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Abstract

Due to that wireless technology improvement is ongoing, the numbers of users
and applications increase rapidly. Then wireless communications need the high
data rate and link reliability at the same time. Future generation wireless commu-
nication will have to deal with some core requirements for serving a large number
user simultaneously, upholding high throughput for each user, assuring less energy
consumption, etc.

In practice, the interuser interference has impact when more users access to the
wireless link. Complicated transmission techniques such as interference cancella-
tion should be used to maintain a given desired quality of service. Due to these
problems, Massive MIMO with very large antenna arrays are proposed.

Massive MIMO is one of these promising technologies which have introduced
the concept of using hundreds or thousands of antennas at the base station and
serving tens or hundreds of user simultaneously. A massive number of antennas
will help to concentrate the radiated energy into smaller region hence will improve
the throughput and energy efficiency of the system.

In this paper, we have investigated the performance of a massive MIMO system
utilizing different precoding techniques (e.g. MMSE, ZF, MRT) under Rayleigh
fading channel with both complete and incomplete channel state information at
the transmitter (CSIT).

Keywords– MIMO, Massive MIMO, Precoding, MMSE, ZF, MRT, Rayleigh,
Capacity, CSIT.
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Chapter 1

Motivation and Background

1.1 Introduction

Performance limitation of wireless network will be at the physical layer, because,
fundamentally, the amount of information that can be transferred between two
locations is limited by the availability of spectrum, the laws of electromagnetic
propagation, and the principles of information theory. There are three basic ways
in which the efficiency of a wireless network may be improved [1]:

• Deploying access points more densely;

• Using more spectrum;

• Increasing the spectral efficiency, that is, the number of bits that can be
conveyed per second in each unit of bandwidth

While future wireless systems and standards are likely to use an ever-increasing
access point density and use new spectral bands, the need for maximizing the spec-
tral efficiency in a given band is never going to vanish.

The use of multiple antennas, also known as multiple-input, multiple-output (MIMO)
technology, is viable approach for substantial improvement of spectral efficiency.
MIMO technology is logically classified into one of three categories: Point-to-
Point MIMO, Multiuser MIMO, and Massive MIMO. This thesis is about Massive
MIMO, which arguably will be the ultimate embodiment of MIMO technology.

A massive MIMO is a type of wireless communication system, which uses an
antenna array with a large number of antenna, on a scale of few hundreds or thou-
sands [16]. The idea of massive MIMO is for a single base station to serve a
multiplicity of terminals using the same time-frequency resources. Effectively,
the massive MIMO scenario is obtained from the Point-to-Point MIMO setup by
breaking up the K-antenna terminal into multiple autonomous terminals.

1



1.2. Problem Statement

The basic concept of massive MIMO is to obtain all the benefits of conventional
MIMO but on an enormous scale. Massive MIMO relies on the spatial multiplex-
ing that in turn relies on the base station having sufficient channel information or
CSIT. This CSIT is accomplished by having the terminals sending pilots to the
BS, based on which BS estimates the channel response to each of the terminals.

Either in uplink or in downlink transmissions, all terminals occupy the full time-
frequency resources concurrently. On uplink, the base station has to recover the
individual signals transmitted by the terminals. On the downlink, the base station
has to ensure that each terminal receives only the signal intended for it. The base
station’s multiplexing and de-multiplexing signal processing is made possible by
utilizing a large number of antennas and by its possession of CSI.

Precoding is one of the ways to improve the transmission using this CSIT. This
channel state information at the transmitter (CSIT) can be exploited to enhance the
performance of massive MIMO system using various precoding techniques. The
precoders adapt the transmission to the channel using CSIT to improve the perfor-
mance of the system. Precoding also helps to reduce the inter-user interference by
focusing the energy on the desired user. Some well-known precoding techniques
are, Minimum Mean Square Error (MMSE) precoding, Zero Forcing (ZF) precod-
ing, Maximum Ratio Transmission (MRT) precoding, Regularized Zero Forcing
(RZF) precoding, Tomlinson-Harashima (TH) precoding, etc.

In this paper, we have analysed the performance of MMSE, ZF and, MRT precod-
ing in a massive MIMO system considering perfect and imperfect CSIT condition.

1.2 Problem Statement

The major challenges in wireless communication are include spectral efficiency,
link reliability, coverage and energy efficiency. This is due to the limited avail-
able bandwidth, the fading nature of the propagation channel and the mobility and
autonomy of the wireless nodes. The rapid growth in demand for high speed and

2



1.2. Problem Statement

high quality multimedia services with diverse QoS requirements is also creating
the opportunities and challenges for the system designers. Providing diverse QoS
guarantees to the mobile users and various applications is an important objective
of next generation wireless networks. However the wireless channel is affected
by time-dispersive effects, Doppler and multipath fading, as a result the spectral
efficiency of the wireless system is degraded

In order to increase the data rates offered, a simple approach is to increase the
allocated bandwidth. This approach is difficult, since the radio-frequency spec-
trum is scarce resource. Therefore, research over the last years has been focused
towards improving spectral efficiency, so that higher data rates can be achieved
within a given bandwidth. To improve the spectral efficiency, the conventional
scheme and the new massive MIMO cooperative scheme are used adaptively ac-
cording to channel condition between source and destination.

Massive MIMO (as know as very large MU-MIMO) system has attracted a lot
of interest. When the number of antennas increases, the random channel vectors
between the users and base station become nearly orthogonal [9]. Other impor-
tant advantage of massive MU-MIMO systems is that they enable us to reduce the
transmitted power. On the uplink, reducing the power of the terminals will save
their battery life. On the downlink, much of the electrical base station power is
spent by power amplifiers and associated circuits and cooling systems [5]. Hence
reducing the RF power would help in cutting the electricity of the base station

Massive MU-MIMO technology is now attracting substantial attention from both
academia and industry. This motivates us to work on this topic. Most of the studies
considered the uplink performance. Here, we study massive MU-MIMO down-
link system with linear precoding. We consider the system performance when the
number of antennas and the number of users are large. Our area of interest in this
work focus on transmitter precoding impact analysis with respect to achievable
sum rates in Massive MIMO systems

In addition to study the massive MU-MIMO system performance, we are inter-
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1.3. Objective of the thesis

ested in the performance comparisons among linear precoding: Minimum Mean
Square Error (MMSE), Zero Forcing (ZF) and Maximum Ratio Transmission
(MRT) precoding. Hypothetically, the precoding is known as Space Division Mul-
tiple Access. Each linear precoding shows the best performance with each signal
power regime. For the comparison between MRT and ZF, MRT gives better per-
formance at low signal to noise ratio (SNR) while ZF performs better at high
SNR. MMSE gives the best performance across the entire SNR. These proper-
ties are used for improving the performance of massive MU-MIMO in different
propagation environments.

1.3 Objective of the thesis

1.3.1 General Objective

To analysis performance of linear precoding algorithms to future massive MIMO
wireless systems

1.3.2 Specific Objective

• Review the existing precoding algorithm in massive MIMO

• To analyze the effects in a massive MIMO downlink system with linear
precoding and different channel models

• Analysis of the performance of precoders for massive MIMO under;

– Wireless channel impairments and

– Various number of receive and transmit antennas.

• We derive linear precoding matrix

• We simulate the channel models with MATLAB software

• We calculate the spectral efficiency to analyze the effect of massive MIMO
downlink system over different channel models

• Comparing a reliable and analysis of efficient precoders

4



1.4. Literature Review

1.4 Literature Review

Massive MU-MIMO technology is now attracting substantial attention from both
academia and industry. There are different types of research investigated the per-
formance of the precoding techniques in massive MIMO system. Some of the
researches conducted on the area of precoding and related to this work are briefly
reviewed below.

