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Abstract

The demand on data traffic and bandwidth requirements have continued to grow exponen-

tially. Nevertheless, existing fourth generation (4G) networks are not capable of meeting

those demands for high data rates and bandwidth requirements. Therefore, the fifth genera-

tion (5G) wireless access technology, which guarantees highzspectralzefficiency, lowzlatency,z

andzmassivezconnectivity, was recently introduced. Non orthogonal multiple access (NOMA),

which enables massive connectivity, was one of the key potential physical-layer technologies

considered for 5G. Interleave division multiple access (IDMA) scheme iszonezofzthe promis-

ing NOMAzschemes, with packet level interleavers to distinguish multiple access users. On

the other hand, recently, polar codes have received increased attention as a capacity ap-

proaching code. Polarzcodeszhave alreadyzbeen adopted aszthe channelzcodingztechniquez

forz the physical-layer control channel of 5G New Radio (NR) networks. In the litera-

ture, to date, there is only limited research on polar-coded IDMAzsystems. Multiple-Input

Multiple Output (MIMO) enables thezspatial degrees of freedom through use of multi-

plezantennaszatzbothz theztransmitterzandz thezreceiver.zMIMO has been one ofzthe key

enabling technologieszin recent standardized wireless communication systems including 3G

HSPA and 4G LTE systems. The performance benefits of both IDMA and MIMO can be

obtained by combining two technologies.

To this end, in this research study, an extension of conventional polar-coded IDMA to

MIMO is considered for uplink communication. A polar-coded IDMA-MIMO uplink system

model with QPSK modulation is proposed. An iterative receiver scheme is devised for polar-

coded IDMA-MIMO systems. Inzthezproposedzreceiver, likelihoodzmessageszarezexchanged

inzeachziteration betweenzthezsoftzmultiuserzMIMOzdetector and beliefzxpropagation (BP)z

algorithm-basedzdecoder. The error performancezofzthezproposed system is investigated us-

ing simulation for different system configurations. The simulation results confirm that polar

coding offers significant performance improvement over the uncoded IDMA-MIMO system.

Moreover, considerably improved error performance can be obtained by using the proposed

iterative receiver scheme over single-pass multiuser MIMO detection and decoding. Further,

higher the signal to noise ratio, the faster the convergence rate is. z

z
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Chapter 1

Introduction

1.1 Introduction

Thezfifth generationz(5G)zwireless communication networks are guaranteedzto provide much

higherzspectralzefficiency and datazrates, with ultra-lowzlatency andzmassivezconnectivity

compared tozthe existing fourth generation (4G) networks as outlined by International

Telecommunication Union Radiocommunication (ITU-R) sector [1]. The key radio ac-

cess technologies for 5G include massive Multiple Input Multiple Output (MIMO), non-

orthogonal multiple access (NOMA),zmillimeter-wave communication, small site networks,

adaptive beamforming, and advanced channel coding schemes [2].

Conventional orthogonal multiple access (OMA) techniques: time division multiple ac-

cess (TDMA), frequency division multiple access FDMA, code division multiple access

(CDMA), single carrier FDMA (SC-FDMA), and orthogonal frequency division multiple ac-

cess (OFDMA) are used so far in second, third, and fourth generation mobile communication

systems. The basic idea of OMA is allocation of multiple users to orthogonal resources by

reducing inter carrier interference. The use of orthogonality in resource allocation, underuti-

lizes the limited licensed spectrum by limiting the number of simultaneous connections [3].

Hence, existing OMA technologies may not be able to cater for the massive connectivity

requirements in 5Gzandzbeyond 5Gznetworks. Therefore, inzthezliterature various NOMA

technologies havezbeenzproposedzfor 5G [3,4]. In NOMA technologies the number of carriers

is increased using the property of non-orthogonality by intentionally introducing controllable

interferencezamongzusers allowing usersxtoz sharexthexsamezresources [2].

NOMAzschemeszcanzbe broadly categorized into two groups: power domainzNOMA

andncode domainxNOMA. The power domainzNOMA scheme for downlink allocates dif-

ferentnpowerxlevels forndifferentxusers,xaccordingztontheir channelnconditions, such that

morextransmission powern for the usersnwith poornchannelxconditionsnandxvice versa [3].

To achievebthendesirednperformance atnthe receiver, thexchannelngain difference among
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users shouldxbe adequate, which limits the effective number of multiple access users. In this

scheme, the Successive Interference Cancellation (SIC) method was usedzatzthezreceiver for

detection. High receiver complexity, high energy consumption, and error propagation are the

key drawbacks of the SIC approach. Therefore, in the literature Message Passing Algorithm

(MPA) base receivers werezproposedzto reduce the receiver complexity [3]. The Belief Prop-

agation (BP) decoding scheme is a MPA which iteratively updates soft messages between

factor graph nodes [5].

CodezdomainzNOMA includeszSparsezCodezMultiplezAccess (SCMA). In SCMA,z dif-

ferent users arexassigned toxdifferent codesnandnmultiplex overbtime ornfrequencyzresources

[2,3]. Another type of NOMA scheme is Pattern Division Multiple Access (PDMA) which0uses

multiple domain non-orthogonal0patterns [3, 4]. Therefore, multiplexing canzbe achieved in

either code domain,zpower domain orzinzspatial domain, or in any combination of them.

Interleave Division Multiple Access (IDMA) uses packet level interleavers to distinguish

users. In IDMA different interleavers are used for different users to provide adjacent packets

approximately uncorrelated [6].

The comparison of different NOMA schemes was done based on system performance and

computational complexity in [2,3,7]. SCMA and PDMA cause some performance losses due

to codebook and pattern collisions respectively. According to the computational complexity

analysis done in [3,7], SCMA shows the highest computational complexity compared to the

other NOMA schemes and IDMA shows the lowest computational complexity. Therefore,

IDMA is a much preferred NOMA candidate for 5G and future networks. For IDMA,

comparison of different types of interleaver designs, including random interleavers, power

interleavers, and tree based interleavers, were presented in [8–10].

In wireless communications systems, channel coding techniques are used for detection and

correction of bit errors that occurred in transmission due to noise, interference, and chan-

nel fading. Turbo codesnandn low0density parity0check (LDPC)xcodes0arenthezmost com-

monly usedzchannel coding techniques inzrecent standard wireless communicationzsystems

[2]. Recently, polar codeszhavezreceived tremendous attention.zThezconceptzof polar cod-

ingzwaszfirstzproposed by Arikan in 2009 [11]. LDPCncodeszandzpolar0codeszhavexbeen

employed fornthezdata0channels and control0channels of 5G 3GPP NR, respectively [1].

Data0plane applicationsnofxpolarzcodesxonnlongerxlengthrcodesxarexlimitedxdue0to the de-

signecomplexity ofxachieving5lowxlatency and high2 throughput [2].

Different NOMA schemes with different channel coding techniques were analyzed based

on bit error rate (BER) performancezandzreceiver complexity. Itzwaszshown that polar

coded NOMA schemes have better bit error performance. Polar coded SCMA with suc-

cessive cancellation decoding (SCD) outperforms turbo coded SCMA [12]. Polar coded

PDMA with SCD outperforms turbo coded PDMA [12]. Moreover, polar coded SCMA with
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cyclic redundancy check aided SCL (CRC-SCL) decoding outperforms LDPC-SCMA, be-

cause LDPC codes have higher decodingzcomplexity compared to polar codes. Axseparate

detection3andfdecoding (SDD) method is used in conventional polar coded NOMA schemes,

where there are two factor graphs for detection and decoding [13]. The detection of received

signal is first performed to generate likelihood messages of coded bits and then those likeli-

hood messages are used in decoding. In the joint detection and decoding (JDD) approach,

likelihood messages are exchanged between the detection and decoding graphs within the

same iteration [13, 14]. This improves decoding because likelihood messages are updated

by both graphs iteratively. This joint iterative processing is possible with the BP decoder

because of its parallel nature of processing. Therefore, the BP polar decoder has become a

preferable choice for high throughput applications [5].

1.2 Problem Statement

Higher coding gain, better reliability, and low decoder power consumption are some of the key

advantages of polar codes compared to conventional coding schemes. Polar codeszhavezbeen

alreadyzadopted in 5G networks aszthe channelzcoding methods for thezcontrol channels.

Channelzcoding techniques are used for detection and correction of bit errors that occurred

in transmission due to noise, interference, and channel fading. Polar Coded NOMA (PC-

NOMA) iszonezofzthezpromising technologies tozmeet the requirementszofz5G and beyond

5G networks. Improved performance can be obtained by using applications of polar codes

with NOMA systems. IDMA uses packet level interleavers to distinguish users. IDMA shows

the lowest computational complexity. Therefore, IDMA is a much preferred NOMA candi-

date for 5G and future networks. Research on polar coded NOMA has received relatively

limited attention so far. Though there were some research studies on polar-coded NOMA,

only a limited number of research attempts have focused on polar-coded IDMA systems.

