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ÖZET

GELECEKTEKİ KABLOSUZ SİSTEMLER İÇİN YENİ DALGA ŞEKLİ

TASARIMLARI: EŞEVRELİ OLMAYAN OFDM İLE ALT TAŞIYICI GÜÇ

MODÜLASYONU (NC-OFDM-SPM) & ÇOK KULLANICI YARDIMCI

SİNYAL SÜPERPOZİSYON İLETİMİ (MU-ASST)

Gelecekteki kablosuz sistemlerin, spektral verimliliği ve iletim güvenilirliğini artırmak,iletimi

güvence altına almak ve düşük karmaşıklık ve düşük gecikmeli iletişimleri garanti etmek gibi

çok zorlu gereksinimleri karşılaması beklenmektedir. Bu kapsamda, bu çalışma içerisinde

gelecekteki kablosuz sistemler için etkili bir tasarım sağlamak için bazı umut verici araştırma

yönlerini araştırıyor ve öneriyoruz: 1) spektral verimliliği artırmak ve gelecekteki kablosuz

sistemlerin tasarımındaki karmaşıklığı azaltmak için çok boyutlu OFDM modülasyonları ve

eşevreli olmayan (non-coherent) modülasyon tabanlı tekniklerin kombinasyonunu inceliyoruz.

Özellikle,bu bağlamda, alıcı kullanıcı / cihaz başına spektral verimliliği iki katına çıkarmak

için Non-Coherent Orthogonal Frequency Division Multiplexing with Subcarrier Power Mod-

ulation(NC-OFDM-SPM) olarak adlandırılan yeni bir teknik öneriyor ve üzerinde çalışıyoruz.

Ek bitler, bir OFDM bloğu içindeki alt taşıyıcıların gücünün ek bilgi iletimi için ek bir boyut

olarak manipülasyonu yoluyla gönderilir. Ayrıca eşevreli olmayan (non-coherent) modülasy-

onun kullanılması, bu teknikte düşük tasarım karmaşıklığı sağlamaktadır. 2) Gelecekteki etkili

ve güvenli çoklu erişim iletişimleri için yeni bir fiziksel katman güvenliği tasarımı öneriy-

oruz. Önerilen tasarım, Multi-User Auxiliary Signal Superposition Transmission (MU-AS-

ST) olarak adlandırılır ve mevcut geleneksel Power Domain NOMA için alternatif bir tasarım

olarak sunulur. Power Domain NOMA, sürüm 17’deki çalışma öğelerinden çıkarılmadan

önce, sürüm 13’ten 16’ya kadar 3GGP (3. Nesil Ortaklık Projesi/ 3rd Generation Partner-

ship Project) tarafından Multi-User Superposition Transmission (MUST) adı altında incelen-

miştir. Önerilen tasarım, kullanıcı verilerinin üzerine bindirilmiş yardımcı sinyalleri kulla-

narak hem dahili (güvenilmeyen meşru kullanıcı) hem de harici dinleyicilere karşı mükem-

mel gizlilik sağlarken, kullanıcılar arası müdahaleyi (inter-user interference) tamamen iptal

etmektedir. MU-AS-ST, geleneksel NOMA’dan daha iyi güvenilirlik sağlar ve Successive

Interference Cancellation (SIC) kullanmamaktadır. Dahası, bu tasarım, yalnızca eşleştirilmiş

(veya süper empoze edilmiş) kullanıcılar arasında önemli bir kanal farkının olduğu durumlarda

çalışan geleneksel NOMA’nın aksine, baz istasyonuna olan uzaklıklarından bağımsız olarak

herhangi iki kullanıcının kombinasyonu için çalışır. Ayrıca, tüm işlemlerin baz istasyonuna

taşınması, bu tasarımı IoT cihazları gibi işlemle sınırlı iletişim cihazları için cazip bir seçim

haline gelir. 3) Kablosuz iletişim için ayrılan spektrumun daha optimum kullanımı için alan ve

cihaz başına spektral verimliliği artırmak için çoklu erişim kurulumlarında çok boyutlu OFDM

modülasyon formatlarının entegrasyonunu inceliyoruz. Bu çalışmada, OFDM-SPM’nin MU-

AS-ST ile kombinasyonunu inceliyoruz, burada bu kombinasyonun alan ve cihaz başına spek-

tral verimliliği iki katına çıkardığını gösteriyoruz. Önerilen tasarımlar, spektral verimlilik,

iletim güvenilirliği, tasarım karmaşıklığı ve tepe / ortalama güç oranı (PAPR) gibi farklı per-

formans ölçütleri açısından kapsamlı bir şekilde incelenmiştir.

Anahtar Kelimeler: alt taşıyıcı güç modülasyonu, düşük karmaşıklık, eşevreli olmayan (non-

coherent)modülasyon, fiziksel katman güvenliği, gizli dinleme, güvenilirlik, güç alanı NOMA,

IoT, kablosuz iletişim, spektral verimlilik, yardımcı sinyaller, çok boyutlu OFDM, çoklu er-

işim.



ABSTRACT

NOVELWAVEFORM DESIGNS FOR FUTUREWIRELESS SYSTEMS:

NON-COHERENT OFDMWITH SUBCARRIER POWERMODULATION

(NC-OFDM-SPM) &MULTI-USER AUXILIARY SIGNAL SUPERPOSITION

TRANSMISSION (MU-ASST)

Future wireless systems are expected to serve very challenging requirements such as enhancing

the spectral efficiency and transmission reliability, securing the transmission and guaranteeing

low-complexity and low latency communications. In this scope, we investigate and propose

in this work some promising research directions for ensuring an effective design for future

wireless systems: 1) we study the combination of multi-dimensional OFDM modulations and

non-coherent detection for enhancing the spectral efficiency and reducing the complexity in

the design of future wireless systems. Particularly, in this regard, we propose and study a new

technique termed as ’Non-Coherent Orthogonal FrequencyDivisionMultiplexingwith Subcar-

rier Power Modulation (NC-OFDM-SPM)’ for doubling the spectral efficiency per receiving

user/device through the exploration of the power of the subcarriers inside an OFDMblock as an

additional dimension for conveying extra information. The use of non-coherent detection en-

sures low-design complexity in this idea. 2) We propose a novel physical layer security design

for effective and secure future multiple access communications. The proposed design is called

’Multi-User Auxiliary Signal Superposition Transmission (MU-AS-ST)’ which is presented as

an alternative design for the current conventional Power Domain NOMAwhich was studied by

the 3GGP (3rd Generation Partnership Project) from release 13 till 16 under the name ’Multi-

User Superposition Transmission (MUST)’ before being eliminated from the study items in

release 17. The proposed design superimposes auxiliary signals with the users data for can-

celling the inter-user interference fully while achieving perfect secrecy against both internal

(presence of an untrusted legitimate user) and external eavesdroppers. MU-AS-ST achieves

better reliability than conventional NOMA and does not use Successive Interference Cancel-

lation. Moreover, this design works for the combination of any two users regardless of their

distance from the base station unlike conventional NOMA which works only for the cases

where there exists a significant path-loss channel difference between paired (or super-imposed)

users. Furthermore, carrying all the processing at the base station makes this design an appeal-

ing choice for processing-restricted communication devices such as IoT devices. 3) We study

the integration of multi-dimensional OFDM modulation formats in multiple access setups for

enhancing the spectral efficiency per area and per device for a more optimal usage of the spec-

trum allocated for wireless communications. As an example of this integration, we study the

combination of OFDM-SPM with MU-AS-ST where we show that this leads to doubling the

spectral efficiency per area and per device. The proposed designs were studied thoroughly and

their performance was evaluated in terms of different performance metrics such as bit error

rate, spectral efficiency, design complexity and peak to average power ratio (PAPR).

