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ABSTRACT

Wireless communication networks are expanding exponentially which makes challenging

requirements for 5-generation (5G) and beyond 5G wireless technology. Different solutions

have been proposed by the researchers to fulfil these demanding challenges. One of such

technique which is making its way into 5G communication technologies is non-orthogonal

multiple access (NOMA). NOMA has been considered as possible radio access mechanism

for the next-generation of cellular networks. The system performance can further be en-

hanced using OFDM-Based NOMA. However, a major drawback of multicarrier NOMA is

its inherited high peak-to-average power ratio (PAPR). OFDM-based NOMA systems with

a high PAPR are inefficient in terms of energy use. Herein, we propose Trellis for PAPR

reduction in OFDM-based NOMA systems. Trellis shaping is a distortion-free techniques

which provides promising gains in terms of PAPR reduction. The metric used to search for

a sequence of symbols (shaped symbols) in the trellis of the shaping code is based on min-

imization of the auto-correlation of the side lobes. This method’s performance is based on

constellation mapping. Simulation results obtained shows that a promising gain in terms of

PAPR can be obtained with our proposed solution for OFDM-based NOMA systems. To

boost the system’s performance in terms of PAPR, we further propose the use of higher-

depth shaping codes. Using shaping codes with higher trellis depths improves the PAPR

reduction.

As second part of this thesis, we propose a hybrid PAPR reduction algorithm: active

constellation extension based trellis shaping for PAPR reduction in OFDM-based NOMA

systems. Extending the constellation points provides additional gains in terms of PAPR.
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Chapter 1

Introduction

1.1 Background

Wireless communication systems have been evolved drastically in the last few decades. Dif-

ferent communication technologies such as 1G, 2G, 3G, 4G, and 5G and beyond 5G wireless

communication systems were proposed or deployed. Due to the advent of numerous mobile

applications, video conferencing, and online gaming, there is an increased demand for higher

data rates. To meet the public demand for higher data rates, researchers have developed novel

multiplexing and transmission strategies, that make use of the available resources resources

efficiently. NOMA is one of these strategies, paving its way into 5G communication tech-

nologies. As opposed to orthogonal multiple access (OMA), the orthogonality restriction is

relaxed in NOMA where several users share the same resource block [1].

Recently, NOMA is hot topic and has actively been researched. Different variants have

been proposed which can broadly be divided into two categories: power-domain (PD-

NOMA) [2] and code-domain (CD-NOMA) [3]. In PD-NOMA, several users can be served

in the same time slot, OFDMA sub-carrier, or spreading code, and multiple accesses are

achieved by assigning different power levels to the multiplexed users. Moreover, PD-NOMA

assign high power to the user having poor channel condition and less power to the user hav-

ing good channel condition. In CD-NOMA, two users are served with the same code in

the same resource block. The code CD-NOMA differs significantly from that of CDMA. In

reality, CDMA is based on the premise that users may be distinguished by the differences in

their spreading codes, whereas NOMA urges multiple clients to use the same code.

NOMA-based OFDM (NOMA-OFDM) will be the ideal solution for 5G communication
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systems to improve system performance in terms of resource usage. Using the same re-

source block, OFDM will give robustness against channel impairments, whereas NOMA

will provide massive connectivity. However, a major disadvantage of multicarrier systems is

that it has high PAPR in time domain. In a multicarrier OFDM system, the sub-carriers are

independent and identically distributed (i.i.d.) which, according to the Central Limit (CL)

theorem, results in a Gaussian-like distribution with a high PAPR, . When such as signal

is passed through a non-linear device such as high power amplifier (HPA), analog-to-digital

converter (ADC), e.t.c., it will drive the non-linear device to operate in its non-linear region

resulting in the transmit signal is clipping. This causes distortion within the band (in-band

distortion) which reduces the system’s bit error rate performance, as well as out-of-band ra-

diation, which results in inter symbol interference. Countermeasures needs to be taken to

avoid signal clipping by the non-linear circuitaries. One possible approach is to operate the

non-linear devices with larger back-up voltages; however, this is inefficient because the high

peaks are irregular and the signal amplitude remains low for the majority of time. Therefore,

altenative solutions are to use different PAPR reduction strategies to limit the peak power

excursions of the time domain transmit signal. To limit the high PAPR, various techniques

have been proposed in the literature for the conventional OFDM systems. However, few

attempts have been made so far for the PAPR reduciton in NOMA-OFDM systems.

For the conventional OFDM systems, Clipping [4], is the simplest techniques in which the

signal is clipped whenever its peak amplitude exceeds a given threshold. However, Clipping

has a number of disadvantages including the in-band disruption and out-of-band emission.

The in-band disruption leads to a decrease in performance in terms of high BER, which can

be mitigated by utilizing various error correction coding. To further improve the clipping

technique, Clipping and Filtering approach was proposed in [4] which helps in mitigating the

effect of out-of-band radiation. In Selected mapping SLM [14] multiple copies of the same

2



OFDM frame are created using different phasor vectors and the one with the lowest PAPR

is considered for transmission. SLM, on the other hand, is computationally demanding and

necessitates the communication of side information about the phasor to the receiver. Muller

and Huber, in [14], proposed partial transmit sequences (PTS) which is another well-known

strategy for PAPR reduction. PTS works on the same idea as Selected Mapping, i.e., mul-

tiple signal representations containing the same information. PTS divides the information

bearing frame into separate sets and applies the phasor vectors to each sub block separately.

The transmission of a mixture of these sub blocks with a low PAPR is then chosen. PTS

has slightly better performance than SLM, however, it comes with additional computational

complexity. Tellado proposed the Tone Reservation (TR) technique for PAPR reduction in

[15]. It is the simplest of the PAPR reduction algorithms. TR divides an OFDM frame’s

total sub-carriers into two sets, one set of sub-carriers is utilized for data transmission, while

the other set is employed to generate a corrective function, which is then used iteratively in

time domain to limit the transmit peak excursion of the signal. Pre-coding-based solutions

show promise behavior since they are simple to implement and do not require any extra in-

formation to be sent with the transmitted signal [12]. A significant variety of techniques have

been proposed to resolve the PAPR problem in OFDM-based systems [9] [10] [11]. In [12],

the Walsh Hadamard transform (WHT) is used for the first time to resolve the issue of high

PAPR in OFDM systems. Similarly, Zad-off-chu sequences has been studied for OFDMA

systems to reduce PAPR [13]. The discrete Hartley transform (DHT), another pre-coding

approach, has also shown promise in lowering PAPR.

Trellis shaping (TS) is considered to be a very efficient PAPR reduction technique in the

literature. TS was first proposed by Forney’s in [6], where the author used Viterbi algorithm

to efficiently minimize the average power of M− QAM signals. Later on, the idea of TS

was extended for PAPR reduction by Henkel and Wagner in [7], where the authors showed

3



that TS may be used to reduce the high peak power of OFDM signals. Werner proposed

two metrics, one each for time and frequency domains. The authors showed in [7] that the

time domain metric has high PAPR reduction capability at the expense of computational

complexity. In [16], Ochiai extneded the TS idea and proposed a frequency domain metric

for the search in the viterbi algorithm based on the minimization of the autocorrelation of

the side lobes.

In conventional OFDM systems, the aforementioned strategies have been extensively used

for PAPR reduction, however, relatively little work has been done in NOMA-based OFDM

systems. A first approach was made by Arsala Khan et al. in [17], where the authors have

proposed the first method for reducing PAPR in NOMA-OFDM systems. To tackle the

PAPR problem in downlink NOMA, a pre-coded NOMA system was presented in [17]. In

NOMA, various unitary transforms such as the Walsh Hadamard transform (WHT), Zadoff

chu transform (ZCT), and discontinuous Hartley transform are used to resolve the PAPR

problem. T-transform, a hybrid of WHT and ZCT, was also suggested as a novel pre-coding

technique in [19]. Herein, we propose a modified TS algorithm for PAPR reduction in

NOMA-based OFDM systems. We also propose a hybrid scheme; Active Constellation

Extension (ACE) based trellis shaping for PAPR reduction in NOMA-OFDM systems.

1.2 Problem Statement

OFDM is considered as a possible candidate for future communication system due to its

robustness against multiple path fading. Moreover, NOMA relaxes the orthogonality con-

straint which helps the future communication systems to provide massive connectivity. Thus,

NOMA-OFDM are considered as a running candidate for 5G and beyond communication

systems. However, a major drawback of NOMA-OFDM is its high PAPR, which is limiting

its way to be deployed as a connected service in future wireless communication systems.
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Transmit signal with sporadic high peaks when passed through non-linear devices, such as

HPA, ADC, e.t.c., will drive them to operate in their non-linear regions, which, thus, results

in signal clipping. Clipping distorts the signal and results in system performance degrada-

tion. Therefore, countermeasures need to be taken before passing such a signal through the

non-linear devices. Different approaches has been made by different researchers in the litera-

ture to limit these peak excursions. Herein, we propose TS for PAPR reduction in down-link

PD NOMA-OFDM systems. To keep the peak excursion to a minimum, TS is one of the

greatest approaches available in literature for PAPR reduction in multicarrier systems. As

compared to SLM, PTS, TR and clipping, TS shaping provides best results in terms of PAPR

reduction without signal distortion for average computational complexity [2]. Moreover, TS

does not increase the mean transmit power as it did in the case of TR [1]. To further im-

prove system’s effectiveness, higher trellis-depths shaping codes are used in TS. Beside TS,

a hybrid scheme: ACE-based TS for PAPR reduction in NOMA-OFDM is proposed which

further improves the system performance for a marginal increase in the mean power.

1.3 Objectives

The goal of this study is to accomplish the following objectives:

1. To evaluate and analyse TS as possible solution for PAPR reduction in NOMA-OFDM

systems which helps in improving the system performance.

2. To evaluate the proposed scheme’s performance considering shaping codes of various

trellis depths.

