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General Introduction

General Introduction

A cellular network or mobile network is a communication network where the last link is
wireless. The network is distributed over land areas called cells, each served by at least one
fixed-location transceiver.

Mobile networks have evolved through a series of generations, each representing
significant technological improvements over the previous generations. The first two generations
of mobile networks first introduced analog voice (1G) and then digital voice (2G). Subsequent
generations supported the proliferation of smartphones by introducing data connections (3G) and
allowing access to the internet. 4G service networks improved data connections, making them
faster, better and able to provide greater bandwidth for uses such as streaming.

Today,5G stands for 5th Generation Mobile technology and is going to be a new
revolution in mobile market which has changed the means to use cell phones within very high
bandwidth. User never experienced ever before such high value technology which includes all
type of advance features and 5G technology will be most powerful and in huge demand in near
future.

The development of the paradigm of a new generation of the network infrastructure has
become a point of reference in global competition for technological leadership. Over the next
seven years, this public-private alliance will share know-how and skills to face the challenge of
creating a model for the new technology and the standards that will have to define the networks
of the future.

The objective of this project is the study and simulation of Sparse Code Multiple Access
(SCMA) for 5G New Radio .

This work was divided into four chapters :

The first chapter provides an overview on 5G technology and the important requirements needed
for this generation.

Chapter two is focused on the study of access techniques using NOMA technology.

In particular, chapter three studies Sparse Code Multiple Access (SCMA) overview, a code
domain NOMA scheme.

The last chapter provides a simulation and analysis of the results. Finally, we end this work with

a conclusion and perspectives.
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Chapter 1: An Overview on 5G Technology

1.1 Introduction :

Today, the world is so excited for the new generation of network. Social media has described
this new event “the big evolution in technology *, in this chapter we will define what is 5G. its

characteristics and the new technology attached to it.
1.2 Definition :

It's the next - fifth-generation of mobile internet connectivity promising much faster data
download and upload speeds, wider coverage and more stable connections.
It's all about making better use of the radio spectrum and enabling far more devices to access the

mobile internet at the same time [1].

1.3 The difference between 4G and 5G technology :

1.3.1 Speed :

When comes to 5G, speed is the first thing everyone is excited about the technology. LTE
advanced technology is capable of data rate up to 1 GBPS on 4G networks. 5G technology will
support data rate up to 5 to 10 GBPS on mobile devices and above 20 GBPS during testing.

Moreover, with the use of millimeter waves, data rate can be increased above 40 GBPS

and even up to 100 GBPS in future 5G networks.
1.3.2 Latency :

Latency is the term used in network technology to measure the delay of the signal packets
reaching from one node to other. In mobile networks, it can be described as the time taken by
radio signals to travel from base station to the mobile devices (UE) and vice versa.

Latency of 4G network is in the range of 200 to 100 milliseconds. During 5G testing,
engineers were able to achieve and demonstrate a lower latency of 1 to 3 milliseconds. Low
latency is very significant in many mission critical applications and thus 5G technology is
suitable for low latency applications, for example: self-driving cars, remote surgery, drone

operation etc...
1.3.3 Ultra Reliable solutions :

Compared to 4G, future 5G devices will offer always connected, ultra-reliable and highly
efficient solutions.5G will be able to handle massive data volume from billions of devices and
the network is scalable for upgrades. 4G and current LTE networks have limitation in terms of
data volume, speed, latency and network scalability. 5G technologies will be able to address

these issues and provide a cost effective solutions to service providers and end users [2].
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1.3.4 Machine Type Communications :

5G is not only designed to meet the needs of everyone from consumers to Enterprise, but
also the vastly different requirements of machine-type communication (MTC) required by IoT
applications, and other M2M-type connected devices. Whereas 10T in the 4G era is a mix of
adapted 2G and 4G technologies. 5G services are better equipped to handle these varying traffic

types and connected devices.
1.3.5 Device Intelligence :

Unlike 4G, 5G has the capability to differentiate between fixed and mobile devices. It uses
cognitive radio techniques to identify each device and offer the most appropriate delivery
channel. This means each user will get a much more customized internet connection relative to

4G; according to their device capability and local reception environment [3].
1.4 5G technologies :

There are many new 5G technologies and techniques that are being discussed and being
developed for inclusion in the 5G standards. These new technologies and techniques will enable
5G to provide a more flexible and dynamic service.

The technologies being developed for 5G include [2] :
1.4.1 Millimeter-Wave communications :

Today’s wireless networks have run into a problem more people and devices are consuming
more data than ever before, but it remains crammed on the same bands of the radio-frequency
spectrum that mobile providers have always used. That means less bandwidth for everyone,
causing slower service and more dropped connections.

One way to get around that problem is to simply transmit signals on a whole new swath of the
spectrum, one that’s never been used for mobile service before. That’s why providers are
experimenting with broadcasting on millimeter waves, which use higher frequencies than the
radio waves that have long been used for mobile phones.
Millimeter waves are broadcast at frequencies between 30 and 300 gigahertz, compared to the
bands below 6 GHz that were used for mobile devices in the past. They are called millimeter
waves because they vary in length from 1 to 10 mm, compared to the radio waves that serve
today’s smartphones, which measure tens of centimeters in length.

Until now, only operators of satellites and radar systems used millimeter waves for real-

world applications. Now, some cellular providers have begun to use them to send data between
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stationary points, such as two base stations. But using millimeter waves to connect mobile users
with a nearby base station is an entirely new approach.

There is one major drawback to millimeter waves, though they can’t easily travel through
buildings or obstacles and they can be absorbed by foliage and rain. That’s why 5G networks

will likely augment traditional cellular towers with another new technology ( small cells) [4].
1.4.2 Small Cells :

Reducing the size of cells provides a much more overall effective use of the available
spectrum. Techniques to ensure that small cells in the macro-network and deployed as femtocells
can operate satisfactorily are required. There is a significant challenge in adding huge numbers

of additional cells to a network, and techniques are being developed to enable this [5].
1.4.3 Waveforms :

One key area of interest is that of the new waveforms that may be seen. OFDM has been
used very successfully in 4G LTE as well as a number of other high data rate systems, but it does
have some limitations in some circumstances. Other waveform formats that are being discussed
include: GFDM, as well as FBMC, UFMC. There is no perfect waveform, and it is possible that
OFDM in the form of OFDMA is used as this provides excellent overall performance without

being too heavy on the level of processing required [5].
1.4.4 Full Duplex :

In our early generation of mobile networks, the device will not receive any signals while
transmitting and vice versa. In conventional system, only one mode will be active at a time
because the system operates on only one allocated band. Otherwise two bands have to be
allocated to transmit and receive simultaneously.

In full duplex mode, the network will use high speed switching system to handle simultaneous
transmission with complex modulation techniques. It will help service providers to efficiently

utilize expensive spectrum [2].
1.4.5 Beamforming :

Beamforming is technique used in base stations to target the mobile devices for
transmission. Conventional base stations will transmit signals in all directions which contribute
distortion in other devices and some other operating bands.

In beamforming, base station will be able detect and locate the user and it will only transmit to
the direction of the user. Beamforming will help the network to support more devices and traffic

with targeted transmission for specific users located at specific direction [2].
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1.4.6 Massive MIMO with beamsteering :

Massive MIMO is a transmission terminology for increasing the network capacity by adding
more transmitting and receiving antennas to the system. MIMO stands for multiple input and
multiple output. MIMO enable us to transmit and receive signals simultaneously through

multiple antennas. It will offer many times higher data rate and network capacity [3].
1.4.7 Device-to-device :

D2D refers to the communication between devices (fig 1.1 shows this technique), which
can be cell phones or vehicles. This technique opens new device-centric communication that
often requires no direct communication with the network infrastructure, hence is expected to
solve part of the network capacity issue as SG promises more devices to be connected in faster,
more reliable networks.

Whether D2D communications are developed with or without the network infrastructure in
mind, it allows more devices to be connected with boosted data rate and reduced latency. D2D
may be one of the essential technologies to support 5G wireless network challenges in many
industries [4].

It implies new challenges for devices design, interference management, security, mobility
management and other aspects. In addition, the success of this technology largely depends on the
scenarios in which users in the proximity of each other communicate and the applications that

will be developed in the coming years [6].

(@)

-~
~
-~
-~

~
-~

= - e -, -
Network control /'Drrect (D2D)
@ communication

Fig 1.1: D2D and Cellular communications share the same radio resources [6].
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1.4.8 Mobile Edge Cloud :

While not currently garnering as much attention as 5G, Multi-Access (Mobile) Edge
Computing is an emerging architecture that creates a critical bridge between 5G networks and
cloud computing infrastructure. By placing compute and storage resources in the Radio Access
Network (RAN), mobile network operators can optimize the delivery of latency-sensitive content
and services to their users [7].

MEC considered as “represents a key technology and architectural concept to enable the

evolution to 5G” [8].

1.4.9 Cognitive Radio :

Cognitive Radio (CR) is an adaptive, intelligent radio and network technology that can
automatically detect available channels in a wireless spectrum and change transmission
parameters enabling more communications to run concurrently and also improve radio operating
behavior [9].

1.5 5G Architecture :

Architecture of 5G is highly advanced, its network elements and various terminals are
characteristically upgraded to afford a new situation. Likewise, service providers can implement
the advance technology to adopt the value-added services easily.

However, upgradeability is based upon cognitive radio technology that includes various
significant features such as ability of devices to identify their geographical location as well as
weather, temperature, etc. Cognitive radio technology acts as a transceiver (beam) that
perceptively can catch and respond radio signals in its operating environment. Further, it
promptly distinguishes the changes in its environment and hence respond accordingly to provide

uninterrupted quality service.
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1.5.1 Design of 5G Network Architecture :

As shown in the figure (1.2), the system model of 5G is entirely IP based model designed for

the wireless and mobile networks.
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Fig 1.2 : Functional architecture for 5G mobile networks .
1.5.2 The Master Core Technology :

The 5G MasterCore is convergence point for the other technologies, which have their own
impact on existing wireless network. Interestingly, its design facilitates MasterCore to get
operated into parallel multimode including all IP network mode and 5G network mode. In this
mode , it controls all network technologies of RAN and Different Access Networks (DAT).
Since, the technology is compatible and manages all the new deployments (based on 5G), it is

more efficient, less complicated, and more powerful [10] .
1.6 5G Standards Bodies :

With no firm 5G technology standard truly in place at this time, the market is still figuring
out the essential 5G features and functionalities. The primary 5G standards bodies involved in
these processes are the 3rd Generation Partnership Project (3GPP), the Internet Engineering Task

Force (IETF), and the International Telecommunication Union (ITU).
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1.6.1 3GPP:

This international body is a communications-focused organization made up of seven
telecommunications standard development organizations called “organizational partners.” It is
composed of supporting-member companies like the aforementioned companies. The
organization is charged with formulating the 5G technical specifications, which ultimately

become standards.

In mid-2017, the 3GPP Technical Specifications Groups agreed on a detailed workplan for
Release 15 — the first release of 5G specifications. The workplan included a set of tasks and
checkpoints to guide ongoing 5G studies of next-generation architecture and the 5G New Radio
(NR), focusing The system comprising of a main user terminal and then a number of
independent and autonomous radio access technologies. Each of the radio technologies is
considered as the IP link for the outside internet world. The IP technology is designed
exclusively to ensure sufficient control data for appropriate routing of IP packets related to a
certain application connections i.e. Sessions between client applications and servers somewhere
on the Internet. Moreover, to make accessible routing of packets should be fixed in accordance

with the given policies of the user .

