (When varied) 10-110
Number of users (Fixed) 10 [28]
Number of users(Varied) 0-40 [25]

UL and DL power 20dBm [29]
PRF 1,3,4
Channel gain at 1 km () 148.1 dB [29]
Path-loss exponent («) 3.76 [29]
Receiver noise power 94 dBm [29]
Bandwidth 20MHz [3]
Carrier frequency 2GHz [3]
Coherence interval 300 [3]
Number of channel realizations 100
Shadow fading standard deviation (o) 10dB [29]
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Figure 4.1: 16-cell cluster with pilot reuse N= 4.

indicates that all the k' user use the same pilot.
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Figure 4.2: 12-cell cluster with pilot reuse N= 3

-4000 -2000 a 2000 4000

Figure 4.3: 16-cell cluster with pilot reuse N=1

5000



Chapter 4. Simulation Results and Discussion 45

4.2 Spectral Efficiency for different number of BS

antennas with imperfect CSI

We assume the number of users per cell, K = 10 [25] and vary the number of BS antennas
from 10 to 110. We consider a communication bandwidth of 20MHz, an UL transmit
power of 20dBm per user and each BS allocates 20dBm DL transmit power (assume the
power is same for each user). The pilot signal length is 7, = NK, where the integer, N
is the pilot reuse factor(specifically N=1, 3, 4). Thus, the number of pilots are increased
by N- times than users for each cell. These pilots are randomly assigned to the users
in each cell. Rayleigh fading channel under local scattering spatial channel correlation
model with given nominal arrival angle, 30°and Gaussian angular standard deviation, o,
=10° are considered for SE evaluation of Ma-MIMO system.

Figure 4.4 shows the average sum SE versus number of BS antennas (M) for the three

50 T T T T T T T T T

—&— M-MMSE PRF=1
451 | = # —zF PRF=1 -
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Average sUm SE [hitrsiHZc el
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Figure 4.4: Average sum SE with respect to the number of BS antennas for M-MMSE,
ZF and MRT precoding techniques ( for a PRF of one and K=10)

precoding techniques and PRF of one. As we can see from the result the M-MMSE
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provides the best performance than ZF and MRT precoding. The pilot reuse factor is
one; the length of required pilot sequence 7, is the same as number of users. Thus each
cell reuses the same k pilots. Because M-MMSE can reduces the inter cell interference in

addition to intra cell interference.
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Figure 4.5: Average sum SE with respect to the number of BS antennas for M-MMSE,
ZF and MRT precoding techniques ( for a PRF of three and K=10)

Similarly, Figure 4.5 illustrates the SE of Ma MIMO with respect to the number of BS
antennas for 3 reuse factor and the three precoding techniques. The figure shows that M-
MMSE provides the best system performance. ZF shows better performance than MRT
Precoding and MRT gives the lowest SE. The result also shows that average sum SE of
M-MMSE Precoding with PRF of three are higher than this Precoding with PRF of one
due to it can better suppress the interference from user terminals in the neighboring cells
when these user terminals use other pilots. For 3 reuse factor the SE of MRT slightly
reduces since the improved estimation quality does not outweigh the reduced pre-log
factor when the estimate is only used to coherently combine the desired signal and not
to cancel interference. likewise, the SE of ZF reduces for 3 reuse factor. Thus, ZF and

MRT provide lower average sum SE.
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Figure 4.6: shows that average sum SE increases as increase number of antennas and the

PRF (i.e N=4) for M-MMSE Precoding. The cells are grouped into four pilot groups.
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Figure 4.6: Average sum SE with respect to the number of BS antennas for MMSE, ZF
and MRT precoding techniques a PRF of four and K=10

The cells in each group uses different orthogonal pilots. According to the pilot reuse
pattern, the pilots are reused in different pilot group as result the PC is reduced and SE
is increased.

Figure 4.4, 4.5 and 4.6 show average sum SE with respect to the number of BS antennas
for MMSE, ZF and MRT with one, three and four PRF respectively. M-MMSE Precoder
achieves higher SE than ZF and MRT for all taken PRFs and it has highest SE at PRFs of
four among all because it reduces the level of PC by using different pilot for user terminals
in surrounding cells and. MRT achieves the lowest SE performance for four reuse factor
and it provides highest SE for one reuse factor. ZF achieves better performance than

MRT Precoding.
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4.3 Spectral Efficiency versus different number of users

with imperfect CSI

Figure 4.7 shows average sum SE increases versus number of users for the three precoding
techniques with PRF =1. As it can be seen MR (i.e. MRT) gives the lowest SE than all
because MRT only increases the signal gain but it doesn’t suppress the interference. and
M-MMSE provides the best performance. The PRF is one; the number of users is the
same as pilot sequence length,7,. The sum SE increases as number of user increases until
its SE reaches saturation point. (Hint: MR in Figure 4.7, 4.8 and 4.9 is represent MRT
precoding).
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Figure 4.7: Average sum SE with respect to the number of users for M-MMSE, ZF and
MRT precoding techniques (a PRF of one and M=100)