Keywords: auxiliary signals, eavesdropping, IoT, low-complexity, multi-dimensional OFDM,

multiple access, non-coherent detection, physical layer security, power domain NOMA, relia-

bility, spectral efficiency, subcarrier power modulation, wireless communications.
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Chapter 1

Introduction

1.1 Motivation

Approximately, in every decade a new generation of wireless systems is being de-

veloped to address a set of communication requirements of that decade. Particularly,

this era is characterized with the rise of the internet of things (IoT) where billions of

devices which are equipped with sensing, communication and control capabilities are

being interconnected. Moreover, with the massive spread in mobile devices and the

emergence of new applications (e.g., extended reality, haptics, mission critical appli-

cations, ...etc), future networks (i.e., B5G/6G) should introduce novel transmission

designs which are able to cope with this reality.

In the following, we discuss some important communication requirements in the light

of the present and future wireless communication developments.

• Spectral efficiency (i.e., Capacity): This requirement is very crucial in the cur-

rent era. For serving amassive interconnection of data-hungry devices, we are in

front of a very challenging task due to the scarcity of the spectrum allocated for

wireless communications; the so called the spectrum shortage problem. Pos-

sible solutions to this problem is by licensing new part of the spectrum (i.e.,

millimeter wave / mm-wave) or developing novel transmission designs which

are very efficient in using the available amount of licensed wireless spectrum.

(i.e., doing more with less).

• Wireless Security: Due to the broadcast nature of electromagnetic signals used

in wireless communications, the transmitted signals are prone to eavesdropping

/ hacking activities. As such, securing the data embedded in these signals is

a must. This is further gaining importance in this era of digitalization where

the scope of sensitive information is expanding including sensitive messages,

phone/video calls, financial transactions, sharing secure documents … etc. Se-

curing these data is a very crucial requirement whichmust be addressed by future

wireless systems.

• Transmission Reliability: This is particularly important in sensitive application

scenarios where ultra-reliability is a main requirement such as in the case of au-

tonomous driving / vehicle-to-everything (V2X), remote diagnosis and surgery

/ augmented reality (AR)-assisted surgery, ..etc.
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• Complexity & Latency: This is an era of speed and as such future systems are ex-

pected to take this aspect into account by developing techniques of low-latency

characteristics. Another crucial concern which is significantly linked with la-

tency is the design complexity where reducing the complexity of the design en-

sures lower latency timing.

Developing schemes with low-complexity and low-latency is particularly im-

portant in the case of processing-restricted devices which are limited by their

battery life.

• Power Consumption: It is very crucial that the developed techniques take into

account the requirement of low power consumption especially if the developed

designs are for low-power applications such as IoT applications.

The design challenges and requirements mentioned above, motivate and drive the de-

velopment of novel transmission techniques formeeting the demands of future wireless

systems.

1.2 Scope & Contributions

In this scope, this work proposes new designs for addressing the challenging require-

ments of future wireless systems by exploring many powerful and promising research

directions such as the use of non-coherent designs for reducing the complexity and the

latency of the communication, the use of multi-dimensional Orthogonal Frequency Di-

visionMultiplexing (OFDM)modulation formats and multiple access inspired designs

for enhancing the spectral efficiency and reliability, and the use of Physical Layer Se-

curity (PLS) for a secure wireless data transmission.

This thesis proposes three novel techniques for future wireless communication sys-

tems. The main ideas involved in the design of the proposed techniques can be sum-

marized as follows:

1. Design 1 / NC-OFDM-SPM : Non-Coherent OFDMwith Subcarrier PowerMod-

ulation (NC-OFDM-SPM) is proposed as a novel non-coherent OFDM modu-

lation technique where the power of the subcarriers inside an OFDM block is

explored as an additional dimension for carrying extra information. This results

in a technique featured with low-complexity due to the use of non-coherent de-

tection, doubling the spectral efficiency per device compared to conventional

OFDMwhere data is conveyed only through the classical constellation symbols

(PSK or QAM), and the flexibility regarding the use of the transmit power where

different power scenarios are formulated including power saving policy where,

compared to conventional OFDM formats, some of the power can be saved to

match the requirements of low power applications and the power reassignment

policy where the saved power is reassigned to the transmit subcarriers to enhance

the transmission reliability.

2. Design 2 / MU-AS-ST : This design proposes a novel and secure multiple access

alternative for power domain NOMA. The proposed design makes use of aux-

iliary signal superposition where channel-dependent auxiliary signals are added
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on top of the multiplexed users’ signals, which are transmitted from different an-

tenna sources in such a way that the transmission is secure against both external

and internal (legitimate untrusted users) eavesdroppers. Moreover, it achieves a

very good transmission reliability and low-complexity at the receiver by carry-

ing all the complex processing tasks at the base station.

3. Design 3 / D-SEAD: Doubling the Spectral Efficiency per Area and per Device

(D-SEAD) is a new technique proposed for a more efficient and secure usage of

the wireless spectrum allocated for wireless systems. This design proposes the

integration of multi-dimensional OFDM modulation formats in multiple access

setups as a means of enhancing the spectral efficiency per area and per device.

In particular, MU-AS-ST (i.e., Design 2) was modulated through a technique

called OFDMwith Subcarrier PowerModulation and Binary Phase Shift Keying

(OFDM-SPM-BPSK) as an example of this general integration. Note that this

modulation scheme is the coherent version of NC-OFDM-SPM. The integration

of this modulation format in a multiple access setup yields doubling the spectral

efficiency per area and per receiving device/user.

The capability of the proposed designs in addressing the challenges and requirements

of future systems was studied through extensive computer simulations and mathemati-

cal derivations. The developed systemmodels are explained in detail and are compared

to state-of-the-art techniques in the literature.
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Chapter 2

Non-Coherent OFDM with Subcarrier

Power Modulation (NC-OFDM-SPM)

2.1 Introduction

For addressing the challenging requirements of future wireless systems, researchers

have proposed and designed different techniqueswith varying levels of success. Among

these developments, two particular research directions have gained importance in the

wireless literature showing their promising potential in addressing the very challenging

design requirements of future wireless communication systems.