3. To analyse the formance of a hybrid PAPR reduction algorithm, i.e., Active Constella-

tion Extension based Trellis Shaping for PAPR reduction in NOMA-OFDM systems.
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1.4 Contributions

PAPR reduction is a hot area of research. Different PAPR reduction approaches, including as

clipping and filtering, SLM, PTS, and TR, have been presented in the past for conventional

SISO-OFDM systems. A first approach for PAPR reduction in NOMA-OFDM systems was

made in [2], where the authors have employed Linear Pre-coding Techniques. The main

contributions of this research work are

1. We propose and evaluate Trellis shaping for PAPR reduction in down-link PD NOMA-

based OFDM systems, which is not available in the literature, to the best of our knowl-

edge, and thus makes this study particularly unique. Simulations have been carried out

to evaluate the performance of NOMA-OFDM system in terms of PAPR reduction.

2. This study also comprise of the use of different shaping codes with higher trellis depths

in the TS algorithm to further improve the system performance.

3. As a third contribution, a hybrid scheme: ACE-based TS is proposed for PAPR re-

duction in NOMA-OFDM systems. Simulation results are provided which show the

effectiveness of our proposed hybrid scheme.

1.5 Road Map

This thesis is organized in six chapters:

• Chapter 1: comprises of introduction and objectives as well as the contributions that

we have made in this report

• Chapter 2: includes some preliminaries and background about NOMA, OFDM and

OFDM-NOMA systems. It also provides brief summary of the already existing PAPR

reduction techniques.
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• Chapter 3: provides details about PAPR, quantitative measurement of PAPR, conse-

quence of high PAPR and different PAPR reduction techniques available in the litera-

ture.

• Chapter 4: presents our suggested OFDM-based NOMA system model using TS for

PAPR reduction. Moreover, it also provides the simulation results obtained with our

proposed approach. The chapters also discusses the effect of using higher trellis depths

shaping codes on PAPR reduction.

• Chapter 5: introduces our proposed hybrid PAPR reduction algorithm: ACE-based

TS for PAPR reduction in OFDM-NOMA systems to enhance system’s performance

in terms of PAPR. The simulation results provided shows a substantial gain in terms

of PAPR using the hybrid scheme.

• Chapter 6: concludes our investigation as well as pointing out some potential for

future works.
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Chapter 2

OFDM-NOMA

2.1 Orthogonal Frequency Division Multiplexing

Orthogonal frequency division multiplexing (OFDM) is a multi-carrier communication sys-

tem with orthogonal sub-carriers. OFDM is used for high speed data transmission over

noisy channels, reliably. It involves dividing a wide-band channel into a set of orthogonal,

sequential, narrow-band sub-channels, which are ideally independent. Each sub-carrier is

individually modulated using any digital modulation scheme, i.e., QPSK, M-QAM, e.t.c..

Information is carried by these closely spaced orthogonal sub-carriers. The symbol rate is

kept low so that it stays similar to the conventional single-carrier modulation technique. The

symbol duration in OFDM is increased to combat the inter symbol interference (ISI). OFDM

has diverse applications in in wireless communication networks, 4G/5G mobile communica-

tion, and digital video and audio broadcasting. Furthermore, OFDM has a lot of advantages,

e.g., it is highly spectral efficient, resource allocation can be done flexibly, as well as OFDM

is resistant to ISI. Because of its ability to deal with difficulties like multi-path propagation

and higher data rates, OFDM is extremely important to spectral efficiency and data rates. A

complete description about evolution of the OFDM systems can be found in [22, 23].

2.1.1 Basic Principle of OFDM System

Data bits streams are mapped on multiple carriers simultaneously in OFDM. This approach

divides the transmission frequency band into a number of sub-bands, with the spectrum of

each data symbol occupying one of them. [24] [25]. To reduce ISI between the sub-channels,

the number of sub-channels are chosen in such a way that bandwidth of the sub-channel is
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less than the coherence bandwidth of the channel. For better utilization of the bandwidth,

OFDM allows frequency spectrum of an individual sub-carrier to overlap.

Binary data from a data source is encoded using a forward error correction (FEC) code at

the transmitter. The encoded serial data stream is subsequently passed through the symbol

mapping block, where the encoded data is modulated using different modulation schemes

such as QPSK, M-QAM, and others. The modulated M-QAM symbols are then passed

from a serial to parallel converter (S/P). After S/P, the modulated symbols are sent to the

IFFT block where these modulated symbols are converted into time domain signal. ISI is

significantly reduce by introducing a guard band between the OFDM symbol. After adding

a guard interval to the time domain signal, the parallel data is subsequently transformed to

serial data stream using a parallel-to-serial (P/S) converter and is the serial data stream is

passed through a digital-to-analog converter (DAC) block which converts the digital signal

into an analogue signal. The analogue signal is the transmitted via the transmitter antenna.

The signal is received at the receiver’s end, and the carrier synchronizer performs carrier

synchronization. Through the use of a analog-to-digital (ADC) converter, these signals are

transformed back to the digital form. Afterwards, the guard removal block and the time syn-

chronizer block are responsible for guard removal and time synchronization, respectively.

The time domain signal is converted into frequency-domain signal using an FFT block,

which perform this operation on the signal received at the receiver after removal of the

guard interval from the received signal. After converting the signal into frequency domain,

channel estimation is done using equalizer on the frequency domain signal. After channel

estimation, de-modulation is performed on the estimated symbols for demodulation, using

the same schemes that were used at the transmitter end. Through a P/S converter, the paral-

lel data stream is transformed into serial data. Finally, decoder is used to do bit decoding to

decode the transmitted information.
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2.1.2 Discrete Time OFDM Model

System model of a DT-OFDM is as shown in fig. 2.1 where the input bits are mapped first

to the M-ary QAM symbols

X = [Xn] n = 1, 2, · · · , N. (2.1)

where [Xn] is the nth sybmol written as

Xn = XI(j) +XQ(j) (2.2)

The data rate and channel parameters are the only factors that determine the M -ary QAM

constellation to use. Another advantage of OFDM is that the same QAM constellation isn’t

required for all [Xn], therefore, several modulation can be utilized at the same time. Bit

loading and power loading are two resource allocation strategies that are employed in differ-

ent modulation schemes. After mapping, the M -ary QAM symbol is sent to a S/P converter,

where the sequential data stream [Xn] is converted into an equivalent data steam [Xn]. An

IDFT (IFFT) modulator is used for converting the OFDM frame into time domain.

[xk] = IDFT[Xn] =
1√
N

N∑
n=1

Xne
j 2πnk

N
k = 1, 2, · · · , N . (2.3)

After IFFT, P/S converter converts the time domain samples into serial data stream. The

OFDM signal is augmented with CP before transmission to combat ISI having length µ.

First, at the receiver, the cyclic prefix is removed, and the signal yk is converted from a

serial to a parallel data stream. The symbol’s DFT is obtained. Finally, the obtained symbols

are decoded as follows:

[Yn] = DFT[yk] =
1√
N

N∑
k=1

xke
−j

2πnk

N
n = 1, 2, · · · , N (2.4)
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The orthogonality condition must be met in order for the detected symbol to be demodulated

at the receiver, i.e., Tsδf = 1, the transmitted signal xn,k is received

xn,k =
1

Ts

∫ Ts

0

xn(t)e
−j2πk∆ftdt (2.5)

Figure 2.1: Block Diagram of OFDM

2.2 Non-Orthogonal Multiple Access

Conventional OMA techniques have facilitated users in the utilization of orthogonal re-

sources. It can only serve a single user in a particular time slot or resource block. Due the

orthogonality constraint, it cannot handle a large number of users with limited orthogonal

resources. As future communication technologies aim for massive connectivity, therefore,

OMA technologies and their performance is not compatible with the requirements of 5G

communication. NOMA, on the other hand, are well suited to offer massive connectivity

as a requirement due to spectrum scarcity in 5G technology, as they address vast connec-

tions with limited resources. Essentially, the NOMA method allows different users to share

the same available resource by sending their data over the same channel at the same time.

For example, in CD-NOMA, non orthogonal can be achieved by by employing user-specific
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signatures while transmitting and receiving data. The reception device on the receiving end

exploits the non-orthogonal sequences assigned to individual users on the broadcasting side

in a multi-user detection system. Normally, devices are constrained by scheduling requests

to transmit their data, however, researchers considers NOMA for grant-free transmission to

see the possibilities of handling huge connections. Many variations of the NOMA principle

have been offered in recent literature, all of which are based on its two essential categories:

power-domain NOMA and code-based NOMA. Herein, otherwise stated, we will be consid-

ering power domain NOMA.

2.2.1 Basic Principle of NOMA

NOMA is a multiple access approach used in 5G. The main purpose of NOMA is that BS

provides services to multiple users. It serves multiple customers at the same time and fre-

quency block. At the transmitter end, superposition coding is carried out by superimposing

multiple signals and successive interference cancellation (SIC) is being performed at the

receiver end.

Figure 2.2 shows a block diagram of a typical power doamin NOMA system. As shown

in the figure, two users UE1 and UE2 , generate binary data in the form of 0’s and 1’s. The

data generated by UE1 and UE2 is passed through a modulation block where M − QAM

Modulation is being performed. After modulation, each user is assigned different power

levels on the basis of their distance from the central base station (BS). A user closer to BS

is allocated less power and the user which is far from the BS is allocated more power. After

power allotment, superposition coding is being performed where the signals from both the

users are superimposed and transmit as a single signal. In NOMA-OFDM, this superimposed

signal in S/P converted and is passed an IFFT modulator to convert it inot a TD signal. After

converting signal into time domain, a guard interval known as cyclic prefix is appended
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Figure 2.2: Block Diagram of NOMA

to the transmit signal which help in minimizing the effect of ISI. After adding the CP, the

signal is transmitted over an additive white Gaussian noise (AWGN) channel where noise

is added. At the receiver, reverse operations are performed till the FFT block. After FFT

block, i.e., conversion from TD to FD, SIC is carried out at the user who has less power and

the other user’s data is transmitted to demodulation block where QAM-demodulation takes

place and we get the desired data of that user. After performing SIC the data is transferred

to demodulation and get the desired data of that user.