To look at the SE of the system for larger PRF, Figure 4.8 and Figure 4.9 are simulated for
PRF 3 and 4 respectively. Figure 4.8 illustrates average sum SE versus of users’ increases
from 0 to 30 for all linear precoding techniques with PRF is three. The SE increases as
number of users increase then reaches maximum point( at K=30) and finally decreases as
number of users’ increases from 30 to 40. Similar to figure 4.7, MRT gives the lowest SE

and M-MMSE provides the best performance. ZF shows better performance than MR
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Figure 4.8: Average sum SE with respect to the number of users for M-MMSE, ZF and
MRT. Precoding techniques ( for a PRF of three and M=100)

Precoding. The PRF is three; the required pilot sequence length is three times of number
of users.

Figure 4.9 shows, first average sum SE increases as number of users increases for all linear
precoding techniques with PRF is four, then reaches maximum point and keeps constant
(from K=20 to 30 for M-MMSE and MRT) and finally decreases as number of users’
increases from 30 to 40. The result shows that MRT and ZF provides lower performance
than M-MMSE. MRT gives the lowest SE. The pilot group is divided into four and the
length of pilot sequence is four times of K.

Average sum SE decreases as number of users’ increases from 0 to 40 for all linear precod-
ing techniques with PRF changes from one to three and four as shown Figure 4.9 because
PRF 3 and 4 are effective at small number of users. The SE of three precodings reaches
saturation level (maximum point) for different number of users due to the precodings

performance depends the coherence block.



Chapter 4. Simulation Results and Discussion 50

=0 T T T T T T T

S M-MMSE
ZF -
—&— R

[un}
=
T

i |
=
T

,
A"
,
I
{
!
f

[ny]
=

T

',
M

1

]
=
T
1

=
=
T
1

[}
=
T
1]

1

Average sum SE [hitis/Hzicel]

[
=
T

10

0 5 10 15 20 25 30 35 40
Murnber of users (k)

Figure 4.9: Average sum SE with respect to the number of users for MMSE, ZF and MRT
precoding techniques and a PRF of four (M=100)

4.4 Spectral Efficiency for different number of users

and number of antennas with imperfect CSI

We used the number of users per cell, K = 10 and K=20, change the number of antennas
from 10 to 110 per BS and keeping the PRF is fixed, that is N=4.
Figure 4.10 shows that the SE increases as the number of antennas at the BS increases

and the same PRF is used and number of users per cell is 10.

Table 4.2: SE values at specified values of BS antennas in the range M=10 to 110 and
number of users per cell (K=10)

Precoding techniques combined SE
with PRF M=10 | M=30 | M=50 | M=80 | M=100
MRT PRF=4 6 13 17 22 25
ZF PRF=4 9 21 26.53 33 36
M-MMSE PRF=4 11 23 20.55 | 38.55 43
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Figure 4.10: Average sum SE with respect to the number of antennas for M-MMSE, ZF
and MRT precoding techniques (for a PRF=4 and K=10 )

Figure 4.11 shows that the SE increases as the number of BS antennas increases and
users per cell is increased from 10 to 20 and also the same PRF is used. The result also
shows that the sum SE is better when the number of users per cell is changed from k=10

to 20 and the number of BS antennas is also changed.

Table 4.3: SE numerical values at specified values of BS antennas in the range M=10 to
110 and number of users per cell (K=20)

Precoding techniques combined SE
with PRF M=10 | M=30 | M=50 | M=80 | M=100
MRT PRF=4 5.6 13.62 | 19.18 | 25.31 28.56
7ZF PRF=4 8.63 23.8 | 35.42 46 50.6
M-MMSE PRF=4 9.8 28.59 | 45.7 53.5 59.9
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Figure 4.11: Average sum SE with respect to the number of antennas for MMSE, ZF and
MRT precoding techniques(for a PRF=4 and K=20 )

4.5 Spectral Efficiency for different number of BS

antennas with perfect CSI

We used the number of users per cell, K = 10 and change the number of BS antennas from
10 to 110. We consider a communication bandwidth of 20MHz, an UL transmit power of
20dBm per user and each BS allocates 20dBm DL transmit power. Figure 4.12 depicts
the average sum SE versus number of antennas (M) for the three precoding techniques.
As Figure 4.12 shows the SE increases as the number of antennas increase for all linear
precoding techniques. MMSE and ZF provide higher SE than MRT precoding and have

almost the same performance a
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Figure 4.12: Average sum SE with respect to the number of BS antennas for MMSE, ZF
and MRT precoding techniques (for K=10 and SNR=5dB)

4.6 Spectral Efficiency for both different number of

users and BS antennas with perfect CSI

We used the number of antennas from 10 to 110 per BS and the number of users per cell,
K = 10 and K=20 change (i.e. when both K and M are changed simultaneously). We
consider a communication bandwidth of 20MHz, an UL transmit power of 20dBm per
user and each BS allocates 20dBm DL transmit power.