On enhanced mobile broadband, ultra-reliability and low latency, frequency ranges, and the

importance of forward compatibility in radio and protocol design.
1.6.2 IETF :

The IETF is the standards body coming up with the key specifications for virtualization
functions evolving IP protocols to support network virtualization. For example, IETF is
pioneering Service Function Chaining (SFC), which will link the virtualized components of the
5G architecture—such as the base station, serving gateway, and packet data gateway—into a
single path. This will permit the dynamic creation and linkage of Virtual Network Functions
(VNFs).

Other new technology under development by IETF includes routing-related testing, including
protocols for distributed networking, segment routing, and path computation to meet the
constraints of the 5G NR. IETF works synergistically with 3GPP on the development of 5G,
covering not only new technology under IETF development but also new uses of existing

technologies.
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1.6.3 ITU :

The ITU is a Geneva-based United Nations agency focused on information and
communication technologies. It coordinates the global sharing of radio spectrum. In 2015, the
ITU identified three spectrum bands that will be used for 5G, and in 2016, it refined the criteria

for the selection of 5G radio interface technologies.

In late 2016, a special ITU focus group concluded a preliminary study into the standards
necessary to meet 5G’s performance targets, including concentrations on network architecture,
fixed wireless convergence, network management requirements, and network management

framework [11].
1.7 Categories services Of 5G :

All the applications of 5g involve under three categories services:

v" eMBB (Enhanced mobile broadband): High bandwidth internet access suitable for web
browsing, video streaming, and virtual reality. This is the Internet access service we are
used to with smartphones.

v. mMTC (Massive machine type communication): Narrowband Internet access for
sensing, metering, and monitoring devices.

v URLLC (Ultra-reliable low latency communication): Services for latency sensitive
devices for applications like factory automation, autonomous driving, and remote
surgery. These applications require sub-millisecond latency with error rates that are

lower than 1 packet loss in 10° packets [12].
1.7.1 Application Of 5G :

v Smart Home :

Smart home appliances and products are catching up the market today. Smart home concept
will utilize 5G networks for device connectivity and monitoring of applications.
5G wireless network will be utilized by smart appliances which can be configured and accessed
from remote locations, closed circuit cameras will provide high quality real-time video for
security purposes.
v Smart cities :

Smart city application like traffic management, Instant weather update, local area broadcasting,
energy management, smart power grid, smart lighting of street, water resource management,
crowd management, emergency response etc.... can use reliable 5G wireless network for its

functioning.
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v' Industrial IoT :

Future industries will depend on smart wireless technologies like 5G and LTE advanced for

efficient automation of equipment, predictive maintenance, safety, process tracking, smart
packing, shipping, logistics and energy management.
Smart sensor technology offers unlimited solutions for industrial IoT for smarter, safe, cost
effective and energy efficient industrial operation.
v" Smart farming :

5G technology will be used for agriculture and smart farming in future. Using smart RFID
sensors and GPS technology, farmers can track location of livestock and manage them easily.

Smart sensors can be used for irrigation control, access control and energy management.
v" Fleet management :

Many companies are using smart tracking devices for fleet management, 5G technology will
provide much better solutions for location tracking and fleet management.

v Healthcare and mission critical applications 5G-healthcare :

5G technology will support medical practitioners to perform advanced medical le procedures
with reliable wireless network connected to another side of the globe. Connected classrooms will
help students to attend seminars and important lecturers.

People with chronic medical conditions will benefit from smart devices and real-time
monitoring. Doctors can connect with patients from anywhere anytime and advice them when
necessary. Scientists are working on smart medical devices which can perform remote surgery.
Healthcare industry has to integrate all the operation with use of a powerful network. 5G will
power healthcare industry with smart medical devices, Internet of medical things, smart
analytics, and high definition medical imaging technologies.

Smart medical devices like wearable will continuously monitor patient’s condition and activate
alert during emergency. Hospitals and ambulance services will get alerts during critical situation
and they can make necessary steps to speed up diagnose and treatment.

Patients with special needs can be tracked using special tags and precise location tracking
devices. Healthcare database can be accessed from any locations collected data analysis can be

used for research and improvement of treatments.
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v Autonomous Driving 5G-Self-driving :

Self-driving cars are not very far from reality with the use of 5G wireless networks. High
performance wireless network connectivity with low latency is significant for autonomous
driving.

In future, cars can communicate with smart traffic signs, surrounding objects and other vehicles
on the road. Every millisecond is important for self-driving vehicles, decision has to be made in

split second to avoid collision and make sure passenger safety.

v Drone Operation :

Drones are getting popular for multiple operations range from entertainment, video capturing,
medical and emergency access, smart delivery solutions, security and surveillance etc. 5G
network will provide strong support with high speed wireless internet connectivity for drone
operation in wide range of applications.

During emergency situations like natural calamities, humans have limited access to many areas

where drones can reach out and collect useful information.

v Security and surveillance :

5G wireless technology is one the best solution for security and surveillance due to higher

bandwidth and unlicensed spectrum [2].

1.8 Characteristics 5G :
1.8.1 Reliability :

With 5G, high-speed data transmission would not just depend on location, be it basements
or coffee shops. Consumers will be able to enjoy super high speeds with reliability and

consistency, even indoors or in overcrowded areas.
1.8.2 Bandwidth :

Imagine sensors on almost everything! A huge number of connected devices will be the
base feature of this future network. Ericsson has forecasted 1 billion 5G subscriptions by the end

of 2023 .

1.8.3 Increased data volume :

Without any performance impact, a transaction involving massive devices and people,
sending/receiving large files across a wireless connection must be done smoothly and quickly.

With 5@, it is expected to increase by 1000 times the current volume.
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1.8.4 Faster data-transfer speed :

Every new generation of wireless networks has been characterized by improved bandwidth.
The goal of 5G is to support 1-10 Gbps connections to endpoints in the field and 10-100 times

higher speeds are estimated as of now.
1.8.5 More devices :

10-100 times more connected devices. 5G intends to increase the number of supported

devices in a given area by a factor of 10 to 100 times, thereby enabling IoT.
1.8.6 Energy efficiency :

Battery lives will be extended by a factor of 10. 5G aims at reducing the core network

consumption by 90%.
1.8.7 High availability :

The aspirational goal of 5G is to create the perception of five-nines availability, achieved

through distributed loads and redundancy.
1.8.8 100% Coverage :

The ability to provide good coverage in all areas is another aspirational goal of 5G. This is

also aimed at areas not falling under the preset ideal conditions.
1.8.9 Rapid service deployment :

One goal is to meet all the challenges research teams are stuck at. Rapidly reducing the
time it takes to deploy 5G network connections, using self-organizing network technology is

another..[13].
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1.9 The disadvantages of 5G :

= [t requires skilled engineers to install and maintain 5G network. Moreover 5G equipments are
costly. This increases cost of 5G deployment and maintenance phases.
= 5G smartphones are costly. Hence it will take some time for the common man to make use of
5G technology.
®» The technology is still under development and will take time before it is fully operational
without any issues .

= Coverage distance of up to 2 meters (in indoor) and 300 meters (in outdoor) can be achieved
due to higher losses at high frequencies (such as millimeter waves). 5G mm-wave suffers from
many such losses (penetration loss, attenuation due to rain, foliage loss etc.)

= |t will take time for security and privacy issues to be resolved fully in 5G network [14].

1.10 Conclusion :

This chapter provided important information related to 5G, its characteristics: low latency,
high throughput, increase of number of devices ... etc. And the new technology related to it:
CR, MEC, mm-wave, D2D.. .etc.

Also, not letting aside the main challenge here, which is security. So " How humans will
protect themselves from the danger of machinery?", In the coming years, it will be more
addressed.

This doesn’t deny the fact that we will enjoy the power of the new generation and its
applications that will facilitate our life and make it more comfortable.

Finally, In the next chapter, we will know about the new Multiple Access Schemes

Techniques (NOMA) that is created for 5G.
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2.1 Introduction :

The new generation of networks needs new multiple access Schemes or recently developed
techniques. In this chapter, we will introduce new multiple access schemes techniques called
Non Orthogonal Multiple Access. Where we will avoid the mathematical description instead, we

will be providing the basic concepts of these techniques.
2.2. Multiple Access :

Multiple access is a technique that lets multiple mobile users share the allotted spectrum
in the most effective manner.

Since the spectrum is limited, the sharing is necessary to improve the overall capacity
over a geographical area. This is carried out by permitting the available bandwidth to be used
simultaneously by different users. In computer networks and telecommunications, the multiple
access method permits various terminals to connect to the same multi-point transmission
medium to transmit over it and share its capacity.

Multiple access techniques permit multiple access to a channel. A channel represents a
system resource assigned to a given mobile user that enables the user to establish communication
with other users in the network [15]. MAS can be classified into two Orthogonal Multiple Access

(OMA) and NOMA [16].

2.3.0rthogonal Multiple Access (OMA) Schemes :

In OMA, multiple users transmit on orthogonal channels such that there is no interference
in the users signal waveform. Thus, the receiver detects the signal for each user without
interference from other users with the error performances similar to that of a single user. The
total system resource/bandwidth W in time and frequency is divided into M frequency channels
between the M users to ensure orthogonality . Examples of OMA techniques include TDMA,
FDMA , OFDMA,CDMA,SC-FDMA [16] as shown in fig (2.1) and fig (2.2).

v TDMA :

Every user is permitted to transmit only in specific time slots using a common frequency

band. Various users can transmit at the same frequency band at different times.
v FDMA :

Frequency band split into small frequency channels, and different channels are assigned to
different users. One example is the case of FM radio where multiple users can transmit

simultaneously; however, on different frequency channels.
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v CDMA :

Users can transmit simultaneously using the same frequency band, but with the help of

different codes so that they can be decoded to recognize a specific user [15].

A
frequency
4 o»
i time

FDMA
Fig 2.1 : TDMA ,FDMA and CDMA [17].

v OFDMA :

OFDMA can be regarded as a smart integration of FDMA and TDMA, where the radio

resources are orthogonally partitioned in the time-frequency grid [18].

v" SC-FDMA :

A multiplexing technique similar to OFDMA but where the subcarriers assigned to each user

must be contiguous, which reduces the processing power and battery requirements for mobile
devices [19].
f f|

cp cp
& 2 .

OFDMA SC-FDMA

Fig 2.2 : OFDMA and SC-FDMA [20].
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2.4 Non-orthogonal multiple access (NOMA) :

In NOMA, each user operates in the same band and at the same time where they are
distinguished by their power levels. NOMA uses superposition coding at the transmitter such
that the successive interference cancellation (SIC) receiver can separate the users both in the
uplink and in the downlink channels [21].

The key distinguishing feature of NOMA is to support a higher number of users than the
number of orthogonal resource slots, with the aid of non-orthogonal resource allocation. Fig 2.3
shows Possible NOMA Solution.

The family of NOMA schemes can be basically divided into two categories: power-domain

NOMA and code-domain NOMA [18].

Power/Code Frequency

Fig 2.3 : Possible NOMA Solution [22].
2.5 Dominant NOMA solutions :

2.5.1 Power Domain NOMA (PD-NOMA) :

Power domain NOMA allows multiple users to share the same channel simultaneously
by power domain multiplexing at the Tx, and SIC can be applied at the end-user Rx users to
decode the received signals which suffer from co-channel interference.

It smartly exploits the differences of received power levels to obtain higher spectrum
efficiency than the OMA scheme. Industry standards have been widely discussed for future
deployment , and several efficient algorithms for the resource allocation have been proposed

[23].
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v Basic PD-NOMA :

NOMA exploits superposition coding at the transmitter and successive interference
cancellation (SIC) at the receiver, thus multiplexing users in the power domain. As shown in Fig.
2.4, the base station (BS) sends the superposed signals to two users, where User 1 has higher
channel gain than User 2. In NOMA, the user with higher channel gain and the user with lower
channel gain are usually referred to as the strong user and the weak user, respectively. The strong
user first subtracts the signal of the weak user through SIC, and then decodes its own signal, the
weak user considers the signal of the strong user as noise and detects its own signal directly.
With worse channel gain and more interference, the weak user is assigned more power in

NOMA to ensure fairness [24].