The first breakthrough to Massive MU-MIMO Downlink TDD Systems with Lin-
ear Precoding and Downlink Pilots was made by Thomas Marzetta, et al [2],
consider an efficient channel estimation scheme to acquire CSI at each user, called
beamforming training scheme. With the beamforming training scheme, the BS
precodes the pilot sequences and forwards to all users. Then, based on the received
pilots, each user uses minimum mean-square error channel estimation to estimate
the effective channel gains. Then they derive a lower bound on the capacity for
maximum-ratio transmission and zero-forcing precoding techniques to evaluate
the spectral efficiency taking into account the spectral efficiency loss associated
with the transmission of the downlink pilots. They also hinted the potential bene-
fits of massive MIMO.

Because of its advantage over conventional point-to-point communications as dis-
cussed above, the massive MIMO concept has gained great attention in recent re-
search. Md. Mahfuzur Rahman and Dr.Md. Abu Bakar Siddiqui [3] investigated
the BER performance of massive MIMO system with increasing number of BS an-
tenna, users, and SINR. They compared Spectral efficiency and BER performance
of ZF, MMSE precoding under Perfect CSIT and Imperfect CSIT. It was shown
that performance of a massive MIMO system utilizing different precoding tech-
niques ( MMSE, ZF, MRT) under Rayleigh fading channel with both complete and
incomplete channel state information at the transmitter (CSIT) are investigated. In
their’s work, three types of hypothetical assumption are considered to assume the
missing information of the CSIT and analysed the performance of the precoders
using these assumptions

5



1.4. Literature Review

In [4], Adil Israr, Zahid Rauf, Jan Muhammad and Faisal Khan compares the
performance of Massive MIMO downlink including linear precoding is evaluated.
The achievable rate and the downlink transmit power of ZF and MRT precoding
techniques are derived, analyzed and compared under the same conditions and
assumptions. Their scenarios considered to investigate these performance param-
eters are when the ratio of BS antennas and number of users is large, ZF is better
than MRT while when the ratio is quite small it makes MRT better than ZF for the
same conditions

In [5], the art of novel low-complexity high-performance precoding algorithms
with both linear and non-linear processing strategies are explored. It proposes
Block diagonalization (BD) linear precoding type based to reduce the computa-
tional complexity and improve the performance of BD-type precoding algorithms.
Two categories of low complexity linear precoding are proposed to reduce the
computational complexity and improve the performance of BD-type precoding al-
gorithms. One is based on multiple LQ decompositions and lattice reductions.
The other one is based on a channel inversion technique, QR decompositions, and
lattice reductions to decouple the MU-MIMO channel into equivalent SU-MIMO
channels. Both of the two proposed precoding algorithms can achieve a compara-
ble sum-rate performance as BD-type precoding algorithms, substantial bit error
rate (BER) performance gains, and a simplified receiver structure, while requiring
a much lower complexity
Tomlinson-Harashima precoding (THP) is a prominent nonlinear processing tech-
nique employed at the transmit side is investigated and its performance strongly
depend on the ordering of the precoded symbols.They propose a multi-branch
THP (MB-THP) scheme and algorithms that employ multiple transmit process-
ing and ordering strategies along with a selection scheme to mitigate interference
in MU-MIMO systems. Two types of multi-branch THP (MB-THP) structures are
proposed. The first one employs a decentralized strategy with diagonal weighted
filters at the receivers of the users and the second uses a diagonal weighted fil-
ter at the transmitter. The MB-MMSE-THP algorithms are also derived based on
an extended system model with the aid of an LQ decomposition, which is much
simpler compared to the conventional MMSE-THP algorithms. They show that a

6



1.4. Literature Review

better BER performance can be achieved by the proposed MB-MMSE-THP pre-
coder with a small computational complexity increase

In [8] shows a performance analysis of a large multi-user MIMO downlink sys-
tem over frequency selective fast fading channel under Rician distribution was
analyzed using ZF, MMSE and MRT precoding. The performance has been inves-
tigated in terms of BER and throughput. In this work a perfect feedback channels
was considered. The performance analysis of linear precoding for MIMO system
based Imperfections CSI is investigated by [10]. The result showed that linear
precoding provides significant gains even with imperfect CSI.

The work in [9] analyzed the performance of multiple inputs multiple output
orthogonal space time blocks coding MIMO-OSTBC over frequency selective
fading channel using Bit Error Rate (BER) and spectral efficiency (SE) as per-
formance measures. The results showed that, as SNR increases, the spectral effi-
ciency increases while the BER reduces for different antenna configurations. The
authors in [13] analyzed OSTBC of MIMO systems for both perfect and imper-
fect CSI.

In reference [11] the authors suggested the most favourable types of beamform-
ing techniques that can be deployed in massive MIMO systems and to clarify the
importance of beamforming techniques in massive MIMO systems for eliminating
and resolving many technical hitches that massive MIMO system implementation
faces. The authors aim at evaluating of optimal beamforming techniques that are
used in wireless communication systems to determine which techniques are more
suitable for deployment in massive MIMO systems to improve system throughput
and reduce intra- and inter-cell interference. They suggested an optimal beam-
forming technique that can provide the highest performance in massive MIMO
systems, satisfying the requirements of next-generation wireless communication
systems.

7



1.5. Methodology

1.5 Methodology

In this study, related secondary sources of data such as different books in LTE,
3GPP standardization documents, previous researcher’s studies, different Institute
of Electrical and Electronics Engineers (IEEE) articles, development in 5G cellu-
lar technology in general and basics of massive MIMO in particular.

Based on the inputs retrieved from review of related literatures and the statement
of the problem in mind, the methodology of this study is designed as follows;

System design

• Outline work flows for spectral efficiency of the system;

• Setup target network requirements in terms of spectral efficiency;

• Prepare a mathematical model for calculating the capacity of the system;

– Generating channel,

– Defining precoding matrices with their power constraints,

– calculating SINR for each user,

– Calculating the achievable rate of each user,

– Calculating total capacity of all users hence total capacity of the system
and finally taking an average of all realization (in this paper 1000) to
find the final system capacity

• Identify all input parameters for simulation

Simulations:

• Outline simulation work flow

• Perform target network capacity prediction simulations;

• Simulate target network to evaluate the capacity.

Result Analysis & Interpretations:

8



1.6. Thesis Contributions and Outline

• Perform spectral efficiency (capacity) evaluation analysis whether the target
network requirement achieved or not.

1.6 Thesis Contributions and Outline

In all the literatures seen so far in Section 1.3, precoding has been investigated
at various levels. However, some of the differences in the previous work and the
current work are underlined in the following points.

• A Massive-MIMO system using linear precoding system is presented. The
system throughput expression and the achievable rate of a user over Rayleigh
fading channels are derived. With different linear precoding scheme, the
M-MIMO achieve better performance. In this work, If the channel state
information at the transmitter (CSIT) is not perfect, the missing informa-
tion is obtained using statistical properties and there is noise in the channel.
since the pilot signals(known at both ends of the link and from which the
base station estimates the channels) propagate through the uplink channel,
So in order to get CSI at downlink, the base station performs a de-spreading
operation by correlating the received signals with each of pilot sequences.
During de-spreading operation the noise is also spread.
But in most of literatures [2, 3, 8, 13], three types of hypothetical assump-
tion (Ones Assumption, Mean Assumption and Random Assumption) and
there is no noise in the channel are considered to assume the missing infor-
mation of the CSIT and analysed the performance of the precoders.

