POLITECNICO DI TORINO

Dipartimento di Elettronica e
Telecomunicazioni

Master degree course in Communication and Computer Network
Engineering

Master Degree Thesis

Contemporary and future 5G
wireless communication
systems: A survey of basic
physical layer techniques and
performance analysis

Supervisors Candidates
Prof. Giorgio Taricco Moein Aghcheli
matricola: 249994

ACADEMIC YEAR 2019-2020






Abstract

The rapid evolution of technologies and use cases cellular networks in-
creased the necessity for next-generation cellular systems. To coup, this
demand the 3GPP formed a task force and started to develops the next-
generation systems.

In this work first, we have analyzed the next-generation mobile network,
a.k.a. HG, in terms of new technologies that are going to be adopted in its
physical layer. One of the choke points of fast and reliable mobile networks is
the handling of multiple users. Many models are studied or even used in the
previous generations of mobile networks. But with the rapid growth of the
damned data rate of those techniques can not handle the required rate within
a good margin of performance. One of the main contenders to replace the
current generation OFDMA technique is the use of Non-orthogonal multiple
access techniques (NOMA). After a brief review of various types of NOMA,
we focused on power Domain NOMA due to its performance and extensive
study over it among the scholars and we demonstrated the preeminence of
NOMA over conventional OMA techniques through computer simulations in
various performance metrics.

In the final chapter, we presented some of the new possible development to
NOMA to ever more increase its performance to stay along with newly de-
veloped needs.

Keywords: 5Gj; Non-orthogonal Multiple Access; NOMA; PD-
NOMA; Ergodic Sum Rate;Outage Performance
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Chapter 1

Introduction

In this chapter we briefly review the main aspects of 5G systems in physical
layer.

1.1 General Description of Next Generation
of Cellular Networks

Fifth Generation Communication Systems or in short 5G is next genera-
tion of communication system designed to enhance user experience of User
Equipment (UE) or Mobile device in many terms, such as Latency, Available
Bandwidth and Data Rate. Also in other hand it introduces many other
application to the current Mobile Broadband system. The governing body of
5G, 3GPP (Third Generation Partnership Project) is going to deploy system
by 2020 in phase 1. Anyhow 3GPP published its release 15 which corre-
sponds to the 5G phase one. Currently 3GPP is finalizing the release 16
which corresponds to the 5G phase 2. 3GPP put following verdict on the
difference of the two phases:

Phase one[3]:

* Design New Radio

* Massive Machine to Machine communication

* Internet of Things (IoT)

* Using unlicensed spectrum specially in high frequencies

* Network slicing and Software defined networking

1



1 — Introduction

* Latency critical and Ultra reliable systems such as Vehicle to Vehicle
transmission

Phase twol[3]:
. Vehicle to X with added features
. Industry wide IoT
. Further enhancement in ultra-reliable and low latency Systems
. Further enhancement in New Radio
. Improved efficiency in general system of 5G
. SDN networking

As it said before, the roadmap published by 3GPP, illustrated that they want
to finalize the Release 16 by end of 2020 so it can be commissioned from
2022. As you can notice the phase 2 of 5G is generally designed to enhance
the phase 1 which they want deploy it rapidly before 2020 by improving
it installed infrastructure instead of deploying new ones. After deployment
of phase 1 and 2, the 3GPP wants to continue working on the 5G in the
upcoming releases. Mainly in release 17. The release 17 in currently under
discussion to embed more features into 5G such as:

+ Possible usage of more unlicensed spectrum
+ New radio system for [oT and other improvement
+ Power consumption enhancements

+ Smarter Control plane and many more feature which may or may not
include in finale version of standard. 3GPP hopes to finalize Release 17
by 2021.

In next sections major aspects of 5G physical layer will be surveyed.

1.2 MIMO and Massive MIMO

A multiple-input and multiple-output (MIMO) technique in communication
system is a method for increasing the capacity of user data rate with in-
creasing number of channel which are transmitting and receiving. In modern

2



1.2 — MIMO and Massive MIMO

definition of MIMO the data transmitted simultaneously with other signals
in the same band. And at the receiver, the original data would be extracted.
This technique although uses multiple amount of antenna but it is essentially
different method to improve system performance. A simple MIMO system
can be portrayed like in figure 1.1 , where multiple antenna at transmitter,
send messages in different channels to antennas of receiver.

X1 RX1

X2 RX 2

X3 RX 3

X4 RX 4

Figure 1.1. A simple 4 x 4 MIMO model

For each received signal we can write:

y=Hx+n (1.1)
where
y =[y1, - ,yn,]" as received signal at receiver
x = [x1,--- ,2y,]  as transmitted signal from each transmitter
n = [ny, - ,ny,| as channel noise in each transmission channel
hii -+ hin,
H = : : as channel response between transmitter and receiver
hn.i -+ hn.N,



1 — Introduction

From information theory capacity of MIMO can be written as :

Cyuivo = max{H (y) — H(y|z)} (1.2)

The 1.2 , with assumption of a fixed channel medium, the only variation
comes from noise so H(y|z) = H(n),can be further simplified into:

Cyivo = max{H(y) — H(n)} (1.3)

For computation of the channel capacity we only need to calculate H(y) and
H(n). From [4], we have:

H(n)=— logg (27re) + 1logQ ‘UQINT
N,
2

(1.4)
maz{H (y)} =

log, (271'6) ; log, ‘HRMHT + 0?1y,

with substituting formulas from 1.4 to 1.3 we can approximate the channel
capacity in more realistic scenario.

Crear = maz{H (y) — H(z)}
1 1
= 5 log, \HR H" +0°I| — o1 log, o1

1. [|HRwHT + 0?1
L |HRHT + o1
bR || ]

And from matrix theory the determinant of |I| = 0 so above, transforms to:

bits
sec Hz

1 1
Creat = 5 log [T + gHRmHT (1.6)

The 1.6 gives us a straight forward solution but in realty estimating the
channel proprieties are hard.

There are many approximation to channel matrix computed for different
channel models. For instance in [5] the authors considered the channel as
Rician channel and had written it like:

H = H + RY*H,T"? (1.7)
4



1.2 — MIMO and Massive MIMO

where H stands mean value of channel in the essence of Line of sight signal
in a multipath system and R and T respectively stands for the receive and
transmit correlation matrix.

The equation 1.6 can be rewritten with preliminary knowledge of the Chan-
nel State Information at Receiver (CSIR) and R,, = E{ss''} = o%Iy, as
below|[6]:

1
C =logy|In, + HRH"
g

) (1.8)
= logy |IN, + U—;HHH
o
Substituting H = /pH’ into 1.8 we have
C = log, |Iy. + ]’V’tH’H'H (1.9)

For its performance upgrade that MIMO offers, in many modern system
including WI__FI, LTE-Advanced and etc. MIMO widely used. Likewise to
the LTE in fifth generation of mobile networks, MIMO will be used. Although
in 5G the use of MIMO will drastically increase and to avoid interference
scholar are studying the use of Multi user MIMO (MU-MIMO) to achieve
some part of the required performance in 5G. In [7] Gesbert et. al surveyed
over the feasibility of MU-MIMO and had reached the conclusion of good
resource allocation and precoding of messages, will improve the performance
of system. Other point to consider is correct use of interference cancellation
techniques to increase scattering diversity of users.

Main challenges that the researcher are currently facing can be summarized
into following points:

A. channel estimation in downlink and uplink: One of main issues in the
MIMO is channel estimation of transmission medium. With increas-
ing number of antennas, the H matrix size will increase which increase
numbers of coefficients that should be computed.

B. Antenna design: There are also challenges to design a proper directional
antenna to increase its gain and also use some form of spatial multiplex-
ing to decrease interference between adjacent devices.

5



1 — Introduction

> Phased Array Antenna
> Other Directional Antenna

C. Interference With increasing the number of antenna the interference be-
tween them may increase in which some mitigation should be imple-
mented to avoid them.

D. Cost Increasing the number of antenna also will increase the development
cost to properly implant it in the Mobile Devices. Which with current
design trend of cell phones considered a hard and complex.

1.3 Beamforming

Beamforming is going to be one of the method to deal with interference and
also for increasing the spatial diversity for increasing the MIMO channel gain.
one of main benefits of Beamforming might be increasing the antenna gain
so the total required transmission power will be decreased due to the fact the
difference could compensated from the gain of antenna. But this may rise
several issues. The most important one is how to acquire user position and
then direct the beam toward it. Several solutions are suggested such as :

* Using a user acquisition plane in control plane which will be broadcasted
like current generation of mobile networks.