On the other hand, the performance benefits of both IDMA and MIMO can be obtained

by combining two technologies. For example, we can obtain significant improvement in

the attainable spectral efficiency through application IDMA in MIMO systems. Thus, it

is important to extend conventional polar-coded IDMA to MIMO withzmultiplezantennas

employed atzbothzthe multiuser transmitterszand basestationzreceiver. Moreover, improved

error performance can be gained by using an advanced iterative receiver in polar-coded

IDMA- MIMO systems.
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1.3 Objectives and Scope

This research study focuses on application of polar codes in multiuser IDMA-MIMO systems

for the uplink transmission. The key research objectives can be summarized as follows:

• To conduct literature reviews on polar codes, NOMA, and polar-coded NOMA schemes

• To propose a system model for multiuser IDMA-MIMO uplink transmission

• To develop an iterative receiver for polar-coded multiuser IDMA-MIMO uplink systems

• To investigate the error performancezofnthezproposed receiver schemezunder0different

systemxconfigurations and8scenarios

Thezwork of this research study can be considered as an extension to work of [15]. Polar

encoding can be employed at the transmitter [15] instead of convolution coding. Further,

QPSK modulation can be used instead of BPSK modulation. The key technical contributions

can be summarized as follows.

• An IDMA-MIMO system model is proposed for polar-coded multiuser uplink trans-

mission with spatial multiplexing and QPSK modulation.

• A soft-input soft-output multiuser MIMO detector is developed to soft detect QPSK

modulated signals.

• An iterative receiver scheme, which consists of the soft-input soft-output multiuser

MIMO detector and the BP algorithm-based polar detector is proposed.

• The performance of the proposed iterative receiver scheme is investigated for different

system scenarios through simulation.

In the system model, the channelzcanzbezassumedztozbeza Rayleigh fadingzchannel and

each MIMO channel coefficient can be assumed to be time-invariant. The receiver proposed

in [15] consists of soft multiuser detector, de-interleavers, interleavers and soft channel de-

coders, which can be improved by extending the soft multiuser MIMO detector for complex

channels and employing a belief propagation decoding algorithm for polar decoder. Further,

an iterative detection and decoding scheme can be employed at the receiver, allowing soft

messages to exchange between modules within the same iteration.

1.4 Methodology

This section summarizes the research methodology.
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• Identify core research papers on polar codes and IDMA. Identify research on different

NOMA schemes and polar-coded NOMA schemes in the literature to conduct the

literature review.

• Analyze different transceiver structures proposed in the literature to gain an under-

standing of the existing research and to identify inconsistencies in research. Compare

and contrast those schemes based on the NOMA schemes used, decoding algorithms,

BER performance and receiver complexity.

• Develop an IDMA-MIMO transmitter with polar code encoding and QPSK modula-

tion.

• Develop a soft multiuser MIMO detector to perform muliuser detection and soft QPSK

demodulation.

• Integrate the soft multiuser MIMO detector with soft BP algorithm-based polar de-

coders using deinterleavers, despreaders, spreaders and interleavers.

• Iteratively perform multiuser MIMO detection and BP polar decoding by exchanging

soft messages between multiuser MIMO detector and BP polar decoder.

• Compare thezBERzperformancezofzthezproposed polarqcoded multiuser MIMO sys-

tem with a uncoded multiuser MIMO system through simulation.

• Analyze the variation of the BERzperformancezofzthezproposed iterative receiver with

different system parameters including the number of detection and decoding iterations,

number of multiple access users, number of transmit antennas, and spreading factor

through simulation.

1.5 Notation

The notations and symbols5used inhthiszpaper-are given in Table 1.

1.6 Organization of the Thesis

The remainder of this thesiszis organizedzas follows.zChapter 2 presents the literature survey

and related work. It provides a comprehensive review of different NOMA schemes based on

performance and design complexity, polar code construction, encoding and decoding schemes,

and different polar decoding algorithms. Further more chapter 2 compares and contrasts

existing research on polar coded NOMA schemes and summarizes the technical challenges.
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Chapter 3 presents the proposed IDMA-MIMO system model. Chapter 4 presents proposed

IDMA-MIMO receiver structure along with mathematical derivations. Chapter 5 presents

numerical results obtained through simulation on multiuser MIMO systems and discussion.

In chapter 6 directions for future work and concludes the thesis.
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Table 1: Notation and Symbols used

Notation/Symbol Description

⊗ Kronecker product

()T Transpose operation

()H Hermitian operation
BN Permutation matrix
c(m) Polar encoded bit stream of user m

Cov
{
,
}

Co-variance

d(m) Interleaved chip block of user m

E
{
,
}

Expected value

GN Generator matrix

I
{
,
}

Imaginary part of any given complex number

Io Number of joint iterationszin detection0and decodingzprocess
Id Number of iterations at BP decoding process

R
{
,
}

Real part of any given complex number

J Spreaded code block length
K Information block length
la,DEC

(
c(m)

)
A priori information produced for polar decoder

lp,DEC

(
c(m)

)
A posterior information produced by polar decoder

la,MUD

(
d(m)

)
A priori information produced for soft MIMO multiuser detection

le,MUD

(
d(m)

)
Extrinsic information produced by soft MIMO multiuser detection

Lm
s,t Left to right messages of user m

N Polar coded block length
PCh,av Average channel gain
PT,av Average transmitted signal power

p
(m)
k Chip stream on the kth spatial layer of user m

Rc Code rate
Rm

s,t Right to left messages of user m
S Spreading factor
s(m) Spreaded chip block of user m
u(m) Bit reversed vector of user m

V ar
{
,
}

Variance

x(m) Symbol vector of user m
πm User specific interleaver for user m
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Chapter 2

Literature Survey

In thiszchapter we0first summarize the existing research on different NOMA schemes, IDMA

and interleaver designing methods. Then summarize polar codes, code construction, encod-

ing and decoding algorithms. We compare successive cancellation decoding and its improved

versions with belief propagation decoding. Next, compare and contrast literature on polar

coded NOMA schemes.

2.1 Non Orthogonal Multiple Access

This chapter provides a summary of different NOMA schemes. Powerzdomain NOMA

and code@domain NOMA are two main NOMA categories. Sparse Code Multiple Ac-

cess (SCMA), Low-Density Spreading CDMA (LDS-CDMA),*andzMultiuser Shared Ac-

cess (MUSA)+arezsome code domain NOMA schemes. Pattern Division Multiple Access

(PDMA) and Interleave Division Multiple Access (IDMA)zare some other types of NOMA

schemes. [2, 4].

The power domain NOMA for downlink schemes allocates different power levels for dif-

ferent users. The power allocation depends on their channel conditions [3]. More trans-

mission power will be allocated tozthe userzwith azpoor channelzcondition.zThe Successive

Interference Cancellation (SIC) method is employed at the receiver to eliminate multi-user

interference. Eachzuser withinrthe clusterzneeds to decode information from allzother users.

However high receiver complexity, high energy consumption, and error propagation issues

have been identified in the SIC scheme. To achieve the desired performance, the channel gain

difference between users should be sufficient, and these issues limit the maximum number

of users to be served. Therefore, message passing algorithms (MPAs) have been introduced

to reduce the receiver complexity and achieve near-optimal performance by allowing user

separation even when the received power levels are comparable [3]. This method is insen-

sitive to the signal to interference noise ratio (SINR)zdifferencezofzthe receiver and also its

8



performance does not degrade with the existence of a user correlation as in SIC receiver [3].

SCMAzreduces computational complexity in multiuser detection by achieving the spar-

sityzof thezallocation matrixzbetween subcarriers andzusers [2]. Higher data rates can be

achieved with larger sized codebooks, but once the codebook is designed, its data rate be-

comes fixed, which limits the design of practical SCMA systems. Data rate and reliability

are the key concerns of practical SCMA systems [3]. Sparse spreading sequences are em-

ployed in LDS-CDMA to reduce the interference at each chip [3]. With the proper spreading

sequence design, interference of the multiuser system can be reduced. In MUSA for up-

link, each user symbol is spreaded using a spreading sequence [3]. Eachzuserzcanzrandomly

select a sequencezfrom the poolzofzmultiplezspreadingzsequences. Then using same time

frequency resources, all spreading symbols are transmitted. At the receiver, SIC method

iszemployed,zto distinguish eachzuserzdata.

Another type of NOMA scheme is Pattern Division Multiple Access (PDMA) which@uses

multiple domain non-orthogonal patterns [3, 4]. Therefore, multiplexing can be achieved in

either code domain, power domain or in spatial domain,zor in any combinationzof them.

Interleave Division Multiple Access (IDMA) uses packet level interleavers to distinguish

users [6]. In IDMA different interleavers are used for different users to provide adjacent

packets approximately uncorrelated. Summary of different NOMA schemes for uplink is

given in Table 2. Interleaver designing methods are discussed in the next section.

Table 2: NOMA schemes

NOMA Scheme Summary
Power domain
NOMA

Allocates different power levels for differentzusers
basedzonxtheir channel conditions, SIC method at re-
ceiver

SCMA Uses the sparsityzofzthe allocation matrixzbetween sub-
carrierszand users, Codeword collisions, Highest com-
putational complexity

LDS-CDMA Uses sparse spreading sequences to reduce the interfer-
ence at each chip

MUSA Uses spreading sequence to spread each user symbols,
SIC method at receiver

PDMA Uses multiple domain non-orthogonal patterns, Pattern
collisions, Computational complexity is higher than
IDMA

IDMA Uses different interleavers for different users to provide
adjacent packets approximately uncorrelated, No colli-
sion. Interleavers are generated independently, Lowest
computational complexity

9



2.1.1 Interleave Division Multiple Access

For IDMA, there are different methods to generate interleavers [8]. This section provides

a comparison of different types of interleaver designs including random interleavers, power

interleavers, and tree based interleavers are presented. Random interleavers πk are generated

independently for different users. Correlation between interleavers defines the effect of other

users’ signals on a specific user. The number of interleavers generated at the transmitter

increaseszwithztheznumberzofzusers,zand similarly,zthe memory requirement. Therefore, a

large storage is required to store those interleavers at both transmitter and receiver. More-

over, large bandwidth is required to exchange interleavers between the transmitterzand the

receiverzinzthe initial linkzsetup period, which leads to a reduction of spectral efficiency.