Power

User 1

Time/Frequency

Subiract User 2's User 1's signal
signal ' decoding
User 1 i e
Base station SIC

Fig 2.4 : Downlink NOMA in a single cell with one BS and two users [24].
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2.5.2 Code-Domain NOMA :

The basic idea of NOMA via code domain multiplexing is similar to that of CDMA,
where different users are allocated with different codes. The multi-user transmission is then
carried by utilizing the same time-frequency resources. In what follows, we will briefly discuss

some of the NOMA schemes via code domain multiplexing [25].
2.5.2.1 Low-Density Spreading CDMA :

In conventional CDMA systems, spreading sequences consist of many nonzero elements.
Thus, if the spreading codes are not orthogonal, a user will see interference from many other
users in a single chip. Orthogonal system of codes have a fixed number of users that it supports.
LDS-CDMA uses sparse spreading sequences (Low density) where number of nonzero elements
in the spreading sequence is much lesser than the sequence length. Thus, each chip will have a
reduced amount of cross sequence interference [26].

The multi-user detection at the receiver is performed with aid of MPA [25].
2.5.2.2 Low-Density Spreading OFDM :

LDS orthogonal frequency-division multiplexing (LDS-OFDM) can be considered as a
combined version of LDS-CDMA and OFDM, in which the chips are subcarriers of OFDM in
order to combat the multipath fading. In LDS-OFDM, the transmitted symbols are first mapped
to certain LDS sequences, and then transmitted on different OFDM subcarriers. The number of
symbols can be greater than the number of subcarriers, that is, overloading is allowed to improve

spectral efficiency . MPA in LDS-CDMA can also be used in an LDS-OFDM receiver [27].

2.5.2.3 Sparse Code Multiple Access :

Sparse Code Multiple Access directly maps different incoming data streams to be
transmitted to different sparse code-words. Each user has a predefined codebook, and the zeros

of that codebook will be in the same positions [26], in the next chapter we will focus about it .
2.5.2.4 Multi-User Shared Access :

The basic idea of a MUSA in the UP is that each user randomly chooses a spreading
sequence from a pool of available spreading sequences. The MUSA scheme not necessarily uses
the binary codewords for spreading, and in general they can be M-ary. The spread signals of the
users are then transmitted using the same time-frequency resources. The receiver performs MUD

by implementing codeword level SIC.
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The user are divided into different groups during DL-MUSA. Within each user group, the DL-
MUSA scheme maps the symbols of different users to various constellations. The mapping is
performed in such a way that the joint constellation of superimposed signals Gray mapping. In
order to realize the joint constellation, the modulation order and transmit power among
multiplexed users are utilized. The advantage of using the Gray mapping for the joint
constellation is that less complex receivers (such as symbol level SIC) can be utilized to perform

MUD.
2.5.2.5 Interleave-Division Multiple Access :

Another type of NOMA is IDMA. The basic principle of IDMA is that it interleaves the
chips after spreading of the symbols, under high overloading condition with given BER
constraints, IDMA achievers a SNR gain over conventional CDMA systems [25].

2.6 Basic principles of NOMA :
2.6.1 Muti-User Detection :

The base idea is simultaneously receiving the multiple users signals and detecting them.
When using non-orthogonal m-sequences in the spirit of NOMA, we can have many more users.
Multiple access interference (MAI) limits the capacity and performance of some systems (like
CDMA). While the MAI caused by a single interfering user is generally small, the system
becomes interference-limited as the number of interferers or their power increases .

MUD exploiting the knowledge of both the spreading code and timing (and possibly
amplitude and phase) information of multiple users has been regarded as an efficient strategy of
improving the system capacity. Various MUD algorithms, such as the optimal maximum-
likelihood sequence estimation , turbo decoding, matched filter SIC , and parallel interference

cancellation (PIC) have been designed to reduce the MAI at an affordable complexity cost.
2.6.2 Interference Cancellation :

Commonly, the multi-user IC techniques can divided into two main categories, namely pre-
interference cancelation (pre-IC) and post-interference cancellation (post-IC) .
More specifically, pre-IC techniques are employed at the transmitter side by suppressing the
interference by precoding approaches, such as the famous dirty paper coding (DPC) upon
exploiting the knowledge of the channel state information (CSI) at the transmitter.
By contrast, the post-IC techniques are usually used at the receiver side for cancelling the
interference. The post-IC approach can be further divided into two categories, which are parallel

and successive .
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If we carry out accurate power control to ensure that all received signals are similar, PIC
outperforms SIC. By contrast, SIC works better, when the received powers are different because
the strongest user’s signal can be detected first. The detected bit is the remodulate and its
interference is deducted from the received signal. Repeating this action in a sequential order

gives us the clean weakest signal.
2.7 Key Technologies of NOMA :

Again, the basic principles of NOMA techniques rely on the employment of superposition
coding (SC) at the transmitter and successive interference cancelation (SIC) techniques at the

receiver [28].
v Superposition Coding (SC) :

The fundamental concept of SC is that it is capable of encoding a message for a user
associated with poor channel conditions at a lower rate and then superimpose the signal of a user
having better channel conditions on it. Inspired by the solid foundations laid down from an
information theory perspective, researchers became motivated to apply SC to diverse channels,

such as interference channels, relay channels , MA channels [28]. Fig 2.5 shows an example of

SC encoding.
S,
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Fig 2.5 : An example of SC encoding (a) signal constellation of user 1(b)signal constellation of

user 2 (c) constellation of superposed signal. [29].
v Successive Interference Cancellation (SIC) :

It has been widely exploited that the network capacity can be substantially improved with
the aid of efficient interference management, hence SIC is regarded as a promising IC technique
in wireless networks. By invoking the following procedure, it enables the user having the
strongest signal to be detected first, who has hence the least interference-contaminated signal.
Then, the strongest user re-encodes and remodulates its signal, which is then subtracted from the

composite signal.
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The same procedure is followed by the second strongest signal, which has in fact
become the strongest signal. When all but one of the signals was detected, the weakest user

decodes its information without suffering from any interference at all [28].
2.8 Advantages :

1) Higher spectral efficiency: By exploiting the power domain for user multiplexing, NOMA
systems are able to accommodate more users to cope with system overload.

2) Better utilization of heterogeneity of channel conditions: NOMA schemes intentionally
multiplex strong users with weak users to exploit the heterogeneity of channel condition.

3) Enhanced user fairness: By relaxing the orthogonal constraint of OMA, NOMA enables a
more flexible management of radio resources and offers an efficient way to enhance user

fairness via appropriate resource allocation .

4) Applicability to diverse QoS requirements: NOMA is able to accommodate more users

with different types of QoS requests on the same subcarrier.
2.9 Disadvantages :

1) The BS needs to know the perfect channel state information (CSI) to arrange the SIC
decoding order, which increases the CSI feedback overhead.

2) The SIC process introduces a higher computational complexity and delay at the receiver
side, especially for multicarrier and multiuser systems.

3) The strong users have to know the power allocation of the weaker users in order to perform
SIC, which also increases the system signalling overhead.

4) Allocating more power to the weak users, who are generally in the cell-edge, will introduce

more inter-cell interferences into the whole system [30].
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2.10 Applications :

< Visible Light Communication :

Similar performance gains as seen in the RF case can be expected if NOMA is
implemented in VLC. As the channel generally does not change most of the time, the decoding

becomes simpler.
< MIMO-NOMA :

The combination of MU-MIMO which allows multiple beams and NOMA within a

single beam can lead to a greater capacity of the system.
< Internet of Things :

The scenario in IoT is massive connectivity. Exploitation of Non-Orthogonal resources as

a means to enhance connectivity is subject to research.
< SoDeMA :

Software Defined Multiple Access is an active research area where the best multiple
access scheme is chosen based on the conditions of the system. For example, if we only have a
small number of users and they do not have a large variance in SNR, OMA would be preferable

to NOMA. Similarly, different scenarios call for different multiple access schemes [27].
% CR-NOMA :

Integrating NOMA techniques into CR networks (CRNSs) has the tremendous potential to
improve spectral efficiency and increase the system capacity. However, there are many technical

challenges due to the severe interference caused by using NOMA [31].
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2.12 Conclusion :

As we have seen in chapter 1, in the presence of 5G we cannot neglect the 4G and in
existence of the Small Cells we don’t dispense with the traditional cells, also in existence of
NOMA we don’t eliminate the presence of OMA, choosing between them is due to the number
of users.

In this chapter we have learned about the most important terms for NOMA: SC, SIC. And
the applications: MIMO-NOMA, SoDeMA, CR-NOMA. Also, the challenges faced.

Surely, beyond the walls of laboratories, researchers are working to find Solutions for all
those challenges who knows maybe this year or after, this technology will be released to the
world with all its features and solutions.

NOMA is divided into two categories: power-domain NOMA and code-domain NOMA. In

the next chapter, we will be focusing on SCMA..
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3.1 Introduction :

Between several candidates for the SG multiple access schemes, we found the most likely
scheme could be SCMA. In this chapter, we will focus on the SCMA system model then we will
be explaining the function of these blocks consisted of this chain. Also, we will see what it is

PRE Mapping? and how to design a codebook?
3.2 System model :

Sparse code multiple access is a form of NOMA scheme which is based on a multi-
dimensional codebook [26].

In SCMA, bit streams are directly mapped to different sparse codewords. All codewords
in the same codebook contain zeros in the same two dimensions, and the positions of the zeros in
the different codebooks are distinct so as to facilitate the collision avoidance of any two users
[17].

An SCMA transmission system can be simply illuminated in Fig 3.1. It will be discussed in the

following sections.

i e - Channel| | L Channel . i
it stream Eodins N i Decodin UE1 Bit stream
|
UE2 Bit stream — |[Channel | Channel | Es Bit stream
Coding | | Decoding
: SCMA || ——
I decoder lLLR
|
I |
UEJ Bit stream — [Channell p | Channel Lo ) Bit stream
Coding | | | | Pecodin

Fig 3.1 : SCMA uplink chain with channel coding [32].
3.2.1 Channel encoding :

Channel encoding allows transmission of the message generated by the source through
the channel. The channel encoder accepts as input a set of messages of fixed length and maps the
source alphabet into a channel alphabet, then adds a set of redundancy symbols, and finally sends
the message through the channel [33].

There are three channel encoding schemes: turbo, LDPC and polar codes. These schemes
were selected as candidates for 5th generation wireless communications (5G), due to their good
performance, and low complexity state-of-the-art implementation [34], but in this chapter we are
more concerned in turbo codes, for more information, go to page [34].

Turbo codes are a class of high-performance FEC codes developed around 1990-91 ,

which were the first practical codes to closely approach the channel capacity, a theoretical
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maximum for the code rate at which reliable communication is still possible given a specific
noise level. Turbo codes are used in 3G/4G mobile communications (e.g., in UMTS and LTE)
and in (deep space) satellite communications as well as other applications where designers seek
to achieve reliable information transfer over bandwidth- or latency-constrained communication
links in the presence of data-corrupting noise. Turbo codes compete with LDPC codes, which
provide similar performance. The name "turbo code" arose from the feedback loop used during
normal turbo code decoding, which was analogized to the exhaust feedback used for engine

turbocharging [35 ]. More details about this code can be found in [36],[37],[38].