* The user constantly broadcast its current location and then choosing
from best possible signal to be its provider.

Each of these approaches cast some other issues to be solved. For instance,
some of them are mentioned below:

A. Power efficiency
B. User acquisition

> Possible if we use two band, one for data and one for control plane

> User location estimation

1.4 New Radio

The new radio in 5G will retain some of the existing systems and methods
from LTE while will open many more advanced technologies as part of NR.
In this section we briefly surveyed the most prominent ones.

6



1.4 — New Radio

1.4.1 Orthogonal frequency-division multiplexing

One of major development of 5G is going to occur in new radio concept.
The base structure will be inherited from the LTE meaning that some parts
of the its radio structure will be used. The [8] suggests that radio resource
management based on OFDM will be still used in 5G although this scheme
has low power efficiency. The main issue of OFDM in energy efficacy due
to its properties it has low Peak to Average Power Ratio (PAPR) which
comes from the fact that the power amplifier should work in linear zones
to effectively amplify signal while not disturbing it. But this comes with
penalty that power amplifiers are generally much less efficient in linear zone
than saturation zone.

The total energy consumption and generation in any system is zero. So the
[9] derived following from conservation of energy in any closed system.

P]N(W) + PDC(W) + POUT(W) + ijss(W) =0 (110)

where Py stands for our input signal power and Pp¢ for bias of amplifier
and Poyr output signal power and Ppygg is for heat dissipation and other
types of energy loss. The energy efficiency of a amplifier with good precision
only can be written as

_ Pour Pprss

= ~1-—

Ppc Ppc

(1.11)

in the case of Poyr >> Pry. This shows that if the efficiency of amplifier
reduced significantly it will act as heat pump which create thermal design
problems. There are some solution are suggested such as using other mod-
ulation scheme or higher efficient amplifier using switching techniques as
[8]suggests an example of it.

[10] notes the other major issues of OFDM. Firstly the shaping signal
should roll off fast enough to avoid interference with other sub-bands. Sec-
ondly in 4G to avoid previous problem they introduce the Guard band for
sub-carrier which will mitigate most of the leakage problem but this decrease
the spectral efficiency(SE) also in addition to this the complexity of system
will increase as the nodes should be synchronized to decrease inter carrier
interference.

A common bock diagram of an OFDM system in both transmitter and re-
ceiver are shown respectively in figure 1.2 and figure 1.3. (From [11])

The data stream comes to the modulator in serial and then paralleled and

each of them goes into constellation mapping with different frequency. The

7
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Re
DAC 4’®—|
i @—{
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Figure 1.2. Ideal OFDM Transmitter.
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Figure 1.3. Ideal OFDM Receiver.
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constellation mapping used in 5G can be changed due to different necessity
and circumstance. Table 1.1 shows all possible modulation scheme in the
5G standard in both up-link and down-link that are used. After constella-
tion mapping a inverse fast Fourier transform will be applied and then up
converted to high frequency and transmitted in the channel.

Receiver side almost has similar structure to the transmitter. The received
signal first demodulated and goes into Low Pass Filter(LPF) and then to get
the transmitted symbol first a FF'T will run and then data will be extracted
and serialized. It worth to mention that different coding scheme could be
used, But the most probable one is Low-density parity-check code(LDPC)
which introduce good performance to complexity with respect to Cyclic re-
dundancy check(CRC) code. Also the size of sub-carrier unlike LTE is vari-
able and can change due to environmental circumstances. The amount of
transmitted symbol depends on the constellation mapping and number of
sub-carrier used. Let’s consider if we use N sub-carrier and transmit M

8



1.4 — New Radio

OFDM Waveform

0.6 |

Amplitude

O
X0
O

_0.4 Il Il Il Il Il Il Il
-8 -6 -4 -2 0 2 4 6 8

Subcarrier Index

Figure 1.4. OFDM waveform and its orthogonality without considering
the noise and Cyclic prefix.

symbol in our constellation mapper we can transmit up to M symbols. So
for FFT—1 with size of N and set data stream in each given time to it as
X;(t) with with N element. So after inverse Fourier transform we have

ft) = Zl X;()e?? T 0<t<T. (1.12)

in which T stands for the OFDM symbol time which depends on the sub-
carrier spacing(Af = ).

The orthogonality of the can be proven from following property. Let’s con-
sider two OFDM sub-carrier as f, (t) and f,(t) over a period of T

9



1 — Introduction

o) Fra®) = [ Fi () fo (1)l
_ j{/tt+T(6j27rk1t/T)*(ejQWkgt/T)dt

_ ;/tHT oi2m(ka—k0)t/T gy

I (R
R b=k

(1.13)

So as shown in figure 1.4 and proven mathematically above, every sub-carrier
is orthogonal with other sub-carrier however due to small frequency size of
sub-carrier its sensitive to the multipath fading. To solve the problem some
guard band will be added known as Cyclic Prefix. The CP waveform will be
taken from signal in 7' — T, <t < T and later added on —7T, <t < 0.

Downlink QPSk,16 QAM, 64 QAM, 256 QAM
Uplink-OFDMA QPSk, 16 QAM, 64 QAM, 256 QAM
Uplink-SC-FDMA | 7/2 BPSK, QPSk, 16 QAM, 64 QAM, 256 QAM

Table 1.1. The Modulation possibility in 5G in both uplink and downlink.[1]

1.4.2 Orthogonal frequency-division multiple access

As the case with LTE 3GPP has decided to use Orthogonal Frequency Di-
vision Multiple Access (OFDMA) as a method of multiple access technique
in both downlink and uplink although it has many flaws such as power effi-
ciency. OFDMA uses OFDM as its modulation technique and as previously
discussed,in OFDM the bandwidth divided into several sub-carrier transmit-
ting a subset of data, so using this division the OFDMA assigns each or
some of them to different users which allows simultaneous data transmission
for users. Like LTE, Single carrier frequency division multiple access(SC-
FDMA) is also possible to use as uplink multiple access scheme due to its
higher power efficiency while the overall throughput is close. In SC-FDMA
instead of transmitting the sub-carrier in parallel they will be transmitted
in sequential form. Although this make the system sensitive to the inter
symbol interference due to multipath. So at the base station some technique
should be used to mitigate the problem.[12] Another problem for OFDMA
is in uplink is frequency offset in different terminals that are transmitting

10



1.4 — New Radio

in the same time thence the orthogonality of signal will be disrupted and
interference will occur. [13] The resource allocation of although will hap-
pen at the the sub-carrier level but it is our smallest portion of sub-channel
which we can access it. So we assign some sub-channel for each user. The
number of assigned sub channel should be determined by higher layer and
adjusted to the channel condition and required quality of service(QoS). The
two prominent method of assignment are :

A. Adjacent sub-carrier method(ASM): The sub-channel created from a
group of adjacent sub-carriers and then assigned to user.

B. Diversity sub-carrier method(DSM): The sub-channel created through a
progress of selection of set of non adjacent sub-carriers and then assigned
to user.

An example of it shown in figure 1.5.

USER 1
USER 2
USER 3

(IWIL) sloquiAs

| |

Sub Carriers (Frequecy)

Figure 1.5. An example of OFDMA resource allocation.

1.4.3 Non orthogonal multiple access proposals

In recent years researchers have been working on the other multiple access
scheme for improving outage performance and maximum assignable rate for
users.

Many schemes are suggested by scholars to in where they use many available

11



1 — Introduction

2G GSM 3G WCDMA 4G LTE 5G

Downlink TDMA CDMA OFDMA OFDMA
Uplink TDMA CDMA SC-FDMA OFDMA/SC-FDMA

Table 1.2. The Multiple Access Scheme used in different gen-
eration of mobile networks.[1]

options that signals are not strictly orthogonal. In general NOMA can offer
better performance while keeping the fairness. In this work we studied the
power domain non orthogonal multiple and analysed its performance versus
the more conventional TDMA scheme.

1.4.4 Duplexing

In the 5G both Time-division duplexing (TDD) and Frequency-division du-
plexing (FDD) are possible to use to ease the deployment of it. But the
prominent technology will be Time-division duplexing unlike LTE in which
it was Frequency-division duplexing. The choice is done due to the extensive
use of estimation for both Uplink and Downlink. In the TDD the amount of
required processing will be reduced significantly due to possibility of previous
channel estimation of in either UL or DL. Also in TDD is easier to manage
the allocated capacity and resource for each node which is very beneficial in
dense cells. The main issues with TDD is the increased amount of latency
with comparison to FDD.