Therefore, theznumber of users andzthexdistancezbetween interlevers are thezkey concerns

inzsystem design.

The increase in the bandwidth and memory requirements withzthe numberzofzusers, and

the high computational complexityzdue to user specific interleavers, are the main limita-

tions in IDMA systems. A power interleaver method is proposed as a solution to the extra

bandwidth and memory requirement problem, by simplifying the interleaver assignment

scheme [8]. It is a serial chip by chip interleaving method that uses a master interleaver (ϕ)

and generates a kth inteleaver (πk) for user k, denoted as (ϕk). It only needs to store the

master interleaver (ϕ) and intermediate interleaver (πk) for the ((k + 1)th) user interleaver

calculation. Though this method has reduced the amount of information exchanged between

the basestation and the mobile station, it has serial behavior which causes high latency.

Therefore, the parallel interleaver design method was proposed in [9] to have low latency

with similar performance without memory collision. The proposed parallel interleavers are

very similar to random interleavers. This proposed parallelzinterleaver designzmethod can

be used tozcreate the IDMA systemzand increase systemxthroughput.

A Tree based interleaver (TBI) design method [7] minimizes the computational complex-

ity and memory requirement issues with random and power interleavers. In this method, two

master interlaevers are randomly selected. The memoryzrequirementzofzTBIzis much lower

aszcomparedztozrandom interleaving whereas it is slightly higher than power interleavers.

This method is optimal in terms of bandwidth and bit error rate. The prime interleaver (PI)

design approach can be used to further reduce the memory and bandwidth requirements

by using a prime number as a seed in the interleaver [8]. As a result, PI has the lowest

bandwidth requirement compared to other types of interleavers except TBI. A New Logistic

Map (NLM) interleaver was proposed in [10]. It is capable of improving the computational

complexity and reducing bandwidth and memory requirements while ensuring secure and

infinite sets of codes and interleavers.
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2.2 Polar Codes

Thezconceptzofzpolar codingzwas first proposedzby Arikan in 2009 [11]. Mathematical rep-

resentation of polar code is denoted by (N , K, A) where A is the set of indices of information

bits with cardinality K. Polar code construction is the process of selecting these K indices

corresponding to high capacity channels out of N channels [11]. Factor graphs with butterfly

units are used in polar encoding [11]. This butterfly implementation gives N(logN) com-

plexity. Polar codes are deterministic and have low and fixed complexity, as every codeword

has fixed capacity where other capacity approaching codes do not have this fixed complexity

and have random bit iterations.

2.2.1 Code Construction

Most commonly used code construction methods are reviewed briefly in this section. Bhat-

tacharyya parameter is the simplest method proposed in [12]. The density evaluation based

algorithm uses first-error event probability Pe(i) assuming all zero codewords are transmit-

ted [16]. Puncturing algorithms of [17] generate high ratezcodeszbyztransmittingzonlyxa

subsetzof thezcodezbits, with azrate of K/Nzmotherzcode. Extending algorithms [17] use

the method of retransmissionzor update the generatorzmatrix withxadditionalzcolumns to

generate lower-ratezcodes fromxa higher ratezmotherzcode.

2.2.2 Polar Code Decoders

There are various polar code decoding algorithms proposed in the literature. In this section,

the most common types of decoders are reviewed.

Successive Cancellation (SC) decoding

SC decoder was first proposed in Arikan’s paper [11], as the fundamental polar decoder

for achieving capacity with moderate complexity. This is a greedy tree search algorithm,

selecting one best link every time with capacity achieving performance asymptotically. It is

a two-way recursive algorithm. The reliabilityzof thezretrieval of sourcexbits is improvedxby

successivezcancellation ofzthe interference generatedzby priorzbits. Decoding is done based

on the polar code factor graph using log likelihood ratios (LLRs) [11]. Other advanced polar

decoding algorithms are developed based on this SC decoding method. Serial nature of SC

decoding shows long latency with low throughput. Non-overlapping trees in the factor graph

can be decoded simultaneously. Parallelism can be used to reduce computational time and

speed up the overall decoding process.
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SC-decoder itself could not defeat the maximum likelihood (ML) decoder as its per-

formance is significantly lower than ML decoder. For shortzto moderatezblockxlengths,

polar codes performance is weak. Therefore, polar codes with SC decoding show lesser

performance than turbo codes or LDPC codes [18]. Hence, SC-listz(SCL) decoding and SC-

heapz(SCH) decoding algorithms were proposed in [18] tozimprovezthezperformancezofzSC

decoding, based onzpathzsearchingzandzexpansion.

Successive Cancellation List (SCL) decoding

The proposed SCL decoding algorithm performs almost same as the ML decoding scheme.

It shows the complexity of O(LNlogN) where L denotes the list size, becausezinstead

ofzkeepingxonly one candidate path inxeachzstep, it keeps azlistoof L survivalzpaths. Still

polar codes with SCL decoding scheme perform poorer than LDPC codes.

Cycliczredundancy checkz-aidedxSCLz(CA-SCL)

Itzhaszbeenzshownzthat the polarzcodes with CA-SCL decoding arezcapable ofzachieving

betterzperformancezthan LDPCzcodes and turbozcodes [19]. Its main drawback is high de-

coding complexity. Ifxtherezis azcertain bitzdecoded erroneously duringzthe decodingzprocess,

the whole process gets erroneous. Therefore,zCA-SCLzdecoderzneeds an efficientzearly stop-

ping criteriaztozreducezthezdecodingzcomplexityzandzlatency. SegmentedzCRC-aidedxSCL

(SCA-SCL)zdecoderziszproposed as the solution, with an early stopping scheme as described

in [20]. CRC detectors are used atzthe endzofzdecoding and atzotherzbreakingzpointszduring

thezdecodingzprocess.zWith these CRC detectors, thezdecoder could eliminate invalid paths

beforezreachingzthezmaximumzlengthlofzthezcodezandzremovezthezunnecessaryzcomplexity.

The process is considered as a decodingzfailure if allzpossible paths were failedztozpasszthe

CRCzdetectionzand retransmissionzwill bezrequested.

Successive Cancellation Heap (SCH) decoding

SCH decoding algorithm [18] searches for the bestz zpathzinzthezheap, byzselectingzthexpath

withzthezmaximumzmetriczinzthezrootztozexpandznewzpaths. Afterzthezexpansion, inser-

tionzofztheznewzpathsxkeepszthezmaintenance. The timezcomplexityqof the insertion is

O(logD), where D isztheznumberzofznodeszinzthezheapzand is only related to the height of

the heap. Therefore, SCzheap decodingzis much better than SC list decoding and thezmain

advantage of SCH overzSCLziszitszability to store paths with different lengths.
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Belief Propagation Decoding

The message passing algorithm (MPA) achieves near optimal performance with tolerable

complexity. The BP scheme is a MPA which iteratively updates messages between the

user nodes and function nodes. Therefore, softzmessageszareztransferred among user nodes

andzfunctionznodeszinzBPzdecoding rather than exchanging hard messages. In contrast,

processing of BP decoding is parallel and processing of SC decoding is serial in nature.

Therefore, BP decoding has low latency and is preferred over SC decoding, even though

withzhigher computational complexityzcomparedztozSCzdecoding. Inherited parallelism of

thezBP decoder provides the possibility of joint processing with other baseband modules:

multi user MIMO detector, deinterleaver, and despreader. Therefore, the BP polar decoder

has become more favorable for high throughput applications.

2.3 Polar Coded NOMA Schemes

Polar Coded NOMA (PC-NOMA)zisxonezofzthezpromising technologies tozmeetzthe require-

ments of 5G and beyond 5G networks. Improved performance can be obtained by using

applications of polar codes with NOMA systems. It uses polar codes with NOMA systems

to have better performance with low computational complexity. Nevertheless, in the litera-

ture, PC-NOMA has so far received limited attention. This section reviews the PC-NOMA

schemes proposed in the literature, paying special attention to the performance and com-

plexity of the NOMA scheme and decoding algorithm used.

A polar coded SCMA systemzwithzCRCzaidedzSCLz(CA-SCL) polarzdecoding was pro-

posed in [21]. This is a combination of multilevel coded modulation (MLCM) with mul-

tistage decoding. The main idea of this proposed system is to overload subcarriers in

a controlled manner. The code rate design of MLCM is based on capacity rules, and

the rate of individual coding level is selected in such a way that it equals the equivalent

channel capacity. Thezperformance of MLCM withzpolarzcodes is better thanzthat of the

bitzinterleavedzcoded modulationz(BICM)zwithzturbozcodes, but at the cost of slow con-

vergence leading to a more numberzofziterations.zThezcomputationalzcomplexity of MLCM

increaseszwithzthe numberzofziterations, because the multiuser detection and decoding pro-

cesses repeat at each stage. Therefore, it is desirable that the iterative process should be

terminated at the minimum possible iterations. Number of iterations can be either the num-

ber of iterations for a successful CRC or the maximum allowable iterations in the case of no

successful CRC before the predefined maximum. Otherwise, processing complexity will be

increased unnecessarily.