2.2.2 Superposition Coding and Successive Interference Cancellation

Transmitter use superposition coding (SC) to multiplex two users, whereas at the receiver,

Successive Interference Cancellation (SIC) is used to extract each users data. At the trans-

mitter side, all the signals containing information are superimposed into a single waveform,

whereas SIC perform decoding on each signal till it gets the required signal at receiver.

The strongest signal is the first one to be decoded using SIC considering the rest as inter-

ference’s. In the later stages of SIC decoding, the signal that is decoded first is subtracted
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from the received signal to decode the signal for the remaining users. If the decoding is

performed without any error, the remaining signal from the waveform is perfectly obtained.

This process is repeated until we get the signal for all the multiplexed users.

The success of SIC depends on how we perform signal cancellation in each iteration step.

Power between the users should be accurately divided by the transmitter. Power allocation

algorithm is different for both uplink and downlink NOMA.

2.2.3 Power-Domain NOMA

In PD-NOMA, powers of different level are allocated to users as their signatures. These

power levels are determined on the distance between the BS and users. At the receiver side,

utilizing successive-interference cancellation the users data are extracted. The PD-NOMA

concept was first introduced in 2013 [40, 41, 42, 43, 44], allowing many users to share the

same time-frequency resource at the same time, hence, improving the spectral efficiency of

the wireless networks. Power domain NOMA is further categorized as Downlink-NOMA

and Uplink-NOMA. Here we are restricted to Downlink-NOMA. In the next section we will

be discussing about Downlink-NOMA. [40,41,42,43,44]. Next section discusses both these

terms in detail.

Down-link PD-NOMA

In down-link PD-NOMA, SC is done at the transmitter whereas SIC is performed at the

receiver side as shown in Fig. 2.2.3. Consider a central base station (BS) with two users UE1

and UE2 . Every user receives a certain portion of power based on its distance from the BS

at the same time. Let’s UE1 lies close to the BS, whic would mean that it is in the higher

SNR region, has a high channel gain, and has superior channel conditions. Therefore, UE1 is

assigned small portion of the total power PT , i.e., P1 = αPT . Similarly, if UE2 lies farthest

from the BS, it will have worst channel condition is assigned to the low SNR zone. UE2 is
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Figure 2.3: Downlink NOMA Network

therefore assigned high power as compared to UE1 , i.e., P2 = (1− α)PT .

In down-link PD-NOMA, the BS superimposes wave-forms containing information for its

serviced clients. At the receiver side, each user detects its own signal by employing SIC. The

network consists of BS and K number of clients referred as UEs as shown in Fig. 2.2.3. UE1 ,

the user that is close to the BS and let UEk
is the user that is far from the BS. Deciding how to

distribute power among different clients is a challenging task for BS, which is important for

SIC because if we don’t know the power we are unable to perform SIC and unable to extract

the signal error free. In Downlink-NOMA, high power is assigned to the user that is located

further from the BS, whereas the user that is close to the BS is assigned less power. Every

user in the network receives the same signal, containing data for all users. Each user starts

by decoding the strongest signal first, and then subtracts it from received signal. Subtraction

is repeated until the SIC receiver finds its own signal. Signals from UEs further away can be

cancelled by UEs closer to the BS.
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Power Allocation in Downlink NOMA

The issue for BS is selecting how to distribute power among a large number of information

wave-forms, which is critical for SIC. The UEs placed distant from the BS receive greater

power in down-link NOMA, whereas the UEs that has a less distance from the BS receives

less power. Every UEi
in the network gets the same signal, which contains data for all the

users. Decoding of the signal starts for the user that has worst channel condition and con-

taining more power and then subtracting it from the signal received. This cycle is repeated

until the SIC receiver detects all the desired signal. UEi
that has less distance from the BS

can cancel signals from UEs that has more distance from the BS. Because the signal from

the UEi
that has more distance contributes the most to the signal we received at the receiver,

it is decoded first. The signal we get at the transmitter side by the BS is represented as:

x(t) =
K∑
k=1

√
αkPTxk(t) , (2.6)

where the individual waveform for transmitting information is xk(t), the power allocation

coefficient is αk , and the power available at the base station is PT . The power allotted to

each UEK
at this time is Pk = kPT . The power is divided based on the distance between

the UEs and the BS. UE1 is the closest to the BS and thus receives the least power whereas

UEK
is the farthest and therefore receives the most power. The signal we received at UEK

is

represented as:

yk(t) = x(t)gk + wk(t) , (2.7)

where gkis the channel attenuation factor for the BS-to-UEK
, wk(t) is the additive white

Gaussian noise at UEK
with mean zero and spectral density N0(W/Hz).

2.2.4 Code Domain NOMA

Code domain is the second main category of NOMA schemes, in which sharing of the same

time-frequency resources by multiple users is done using unique spreading sequences. Al-
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Figure 2.4: Power Allocation in NOMA

though, the concept is inspired from the typical CDMA, however, there is a difference in the

code-domain NOMA as it has non-orthogonal or sparse and low cross-correlated spreading

sequences [59]. Two main components can be used at the receiver of code-domain NOMA,

i.e., an SIC for separating users and message passing algorithm (MPA) technique for multi-

ple user detection [60]. Figure 2.2.4 shows system model of CD-NOMA.

2.3 OFDM-based NOMA

NOMA-based OFDM is one of the most capable technology for the next generation of com-

munication. It is a viable way out to attain capacity gain over OMA-based OFDM. It has the

potential to significantly boost data rate and spectral efficiency. A block diagram of down-

link PD NOMA-OFDM system is as shown in Fig. 2.6. Users data is first mapped using

M−QAM mapper and is assigned with different power levels. After superposition coding,

the data is passed from a S/P converted and is transformed into time domain using an IFFT
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Figure 2.5: System Model of CD-NOMA

modulator. A CP is appended with the transmit signal to combat the effect of multi-path

fading and ISI and is transmitted over the channel. At the receiver side, reverse operations

are done to recover the recover the data transmitted.

One of the most important issue that OFDM-based system suffers is their high PAPR,

which causes the HPA to operate in its non-linear region. Operating the HPA in non-linear

region will clip the signal resulting in degradation of the system’s performance. To overcome

the problem of high PAPR in NOMA-based OFDM systems, different approaches have been

made. In [60], to tackle the problem of high PAPR, a strategy based on pre-coding and

dummy sequence insertion (DSI) was presented. In [61], a novel pre-coding method with

Zadoff-Chu matrix transform (ZCT) is proposed to overcome this problem of high PAPR.

In [62], the author propose a method to overcome the previous limitations, a low complexity

PTS-based method based on the dummy sequence insertion (DSI) technique and the cyclic
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shift sequence (CSS) PTS. In [63], different unitary transforms, such as WHT, ZCT, and the

discrete Hartley transform, are employed by Arsla Khan et. al., to minimize the occurrence

of high peaks. Furthermore, in [63], the authors have used T-transform, a mix of WHT

and ZCT, as a new pre-coding strategy to tackle the problem of high PAPR in OFDM-based

NOMA systems. Herein, we propose Trellis Shaping to overcome the problem of high PAPR

in NOMA-OFDM systems.
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Chapter 3

PAPR Reduction Techniques, A Literature review

3.1 Performance Analysis of PAPR of OFDM System

OFDM is now receiving intensive development for wireless transmission due to its en-

durance against multi-path fading channels. It does, however, has a major flaw, i.e., the

high PAPR, which is a main hurdle for the practical application of the OFDM/ multicarrier

systems. Efficiency of the system is reduced in case of high PAPR, as the signal is clipped by

the non-linear circuitry’s. Subsequently, we’ll discuss about PAPR, how to quantify PAPR,

and the counter-measures taken so far for PAPR reduction.

3.2 PAPR Of OFDM System

3.2.1 Peak-to-Average Power Ratio

OFDM have many advantages including no/minimum ISI, ease in implementation using

DFT/ IDFT, have optimal spectrum utilization with the overlapping orthogonal sub-carriers,

all of which have led to its adoption in current communication systems. However, the OFDM

symbol inherits a key flaw, i.e., it has high PAPR. The symbols modulated with M−QAM

are believed to be dispersed in a uniform manner, i.e., are i.i.d., which results in a Gaussian-

like distribution according to the Central Limit Theorem (CLT). As a result, the TD signal’s

peak power and average power are drastically different. The difference between an OFDM

signal’s peaks power to its average power is known as PAPR [31], mathematically defined

as

PAPR(x) =
max
1≤k≤N

[|xk|2]

E{|xk|2}
, (3.1)
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where max |xk|2 represents peak power of the envelope and E{|xk|2} denotes the average

power over an interval 1 ≤ k ≤ N of the OFDM symbol.

3.2.2 PAPR and Crest factor

In literature, both PAPR and crest factor are often used interchangeably, however, both the

terms are different from each other. It is a way of decreasing high PAPR of the TD signal

such that power amplifier at the transmitter side will be operated efficiently. The crest factor

of a waveform is a measurement of how high the peaks are. It is used to calculate the ratio

of the peak to effective mean value. Extreme peaks of the waveform are denoted by crest

factor. Mathematically, crest factor can be written as

Cf (s(t)) =
max |s(t)|
max |s(t)2|

(3.2)

However, squaring the crest factor gives the PAPR, i.e.,

PAPR = c2f or Cf =
√
PAPR (3.3)

PAPR and Crest factor are equal when measured in dBs.