Some research have been done for solving the both issues of high amount
of spectral usage in FDD and time latency in TDD. For instance in [14]
the authors suggests a scheme for simultaneous transmission of data in both
Uplink and Downlink. The main issue of In-band Full Duplex(IBFD) is in-
terference and self interference which got worse in the edge of the cell. To
avoid this issue the Base station knows its geographical location and its prop-
erty and then determines a Radius that User Equipment(UE) can use this
scheme. Then then BS create the a number of set of users so those users can
frequency reuse. If the number of subsets are low, we can achieve high fre-
quency reuse ratio. Then each subset divide all the band between themselves
and allocate appropriately them into Uplink and Downlink.

12



1.4 — New Radio

1.4.5 Higher frequencies

With increment in the offered transmission speed required by the standard
researcher have been researching in the modes of increasing them. One of
the most obvious choices is the increasing the allocated bandwidth. A simple
methodology can be reached from Shannon formula of channel capacity

C' = Blog, (1 + Ji) (1.14)

in an additive white Gaussian noise (AWGN) channel. As you can see with
increasing the Bandwidth the channel capacity will increase linearly. The
trend of increasing the bandwidth has been used up to 4G. For example in
GSM 900 in TDMA scheme each user had 200 KHz in their time, later in
3G CDMA 2000 this increased to 5 MHz and in LTE it is 20 MHz. But
unfortunately this trend can not continue in 5G in usual radio frequencies
that we use nowadays. There are several explanation for this. First the free
and available band in those bands are scarce and many of them used in other
technologies or limited by regulatory laws in different countries and even if
they are available often they cost a lot. For resolving these issues the 3GPP
declared its intention to move to high frequencies in two step. First to 6-26
GHz and later to 30-300 GHz. This way the cellular company can benefit
from the commercially free bands or cheap bands while having very huge
frequency bandwidth to serve their customer. However like every other thing
in real world these moves come with some caveat. For instance in [15] authors
surveyed some of those issues. The main issue is high path loss which can be
categorize to different categories.

I. Free space path loss: With increasing the frequency the amount of at-
tenuation of the electromagnetic wave will reduce by power of -2. The
free space path loss(FSPL) can be derived from infamous Friis equation.
The Friis equation describe the ratio of received power over transmitted
power in free space as following :

P, A
- = DtD

2 T(mf (1.15)

with taking the declivities as isotropic the we can rewrite it as:

& — (Ly
Pt N drrd
13
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then with considering the ¢ = \f we have FSPL as:

A fd
c

FSPL = ( )?

I1. Atmosphere absorption:Generally speaking with increasing the frequency
air absorption will increase significantly. In [16] they surveyed the amount
of atmospheric absorption for different frequencies above 6 GHz and
concluded that around the 60 GHz bands the amount of atmospheric
attenuation is significant and thereof likelihood of using outdoor is very
low. As you can see in figure 1.6 there are several spikes in different
frequency ranges the first two are happening because of high absorption
factor of vapor water and oxygen molecules in those frequencies thus
they are unlikely to be used in 5G.

Specific Attenuation (dB)

0 50 100 150 200 250 300
Frequency (GHz)

Figure 1.6. Atmospheric attenuation in relation to frequency in
following condition. Air temperature 20 °c,Air pressure 1 Bar and
Water vapor density is 12 %

ITI. Obstacle, foliage and rain loss: In the high frequencies objects like build-
ing, trees or even rain drops cause huge loss to radio waves. There are
several models suggested for each of them in different circumstances and
materials. For example in [17] 3GPP and its partners suggested a model

14



1.4 — New Radio

for path loss due to obstacle and building in a urban area.

PLiyy = PLyy; —logyg Z pi X 10745 (1.16)
=1

where PL,,; is for non perpendicular cases , Lyqteriar; for penetration
loss of each material which can be calculated from table 1.3 and p; for
coefficient effectiveness of each compounded used in the building. It
should be noted that the sum of coefficients should be one. For normal
situation the above formulas can be simplified to following formulas,
which probably are suitable for most European urban areas.

PLy, =5 — 101og;(0. 0.7 107 (1.17)
in low loss situation and for more lossy situation we have,
LIRquass pon(’rete
PL, =5—10log;(0.7 - 10 +0.3- 107 ") (1.18)

The figure 1.7 illustrate the effect of frequency in the essence of building
in path loss.

Psth loss
60 T

55— =

50 — =

45 .

40 .

35— —

Loss in db

30— —

25— -

20 -

10 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Frequency in GHz

Figure 1.7. Path loss due to essence of building in both high loss
model and low loss model

As mentioned before, the other major source of loss is trees and their
leaves. Amount of this loss is very dependent on the depth of its leaves.

15
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Material penetration loss

Standard multi-pane glass Lgiass =2+ 0.2f

IRR glass LirRglass = 23 +0.3f
Concrete LConcrete =5+ 4f
Wood Lywooq = 4.854+0.12f

All frequencies in GHz

Table 1.3.  Penetration loss for different construction material

In a survey conducted by United States Department of Defense in 1982
[18] Mark Weissberger suggested below formulas amid at modeling fo-
liage attenuation factor for frequencies in range of 230 MHz to 95 GHz
and foliage depth of up to 400 meters.

1.33. f0-284  g=0412 94 < 4. < 400
af:{ / fooo E== (1.19)

0.45- 0284 4, <14

Where oy is attenuation factor in db/m f is frequency in GHz and dy is
foliage depth. so for calculating the path loss we can adjust the formulas
to

1. . £0.284 | d0.588 14 < d; < 4
—{ 33 s dp =400 (1.20)

770045 £0284.4, dp < 14

As you can see in figure 1.8 with increase of foliage depth the effect of
frequency will increase dramatically. So in the selection of mm-wave
bands in the foliage depth is very important.

For calculating the effect rain drops over radio wave attenuation several
models are proposed such as Specific attenuation model for rain for use in
prediction methods by ITU in [19]. This model measures the attenuation
of rain relative to the rain rate and their propagation polarization. The
attenuation factor v (db/m) is defined as

g = kR® (1.21)

where k and « are coefficients relative to frequency and propagation
polarization and R is rain rate in mm/hour. k and « are calculated from

4 lo —b;
logiok = ) ajeﬂfp[—(M)z]
j=1 Cj
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Figure 1.8. Path loss due to trees and leaves in different foliage depth

and

5
@ = Z ajexp[_(longM)Q] + malogiof + ca
j=1 j
the value of a, b, ¢ and m should extracted from tables 1, 2, 3, 4 and f
is frequency in GHz in the range of 1 GHz to 1000 GHz. In figure 1.9
with increasing the frequency and rain rate the attenuation will increase.
For heavy rains the possibility of using mm-wave is very low due to the
very large attenuation rate. For simulation of snowfalls also we could
use rainfall model although this may result to overestimation of system.

Other important issue that to be considered is how the millimeter wave
will behave in outdoor or indoor application in presence of multipath and
diffraction. In [20] a model for a conference room has been studied. In their
model authors used combination of ray tracing and empirical models to get
the benefits of both method and from it they found out that the spatial
of environment in which the waveform are propagating are very important
and every channel model should consider them also. Also good to note that
due to very high attenuation and loss which surveyed in previous parts,
use of antenna with high gain and directionally or beam-forming become
necessity to establish a reliable connection. Probable use of beam-forming
leads to use of active array antenna for gain both beam-forming and high
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Figure 1.9. Rain Attenuation for Horizontal Polarization

gain. nevertheless the size of arrays should be limited so power consumption
of its elements can be constrained to an acceptable level.

There are a lot of proposal about practical usage and applicability of high
frequency ranges. In general those applications can be categorized into two
major group:

A. Indoor and local area applications: Due to high loss of millimeter wave
in free space, increasing the radius of cell will decrease received power
significantly, to mitigate this issue cell size should be reduced.thereof it
is possible to create a local area networks consisting of several mini base
station for very high data transmission rate working in the millimeter
waves and then a more traditional base station covering much larger
area and o be used as backup, administrative and controlling the mo-
bile station and mini stations. For instance in [21] they surveyed such
architecture.

B. Outdoor applications: Although the millimeter wave has very huge loss
and their characteristic in urban area not studied extensively their large
amount of free spectrum makes them very appealing for the cellular net-
work industry. Due to increase in the demand bandwidth and increase
number of users, densification of network is inevitable. The major issue
for densification of network is how to create back-haul networks. Tra-
ditionally this duty was done by fiber optic network, but with increase

18
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number nodes this process become increasingly costly. To avoid this
there are proposal of use of millimeter wave as transmission medium
of between nodes. To proper use of this method the use of directional
antenna, beamforming and MIMO to moderate the loss due to various
reasons.