2.1.1 Direction 1 / Multi-dimensional OFDMModulations

One of the crucial requirements that are imposed on wireless systems and needs to

be addressed urgently is the spectral efficiency requirement. In this regard, different

techniques have been proposed in the literature for increasing the spectral efficiency

of future wireless systems. The proposed schemes can be classified into two main

categories 1.

Category 1 - Enhancing the Spectral Efficiency per Area:

In this category, the purpose is to enhance the overall spectral efficiency of the com-

munication. In other words, this corresponds to serving as many users as possible in a

given area. Examples of this include Non-Orthogonal Multiple Access (NOMA) tech-

niques which serve many superimposed users using the same resources of frequency,

code or time. Also, Massive Multiple Input Multiple Output (MIMO) falls under this

category where very large number of antenna elements are used at the base station

for enhancing the spectral/energy efficiency [1], [2]. Although NOMA and massive

MIMO achieve considerable gains in terms of area spectral efficiency enhancement,

they result in large processing latency, an increase in the digital signal processing com-

plexity of the transceiver design, and low energy utilization efficiency [3]. Another

scheme that enhances the overall system spectral efficiency is In-Band Full Duplex

1Note that only the techniques which propose ways of using the available amount of the wireless

spectrum in an efficient manner are given as examples. mm-Wave, for example, is not included since

it is related with licensing additional spectrum region.
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(IBFD) where a wireless terminal is allowed to transmit and receive simultaneously in

the same frequency band; however this technique suffers from self-interference, com-

plex receiver design and incompatibility with current wireless devices and standards

[4].

Category 2 - Enhancing the Spectral Efficiency per User/Device:

Unlike the schemes such as NOMA and massive MIMOwhich focus on increasing the

spectral efficiency by serving as many users as possible per area, another promising

research direction studies ways for increasing the spectral efficiency per user/device.

This is possible through the use of multi-dimensional OFDM modulations where pa-

rameters related to the OFDM waveform are explored as new dimensions for carrying

extra information. This is a novel research direction in which new modulation formats

are being developed where data is not sent only through the classical symbol constel-

lations (i.e., typically Phase Shift Keying (PSK) or Quadrature Amplitude Modulation

(QAM)) but also some of the data is transmitted through some additional dimensions

such as the index of the active subcarriers in an OFDM block, the number of the active

subcarriers in the block, ..etc.

It is important to note that this does not result in any waste in the resources (bandwidth)

specifically devoted to the exploration of these additional dimensions.

In this scope, the list of explored dimensions can be summarized as follows:

1. Index: The index family is one of the most studied dimensions. In this category,

the following schemes have been proposed:

• SM-OFDM: Spatial Modulation OFDM (SM-OFDM) was proposed in [5]

where the indices of the active antennas are used a an additional dimension

for sending extra data.

• SIM-OFDM: SIM-OFDM (Subcarrier IndexModulation OFDM) was pro-

posed in [6] where the indices of the active subcarriers in an OFDM block

are explored for conveying extra data bits.

• OFDM-IM: OFDM with index modulation was proposed in [18] which is

similar to SIM-OFDM as it explores the indices of the active subcarriers

inside the OFDM block for sending additional data bits.

2. Number: OFDM-SNM (OFDMwith Subcarrier Number Modulation) was pro-

posed in [8] where the authors studied the use of the number of the active sub-

carriers, rather than the index, as a new dimension for sending more data bits.

3. Gap: Authors in [9] proposed a technique called OFDM-SGM where the they

study the gap between active subcarriers in an OFDM waveform as a new di-

mension for transmitting extra information bits.

4. Shape: OFDM-PSM short for OFDM-pulse superpositionmodulationwas stud-

ied extensively in the literature, in which the pulse shape is used as an extra

dimension for data transmission [10].

5. Power: We proposed OFDM-SPM for doubling the spectral efficiency per de-

vice in [11], [12]. OFDM-SPM manipulates the power of the subacarriers in an
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OFDM block for transmitting an additional stream of data embedded with the

classically modulated stream, resulting in doubling the spectral efficiency per

receiving node.

2.1.2 Direction 2 / Non-Coherent Modulation Formats

Another promising solution for reducing the complexity and thus enhancing power

saving in future systems is the use of non-coherent modulation formats which, unlike

coherent systems where very expensive phase estimations are carried out, do not re-

quire the knowledge of the the phase of the transmitted signal during demodulation

[13], [14].

Since OFDM is the preferred waveform for current communication systems due to its

robustness against multipath fading, several OFDM-based non-coherent formats have

been developed. Particularly, self-heterodyne OFDM (self-het OFDM) [15] has been

proposed as a non-coherent OFDM technique that provides immunity to frequency

offset and phase noise. The performance analysis for self-het OFDM was carried out

in additive white Gaussian (AWGN) environment as well as in frequency selective

channels and the following disadvantages were concluded: (1) in terms of spectral

efficiency, it allows maximum utilization of only 50% of the spectrum for communi-

cation; (2) the local carrier transmission uses almost half of the transmit power; (3)

during the self-mixing process, inter-modulation distortions are exhibited at the re-

ceiver[16].

Another technique termed as self-coherent OFDM [17] was proposed, which also

adopts a non-coherent design. In [17], it was shown that the additional phase noise

(PN) introduced by under-sampling down-conversion in self-het OFDM can be sub-

stantially reduced with self-coherent demodulation. Although self-coherent OFDM

provides both a better bit error rate and spectral efficiency than self-het OFDM, the

maximum utilization of the available spectrum is approximately 80%.

Non-coherent OFDMwith index modulation (OFDM-IM) [18] has also been proposed

as a non-coherent version of OFDM-IM which conveys data through the indices of the

active subcarriers of the OFDM symbol; however, this scheme has also provided worse

spectral efficiency than conventional OFDM-IM, depending on the coherence time of

the channel.

2.1.3 Non-Coherent OFDM-SPM (NC-OFDM-SPM)

In the sections above, we have discussed:

1. the contribution ofmulti-dimensional OFDMmodulations in enhancing the spec-

tral efficiency per device.

2. the use of non-coherent modulations in the design of future wireless systems as

a solution for the requirement of reducing complexity and thus latency of the

communication.

In this chapter, we propose and study the performance of a technique which integrates

both of these research ideas in its design. The proposed technique is termed as Non-

Coherent OFDM with Subcarrier Power Modulation (NC-OFDM-SPM) and provides
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the following benefits, through the combination of multi-dimensional OFDM modu-

lations and non-coherent structures utilization.