Figure 4.13 shows that the average sum SE increases linearly as the number of antennas
and users increase for all linear precoding techniques. MMSE and ZF provide higher SE.
ZF achieves better performance than MRT, but almost the same as MMSE, and MRT
achieves lowest performance for all considered number of BS antennas. The result also
shows that the sum SE increases as the number of users and Antennas are increase at the
same time and M»K (M /K increases) because it becomes easier to suppress interference.

Figure 4.14 shows that the SE increases slowly with small number of BS antennas and the
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Figure 4.13: Average sum SE with respect to the number of antennas for MMSE, ZF and
MRT precoding techniques (for K=10 and SNR=0dB)

Table 4.4: SE numerical values at specified values of BS antennas in the range M=10 to
110 and number of users per cell (K=10)

Precoding techniques SE
M=10 | M=30 | M=50 | M=80 | M=110
MRT 10 20 28 29.85 | 36.75
7F 10 45 53.55 60 67
MMSE 10 45 53.55 60 67

number of users is changed from 10 to 20. This is because the BS does not have enough
spatial degrees of freedom to separate the users. For example, at K=20 and M less than
20, but at K =20 and M greater than 20 the spectral efficiency increases effectively due
to the BS has enough spatial degrees of freedom to separate the users. The result also
shows that the sum SE is better when the users per cell is changed from k=10 to 20 and

the number of BS antennas is also changed.
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Figure 4.14: Average sum SE with respect to the number of antennas for MMSE, ZF and
MRT precoding techniques( for K=20 and SNR=0dB)

Table 4.5: SE numerical values at specified values of BS antennas in the range M=10 to
110 and number of users per cell (K=20)

Precoding techniques SE
M=10 | M=30 | M=50 | M=80 | M=110
MRT 10 24 38 44 57
ZF 1.25 65 100 | 119.25 125
MMSE 1.25 55 100 | 119.25 125

When we compare the SE of the system using all linear precoding techniques (MRT,

ZF and MMSE) with both imperfect and perfect CSI, the SE of the system using linear

precoding techniques with perfect CSI achieve better performance than their correspond-

ing precoding techniques under imperfect CSI during changing the number of BS antennas

from 10 to 110 and fixed number of users, K=10.



Chapter
Conclusion and Future Works
5.1 Conclusion

A Ma-MIMO system gives higher SE without increasing frequency spectrum. This system
uses linear precoding techniques like MRT, ZF, MMSE and M-MMSE at the BS. The
known channel is estimated from the UL via TDD mode and MMSE estimation is used.

The SINR and SE are derived for both perfect and imperfect CSI.

In this thesis, we have analyzed and evaluated the performance of multicell DL, Ma-
MIMO system using linear precoding techniques and PRF under spatially correlated
Raleigh fading channel model with both perfect CSI and Imperfect CSI for different BS
number of antennas and number of users per cell. M-MMSE Precoder achieves higher
SE than ZF and MRT for all taken pilot reuse factors due to it can better suppress the
inter cell interference of users in neighboring cells for using fixed number of users and for
different BS number of antennas when these user terminals use other pilots and also it
has highest average sum SE at PRF of four among all because it reduces the level of PC.
ZF achieves better performance than MRT Precoding. The result also depicts that the
sum SE is increased initially, then reach at optimal value and decreased finally when the
number of users per cell is changed and fixed number of antennas is used even the PRF is
increased. This indicates that large PRF is effective at small number of users and small
pilot reuse factor is effective at large number of users. The sum SE is increased when both
the number of users (K) and antennas (M) are changed at the same time. The sum SE
of all precoder with perfect CSIT better than the sum SE of all precoder with imperfect
CSIT. It exceeds the sum SE of all precoder with imperfect CSIT by more than 25% for
M>> K.

56
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5.2 Recommendations for Future Work

In this work, we investigated the SE performance of multicell Ma-MIMO system using
PRF and precoding techniques. Even though performance evaluation is done by assuming
different scenarios and assumptions, there are still cases and considerations that should

need future investigation. Here we describe some the future works.

o In our thesis, we made performance evaluation by assuming the number of Antennas
at user side is one (i.e. single antenna users) and limited by SE metrics.. But further

investigation can be done by assuming multi antenna users.
o Performance evaluation can be also analyzed in-terms of EE and complexity metrics.

e We assumed Equal transmit power allocation in this thesis, It can be extended
to Mu-cell Ma-MIMO Systems for optimization strategy using power allocation

algorithms.
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