• We consider only linear processing at downlink(MMSE, ZF and MRT) since
number of base station antenna is typically much larger than number of
terminals in massive MIMO. Moreover, zero-forcing and maximum-ratio
themselves tend to be optimal under high and low SINR conditions respec-
tively.
While there are somewhat better performing alternatives: nonlinear process-
ing, which increase mathematical complexity and suitable when number of
base station and terminals are nearly equal, and suitably optimized block
diagonalization(BD) linear precoding type, which uses LQ and QR decom-

9



1.6. Thesis Contributions and Outline

position to decouple MU-MIMO channel into SU-MIMO to reduce compu-
tational complexity and to improve performances on the downlink [5]

• The spectral efficiency for M-MIMO with given target of SINR are com-
pared.

• The complexities analyze of M-MIMO with perfect CSIT and imperfect
CSIT condition linear precoding are considered

Rest of the paper is organized as;

• Chapter 2, Provides the background studies of massive MIMO system, Fad-
ing channel, Channel Estimation, short description of perfect and imperfect
CSIT and shows the equation for the achievable rate of a user in M-MIMO
system.

• Chapter 3, Describes the precoding techniques used in this work.

• Chapter 4, Provides the simulation results and discussion of M-MIMO for
system including the linear precoding

• Chapter 5, the conclusion and suggestions for future work were presented

10



Chapter 2

Massive MIMO downlink systems

2.1 Introduction

A Massive MIMO system refers to the system where the base station commu-
nicates with several users simultaneously. The base station and the user can be
equipped with multiple antennas. The M-MIMO system enables many parallel
communications in the same time and frequency resource that called Space Divi-
sion Multiple Access (SDMA).

Advantages of Massive-MIMO systems:

• Incresed data rate, due to base station is equipped with many antennas, it
sends the independent data streams to many users simultaneously (multi-
plexing gain).

• Link reliability, due to that antennas generate a lot of communication paths
that the radio signal can propagate over (diversity gain).

• Improving the energy efficiency, due to that base station is able to focus
its transmission power into the spatial direction where each user is located
(array gain).

The three fundamental futures render Massive MIMO scalable with respect to the
number of base station antennas, M are;

• Only the base station learns channel state information (CSI), H

• M is typically much larger than K

• Simple linear signal processing is used both on the uplink and on the down-
link

This chapter will describe the principle of Massive MIMO downlink system, which
includes; Rayleigh fading channel, channel estimation, downlink data transmis-
sion and achievable rate

11



2.2. Massive MIMO downlink systems

2.2 Massive MIMO downlink systems

We consider the case of a single base station that simultaneously serves K ter-
minals. We call the area where the terminals are located a cell, and refer to the
corresponding scenario as single-cell, emphasizing the fact that there is no inter-
cell interference to account for.

Figure 2.1 illustrates the basic downlink Massive MIMO setup. Each base sta-
tion is equipped with a large number of antennas, M, and serves a cell with a large
number of terminals, K through Rayleigh fading channels, and that the channels
will stay constant during a coherence interval of T symbols. The terminals typi-
cally (and throughout this thesis) have a single antenna each.

Figure 2.1: Downlink M-MIMO system model with M-antennas and K-users [9]

Let hm
k be the channel gain between the kth terminal and the mth base station an-

tenna. We will assume that the base station antennas are configured in a compact
array, so that the paths between a given terminal and all base station antennas are
affected by the same large-scale fading, but by different small-scale fading.

hm
k =

√
βkgm

k , k = 1, ...,K,m = 1, ...,M, (2.1)

where βk is a large-scale fading coefficient that depends on k but not on m, and gm
k

12



2.2. Massive MIMO downlink systems

represents the effect of small-scale fading.
We let H be a matrix that comprises the channel gains between all terminals and
all base station antennas [3]

H =



h1
1 h1

2 . . . h1
K

h2
1 h2

2 . . . h2
K

. . . .

. . . .

. . . .

hM
1 hM

2 . . . hM
K


(2.2)

Throughout all performance analyses, we will assume that the small-scale fading
is Rayleigh and independent between the antennas and the terminals, so that hm

k
are i.i.d. C N (0,1)random variables.

Rayleigh Fading Channel
In the wireless communication, it is difficult to find the exact channel proper-
ties because of multipath propagation in each environment. Nonetheless, channel
models are used for analyzing system performance. One of the channel models,
which is used for modeling the channel fading, is a Rayleigh fading channel.

The model assumption is that the summation of many statistically independent
reflected and scattered paths with random amplitudes is an independent and iden-
tically distributed (i.i.d) complex Gaussian random variable. The element of the
channel matrix can be written in a complex number form as [25].

hm
k = c+ jd (2.3)
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2.2. Massive MIMO downlink systems

The joint probability density function (PDF) can be written as

fc,d(c,d) =
1

2πσ2 e

−c2 +d2

2σ2


(2.4)

Expressing hm
k in polar form we obtain

hk
m = re jθ (2.5)

Where r = c2 +d2, θ = arctan(
d
c
)

From polar form, we can write the joint PDF of R and θ by

fR,θ (r,θ) =
r

2πσ2 e
−

r2

2σ2 (2.6)

By integration with θ we obtain the PDF of R as

PR(r) =
r

σ2 e
−

r2

2σ2 (2.7)

The PDF of R is same as Rayleigh distributed. By above properties, Rayleigh fad-
ing channel can be described in terms of amplitude and phase.

The channel coefficient of complex Rayleigh fading is generated by two Gaus-
sian random variables where each variable has zero mean and variance σ . Each
Gaussian random variable is put in the real part and imaginary part. Then, the
channel coefficient of Rayleigh fading channel is given by;

hRayleigh = c+ jd (2.8)

Where c ∈N (0,σ) and d ∈N (0,σ)
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2.2. Massive MIMO downlink systems

2.2.1 Channel Estimation

An additional consequence of using large numbers of antennas is that the required
signal processing and resource allocation simplifies, owing to a phenomenon known
as channel hardening. The significance of channel hardening is that effects of
small-scale fading and frequency dependence disappear when M is large. Fur-
thermore, channel hardening renders channel estimation at the terminals, and the
associated transmission of downlink pilots

Typically, the channel estimation is done on the downlink. More precisely, each
user estimates the channel using pilot sequences transmitted from the base sta-
tion, and then it feedbacks this CSI to the base station. This channel estimation
overhead will be proportional to the number of base station antennas. Therefore,
with massive MIMO system, this is very inefficient. Thus, here we assume that
the channel is estimated at the base station via uplink pilots, assuming channel
reciprocity. Since Uplink and downlink channels are reciprocal in TDD because it
uses the same frequency spectrum for the uplink and downlink transmissions but
with different time slots. M is large in massive MIMO therefore, TDD operation
is preferable in Massive MIMO

The downlink and uplink channels can not be perfectly reciprocal in practice be-
cause of hardware chains mismatch. But with proper calibration [13], this non-
reciprocity can be removed. In this work, it is assumed that the hardware chain
calibration is perfect.

The downlink transmission will occur in two phases: Training phase and Down-
link data transmission phase

Training
Sequence

Data Transmission Sequence

Figure 2.2: downlink transmission phases

τρ is the coherence duration used for the training phase. In the training phase,
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2.2. Massive MIMO downlink systems

the base station estimates the channel state information (CSI) from K users based
on the received pilot sequences in the uplink. The base station uses this CSI and
linear precoding schemes to process the transmit data.