1. Doubling the spectral efficiency per device: NC-OFDM-SPMexplores the power

of the subcarriers inside an OFDM block as an additional dimension for data

transmission, where data is conveyed through two dimensions: the classical

modulation scheme (i.e., here DPSK is used) and through the explored addi-

tional dimension.

In particular, the choice of the power as an additional dimension for modulating

the OFDM signal ensures doubling the spectral efficiency since all the subcar-

riers in the OFDM block are used. This is unlike some of the mentioned di-

mensions (index for example) where only the active subcarriers in the block are

used, thus reaching only a partial enhancement of the spectral efficiency.

Fig.2.1 illustrates this fact and shows that NC-OFDM-SPM represents to OFDM

what OFDM represents to conventional FDM (Frequency Division Multiplex-

ing). Compared to FDM, OFDM saves bandwidth through the introduction of

the orthogonality principle between the subcarriers and thus saving the band-

width which was dedicated for the purpose of guard band intervals. Similarly,

compared to OFDM, OFDM-SPM saves half the bandwidth required by conven-

tional OFDM (i.e., and twice that of FDM) due to the exploration of the power

as an additional dimension on the y-axis. This explored dimension is a virtual

dimension and has no bandwidth solely devoted for its exploration. Due to this

2-D setup of OFDM-SPM, for transmitting the same number of bits, OFDM-

SPMwould only require half the number of subcarriers that conventional OFDM

would normally require for this transmission.

Figure 2.1: NC-OFDM-SPM compared to Conventional OFDM and FDM.

2. Low-complexity through completely non-coherent communication: NC-OFDM-

SPM uses two types of modulation/demodulation in its design:

• differential encoding and decoding through the use of DPSK for modulat-

ing one sub-stream of data.
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• subcarrier power modulation is used for modulating the second sub-stream

of data. At the transmitter, the power of the subcarrier is set to high (H)

and low (L) while in the receiver this sub-stream is demodulated from the

received joint stream through threshold detection.

Both operations ensure complete non-coherence in the proposed architecture,

yielding a lower complexity for this design.

In this chapter, we study different aspects of NC-OFDM-SPM. Its performance is in-

vestigated and demonstrated in terms of mathematical derivations and extensive com-

puter simulations.

2.2 System Model and Preliminaries

In this section, the internal architecture of the transmitter and the receiver of NC-

OFDM-SPM is discussed.

2.2.1 Transceiver Design

Transmitter of NC-OFDM-SPM

The transmitter of NC-OFDM-SPM is shown in Fig.2.2. As shown in Fig.2.2, the in-

Figure 2.2: Transmitter of NC-OFDM-SPM

coming data stream x is divided into two sub-streams x1 and x2 of equal length where

one of the sub-streams (x2) is modulated using classical differential phase shift keying

(DPSK) and the other stream (x1) is modulated through the subcarrier power modula-

tion. Subcarrier power modulation corresponds to a 2-level power modulation where,

depending on the incoming data, the subcarrier power is set to high (H) if the incoming

data bit is ′1′ or set to low if the incoming data bit is ′0′. The values of (H) and (L) de-
pend on the power policy used. In the next section a detailed discussion on the power

policies is performed. After separate modulations the two sub-streams are joined into

a combined stream which is then passed through the IFFT block and the rest of the

operations of conventional OFDM. In this combined stream both the DPSK symbols

and the power symbols are embedded.
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Signal Constellation

The proposed mapping scenario results in the constellation diagram of Fig.2.3 where

the binary pair ′ij′ denotes a power subcarrier (i.e., low if ′i′ = 0 and high if ′i′ = 1)
carrying a bit ′j′ modulated by differential BPSK.

Figure 2.3: Constellation diagram of NC-OFDM-SPM.

Channel

This study considers a frequency selective fading Rayleigh channel with L number of

exponentially decaying taps, denoted by h = [h0, h1, h2, ..., hL−1]. The received signal
can be written as:

y = x⊗ h+ n (2.1)

where the ⊗ denotes the convolution operator. The symbols x, y, h are vectors rep-

resenting the transmitted time domain samples, received samples in the time domain,

and the channel impulse response. n represents the AWGN noise distributed with zero

mean and variance equal to N0, n ∼ N (0, N0). Additionally, the channel is slowly
varying in time such that it is assumed to be constant for multiple OFDM symbols

duration before it changes independently in the subsequent time intervals.

Receiver of NC-OFDM-SPM

The receiver diagram of NC-OFDM-SPM is shown in Fig.2.4. The individually mod-

ulated data sub-streams x1, x2 are demodulated from the incoming combined stream u.
The data sub-stream x1 is decoded through the subcarrier power demodulator where the

original power levels are recovered by comparing the received signal power (square of

the amplitude of the received data) to a threshold T defined as the midpoint between

the high and low levels (H and L).

T = (
H + L

2
)
2

(2.2)

Thus, if at the ith position in the received symbol ‖x1(i)‖2 ≤ T, then x1(i) = L , else

x1(i) = H . Then, as we know from the SPMmapping in the transmitter,H ⇒ 1, L ⇒
0.
The data sub-stream x2 is demodulated through the conventional DPSK demodulation

process according to the phase difference between the received symbols.
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Figure 2.4: Receiver of NC-OFDM-SPM.

2.3 Performance Analysis

In this section, the performance analysis of NC-OFDM-SPM is presented. First, a

short discussion on the merits of the non-coherence property of this design is done.

Then, the bit error rate (BER) analysis is performed, the formulated power policies are

presented and the spectral efficiency performance is discussed. Finally, the Peak to

Average Power Ratio (PAPR) is discussed.

2.3.1 Non-Coherence of NC-OFDM-SPM

As can be seen from the transmitter and receiver diagrams of NC-OFDM-SPM, the

design relies on two operations:

1. Subcarrier power modulation/demodulation: This is a non-coherent operation

since the phase is not used in the detection of the received bits where only the

received signal power is measured and compared to the defined threshold T for

recovering the original power levels.

2. Differential modulation/demodulation: This operation is also a non-coherent

modulation where no reference phase signal is used; the transmitted signal itself

is used as a reference signal as well. The phase is embedded in the difference

between the received symbols not in the symbols themselves.

As such, since both operations employed in the design of the proposed technique are

non-coherent, NC-OFDM-SPM can be considered as a non-coherent technique.

The non-coherence of the design implies the following merits:

• No need for synchronization because both operations are non-coherent, thus get-

ting rid from phase recovery circuits which are regarded as a main source of

complexity and latency in coherent systems.

• low design complexity due to the simplicity of the used operations (i.e., threshold-

based detection & differential detection) which guarantees a low-latency trans-

mission.
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It is important to note that with this simple transceiver design, NC-OFDM-SPM-DPSK

surpasses some of the known schemes, which explore an extra dimension for data

transmission such as subcarrier number (OFDM-SNM), subcarrier index (OFDM-IM,

SIM-OFDM) which usually employ either a maximum likelihood (ML) detector for

optimum performance, or a log likelihood ratio (LLR) detector for reduced complexity

[20].