3.2.2 SCMA encoding :

An SCMA encoding procedure is defined as a mapping from m bits to an K-dimensional
complex codebook of size M, where M = 2™ .

K-dimensional complex codewords consist of N < K non-zero elements. Each user j has
a unique codebook from the set of J codebooks, i. e. J users (usually called layers) can transmit
information over K orthogonal resources simultaneously.

The overloading factor is defined as A = J/K. An example of codebook set for J = 6 and

K =4 is presented below :

0 —0.1815—0.1318j
0 —-0.6351—0.4615j
0 0.6351+ 0.4615j
0 0.1815+ 0.1318j

0.7851 17
—0.2243
0.2243 |’
—0.7851.

1 0.7851 0 —0.1815-0.1318j 01"
—0.2243 0 -0.6351-0.4615j O

0.2243 0 0.6351+0.4615; O
—0.7851 0 0.1815+0.1318; 0.

—0.6351 + 0.4615j 0.1392 — 0.1759j
0.1815 —0.1318j 0.4873 — 0.6156j
—0.1815 + 0.1318] —0.4873 + 0.6156j
| 0.6351 —0.4615j —0.1392 + 0.1759j

0 0 0.7851 —0.0055—0.2242j T
0 0 —-0.2243 -0.0193 —0.7848j
0 0 0.2243 0.0193 + 0.7848;
[0 0 -0.7851 0.0055 + 0.2242j

—0.6351 4 0.4615j1"
0.1815 — 0.1318]
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0
0
CBl = 0
0
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"—0.0055 — 0.2212j 0
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0.0193 + 0.7848] 0
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S O O O
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0 0.7851 0.1392 -0.1759; 0 T
CB. = 0 -0.2243 0.4873-0.6156j 0
6710 0.2243 —0.4873+0.6156j 0
0 -0.7851 -0.1392+0.1759; O

where CBj is a codebook for user j. The columns of codebooks are codewords, thus every user
maps m = 2 bits to one of M = 4 four-dimensional codewords [39].

As the performance of SCMA strongly depends on the multi-dimensional codebooks,
codebook design constitutes one of the most important issues for SCMA, and it is what
distinguishes SCMA from other non-orthogonal multiple access schemes.

Incorporating a sophisticated codebook design into SCMA has the potential of significantly
improving the spectrum efficiency, and reducing the detection complexity [40].
When we have looked so closely, we have found that PRE Mapping in the original

SCMA system model the same as shown in figure 3.2.

Information Coded SCMA Superposed SCMA  Bit Estimated
bits bits Codewords codewords LLR Infnrnmltinn bits

UE Bit_| | Channel || | SCMA |_ PRE Channel | | UE Bit
Stream 1| | Encoding | F,m:n(ling] Mapping 1 Decoding | | Stream 1

UE Bit_| | Channel | SCMA |_ PRE | | Channel || UE Bit
Stream 2| | Encoding | | Encoding I Mapping PRE | SCMA Decoding | | Stream 2

DeMapping Decoding B

UE Bit_|,| Channel || | SCMA ||| PRE |1, Channel | | UE Bt

Stream J Encoding'l Encoding | Mapping [ | Decoding | Stream J

Fig 3.2 : Original SCMA system model with channel coding [41].

3.2.3 PRE Mapping :

The main idea is that we have ‘Codebook design in SCMA encoding’ but it is not totally

correct. Because, the codebook design is distributed to blocks of PRE-Mapping as illustrated in

Fig 3.3.

——3  Scrambling Modulation Mapper Resource Element WaveformSignal
Mapper Generation

2

Layer Mapper 2

]
F Resource Element ‘WaveformSignal
— Scrambling Modulation Mapper Mapper BrET I

{ntenna portl

DMRS

Fig 3.3 : The principle block diagram of PRE Mapping [42].
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3.2.3.1 Scrambling :

Scrambling is a technique that does not increase the number of bits and does provide
synchronization. Problem with technique like Bipolar AMI is that continuous sequence of zero’s
create synchronization problems one solution to this is Scrambling. There are two common

scrambling techniques:

e BS8ZS.

e HDB3 [43].

More details about the B8ZS and HDB3 codes can be found in the same reference [43].

3.2.3.2 Modulation Techniques :

The UMB physical layer uses the following constellations for modulation. The type of
modulation used depends on the channel and the parameters negotiated by higher layer

protocols:
1-QPSK Modulation :

In case of 1-QPSK, a group of 2 bits is mapped into a complex modulation symbol

(my(k) and mq(k)) as given by the following tab (3.1), and fig(3.4) :

O Channel

[ ]

Modulator Input Bits | Modulation Symbols ., 55

o1 _ -~ g T
Si So my(k) mg(k) '.-. T V2 -“.
0 0 D D .
0 1 -D D ; } i——= [ Channsl
1 0 D D , /
1 1 -D -D ‘_1l‘-,__h T _U"'E _,,-.’Ilc

Note: D = 1/v/2

Tab 3.1 : The values for the constellations for QPSK  Fig 3.4 : Signal constellation for QPSK
Modulation.
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16-QAM modulation :

In case of 16 QAM modulation, a group pf 4 bits [s3,52,51,S0] are mapped into the signal

constellation as given in fig (3.5):

2 Channesl
f 5555550
0010 0011 0001 oooo
9 @ T+3A @ L
P v
0110 0111 0101 0100
® ® + & @ ®
=3A =& A A
| | | | = [ Channel
1110 1111 1101 1100
L @ T+ -4 @ @
1010 1011 1001 1000
9 @ T34 @ L

Fig 3.5 : Signal constellation for 16-QAM Modulation
Here, A = 1/710.

The I and Q parts of the modulation symbol are given by the real and imaginary parts of the
symbol mapping in the complex space. For ex: for [s3 sz s1 so] = 1000, from the figure above,

my(k) = 3A and mg(k) = -3A.
v’ Hierarchical or Layered Modulation :

In general, layered modulation can be a superposition of any two modulation schemes. For
Broadcast and Multicast Services, a QPSK enhancement layer may be superposed on a base
QPSK or 16-QAM layer to obtain the resultant signal constellation. The energy ratio r is the
power ratio between the base layer and the enhancement layer. The enhancement layer is rotated
by the angle in the counter-clockwise direction [44]. In the next section, we will be explained

this point at the special case to create codebook.
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% Modulation with QPSK Base Layer and QPSK Enhancement Layer :

Each modulation symbol contains 4 bits, [s3, 2, S1, Sol, Where s, and sy shall be from the base

layer and s3 and s; shall be from the enhancement layer. For the energy ratio r between the base

layer and enhancement layer, o=\(r/2(1+r)) and P=V(1/2(1+r)) define the constellation

completely. Fig 3.6 shows the signal constellation of the layered modulator. The complex

modulation symbol S = (my, mg) for each [ss3, sz, 1, So] is just the real and imaginary parts

respectively of the corresponding constellation symbol. For ex: for [s3 sy s; so] = 0000,

m;= o+ B Veos(® + I1/4) and mo= a+f \sin(0 + I1/4).

Q Channel
0100 A 0000
010} ® 000}
_ o —+
e . 0110
o)
| | >
J J I Channel
- ¢
D
\ 1o . 00
\ 8\ yoot | \8
,--._' R 4 -
\ \b\() - , \0\0
A \ \
1\ ) \ 101 1 \ ‘

Fig 3.6 : Signal Constellation for Layered Modulation with QPSK Base Layer and a QPSK

Enhancement Layer.
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¢ Modulation with 16-QAM Base Layer and QPSK Enhancement Layer :

Each modulation symbol contains 6 bits, [ss,54,83, S2, S1, So], Where s4,83,8; and so shall be
from the base layer and ss and s, shall be from the enhancement layer. For the energy ratio r
between the base layer and enhancement layer, a=\(r/10(1+r)) and B=V(1/2(1+1)) define the
constellation completely. Figure 3.7 shows the signal constellation of the layered modulator.
The complex modulation symbol S = (mj, mq) for each [s3, sz, si, So] is just the real and
imaginary parts respectively of the corresponding constellation symbol.

For ex:
for [ss s4 83 52 81 80] = 000000, m;= 3o+ \/cos(e +11/4) and mg = 30+ f \/sin(e + I1/4) [44].

() Channel
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Ul_,ﬂ.:ll.Jln \ .. .3_;1.‘-"-“ ".. . @:m“" I". .. gnn[«'“' :'., .,
i b . A . |
! \ \ |
1 il A | T \ e
— E?- poio? T gt} o — goot i i le;'.}- ooot®
® | ® | ® | ® |
e o 100 i 10000
praoot I", [ guet I':. @ 1010t I". ® guoott 1I'-II o
o | ® | e e |
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e e e L __—148
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Fig 3.7 : Signal constellation for Layered Modulation with a 16-QAM Base Layer and a QPSK

i

Enhancement Layer [44].
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v" Constellation Operation :

The main operation is to create a codebook related to constellation firstly, then we will see

this operation :
1) Proposed complex N-dimension constellation :

The proposed basic complex N-dimension constellation concentrates on increasing the
minimum Euclidean distance. As Turbo code is applied as the channel coding , Turbo TCM
technology is used to design the basic complex N-dimension constellation. TCM, which
combines coding with modulation, can obtain a coding gain in bandwidth and power limited
system, but the coding gain of TCM is limited. Benefiting from multi-dimension constellation,
multi-dimension TCM increases not only the minimum Euclidean distance but also the coding
gain . A proposed basic complex N-dimension signal can be constructed by N Cartesian products
of two-dimension signals.

In other words, the transmitter sends a complex N-dimension signal, which is equivalent to
sending N two-dimension signals, i.e. SN =S xS x....xS (N times).

Turbo TCM can be seen as two parallel concatenated Unger-boeck Trellis codes with code rate
k/(k + 1). Fig 3.8 shows the structure of Turbo TCM .More details about the structure of Turbo
TCM can be found in [45].

k k+1

Fig 3.8 : The structure of Turbo TCM [45].
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2) Phase Rotation :

As a basic rule, the minimum Euclidean distance is the determinant of the performance of
constellation in AWGN channel, while the performance of constellation in fading channel
is related to the diversity and product distance between any constellation points. It can be
achieved via phase rotation.
The phase optimal algorithm can be expressed in two steps as follows:
Step 1 : For a given constellation, choose a desired level of partitioning. For example, 16QAM
can be partitioned such that there are eight, four, two, or one points in each sub-constellation.

Step 2 : Find the optimal rotation parameter 6* such that (1) :

6" = argmaxy min (MCPDS®, ..., MCPDJ"™ , .., MCPDJ"),

1< mg <M, , (1)

CPD = [Tke(ck — c)), (2)

where M, is the number of distinct sub-constellations, M CPDémS) 1s the minimum coordinate
product distance (CPD (2)) for the ms-th sub-constellation rotated by 6, L. is the number of

distinct coordinates between any constellation points, and c. is the k-th dimension of

constellation point i.
k(k-1)

In K-dimension constellation, a general rotation may be represented by the product of

Givens rotation matrices, each parameterized by a single parameter Oy x> as shown in the
formula (3) :

1 : :
cos(ekl,kz) —sin(ekllkz)
](kl, k2, Okl,kz) = (3)
sin(ekl,kz) cos(ekllkz)

. . 1

: o . k(k-1) .. :
Accordingly, the optimization must be carried out over the % -dimension vector

0=0012,913,...., Ok-1x) [45].
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3) Constellations for Lower Receiver Complexity :

e Shuffled Multi-dimensional Constellation :

The dependency among the complex dimensions of the mother constellation guarantees an
efficient detection and diversity for fading channels. It is possible to construct a mother
constellation such that the real part and imaginary part are independent with each other, while
the complex dimensions are still dependent. One kind of approach is the shuffling , which
enables the MPA to reduce the complexity from M4 to M%/2. The shuffling method rotates two
independent N-dimensional real constellations to maximize the minimum product distances, with
the same or different unitary rotations, then generates an N-dimensional complex mother
constellation by concatenation of the two N-dimensional rotated real constellations.