A wideband channel can be decomposed into coherence intervals of duration Tc

seconds and bandwidth Bc Hz. Every such interval offers τc = BcTc independent
uses of a frequency-flat channel. Illustrates the three activities that occupy each
coherence interval: uplink data transmission, uplink pilot transmission, and down-
link data transmission. In every coherence interval, the terminals use τρ of the τc

available samples to transmit pilots that are known at both ends of the link, and
from which the base station estimates the channels.

Each user is assigned an orthogonal pilot sequence of τρ symbols where τρ ≥ K.
Any set of orthogonal pilots with the same energies yield the same performance.
The significance of τρ is to quantify how much energy each terminal spends on
pilots in each coherence interval. In principle, any τρ samples in the uplink part of
the coherence interval can be used for pilots. In practice, transmitters are typically
peak-power limited, so constant-modulus signals, such as orthogonal sine waves,
make ideal pilots. We assign the kth terminal a pilot sequence denoted by a τρ×1
vector φk, which is the kth column of a τρ ×K unitary matrix, such that τρ ≥ K
and

Φ
H

Φ = IK (2.9)

Collectively, the terminals then transmit a K× τρ signal

Xρ =
√

τρΦ
H , (2.10)

which is normalized so that each terminal expends a total energy that is equal to
the duration of the pilot sequence,

τρφ
H
k φk = τρ (2.11)

The M× τp received pilot matrix at the base station is given by [1];

Yρ =
√

ρρHΦ
T +Nρ (2.12)
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2.2. Massive MIMO downlink systems

Where Φ ∈ τρ ×K is the pilot sequence used by K users satisfying ΦΦH = IK;
Nρ ∈ CM×τ is the additive noise at the base station; ρρ = τρρu where ρu is the
transmitted power of each user.

The base station 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

Y ′ρ = YρΦ (2.13)

Y ′ρ =
√

ρρH +N′ρ (2.14)

Where N′ρ = NρΦ∗

Let yk and nk be the kth columns of Y ′ρ and N′ρ respectively

y′ρ,k =
√

ρρhk +n′k (2.15)

No information is lost in the de-spreading operation because multiplication of the
received pilot signal by any vector in the orthogonal complement of Φ would only
result in still another noise matrix that is statistically independent of both H and N′ρ

Assuming that the base station uses MMSE channel estimation, After de-spreading,
the base station has a noisy version (2.15) of the channel matrix. Under the as-
sumption of independent Rayleigh fading, the elements of the channel matrix and
the noise matrix are statistically independent. Hence, channel estimation decou-
ples over both the base station antennas and the terminals, and it is sufficient to
consider only the (m,k)th component of (2.15),[

Y ′ρ
]m

k
=
√

ρρhm
k +

[
N′ρ
]m

k
(2.16)

By assumption, the large-scale fading coefficients are known, so the prior distri-
bution of hm

k , C N (0,βk), is also known. The MMSE estimator is [7]

ĥm
k = E {hm

k |Yρ}= E {hm
k |Y

′
ρ}=

√
ρρβk

1+ρρβk

[
Y ′ρ
]m

k
(2.17)
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2.2. Massive MIMO downlink systems

The mean-square of the channel estimate is denoted by γk and given by

γk = E
{
|ĥm

k
∣∣2}= ρρβ 2

k
1+ρρβk

(2.18)

In (2.18), is the same for all m, since the channels for each of the antennas are
statistically identical. The channel estimation error is denoted by

h̃m
k = ĥm

k −hm
k (2.19)

and the mean-square estimation error is

E
{
|h̃m

k
∣∣2}= βk

1+ρρβk
= βk− γk (2.20)

The channel estimation error is uncorrelated with both the channel estimate and
the pilot signal,

E
{

h̃m
k
(
ĥm

k
)∗}

= 0, (2.21)

E
{

h̃m
k
[
Y ′p
]∗

mk

}
= 0 (2.22)

The estimation error h̃m
k and the estimate ĥm

k are jointly Gaussian distributed, so the
fact that they are uncorrelated implies that they are also statistically independent.

The estimator defined by (2.17) is the same for every antenna index, as are the
mean-square channel estimate (2.18) and the mean-square error (2.20). The es-
timate of the channel to the kth terminal is denoted by an M × 1 vector ĥk =

[ĥ1
k, ĥ

2
k, . . . ĥ

M
k ]T , which, to facilitate subsequent derivations, is expressed in nor-

malized form as follows:
ĥk =

√
γkzk (2.23)

Where the components of zk are i.i.d. C N (0,1). Using (2.23), we write the
estimate of the complete channel matrix to the K terminals, H, in normalized form
as

Ĥ = ZD
1
2
γ (2.24)
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2.2. Massive MIMO downlink systems

Where γ = [γ1, ...,γK]
T is a K×1 vector of mean-square channel estimates, and Z

is an M×K matrix whose entries are i.i.d. C N (0,1).

2.2.1.1 Perfect and Imperfect CSIT

Perfect CSIT means that the transmitter knows all the components of H instanta-
neously and without errors (βk = γk). In an ideal scenario like this, the performance
of the system can be increased very much using the CSIT.

It is in fact, impossible to achieve perfect CSIT because the transmission should be
instantaneous, the precision of the electronics should be infinite, and some other
hypothesis that in the reality are impossible. To be more realistic it can be con-
sidered that the CSI is incomplete. 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 H is missing. Or due to some resources constraints in the system that doesn’t let
know a specific amount of information of the channel.It can also be originated be-
cause an error on the obtainment of the CSI or a quantification error. An example
of the imperfect CSIT could be like this [3],

H =



h1
1 h1

2 h1
3 h1

4 h1
5 h1

6

h2
1 h2

2 h2
3 h2

4 h2
5 h2

6

θ θ h3
3 θ θ θ

h4
1 h4

2 h4
3 h4

4 h4
5 h4

6

θ θ θ θ θ h5
6


(2.25)

In this example, it can be seen that the users 1, 2 and 4 transmit all the CSI but
users 3 and 5 just transmit the information only for the path from antenna 3 and 6
respectively.

2.2.1.2 Assumption of Channel State Information

If the channel state information at the transmitter (CSIT) is not perfect, there are
two options, first is not to perform any precoding and using old transmission using
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2.2. Massive MIMO downlink systems

other techniques rather than MIMO techniques, second is the missing values of the
CSIT can be assumed. The missing information can be obtained using statistical
properties

2.2.2 Downlink Data Transmission

The base station has to ensure that each terminal receives only the signal intended
for it. The base station’s multiplexing and de-multiplexing signal processing is
made possible by utilizing a large number of antennas and by its possession of
CSI to process the signals before transmitting them to K users.

Downlink data transmission entails a linear precoding operation that combines the
message bearing symbols with the downlink channel estimates to create the actual
signals that the array transmits. The mth antenna transmits a weighted symbol [7],

xm =
√

ηmqm (2.26)

x = D
1
2
ηq (2.27)

Where ηm is a power control coefficient that satisfies 0 ≤ ηm ≤ 1. The symbols
{qm} have zero mean and unit variance, and they are uncorrelated,

E
{

qqH}= IM (2.28)

The signal received vector at the K user terminals can be expressed as:

y =
√

ρdlHT x+n (2.29)

Where y ∈ CMx1 is the received signal vector at the kth user (k = 1,2, ,K), x ∈
CMx1 is the signal vector transmitted at the base station such that E[||x||2] = 1; n
C N (0,σ2I) is the noise vector with I, being the identity matrix. The superscript
T symbolizes the transpose and ρdl is the average SINR.
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2.3. Achievable rate

2.3 Achievable rate

In Massive MIMO, after appropriate signal processing, the effective channel asso-
ciated with each of the terminals is a scalar point-to-point channel. Each time this
channel is used, it takes a (complex-valued) scalar input symbol x and delivers a
(complex-valued) output signal y. The action of the channel is characterized by
the conditional probability distribution of y given x.