2.3.2 BER Analysis

As shown in the discussion of the transceiver for NC-OFDM-SPM, a combined stream

of data is transmitted. This combined/joint stream includes in it the two independently

modulated sub-streams (i.e., through power/DPSK). Let BERS stand for the proba-

bility of error of the joint stream while BERPS and BERDS stand for the error rates

for the power sub-stream and the DPSK sub-stream, respectively.

The overall error probability of the scheme can be defined as the average of the prob-

ability of the detection of both blocks (power/DSPK).

BERS =
BERDS +BERPS

2
(2.3)

Derivation of BERDS:

The bit error rate of conventional OFDM with binary DPSK in Rayleigh [21], given

in the equation below, can be taken as the basis for the derivation of the bit error rate

expressions for the DPSK stream.

BERDifferential OFDM−BPSK =
1

2
(
1 + Eb

N0

) (2.4)

where, Eb

N0
denotes the signal to noise ratio.

BERDS is the same as the bit error rate of conventional OFDMwith DPSK expressed

by Eq.(2.4) where the only difference is that, in our case, since the power stream is

embedded with the DPSK stream, the high and low levels have an effect on the detec-

tion of the DPSK curve as they change the euclidean distances between the symbols.

This effect can be accounted for in Eq.(2.4) as follows:

BERDS =
BERH +BERL

2
(2.5)

where,

BERH =
1

2
(
1 +H2 Eb

N0

) (2.6)

BERL =
1

2
(
1 + L2 Eb

N0

) (2.7)

represent, respectively, the effect of the high and low power levels on the detection of

the DPSK-modulated bit stream from the joint received stream.
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Derivation of BERPS:

The noise and the multipath effects can cause a high power subcarrierH to be detected

as a low power subcarrier L, or vice versa. As shown in Fig.2.5 and as explained from
the system model, the detection of the power stream is based on a comparison with the

detection threshold defined as the midpoint between the high and low levels.

As presented in Fig.2.5, the transition from high to low represented by the red arrow

corresponds to a minimum euclidean distance of dH→L = |H − H+L
2

| = H−L
2
. The

erroneous transition from low to high is indicated by the blue arrow and corresponds to

crossing a minimum euclidean distance of dL→H = |H+L
2

−L| = H−L
2
. Similar to the

Figure 2.5: Erroneous detection of the power stream.

derivation of the bit error rate of the DPSK stream above, the power stream can also be

derived by accounting for the euclidean distance changes introduced by the high and

low levels in the expression of the classical 2-level pulse amplitude modulation.

The general expression for M -level pulse amplitude modulation, in AWGN, is given

in [22] as:

BERM−PAM = 2(1− 1

M
)Qα(

d

σ
) (2.8)

where d is the decision distance, σ is the standard deviation. Qα(.) is the generalized
Gaussian Q function, defined in [23], for x > 0 as:

Qα(x) =
αΛ0

2Γ(1/α)

∫ ∞

x

exp(−Λα
0 t

α) dt (2.9)

where, Γ(.) is the Gamma function and Λ0 =
√

Γ(3/α)
Γ(1/α)

.

Note that forM = 2, the expression defined by Eq.(2.8) becomes:

BER2−PAM = Qα(
d

σ
) (2.10)

which is the same as the bit error rate for BPSK, inAWGN, as defined in [22]. Thus, we

can take the BPSK expression as our basis for the derivation ofBERPS by integrating

dH→L and dL→H in it to account for the effect on the distance change between the

symbols introduced by the high and low levels. The expression for OFDM-BPSK, in

Rayleigh, is given as [32]:

BEROFDM−BPSK, Rayleigh =
1

2

1−

√√√√ Eb

N0

1 + Eb

N0

 (2.11)

where the Euclidean distance between the symbols is a function of ratio between the

energy of the symbols and noise variance (i.e., Eb

N0
). Taking Eq.(2.11) as a basis, and
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assuming that both transitions in Fig.2.5 are equally likely to happen, the theoretical

BER expression of the power stream can be written as:

BERPS =
1

2
BERH→L +

1

2
BERL→H (2.12)

where,

BERH→L =
1

2

1−

√√√√ (dH→L)2
Eb

N0

1 + (dH→L)2
Eb

N0

 (2.13)

BERL→H =
1

2

1−

√√√√ (dL→H)2
Eb

N0

1 + (dL→H)2
Eb

N0

 (2.14)

where, BERH→L denotes the BER expression for detecting a high power level as a

low power level, andBERL→H denotes the BER expression for detecting a low power

level as a high power level.

2.3.3 Power Policies

Due to the exploration of the high and low power pattern as an extra data-carrying di-

mension, the proposed scheme combines two data streams; a stream of data modulated

by DPSK and another modulated by the power levels. As such, for sending the same

number of data bits using conventional OFDM, NC-OFDM-SPM would require half

the number of subcarriers compared to OFDM as shown in Fig.2.6. This difference

between NC-OFDM-SPM and conventional OFDM leads to the formulation of dif-

ferent power policies for NC-OFDM-SPM including power saving policy and power

reassignment policy.

Figure 2.6: Exemplary transmission: NC-OFDM-SPM vs Conventional OFDM.
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Power Saving Policy (PSP)

In this policy, half the transmit power is saved byNC-OFDM-SPMcompared toOFDM

since NC-OFDM-SPM-DPSK uses only half the number of subcarriers required by

conventional OFDM for transmitting the same number of bits. The values of the high

and low levels corresponding to this case can be defined with the following equation:

H2 + L2

2
= Eb (2.15)

where it is shown that the high and low levels used for subcarrier power modulation

are chosen such that the average energy per bit does exceed that of binary phase shift

keying where the bit energy is Eb.

This policy is developed for serving the demands of communication devices with low-

power requirements.

Power Reassignment Policy (PRP)

The saved power can be reassigned to the transmit subcarriers to enhance the reliability

performance of the proposed scheme. In the power reassignment policy, the power

levels (H,L) can be defined using the following equation:

H2 + L2

2
= 2Eb (2.16)

where the factor 2 in the right side of Eq.(2.16) expresses the reassignment of the saved
power to the transmit subcarriers. The reassignment operation can be done in many

ways, where every pair of power levels (H,L) corresponds to some effect on the bit
error rate of the individual streams (i.e., BERDS & BERPS). More specifically, we

treated two special cases of reassignment each corresponding to a different optimiza-

tion problem.