1.4.6 Spectral efficiency And Carrier aggregation

As discussed in previous section the rationale behind moving toward to access
huge set of available frequency. For the time being most cellular industry
works in sub 6 GHz bands. But with increase number of users and massive
demands by them, they can not satisfy them so it is necessary to move
upward. The assigned frequencies varies between countries but they are at
least in current phase of deployment, within range of 26 to 28 GHz.[22]

The allocated bandwidth per user in sub 40 GHz could be increased to
much higher amount by means of aggregating the multiple frequency blocks.
This method is part LTE-A is thought to be part of 5G with adding possibility
of aggregating different bands into one larger band. In recent years many

Intra-band aggregation
(contiguous component carriers)

_ el

Band 1 Band 2

Intra-band aggregation
(non-contiguous component carriers)

Band 2

Inter-band aggregation

e

Band 1 Band 2

Figure 1.10. Types of carrier aggregation with regard how the
bands are chosen [2]
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mobile network operators started to shutting down their old GSM and 3G
systems. This will open some what considerable amount of bandwidth in sub
3 GHz frequencies. For instance in USA operators already started to shut
down their systems or announced they are scheduling for close them in near
future. There are also other suggestion to use unlicensed band in sub 6 GHz
in mobile devices which will open new level of possibilities in how we can
allocate band width. Although this come with caveat of very huge amount
of interference with other devices which are using these spectrum such as

WiFi.

1.4.7 Interference management

One of the issues of using higher bands for 5G, is its interference with con-
temporary systems. This systems exists in wide range of applications such
as satellite communication, fixed point to point networks like mobile back
haul systems and last but not least military applications. The other source
of interference may come from simultaneous use of mm-wave frequencies in
5G between multiple operators. In [23] the authors suggested some sort of
biasing during the initial steps of association of user equipment to the base
station proportional to alignment of beam and the User equipment to miti-
gate the interference effect. So the statement can be written as

(g*, b*) = arg (gI)rll)jaEXA Bg,b : Pth’b (122)

Where (g , b ) stands for each pair of user terminal and gNb (base station)
and Pp received power from base station and B the offset value which we
assign and A is the set of all available pairs of UE and gNb. The authors
proposed two method for computing the value of bias. The using technique
depends on the architecture and system requirement of system. They claim
with using their methods it is possible to protected against the interference
while not affecting the 5G coverage range.

1.4.8 Densification of the network

With increase number of users in a given cell and more demand in band-
width, the capacity of network should be increased in that cell. The other
reason can be attributed to the use of mm-wave spectrum because those fre-
quencies have much higher path loss in comparison with conventional mobile
frequencies. The issue with more dense network, the interference will also
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increase thereof the SINR (signal to interference and noise) will decrease.
One solution is to select the Base station with the highest receiving power at
the user equipment. This solution is easy to implement but is not an optimal
optimal solution for resource allocation among the users. The ultra dense
network are heterogeneous due to different characteristic of used spectrum,
transmitted power and antenna’s gain, therefore are complicated to design
the cells in the network.

In [24] the writers presented a simple model for simulating the number of
serviceable users in a given area in correlation with different transmitting
power, different UE and base stations density. Their model is based on the
infamous Shannon capacity formula.

C = By logy(1 + SINRy,) (1.23)
where By = % and SINR is the signal to interference and noise ratio which
is defined as:

Pr:): 7,k
SINRy = e (1.24)

M
En:l Prx,n,k - Pr:r,j,k: + Pn

where P, stands for received power from base station in a given fre-
quency and P, is the total noise in given frequency which will increment with
increasing frequency.
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Chapter 2

Non-Orthogonal Multiple
Access

In this chapter is about the brief description of multiple access techniques
used in previous generation of mobile then we continue why new multiple
access technique would be vital in near future cellular systems.

2.1 Multiple Access in previous Generation
of Cellular Network

The choice of the proper multiple access for mobile networks primarily de-
termined by the user requirement and available technology at the time. In
the first generation of mobile networks there wasn’t an unique standard and
many countries adopted their respective standards. The most common fea-
ture of those standards was reliance on Analogue Voice Transmission unlike
modern system. For archiving the Multiple access predominantly they used
Frequency Division Multiple Access(FDMA) with short allocated bandwidth
[25]. With increase in the usage of cellular phones Second Generation of
Mobile transformed into digital world with increase in carrier frequency and
some increase in overall allocated bandwidth, to mitigate this issue in GSM
standard they have used Time Division Multiple Access (TDMA) with cre-
ating 8 time slot with duration of almost 0.557 ms. For each slot a ID from
0 to 7 will be assigned and data modulated in GMSK (Gaussian Minimum
Shift Keying) modulator. The time slots themselves also separated with
each other with aid of Guard Time.[26] In 3G the used technique is Wide-
band Code Division multiple Access (W-CDMA) to permit the users to have
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‘ Transmitted Signal
User Information Channel Coding Spreading and In the medium

and Multiplexing Scrambling

Figure 2.1. System model of a W-CDMA transmitter

more data rate with contrast to GSM. To enable it, 3GPP implemented a
Direct-sequence spread spectrum (DSSS) to modulate the signal. The mul-
tiple access is achieved through spreading code to widen the band of the
data signal and then using scrambling, each user separate its message from
spreaded message. To minimize the interference between user, the scrambing
code designed to be orthogonal to each other. [27]

The CDMA is dropped in 4G/LTE due to its very high required chip
rate to achieve the required transfer rate by the standard so the 3GPP body
changed the Multiple Access to new form of FDMA where the carrier bands
are divided into orthogonal sub bands which allow high data rate while keep-
ing the complexity at reasonable amount. As discussed in previous chapter,
also in Fifth Generation of Mobile networks e.g. 5G, the governing body of
3GPP decided to continue to use the OFDMA likewise 4G/LTE with some
improvement in the scheme which allows the multiple subcarrier to each user.

2.2 Non orthogonal Multiple Access

As mentioned in previous chapters, It would be more demand for bandwidth
in future communication systems. To mitigate the issues, more robust and
efficient multiple access schemes are required. One of the well-known solu-
tions is to use a non-orthogonal multiple access scheme. Scholars suggested
different approaches to achieve specified requirements, the two prominent
approaches are

e Power Domain NOMA

e Code Domain NOMA
24
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Figure 2.2. System Diagram of MC- LDSMA

2.2.1 Code Domain NOMA

In the CD-NOMA the multiplexing is done likewise CDMA through spread-
ing codes, but unlike conventional CDMA, the CD-NOMA guarantees the
accessibility of resources in time or frequency domains. The used sequence
in the CD-NOMA is sparse and features a low correlation non-orthogonal
coefficient [28]. There are many classes of CD-NOMA are defined. For in-
stance, in [29] the authors suggested a Multicarrier-Low density Spreading
code multiple access technique(MC- LDSMA) in which each users spread
their information to a group of subcarriers and in each subcarrier it is al-
lowed to multiple users transmit in it. To mitigate the interference at the
receiver, each user will not transmit in all the sub carriers. Then to achieve
SINR better algorithms can be used. Due to the different number of active
users in a subcarrier, the performance of users will vary in each of them. In
the [30] they could achieve better performance in bit error rate(BER) and
thereafter better Quality of Service (QoS) at less transmitting power thence
saving more battery in user equipment. In some work, it has been shown
it is possible to couple the code spreader/detector with an OFDM modu-
lator/demodulator. As it is shown in 2.2 the transmitter a Code spreader
is placed to multiply the spreading the sequence in the OFDM subcarriers.
Then at the receiver after demodulation of the incoming OFDM signal, the
data detection could be done by using the known spreading sequence at each
subcarrier. As discussed before, in MC-LDSMA it not necessary to satisfy

25



2 — Non-Orthogonal Multiple Access

—
=l

—_ MC-LDSMA (4,
| —=— MC-LDSMA (d,
—o— MC-LDSMA (d,
(d
(d,

—
oo

—&o— MC-LDSMA (d,
—+— MC-LDSMA (d,
— OFDMA

|| = = =SC-FDMA

—
~1
T

—
=)}

—
w
T

—
=

—
W

Spectral Efficiency (Bit/s/Hz)

—
%)
=

fory
-y

1 1
10 15 20 25 30 35 40 45 50
Number of Users

10 1 1 1
5

Figure 2.3. Spectral efficiency of MC-LDSMA with respect other OFSMA
and SC-OFDMA with increasing the number of users.

any auto-correlation and cross-correlation restraint therefore the code design
would be more flexible . Due to limitation over spectrum and power in MC-
LDSMA it is possible to dynamically allocate them to boost both system
fairness and optimal usage of resources in each cell. In the [31] the authors
studied the performance of MC-LDSMA reached our previous anticipation.