The system performance can be defined by several methods. One of method,to
quantify the system performance, is the achievable rate. The achievable rate is
followed by Shannon theorem. This theory tells the maximum rate, which the
transmitter can transmit over the channel.

To communicate a message over a point-to-point scalar channel, the transmitter
maps the message onto a sequence of symbols {xn}, and the receiver recovers the
message from the sequence of samples {yn}. The effective number of bits con-
veyed per transmitted symbol, denoted by R, is called the rate and is measured in
bits per channel use (bpcu). Recall that a waveform contained in a time-frequency
space of bandwidth BHz and time-duration T seconds can be described by BT
samples. Hence, transmitting a waveform with bandwidth B Hz and time-duration
T seconds is equivalent to transmitting BT symbols {xn}. Therefore, the rate R
is usually termed spectral efficiency and measured in bits per second per Hertz
(b/s/Hz).

Consideration of net spectral efficiency alone according to the rigorous Shannon
theory suggests the optimality of a rough parity between number of transmitter an-
tenna (M) and number of receiver antenna (K) in conventional Multiuser MIMO:
further growth of M only yields logarithmically increasing throughputs while in-
curring linearly increasing amounts of time spent on training [9]. Massive MIMO
represents a clean break from conventional Multiuser MIMO. Measures are taken
such that one operates farther from the Shannon limit, but paradoxically achieves
much better performance than any conventional Multiuser MIMO system
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2.3. Achievable rate

Throughout this work, motivated by the channel coding theorem, we will use such
capacity bounds as the primary performance metric. These capacity bounds can
typically be approached closely in practice by using state-of-the-art channel cod-
ing techniques. Some key results on capacity and capacity bounds for point-to
point scalar channels that will be needed for the performance analysis in precod-
ing are discussed below.

2.3.1 Fading channel with perfect CSI at the transmitter

A fading channel with Gaussian noise n and a gain h that is perfectly known to the
transmitter. Here,

y =
√

ρHT x+n (2.30)

x and n are independent, and, in addition, h is a random variable that represents
the fading channel gain and which is independent of x and n. New independent
realizations of h and n are drawn for each transmitted symbol x. The distribution of
h can be arbitrary. Equation (2.30) applies; E{|x|}2 ≤ 1, E{n}= 0, and Var{n}=
1. The capacity is

C = log(1+ρ|HT |2) (2.31)

2.3.2 Fading channel with no CSI at the transmitter

We next extend the previous model to the case of an unknown channel gain. The
signal x and the noise n are uncorrelated, but not necessarily independent. Neither
the transmitter, nor the receiver knows H. Also, H and x are independent; how-
ever, no assumption is made on the statistical relation between H and n.

To obtain a simple capacity bound, we rewrite the expression for y as follows [1]:

y =
√

ρE{HT}x+
√

ρ
(
HT −E{HT}

)
x+n (2.32)

The receiver’s lack of knowledge about H is captured by the second term
√

ρ
(
HT −E{HT}

)
x.

A direct calculation shows that the second and third terms of (2.32) are mutually
uncorrelated, and uncorrelated with x. Considering the two last terms of (2.32) as
effective noise, the channel in (2.32) is, with appropriate normalization, equivalent
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to the model in deterministic channel with Additive Non-Gaussian Noise

C ≥ log2

(
1+

ρ|E{HT}|2

ρVar{HT}+1

)
(2.33)

The bound in (2.33) is mainly useful when h fluctuates only slightly around its
expected value E{HT}, so that Var{HT} is small. This will be the case in many
of the derivations of capacity bounds for Massive MIMO.The train of reasoning
can be summarized as follows:

• Owing to the linear beamforming, each terminal sees a scalar channel with
unknown gain h, and additive uncorrelated effective noise that comprises
receiver noise and interference.

• The effect of the lack of knowledge of h, captured in the deviation h−E{h},
is treated as additional uncorrelated effective noise. By virtue of channel
hardening, while h is random and unknown, it fluctuates only slightly around
E{h} so this additional effective noise is small.

• The variances of all effective noise terms depend only on second- and fourth-
order moments of Gaussian random variables, and hence can be computed
in closed form.
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Chapter 3

Precoding Schemes

3.1 Introduction

Transmit precoding (beamforming) is a versatile technique for signal transmission
from an array of M antennas to one or multiple users. In wireless communications,
the goal is to increase the signal power at the intended user and reduce interfer-
ence to non-intended users. A high signal power is achieved by transmitting the
same data signal from all antennas, but with different amplitudes and phases, such
that the signal components add coherently at the user. Low interference is accom-
plished by making the signal components add destructively at non-intended users.
This corresponds mathematically to designing beamforming vectors (that describe
the amplitudes and phases) to have large inner products with the vectors describing
the intended channels and small inner products with non-intended user channels.

Since transmit precoding focuses the signal energy at certain places, less energy
arrives to other places. This allows for so-called space-division multiple access
(SDMA), where K spatially separated users are served simultaneously. One beam-
forming vector is assigned to each user and can be matched to its channel. Unfor-
tunately, the finite number of transmit antennas only provides a limited amount of
spatial directivity, which means that there are energy leakages between the users
which act as interference.

While it is fairly easy to design a beamforming vector that maximizes the sig-
nal power at the intended user, it is difficult to strike a perfect balance between
maximizing the signal power and minimizing the interference leakage.

There are basically two techniques of precoding: linear types, e.g. ZF, MMSE,
MF and non-linear precoding, e.g. THP, VP, etc
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3.2. Downlink Linear Precoding

3.2 Downlink Linear Precoding

Linear precoding is a transmitter-based precoding scheme for compensating for
the multipath interfering effect of the communication channel. By means of linear
precoding techniques in the downlink, the BS transmits linearly precoded infor-
mation data with signal vector x, which is predicated for the K users by [1]

x = PD
1
2
ηq =

K

∑
k=1

√
ηk pkqk (3.1)

Where P ∈ CM×K designates the precoding matrix, q ∆
= [q1,q2, ...]