One of the two N-dimensional real constellations corresponds to the real part of the points of the
mother constellation, and the other one corresponds to the imaginary part. The

construction is illustrated in Fig. 3.9.

4 -\
LINITARY
ROTATION 1

A. N DIMENSIOMNAL 2 3
REAL CONSTELLATION @ SHUFFLING:
K-TH COMPLEX DIME NSION

M-DIMENSHIMNAL

DF COMPLEX MOTHER
= | coNSTELLATION_[K-TH REAL| — 7\ COMPLEX MOTHER
CONSTELLATION

DIMEMNSION OF A K-TH REAL
M ENSION OF B]
—_— —

ROTATION 2
. F4

Fig 3.9 : Shuffling construction of the mother constellation [40].

B. N DIMENSIONAL
REAL CONSTELLATION

Example 1 :The construction of a 16-point SCMA mother constellation applicable to codebooks

with two nonzero position (N = 2) by shuffling is illuminated in Fig. 3.10. Its optimum rotation

: _1(1+V5 . o . .
angle is tan™? (T\/_) , which maximizes the minimum product distance.
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X2 Y2 x 3

Rotation of first Rotation of second
QAM to maximize N QAM to maximize

A 01 01 sroduct distance

product distance ° ° product distance

.0(] .0()
X1 Y1
. e
11 11
®10 ®10

Shuffling: (X1,Y1) and (X2,Y2)

Y1 {} Y2

Projection of the 4-

Projection of the 4-

1100 0120 1000 000( 1001 ”2| 0001 0101 dimensional real
°

° ry dimensional real °

. ®  constellation on
constellation on the the second tone
first tone
1110 0110 1010 0010 1000 1100 0000 0100
° ® ° B E @ e o
X1 X2
1101 0101 1001 0001 1011 1111 0011 0111
° a ° © 3 © ° ]
111t 0111 1011 0011 1010 1110 0010 0110
° @ © ° © ° ° o

Fig 3.10 : An example of shuffling construction of two-dimensional 16-ary SCMA constellation.

e Low-Projected Multi-dimensional Constellation :

A key feature of SCMA codebooks is that the multi-dimensional constellation allows a few
constellation points to collide over some of the dimensions, as they can still be separated through
other components. An example is shown in Fig 3.11, in which the constellation points
corresponding to 01 and 10 collide over the first dimension, but are separated over the second
tone, making the number of projection points equal to 3 instead of 4. By employing this low-
projected constellation, the MPA receiver is able to reduce the number of probability

calculations at the FNs during each iteration.

As a result, the complexity is reduced to O(Mgf ) , whereMp < M is the number of projection

points. To do this, it is obliged to let the minimum “product distance”4 be zero during the mother
constellations design by rotation. However, the zero minimum product distance would cause the
performance degradation at high SNR, thus the tradeoff between the performance and

complexity should be considered for different scenarios [40].
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4->3 point Low-Projection codebook

[ 1% hon-zero tone ] [ 2" non-zero tone )
11 1] 10 1]
o—@—o— —@—o-

1]}
10 11

Fig 3.11 : An example of a 4-ary constellation with 3 projections per complex plane [40].
3.2.3.3 DeModulation Reference Signal :

The DMRS is used by the base station to equalize and demodulate the UE's transmissions.

The PUSCH DMRS is a Zadoff-Chu sequence, which results in constellation points on a circle
centered about the origin.

The PUCCH DMRS, however, is a reference sequence transmitted on a rotated QPSK
constellation. The amount of rotation is determined by cyclic shift («) as defined in the standard.
Each uplink user transmits a DMRS during certain symbols in each resource block allocated to
the user.

DMRS is transmitted on all subcarriers allocated to the user during the symbols listed [46].

35



Chapter 3: Sparse Code Multiple Access (SCMA) Overview
3.2.3.4 Layer Mapper :

We have found in this block that the main operation permutation matrix are interleaving
which is a special case of the permutation matrix, we have found the tables (3.2, 3.3) for UL and

DL, it is the real example for this permeation between codewords and layers.
¢ Proposed Permutation Set :

Let™C = {chm = (cm)n IV, € C,m =1,...,M},V,€ 1,...N denotes the n-th dimension of
constellation C.
Assuming that z, €" C, an arbitrary alphabet of constellation C can be represented by
z(z,z%, ..., zV). Assume that the operator on constellation of layer j is limited to permutation
matrix m;. Under these assumptions, the codeword of layer j can be defined as xj= g; = Vimz .
In AWGN channel, the aggregate received signal can be expressed as in (4):
p(2) =¥ 1q;(2) =¥, Vimz, )
where p(z) = (p1(2), ....,px(2))Tis a K x 1 vector in which pg(z) denotes the interfering
polynomial of resource node k. The interfering polynomial of resource node k can be modeled as
px(2) = dg1z + dg,z% + -+ + dgyz". As the number of interfering layers per resource node is
ds , we can conclude that : Zgzl din = df ,Vk.
For p(z), there may be different dimensions of the mother constellation multiplexed over

resource node k. The proposed criterion of permutation set can be expressed as in (5) and (6).

k _ 2 k,r 2 k,r 2
E | ]1n1 ]2n2| +- +| ]1n1 xjmf,nmfl +| ](mf l)n(mf 1) ]mfnmfl ’ &)
k,im k,im 2 k,im k,im 2 k,im k im 2
= |x jinl sz n2| +otx jinl xjmf,nmfl + [x j(mp—1)n(ms— 1) ]mf nmfl , (6)

If dp = my , the sum of distance between dimensions of interfering codewords multiplexed on

resource node k can be expressed as in (7):

n(pe(2)) = |Ef + EE, (7)

where x] »'is the real part of the n-th dimension of codeword of layer j connecting to resource

k,im.

node k, x;7,"is the imaginary part of the n-th dimension of codeword of layer j connecting to

resource node k. There is a one-to-one mapping between n(p(z)) and permutation set
— ]
H - [T[]]]zl'
So there is a one-to-one mapping between n(p(z)) and permutation set. The novel criterion of

permutation set is divided into two steps.
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First, formula (8) selects the permutation sets which can maximize the minimum in
corresponding n(p(z)) = {n(pl(z)),n(pz(z)), ....,n(pK(z))}:

{IT1*I1%, ...} = argmaxy, minn(py(2)). (8)

According to formula(8), there may be more than one solution for the above optimization
problem, i.e. [T* = {[1**, 1% ...}

For the pure MPA receiver, the first detected user in each decision process is very important. If
the first detected user in each decision process is an error, multiple access interference will
increase, which will result in performance degradation. In order to improve the convergence
reliability of the first detected user in each decision process, formula (9) utilizes the variance

function to capture the most appropriate permutation set [[** from [T* = {IT**, [1%", ...}.
which can maximize the diversity over n(p (z)) = {n(pl (z)), n(pz (z)), s n(pK (Z))}:
M = argmaxy: var (n(pl(z)),n(pz(z)), ...,n(pK(z))), 9)
where
var : is the variance function.
V;: is a binary mapping matrix of layer j [45].
Coordinate Interleaving :

The coordinate interleaving uses both a I interleaver and a Q interleaver. I interleaver and
Q interleaver are n X n matrices. Data is written into I interleaver row-wise starting from the
(1, T) position and read out column-wise, starting from the same position. Without any loss of
generality, we assume that data is written into Q interleaving row-wise starting with the (1, 1)
position and read out column-wise starting from some position (not (1, 1) as in I interleaver) .

The suitable position, where the data of Q interleaver read out column-wise starts, is related to

channel state information [45].
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Number of | Number of | Codeword-to-layer mapping

layers codewords i=0,1, ---,Mé;i;fg -1

i i O =dO0 | Mg =uS),

2 i O (i) = d©(2i) Moy = My /2
xW (@) =dD2i+1)

> > x©@0) = d©(p) M = MG, = MG,
xD(@) = dD @)

3 : O=ED | T T
x(l)(i) = d(l)(Zi)
x@ () =dV2i+1)

4 2 x@ ) = d©(2i) ;

xD (@) =d®Qi+1)
x@ () = dD(20)
x® @) =dV Qi+ 1)

layer __ (0) _ 2@
Msymb - Msymb/2 - Msymb/2

Tab 3.2 : An Example codewords-to-layers mapping for spatial multiplexing in UL [46].

Number of layers | Number of codewords | Codeword-to-layer mapping
i=01,..,Mgry —1

1 1 x@@) =dO®) M =m0,

2 1 O =dO@) | My =M,/
xW(@) =dDQi+1)

2 2 O =d®0) M = My = MO,
x(l)(i) = d(l)(i)

3 1 x© () = d©(3i) M = M8 /3
xV@) =dO@Bi+1)
x@ () =dOQ3i+2)

3 2 O =d®0) M = My = M /2
xD @) = dD(20)
x@ @) =dVQ2i+1)

4 1 x©®) = dO40) MY = MS) /4

xD@) =dO4i + 1)
x@ (@) = dO4i + 2)
x® () = dO@4i +3)
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- > YO0 = 4O (21) M =M j2=M0) /2
xW(@) =d@Q2i+1)

x@ (i) = dD(2i)
x® @) =dD Qi+ 1)

5 3 xO@) = dO20) Moy = Mgy /2 = Moy /3
xW@ =dPCi+1)

x@ (i) = dD(31)
x®@) =dVEBi+1)
W) =dV@Bi+1)

6 2 OO =dV6) [ M =MD, /3 =M, /3
xW (@) =dD3i+1)

x@ (@) =d®(3i+2)
x® @) =dD30)
x® (@) =dDBi+ 1)
x® @) =dV3i +2)

- 3 xO(i) = d®(30) Moy = My /3 = M, /4
xWD(@) =d@3i+1)

x@ () =d®3i+2)
x® (@) = dD (40)
x® @) =dW@i+1)
x® (@) = dD(4i + 2)
x© () = dD(4i + 3)

: 5 x© (1) = d© (4i) Mg = m),
xW@) =dOUi+1)

x@ (i) =d©4i+2)
x@ (@) = dO4i +3)
x@ (@) = dD (41)
x® @) =dV4i+1)
x© () = dV(4i + 2)
xD (@) = dD(4i +3)

_ @
/4' - Msymb/4

Tab 3.3 : An Example codewords-to-layers mapping for spatial multiplexing in DL.
Where
x(i) : Layer.
d(i) : Codewords .
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Following illustration is the case where the number of codewords is 2 and number of layer is 4.

Codewordo | ® @ @ , @ (2i+1) 4 (27)

Codeword 1 L d"')(;_ml) ; d®(24)

Fig 3.12 : An Example mapper 2 codewords to 4 Layers.

Following illustration is the case where the number of codewords is 2 and number of layer is 8.

Codeword 0 [ ® 00 ,iV4i+3), dP1i+2), dPWi+1), dVwu|,
A A\ y 1 F)

4 I
Y LY S —
b}

Codeword 1 [ o8 0 ,dﬂ}(4.j+_z,:| ; dm{‘{"*'h . dﬂ}[f_“*'n , dV45)

L
\ — Y

Fig 3.13 : An Example mapper 2 codewords to 8 Layers [46].
It has been illustrated in fig 3.12 and fig 3.13. Each codeword can be mapped in different layers.