Conventional polar coded NOMA schemes use separate detection and decoding (SDD)

with two separate factor graphs for both detection and decoding [13]. In the first step, detec-
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tion of the receiving signal is carried out at the multiuser detector to acquire likelihood mes-

sages. Then those likelihood messages are transformed from the detector to the decoder for

decoding and get the output bit sequence. In contrast, in thezjointzdetectionzandzdecoding

(JDD)zmethod, likelihoodzmessages passzbetween the detectionzand thezdecodingzgraphs

within the same iteration [13, 14]. This improves decoding because likelihood messages get

updated by both graphs iteratively. The JDD scheme proposed in [13] forzpolar-codedzSCMA

based NOMAzsystem increases bothzthe convergence speed and error performance even with

almost similar complexity and hardware cost of SDD. In [13], belief propagation based MPA,

whichziszcapablezofzachieving near optimalzperformancezwith reasonablezcomplexity, was

proposed for polar code decoding in SCMA systems. In [13], the hardware complexity of

both JDD and SDD schemes were compared. JDD requires an additional memory block

to store likelihoods exchanged between the detection and decoding factor graphs. However,

this additional implementation cost is negligible compared to the error performance gain.

Therefore, the JDD scheme canzbezusedztozimprovezthezerror performance.

The performancezof two NOMA schemes; SCMA and PDMA schemes were discussed

based on the transceiver structure, detection method, and decoding algorithm in [12]. In

the SCMA transmitter, eachzuser’szbitzstreamziszdirectlyzmapped into azsparsezcodeword.

SCMA provides massive connectivity by allowing codeword overloading in the codebooks

when a number of multiplexed users exceed the orthogonal resources. In the sparse factor

graph, users and physical resource elements (PREs) are represented by variableznodeszand

functional znodeszrespectively. The degreezof freedom (dof) of a virtualznodeziszdefinedzas

theznumberzofzconnected PREsztozthat virtual node. InzSCMA, allzthe virtual nodes have

the same dof, but in PDMA, the dof might be different for each virtual node. This is the main

difference between SCMA and PDMA. This irregular degree distribution of PDMA gives an

additional polarization effect resulting in better error performance. Thus, use of the necessary

optimality conditions is more beneficial for large systems as it reduces search complexity by

excluding most invalid orders. The necessary optimality conditions work more efficiently in

PDMA than in SCMA [12]. However, additional shapingzgainzcanxbezachievedzinxSCMA

codebook designing because it is based on jointzoptimizationzofxsparsezspreading codebook

andzmulti-dimensionalzrotational constellation. But that is impossible with PDMA [7].

A polar coded SCMA system with joint successive cancellation and a polar coded PDMA

system with parallel and successive cancellation were proposed in [12]. In the polar coded

SCMAzscheme,zthezcodezrateziszdifferentzforzeachzuser and those with thezlowerzcodezrate

will have higherzpriority. Azjointziterativezdetectionxandzdecodingz(JIDD)zreceiver was

proposed for uplinkzpolarzcodedzSCMA systemzin [22]. The complexity of the JIDD re-

ceiver with polar-coded SCMA iszmuchzlowerzthanzthat of turbozcoded and LDPC coded

SCMA systems. The soft cancellation (SCAN) decoding algorithm is used in the proposed
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JIDD receiver [22]. SCAN haszthezsamezcomplexityzasxBP decoding, butzwithzfast conver-

gence, which leads to low memory requirements. The proposed system uses Bhattacharya

parameter bound for polar code construction, the MPA as the SCMA detection algorithm

and SCAN as the polar decoding method, with random interleaving. The proposed JIDD

scheme for polarzcodedzSCMAzsystem has betterzperformancezanddlesszcomplexity.

The coding block length proposed for the 5G ultra-reliable low latency communications

(URLLC) scenario is quite small to meet the low latency constraint. Polar codes perform bet-

ter than LDPC codes in short lengths. AnzuplinkzpolarzcodedzSCMAzsystemzwasxproposed

in [23] with CRC-SCL decoding and MPA. It concludes that polar coded SCMA outperforms

LDPC in short code lengths.

A Turbo coded IDMA system was proposed in [6] . Since polar codes were proposed for en-

hanced mobile broadband (eMBB) control channels in 5G network (3GPP release 15), recent

research has focused on polar coded IDMA systems. It is expected that IDMA can be usedzto

improve thezcapacityzofzwireless communicationzsystems. Onezsuch polar coded IDMA

scheme was proposed in [14]. Polarzcodeszarezappliedzto anzOFDM-IDMAzsystem to im-

prove the error performance. Moreover, azSign-AidedxJDDz(SA-JDD)zscheme was proposed

in [14] to further reduce the detection complexity. Detectionzandzdecodingxiterationszcanzbez

terminated when signs of LLRs become stable. BP polar decoding is used atzthezreceiverz

ofzthezproposed polar coded OFDM-IDMAzsystem.zAs per the results of [14], SA-JDD

scheme has better error performance at high SNRs compared to JDD scheme. The early

termination method is used in [24] for an IDMA system with SRC-SCL decoding to improve

the undetected error rate.

Different polar coded NOMA schemes have been compared and contrasted in this sec-

tion including NOMA schemes, decoding algorithms, detection and decoding schemes.zA

summaryzof discussed polarz coded NOMA schemes iszgivenzin Table 3.
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Table 3: Summary of polar coded NOMA schemes

NOMA
scheme

Decoding
method

Remark

SCMA SCD Advantage - PC-SCMA out performs turbo coded
SCMA
Disadvantages - All virtual nodes have same degree of
freedom, Codeword collision

PDMA SCD Necessary optimality conditions work more efficiently
in PDMA than in SCMA
Advantages - Irregular degree distribution of PDMA
gives additional polarization effect and show better per-
formance
Necessary optimality conditions reduce search complex-
ity by excluding most invalid orders
PC-PDMA out performs turbo coded PDMA
Disadvantages - Pattern collision

SCMA SC-L decod-
ing

Advantages - Performance of multilevel
coded modulation (MLCM) with polar
codes is better than the performance of
bitzinterleavedzcodedzmodulationx(BICM)zwithzturbo
zcodes
Disadvantages - Slow convergence and computational
complexity increases with number of iterations
JDD shows almost similar complexity and hardware
cost compared to SDD

SCMA CRC-SCL ThezBPzalgorithmziszextendedxtozcalculatezthez ex-
trinsiczLLRzinformation
Advantages - PC-SCMA outperforms LDPC-SCMA
Decodingzcomplexityzofzpolarzcodeszisxlowerzthanz
thatzofzLDPC codes

SCMA SCAN Joint Iterative detection and decoding
Advantages - Better performance compared to MPA al-
gorithm for SCMA and CA-SCL decoding

SCMA BP decoding Joint detection and decoding (JDD)
Advantages - Emerging of two factor graphs increases
both convergence speed and performance in JDD

IDMA BP decoding Sign-aided JDD
Advantages - Decoding complexity is reduced due to
SA-JDD
Performs well in high SNRs

IDMA CRC-SCL Early termination
Improve UER (Undetected Error Rate)
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2.4 Technical Challenges

Recent attention has been driven to IDMA based polar coded NOMA schemes because of

IDMA’s better performance over other NOMA schemes. However,zthereziszaxlimitedznumber

ofzresearch studieszon IDMA based polar coded systems and research in this area is still not

mature.

BP decoding scheme has low latency due to its parallel nature of processing and therefore

it is much preferred for the proposed receiver. However, it has higher complexity than SC

decoding.

Separate detection and decoding schemes are used in existing receiver designs. However,

recent work tends to use joint detection and decoding schemes to reduce decoding complexity.

Merging of detection and decoding factor graphs allows easy flow of likelihood messages and

will ultimately improvezthezerrorzcorrection capability ofzthezreceiver.
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Chapter 3

System Model

Inzthiszsection we describe the polarzcoded IDMA-MIMO systemzmodel for multi-user up-

link communication. We consider that therezare M userszinzthezsystem.zEachzuser has

MT number of transmit antennas and MR numberzofzantennas employed atxthe basesta-

tionzreceiver.

3.1 Transmitter

The multiuser polar-coded IDMA-MIMO transmitter structure is shown in Fig.1. The trans-

mitter of each user consists of a polar encoder, spreader, interleaver, and serial to parallel

converter (S/P).

Figure 1: Polar-coded IDMA-MIMO transmitter structure

Let u(m) represent the N long input bit sequence of user m to the polar encoder.

u(m) =
(
u(m)[o], u(m)[1], . . . ,u(m)[K − 1], u(m)[N −K], . . . , u[N − 1]

)
, m = 1, 2, . . . ,M ,
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wherezthe firstzK bits
{
u(m) [̃i]

}K−1

ĩ=0
represent the information bits and the second N − K

bits
{
u(m) [̃i]

}N−1

ĩ= N−K
represent the frozen bits. Then bit reversal operation is performed on

u(m) prior to polar encoding. The polar encoded bit vector of length N = K/Rc is given by

c(m) = u(m)GN , (1)

wherezGNziszthezgeneratorzmatrixzand Rcziszthe code rate. GN is defined as [11],

GN = F⊗a ,

where F =

[
1 0

1 1

]
and a = log2N .