H denotes the
signal vector which encloses the data symbols for the K user, Dη represents the
normalization constant which has been chosen subject to power constraint E{[||x||2]}≤
1. A block diagram of the linear precoder at the BS is shown in Figure (3.1)

Figure 3.1: Block diagram of the linear precoders at the BS
[13]

The expected power that is used for the kth terminal is

E
{
||
√

ηk pkqk||2
}
= ηkE

{
||pk||2

}
(3.2)
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Therefore, the transmitter vector y can be written as,

y =
√

ρdlHT Pq+n (3.3)

The base station does not know the actual channel, but it does know the channel
estimate that it derived from the uplink pilots. Within (3.3), we replace H by
Ĥ− H̃ , where H̃ = Ĥ−H is a matrix of channel estimation errors, and in turn we
replace the channel estimate by its normalized version (2.24). This yields

y =
√

ρdl(Ĥ− H̃)T x+n

=
√

ρdlĤT x+
(
n−
√

ρdlH̃T x
)

=
√

ρdlĤT PD
1
2
ηq+

(
n−
√

ρdlH̃T x
)

(3.4)

Which expresses the received signal as if the transmitted signals passed through a
known channel followed by the addition of the quantities in parentheses that con-
stitute effective noise. The effective noise is uncorrelated with the desired signal
term because the receiver noise n is independent of everything else, and the chan-
nel estimation error H̃ and the channel estimate Ĥ are uncorrelated

The signal received by the kth terminal is

yk =
√

ρdlĥPD
1
2
η +nk−

√
ρdlh̃T x (3.5)

The three terms in (3.5) are mutually uncorrelated. For subsequent use, we evalu-
ate the variance of the sum of the last two terms,

var
{

nk−
√

ρdlh̃T x
}
= 1+ρdlE

{
xH h̃∗k h̃H

k x
}

= 1+ρdl(βk− γk)E
{
||x||2

}
(3.6)

which, significantly, depends only on the total radiated power.
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3.2.1 MMSE Precoding

MMSE precoding is the optimal linear precoding in massive MIMO downlink sys-
tem. This technique is generated by the mean square error (MSE) method. Owing
to average power at each transmitted antenna is constrained, Lagrangian optimiza-
tion method is used for obtaining this precoder. Firstly, we start to consider the
MSE of the signal. The MSE can be written as [20];

ε = E
[
||αy− x||2

]
(3.7)

We find the precoding matrix PMMSE and α to minimize the MSE under the aver-
age power constrain Dη . This is stated mathematically as

[PMMSE ,α] = arg min
pMMSE ,α

(ε)

s.t.
K

∑
k=1

E
[
||qk||2

]
= Dη (3.8)

To solve the optimization problem, the Lagrangian method is used for this prob-
lem [7]. Then,

L (PMMSE ,α,λ ) = ε−λ tr(xHx−Dη) (3.9)

Where λ ∈ R is the Lagrangian factor

In order to find PMMSE and λ to minimize the MSE, we take derivatives with
respect to PMMSE , and λ . Firstly we take derivatives with respect to PMMSE

∂L (PMMSE ,λ )

∂PMMSE
= 2α

2H∗HTW −2λPMMSE−2αZ∗ = 0 (3.10)

Therefore,

PMMSE(µ) =
1
α

H∗(HT H∗+µIK)
−1 (3.11)

Where we replace− λ

α2 by µ×R. Owing to the power constrain in (3.8),α can be
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represented as a function of Âţ. More precisely,

α(µ) =

√
tr(HT H∗(HT H∗+µIK)

−2)

Dη

(3.12)

Therefore, the constrained optimization problem with respect to PMMSE and α can
be reduced to an unconstrained optimization problem with respect to µ

µ̂ = min
µ

ε(PMMSE(µ)) (3.13)

Therefore, the constrained optimization problem with respect to PMMSE can be
reduced to an unconstrained optimization problem with respect to µ We take a
derivative with respect to µ equal to zero and we can obtain

µ̂ =
tr(IK)

Dη

=
K

Dη

(3.14)

Substituting (3.14) into (3.13) the optimal MMSE precoding W is given by

PMMSE = H∗
(

HT H∗+
K

Dη

IK

)−1

(3.15)

Let yMMSE
k , xk, and nk be the kth elements of K×1 vectors y, x, and n respectively

and we define the kth column of PMMSE as

pMMSE
k = H∗Λk (3.16)

Where Λk is the kth column of H∗
(

HT H∗+
K

Dη

IK

)−1

. From (3.16), the received

vector of kth user with MMSE is given by

yMMSE
k =

1
α

hT
k H∗Λkqk +

1
α

K

∑
i=1,i 6=k

HT
k H∗Λiqi +nk (3.17)
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The resulting capacity is

CMMSE,dl
inst.,k = E

[
log2

(
1+SINRMMSE,dl

k

)]
(3.18)

Where

SINRMMSE,dl
k =

|hT
k H∗Λk|2

∑
K
i=1,i6=k |hT

k H∗Λi|2 +1
(3.19)

Block diagram below shows the corresponding functional block.

× × + +

hT
k H∗Λkqi

1
α

C N (0,1)

×1
α

∑
K
i=1,i 6=k hT

k H∗Λiqi

qk q̂k

SIGNAL OF INTEREST

RECEIVER NOISE

INTRA-CELL INTERFERENCE

Figure 3.2: Functional block diagram for the single-cell downlink with MMSE
processing

Interpretation of the Effective SINR

The effective SINR expression in (3.26) as follows:

• The frequency dependence of the channels disappears from the formulation.
This is consistent with the fact that the coherent beamforming gain as well
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as the effects of intra-cell interference arise from the combined action of
many antennas.

• The numerator represents the coherent beamforming gain for the signal des-
ignated for the kth terminal

• The denominator comprises noise and intra-cell interference

3.2.2 Zero forcing (ZF) Precoding

The ZF precoding is a well-known MIMO precoding method due to its low com-
plexity nature and ZF precoding can be implemented without having any prior
knowledge of noise statistics. With ZF, the multi-user interference is completely
nulled out by projecting each stream onto the orthogonal complement of the in-
teruser interference. ZF approaches MMSE when Dη → ∞. Therefore, from
(3.15), PZF can be expressed as

PZF =
1
α

H∗
(
HT H∗

)−1
(3.20)

Where α =

√
tr(BBH)

Dη

,B = H∗(HT H∗)−1

E
{
||
√

ηk pkqk||2
}
= ηk (3.21)

The substitution of (3.20) into (3.3) gives the following received signal vector:

yZF =
1
α

H∗
(
HT H∗

)−1
q+n (3.22)

Let yk, xk, and nk be thekth elements of K×1 vectors y, x, and n respectively and
we define the kth column of PZF as

pZF = H∗gk (3.23)
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Where gk is the kth column of (HT H∗)−1.

yZF
k =

1
α

hT
k H∗gkqk +

1
α

K

∑
i=1,i6=k

hT
k H∗giqi +nk (3.24)

Equation (3.24) expresses the received signal in terms of a deterministic gain
√

ρdlγkηk multiplied by the symbol of interest, qk , plus uncorrelated effective
noise.

The resulting capacity is

Cz f ,dl
inst.,k = E

[
log2

(
1+SINRz f ,dl

k

)]
(3.25)

Where the effective SINR is given by

SINRz f ,dl
k =

1
α2 |h

T
k H∗gk|2

1
α2 ∑

K
i=1,i 6=k |hT

k H∗gi|2 +1
(3.26)

Interpretation of the Effective SINR
The effective SINR expression in (3.26) as follows:

• The frequency dependence of the channels disappears from the formulation,
and only the large-scale fading coefficients appear. This is consistent with
the fact that the coherent beamforming gain as well as the effects of intra-
cell interference arise from the combined action of many antennas.

• The numerator represents the coherent beamforming gain for the signal des-
ignated for the kth terminal:

• The denominator comprises noise and intra-cell interference, whose magni-
tude is independent of M:

– The term "1" corresponds to receiver noise.

– The remaining term, which is convenient to think of as intra-cell inter-
ference, represents the effects of channel estimation errors
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3.2. Downlink Linear Precoding

– The interference arrives only by the path to the kth terminal, and is
proportional only to the total radiated power, i.e., the sum of the power
control coefficients.

Block diagram below shows the corresponding functional block. The numerators
of the SINRs have identical form. For the downlink case, the effective noise de-
pends only the channel estimation error for the kth terminal weighted by the total
transmitted power, because the kth terminal receives power only through its own
channel.