3.2.3.5 Resource Element Mapper :

In the case of Uplink, the term 'RE Map' may mislead ,because it is not familiar like
downlink frame structure and RE Map than the Uplink, when we talk about 'one resource
element', we may easily associate it with 'one 15 kHz subcarrier', but in the uplink, we should not
correlate the one resource element into 15 kHz subcarrier. As in the downlink case, RE Map
refers to the signal structure at the output of [RE Mapper] as shown in Fig 3.14. In case of
downlink, the data represented in fig 3.14 (A) is almost directly transferred to the corresponding
to resource element in RE Map (assuming that this is single antenna ).

And if we take out a data from all the resource elements from RE map and plot it onto a
complex plane, we would see a distict constellation fig 3.14 (C), but in case of uplink you would
not see such a distict constellation if you take out all the data from resource Map and plot it
because the data in each of the resource elements are the result of FFT of the original modulation
data. The constellation would be something as in fig 3.14 (D). If you want to get the distict
constellation from the data in the UL RE Map, we have to do IFFT [46].
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(A) (B)

—

Fregquency
oo
Fregquency

Fig 3.14 : Waveform in DL (A), waveform in UL (B),constellation in DL(C),constellation in
UL(D) [46].

The last operation here is to create a codebook:

¢ Factor Graph Representation :

The low-density structure of SCMA codewords can be efficiently characterized by a factor
graph. A binary column vector { ; of length K is used to indicate the positions of zero (with digit
0) and nonzero (with digit 1) entries of the j-th codebook. Then, a K x J sparse matrix
F=[fi, ..., fj], called factor graph matrix, can be used to indicate the relationships between the

layers and resources. The rows of F indicate the resources and the columns indicate the layers.

VN VN VN VN VN VN
Variable nodes ' ’ ’ ! ° °
(Representing the data
from each layer)

Function nodes

(Representing the
FN1 FN2 FN3 FNa

physical resources)

Fig 3. 15 : Factor graph representation for SCMA
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The (k, j)th element of F, denoted as fy j, is 1 if the j-th layer contributes its data to the k-th

resource.
Correspondingly, let the J variable nodes (VNs) and K function nodes (FNs) in the factor graph
represent the layers and resources, respectively, and the j-th VN is connected to the k-th FN if
and only if fi ;= 1.

In the following, we denote

be={:1<j<]fi;=1, (10

9j={k:1<k<Kfi;=1} (11)
The index set of layers contributing to the k-th resource (10) , and the index set of resources

occupied by the j-th layer (11) , respectively. For a regular factor graph matrix, || =

...... = ¢kl and [@;] = ...... = |@k| . and let df = |y | and d,, = |@}].

Example 1:

Consider a 6-user SCMA transmission system with J = 6, K = 4, such a system permits a
transmission overloading 150%, and the system model is depicted in Fig. 3.1.

If we carefully design the factor graph matrix F to allow the users to collide over only one

nonzero element, then a choice of F is given by:

1 01 0 10

1011 0 0 1
F‘100101(12)
01 0110

In the sparse matrix settings, matrix (12) has d= 3 and d, = 2, which means that each FN is
connected to three VNs and each VN is connected to two FNs. The corresponding factor graph is

shown in Fig. 3.15, and an example of a codebook (with size M = 4) is listed in Table 3.4 [40].

42



Chapter 3: Sparse Code Multiple Access (SCMA) Overview

SCMA SCMA Codebook for each layer
codebook
index
Codebook 1 | T 0.7851 —0.2243 0.2243 —0.7851
0 0 0 0
—0.1815—-0.1318i —0.6351 —0.4615i 0.6351 + 0.4615i 0.1815+ 0.1318i
| 0 0 0 0
Codebook 2 | [ 0 0 0 0
—0.1815 —-0.1318i —0.6351 — 0.4615i 0.6351 + 0.4615i 0.1815+ 0.1318i
0 0 0 0
0.7851 —0.2243 0.2243 —0.7851

Codebook 3 | [—0.6351 + 0.4615i 0.1815-—0.1318{ -0.1815+0.1318i 0.6351 — 0.4615i |
0.1392 -0.1759i 0.4873 —0.6156i —0.4873 + 0.6156i —0.1392 + 0.1759i

0 0 0 0
| 0 0 0 0
Codebook 4 | [ 0 0 0 0
0 0 0 0
0.7851 —0.2243 0.2243 —0.7851

| —0.0055 —0.2242i —-0.0193 —0.7848; 0.0193 + 0.7848i 0.0055 + 0.2242i}

Codebook 5 | [—0.0055 — 0.2242i —0.0193 —0.7848i 0.0193 + 0.7848i  0.0055 + 0.2242i]

0 0 0 0
0 0 0 0
| —0.6351 + 0.4615i 0.1815—-0.1318{ —0.1815+0.1318i 0.6351 — 0.4615i]
Codebook 6 | [ 0 0 0 0 ]
0.7851 —0.2243 0.2243 —0.7851
—0.1392 - 0.1759i 0.4873 — 0.6156i —0.4873 + 0.6156i —0.1392 + 0.1759i
0 0 0 0

Tab 3.4 : An Example of SCMA Codebook (K=M =4, N=2,J =6) [40].

For receiving the signal and demodulate it and construct I/Q Constellation from the
demodulated bit stream. In reality, the demodulation process is much more complicated than the
modulation because you would require a lot of channel estimation and compensation

(Equalization ), and finding synchronization [46].
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3.2.3.6 Waveform Signal Generation :

Following illustration shows overall flow of waveform generation for downlink and uplink as
illustrated in Fig 3.16. The biggest difference between NR and LTE [46] :
v' CP-OFDM: intended for MIMO, it used for UL or DL [42].
v' DFT-s-OFDM: only used with single layer transmissions, also only used for UL [42].

< CP-OFDM =

> Sub-Carrier JE:> IFFT JE:> CP Insertion I::>
| Mapping
N -

- @R =

< DFT-5-0FDM =

Transfc:rm E:> Suh—Ca_rrier i> e |::> e CT. |::>
Precoding | Mapping
\

L

Fig 3.16 : waveform signal generation in two cases [46].
s CP-OFDM Sequence Generation :

We can see the NR(5G) waveform equation is much simpler than the LTE waveform
equation. In LTE, the waveform generation equation (basically IFFT equation) is split into two
parts just to remove the point located at DC location (i.e. at frequency = O in baseband). In
NR(5G), this DC removal is not required anymore and the full IFFT equation is combined into
one.

NR (5G) waveform equation can be expressed as in (13):

@)y — wINRENSE/2-1 ) | jemkaf(t-NgpyTy)
ST = 2, 1 i yme o G- . (13)

The point at k=0 is used for waveform generation

LTE waveform equation can be expressed as in (14):

NRENSE
-1 2
S(p)(t) _ a®P) . @i2mkAf(t=Ncp,Ts) + a® . ei2nkAf(t=NcpTs) (14)
l k(_),l k(+),l
WRnE? =1

ke=—

2
KO =k + |NRgNge /2]
K =k + [N%fo/zj -1

The point at k=1 is not used for waveform generation because it is DC carrier [46].
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| x| : floor brackets.

[x] : ceiling brackets.

In this case, PRE Mapping will be changed, as illustrated in Fig 3.17.

Scram bling Modulation Resource Element OFDM Slgnal
Mapper v Mapper Generation
=] o
. = o
Layer H = w
. e
Mapper ) :“ é 5
= 2 5
. 3 .
Scram bling Modulation Resource Element OFDM Slgnal
Mapper Mapper Generation
DMRS

Fig 3.17 : Waveform CP-OFDM for Downlink [42].

% DFT-s-OFDM :

DFT-s-OFDM is a waveform adopted in the fourth and fifth generation of the mobile

communication standards, aiming to combine the merits of CP OFDM with a low Peak-to-

Average-Power-Ratio (PAPR) [47].
In this case, PRE Mapping will be changed, as illustrated in Fig 3.18.

Modulation

= Scrambling +— Mapper

Layer
Mapper

layers

Transform
Precoding

Transform
Precoding

Precoding

antenna portsg

Resource Element OFDM Signal
Generation

Resource Element OFDM Signal
Mapper Generation

DMRS

Fig 3.18 : Waveform DFT-s-OFDM for Uplink [42].
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3.2.3.7 The new blocks :

We have found two new blocks appears in PRE Mapping, they have been illustrated in fig
3.17 and fig 3.18 :

1. Precoding :

The layers are precoded using a Precoding matrix defined (15). The result of Precoding is a
set of modulation symbols that are to be mapped directly onto the subcarriers. Precoding
involves multiplying the layers matrix with a Precoding matrix which creates the antenna port

subcarrier values that are sent to the RE mapper and then to the antenna ports.

For the single-antenna case, Precoding is just a direct assignment of the layer contents to the
antenna port data for the current physical channel.

For multiple-antennas, there are two types of Precoding: transmit diversity Precoding and spatial
multiplexing Precoding.

In addition, spatial multiplexing can be either Without CDD (cyclic delay diversity) or with
Large Delay CDD.

Spatial Multiplexing Precoding reduces correlation between the layers. This makes it easier for
the antenna port signals to be separated using MIMO techniques once they are received.

Instead of Precoding, beamforming can be used. Multi-layer spatial multiplexing can also
be done using UE-RS antenna ports and each layer can be beamformed differently from the
others [46].

v Precoding for spatial multiplexing :

the matrix Precoding with Large Delay CDD can be expressed as in (15):

y©@) ()
: =W(@{)D)U : (15)
y®=0(0) x=D ()
Where :

W (i) : Precoding Matrix, this is to distribute the signal to each of physical antenna.
D(i): this is to apply phase shift , it has all zero value except diagonal line. The values on
diagonal line performs phase shift.

U: this is to distribute the energy among each layers.
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v Precoding for transmit Diversity:

The matrix can be expressed as in (16) :

y©(2i) 1 0 o1[Re(x@®)
yP@) |_afo -1 0 j|[Re(C@)
yOi+1n| 2|0 1 0 j|lm(x©@®) (16)
yDQi+1) L0 = (@)

v Precoding for spatial multiplexing :

The matrix Precoding without CDD) can be expressed as in (17) :

YO x© (@)
: = W) (17)
Yy x¥=1 (D)
y(o)(O)y(O)(l) y(o)( ) [W11 le x(O)(O)x(O)(l) x(O)(i)
EEE
YOm0 val x®(0)x® (1) x @ (i)
y©(0)y©@(1) y© (i) :Antenna 0
yP(0)y™® (1) yD(i): Antenna 1
x©(0)x© (1) x©@({) : Layer 0
@D 0)x® (1) xW (i) : Layer 1

mmm: this is a sequence of complex value.

The next tables (3.5) and (3.6) shows examples of possible values of these different matrices :

Number of layers v U DQ@G)
2 i[1 1 ] 0 ]
\/— 1 e—J2m/2 0 e J2n/2
3 1 1 0 0
e ]2n/3 e—j4n/3 0 e—jZn/S 0
\/_ e —jam/2 e—j8n’/3 0 0 e—j4.n:/3

4 1 1 1 1 1 0 0 0

1 1 e—j27‘[/4 e—j4-T[/4- e—j6T[/4- 0 e—j27t/4- 0 0

E 1 e JAm/4  p-j8m/4  p-j12m/4 0 0 e~ J4m/4 0

1 e—j67‘[/4 e—j127'[/4- e—j187'[/4- 0 0 0 e—j6TL’/4—

Tab 3.5 : The values of matrices U and D(i) in terms of layers.
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Number of layers v
Codebook index
1 2
’ 5h i
V211 V210
1 i[ 1 ] I 1
V2 1i-1 211 -1
2 _[ ] 1 1 1]
V2 U 2l —Jl
3 7l
V2= )

Tab 3.6 : The values of matrix Precoding W.
2. Transform Precoding :

In term of functionality, Transform Precoding is to spread UL data in a special way to
reduce PAPR of the waveform. In terms of mathematics, Transform Precoding is just a form of

DFT . If UE is to use multi-layer (UL MIMO) the equation is as below .