Spreading is performed on the polar-coded bit vector using a repetition code. The re-

sulting chip block of user m, s(m) is given by,

s(m)[j] = c(m)
[
⌊j/S⌋

]
, (2)

where j = 0, 1, . . . ,J − 1 and J = N×S and S is the spreading factor.

The chip block is then interleaved using an user specific random interleaver πm. The

interleaved chip block d(m) is obtained as

d(m) = s(m)[πm]

=
(
d(m)[0], d(m)[1], d(m)[2], . . . ,d(m) [J − 1]

)
.

Next, serial to parallel conversion is performed on d(m) to generate MT parallel chip streams.

Let p
(m)
k [j̃] be the chip stream on the kth spatial layer of user m in the j̃th chip interval, which

is obtained as

pk
(m)[j̃] = d(m)

[
j̃MT+k − 1

]
, (3)

where j̃= 0, 1, 2, . . . , J − 1,zk = 1, 2, . . . ,MT , andzJ = J /MT . z

The QPSK modulated symbol on the kth spatial layer of user m, x
(m)
k [n] is given by,

x
(m)
k [n] =

(
p̃
(m)
k [2n− 1] + ip̃

(m)
k [2n]

)
/
√
2

x
(m)
k =

(
x
(m)
k [0], x

(m)
k [1], x

(m)
k [2], . . . ,x

(m)
k [Q− 1]

)
, (4)

where p̃
(m)
k [j̃] = 2 × p

(m)
k [j̃] − 1 , n = 0, 1, 2, . . . , Q − 1 and Q =J /2 The QPSK mod-

ulatedzsymbolzvectorzx(m)[n]zis transmittedzbyzMT z transmitzantennaszof user m at any

given symbol interval n.

19



x(m)[n] =


x
(m)
1 [n]

x
(m)
2 [n]
...

x
(m)
MT

[n]

 , m = 1, 2, . . . ,M (5)

Similarly, all users transmit their symbol vectors from MT transmit antennas.

3.2 MIMO Channel Model

We consider a frequency-flat fading spatially uncorrelated MIMO channel for each user in

the uplink transmission. The MR by MT MIMO channel matrix of user m for a given symbol

interval n, H(m)[n]ziszgivenzby

H(m)[n] =


h
(m)
0,0 [n] h

(m)
0,1 [n] . . . h

(m)
0,MT−1[n]

h
(m)
1,0 [n] h

(m)
1,1 [n] . . . h

(m)
1,MT−1[n]

...
...

. . .

h
(m)
MR−1,0[n] h

(m)
MR−1,1[n] . . . h

(m)
MR−1,MT−1[n]


MR×MT

,

where n = 0, 1, 2, . . . , Q − 1 and h
(m)
(mr,mt)

[n] represents the complex valued Rayleigh fading

channel coefficients of the sub channel of the (mr,mt) transmit-receive antenna pair at the

symbol interval n. Each user channel iszassumedztozbezstatisticallyzindependent. Moreover,

eachzchannel coefficient is assumed to be time-invariant within each symbol interval and

varies from symbol interval to symbol interval independently.

3.3 Received Signal

We assume that the received signal is sampledzatzazratezofzonezsamplezperzsymbol inter-

val.zThe received signal vectorzr[n] = (r1[n], r2[n], . . . , rMR
[n])T at symbol interval n, can be

given as

r[n] =
M∑

m=1

H(m)[n] x(m)[n] +w[n] , (6)

wherezw[n] = (w1[n], w2[n], . . . , wMR
[n])T ziszthezvectorzofzcomplexzAWGN noise samplesz

withzzerozmeanzandzvariance σ2
n. Noise variance, σ2

n can be calculated as follows

σ2
n =

10−Eb/N0 × S
2bRc

, (7)
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where b represents number of bits per symbol, b = 2 for QPSK modulation. The proposed

receiver structure with detailed mathematical derivations is presented in the next chapter.
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Chapter 4

Proposed Receiver Structure

The proposed polar-coded IDMA-MIMO receiver structure iszshownzinzFig.2.zItzconsistszof

a soft-inputzsoft-outputz(SISO) multiuserzMIMOzdetector and a SISO polarzdecoder as

thezmain constituent components. The proposed receiver performs soft multiuser MIMO de-

tection and soft polar decoding iteratively by exchanging the extrinsic information of coded

bits between the SISO multiuser MIMOzdetector andzthe BP polarzdecoder in the each itera-

tion. zThe complete algorithm forziterativezdetectionzandzdecoding is given inzAlgorithm1.

Note that the proposed iterative receiver can be considered as an extension to the work

of [15]. In [15], soft channel decoders were employed with MIMO multiuser detector.

Figure 2: Proposed receiver structure for the polar-coded IDMA-MIMO receiver

Wezassumezthatzthezperfectzknowledgezofzthezchannel matrix, H(m)[n] is available at

the receiver. Let us consider the signal transmitted by the kth antenna of user m as the
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desired signal, x
(m)
k [n]. Thus, all the symbols transmitted by the other antennas of user m

and all the symbols of the other users transmitted in the nth symbol interval are considered

as interference. Thezreceivedzsignalzvector in (6) canzbe rewrittenzasz

r[n] = h
(m)
k [n] x

(m)
k [n] + η

(m)
k [n] , (8)

where n = 0, 1, 2, . . . , Q − 1 and h
(m)
k [n] denotes the kth column of H(m)[n] and η

(m)
k [n]

denotes the interference plus noise vector at n. We can express η
(m)
k [n] aszfollows

η
(m)
k [n] =

MT∑
jT = 1

jT ̸= k

h
(m)
jT

[n]x
(m)
jT

[n] +
M∑

v = 1

v ̸= m

H(v)[n]x(v)[n] +w[n] (9)

Thezfirst term in (9) denotes the interference due to the symbolsztransmittedzfromzthezotherz

antennaszofzthezsamezuser exceptzthe kth antenna. The second term denotes the interfer-

ence generated due to the symbols transmitted by all the other multiple access users in

the system. The received signal r[n] is transformed in to r̃[n] (10), which is then used

inzthezMIMO multiuser detector to generate the soft output.

r̃[n] ≜
(
h

(m)
k [n]

)H

r[n] (10)

r̃[n] =
∣∣h(m)

k [n]
∣∣2x(m)

k [n] + η̃
(m)
k [n] , (11)

where n = 0, 1, 2, . . . , Q− 1, η̃
(m)
k [n] =

(
h
(m)
k [n]

)H

η
(m)
k .

The signals received from MR antennas r[n] in (8) are used by the multiuser MIMO detector

to make the soft estimates of the chips transmitted by each transmit antenna. The detailed

mathematical derivations of the multiuser MIMO detection process are presented in the

sequel.

Let le,MUD

(
d(m)[j]

)
be the extrinsic LLR values of the interleaved chips

{
d(m)[j]

}J−1

j=0
, m =

1, 2, . . . ,M , is generated by the multiuser MIMO detector. The deinterleaving operation is

performed on le,MUD

(
d(m)[j]

)
to obtain the LLR value of chip s(m)[j] as

le,MUD

(
s(m)[j]

)
= le,MUD

(
d(m)(π−1

m [j])
)
, j = 0, 1, . . . , J − 1. (12)

The deinterleaved chip LLR values are used to compute the LLR values of the coded bits
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{
c(m)[i]

}N−1

i=0
as follows

la,DEC

(
c(m)[i]

)
=

S−1∑
q=0

le,MUD

(
s(m)[i× S+ q]

)
. (13)

The despreader output,
{
la,DEC

(
c(m)[i]

)}N−1

i=0
are used as the a priori LLR values of coded

bits for the polar decoder of each user.

Let
{
lp,DEC

(
c(m)[i]

)}N−1

i=0
represent the a posteriori LLR values of the coded bits obtained

from the polar decoder after Id decoding iterations. Spreading is performed on
{
lp,DEC

(
c(m)[i]

)}N−1

i=0

to obtain the LLR values of the chips,
{
lp,DEC

(
s(m)[j]

)}J−1

j=0
as

lp,DEC

(
s(m)[j]

)
= lp,DEC

(
c(m) (⌊j/S⌋)

)
, j = 0, 1, . . . , J − 1. (14)

The difference between the extrinsic LLR information lp,DEC

(
s(m)[j]

)
at the spreader output

and the extrinsic information le,MUD

(
s(m)[j]

)
at the despreaded input is given by ε

(
s(m)[i]

)
as

ε
(
s(m)[j]

)
= lp,DEC

(
s(m)[j]

)
−le,MUD

(
s(m)[j]

)
, j = 0, 1, . . . , J − 1

Interleaving is performed on
{
ε
(
s(m)[j]

)}J−1

j=0
to obtain the a priori LLR values of interleaved

chips
{
la,MUD

(
d(m)[j̃]

)}J−1

j=0
as follows,

la,MUD

(
d(m)[j]

)
= ε

(
s(m) (πm[j])

)
. (15)

The a priori LLR values of the chips
{
p
(m)
k [j̃]

}J−1

j̃=0
on the kth transmit antenna of user m

can be obtained as

la,MUD

(
p
(m)
k [j̃]

)
= la,MUD

(
d(m)

[
j̃MT+k − 1

])
, (16)

where j̃= 0, 1, 2, . . . , J − 1, k = 1, 2, . . . ,MT . The next outer iteration begins with the

knowledge of
{
la,MUD

(
p
(m)
k [j̃]

)}J−1

j̃=0
. This process is carried out in each iteration until

a specified number of iterations Io is completed. Note that at the start of the first iter-

ation there is no a priori LLR information la,MUD

(
p
(m)
k [j̃]

)
available for multiuser MIMO

detection. Therefore,
{
la,MUD

(
p
(m)
k [j̃]

)}J−1

j̃=0
, k = 0, 1, . . . ,MT are initialized with zero.