× × + +

hT
k H∗gk

1
α

C N (0,1)

×1
α

∑
K
i=1,i 6=k hT

k H∗giqi

qk q̂k

SIGNAL OF INTEREST

RECEIVER NOISE

INTRA-CELL INTERFERENCE

Figure 3.3: Functional block diagram for the single-cell downlink with ZF pro-
cessing

3.2.3 MRT Precoding

The MRT is also one of the simplest and oldest precoding techniques applied to
maximize the received SNR at the user mobile terminal. Works well in the M-
MIMO system where the base station radiates low signal power to the users.
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3.2. Downlink Linear Precoding

MRT approaches MMSE when Dη → 0 Hence, from (3.15), PMRT can be ex-
pressed as

PMRT =
1
α

H∗ (3.27)

Where α =

√
tr(BBH)

Dη

,B = Z∗

As in the case of zero-forcing, the expected power expended on the kth terminal is
equal to ηk

The substitution of (3.27) into (3.4) gives the received signals,

yMRT =
1
α

HT H∗q+n (3.28)

Let yk, xk, and nk be the kth elements of K×1 vectors y, x, and n respectively and
we define the kth column of PMRT as

pMRT = h∗k (3.29)

The kth received signal is

yMRT
k =

1
α

hT
k h∗qk +

1
α

K

∑
i=1,i6=k

hT
k hiqi +nk (3.30)

The resulting capacity bound is

CMRT,dl
inst.,k = E

[
log2

(
1+SINRMRT,dl

k

)]
(3.31)

Where the effective SINR is given by

SINRz f ,dl
k =

1
α2 ||hk||4

1
α2 ∑

K
i=1,i 6=k |hT

k h∗i |2 +1
(3.32)
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3.2. Downlink Linear Precoding

The coherent beamforming gain is equal to
1

α2 ||hk||4 , which is larger than the
zero-forcing gain.

× × + +

hT
k h∗i qi

1
α

C N (0,1)

×1
α

∑
K
i=1,i 6=k hT

k h∗i qi

qk q̂k

SIGNAL OF INTEREST

RECEIVER NOISE

INTRA-CELL INTERFERENCE

Figure 3.4: Functional block diagram for the single-cell downlink with MRT pro-
cessing

Interpretation of the Effective SINR Expressions

The functional block diagrams and the companion effective SINR expressions pro-
vide considerable intuitive insight:

• The frequency dependence of the channels disappears from the formulation.
This is consistent with the fact that the coherent beamforming gain as well
as the effects of intra-cell interference arise from the combined action of
many antennas.

• The numerator represents the coherent beamforming gain for the signal des-
ignated for the kth terminal:
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3.2. Downlink Linear Precoding

– The factors
1

α2 ||hk||4 represent the effective strengths of the channel

between the base station and the kth terminal

– Only the kth power control coefficient, ηk, affects the gain.

• The denominator comprises noise and intra-cell interference

– The term "1" corresponds to receiver noise.

– The remaining term, which is convenient to think of as intra-cell in-
terference, represents the effects of channel estimation errors, channel
non-orthogonality and beamforming gain uncertainty as well.

– The interference arrives only by the path to the kth terminal, and is
proportional only to the total radiated power, i.e., the sum of the power
control coefficients.
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Chapter 4

Simulation Results and Analysis

4.1 Introduction

This chapter will present the simulation results, and massive MU-MIMO system

We have done the performance analysis simulation for four different cases such
as,

Case 1. Change in capacity with the increase of the number of Base station an-
tenna having complete CSI.

Case 2. Change in capacity with the increase of the number of users having com-
plete CSI.

Case 3. Change in capacity with the increase of a number of base station antenna
having incomplete CSI. Lastly,

Case 4. Change in capacity with the increase of a number of user having incom-
plete CSI.

However, the limitation of models are that the number of users K is not greater
than the number of antennas M. All results are shown in terms of;

• The achievable rate versus Signal-to-Interference Ratio (SINR)

• The achievable rate versus the number of antenna arrays

• The achievable rate versus the number of users

The simulation algorithm analysis is done in below block diagram steps.
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4.1. Introduction

Start

Input the values of the variables

Prelocate variables required inside the program

Channel generation

Perfect CSIT Imperfect CSI

Define different types
of assumption

Define precoding matrices with power constraints

Calculate achievable rate for each user

Calculate the total system capacity by averaging the result of all realization

Repeat the process for changing different variables

End

Figure 4.1: Block diagram of System design
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4.1. Introduction

Values of different parameters used for simulation is given in Table below. In 4G
mobile technology, assures the high mobility with high level speed of data rates
and high capacity IP based services and application are standardized. Our param-
eter is related with advanced LTE standardized [22]

For fixed point, Assuming a uniform distribution of input signal values, the quan-
tization noise is a uniformly distributed random signal with a peak-to-peak am-
plitude of one quantization level. For q-bit integers with equal distance between
quantization levels (uniform quantization), the SINR is approximately

SINRdb = 6.02q (4.1)

This relationship is the origin of statements like "16-bit audio has a dynamic range
of 96 dB"

Floating point numbers provide a way to trade off signal-to-noise ratio for an in-
crease in dynamic range. For q bit floating-point numbers, with q−m bits in the
mantissa and m bits in the exponent [12]:

SINRdb = 6.02(q−m) (4.2)

The dynamic range is much larger than fixed-point, but at a cost of a worse signal-
to-noise ratio. This makes floating-point preferable in situations where the dy-
namic range is large or unpredictable. Fixed-point’s simpler implementations can
be used with no signal quality disadvantage in systems where dynamic range is
less than 6.02m. The very large dynamic range of floating-point can be a disad-
vantage, since it requires more forethought in designing algorithms

Table 4.1: Value of different parameters
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4.2. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with perfect CSI at the transmitter

Parameter Values Remarks

SINR (When Fixed) 10dB LTE signal strength range

SINR (Range) -20 to 20dB LTE signal strength range

Number of BS Antenna (Fixed) M = 20 and 40 Variable

Range of BS antenna (When varied) 20 to 100 Variable

Number of users (Fixed) 10 Variable

Number of users(Varied) 15 and 25 Variable

Number of realization 1000 Variable

4.2 The Massive MU-MIMO Downlink System over Rayleigh Fading
channel with perfect CSI at the transmitter

4.2.1 Change in capacity with the increase of the number of Base station
antenna

We choose the number of users K = 10. We change the number of antennas from
20 to 100. We set up the BS power from -20 to 20 dB.