As an improvement over MC-SCDMA in[32] a novel and more simple
method for encoding the spreading codes in data by using the combination
of the QAM modulator and spreading encoder proposed. This approach will
simplify the design of system but increase the mathematical complexity by
introducing multidimensional constellation matrix at the encoder /modulator
block. The SCMA encoder, maps the K dimensional code word z into into
N dimensional complex constellation set points where the the mapping is a
binary mapping. In the process of mapping we do not permute the size of N
but we fill the rest of the space x with zero bits, so the size of N and x would
be equal and the output codebook shall consist of M codewords with each
contain k complex value in a space V' with size of N . Then the encoder will
encode the C; with M; alphabets into a ,ultidimensional vecotor V' with J
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layer, then the transmitting message would be

J
Z iag(hj)xj +n
J (2.1)
Z diag(hy)V;gj(b;) +n
where x; = (21, ...,2;)" is SCMA codeword and hj = (hyj,..., k)T is

channel gain in layer j and n ~ C'N(0, NoI) is channel’s noise. The number
of transmitting layer can be computed through factor graph matrix com-
putation. At the demodulator for extracting the data, the MPA(Message
Passing Algorithms) method would be applied to decode the received mes-
sage. At the decoder with presumption of knowledge of channel properties,
the transmitted message approximated as :

A

X = P(X 2.2
argxegax)xj (Xly) (2.2)

Then with conversion of problem into a Marginalize product of Functions(MPF),
the solution become easier but increase complexity with increase number of
layers. For improving the accuracy, it is better to have a prairie knowledge
layers with some pilot messages and then iterate the algorithm several time
to obtain better result. There are more robust and less complex solution for
decoding the received message is suggested in academia, for instance in [33]
less complex method proposed. Other important part in design of SCMA, is
to design of an optimal while satisfying following properties for constituent
vectors in the transmitting message.

V*vg* = argmaxy g m(S(VangTMa Na K)) (23)

whereas m is design condition with undefined definition[33].

2.2.2 Power Domain NOMA

As mentioned in previous section, on of the most promising NOMA technique
for multiple access is the use of it in the power domain which is currently
under extensive study by the researcher and academia all over the world.

In the Power Domain NOMA (PD-NOMA) the users signal are generated
by superposing their respective signal in different power, meaning that each
user data is buried under sum of other sum of other users data and for get-
ting the intended data, first users should extract and remove the irrelevant

27



2 — Non-Orthogonal Multiple Access

Power

Frequency

Figure 2.4. Distribution of power in Power Domain NOMA in different band
with diverse number of users in each ban.

data by means of Successive Interference Cancellation (SIC). In this format
discrepancy between the power level of each user in received message is very

important and low level discrepancy leads to very poor system performance
and bit error rate(BER).

Using the theorem of technique we can write :

M
Ym = P Y\ aiPsi + (2.4)
=1

where m denotes the number of users, A Channel and it is described for my,

user as h,, = \/% where g, is Rayleigh fading channel gain and « the

path loss factor and a the power allocation coefficient and finally n stands
for channel additive noise. As explained before the m — th user should be
able to distinguish its message with any user with ¢ < m so it can decode its
own message. With assuming this, we can write achievable data rate for myy,
user as below:

Al 25

p|hm|2zij\im+l +1

where p stands for transmission signal to noise ratio(SNR) and presumption
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2.3 — Advantage of NOMA over Orthogonal Multiple Access techniques:

of Rjcym < Rj and ]?j represent targeted data rate of the jy, user. and R,
is rate of transmission for my;, user while the j;, user can decode its own data.
With these assumption the actual rate for the last user i.e. My, user can be
written as,

Ry = log (1 + plhm|?anr) (2.6)

In the PD-NOMA there are several major performance metric to determine
its superiority to more conventional orthogonal multiple access in certain
situations and conditions. In the next chapters PD-NOMa is deeply studied
and then its performance will be analyzed using a simulation program written
in the MATLAB.

2.3 Advantage of NOMA over Orthogonal Mul-
tiple Access techniques:

Many aspects can be studied to demonstrate the superiority of the NOMA
over the OMA. One is maximum achievable data rate of NOMA is higher
than OMA in same condtions. Let’s ponder following, there are two networks,
each consists of two users and one base station, in one network the OMA used
and in other one NOMA has been used. With denoting p as the signal to
noise ration (SNR) and using Shannon capacity theorem we can write rate
for users m and n as:

ROMA _ §log, (1 ; p|hm|2) (2.7)

and
ROV = (1. 9)log, 1+ plhul? 23)

where (3 is resource allocation coefficient and it should satisfy ‘%’" = a”ﬁ =1.
Likewise we can write:

P

RNOMA _ 100 (1 4 Patmlfim] 2) (2.9)
1+ pam|hm|

RNOMA _ 1o, (1 —|—p0zn|hn|2> (2.10)
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In both cases the «,, and «,, are the power allocation (PA) coefficient and
their total sum should be 1. With approximating in high SNR region, the
overall throughput of OMA and NOMA can expressed as:

ROMA_ < log, (p\/|hm|2|hn|2)

(2.11)
RYOMA & 1og, <p|hn|2)

from 2.11 we can compute obtainable sum-rate, in comparsion to OMA:

. 1 B |?
RGmn _ RNOMA . ROMA — 5log2 <‘ ‘ ) (212)

SUM, 00 SUMmM, 00 SUM, 00 |h |2
m

With these considerations and building system to always stratify |h,|> <
|h,|?, the sum of rates for the NOMA is higher than OMA.
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Chapter 3

Power Domain NOMA

In this chapter the theoretical fragment of Power domain non orthogonal
multiple access will be studied with reviewing selected and renown work in
this field. But before diving into the full description of PD-NOMA, the two

vastly used term are briefly explained.

3.1 Superposition Coding

Up to recent years the idea to transmitting two signal in one band considered
absurd and the researcher were studying many methods to cancel or limit it
but in [34] Cover had mathematically proven that the achievable transmission
rate can be maximised in broadcast mode with intend of serving multiple
number of users, although this research until recent times was neglected. In
the original article Cover suggested and later proved that with packing the
message of several users together and later generating a series of codewords
for transmitting signal for each user we can achieve on average higher rates.
The act of combining different codes of each user and later creating new
codeword called superpositioning. It should be kept in mind that in this case
the rate of two signal should vary by large margins to not affect the overall
performance. The rational behind this can be explained with consideration
of two binary channel. The first channel is noiseless (denoted with H; )
and other one is a symmetric binary channel(denoted with Hs ). With this
consideration, let assume that in each channel we want to transmit a set
of code X = {M;M,} defined to transmitted in both channel and in each
channel there two receiver to receiver relevant codeword. In figure 3.1 the
scenario is drawn.
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Figure 3.1. Two binary symmetric channel with different channel

The above assumption can be shown as:

1o _pp
melod] el
With knowledge of channel matrices it possible to calculate the channel ca-
pacity for each one:

Ci=1 & Cy=C,=1-H(p)

but the maximum channel rate for C; only achievable when the TDD is ap-
plied therefore limiting the transmitting time, which will cause huge problems
with increasing the number of users. Although in second channel the maxi-
mum achievable rate for each alphabet is less than first case but the in total
it is possible to transmit more data with using appropriate coding scheme.
With cascading n number of second channel, we obtain set of codeword of
S C X" =1,2". Therefore it becomes feasible to transmit an arbitrary num-
ber r to both receivers where r € {1,2,--. 2MC@p+ar)=e1 and the receiver
get an a set of a arbitrary integer:

n

se{l,2,--- ’([om

)
And if the all the n transmitted codes can be correctly decoded we can write

n

~ onH(a)
om]) 2

(|

per each codeword, so it is possible to write the transmission rate for first
channel as:
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3.1 — Superposition Coding

1 _
Ry £ =~ log 2nH(@)gn(Clap=ar)=¢) — C'(qp — ap) + H(a) — ¢ (3.1)
n
and for second with selection of this codeword we can compute the rate as:
Ry =C(ap —ap) + H(a) — ¢ (3.2)