1. Case 1 / PRP for Optimized Overall Performance(PRP-OOP):

In this case, the average performance is optimized. This corresponds to finding

the high and low pair (H,L) that makes the average bit error rate curve (i.e., av-
erage of the BER curve corresponding to the detection of the power bits and the

BER curve corresponding to the detection of the DPSK modulated bits) attains

the optimal (i.e., minimum possible) BER performance.

2. Case 2 / PRP for Achieving the Coherent Performance of OFDM (PRP-ACP):

This case is concerned with a classical problem in the literature which is the

trade-off between coherent and non-coherent modulations. As it is known from

the literature, non-coherent systems are less complex compared to coherent sys-

tems; however they perform worse than their coherent counterparts in terms of

reliability. We have seen from the above section that the proposed design is

totally non-coherent. Moreover, the proposed design is more flexible compared

to conventional modulation formats where only one dimension is explored for

modulating the transmitted data and thus the mentioned trade-off can be ex-

plored in the light of this modulation flexibility. The mentioned trade-off can
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be solved by the following settings of NC-OFDM-SPM:

(SPRP−ACP )

{
BERDS = BERCoherent OFDM−BPSK

No constraint on BERPS

(2.17)

, where the first equation in (SPRP−ACP ) corresponds to setting theDPSK stream

to match the performance of coherent OFDM-BPSK, while the second equation

corresponds to setting the power curve constraint-free for allowing a degree of

freedom in the optimization.

2.3.4 Spectral Efficiency

Spectral efficiency is a necessary metric for evaluating the performance of wireless

systems. In particular, since the present and future are characterized with a massive

emergence of wireless devices, serving these collection of devices with techniques

that can respond to their day per day growing demands is really an urgent need. In this

regard, NC-OFDM-SPM is capable of doubling the spectral efficiency per device/user

as shown in Fig.2.7. This is due to the fact that a single subcarrier in NC-OFDM-

Figure 2.7: NC-OFDM-SPM doubles the spectral efficiency per device.

SPM carries two bits, while a conventional OFDM with BPSK/DPSK is capable of

carrying only one bit per subcarrier. This shows that OFDM-SPM doubles the data

rate, compared to a conventional OFDM system using BPSK/DPSK. It is important

to note that among the multi-dimensional OFDM schemes that were mentioned for

enhancing the spectral efficiency per user/device, only the power dimension leads to

doubling the spectral gain due to the utilization of all the subcarriers in the block for

data transmission, while all the other dimensions (index, number, ... etc) are able to

reach only a partial improvement of the spectral efficiency since they convey data

using only the active subcarriers in the block.

2.3.5 Peak to Average Power Ratio (PAPR)

The Peak to Average Power Ratio (PAPR) metric is defined for a transmit signal x, as
its name implies, as follows:

PAPR[x(t)] =
Maximum Instantaneous Power

Overall Average Power
=

max[‖x(t)‖2]
E[‖x(t)‖2]

, 0 ≤ t ≤ N

(2.18)
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where E[.] denotes the expectation operator. The peak to average power ratio (PAPR)
is an important metric for assessing the performance of all communication systems

based on OFDM. Unlike single carrier systems, OFDM systems are characterized with

high PAPR values due to the reason that the transmit signals in OFDM are the result of

the addition of many subcarriers using the IFFT process. The high PAPR is regarded as

one of themain disadvantages of OFDMsystems as it leads to decreasing the efficiency

of the power amplifier. As such, PAPR is an important performance for any technique

based on OFDM where it is important to investigate the behaviour of the PAPR and

if it induces any amplification or reduction compared to conventional OFDM. PAPR

simulations of the proposed design, under different power policies, are given in the

next section.

2.4 Simulation Results

In this section, the simulation results of the proposed design are presented. All the

simulations were obtained using the MATLAB simulation environment. The list of

simulation parameters is indicated in Table 2.1.

Table 2.1: NC-OFDM-SPM / Simulation Parameters

Parameter Value

Modulation type DPSK (M = 2)

IFFT / FFT size 64

Subcarriers for data n 52

Symbols allocated for cyclic prefix 16

Number of inactive sub-carriers for out of band emission 12

Number of OFDM symbols 2 × 104

Channel model Rayleigh

Multipath channel delay samples locations [0 3 5 6 8]

Multipath channel tap power profile (dBm) [0 -8 -17 -21 -25]

2.4.1 Power Saving Policy (PSP)

The power levels in the simulation of this case are defined as in Eq.2.15, and were

found as H = 1.35 and L = 0.4213. These values ensure obtaining the best perfor-
mance possible with NC-OFDM-SPM while saving 50% of the transmit power com-

pared to conventional OFDM.

In Fig.2.8, bit error rate simulations for the power saving mode are displayed. As can

be seen from this plot, NC-OFDM-SPM exhibits some BER degradation compared to

conventional OFDM; however it surpasses conventional OFDM through doubling the

spectral efficiency as displayed in Fig.2.9 while saving 50% of the transmit power.

In Fig.2.10, the peak to average power ratio simulations of the proposed NC-OFDM-

SPM versus conventional OFDM with DPSK are displayed where it can be observed

that the proposed design does not add further degradation over (conventional OFDM)’s

PAPR.
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Figure 2.8: Bit error rates for NC-OFDM-SPM in the PSP mode.

Figure 2.9: Data rates for NC-OFDM-SPM in the PSP mode.

2.4.2 Power Reassignment Policy (PRP)

In this section, the power reassignment mechanism results are presented. It is to be

noted that the power reassignment is an optimization problem where the goal is to find

the values (H,L) which correspond to a specific performance level (i.e., measured
through BER). In regard, two special cases were treated as explained in section 2.3.3.

Case 1: PRP-OOP, PRP for Optimized Overall Performance

This section is concerned with the case where the optimal average BER is obtained.

This corresponds to finding the subcarrier power levelsH and L such that the average

error rate BERS defined in Eq.(2.3) achieves the minimum possible level of error.

The values for the high and low power levels specific to this optimization were found

as: (H,L) = (1.918, 0.5668).
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Figure 2.10: PAPR of NC-OFDM-SPM in the PSP mode.

Figure 2.11: Bit error rates for NC-OFDM-SPM in the PRP-OOP mode.

In Fig.2.11, the bit error rate simulations of this case are displayed. It can be seen that

the reassignment of the saved power to the transmit subcarriers increases the reliabil-

ity compared to the power saving mode; however a slight deterioration in the BER

corresponding to this case is observed compared to conventional OFDM with DPSK.

However, NC-OFDM-SPM surpasses conventional OFDM in terms of data rate as

shown in Fig.2.12 where the proposed design achieves doubling the spectral gain per

device compared to conventional OFDM.

In Fig.2.13, the PAPR of NC-OFDM-SPM, under the PRP-OOP mode, is compared

to conventional OFDM with DPSK. It can be seen that the proposed design attains

slightly lower PAPR values compared to conventional OFDM-DPSK.
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Figure 2.12: Data rates for NC-OFDM-SPM in the PRP-OOP mode.