Figure 4.2 shows the achievable rate of users across the entire SINR range.
This system consists of the number of antennas M = 20 and the number of users
K = 10. The results show that MRT gives the better performance at low SINR. On
the other sides, ZF gives better performance at high SINR. MMSE performs the
best achievable rate across SINR range.
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4.2. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with perfect CSI at the transmitter

Figure 4.2: The Spectral Efficiency with different SINR for MMSE, ZF and MRT.
M = 20, and K = 10

Figure 4.3 shows the achievable rate of users when we increase the number of
antennas from 20 to 40. All results show that the system performance is improved.
The achievable rates of MMSE, ZF, and MRT are increased by increasing the
number of antennas. Corresponding to the results in Figure 4.2, MMSE gives the
highest achievable rate to users. For comparison between ZF and MRT, ZF still
gives the better performance at high SNR while MRT performs the higher rate at
low SNR. We observe that a point, where ZF performance is better than MRT, is
moved from -10 to -13 dB SINR. Increasing the number of antennas makes ZF
able to be used at low SINR.
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4.2. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with perfect CSI at the transmitter

Figure 4.3: Same as Figure 4.1 but with M = 40

Figure 4.4 shows the spectral efficiency versus the number of antennas at 10 dB
SINR. Corresponding to the results in Figures 4.2 and 4.3, Figure 4.4 shows that
all spectral efficiencies with linear precoding increased significantly by increasing
the number of antennas. For example, the spectral efficiency with ZF increases
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4.2. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with perfect CSI at the transmitter

Figure 4.4: The spectral efficiency versus the number of antennas over Rayleigh
fading channel for MMSE, ZF, and MRT. In this example, K = 10 and SNR = 10
dB

4.2.2 Change in capacity with the increase of the number of users

We fix the number of antennas M and increase the number of users K, which
K < M. In this scenario, we consider M = 40 and K = 15 and 25 respectively. We
choose SNR from -20 to 20 dB. All results are shown in figures below.
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4.2. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with perfect CSI at the transmitter

Figure 4.5: The spectral efficiency of users with different SNR for MMSE, ZF and
MRT over Rayleigh fading channel. In this example, M = 40, and K = 15

Figure 4.6 shows that the achievable rate of user 1 with M = 40 serving K = 15.
From the comparison between Figure 4.5 and Figure 4.6, massive MU-MIMO
downlink system performance decreases significantly due to inter-user interfer-
ence. All achievable rates of user 1 with linear precoding are reduced around 0.5
bits/s/Hz at 20 dB SNR.
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4.2. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with perfect CSI at the transmitter

Figure 4.6: Same as Figure 4.5 but with K = 25.

Although increasing the number of users reduces the achievable rate of user
1,MMSE gives the highest data rate. At low SNR, MRT performs the higher rate
while ZF give the better performance in term of the achievable rate at the high
SNR. Notice that the gap between MMSE and ZF is extended. Moreover, the
SNR range where the achievable rate of user 1 with MRT is greater than one with
ZF, is extended further.

In Figure 4.7, the results show the spectral efficiency versus the number of
users at 10 dB SNR. The spectral efficiency with MMSE increases rapidly until K
= 25. When K > 25, increasing the spectral efficiency is very slow. After K > 30,
the spectral efficiency is decreased slightly. As the result, K = 30 is an optimal
number with MMSE.
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4.2. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with perfect CSI at the transmitter

Figure 4.7: The spectral efficiency versus number of users over Rayleigh fading
channel for MMSE, ZF, and MRT. M = 40 and SNR = 10 dB

According to MMSE result, the spectral efficiency with ZF increases quickly by
increasing the users. Until K > 25, the spectral efficiency is dropped rapidly.
With ZF, the optimal number of users is around 25 for a massive MIMO downlink
system over Rayleigh fading channel with M = 40.

On the other hand, the spectral efficiency versus the number of users with
MRT increases slowly although the number of users K increases. However, the
spectral efficiency with MRT is less than MMSE and ZF.
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4.3. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with no CSI at the transmitter

4.3 The Massive MU-MIMO Downlink System over Rayleigh Fading
channel with no CSI at the transmitter

4.3.1 Change in capacity with the increase of the number of Base station
antenna under incomplete CSIT

In Figure 4.8, the CSIT of the system is considered incomplete, and variance =0.3
is applied. Due to imperfect CSIT, the capacity of all precoder falls than the ca-
pacity with perfect CSIT.

Figure 4.8: The achievable rate with different SINR for MMSE, ZF and MRT. M
= 20, and K = 10 under no CSI

In this case, ZF performs worst among the three precoders in the low SNR region
and a large portion of high SINR region (i.e. 0-15dB). For example, at 5dB, the
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4.3. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with no CSI at the transmitter

capacity using MMSE and MRT precoding are about 6bit/s/Hz and 2bit/s/Hz
respectively whereas, capacity with ZF precoding is about 1bit/z/Hz. After -10dB,
ZF again starts to perform better than MRT.

Figure 4.9 shows the achievable rate of users when we increase the number
of antennas from 20 to 40. All results show that the system performance is
improved. The achievable rates of MMSE, ZF, and MRT are increased by
increasing the number of antennas. Corresponding to the results in Figure 4.8,
MMSE gives the highest achievable rate to users. For comparison between ZF
and MRT, ZF still gives the better performance at high SNR while MRT performs
the higher rate at low SNR. We observe that a point, where ZF performance is
better than MRT, is moved from -10 to -15 dB SNR. Increasing the number of
antennas makes ZF able to be used at low SINR.
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4.3. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with no CSI at the transmitter

Figure 4.9: Same as Figure 4.8 but with M = 40

In case of variance = 0.3 assumption in Figure 4.10, the behaviour of the precoder
is almost same as perfect CSIT condition shown in Figure 4.4, except the capacity
in this case is slightly less. Here, MMSE and ZF performs better than MRT.
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4.3. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with no CSI at the transmitter

Figure 4.10: System capacity with the increase of the number of BS antenna under
incomplete CSIT

4.3.2 Change in capacity with the increase of a number of user

In Figure 4.11 for the variance 0.3, It shows asimilar pattern as perfect CSIT except
the decreased capacity. In this case, the performance of MRT precoding become
close to MMSE and ZF. In another word, the performance of MRT is less affected
by random assumption than ZF and MMSE.
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4.3. The Massive MU-MIMO Downlink System over Rayleigh Fading channel
with no CSI at the transmitter

Figure 4.11: System capacity with the increase of the number of user under in-
complete CSIT
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Chapter 5

Conclusion and Future work

5.1 Conclusion

A massive MIMO system introduces the opportunity of increasing the spectral
efficiency (in terms of bits/s/Hz) and improving the energy efficiency (in terms
of bits/J) simultaneously. This system is able to use a simple processing such as
MMSE, ZF, and MRT at the base station and using channel estimation from the
uplink.

In this thesis, we have analysed and evaluating linear precoding for massive
MIMO under both perfect CSI and Imperfect CSI. Due to imperfect CSIT, the
capacity of all precoder falls than the capacity with perfect CSIT

Number of BS antenna is crucial to the performance. conversely, number
of terminals antenna degrade the performance due to user interferance. As the
number of terminals increases the mathematical complexity of SINR increases.
Generally, MRT gives lower complexity at high number of terminals while
MMSE gives higher complexity.

Generally, ZF gives better performances at high transmission power while
MRT gives better performance at the low transmission power. However, MMSE
gives the best performance at low and high transmission power. Besides massive
MU-MIMO can use a simple processing, the propagation environment does not
affect much on the system performance.

Therefore, a massive MIMO system is a key in next wireless system. It
presents advantages in terms of the achievable rate, the spectral efficiency, and the
energy efficiency.
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5.2. Recommendations for Future Work

5.2 Recommendations for Future Work

Here are list of recommendations to the possible extensions of the works of this
thesis research:

• Massive MIMO precoding schemes developed in this thesis consider only a
one single cell wireless network. Further works can extend these schemes
for a system with more than two cell (i.e. extend it to larger networks) which
can improve the spectrum utilization efficiency.

• With a practical channel model without interference such as the Nakagami-
m fading channel, the massive MIMO system with the linear precoding im-
proves the performance with different parameters when the number of an-
tennas was increased.

• Linear precoding is assumed at downlink transmission. Therefore it is desir-
able to study and corporate adaptive transmit beamforming which is a key
to increased spectral and energy efficiency in very large antenna arrays

• An orthogonal transmission strategy has been considered in this work which
can impact the spectrum utilization efficiency; it would be beneficial to deal
it with non orthogonal
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