3.2.3 Cumulative distribution function (CDF) and Complementary CDF (CCDF)

To evaluate and compare the system performance in terms of PAPR, CCDF is used in the

literature to calculate how long a signal stays above its average power limit. It is also used

for investigating the PAPR reduction in OFDM systems. It essentially illustrates an OFDM

frame’s PAPR in contrast to a pre-defined threshold τ . Mathematically:

CCDF(PAPR) = Pr > τ . (3.4)

For understanding the statistical analysis, let X = [xn] be an input of i.i.d. M − QAM

symbols with variance σ2
k = [xkx

∗
k] and zero mean. The probability density function (pdf)
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can then be defined as

pdf(xk) = 2xke
−|xk|2 (3.5)

The CDF can then be formulated as

CDF (τ) = CDFτk(τ) = (1− e−γ)N , (3.6)

and the CCDF can be obtained as

CCDF (τ) = 1− CDFτk(τ) = 1− (1− e−γ)N . (3.7)

3.3 Consequences of High PAPR

Compared to a single carrier system, OFDM has the capacity to reliably transmit data at

higher rate, however, the main disadvantage of OFDM is its high PAPR. The transmit signal

in time domain has huge dynamic range, i.e., it has infrequent peaks that are higher than the

average power of the signal. These peak excursions drives the power amplifier to operate

in non-linear region, leading to signal clippings which in turns results in signal distortion

and spectral spreading. Occurrence of high peaks in a signal envelop takes place whenever

numerous signals’ instantaneous amplitudes have high peaks aligned at the same moment.

Many electronic devices (such as: A/D converters, HPA) have power limitations (for high

peak power). Thus, signal’s having high peaks when passes through these non-linear devices

get clipped. When the signal is clipped, it will cause disruption in the signal, which will af-

fect the system’s performance and it will degrade the performance in terms of BER. Actions

must be taken to alleviate high PAPR.

The solution to tackle this problem is, we can use high power back-offs with the non-

linear devices. Another solution is to operate HPA with high power backs, however, it is

inefficient in terms of power efficiency. Before passing the signal through non-linear devices,

alternative steps must be taken to limit these peak excursions. Many algorithms have already
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been proposed in the literature to solve this problem. Some of the well known approaches

proposed for SISO-OFDM are discussed subsequently.

3.4 PAPR Reduction in SISO-OFDM systems

Many methods for lowering PAPR have already been suggested in the literature which can

be divided into three categories, i.e., signal distortion methods, multiple signaling and prob-

ability methods, and coding techniques.

3.4.1 Signal distortion techniques

The main idea is to distort the signal before transmitting it through the PA, by doing so we

can reduce PAPR. This technique is further divided into four other PAPR reducing tech-

niques, as mentioned below.

Clipping and filtering

In clipping [], before passing a signal through the HPA, the high peaks of an OFDM signal

are clipped. This method uses a clipper to limit the signal to a predetermined clipping level;

if the signal exceeds the limit τ , the clipper will clip the signal; otherwise, the signal will

pass through, unaltered [40]. Mathematically, amplitude clipping can be defined as

C(x) =

{
x, |x| ≤ τ

A, |x| > τ

, (3.8)

where τ denotes the clipping level, which has been set to a positive number. Non-linear

processing is required to avoid clipping. Clipping is a non-linear method resulting in-band

distortion and out-of-band radiation. This will affect the BER and spectral performance of

an OFDM system. Filtering is applied to eliminate the out-of-band disruption, however,

it does not help in eliminating the in-band disruption. This will result in peak re-growth,

however, the BER is improved. The in-band distortion can be eliminated by taking multiple

FFt’s/IFFT’s, which increases the computational complexity.
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Figure 3.1: Clipping Model

Peak Windowing

In peak windowing [], the high peaks can be restricted by multiplying a weighting function

known as windowing function with the higher peaks of the signal. Commonly used window-

ing function in the literature are Hamming [], Hanning [], and Kaiser []. By matching the

window function with signal samples in such a way that its valley is amplified by the signal’s

peaks, the PAPR is lowered. The higher amplitudes of the signal samples get multiplied with

the lower amplitude of the signal’s samples. As compared to clipping, it will smooth out the

signal in a better way resulting in higher reduction in PAPR.

Figure 3.2: Peak Windowing Model
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Companding

Companding is typically used for voice signals, however, it can also be used for OFDM

signals to reduce PAPR as the peaks occur seldom. Companding has less complexity than

other approaches, moreover, its complexity does not alter as the number of sub-carriers

increases. LST, LAST, NLST, and NLAST are the four major classes of companding. µ-law

companding is another PAPR reduction approach. High peaks are kept while low amplitude

signals are increased in µ-law companding. The peak power is maintained but the average

power is increased, resulting in a PAPR reduction. After distortion, the companded signals

are represented by:

xc[x] = A
log(1 + µ( |x[n]|

A
)

log(1 + µ)
sgn(x[n]) , (3.9)

where A is the normalization constant and µ is the companding parameter. Before demodu-

lation, the retrieved signal is extended using the equation.

xe[x] = A
e[ x[n]

A sgn(x[n])
log(1 + µ)]− 1

µsgn(x[n])
(3.10)

Figure 3.3: Companding Block Diagram

Peak Cancellation

In this technique , multiple waveforms are generated by performing different operations

on them, i.e., scaling, shifting, and subtraction to get an appropriate waveform. As the
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name indicates, peak cancellation, so it is performing cancellation by subtracting the peak

cancellation waveform from the OFDM signal having high peaks. The waveform generated

is band-limited to a set of peak cancellation tones that are not used for data transmission.

In OFDM, this technique takes place after IFFT. Peak cancellation can be performed by

eliminating the peak cancellation waveform from the OFDM signal whenever the amplitude

of the peak exceeds certain threshold. Measure should be taken to avoid the creation of new

peaks during this process.

3.4.2 Probabilistic and Multiple Signaling Techniques

This method is beneficial in two ways. The first generates a variety of OFDM signal com-

binations and sends the one with the lowest PAPR. Altering the OFDM signal by including

phase angles, adding peak reduction carriers, or changing the constellation points is the sec-

ond method. PAPR reduces by optimizing the adjustment parameters.

Selective Mapping

In SLM approach [], multiple OFDM symbols are generated denoted as Xm, 0 ≤ m ≤

M − 1, each of the symbol is of same length denoted as N . These symbols contain the same

data as the original OFDM symbol X. This OFDM symbol set is obtained by multiplying

each element of the original data block X = [X1, X2, · · · , XN ] with each element of the

different phase sequences pm, each having length N and it is represented as

pm = [ejϕm,1 , ejϕm,2 , · · · , ejϕm,N ] 0 ≤ m ≤ M − 1 (3.11)

ϕm,k ∈ (0, 2π] for k = 1, 2, · · · , N . The modified symbol Xm after multiplying element-

wise with the mth phase sequence is passed through the IFFT block and transmit the one

with the lowest value of PAPR.

SLM’s potential to lower the PAPR is driven by two factors,
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Figure 3.4: Selective Mapping Block Diagram

1. The total number of phase variables

2. Design of phase sequences; However, as the number of phase sequences grows, the

system’s complexity grows as well, because of this SLM has the disadvantage that it

cannot be used in OFDM system with several carriers.

Partial Transmit Sequence

The idea of PTS is similar to that of SLM, however, in this technique is an N -symbol input

data set is divided into D disjoint sub-blocks. All of the sub-carriers are adjusted by a

phase factor specific to that sub-block. The phase factor chosen has a direct impact on the

minimization of the PAPR of the combined signals belonging to any sub block. Each block

is N/D in size and is assigned a set of tones, with all other tones set to zero. The PTS block

diagram is depicted in Fig. 3.5. The figure shows that the input data block is mapped prior to

serial-to-parallel conversion. This entire data set is then divided into sub-blocks and IDFT is

performed on each of these blocks. Before transmission, the disjoint signals are combined

after all of the sub-blocks have been optimized. The phase factor chosen for rotation affect

the PAPR of the combined signal, so it must be chosen carefully. Finally, the sub-block with

the lowest PAPR is chosen for transmission. PTS outperforms SLM in terms of performance,

but its computational complexity is higher. Aside from that, PTS uses differential coding or

must send side-information about the phase-factor.
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Figure 3.5: Block Diagram of Partial Transmit Sequence

PTS solution:

• Looking for a combination of the sub-blocks with tminimum PAPR involves high

processing which, therefore, makes computationally complex.

• Moreover, the ideal phase factors overhead must be supplied to the receiver in order

for the transmitted bit sequence to be successfully decoded.

Tone Reservation

The TR algorithm was proposed by Tellado in [31, 32]. The core idea of this technique

is that a subset of tones is reserved for reducing PAPR. These tones have low SNR, that’s

why they are not used to carry any information. The existing tones in an OFDM frame are

divided into two sets. One set of tones X is used to transmit data and the second set C, on

the other hand, is reserved for PAPR reduction with X
⋂
C = Φ. The reserved set of tones

are used to generate a corrective function. Both X and C are transformed into time domain

using the IFFT modulator to get x and c, where c is the corrective function in time domain.

The corrective function c is then iteratively added to the transmit signal iteratively for PAPR

reduction, mathematically,

x̃ = x+ c = IFFT(X+ C) . (3.12)

The Tone Reservation (TR) algorithm has the following main steps:
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• The information vector X is initialized and the reserved tones are set to 0

• X is transformed into time domain by taking its IFFT

• The position d of the peak is identified

• If |xd| is less than the pre-defined threshold τ , the process is terminated. Otherwise,

• The signal is modified before transmission according to:

x(i+1) = x(i) − α(x
(i)
d − ejarg{x

(i)
d } · τ)(r(N −m)(mod−N) (3.13)

The filter response was not taken into account by the TR algorithm given by the authors

in [31, 32]. Major drawbacks of TR algorithm are

• Capacity loss due to the reserved tones

• Mean power increase due to the addition of a corrective function with the transmit

signal for PAPR reduction.

Tone Injection

In Tone Injection (TI) [], the constellation point in the complex plane is mapped onto multi-

ple outer points, extending the constellation size, i.e., this technique extends the constellation

to a higher order constellation. The energy and phase of the constellation point changes when

it is mapped to any of the expanded constellation points. The distance between the extended

point and the origin determines the symbol’s energy in the constellation.

Major drawbacks of the TI algorithm is that due to the combination of signals with the

same phase, sometimes, there is a significant increase in PAPR problem. One can adjust the

PAPR by changing the phase and lowering the energy of the symbol points. Moreover, In

OFDM, a symbol is mapped onto the sub-carrier, which is nothing more than a frequency
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or a tone. When you increase the power of a symbol, you are injecting a tone, which means

you are giving more power to that symbol or injecting a tone to make it to a higher order

constellation, and you are also increasing the energy. Noise will arise if the distance between

the original constellation point and the extended constellation point is too near, affecting

detection. The following condition must be met in order to maintain the spacing between

the points, i.e.,

D = δd
√
M (3.14)

Advantage of this technique is that it does not require any side information to be sent along

with the OFDM signal.Drawback is that the OFDM signal’s average power will increase.