Figure 2.13: PAPR for NC-OFDM-SPM in the PRP-OOP mode.

Case 2: PRP-ACP, PRP for Achieving the Performance of Coherent OFDM-

BPSK

As highlighted in section 2.3.3, this case was treated because it deals with a problem

that is classical in communication systems which is the trade-off between coherent and

non-coherent systems.

The optimal low (L) and high (H) power levels satisfying (SPRP−ACP ) are found by
the following iterative algorithm.

1. By setting H to an arbitrary value, the corresponding value for L can be found,

by using Eq.(2.16), as:

L =
√
4Eb − H2 (2.19)

2. For every choice of L and H defined according to Eq.(2.19), the error function

corresponding to the difference between the proposed non-coherent stream and
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the target coherent OFDM-BPSK stream, defined in (SPRP−ACP ), is calculated

ε = BERDS −BERCoherent OFDM−BPSK (2.20)

where the goal is to minimize the error between the two curves.

The expressionBERCoherent OFDM−BPSK is the bit error rate for coherent con-

ventional OFDM-BPSK, in Rayleigh, and is given in [21] as:

BERCoherent OFDM−BPSK =
1

2

1−

√√√√ Eb

N0

1 + Eb

N0

 (2.21)

3. Steps 1) and 2) are repeated for numerous (H,L) pairs and the obtained error is
recorded. The smallest error is found for the following (H,L) pair:

H = 1.732, L = 1 (2.22)

Figure 2.14: Bit error rates for NC-OFDM-SPM / PRP-ACP.

Bit error rates corresponding to this case are displayed in Fig.2.14, where it is

shown that NC-OFDM-SPM in the PRP-ACPmode surpasses the performance of non-

coherent conventional OFDM with DPSK and reaches the performance of coherent

OFDM with BPSK. Moreover, in Fig.2.15 it can be seen that the proposed design,

which is a non-coherent design, reaches the performance of coherent OFDM-BPSK

with a very slight error.

It is to be noted that this coherent performance is only attained by the DPSK stream of

NC-OFDM-SPM while the power stream experiences some performance degradation

compared to conventional OFDM. This power stream is an additional benefit where it

can be allocated for a user application which does not require ultra-reliability.

Furthermore, NC-OFDM-SPM surpasses conventional OFDM by doubling the spec-

tral efficiency as shown in Fig.2.16.

In Fig.2.17, the PAPR results are displayed where it can be seen that, under PRP-ACP

mode, NC-OFDM-SPM achieves the same performance as conventional OFDM with

DPSK.

20



Figure 2.15: Error plot for NC-OFDM-SPM / PRP-ACP, defined as in Eq.(2.20).

Figure 2.16: Data rates for NC-OFDM-SPM in the PRP-ACP mode.

2.5 Conclusion

In this chapter, Non-Coherent OFDMwith Subcarrier PowerModulation (NC-OFDM-

SPM) was proposed and studied as a non-coherent multi-dimensional OFDM modu-

lation format. The proposed design explores the power of the subcarriers in an OFDM

block as an additional data dimension where data is transmitted through both the clas-

sical DPSK constellation symbols and through the the subcarriers’ power difference.

Due to the exploration of the power as an additional dimension, NC-OFDM-SPM is

capable of doubling the spectral efficiency per receiving node where, in the transmit-

ted data stream, it embeds two independently modulated streams of data; a stream

modulated through the classical DPSK and a second one modulated through subcar-

rier power modulation. In this way, NC-OFDM-SPM carries two bits per subcarrier

thus it is doubling the spectral efficiency compared to a conventional OFDM system

using binary modulation which carries only one bit per subcarrier.
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Figure 2.17: PAPR for NC-OFDM-SPM in the PRP-ACP mode.

Moreover, due to its complete non-coherence (i.e., where differential and threshold

detection are used for detecting the transmitted streams), NC-OFDM-SPM is charac-

terized by low-complexity and thus lower latency.

Furthermore, different power policieswhere formulated for this design including power

saving policy where half the transmit power is saved by NC-OFDM-SPM compared

to conventional OFDM for matching the requirement of low power applications, and

the power reassignment mode where the saved power is reassigned to the transmit

subcarriers for enhancing the reliability of the transmission.
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Chapter 3

Multi-User Auxiliary Signal

Superposition Transmission

(MU-AS-ST)

3.1 Introduction

3.1.1 Overview of Power Domain Non-Orthogonal Multiple Ac-

cess (PD-NOMA)

For a better usage of the spectrum allocated for wireless communications, multiple

access techniques have been used since the first generation (i.e., 1G) of wireless com-
munication systems for serving multiple users through the same frequency, time or

code resources simultaneously, as shown in table 3.1 for various wireless generations.

Currently used 4G− LTE systems use orthogonal multiple access techniques, how-

Table 3.1: Multiple Access Techniques for Different Wireless Generations.

Generation Multiple Access Technique

1G FDMA (Frequency DivisionMultiple Access)

2G TDMA (Time DivisionMultiple Access)

3G CDMA (Code DivisionMultiple Access)

4G OFDMA (Orthogonal Frequency DivisionMultiple Access)

ever this kind of techniques were found incapable of addressing the challenging re-

quirements of 5G networks such as ultra-reliable low latency communications (URLLC),

enhancedmobile broadband (eMBB), andmassivemachine-type communications (mMTC).

As an alternative, several Non-OrthogonalMultiple Access (NOMA) based techniques

with varying degrees of success in addressing the challenging requirements of 5G have

been proposed for standardization by both the wireless academia and the wireless in-

dustry.

In this regard, a particular technique that gained too much interest in the 5G litera-

ture is power domain NOMA (PD-NOMA) which was considered as a study item in

3GPP (3rd Generation Partnership Project) from release 13 to release 16 under the

name Multi-User Superposition Transmission (MUST) [24]. PD-NOMA was chosen
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by 3GPP since it has proven very efficient in many aspects when compared to Or-

thogonal Multiple Access (OMA)-based schemes where PD-NOMA achieves benefits

such as high throughput, massive connectivity and coverage, low latency and signaling

overhead, and relaxed channel feedback [25].

On the other hand, PD-NOMA was eliminated from the study items of release

17 of the 3GPP community after being investigated thoroughly from release 13 till

16 [24],[26]. Some of the limitations and the shortcomings exhibited by PD-NOMA,

which can serve as an explanation for the reason behind its exclusion from the 3GPP

study items, after being considered as a study item from release 13 to release 16, can

be summarized in the following points:

• Inefficiency of NOMA in multi-antenna settings: PD-NOMA exhibits perfor-

mance degradation when compared to multi-user multiple input multiple output

(MU-MIMO) systems. In this regard, authors in [27] have shown that most of

the benefits of power domain NOMA are only valid when the results are com-

pared with OMA. Furthermore, in this detailed review, it is shown that both

multi-user linear precoding (MU-LP) and MU-MIMO outperform conventional

power domain NOMA.