DFT ,Transform Precoding formula can be expressed as in (18),(19) :

X(w) = XiZg X(k)e 2™ /N (18)
j 2mik

y© (1, MEVSCH 4 |) = 1 ZMEC -1 x© (1. MEVSCH 4 {)e MSgSCH(lg)

=0
/ PUSCH
Mgc

M!°". Number of Layers.

symb
Mg, PUSCH . Total number of subcarriers across the whole allocated PUSCH Bandwidth.
Mlayer

symb

l= 1,...,W—1

k=0,.., MEYSCH _ 1
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If UE is to use single layer, the equation can be simplified as in (20) [46].
DFT:

X (w) = TN=E 2(Rk)e 2/

I

. 2mik
PUSCH _ — j—prer
YOU) = ——315 T x@ (e M (20) [46].

Zl=0
, PUSCH
Mg

3.2.4 Channel :

Transform Precoding :

In a network, a communication channel is the physical path the transmission signals
travel, the 5 communication channels: Twisted pair cables, Coaxial cables, Fibre optic cables

Terrestrial stations, Communication satellites [49].
3.2.5 SCMA Decoding:

The received signal after the synchronous layer multiplexing can be expressed as in (21) :
y = Z§=1 diag(hj)x; + ng, (21).
Where x; = (X1, X2,..,Xg;)" is the codeword of layer j, hj = (hyj, hyj,.., hg;)" is the channel
vector of layer j, and ng is the white Gaussion noise vector. In the case that all the layers are
transmitted from the same transmit point, all the channels to a target receiver are identical, i.e.

— T

h’] - (hljl h2j1--;th) ;v]

The received signal at resource node k is presented as yx. As the codewords are sparse,

only a few of them collide over resource node k [45].
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3.2.5.1 SCMA detection scheme MPA :

Fig. 3.19 shows a Bayesian factor graph representation of an MPA decoder with six
users and four physical resources.
Thanks to sparsity of the codebooks, exactly three users collide in each physical resource. There
are four possible codewords for each of the three connected user’s codebooks which gives 64
possible combined codewords in each physical resource. In the first step of the MPA, the 64
distances between each possible combined codewords and the actual received codeword are
calculated.
dresg(m H) = ||yg — Xy Xim, || L € 3omy € {1, ..., K} (22)
( is the set of users connected to resource 3 and the considered codeword is denoted as m. For
instance, (22) can be re-written for resource 4 as:
dresa(My, My, ms, hy, by, hs) =
lys — (haxa (M) + (haxa(my) + (hsxs(ms))ll. ma4ae = 1,2,3,4 (23)
In which m;, m4, ms indicate the different codewords for users 5, 4, and 2 in (23). Assuming
perfect channel estimation and Gaussian noise, these Euclidean distances can be expressed as

probabilities using (24):

W(dresg) = exp (- 222). 24)

After calculating the residual probability of each codeword with (24), iterative MPA
starts exchanging beliefs (probabilities) on possible received codewords among the users and
resources nodes of the factor-graph. According to Fig.3.20.(I), a message from resources to users
has been defined to contain extrinsic information of two other connected users.
For instance, a message from resource 4 to user 2 containing the probability information of
codeword 1 can be expressed as:
tresa—upz (D) = ?:1 Z?=1 W(dresa (i), k6 H)) X uypasresa() X Hygs—resa(k)- (25)

As shown in Fig. 3.20. (II) there are only two resources connected to each user. A

message from a user to a resource is a normalized guess swap at the user node:

URES3-UE3 (1) (26)

i) = -
'uUEg_)RESl( ) YiURES3-UE3 (D)

message passing between users and resources (see (25) and (26)) will be repeated three to eight
times to reach the desired decoding performance. The final belief at each user B (i) is the
multiplication of all incoming messages as illustrated in Fig. 3.20.(II) and (27) for UE4 and

codeword 1. Finally, (28) is used to calculate soft outputs for bit bx:

B3 = urgsi-ves (i) X presssyes (@), (27)
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_ P(y|bx=0)\ _ 2mBm(Dwhen bx=0)
LLRx B ln (P(Y|bx=1)) N ln (ZmBm(i) when by=1 (28)

UE1 UEZ UE3 UE4 UES UEG

Fig 3.19 : Factor graph representation of a decoder.

TREs3

'RES1
_'_'_.r""r".
iy (11}

Fig 3.20 : Message Passing Algorithm based on Bayesian factor graph: (I) Resource to user

message, (II) Guess swap at each user and user to resource message, (III) Final guess at each

user [32], to know other types of detections schemes you can see this same paper [32].

3.2.6 Chanel decoding :

The channel decoder first determines if the message is in error and takes corrective

actions; then it removes the redundancy symbols, maps the channel alphabet into the source

alphabet, and hands each message to the source decoder [33]or next step if it was exist.

There are many types of turbo codes decoding but we are interested in two types MPA and SPA.

the details for SPA and MPA can be found in [50], [51].
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3.3. Application Scenarios for 5G Networks :

In addition to achieving higher transmission rates, faster access, supporting of larger
user density and better user experience in enhanced mobile broadband (eMBB), the 5G air
interface connects to new vertical industries and new devices, creating new application scenarios
such as massive machine type communications (mMTC) and ultra-reliable low latency
communications (URLLC) services, by supporting massive number of devices and enabling
mission-critical transmissions with ultra-high reliability and ultra-low latency requirement,
respectively. This presents new challenges and considerations for the radio multiple access to be
fully scalable to support these diverse service requirements. The current orthogonal multiple
access might not be able to fulfill some of the requirements, such as services for dense MTC
devices deployments, and SCMA can be considered as a promising candidate to meet the 5G
performance requirements. In particular, SCMA is proposed for 5G to achieve the following
benefits:

* For eMBB :

Larger capacity region by non-orthogonal multiplexing; robustness to fading and
interference with code-domain design; robust link adaptation with relaxed CSI accuracy.
* For URLLC:

Higher reliability through diversity gain achieved by multidimensional constellations,
and robustness to collision by carefully design the codebooks; latency reduction and more
transmission opportunities by enabling grant-free access; Non-Orthogonal Multiplexing of mixed
traffic types.

* For mMTC :

Higher connection density with high overloading; reduction of signaling overhead and
power consumption by enabling grant-free access.

Moreover, it is also possible to extend SCMA application to unlicensed spectrum and V2X
systems, since the non-orthogonal transmissions can help to increase the system efficiency and
deal with the interference.

The link-level performance evaluation for some uplink SCMA scenarios is provided in [38],
which compares SCMA with orthogonal frequency division multiple access (OFDMA) in typical
scenarios and investigate the robustness of SCMA to overloading and codebook collision.
Results show that SCMA achieves significant gain over orthogonal multiple access with good
codebook design, and the gain increases as the supported number of users and target spectrum

efficiency increases.
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Moreover, high overloading with stable performance is feasible with SCMA design, which
enables robust overloaded transmission, and the performance loss with codebook collision is

negligible with SCMA design, which enables robust grant-free transmission.
3.4 Challenges and Future Works :

While SCMA is able to greatly enhance the system capability for 5SG networks, some further
issues on design and implementation of SCMA remain to be resolved, which can be listed as
follows:

v" Reduced complexity receiver design :

Even though MPA receiver is able to significantly reduce the complexity of SCMA, the
complexity of MPA is still very high and iterative multi-user receiver is usually required, which
brings several challenging issues for practical implementation:

It limits the capability of SCMA to support massive connectivity;

The iterative multi-user detection brings a large processing delay;

The complexity makes it difficult for SCMA to employ constellations with large sizes,

hence limits the transmission rate.
Sophisticated multi-user detection schemes should be developed to address the high complexity.
v Theoretical analysis :

Further theoretical analysis of SCMA is needed to get more insights on the practical system
design. For example, the capacity or error performance with randomly codebook allocations.
Also, interference cancelation may be incorporated into the MPA detection for lower
complexity, then it is desirable to determine the performance and capacity under practical
detectors.

v" Codebook design :

The codebook design is complicated, especially for high dimensional codebooks and that
with large size. Advanced multi-dimensional constellation construction is necessary, and the
joint design of factor graph matrix and constellations is to be developed, for further performance
improvement. Moreover, the design for the scenario that all the overloaded users have different
transmission rates (codebook sizes) is to be investigated, to improve the link adaptation.

v Other issues :

System scalability of supporting various loading, SCMA in both uplink and downlink

transmissions, supporting of other techniques such as MIMO, resource/codebook allocation,

channel estimation for uplink SCMA, etc.[39]
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3.5 The characteristics of SCMA :

* Code-domain non-orthogonal multiplexing:

SCMA allows superposition of multiple codewords from different users over several
resources, which supports overloading. The superposition pattern on each resource is defined in
codebooks.

* Sparse spreading:

SCMA uses sparse spreading to reduce inter-layer interference, so that more codewords
collisions can be tolerated with low receiver complexity.
* Multi-dimensional modulation:

SCMA employs multi-dimensional constellations for better spectral efficiency [39].

3.6 Conclusion :

In this chapter, we have seen the SCMA system and the main block in it which is PRE
Mapping. It contains other blocks. in these blocks, codebooks will be designed.

We have shown how can we design Codebooks by the main operations that we have seen it
here like factor graph, complex constellation, phase rotation, permutation set.

5G PRE Mapping is similar to LTE PRE Mapping except in the waveform signal generation
that is the main reason why we don't give it a specific name. In the next chapter, we will make a

simulation of this system (SCMA).
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Chapter 4: Simulation and Results

4.1 Introduction :

This chapter presents the simulation performance of uplink SCMA system. Where we
have used different turbo code decoding that are SPA and MPA with different order modulation
(4PSK, 16PSK). On the other hand simulation results of different demodulation of SCMA was
presented, that are : HWProjIQMAXLOG, ProjMPAIQ, Stochastic_ProjMPAIQ,
NewStochastic_ProjMPAIQ,MPA, MaxLog, Stochastic.

4.2 Simulation model :

The model used in our simulation is represented by the figure(4.1) for the SCMA Uplink system.

e =

Encoding Modulation

]-)[ Turbo code

[ Information

bits SCMA
AWGN
Channel
Information Decoding Demodulation
bits Turbo code SCMA :

Fig 4.1 : Simulation model.

4.3 Simulation parameters :

The parameters used in the simulation are shown in the table (4.1) below:

Parameters Values

Frame 100
Information bits length 1008

Code rate 1/3

CodeBook Type Huawei

Type antenna SISO
Modulation order 4PSK, 16PSK.
Turob Decoding MPA,SPA

Algorithms SCMA Demodulation with
modulation order 16

HWProjIQMAXLOG, ProjMPAIQ,
Stochastic_ProjMPAIQ,
NewStochastic_ProjMPAIQ.

Algorithms SCMA Decoding with
modulation order 4

MPA, MaxLog, Stochastic.

Codeword length 3036
Number of decoding iterations 10
MIMO receiver type MMSE
Number of subcarriers 128
EbNO -10:1:20

Tab 4.1: The different parameters for simulation.
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4.4 Performance of SCMA modulation with and without turbo code :

In this section, we have done a comparison performance of SCMA modulation with and without

turbo code in terms of BER where we have adopted Stochastic as SCMA demodulation
algorithm for 4PSK modulation . Figure 4.2 represents that comparison .