The expected value, E(p
(m)
k [j̃]) of chip on the kth spatial layer of user m, p

(m)
k [j̃] is calculated

as follows.

E(p
(m)
k [j̃]) = tanh

 la,MUD

(
p
(m)
k [j̃]

)
2

 , (17)
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where j̃= 0, 1, 2, . . . , J̃ − 1 and k = 0, 1, . . . ,MT . The expected values E
{
R
{
x
(m)
k [n]

}}
and

E
{
I
{
x
(m)
k [n]

}}
of the real part R

{
x
(m)
k [n]

}
and imaginary part I

{
x
(m)
k [n]

}
of QPSK symbol

x
(m)
k [n], respectively, can be obtained as follows.

E
{
R
{
x
(m)
k [n]

}}
= E

{
p
(m)
k [2n− 1]

}
E
{
I
{
x
(m)
k [n]

}}
= E

{
p
(m)
k [2n]

}
,

where n = 0, 1, 2, . . . , Q− 1. The variance V ar
{
R
{
x
(m)
k [n]

}}
and V ar

{
I
{
x
(m)
k [n]

}}
of the

real part R
{
x
(m)
k

}
and imaginary part I

{
x
(m)
k [n]

}
of QPSK symbol x

(m)
k [n], respectively, can

be obtained as follows.

V ar
{
R
{
x
(m)
k [n]

}}
= 1−

[
E
{
R
{
x
(m)
k [n]

}}]2
V ar

{
I
{
x
(m)
k [n]

}}
= 1−

[
E
{
I
{
x
(m)
k [n]

}}]2
, (18)

where n = 0, 1, 2, . . . , Q − 1 and k = 1, 2, . . . ,MT . The expected values and covariance

values of x
(m)
k [n] are used in the multiuser MIMO detector to generate the extrinsic LLR

information le,MUD

(
d(m)[j]

)
j = 0, 1, . . . , J − 1, as shown in the next subsection.

4.1 MIMO Multiuser Detection

In this subsection the multiuser MIMO detection process is described in detail. Multiuser

detection is based on the received signal r[n] from MR receiver antennas and r[n] can be

rearranged by separating real and imaginary parts.

r[n] =
M∑

m=1

(
R
{
H(m)[n]

}
R
{
x(m)[n]

}
− I

{
H(m)[n]

}
I
{
x(m)[n]

})
(19)

+ i
M∑

m=1

(
I
{
H(m)[n]

}
R
{
x(m)[n]

}
+R

{
H(m)[n]

}
I
{
x(m)[n]

})
+w[n] ,

where n = 0, 1, 2, . . . , Q− 1. The expected values E (R{r[n]})zand E (I{r[n]}), ofzthezreal
partzR{r[n]} and imaginary part I{r[n]}, respectively, can be given as

E
{
R{r[n]}

}
=

M∑
m=1

R
{
H(m)[n]

}
E
{
R
{
x(m)[n]

}}
− I

{
H(m)[n]

}
E
{
I
{
x(m)[n]

}}
, and

E
{
I{r[n]}

}
=

M∑
m=1

I
{
H(m)[n]

}
E
{
R
{
x(m)[n]

}}
+R

{
H(m)[n]

}
E
{
I
{
x(m)[n]

}}
,
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where n = 0, 1, 2, . . . , Q − 1. The, covariance matrices Cov (R{r[n]}) and Cov (I{r[n]}) of
the realzpart R{r[n]} and imaginaryzpart I{r[n]}, respectively, canzbe givenzas

Cov
{
R{r[n]}

}
=

M∑
m=1

(
R
{
H(m)[n]

}
Cov

{
R
{
x(m)[n]

}}
R
{
H(m)[n]

}T
)

+
M∑

m=1

(
I
{
H(m)[n]

}
Cov

{
I
{
x(m)[n]

}}
I
{
H(m)[n]

}T
)
+ σ2

noise , and

Cov
{
I{r[n]}

}
=

M∑
m=1

(
I
{
H(m)[n]

}
Cov

{
R
{
x(m)[n]

}}
I
{
H(m)[n]

}T
)

+
M∑

m=1

(
R
{
H(m)[n]

}
Cov

{
I
{
x(m)[n]

}}
R
{
H(m)[n]

}T
)
+ σ2

noise ,

where n = 0, 1, 2, . . . , Q− 1. The covariance matrix, ψ[n] between R {r[n]} and I {r[n]} is

calculatedzas

ψ[n] = Cov
{
R {r[n]} , I {r[n]}

}
=

M∑
m=1

R
{
H(m)[n]

}
Cov

{
R
{
x(m)[n]

}}
I
{
H(m)[n]

}T

(20)

−
M∑

m=1

I
{
H(m)[n]

}(
Cov

{
I
{
x(m)[n]

}})
R
{
H(m)[n]

}T

,

where n = 0, 1, 2, . . . , Q−1. The covariance matrices Cov
{
R
{
x(m)[n]

}}
and Cov

{
I
{
x(m)[n]

}}
of the real part and imaginary part of x

(m)
k [n], respectively, can be obtained as follows

Cov
{
R
{
x(m)[n]

}}
= diag

(
V ar

{
R
{
x
(m)
k [n]

}})
, and

Cov
{
I
{
x(m)[n]

}}
= diag

(
V ar

{
I
{
x
(m)
k [n]

}})
,

where n = 0, 1, 2, . . . , Q − 1 and k = 1, 2, .., MT . From (11), we can obtain an expression

for η̃
(m)
k [n] as

η̃
(m)
k [n] = h

(m)
k [n]

H
r[n] −

∣∣h(m)
k [n]

∣∣2x(m)
k [n] , (21)

where n = 0, 1, 2, . . . , Q− 1.
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The real and imaginary parts of η̃
(m)
k [n], R

{
η̃
(m)
k [n]

}
and I

{
η̃
(m)
k [n]

}
can be given as

R
{
η̃
(m)
k [n]

}
= R

{
h

(m)
k [n]

H
}

R {r[n]} − I
{
h

(m)
k [n]

H
}
I {r[n]} −

(∣∣h(m)
k [n]

∣∣2)R
{
x
(m)
k [n]

}
I
{
η̃
(m)
k [n]

}
= R

{
h

(m)
k [n]

H
}
I {r[n]}+ I

{
h

(m)
k [n]

H
}
R {r[n]} −

(∣∣h(m)
k [n]

∣∣2) I
{
x
(m)
k [n]

}
,

where n = 0, 1, 2, . . . , Q− 1.

The expected values E
{
R{η̃(m)

k [n]}
}

and E
{
I{η̃(m)

k [n]}
}

of the real part R
{
η̃
(m)
k [n]

}
and imaginary part I

{
η̃
(m)
k [n]

}
of η̃

(m)
k [n], respectively, can be obtained as

E
{
R{η̃(m)

k [n]}
}
= R

{
h

(m)
k [n]

H
}
E
{
R {r[n]}

}
− I

{
h

(m)
k [n]

H
}
E
{
I {r[n]}

}
−

∣∣h(m)
k [n]

∣∣2E{
R
{
x
(m)
k [n]

}}
E
{
I{η̃(m)

k [n]}
}
= R

{
h

(m)
k [n]

H
}
E
{
I {r[n]}

}
+ I

{
h

(m)
k [n]

H
}
E
{
R {r[n]}

}
−

∣∣h(m)
k [n]

∣∣2E{
I
{
x
(m)
k [n]

}}
,

The variance V ar
{
R{η̃(m)

k [n]}
}

and V ar
{
I{η̃(m)

k [n]}
}

of R
{
η̃
(m)
k [n]

}
and I

{
η̃
(m)
k [n]

}
of

η̃
(m)
k [n], respectively, can be obtained as

V ar
{
R{η̃(m)

k [n]}
}
= R

{
h

(m)
k [n]

H
}
Cov

{
R {r[n]}

}
R
{
h

(m)
k [n]

}
− I

{
h

(m)
k [n]

H
}
Cov

{
I {r[n]}

}
I
{
h

(m)
k [n]

}
+ 2

(
R
{
h

(m)
k [n]

H
}
ψ[n] I

{
h

(m)
k [n]

})
−
(∣∣h(m)

k [n]
∣∣2)2

V ar
{
R
{
x
(m)
k [n]

}}
V ar

{
I{η̃(m)

k [n]}
}
= R

{
h

(m)
k [n]

H
}
Cov

{
I {r[n]}

}
R
{
h

(m)
k [n]

}
−

I
{
h

(m)H
k

}
Cov

{
R {r[n]}

}
I
{
h

(m)
k [n]

}
− 2

(
R
{
h

(m)
k [n]

H
}
ψ[n] I

{
h

(m)
k [n]

})
−
(∣∣h(m)

k [n]
∣∣2)2

V ar
{
I
{
x
(m)
k [n]

}}
,

We can show that the conditional probability density function of r̃[n] given x
(m)
k [n], p

(
r̃[n]

∣∣x(m)
k [n]

)
is normally distributed with mean

(∣∣h(m)
k [n]

∣∣2x(m)
k [n]+E

{
η̃
(m)
k [n]

})
and variance V ar

{
η̃
(m)
k [n]

}
.