Moreover, an optimizer is required to pick the optimum points on which the original con-

stellation point must be mapped which, thus, increases the computational complexity at the

transmitter.

Active Constellation Extension

Active constellation extension (ACE) was first proposed by D.L Jones in [48]. The author

suggested a method termed as active channel modification for PAPR reduction in OFDM

and discrete multi-tones. In active constellation method, the outer constellation points in

the mother constellation are extended outwards and after that convex optimization is used

to identify the set of the extended points that best reduces the PAPR of the transmit signal.

Moreover, beside PAPR reduction, ACE has the capability to reduce the BER as well. A

major drawback of ACE is that it is computationally demanding. Afterward, S. Krongold

and G.R Wood [49,50] suggested a modified algorithm that improved the results of OFDM’s

PAPR reduction with the help of ACE. The suggested method is really efficient, but it is also

computationally demanding as the process involves convex optimization. Besides that, there

is an increase in the mean transmit power due to constellation extension.

30



Trellis Shaping

Initially, G.D Forney suggested the idea of Trellis shaping for reducing the average power

[34]. Henkel and Wagner were the one who suggested the concept of using Trellis Shaping

for PAPR reduction in multi-tone systems for the first time in [35], with further extensions

in [36,37,38,39]. The author proposed two metrics, the first metric is in time-domain and the

second one is in frequency domain, as a branch metric for trellis shaping codes [36]. It was

found that the time domain metric performance is better than the frequency domain metric,

however, it has higher computational complexity because of using various DFT/IDFT pairs.

TS is widely recognized as the most adaptable and appropriate PAPR reduction technique

in literature. Trellis shaping needs no side information transmission and is easily applicable

in almost all systems. Trellis shaping, unlike other PAPR reduction techniques, does not

introduce any nonlinear deformations. For the application of TS for PAPR reduction, a

technique with minimum complexity was developed that used autocorrelation of the side

lobes of the transmit signals in frequency domain by Ochiai in [45]. Trellis shaping performs

constellation shaping like coded modulation but does not provide any error correction which

shows that it relatively has a lower noise margin. Our work is based on PAPR reduction

using Trellis Shaping so we will discuss it in details in the next chapter.

3.5 PAPR reduction in OFDM-NOMA

A lot of PAPR reduction techniques have been proposed in the literature for conventional

OFDM systems as discussed earlier. So far very few PAPR reduction techniques have been

proposed for OFDM-NOMA system. Here we will be discussing those techniques in detail

3.5.1 Precoding Method

Arsla Khan proposed this method for the first time for PAPR reduction in the OFDM-based

NOMA system [17]. PAPR is reduced by multiplying the input data sequence with differ-
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ent precoding matrices such as Walsh Hadamard Transform matrix, Zadoff Chu Transform

matrix, T-transform matrix, Discrete Fourier transform, Discrete sine matrix transform, Dis-

crete cosine matrix transform and Discrete hartley matrix transform . After multiplying the

modulated input data sequence with any of these matrices the resultant signal vector will be

passed through an IFFT block as shown in the given block diagram. Consider 1 × N modu-

lated input data vector of the ith user as X(i) = [X
(i)
0 , X

(i)
1 , ...................., X

(i)
N−1] If we have

a N × N precoding matrix and call it P , then 1 × N precoded input data vector for the ith

user will be mathematically represented as:

D(i) = X(i)P = [D
(i)
0 , D

(i)
1 , ..........., D

(i)
N−1] (3.15)

Pi,m is the precoding matrix element in mth row and nth column where 0 ≤ i,m ≤ N − 1

At the receiver end the recieved signal gets multiplied with the inverse precoding matrix to

decode the recieved data. Mathematically represented as:

X̃(i) = D̃(i)P−1 = [X̃
(i)
0 , X̃

(i)
1 , ..................., X̃

(i)
N−1] (3.16)

Where D̃(i) is the recieved signal of the ith user after SIC and P−1 is the inverse precoding

matrix This method doesnot need side information to be transmitted and therefore doesnot

degrade the performance of the system in terms of BER. This method’s PAPR reduction

property is inferior to that of PTS-based methods.

3.5.2 Dummy Sequence Insertion Method

It is another PAPR reduction method implemented in OFDM-NOMA system [62]. In this

method the input data sequence is combined with a dummy sequence to generate first can-

didate signal and later passes through an IFFT block if its PAPR value is less than the given

threshold the system transmits the signal otherwise another dummy sequence is generated
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and added to the input data sequence and generates the second signal and pass it through

the IFFT block and the system will recheck the PAPR value. This process will be contin-

ued until we find an appropriate signal whose PAPR value is less than the given threshold.

If there is no such signal, then we will transmit that signal who has the least PAPR value.

The dummy sequence symbols contain no information so they can be ignored easily at the

reciever end and there will be no data loss. In this method there is no need to transmit side

information, therefore there will be no degradation in the performance of the system in terms

of BER. It has a low PAPR reduction property as compared to the other technique, and it is

computationally complex

3.5.3 PTS-based Method

Three different PTS-based methods are proposed in the literature for OFDM- NOMA sys-

tem, they are:

• C-PTS Method [62]

• DSI-PTS Method [?]

• DSI- Cyclic Shift Sequence PTS Method [?]

C-PTS Method

Here the block of input data symbols is divided into M-disjoint sub-blocks using the In-

terleave (IL-PTS), Adjacent (AP-PTS), or Pseudo-Random (PR-PTS) partitioning schemes.

After partitioning the each subblock passes through an IFFT block and each symbol gets

multiplied by a phase rotation factor bm. Then each disjoint sub-block recombine to get first

signal. The system takes the phase rotation factors from the following set of vector:

bm ∈ {e
j2πv
V |v = 0, 1, ......, V − 1} (3.17)
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bm is the phase rotation vector, V is the number of possible phases of rotation vector. After

multiplying each of the M sub-block with V different phases of the rotation vector and com-

bining them, the system will transmit the signal having least PAPR value. This system has

Figure 3.6: Block Diagram of C-PTS Method

a high PAPR reduction property, but it has an advantage that it must send the information

of the selected phase rotation factors to the receiver, this reduces the BER performance of

the receiver. Moreover, the main disadvantage of PTS-based methods is their high computa-

tional difficulty.

DSI-PTS Method

As shown by the block diagram, the DSI-PTS method inserts a dummy sequence into the

input data sequence. The new input block is made up of K data symbols and L dummy

symbols, as shown by W, where L = K and L+K = N. Later, the input data symbol block is

divided into M disjoint subblocks. The IFFT block is then used to transform each subblock

from the frequency domain to the time domain. Then, for each time-domain subblock sm, a

phase rotation factor bm is multiplied. The phase rotation vector is represented as:

bm ∈ {e
j2πv
V |v = 0, 1, ......, V − 1} (3.18)
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After multiplying each of the M sub-block with V different phases of the rotation vector

and recombining them we get the first group of signals . The signal with the lowest PAPR

value is chosen as the first candidate signal after constructing the first group of signals.

The signal will be transmitted if its PAPR value is less than the threshold. Otherwise, a

new dummy sequence is inserted, and the previously described process is repeated. This

process is repeated until all possible candidate signals are identified. If no signals with

PAPR values less than the threshold are found, the signal with the lowest PAPR value is

chosen to be transmitted. The computational complexity of the DSI-PTS method remains

Figure 3.7: Block Diagram of DSI-PTS Method

high. In addition, in this method, the transmitter must send the chosen phase rotation factors

to the receiver in order for it to decode the transmitted data. As a result, this method degrades

the system’s BER performance.

DSI-Cyclic Shift Sequence PTS Method

After inserting the first dummy sequence into the input block and dividing it into subblocks,

each subblock is passed through the IFFT operator in this method. Instead of multiplying
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the disjoint subblocks by the phase rotation factors, new candidate signals are generated by

cyclically shifting and recombining the subblocks in the time domain. Similarly to the DSI-

PTS method, the system will check the PAPR value in each iteration until it finds a proper

signal with a PAPR value less than or equal to the threshold. As previously stated, C-PTS

and DSI-PTS methods require a large number of operations to generate candidate signals,

whereas DSI-CSS requires far fewer. Furthermore, the DSI-CSS method reduces PAPR

slightly better than the DSI-PTS and PTS methods. It does not require the transmission

of side information, which is required for detecting the transmitted data in the C-PTS and

DSI-PTS methods.

Figure 3.8: Block Diagram of DSI-CSS Method
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Chapter 4

TS based PAPR reduction in OFDM-NOMA systems

NOMA is one of the best candidates to fulfill the ever growing demand of mobile traffic.

NOMA-based OFDM systems will offer massive connectivity with reliable transmission for

multicarrier transmission. However, a major drawback inherited by NOMA-OFDM is its

high PAPR which is a big hurdle for future technologies to adapt it. As we know that, due to

high PAPR, traditional NOMA are spectral and energy inefficient. Herein, we propose TS as

a possible solution to alleviate the problem of high PAPR in down-link PD NOMA-OFDM.

Moreover, to further improve the system performance, we will be using shaping codes of

different trellis depth in the TS.

4.1 System Model

Herein, we consider a downlink PD NOMA-OFDM system, with two users as shown in

Fig. 4.1. Moreover, The BS is considered to be equipped with single antenna feeding two

users which are equipped with single antenna as well. As shown in Fig. 4.1, we have two

receivers UE1 and UE2. Moreover, we consider that UE2 is far from the BS and is having a

bad channel as compared to UE1 which lie close to the BS. Based on their distances from the

BS, UE2 is assigned more power P2 as compared to UE1, such that PT = P1+P2. After M-

QAM mapping and power allocation, superposition coding is performed at the transmitter

to multiplex the signal of the user by taking advantage in their channel condition. We have

to improve the SE of the system. This is possible if certain criteria are met. At the moment,

SIC is being performed on the receiver side to extract appropriate data from the superposed

signals.