In figure 3.2 achievable rate for both case is drawn, as you can see in case of
superpositioning the code the overall achievable rate would be higher than
any time sharing scheme. For imagining the code word in superpositioning
scheme, we can consider that the original data are in the cloud of auxiliary
codewords which helps decoding the signal at the receiver.The final codeword
anyway should satisfy the superposition coding bound.

roh

/MINIMAX
Co

(Clap+dp)+ Hla), Clap+ap))

SUPERIMPOSING
INFORMATION

TIME SHARING

Figure 3.2. Achievable data rate for the set of studied symmetric channel

Many scholars are working toward the obtaining the must optimum code-
word with consideration the superposition idea. For example in [35], the
authors studied the possibility of using polar coding for instead of more
traditional methods of coding and they show that with use of polar it is
possible to obtain the better rate with less computational resources in com-
parison with time sharing scheme discussed in the [34].The authors of [36]
proposed a method for generation of Low Density Parity Code(LPDC) with
superposition idea and in another subsequent [36] work the writers proposed
quasi-cyclic LPDC code with the superposition construction.
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3.2 SIC(Successive Interference Cancellation)

The Successive Interference Cancellation (SIC) is the set of techniques to
detect and later allow to decode the concurrent incoming messages at the
receiver. These techniques are widely studied in the literature and number
use case and methods for them are developed. For instance in [37] the authors
suggested a hybrid SIC technique. In their technique, it is necessary to use an
optimal power allocation scheme, then the decoding successively start from
the strongest user, with least complexity assigned to it. Then for ensuring
the reliability of it, mean square error (MSE) will be performed over several

iterations. .

MSE £ L S[Xp, — X (33)
t=1

As with all MSE techniques, approaching toward zero means better predica-
tion and toward one means increased error in the message predication. With
aid of the power difference between users, a virtual decoding window of size w
will be aligned with present w strongest users for joint processing. Then with
decoding the most strong signal and then if it is successfully decoded then
the algorithm will continue to decode the second most strong signal and so
on. Until a new user join the window. The authors of this scheme claim that,
it is less complex while being offering no error propagation. The rationale is
that the decoding window would not go forward until it correctly decode the
previous one. SIC can be categorized based on the type of decision taking
algorithm used in the receiver.

1. Hard SIC:
In this technique the receiver is sensitive to decision errors, so if the
channel quality is not good the performance will deteriorate comparing

with non cancellation method which also not possible due to necessity
of SIC in NOMA.

2. Soft SIC:

In this approach the estimates are being based in the bit likelihood
value provided by the decoder. So the decoder iterates many number of
time between different parts of receiver to improve the estimation and
therefore cancellation process. Then at each step the the decoder will
assign a log likelihood ratio (LLR) to all bit to ensure that the estimates
are correct and cancellation process can be done over signal and at the
end the final signal could be decoded.

In the.3.3 the basic application SIC in the NOMA decoder is shown.
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Figure 3.3. The method of using SIC in the multiple access mode for
PD-NOMA. The UE1 enjoys more SNR while receiving less power

3.3 Comparison Parameters

For comparing the NOMA with its OMA counterparts, some parameters
should be defined and investigated to determine whether it is superior or
not.

3.3.1 Outage Probability

Outage probability defined as the probability when the data rate is less than
specified threshold for the rate in other word an outage happens when the
specified number of bit errors appears in given transmission so from that it
is possible to say outage probability is the probability of occurring such an
event. The outage probability of a channel heavily depended on the channel
modeling and therefore its impairments. In our case, the outage probability
defined as probability of not detecting all of messages with higher power

allocation coeflicient.
m

P = PR, > > R)) (3.4)

i=1

where R; is the rate at the i;, user and R,, is the rate of the user where we
want compute outage probability.
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3.3.2 FErgodic Sum rate

Ergodic sum rate is defined as the maximum viable rate averaged for over
all channels. In our case of study we define it as the average rate of viable
rate in a unscrupulous way[38]. And from definition of NOMA, the last user
should able to decode the all message before him, in other word, it can be
said that if we calculate the rate for final user we calculate average sum rate
for whole set. Therefore it is possible to write:

& /)am|hm|2

m=1

) + log, (1 + paM|hM|2> (3.5)

3.4 System Model

Two system model can be described for the PD-NOMA, first as non cooper-
ative network of UEs and secondly the cooperative networks of UEs. In this
work, we mainly focused on the non-cooperative mode.
In the our model we work on the performance of NOMA system in down-
link(DL) in a Rayleigh Fading channel.
Raleigh fading channel is one of the vastly used model for simulation of the
propagation loss over channel medium. its PDF for random variable r can
be wrriten as[39]:

2r (—7“2
I

where Py, is the average channel power.

In our studied medium, there are M users and a base station whom serves
them as shown in figure 3.4. The channel for each user and base station
denoted as h; with a Raleigh fading channel with aforementioned PDF. The
users with best channel condition should get the most power by using the
power allocation coefficient denoted as «;. With using these assumption we
can transmitted signal from base station will be:

T = 2—21 Msi (3.7)

where M is the number of active users served by the base station and Ps, is
the transmitted power of message S; ongoing to a user 1.
From above, we can assume that in each receiver the received message will

be:

p(r) = ) Vr>0 (3.6)

M
Ym = hm D \J@iPsi + 1y (3.8)
=1
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Base Station Cfo
Antenna

Figure 3.4. Architecture of system in Downlink. The users are randomly
deployed in a disk with width of Rp

where y; is received signal at the user ¢+ and n,, is channel noise for channel
of user m a.k.a. h,, . In our model, each user device comes with Interference
Cancellation technique included in the device. So using the formula derived
in previous chapter we can write the achievable rate for each users as:

plhumn|*aum )
plhm|> S i+ 1

R, = log, (1 + (3.9)

on prerequisite of R;_,,;, > Rj where p is the signal to noise ratio (SNR) and
R;_,, denotes the rate in which user m can still decode j;;, user messages
and can be calculated from:

Rjm=1lo <1+ i 3.10
7 &2 P |2 Z;'nzll Qj ( )

Similarly for the user M, the rate can be written as:
Ry = log(1 + plhas o) (3.11)

As said before the goal is showing the supiority of NOMA over OMA in two
meters defined above.
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3 — Power Domain NOMA

3.4.1 Outage performance of NOMA
In previous section, the outage probability was defined as:
povt — P(Rm > ZRZ)
i=1

This means that the user m should be able to decode all the users with
higher channel gain than itself. For instance user m should be able to decode
user ¢ for m < 4, if the user index are ordered through channel gain i.e.
|h1]? < |ho|?- -+ < |hp|?* and we denote such events as:

By = { i(plhml”) > @}

plhan? Zj'vii—&-l aj +1

{<P| | plhm |22] o+ 1 ¢

{( )az > cbz(p!hm\:%; a; + 1)} (3.12)
= { (o1}~ Gupltnl? 3 ) > 51}
(

j=i+1

{ ,0|hm|2> Pi Z 0@')>¢z}

Jj=t+1

where ¢; = 9Rs 1 and a; — ¢ Zj]\iiﬂ a; > 0.
So by definition outage when occurs in which there any of aforementioned
events does not occur,

P;,’L“tzl—P(ﬁ )
= 1= P(Olnl)oi =00 3 0)>00)  (313)
—1— PVl > i )

pla; — ijviiﬂ ;)

s
I
—

for sake of simplification of the formulas, ¢ defined as:

Wi = 0 (3.14)

( ¢Z J= H-la])
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rewriting the 3.13,

m

P =1 = P(((Jhul® > 6) (3.15)

i=1
it is possible to further simplify the formula,
Pyt =1~ P(|hw|* > 4y,)
= Fyz, (Vr,)

where 9y = nax Y; and Fjz (7)) is the Cumulative Distribution Func-

tion (CDF) of Rayleigh fading channel for channel h,, for the users located
in the disk of D with radius of Rp is rendered by [40]:

2 RD _ P
Fije(z) = R%/o (1 — e =) 242

M\ M= (M —m\ (=1)" [Bp o o(meti
— 1 — E ) —zT (m+i)—1
=1 2(m) ( 1 ) D2(m+i) /o € & dr

(3.16)

=0
m\ Mo (0 \ (D gt
:1_2(M) z';() (M—m)D2(m+z’) o v( o ,2DY)

(3.17)

Where x = 9}, and y(z,y) = J§t* te~'dt. With some simplification

and substitution from [41], below reached:

pot = [ M@ T = Fp@) T @), g

(m—1)(M —m)!