LLR values, le,MUD

(
p
(m)
k [2n− 1]

)
and le,MUD

(
p
(m)
k [2n]

)
can be calculated as follows

le,MUD

(
p
(m)
k [2n]

)
= 2

(∣∣h(m)
k [n]

∣∣2)V ar
{
R{η̃(m)

k [n]}
}−1 (

R {r̃[n]} − E
{
R{η̃(m)

k [n]}
})

le,MUD

(
p
(m)
k [2n+ 1]

)
= 2

(∣∣h(m)
k [n]

∣∣2) V ar
{
I{η̃(m)

k [n]}
}−1 (

I {r̃[n]} − E
{
I{η̃(m)

k [n]}
})

,

(22)

27



where n = 0, 1, 2, . . . , Q − 1. The extrinsic LLR information of d(m)[j], generated by the

multiuser MIMO detector le,MUD

(
d(m)[j]

)
can be obtained from le,MUD

(
p
(m)
k [j̃]

)
in (22) as

le,MUD

(
d(m) [j]

)
= le,MUD

(
p
(m)
k [⌊j/MT ⌋]

)
, (23)

where j = 0, 1, 2, . . . ,J−1, J = N×S, and k = (j mod MT )+1. The set ofM polar decoders

operated independently and hence, can operate parallelly in practical implementation.

4.2 BP polar decoding

There is a separate BP algorithm-based polar decoder for each individual user. Note that

the set of M polar decoders operate independently and hence, can run in parallel in prac-

tical implementation. There are (b + 1)znumberzofzstageszinzthezfactorzgraph used for BP

polar decoding, where b = log2N . Factor graph node can be represented by (s, i), where

s = 1, 2, . . . , b+ 1 denotes the stage number and i = 0, 1, . . . , N − 1 denotes the node num-

ber. TherezareztwoztypeszofzLLRszdefinedzat any given node (s, i): rightztozleftzmessage

R
(m)
s,i zandzleftztozrightzmessagezL

(m)
s,i of user m [14]. First, L

(m)
b+1,i and R

(m)
1,i are initialized as

L
(m)
n+1,i = la,DEC

(
c(m)[i]

)
,

R
(m)
1,i =

{
0 , if i ϵ A

+∞ , if i ϵ Ac

}
(24)

where i = 0, 1, . . . , N − 1, A is the set of indices of the information bits with cardi-

nality K, and Ac is the set of indices of the frozen bits with cardinality N − K. Then,

theziterativezdecodingzprocesszbegins. In each iteration, first allzthezLzmessageszarez up-

dated fromzthezlast stage to the first stage and next all the R messages are updated from

thezfirstzstageztozthezlastzstage [13]. The a posteriori LLR of coded bit c(m)[i] obtained

after Id iterations, can be calculated as

lp,DEC

(
c(m)[i]

)
= L

(m)
b+1,i +R

(m)
b+1,i , (25)

where t = 0, 1, . . . , N − 1. Note that the LLR values {lp,DEC

(
c(m)[i]

)
}N−1
i=0 is used to obtain

the a priori information for the multiuser MIMO detection after performing spreading (14)

and interleaving (15) operations as previously explained. The LLR values are expected

to convergezafterzazfewzouter iterations (Io). The hard estimates of the information bits
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{u(m)[i]}K−1
i=0 are made based on the following criteria

û(m)[i] =

{
1, if L

(m)
1,i ≤ 0

0, if L
(m)
1,i > 0

, (26)

where i = 0, 1, . . . , K−1. The information bits can be filtered out easily by using the set of in-

formation bit indices, A which is known to the receiver. Thezcompletezalgorithmziszshownzin

Algorithm 1. The g function used in BP decoding algorithm can be expressed as follows.

g(x, y) = sign(x)×sign(y)×min( |x| , |y| ) (27)
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Algorithm 1: Jointzdetectionzandzdecoding algorithm

1: Initialize:
{
la,MUD

(
d(m)

)}M

m=1
= 0

2: for io=1:Io do

3: Calculate
{
le,MUD

(
d(m)

)}M

m=1
using eq. (23)

4: for m=1:M do

5: Perform de-interleaving using eq. (12)

6: Perform despreading using eq. (13)

7: Feed la,DEC

(
c(m)

)
in iterative BP decoding

8: Initialize: R
(m)
1,i and L

(m)
b+1,i (24)

9: for id=1:Id do

10: Update L messages

11: for s=b:-1:1 do

12: for i=1:N do

13: L
(m)
s,i = g

(
L
(m)
s+1,i,

(
L
(m)
s+1,i+N/2+R

(m)
s,i+N/2

))
14: L

(m)
s,i+N/2 = g

(
R

(m)
s,i , L

(m)
s+1,i

)
+L

(m)
s+1,i+N/2

15: end for

16: end for

17: Update R messages

18: for s=1:b do

19: for i=1:N do

20: R
(m)
s+1,i = g

(
R

(m)
s,i ,

(
L
(m)
s+1,i+N/2 +R

(m)
s,i+N/2

))
21: R

(m)
s+1,i+N/2 = g

(
R

(m)
s,i , L

(m)
s+1,i

)
+R

(m)
s,i+N/2

22: end for

23: end for

24: end for

25: lp,DEC

(
c(m)[i]

)
= L

(m)
b+1,i +R

(m)
b+1,i

26: Perform interleaving and spreading using eqs.(14)-(15)

27: end for

28: Use
{
la,MUD

(
d(m)

)}M

m=1
for next iteration

29: end for
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Chapter 5

Simulation Results and Discussion

This chapterzpresents simulation results and discussion. We investigate thezerror perfor-

mance of thezproposed polar coded IDMA-MIMO system for flat fading channels. zWe

assume thatzthe multiuser uplink MIMOzchannel matrixzis time invariant within each sym-

bol interval and varies from symbol to symbol. The common system parameters consid-

ered for simulation are summarized in Table 4. As explained in the chapter 3, the pro-

posed iterative receiver consists of an iterative soft detector and a belief propagation de-

coder. Bitzerrorzratez(BER)zperformance ofzIDMA-MIMOzsystems forzvarious scenarios

have been analyzed based on Eb/N0 values.

Table 4: Common system parameters used for simulations

Parameter Value

Information block length K = 512
Code rate Rc = 0.5
Spreading factor S = 16
Interleaving scheme random
Numberzofzjoint iterationszinzdetectionzandzdecoding process Io = 5
Numberzofziterations at BP decoding process Id = 10

In Fig. 3, we compare the BER performance of polar codes and LDPC codes for a single

user single input single output (SISO) system over AWGN channels. An LDPC code with

information block length K =512 and code length N =1024 is considered. BP decoding

with 20 iterations is adopted for LDPC codes. It can be observed that polar codes offers

considerably improved error performance over LDPC codes for the considered code length

and BP decoding.

InzFig.4,zwe studyzthe BERzperformancezof polar coded 2×2 MIMO systems for single

user, 2 users and 4 users scenarios. For comparison purpose, we also include the BER

performance of uncoded 2×2 MIMO systems, keeping all the other parameters unchanged
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Figure 3: BERzperformance comparison ofzpolarzcodes and LDPC codes for single user
SISO systems

as in the coded system. The BER is averaged over all users in the system for multiple user

scenarios. As expected, considerably improved BER performance can be observed using

polar codes in IDMA MIMO systems for high Eb/N0, about 5 dB. Further we can observe

thatzatzazBERzofz10−3,zazperformancezimprovementzofzabout 4zdB is achieved using polar

codes compared to the uncoded system. Moreover, for comparison purposes, we show the

performance of a polar-coded 2×2 MIMO system obtained using a single-pass (non-iterative)

receiver with single user, two users, and four users. It can be observed that a considerable

performance improvement can be obtained using the proposed iterative receiver compared

to the single-pass receiver. The performance gain obtained using the proposed receiver

compared to the non-iterative receiver increases with the number of users.

InzFig. 5zandzFig.6,zwe analyzezthezBERzperformancexof polar coded 2×2 MIMO sys-

tem and polar coded 4×4 MIMO system respectively for different number of multiple access

users in the system. In Fig.5, azsinglezuserz2×2zMIMOzsystem is shown aszthe reference

performance. It can be seen that the BER of about 10−4 is achieved for 16 users in a

2×2 MIMO system at 9 dB whereas a singlezuserz2×2zMIMOzsystem achieves thezsame

BER performance at about 7zdB.z Itzcanzbezseenzthatzthezperformance degradation due

to multiuser interference is insignificant until 4 users. At azBERzofz10−3,zcomparedztozthe

single-user system,zthezperformancezdegradationziszabout 0.75 dB and 1.25 dB for 8 and 12
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Figure 4: BERzperformance comparison ofzpolarzcoded and uncoded 2×2 MIMO systems

users systems respectively.