37



4.1.1 Description

As shown in Fig. 4.1, we have a BS and 2 users each user is transmitting binary data in

the form of 0’s and 1’s. The bits form M-QAM and each symbol is modulated when it is

passed through a modulation block where bits are mapped on the constellation points. The

M-QAM are then passed through a Trellis shaper, for shaping the symbols to lower down its

PAPR. The shaping can be done at two points; before the superposition, where the shaping

is performed on individual user. However, doing so will be spectrally inefficient as in that

case 2 bits one per each user will be added as redundant bit. An alternative solution will be

to apply trellis shaping after superpostion is performed. However, in doing so, the shaping

is performed on one user and the data of the other user is provided to the trellis shaper in

the matric calculation such that the over all PAPR is minimized. Therefore, to save system’s

capacity, we are applying TS on one user and pass the other’s user data through the modulator

as it is. By doing this, we can save capacity one bit per NOMA symbol, however, as a trade-

off the PAPR reduction capability is less of this approach. After TS, the NOMA symbols are

assigned different power levels to each user as discussed earlier that power is allocated on

the basis of the distance between user and the BS. As we are considering PD NOMA-based

OFDM system for downlink, so we are allocating more power to the user which is far from

the BS and least power to the user which is close to the BS. Lets UE1 be in a close proximity

of the BS, thus we will be assigning less power to UE1 as compared to UE2 . The channel

condition for UE1 is better as compared to UE2. After the allotment of power to the users

both the signals of the users are combined together and perform superposition coding. After

that the combined signal, i.e., PD-NOMA symbols is passed through a S/P converter. After

S/P, the NOMA-symbole are passed through an IFFT modulator and the signal is converted

into time domain. To cancel the effect of ISI, a guard band interval CP is added to the time
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domain signal and is transmitted through an AWGN channel after P/S converter, where noise

is added in the channel.

Figure 4.1: Proposed Model

At the receiver, the guard-band interval CP is removed from the received signal. After

removing the guard-band, the signal is passed through a S/P converter and an FFT demodu-

lator is used to transform the back into frequency domain. After FFT modulator, the signal

is P/S converted. Uptil now all the operations performed on both the users are the same. To

recover the individual users data SIC is performed. As both the user’s channel condition is

distinct from each other thus the recognition method is applied differently. As we know that

UE1 has allocated least power, therefore, to recover the signal of UE1 SIC is applied on the

received NOMA signal. Here the UE1 is containing residual of UE2 as interference. For

UE1, the strongest signal having more power is subtracted from the received signal and to

get the signal of UE1. A QAM-demodulator is later on used to demap the desired data of

UE1 . Moreover, UE2 is the strongest signal so it will pass as it is to the QAM-demodulator

and will be demapped for the desired data of UE2

4.2 Trellis shaping for PAPR reduction in NOAM-OFDM

Trellis shaping is the most promising techniques used to limit the high PAPR. For limiting the

PAPR, we propose trellis shaping for PAPR reduction in NOMA-OFDM systems. Moreover,
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as a metric for search in the trellis of shaping code, the auto-correlation of the side-lobes of

an OFDM signal is considered over here as proposed by Ochiai []. Moreover, we will be

considering the Type-I modullation as proposed by Ochiai.

4.2.1 TS System Model

Figure 4.2 shows block diagram of Trellis shaping, where Cs is the shaping code with rate

k/n where k is the total input bits to the encoder and n is the output bits. Let’s G be the

generator matrix of the convolutional shaping code Cs. The shaping code that is mostly used

is rate 1/ns, where ns is the number of the output bits. Let G be 1 × ns generator matrix

of the shaping code and let HT represents ns × (ns − 1) parity check matrix and (H−1)T

represents (ns − 1) × ns left inverse syndrome former of the shaping code. In our work,

we have employed a rate 1
2

convolutional codes as our shaping code. Let u be the input bit

sequence used for transmission having length 1× (B− 1)N , where B = log2(M), M is the

size of the constellation and N is the OFDM frame size. The input bits are demultiplexed

into two bits streams, i,e., ‘m’ and ‘n’ as shown in the figure. m is referred as MSBs and

Figure 4.2: Block Diagram of Trellis Shaping

n is referred as LSBs. The MSBs are first encoded by passing them through the inverse
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syndrome former, (H−1)T and we will get z on the output represented as:

z = m(H−1)T (4.1)

The LSBs are passed as it is. The generated output sequence z is modulo-2 added with a

valid code sequence y from the shaping code Cs and we will get z′ i.e.,

z
′
= z⊕ y (4.2)

where

y = iG (4.3)

G is the Generator matrix, and i is an arbitrary input bit sequence such that GHT = 0,

where 0 is an all zero vector of size 1× (n− k).

In order to get the information encoded at the transmitter by the inverse syndrome former

(H−1)T , the sequence y is right multiplied by HT , i.e.,

yHT = 0 (4.4)

whereas y is said to be a valid code sequence in Cs.

To retrieve the input data set m at the receiver side, z′ is passed through the parity check

matrix HT as:

z′HT = z⊕ yHT = zHT ⊕ yHT︸︷︷︸
=0

(4.5)

z′HT = zHT ⊕ 0 = m (H−1)THT︸ ︷︷ ︸
=I

z′HT = mI = m

4.2.2 Sign-bit Shaping

Sign bit shaping begins with a square constellation such as 16 × 16 square constellation.

Each coordinate of this constellation takes up values from the 16-point PAM constellation,

41



i.e., ±1
2
,±3

2
, · · · ,±15

2
and is normalized such that the minimum distance between the con-

stellation points dmin is 1. In two’s complement notation, the value of each coordinate is

represented by ”zabc”. In this case, z is the most significant bit. The remaining bits abc

are designated as the least significant bits. Each 2-bit output of the shaping code is used

as an MSB, which selects one of the M-QAM constellation’s in the four quadrants [45].

Furthermore, we consider Gray mapping for the M-QAM constellation known as Type-1.

4.2.3 Constellation Mapping for Sign-bit Shaping

Herein, we consider a rate 1/2 convolutional code for the sign bit shaping as in [47]. (H−1)T

encodes the msbs m data sequence to produce the binary sequence zk, where zk has a well-

established codeword y. The msb is used to select a quadrant from the M-QAM constel-

lation because zk and yk are both binary. For the LSBs, we will consider Type-1 mapping.

The four points in the equivalent class form uniformity with respect to both axes in Type-1

mapping. Because msbs selects the same energy points, this mapping does not possesses the

capability to reduce average power, which thus makes it ideal for the PAPR reduction. The

results in [33] shows that Type-1 mapping gives substantial PAPR reduction.

4.2.4 Metric Selection for PAPR Reduction in NOMA-OFDM

The metric calculation strategy for the shaping decoder used for PAPR reduction in trellis

shaping is critical. Various metrics for the Viterbi algorithm have been proposed in the

literature. These metrics exist in both the time and DFT domains. Positive and additive

branch metrics are required for valid branch metrics [44]. In [41], the peak power of the

transmit signal was chosen as the branch metric (time domain) for finding a valid code

sequence in the shaping code Cs. However, because peak power is not additive, this metric

does not meet the requirements of a branch metric. This metric directly applies the PAR
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criterion to the code sequence. The T.D peak power is calculated and updated at each path.

xkv = xkv−1 +
vl∑

n=(v−1)l+1

Xne
j

(
2π

N

)
kn (4.6)

This branch metric produces excellent outcomes, but it has a drawback that it has high com-

putational complexity. In the DFT domain, [41] suggested an alternative branch metric that

was highly dependent on the phase of the symbols and the tabulation of the block transition

matrix. This method, however, was limited to small block sizes. Another branch metric

proposed for papr reduction in the Viterbi algorithm takes non - continuous auto correlation

of the side lobes of OFDM signals into account. Mathematically represented as:

λ(yk) =
kns∑
m=1

|ρ| (4.7)

This branch metric is used to find a valid code sequence Cs. Another branch metric is sug-

gested by Ochiai in which author minimizes the sum of square of auto-correlation function∑n−1
m=1 |ρ|2 is applied to reduce PAPR. Because this metric is additive, it gets priority over

the previous branch metric, which only uses auto correlation of the side lobes.

λ(yk) =
kns∑
m=1

|ρ|2 (4.8)

Autocorrelation Representation of the OFDM Signal

Now, a metric that can be used in conjunction with the viterbi algorithm to minimize the auto

correlation of OFDM sequence side lobes is presented in [33]. Consider an OFDM signal

s(t) with N-subcarriers, which is written as:

s(t) =
∞∑

t=∞

sl(t)g(t− lTs) (4.9)
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Here, g(t) is the windowing function and Ts refers to the symbols period. The lth complex

base band OFDM symbol sl(t) centered at zero frequency is given by:

s1(t) =
1√
N

N−1∑
k=0

Al,ke
j2π(k−N−1

2 )t

Tu (4.10)

Where Al,kis the complex modulated symbol after trellis shaping. From the above equation,

we get [33]

|sl|(t) =
1

N
R0 +

2

N

N−1∑
m=1

|Rm| cos(2πm
t

Tu

+ argRm) (4.11)

Here, Rm shows the a periodic auto correlation function of the complex OFDM symbol

defined for m = 0, 1, ....N 1 as:

Rm ≜
N−1−m∑

k=0

Ak+mA
∗
k (4.12)

In the above equation, the first term is the dc component while the remaining term shows the

fluctuations in the OFDM symbol envelope [38]

y = argmin
y∈Cs

N∑
m=1

|Rm| (4.13)

This helps in the selection of a code word such that the auto correlation of its side lobes

is minimized. This aids in reducing the waveform fluctuations hence the dynamic range is

reduced.