In [38] the authors showed whem the y — 0 the CDF of disordered channel
gains can be approximated as :

1 N
n=1
and from it, the PDF can be obtained as:
1 N
f|;}|2<y) ~ Rn Z Bn(l — YY) (3.20)
D n=1

where N is the complexity trade-off factor, ¢, = 1 + %(Qn + 1), B, =
wp/1 — Q%RTD(l + 0p)cn, wp = 3 and 6, = cos (2;1];17T). Rewriting equation
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3 — Power Domain NOMA

(3.18) :
ou Umaz M'( Zg 1 Bnx)™” 1(1 Rp 27]:[:1 ﬁnx)M_mp%D eryzl Bn(l — cp)
=), (m 1)(M—m) e
M! Vinaz
~ (m =DM —m)! /0 (Ca)™ (1~ Z Bn(l = epz)de
M!
~ i " (V)™

(3.21)

where ¢ = P% SN B

The above result can be used for assessing the outage performance in high
SNR regions. It can be noticed that in that regions the outage probability
tends to solely depend on the SNR and the user order in the network. mean-
ing the first users should have very SNR ratio, to be capable of decoding
their messages. In the next chapter, in the simulation it showed that the
above used scheme offer better performance in comparison to the Orthogo-
nal multiple accesses while offering more fairness into system in high SNR
regimes.

3.5 Ergodic Capacity Performance

In this section the performance of the NOMA mathematically evaluated in
two part, first it studied over high frequencies and later we try to find out
the asymptotic approximation of ergodic sum rate when the number of users
grow to large numbers. In the [38] authors suggested that we can compute
the ergodic from :

o Pm
1+ zpan,

M-1 .5
Rave - Z /
m=1 0

)f|hm|z(as)dx+/ooo logy (142 pans) fin,, 2 (v)dz

(3.22)
when the the user j can correctly decode its own message at its given rate.

3.5.1 High SNR Approximation

In the equation 3.5, Ergodic sum rate calculated for specific condition. In
[38] the authors demonstrated that for the Raleigh fading channel the upper
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3.5 — Ergodic Capacity Performance

formula can be altered into:

M-1 o0 am o0
Rave = ) /O logo (1 + =) fin,.2(z)dx +/ logo (1 + zpans) finy,2 (x)dx
m=1 Qm 0
(3.23)

when the p — co. Rewriting the latter part of equation as:

_pay > 1 — Fjp,2(2)
In2 Jo 14 zpay

where Fj, () is the CDF of channel gain. In [38] the authors the Fjj, 2 ()
calculated as:

1 X o,
Fln2(2) = 7~ > bye (3.25)
n=0

whereas:
b, = —w m/l—92(@9 +@) for2 <n<N
n N n\ "o n 9 >~ =~
N
bo=—>_ by
n=1
Cy = 0
so we have for the My,:
F|hM\2($) = (FWQ@))M

So the T} will be:

00 1 1 M N
7, = P ¢ > ( >(H br)e™ Ena s

" In2Jo 1+apay' Rp kot ihn=n \Ko+ -+ kN 55
(3.26)
M M
note that (% ) = it
So we can rewrite 3.26 by multiplying its inner elements and then using

the above:
_pay [ 1
" In2Jo 14 zpay

Pan o0 M N " —ZN -
— b'n, n n=0 ntn d
Rom2h 2 (k . kN)(H )e )

T1 dx

n=0

(3.27)
41

)dx
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The first part of T, it can be calculated through:

pay [ 1 x_paM[ln(xpaM—I—l)]oo
In2 Jo 14xpap; ~ In2 PaN 0

which clearly shows it does not exist in its bounds.
But for second part, under consideration of | ;L‘Q(oo) = 1 we can assume:

M N N
where:
ko= M

ki=0 , forl1>1> N

with the above:

paa ” M T k _ZN kncnx
T - bTL " n=0 "n=n d
1 RpIn2Jo ko-l-"'%;N:M (k0+ "'+kN> (nl;[() )e )dx

(3.29)
is true for every input that does not zero the exponential power exponent to
ZEro.

So with using 3.29, in [38] the equation 3.23 approximated to:

M-1 A,
Rave - ( Z 10g2 I+ ~7)
m=1 am
1 M N & Zg:() kncn
- (T] 0.")e 2 (3.30)
R%I In2 k0+~-+kNX—:M,K07éM (ko + -+ kN) nl;[O
Zﬁf: kncn _1 ZnN: kncn
% (07) 2W(_%70)(07)
pPanp pan

where Wy .,)(2) is Whittaker W function, Which itself is a solution to its
equation and can be written as:

—: 1
Wiu(2) = eTz“JF%U(u —k+ 3 1+ 2u,z)

where is Ul(a, b, z) is Tricomi’s (confluent hypergeometric) function.
It is important to note that other approximation equations also studied in
recent years. For instance in [42] the authors suggested much less resource

42



3.5 — Ergodic Capacity Performance

consuming approximation equation for calculating ergodic sum rate. This
important for better resource allocation techniques in case of large number
of users. So we have:

N-1 1 1
Ryd = > E(g logy(1 +vrDy)) + E(g logy (1 +YrDy)) (3.31)
n=1
R RN
where,
RN~ logy(14+ ) (3.32)
and
N 1 X P
Rave,UB:mZ(_l) N {P1+P2+P3+P4} (333)
k=1

with substituting the values of 3.33 and 3.32 into 3.31 we can obtain the
ergodic sum rate for last user.
note that in 3.32 the values of P, P», P; and P, obtained through followings:

0

%) pgjl l—H
gl i O & I+1-t 0
Py = (=2)emsnBi(5—)+ > (=17t = DI(5 )
Qsr” i3 Qsr
P, = _— [+1)—In(=—

where Ei(x) is Special Exponential integral and in [43] defined as the integral
of the ratio of exponential power to its exponent in known bound. Other
used functions and variables are very similar to what used before.

3.5.2 Asymptotic analysis of large users numbers

We can analyze the asymptotic behavior when the number of user goes to

infinity i.e. M — oo. Likewise previous section with approximation of

A 1- Fﬁl‘()

equation 3.22 with defining growth function as G(z) = FROR which in
B

appendix 1, below, it is proven that the lim, ., G(z) exists.

1 N —
T RA Zn: bne o _bn
lim G(z) = lim — 2 "0 — (3.34)
T—00 T—00 E anO ﬁne—cox BN
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In 3.34, the result obtained in following condition:

1
e T = 1
Ry °

ey < ¢ foralll<i<N

With asymptotic behaviour of channel gain, we have a unique solution to the

1
1~ Fiya(unr) = 7
with rewriting it:
L § e — ] (3.35)
- — pe M = — :
when u,, — 00 : )
eeNuM 1 1
- L 1+0(—) = — 3.36
L+ 0) = o (3.36)
from [44], the solution for w,, found as:
1
upyr = — log(M) + O(loglog M) (3.37)

:CN

so from previous results the [38], formulated asymptomatic ergodic rate
bound to:
Rave — log(ploglog M) (3.38)

and when M — ooand p — oo it approaches to one. In opportunistic scenario
the performance of the NOMA will be same with OMA but with much better
fairness.
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Chapter 4

Simulation

In this chapter we analyse the NOMA in several scenarios in previously dis-
cussed parameter that we analysed mathematically.

4.1 Simulation Part 1:

In this section we have demonstrated that power domain non orthogonal
multiple access will almost match our theoretical models. In Figure 4.1 we
compared outage performance of 3.18 with the model calculated by Ding et
al in [38].

Figure.1 (a)
N

N —e— NOMA, User 1 - Simulation, R =5, a=3
N —#— NOMA, User 2 - Simulation, R =5, a=3
N — © —NOMA, User 1 - Analytical, R;=5, a=3
— % —NOMA, User 2 - Analytical, R;=5, a=3
NOMA, User 1 - Simulation, R =3, a=

NOMA, User 1 - Analytical, R =3, a=
— 5 —NOMA, User 2 - Analytical, R =3, a=2

Outage Performance
3
T

0 5 10 15 20 25 30 35 40
SNR (dB)

Figure 4.1. Outage probability of the NOMA in different situation
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The simulation done in a setting shown in table 4.1:

RD a Rl Rl

cassel 5 3 0.1 0.5
case2 3 2 0.1 05

and for the power allocation to users the in [38] they offered simple method
to allocate appropriate amount of power to each user. In this simulation we
continued to use their methods. Their algorithm can be summarised as:

Algorithm 1: Power Allocation Algorithm in NOMA
Result: Power allocation coefficient
initialization : Get the number of users;

if M = 2 then
a; = 08,
a9 = 0.2;
else
1=0;
u=20;

while ¢ < M do
u=u+(M—m+1)
U ol

end

1 =20

while ¢ < M do

_ M—i+1 .
ap ="

U o
end

end

RD (87 Rl R1

casel 5 3 1 1
case2 5 3 3 3

From the simulation we can understand that outage performance of the
NOMA in high SNR regions will reach its theoretical values. It is important
to keep in mind that any inadequate choice of the power allocation, the outage
will be certain or the performance will degrade significantly as shown in
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figure 4.2 as different values had been chosen for power allocation coefficient,
further more also the incorrect choice of guaranteed serveries rate also cause
the probability tank to one. In figure 4.3 this issue has been demonstrated
with the selection of wrong R, the outage probability will be one.