10{:'% T T

¥
1071 | | [—#—SCMAwith Turbo code |
|| —#— SCMA without Turbo code
|
|II
102 F '. ;
0. I|
L |
[ni] II
103 F '.I 1
|
|
|
|
|
.]D-ﬂ_ II _
I|
|
|II
-I‘ID'E_ i i i 1 i i =
10 0 10 20 30 40 50
EbNO

Fig 4.2 : BER vs Eb/NO curves for SCMA demodulation algorithm ‘ Stochastic’ with

and without turbo code ,4PSK modulation.

The figure (4.2) represents a comparison performance of SCMA modulation with and

without turbo code ,the curves are similar for Eb/NO under 10dB, furthermore, for Eb/NO above
of 10dB SCMA modulation with turbo code is best in terms of BER.
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4.5 SCMA evaluation performance with Turbo code using SPA algorithm:

We use decoding turbo code algorithm SPA , with 4PSK and 16PSK modulation in the case
of different SCMA demodultation.

v' Step 01:

We study different SCMA demodulation (MPA, MaxLog, Stochastic) behavior in terms of
BER, the results are shown in the figure 4.3 below :

‘]l}{} E T T T T T
e e e 4 # ¥ L
10 1
————— MPA
#*  Maxlog
Stochastic
102 1
o
L
[wil]
103 1
104 3
J‘ID'S = 1 1 1 1 1 =
-10 -5 1] 5 10 15 20
EbMNO

Fig 4.3 : BER vs Eb/NO curves for different SCMA demodulation algorithms with turbo code
Decoding SPA and 4PSK modulation.

The figure (4.3) represents a comparison performance of different SCMA demodulation

in the case of turbo code, we can found we found that the best BER result was for ‘Stochastic’.
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Step 02 :

We study different SCMA demodulation ( HWProjIQMAXLOG, ProjMPAIQ,
Stochastic_ProjMPAIQ, NewStochastic_ProjMPAIQ) behavior in terms of BER, the results are

shown in the figure 4.4 below :

"Il}{:'l_ T T T T T
e #_ .......... #_ ............. * ............... .*_ ............. %
Al —#— HWProjl QMAXLOG
e —#— ProjMPAIQ
—— Stochastic " rojMPAIC
—— NewStochastic rojMPAIQ
102 | ;
o
L
@
1073 ¢ ;
10 -
J‘ID'E = i i i i i =
=10 =5 0 il 10 15 20

EbNO

Fig 4.4 : BER vs Eb/NO curves for different SCMA demodulation algorithms with turbo code
SPA decoding and 16PSK modulation.

The figure (4.4) represents a comparison performance of different SCMA demodulation in

the case of turbo code, we found these algorithms have constant BER performance .
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4.6 SCMA evaluation performance with Turbo code using MPA algorithm:

We use decoding turbo code algorithm MPA , with 4PSK and 16PSK modulation in the
case of different SCMA demodultation.

v Step 01 :
We study different SCMA demodulation (MPA, MaxlLog, Stochastic) behavior in terms of
BER, the results are shown in the figure 4.5 below :

‘]D{:'E T T T T T
# 4 % * # * -L
10 1
—-—-—MPA
* Maxlog
g Stochastic | |
10
o
LU
o
103 F 1
104 3
“ID'E C i i i i i =
-10 -5 0 5 10 15 20
EbMO

Fig 4.5 : BER vs Eb/NO curves for different SCMA demodulation algorithms with turbo code
Decoding MPA and 4PSK modulation.

The figure (4.5) represents a comparison performance of different SCMA demodulation

in the case of turbo code, we can found we found that the best BER result was for ‘Stochastic’.
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v’ Step 02:

We study different SCMA demodulation ( HWProjIQMAXLOG, ProjMPAIQ,

Stochastic_ProjMPAIQ, NewStochastic_ProjMPAIQ) behavior in terms of BER, the results

are shown in the figure 4.6 below :

10° . . . . .
—#— HWProjl QMAXLOG
107 ¢ —#— ProjMPAIQ
—_— Stﬂ{:hasticprﬂjr'.ﬂ FAaIC
—— NewStochastic jrojMPAIQ
102 | E
o
L
m
103 1
104 E
1'}-5 £ i i i i i =
=10 -5 0 5 10 15 20

EbMNO

Fig 4.6 : BER vs Eb/NO curves for different SCMA demodulation algorithms with turbo code
Decoding MPA and 16PSK modulation.

The figure (4.6) represents a comparison performance of different SCMA demodulation

in the case of turbo code, , we found these algorithms have constant BER performance .
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4.7 Comparison performance of SPA and MPA :

In this section, we have done a comparison performance of SPA and MPA in terms of

BER in the case of 4PSK modulation where we have adopted Stochastic as SCMA demodulation

algorithm for 4PSK modulation .

‘]Dlﬂl T T T T T
10 f I
—#— Stochastic-SPA
102 —s— Stochastic-MPA |
18
L
[ui]
103 1
104 1
"]D-S E | | | | | =
=10 -5 1] 5 10 15 20
EbMNO

Fig 4.8 : BER vs Eb/NO curves for Modulation SCMA with turbo codes Decoding SPA and
MPA , Demodulation SCMA algorithm ° Stochastic’ and 16PSK modulation.

When we compare the curves obtained in the figure (4.8), we found in the case of modulation

order 4PSK, the curves are similar for Eb/NO under 10dB, furthermore, for Eb/NO above of

10dB the MPA algorithm is best in terms of BER.
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4.8 Computational complexity of different SCMA demodulation algorithms :

The fourth criterion is the evaluation by the run time of each algorithm used in our work.

Table (4.2) shows the simulation results of HWProjIQMAXLOG, ProjMPAIQ,

Stochastic_ProjMPAIQ, NewStochastic_ProjMPAIQ, MPA, MaxLog and Stochastic algorithms
in terms of run time using MPA and SPA.

SCMA demodulation algorithms | SPA [Seconds] MPA [Seconds]
HWProjIQMAXLOG 429.330905 238.381476
ProjMPAIQ 627.712859 228.742067
Stochastic_ProjMPAIQ 648.503151 465.186217
NewStochastic_ProjMPAIQ 746.596828 562.994102
MPA 647.502547 244.636467
MaxLog 446.970146 253.508208
Stochastic 931.546634 754.077370

Tab 4.2: The run time of different SCMA demodulation algorithm.

When we look deeply in the Tab (4.2), we found the following results :

In the case of SPA we can observe that ‘Stochastic’ algorithm requires more time to
execute than other algorithms and ‘HWProjIQMAXLOG’ algorithm requires less time to
execute.

In the case of MPA we can observe that ‘Stochastic’ algorithm requires more time to
execute than other algorithms and ‘ProjMPAIQ’ algorithm requires less time to execute.

In our simulation we used an Intel (R) Pentium (R) CPU N3540 @ 2, 16 GHz 2.16GHZ laptop
(Acer).
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4.9 Conclusion :

In this chapter, we have done a simulation of the uplink SCMA system. At the beginning
of the chapter, we have seen the importance of the turbo codes in our system due to its
minimization of BER value. Then we have changed demodulation using different algorithms and
also the order of modulation 4PSK or 16PSK.

In Addition, the turbo codes decoding with MPA or SPA. Where at the end, we have
concluded that the best BRE performance algorithm for demodulation is ‘ Stochastic’ in
modulation order 4PSK with turbo code decoding MPA but in otherwise we can observe that
algorithm requires more time to execute than other algorithms .

We can also notice demodulation SCMA algorithms have constant BER performance for
minimizing this problem we need to use another channel encoding with turbo code.

In this work we still in the range of 4G (BER performance between 10° and 10 ), we
need to use MIMO with this modulation (SCMA) to get satisfactory results with fifth generation

requirements(BER performance equal 107).
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General Conclusion

Today, the technology is dominating the world, and it will become the most powerful
weapon not just for development but also impose the sovereignty and power of the state, for
instance, the great war between the USA and China is happening right now. Due to the fact that
everyone is passionate about the new generation especially in our field.
we are interested too in this topic, whereon we studied the uplink SCMA system.

From the results obtained, we can extract the following conclusions:

We have introduced all notions related to 5G and the major topics we should know about it.
We also have seen the architecture of 5G, characteristics, applications, new technologies,
disadvantages, and we have done a comparison with 4G.

We have discussed the different types of MA: OMA and NOMA, we have focused on
NOMA, dominant NOMA solutions :

PD-NOMA : depends on dividing energy levels between users. And Code-Domain NOMA:
using different codes to be distributed between users. Of all the types owned, There is SCMA.
Also the basic principles of NOM, key technologies of NOMA, advantages and disadvantages
and applications and research challenges.

We found in NOMA schemes via code domain different types MA: MUSA IDMA SCMA
we have focused on SCMA in the uplink system, and we have analyzed this system blocks .

We have made the main hypothesis about codebook design distributed to blocks of PRE
Mapping.

We have seen the importance of turbo code to minimize BER, then we have studied the BER
performance of SCMA with turbo codes over different algorithms demodulation SCMA, we
founded the best BRE performance algorithm for demodulation is ¢ Stochastic’ in modulation
order 4PSK with turbo code decoding MPA.

And have made a comparison between the best algorithms for two cases 4 PSK and 16 PSK.
Many different ideas in future works can be based on this work for instance :

s MIMO SCMA system.

% Comparison LDPC and Turbo code of SCMA system.
¢ Deep Learning-Aided SCMA.
¢ Different detections algorithms like MPA.

% Design of SCMA Codebook Based on Star-QAM or Golden Angle.

*0
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Abstract

Today ,Researchers competing to make the best experience for users that is why they are always
developing a new generation of networks, for example : in the fifth generation, they will transfer Multiple
Access Schemes techniques from Orthogonal Multiple Access to Non Orthogonal Multiple Access to
increase the number of user's. The new Multiple Access Schemes (Non-Orthogonal Multiple Access) have
two dominant solutions : power domain and code-domain.

In this work we are interested in about code domain called Sparse Code Multiple Access.
Encoding SCMA based on codebooks design and we knew how it can be created in the Uplink system at
Physical Resource Element Mapping blocks, this is the main our hypothesis.

Also, we have known the main operation in these blocks: Factor Graph, Complex Constellation,
Phase Rotation, Permutation Set.

Finally, we have shown the importance of turbo code, compared with different SCMA

demodulation algorithms and we have found the best between them is ‘stochastic’.

Keywords : 5G; UP; MAS; OMA; NOM; SCMA; PRE .

Résumé

Aujourd’hui, les chercheurs se font concurrence pour offrir aux utilisateurs la meilleure expérience
pour laquelle ils développent toujours une nouvelle génération de réseaux, par exemple: dans la cinquieéme
génération, ils transféreront les techniques Schémas d'acces multiples de I’ Acces multiple orthogonal a I'
acces multiple non orthogonal pour augmenter le nombre d’utilisateurs. Le nouveau Schémas d'acces
multiples (acces multiple non orthogonal) ont deux solutions dominantes: domaine de puissance et domaine
de code.

Dans ce travail nous intéressons au domaine de code appelé Sparse Code Multiple Access .
Encoder SCMA en se basant sur livres de code conception et nous savions comment créer dans le systeme
de liaison montante de blocs Cartographie des éléments de ressources physiques, c'est la principale de notre
hypothese.

En plus, nous connaissions 1'opération principale dans ces blocs: Factor Graph, Complex
Constellation, Phase Rotation, Permutation Set.

Enfin, nous avons montré 1’importance du trubo code, comparé avec différents algorithmes de

démodulation SCMA et constaté que le meilleur entre eux est ‘stochastic’.
Mots-clés : 5G ; UP; MAS; OMA; NOM ; SCMA ; PRE.
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