Metric Design for the Viterbi Algorithm

In this case, a slightly different approach is used, namely to lessen the square of the absolute

value of the side lobes, which is mathematically represented as [38]

y = argmin
y∈Cs

N∑
m=1

|Rm|2 (4.14)

It is possible to make this minimization recursive. Assume that each shaping symbol is ca-

pable of powering n subcarriers. The shaping symbol yk is chosen at the kth stage according
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to:

yk = arg min
y∈Ck

s

N∑
m=1

|Ri
m|2 (4.15)

Ck
s is the set of the kth symbols of the shaping code Cs, µ(i) is defined as:

µ(i) ≜
i−1∑
m=1

|Ri
m|2 (4.16)

Where R
(i)
m is the aperiodic auto correlation of length i complex signal. The total number of

subcarriers processed up to the kth stage are given by:

i = (k + 1)n (4.17)

Metric for Sign-Bit Shaping

The recursive relationship for sign-bit shaping is as follows

Ri
m = Ri−1

m + δi−1
m i=2,3,......,N and m = 1, 2, ....i− 1 (4.18)

Where

δ(i)m ≜ AiA
∗
i−m (4.19)

To reduce the computational complexity all of the entries of δ(i)m can be computed before-

hand. By substituting the values in the above equation µ(i) is represented as:

µ(i) = µ(i−1) +

(i−2)∑
m=1

2R(R(i−1)∗
m δ(i−1)

m ) +
i−1∑
m=1

|δ(i−1)
m |2 (4.20)

The energy of the sub-carrier symbol is represented by the final element in this equation.

For Type-1 mapping, regardless of the path taken, this remains constant, so for mapping

techniques where average power reduction is not a concern, this can be omitted. Because it

uses a recursive approach, the computational complexity of this metric calculation is higher

than that of a typical viterbi decoder.
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4.3 Shaping codes with higher trellis depths

For PAPR reduction, shaping codes are utilized to shape the M-QAM constellation. Herein,

we also consider shaping codes of different shaping depths as it will further improve the sys-

tem performance in terms of PAPR. These shaping codes are characterized by their generator

matrix G, syndrome former HT and their left inverse syndrome former (H−1)T . Herein, we

presents the best convoluationl codes available in the literature.

4.3.1 4-State (5,7) Shaping Code

(5, 7) shaping codes have a 4-state trellis, with constraint length L = 2 and a minimum

hamming distance dfree = 3. The encoder has two memory units, or shift registers as shown

in Fig. 4.3. The generator matrix for this 4-state shaping code in the D domain can be written

as

G = [1 +D2, 1 +D +D2] (4.21)

The parity check matrix of this shaping code is denoted by HT and its inverse syndrome

Figure 4.3: Generator Matrix for (5,7) Shaping Code

former matrix is denoted by (H−1)T at the receiver side. This inverse syndrome former is

employed at transmitter side to encode the bit stream which forms the MSBs whereas the

LSBs are passed directly without encoding.

The parity check matrix HT for the (5, 7) in D-domain is given as:

HT = [1 +D +D2, 1 +D2] , (4.22)
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and its left inverse syndrome former (H−1)T , as shown in Fig. 4.4, is defined in D-domain

as

(H−1)T = [D, 1 +D] (4.23)

Figure 4.4: Inverse Parity Check Matrix for (5,7)Shaping Code

Bit Error Probability for 4-state Trellis

For the approximation of the bit-error probability of a four state trellis, union bound is used.

Union bound is used to find the error probabilities of the bits previously encoded by (H−1)T .

The Union bound is based on tree parameters and they are minimum hamming distance

dfree, Code’s weight distribution Ad and Pdfree the likelihood of a wrongly choosen path

at distance d. Union bound gives the sum of the error probabilities of the input bit sequence

over all paths across distance d.

P (E) =
∞∑
d

AdPdfree (4.24)

Considering an AWGN channel, the probability of choosing an inaccurate path at a distance

d is:

Pd =
1

2
erfc(

√
Es

N0

dfree) , (4.25)
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where Es

N0
represents signal-to-noise ratio for AWGN channel. The general equation for

calculating bit-error probability is represented as:

P (b) ≈ 1

k

1

2
Bdfree(e

−Es
N0 )dfree (4.26)

4.3.2 8-State (13,15) Shaping Code

In octal notation, the (15, 17) shaping code corresponds to (13, 15) in decimal notation and

creates an 8-state trellis with a constraint length L = 3. For this shaping code, the minimum

hamming distance dfree is 6 where its encoder contains three memory units, as shown in

Fig. 4.5. In D-domain, the generator matrix for this 8-state shaping code is given below

G = [1 +D2 +D3, 1 +D +D2 +D3] (4.27)

The parity check matrix is HT and its inverse syndrome former matrix is denoted by (H−1)T

Figure 4.5: Generator Matrix for (13,15) Shaping Code

at the receiver side. This inverse syndrome former is employed to encode the bit stream at

transmitter side which forms the MSBs. In D-domain, the syndrome former of (13, 15) HT

can be written as

HT = [1 +D +D2 +D3, 1 +D2 +D3] , (4.28)

whereas its inverse syndrome former (H−1)T , as shown in Fig. 4.6 is

(H−1)T = [D +D2, 1 +D +D2] (4.29)
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Figure 4.6: Inverse Parity Check Matrix for (13,15) Shaping Code

Bit Error Probability for 8-state Trellis

Same as for a 4-state shaping code, union bound is used to approximate the bit-error proba-

bility for an 8 state shaping code. Union bound is used to find the error probabilities of the

bits previously encoded by (H−1)T with minimum hamming distance dfree, code’s weight

distribution Ad and Pdfree the likelihood of a wrongly choosen path at distance dfree. For

the given code dfree = 5. Other parameters for the union bound are rate=1/2 code, k=1,

Bdfree= 1, and dfree= 5 for an 8-state trellis, the bit-error probability Pbs,f for the encoded

bit sequence is given by:

Pbs,f ≈ 1

2
(e

S
N )5 (4.30)

4.3.3 16-State (19,29) Shaping Code

As shown in Fig. 4.7, the (23, 35)8 shaping code corresponds to (19, 29) in decimal notation

and have 16-state trellis. For this shaping code, the minimum hamming distance dfree is 7.

The encoder contains four memory units. Generator matrix for this 16-state shaping code is

given below:

G = [1 +D +D4, 1 +D2 +D3 +D4] (4.31)

The parity matrix HT for (19, 29) is given as:

HT = [1 +D2 +D3 +D4, 1 +D +D4] , (4.32)
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Figure 4.7: Generator Matrix for (19,29) Shaping Code

and its left inverse (H−1)T , as shown in Fig. 4.8, can be defined as

(H−1)T = [1 +D,D] (4.33)

Figure 4.8: Inverse Parity Check Matrix for (19,29) Shaping Code

Bit error Probability for 16-state Trellis

Likewise, for the 16-state shaping code, the bit-error probabilities are calculated using the

following parameters, rate=1/2, k=1, Bdfree = 1, and dfree= 3. The bit-error probability Pbs,f

for 16-state trellis are given as:

Pbs,f ≈ 1

2
(e

S
N )3 (4.34)
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4.4 Results and Discussion

Herein, we provided the simulation results to validate the effectiveness of our proposed tech-

nique. The simulation have been carried out in Matlab R2015a. For simulation results, we

a consider a down-link PD NOMA-OFDM systems with a central base station feeding two

users. Moreover, 16-QAM constellation with Gray Mapping, with N = 128 sub-carriers.

Trellis shaping with (5, 7) 4-state shaping code is used for PAPR reduction in PD NOMA-

OFDM system. The simulation counter is set to 1000.

For PD NOMA-OFDM down-link scenario, we consider two different scenarios to apply

the TS, i.e.,

1. TS prior to the super position coding, i.e., doing trellis shaping on the individual users

before the superposition coding.

2. TS after the SPC, i.e, applying TS shaping on one users data. For this scenario, TS is

applied to one user whereas the data of the other user is provided and superposed and

input to the TS for calculation of the path metric in the trellis of a shaping code.

4.4.1 First approach: TS prior to the SPC

A block diagram of TS prior to the superposition coding is as shown in Fig. 4.9. As shown in

the figure, user U1 and user U2 data is passed through the trellis shaping block, individually.

Superposition coding is applied after TS, i.e., over the shaped QAM symbols, to get a NOMA

symbol. The NOMA symbols are then passed through a S/P converter followed by an IFFT

modulator, which converts data into the time domain.

Figure 4.10 shows simulation results of the proposed scenario for PD NOMA-OFDM with

128 sub-carrier. It is obvious from the figure that a gain of 3.2 dB at 10−3 can be obtained

with the proposed TS approach. However, the proposed gain is obtained at the expense of

computational complexity as well as capacity loss. Subsequently, we propose our second
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Figure 4.9: Block diagram of TS on both users

approach which has half the capacity loss as well as the computational as compared to the

first approach.
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Figure 4.10: CCDF(PAPR) using TS prior to SPC
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4.4.2 Second approach: TS on one user

TS can be applied on individual user in NOMA-OFDM, however, there are different pa-

rameters which needs to be considered. First, applying TS on individual user would mean

addition of two redundant bits per NOMA symbol, i.e., a capacity loss of 2 bits per NOMA

symbol. Applying TS on individual users is, therefore, spectrally in-efficient. Moreover, the

computational complexity using TS on individual user is high, as the TS algorithm needs to

be performed twice, once over each user. Besides that, there is a high possibility of peak re-

growth when the users data is superposed. Peaks of the two signal may add up constructively

resulting in peak regrowth.

An alternative approach will be to apply the TS algorithm on one user, as shown in

Fig. 4.11. In the figure, TS is performed on user U2, whereas, the data of user U1 is su-

per posed on U2 and is feed in to the TS. Thus, the effect of U1 is taken into account in

the branch metric calculation of the shaping code. This approach has two benefits, first,

one redundant bit is required per NOMA symbol. Therefore, it is spectrally more efficient

as compared to the earlier approach. Second, since TS is performed on a single user, thus,

the computational complexity of this approach is also half. Moreover, the effect of U1 is

considered in the branch metric calculation, thus, the chances of peak regrowth is very low.