Figure.1 (c)

0%

Outage Performance

—e— NOMA,U.

Figure 4.2. Outage probability when the inadequate power alloca-
tion coefficient selected.

Therefore more sophisticated approaches power allocation and rate dis-
tribution are studied for instance in [45], optimal power allocation model of
NOMA for 2 users, under various scenarios has been studied. The power
allocation of multi user NOMA is more difficult although the used criterion
are same. Some of those criterion are Max/Min fairness (MMF), weighted
sum rate Maximization and QoS constraint sum rate maximization.

4.2 Simulation Part 2:

Along with last section, the performance of NOMA also analysed by simu-
lating the Ergodic sum-rate of in various scenarios. In the first scenario we
analyse the performance of the approximation made by [38] to the equation
3.22 in different states, then we continue with the analysing with respect
to number of users to verify its functionality with increase number of users.
In the first case, we analysed two cases with respect to the SNR to see the
accuracy of our model.
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Figure.1 (b)

R, =3 BPCU
| = Ry =3 BPCU

Outage Performance
3
T

10 | | | | | | | |
0 5 10 15 20 25 30 35 40
SNR (dB)

Figure 4.3. Outage probability when inadequate rate allocation
coefficient selected.

Figure.2 (a)

—@— NOMA - Simulation, R =5, a=3

—#— NOMA - Simulation, R =3, a=2
— © —NOMA - High SNR approximation, R =5, a=3
— % —NOMA - High SNR approximation, R =3, a=2

Ergodic Sum Rate

Figure 4.4. Ergodic Sum-rate of NOMA .

As shown in Figure 4.4 we could notice at the low SNR our model has
much more error rate margin, but with increase of SNR the our tends to be
more accurate. Thus it is recommended it this model only to be used where
the user can achieve high SNR. More detail of the simulation parameters are
displayed in table 4.2 .
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RD «
case 1 3 2
case 2 5 3

In the figure 4.5, the performance of NOMA has been analysed with differ-
ent number of users to show the feasibility of the algorithm in larger number
users. One of the main issues which still remained in the approximation is the
huge amount of computational power is required to compute the Whitaker
function which in essence makes the feasibility of system when there are
many users are available to be served. Simpler algorithms are suggested as
mentioned in previous chapter. Returning to the simulation results, the re-
sults are very promising even if the number users increased by large margin
although there are still some drawbacks in low SNR region, in which it is
possible to use better SIC techniques at the receivers to partially mitigate
the issue. But it is important to find better solutions to resolve the issues.
One of the techniques can be use of orthogonal multiple access methods in
other bands to maintain connectivity of user. Other methods can be use of
beamforming for achieving higher SNR at the receiver.

Figure.2 (b)

Ergodic Sum Rate

SNR (dB)

Figure 4.5. Ergodic Sum-rate of NOMA with respect to the number of users.
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4.3 Simulation Part 3:

In the last section of the simulation we have analysed the outage performance
of NOMA in more realistic scenarios. The simulation variables are described
in the table 4.3:

RD a Rl Rl
casel & 3 0.1 0.5
case 2 &80 3 0.2 0.6
case 3 100 3 0.1 0.5
case4 100 3 0.2 0.6

and for all case the transmitting power and noise are respectively 10 Watt
and -40 dBm.
As shown in the table 4.3 NOMA still performs well in the realistic condition.
Even in range larger distance than 80 meter we get acceptable performance.
As written in previous chapters and section the NOMA is relatively short
studied subject and many improvement can be augmented over its algo-
rithms, although the base theory goes back to the 1970s. For instance in [46]
the authors has achieved the to more robust model meanwhile their model-
ing system seems to be less resource exhaustively compared to used model
in this thesis, which will an important element in the next generation of
telecommunication system due to widespread use of small base station to
offer mm-Wave bands to users.

x10~4 case 1 case 2 <cased3 cased

User 1 -simulation 3.7803 7.9862 7.3817 16.00
User 1 -analytical 3.7812 7.990 7.3852 16.00
User 2 -simulation 0.1824 0.2824 0.6917 1.0689
User 2 -analytical 0.1837 0.2847 0.7007 1.0863

Table 4.1.  Outage performance of NOMA in realistic conditions
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Chapter 5

Future developments

In this chapter briefly the foreseeable future development of Non-orthogonal
Multiple Access (NOMA) is surveyed.

5.1 NOMA-MIMO

One the main point of focus in current and next generation of telecommu-
nication systems is the extensive use of MIMO for improving the achievable
throughput of the users in the network. MIMO has been extensively stud-
ied in the conventional OMA like TDMA. There are some studies done by
scholars to survey feasibility and performance analyses of the NOMA-MIMO
system. In most researches the system considered as a set of clusters where
in each cluster there are several users and for serving these users simultane-
ously NOMA has been proposed and studied. For example in [47] Ding et al.
studied application of MIMO in NOMA have shown that with correct choice
of power distribution coefficient with right allocation of available bit rate the
NOMA-MIMO can outperform the orthogonal multiple access techniques. In
[48] the writers, worked over a method for a fair resource allocation for users
within a newly defined criteria which expressed as 'relative fairness" which
accumulate the network wide fairness with maximisation of the allocated rate
to the user. Later on in their work, a algorithm is proposed to calculate such
a definition in reasonable amount of computation resource.
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5.2 NOMA-Beamforming

Similar to clustered NOMA-MIMO, the base station creates several beams to
serve many users. But unlike clustered version of NOMA-MIMO, in Beamfor-
maing NOMA-MIMO each user exclusively gets access to each beam therefore
limiting the required SIC operations to decode the message.

5.3 NOMA- mm-wave radio

One of the main advancement of 5G will be use of mm-wave bands to coupe
ever increasing demands in data transmission rate. One of the main issues of
mm-wave is design of antenna to put in the cellular mobile equipment. The
limited space and high frequency diversity of 5G makes it difficult to design a
single unitary antenna to operate at all frequencies. The situation get worth
if the MIMO and massive MIMO also included because of large antenna
array they are required to use, to operate properly. This issues are almost
non existent in the PD-NOMA because of usage all band to transmit data to
the users.Using together with MIMO-NOMA which increase spatial diversity
of network and thereof performance of the system makes NOMA ever more
interesting. Unfortunately the mm-wave NOMA is not well studied in the
literature but for starting point, in the [49] Zhu et. al surveyed a sub-optimal
solution to maximization of sum-rate of the NOMA based mm-wave system
for two users system. One of the issues that they faced was the increase of
the complexity of power allocation techniques used in NOMA with increase
number of users. In a follow up work Zhu et. al, suggested another approach
for power allocation in NOMA by defining the metric as the User fairness
and showed that although their result approaximated the ideal situation but
the method per se was suboptimal.[50]
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Conclusion

The fifth generation of mobile networks is a very promising meanwhile com-
plex system. One of the main aspects of every modern mobile network is to
provide service to multiple users, simultaneously. To achieve this goal, we
have first, briefly analysed the Orthogonal multiple access techniques used
in the previous generation of mobile networks. Then we have shown that in
any broadcast channel the non-orthogonal multiple access will perform bet-
ter than OMA counterpart.

From various NOMA techniques, we first model the Power Domain NOMA.
Then using MATLAB program, we demonstrated that the NOMA can keep
up the performance in the high SNR regions as the mathematical model
which per se are Superior to OMA. The performance of NOMA was anal-
ysed in a more realistic scenario and the results looked very promising.
Future works in PD-NOMA can focus toward more robust and efficient Power
allocation systems. Design of specialized version Interference Cancellation

techniques are also very promising and their usage is not limited to only
NOMA.
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