In Fig. 6 the BER performance obtained for a single user 4×4 MIMO system is shown for

comparison purpose. We can observe that the BER of about 10−4 is achieved by 8 users 4×4

MIMO system at 12 dB, whereas the single user system achieves the same BER performance

at about 10 dB. In both scenarios, 8 users MIMO system achieves a BER of about 10−4 for

an additional 2 dB increase compared to single user MIMO systems. It can be seen that

the performance degradation due to multiuser interference is insignificant until 4 users. At

azBERzofz10−3,zcomparedztozthe single-user system,zthezperformancezdegradation is about

0.75 dB and 1.5 dB for 8 and 12 users systemszrespectively.

InzFig.z7zwe investigate thezBERzperformancezof 4 users polar coded systems with dif-

ferent antenna configurations with different MIMOzconfigurations:z2×2zMIMO,z4×4zMIMO,z

andz8×8 MIMO systems. We include thezBERzperformance obtained for polarzcoded sin-

glez inputzsinglezoutputz(SISO)xsystem with 4 users as the reference performance. When

considering the BER range of 10−1 to 10−4, we can observe almost 1.5 times increase of Eb/N0

value for a given BER, with the increase ofMt andMr since the spatial interference increases.

As expected, the BER performance reduceszwithztheznumberzofztransmitzantennas increas-

ingly within a BER range of 10−1 to 10−4, it canzbezobserved that when theznumberzof

antennas iszdoubled, the performanceziszdegradedzbyzaboutz1.5 dB. For comparison pur-

poses, the performance obtained using a single-pass (non-iterative) receiver is also shown

for different antenna configurations. A considerable BER performance improvement can be

observed using the proposed iterative receiver compared to the single-pass receiver for the
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Figure 5: BERzperformancezof polar codedz2×2zMIMO systems withzdifferent number of
users.

Figure 6: BERzperformancezofzpolarzcoded 4×4 MIMO systems withzdifferent number of
users.
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different antenna configurations considered. For a 4×4 MIMO system, at a BER of 10−3, the

performance gain of about 2 dB obtained using the proposed iterative receiver compared to

the single-pass receiver. Moreover, we can observe a drastically reduced error floor obtained

using the proposed iterative receiver compared to the single-pass receiver.

Figure 7: BERzperformancezofz4 users polarzcoded systems withzdifferent antenna config-
urations

zThe impact ofztheznumberzof used iterationszin the iterativezdetectionzandzdecoding

receiver onzthezBERzperformancezis studied inzFig. 8. We consider azpolarzcoded 4×4

MIMOzsystem with four users. Here we show the BER performance after each iteration up

to a maximum of 5 iterations, (Ir = 5). We can observe that up to Eb/N0 of 6 dB there

is no noticeable improvement in the BER with the number of iterations. However, starting

from Eb/N0 of 8 dB the BER reduces with the number of iterations. For Eb/N0 of 9 dB and

above, significant reduction of the BER can be observed in the second iteration from the

first iteration. Moreover, from Fig.8, we can see that there is no noticeable improvement in

the BER performance after three iterations for high Eb/N0 values. It can be observed that

the higher the Eb/N0 value, the faster the convergence is.

In Fig.9, we investigatezthezeffect ofzspreading factor (SF) onzthe BER performancezofza

polar coded 4×4 MIMO system with 4 users and 8 users. We can see that higher the

spreading factor the better BER performance for a given Eb/N0 value is. This is due to

that the overall coding rate ROA = Rc/SF decreases with the SF. The ROA is 1/16, 1/32

1/64, and 1/128 for SF = 4, 8, 16, 32, and 64, respectively. We can observe that with
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Figure 8: zVariationzof the BERzperformancezwithztheznumberzof detection-decoding iter-
ations, in a polar coded 4×4 MIMO system with 4 users

M = 4 users when the SF is reduced from 32 to 16, at BERzofz10−3zthezperformancez

degradationzisznot significant.zWithzM = 8 users, when the SF is reduced from 32 to 16, at

BERzofz10−3zthezperformancez degradationzis around 0.5 dB.zMoreover, withzM = 4 users

the performance improvement obtained by increasing the SF from 8 to 16 is around 0.3 dB.

For M = 8 users with the SF = 16, about 0.5 dB higher Eb/N0 is required to achieve 10−3

compared to M = 4 users. For a system with a fixed chip rate (i.e., a fixed sampling rate),

the spectral efficiency decreases with the SF since the overall code rate decreases with the

SF. Moreover, the computational complexity per symbol increases with the SF since the

number of chips per symbol which need to be processed increases with the SF. Thus, even

though improved error performance can be obtained with a high SF, a moderate value of

SF giving a better tradeoff between the performance and computational complexity/spectral

efficiency is preferred.
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Figure 9: zVariationzofzthezBERzperformancezwithzthe spreading factor, in a polar coded
4×4 MIMO systems
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Chapter 6

Conclusion and Further Work

6.1 Conclusion

Inzthiszthesis azpolarzcodedzIDMA-MIMO systemzhaszbeen proposed for multiuser uplink

communication. The proposed transmitter consists of a polar encoder, spreader, interleaver,

serial to parallel converter, and a set of parallel QPSK modulators. The proposed receiver

consists of a soft multiuser MIMO detector, interleaver, de-interleaver, spreader, despreader,

and BP polar decoder. An iterative receiver, which consists of a soft multiuser MIMO detec-

tor and a BP polar decoder, has been developed. The work of this thesis can be considered

as an extension to the work of [15]. In [15], an IDMA-MIMO system was considered with

convolutional coding and BPSK modulation, whereas in this thesis polar coding has been

considered with QPSK modulation. In [15] receiver, a soft multiuser detector and soft chan-

nel decoder were considered whereas in this thesis a soft multiuser MIMO detector and BP

polar decoder have been considered respectively. In the proposed iterative receiver, soft mes-

sages can be exchanged between modules within the same iteration. This allows iterative

detection and decoding.

The key assumptions made in this research study can be summarized as follows:

• The MIMO uplink channel of each user was subject to frequency flat fading and spa-

tially uncorrelated.

• Multiuser uplink MIMO channel matrix is assumed to be time invariant within each

symbol interval and varies from symbol to symbol independently (i.e., time uncorre-

lated).

• Single carrier system is considered for the systemzmodel.z

ThezBERzperformancezofzthezproposed polar coded IDMA-MIMOzsystem have been

studied using simulation for various scenarios with different system parameters. The key
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observations made canzbezsummarizedzaszfollows.

• zThe BERzperformancezof the polarzcoded systems varies with Eb/N0. The higher the

Eb/N0 value, the better the BERzperformance is. ThezproposedzpolarzcodedzIDMA-

MIMOzsystem has significantly improved BER performance compared to an uncoded

IDMA-MIMO system, especially at moderate to high Eb/N0 values. It can be observed

thatzatzazBERzofz10−3,zazperformancezimprovementzofzaboutz4zdB is achieved us-

ing polar codes compared to the uncoded system.

• For a given MIMO configuration, the BER increaseszwithztheznumberzof multiple

access userszinzthe IDMA-MIMOzsystemzsince the multiuser interference increases.

However, thezsimulationzresultszshowzthatzthezBERzofzabout 10−4 for 16 users 4× 4

MIMO system at 12 dB, whereas the single user system achieves the same BER per-

formance at about 10 dB.

• For a given number of multiple access users, the BER increaseszwithztheznumberzofz

transmitzantennas. However, thezsimulationzresults have clearly demonstrated that

the BER of about 10−4 for 4× 4 MIMO system with 16 users at 12 dB.

• The BER performance increases with the number of detection and decoding itera-

tions at the receiver. The results demonstrated that the higher the Eb/N0 value, the

faster the convergence rate is. The proposed iterative receiver achieves the convergence

fast. For example, at moderate Eb/N0 values significant reduction of the BER can be

observed in the second iteration from the first iteration.

• The BER performance increases with the spreading factor as noise variance increases

with spreading factor.

The proposed iterative receiver can be used to obtain considerably improved error perfor-

mance over the single-pass non-iterative receiver. Even though NOMA has not been adopted

in the finalized releases of 5G NR specifications, IDMA willzbeza potential multiplezaccess

candidatezforzbeyondz5G mobile communicationznetworks.

As per the research studies, low latency can be achieved by employing BP decoder at

the receiver because of its parallel nature of processing compared to SCD. Further in IDMA,

interleaver designing has comparatively low computation complexity.

6.2 Further Work

The important directions for further research as extensions to the research work presented

in this thesis are identified as follows:
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• Flat fading channels are considered in the system model. As for the further work,

the polar coded IDMA-MIMO multiuser system analysis can be extended to frequency

selective channels.

• QPSK modulation is used in the proposed system. An extension to general MPSK

modulation can be considered as an important direction for further work.

• In the proposed IDMA-MIMO system model, single carrier transmission is considered.

Another important direction for further research is an extension to OFDMA-based

multicarrier transmission.

• Thezperformancezofzthezproposedx polarzcoded IDMA-MIMOzsystemzwithzthe iter-

ative receiver scheme was investigated using simulation. A mathematical framework

can be developed to analyze the performance theoretically as a component of further

work.
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