Figure 4.12 shows simulation results of the proposed scenario for PD NOMA-OFDM with

128 sub-carrier. It is obvious from the figure that a substantial gain of 2.8 dB at 10−3 can be

obtained with the proposed TS approach.

4.4.3 Comparison of the two approaches

Figure 4.13 provides the CCDF curves for the proposed schemes. It is obvious from the

figure that the first proposed approach, i.e., TS before SPC gives better results than the

second approach. The gain obtained using the first approach, in terms of PAPR reduction,
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Figure 4.11: Block diagram of TS on one user
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Figure 4.12: CCDF(PAPR) using TS after SPC

is 0.2 dB higher than the gain obtained with the second approach. However, the trade-offs

for the superior performance of the first approach are; i) high computation complexity, as

TS is performed on individual users and 2) Poor spectral efficiency, i.e., NOMA symbol has
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two redundant bits, one bit per user which, thus, reduces it spectral efficiency. On the other

hand, the second approach performs TS on one user, in this case on user U2. Therefore,

the computational complexity is almost half as compared to the first approach. Moreover, in

case of the second approach, only one redundant bit is added per NOMA symbol, thus, the

capacity loss is also half as compared to the first approach.
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Figure 4.13: CCDF(PAPR) using TS of the proposed approaches

4.4.4 Trellis Shaping using higher states shaping codes

Forney demonstrated in his landmark paper [6], that the shaping gain can be increased by

using shaping codes of higher constraint lengths, i.e, with higher number of states. However,

it was mentioned in [6] that most of the gain can be achieved with a 4-state shaping code

whereas the higher depths code can be used to improve the system performance. Herein,

besides the 4-state shaping, we evaluate the performance of 8-states and 16-states shaping

codes. Different parameters of the given codes is provided in given Table.

55



Figure 4.14: Parameters of Different Shaping Codes

Figure 4.15 shows the CCDF curves for TS using different shaping codes for PD NOMA-

OFDM, with a window size ∆ = 128. It is clear from the figure that a gain of 2.8 dB

can be obtained using a 4-state shaping code, whereas, the gain obtained using an 8-state

shaping code is 3 dB. The system performance can further be enhanced using a 16-state

shaping code with a gain of 3.2 dB. A 16-state shaping code outperforms the 4-state shaping

code by 0.4 dB, however, this gain is obtained at the expense of additional computational

complexity. The computational complexity of TS using a 16-states shaping code is almost 4

time that of the 4-state shaping code. Thus, the trade-off for the additional gain obtained is

the computational complexity.
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Figure 4.15: CCDF(PAPR) of different shaping codes, with the same window size, i.e.,
∆ = 128

56



Chapter 5

Trellis Shaping Based Active Constellation Extension For PAPR
Reduction in OFDM-Based NOMA

https://www.overleaf.com/project/630df45c89faf025db867424 AS discussed in the previous

chapter, Trellis shaping has the capability for PAPR reduction in PD NOMA-OFDM systems

without any increase in the mean power of the transmit signal. To further enhance the sys-

tem performance, herein, we propose Active Constellation Extension (ACE) based Trellis

shaping for PAPR reduction in NOMA-OFDM systems. Moreover, it has been found in the

literature that shaping gain increases with the Trellis depth of the shaping code, therefore, to

further improve the system effectiveness, shaping codes of different depths are suggested.

5.1 Active Constellation Extension

Another well known technique for PAPR reduction is Active Constellation Extension. IN

ACE, the outer active constellation points are extend to lower PAPR. As shown in Fig. 5.1,

The outer constellation points are extended in the outward direction using QPSK. The Eu-

clidean distance between the constellation points grows as the constellation point are moved

away from the origin. As BER is a function of Euclidean distance, besides the PAPR re-

duction, BER therefore, improves as well. It can be seen in the figure that as we extend

any of the constellation points, the amplitude and phase change. In 16-QAM, the corner

or outer constellation points have the option of reducing the PAPR. The feasible region

is the comparable region fohttps://www.overleaf.com/project/62eb814c6ec6b9fed18d91aer

the outer points. The constellation points near the centre of the constellation do not have

the freedom to reduce the PAPR because extending them reduces the Euclidean distance

between them, affecting BER.
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Figure 5.1: Active Constellation Extension

The disadvantage of this strategy is that, when expanding the points outwards the average

power increases. Another drawback is that, as the constellation size grows larger, such as 64-

QAM for higher order constellations, the inner points of the constellation lose their ability to

lower the PAPR. However, there is a benefit in that no side information is necessary, resulting

in no data rate loss. For modulations with a large constellation size, the average transmitted

signal power has limited application in NOMA, therefore, ACE fits well for low data rates

systems using 16-QAM constellation.

5.1.1 Metric Design for ACE for OFDM Signal

Discrete baseband form for OFDM in time-domain can be expressed as:

xn =
1√
N

N−1∑
k=0

Xke
j2π kn

JN n = 0, · · · , JN − 1 (5.1)

In order to reduce peak power of an OFDM symbol, ACE scheme adds distortion to the

already modulated subcarriers. The distortion signal will be represented as:

x̂n = xn + dn =
1√
N

N−1∑
k=0

(Xk +Dk)e
j2π kn

N (5.2)
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Where dn and Dk represent the nth sample distortion and the kth subcarrier distortion, re-

spectively. The PAPR is given to measure the degree of power variation as follows:

ε =
max[n∈0,JN−1]|x̂n|

2

E|xk|2
(5.3)

The denominator in the preceding equation is the primitive that eludes variations in quantity

of reference. This is triggered by the increase in signal power following the ACE. Because

the average power in OFDM remains constant throughout the iteration, minimizing signal

peaks can be simplified as a reduction in maximum power. The peak reduction is written as

follows:

maximizeD||x+ F [D]||2∞ , (5.4)

where x = [x0, · · · , xJN−1]
T , D = [D0, · · · , DN−1]

T and F denotes the IFFT operator.

5.2 Active Constellation Extension based Trellis Shaping:

As previously stated, one of the key disadvantage of an OFDM system is it’s high PAPR,

which limits its implementation in many wireless communication technologies. To over-

come this problem multiple methods have been proposed by different authors in the litera-

ture with their pros and cons. Some of them have computational complexity such as SLM,

PTS and some of them employing convex minimization, some of them cause disruption in

the transmitted data such as clipping and filtering, some of them required reserved capac-

ity such as tone reservation. ACE is one of the greatest strategies for ensuring that data is

not disrupted during transmission.Extra information bits are not required for ACE or Trellis

Shaping to be delivered with the sent data.. As we have already discussed that TS has low

computational cost and it will not degrade the system’s performance. Here we have pro-

posed hybrid combination algorithm to reduce PAPR: TS based ACE. We have performed

trellis shaping to reduce PAPR through minimization of auto-correlation of side-lobes and
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Figure 5.2: NOMA-OFDM Using ACE based TS

we have performed ACE to reduce PAPR by enlarging the outermost constellation points and

convex minimization techniques are used to find an optimum solution. We have improved

the system performance by using idea of constellation extension and using TS to minimize

the autocorrelation of the side-lobes of the extended points with slight growth in complex-

ity. ACE will degrade the performance by cancelling the peaks of the transmitted signal in

time-domain.

5.3 Simulation Results

5.3.1 PAPR Reduction of Different Trellis Depths

In this section we have shown simulation results for PAPR of different trellis depths using

ACE and TS based ACE for the proposed system. Here we have performed simulation for

16-QAM using 128 sub-carriers and using 1000 as a simulation counter.We have performed

simulations using 4-state,8-state and 16-state trellis for the proposed system using ACE and

using TS based ACE. We have seen that the using TS based ACE PAPR is better than using

ACE. PAPR for highest state (16-state) is better as compared to the other states (4-state and

8-state).

Figure 5.3 shows the CCDF curves for NOMA-OFDM system using TS based ACE and

TS without ACE for scenario 2, i.e., TS after super position coding. It is clear from the
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Figure 5.3: CCDF of PAPR for ACE based TS VS TS

picture that the PAPR of the NOMA-OFDM system can further be improved by approxi-

mately 1.6 dB using TS based ACE as compared to applying only TS. It is quite clear that

using TS based ACE further improves the performance of NOMA-OFDM in terms of PAPR

reduction.

5.3.2 Simulation Results for the Proposed Model using ACE with different shaping

codes

Figure 5.4 shows the simulation results for ACE based TS with ∆=128 shaping codes of

higher depths, i.e., with 8-state and 16-state shaping codes. The right most curve shows

gain for 4-state trellis without PAPR Reduction. The Second curve form the right is for

4-state with TS only followed by 4-state ACE. It is obvious form the figure that the system

performance can be improved using shaping codes of higher depths. A gain of 0.8 dB can be
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achieved using a shaping code with 16-states as compared to using a 4-state shaping code.

However, this gain is obtained at the expense of additional computational complexity.
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Figure 5.4: PAPR of ACE using same window size
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Chapter 6

Conclusion and Future Work

6.1 Conclusion

Herein, Trellis Shaping is proposed to reduce PAPR in PD OFDM-NOMA systems. We

have used shaping codes of various trellis depths. Using higher Trellis depths, system’s

performance is enhanced in terms of PAPR as shown in the simulation results. By using

Trellis shaping we have a gain of almost 3dB. However, we get the gain at the cost of a slight

increase in the system computational complexity. A hybrid algorithm based on Active con-

stellation extension with trellis shaping is proposed for PAPR reduction in NOMA-OFDM

systems. Using shaping codes for higher Trellis depths are analyzed using TS based ACE

technique. Different Trellis depths with the same and different window size are analyzed.

The simulation results show that using the proposed hybrid scheme will further enhance the

effectiveness of TS for PAPR reduction in OFDM-NOMA systems.

6.2 Future Work

PAPR reduction using Trellis Shaping for higher constellation can be performed for the

proposed model to improve system’s performance in terms of PAPR. We have performed for

16-QAM in future we can use 64-QAM and 256-QAM. We can use higher trellis depths like

32-state Trellis to improve system’s performance
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