• Receiver complexity related to the use of SIC: the main operation in conven-

tional NOMA is the inter-user interference cancellation through SIC performed

by near users, however; this comes at the ultimate cost of receiver complexity.

The receiver complexity grows with the number of super-imposed users and as

such, NOMA would not be a suitable choice for communication setups where

massive connectivity and low-complexity are crucial requirements as in the case

of internet of things (IoT) communications.

• In-applicability in general scenarios due to constrained users’ superposition:

one of the limitations of NOMA is the deficiency of working in power-balanced

scenarios as it requires a significant path-loss / channel difference between paired

(or super-imposed) users. This necessitate having a user near to the base station

(i.e., strong channel) and another user far from the base station (i.e., weak chan-

nel). Consequently, this limits the applicability of NOMA in general scenarios,

where two users may have the same path-loss due to being located at a similar

distance from the base station (BS).

• Security of the NOMA waveform: Another concern is the security of the NOMA

waveform where using SIC for decoding users’ data can yield internal eaves-

dropping risks in the presence of un-trusted users in the superimposed data.

Moreover, there is a need for securing NOMA against external eavesdropping

[28].

3.1.2 MU-AS-ST as an alternative for PD-NOMA

All the the aforementioned shortcomings of conventional PD-NOMA have motivated

the design of novel multiple access alternatives with varying degrees of success in

addressing the requirements of future wireless systems.

In this scope, we propose a novel physical layer security based design for effective

future multiple access wireless systems. The proposed design makes use of auxiliary
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signal superposition where channel-dependent auxiliary signals are added on top of the

multiplexed users’ signals, which are transmitted from two different antenna sources as

shown in Fig.3.1., in such a way that a completely (inter-user interference)-free, secure

and reliable transmission is achieved. This chapter is devoted for studyingMU-AS-ST

Figure 3.1: General system model of MU-AS-ST.

in depth and proving its capacity in addressing the challenging requirements of future

wireless communication systems.

In summary, the contribution points of the proposed design can be presented as fol-

lows:

• Working in general scenarios: Unlike conventional NOMA where only users

having different distance from the base station can be super-imposed, this design

works for the combination of any two users regardless of their distances from

the base station.

• Perfect information secrecy against both external and internal eavesdropping:

The design of the auxiliary signals ensures perfect secrecy with zero information

leakage to external illegitimate users. Moreover, internal eavesdropping (i.e., in

the presence of an untrusted device in the superimposed users) is not possible,

due the complete cancellation of all the other signals which do not belong to the

receiving node which tries eavesdropping.

• Reduced receiver complexity&Transmission latency: Unlike conventional NOMA

where successive cancellation at the receiver side leads to a complexity of the

system, in this technique the specific design of the auxiliary signals solves this

cancellation problem effectively where every device receives it own signal only.

Moreover, since the processing performed at the transmitter for designing the

auxiliary signals employs diagonal matrices this makes the computational pro-

cess faster and thus contributes to lowering the latency of the transmission. Fur-

thermore, at the receiver simply a conventional OFDM receiver is used and thus

freeing the receiver from any complex processing making from this design a

strong candidate for processing-restricted applications such as IoT devices.
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3.2 System Model and Preliminaries

The general system model of MU-AS-ST was proposed in Figure 3.1 where its un-

derlying design principles were explained. In this section, we carry on with a more

detailed explanation of the internal working mechanisms of the transmitter and the

receiver.

3.2.1 Transmitter Design

The design of the proposed technique is based on OFDM. The detailed transmitter

of the proposed scheme is shown in Figure 3.2 where the following operations are

performed:

• Symbol modulation: First, the symbols are modulated using classical Binary

Phase Shift Keying (BPSK).

• Addition of the Auxiliary Signals, (r1, r2): This is the unit responsible for the
addition of the specifically designed auxiliary signals to the superimposed data

of UE1 (i.e., x1) and UE2 (i.e., x2). These signals are designed in such a way

that the inter-user interference is cancelled and secrecy against both internal (i.e.,

untrusted legitimate user) and external eavesdroppers is attained.

• IFFT & CP-Addition: After the addition of the auxiliary signals, the remaining

conventional OFDM operations are performed such as taking the IFFT, adding

cyclic prefix (CP), ... etc.

After performing the above operations, the superimposed signals u1 = x1 + x2 + r1
and u2 = x1 + x2 + r2 are transmitted from antennasA1 andA2, respectively.

Figure 3.2: Transmitter of MU-AS-ST.

3.2.2 Channel Model

The channel between the transmitter and any receiver is assumed to be a slowly-

varying, frequency selective Rayleigh type channel with with L multi-path exponen-

tially decaying taps, denoted by hij = [h0, h1, ..., hL−1], i ∈ (1, 2), j ∈ (1, 2, X). As
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such, the received symbols in time domain are given as:

yj = (
2∑

i=1

ui ⊗ hji) + nj (3.1)

where ⊗ represents the convolution operator. hji stands for the channel impulse re-

sponse between the antenna Ai and the user equipment UEj . ui, and nj are vectors

representing the transmitted time domain samples from antenna Ai, and the additive

white Gaussian noise, respectively. The noise nj samples are drawn from a normal

distribution with zero mean and variance equal to N0; nj ∼ N (0, N0).
Moreover, it is assumed that the transmitter has no knowledge about the channel of a

passive eavesdropper.

3.2.3 Receiver Design

Figure 3.3: Receiver of MU-AS-ST.

MU-AS-ST has a simple receiver architecture where no additional computation

is performed over conventional OFDM. The receiver of MU-AS-ST is presented in

Fig.3.3, where the signal reception is shown at the legitimate nodes (UE1 and UE2)

and the external eavesdropper equipment (UEX). At each receiving end, the following

operations are performed:

• CP Removal & FFT : The received samples are in time domain and as such first

the added cycle prefixes are removed, then the FFT is taken to turn the samples

to frequency domain.

• Equalization: After turning the received time samples to frequency domain,

equalization by the effective channels is performed.

• Symbol Demodulation: After equalizing, the received samples are demodulated

using conventional BPSK demodulation.
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1) Received signal at the legitimate node UE1

Let y11 and y12 stand for the received signals at the user equipment UE1 through an-

tennas A1 and A2, respectively. The received signal y1 is the sum of y11 and y12 as

expressed by the following equations 1:

y1 = y11 + y12 + n1 (3.2)

y1 = H11u1 +H12u2 + n1 (3.3)

y1 = H11(x1 + x2 + r1) +H12(x1 + x2 + r2) + n1 (3.4)

y1 = (H11 +H12)x1 + (H11 +H12)x2 +H11r1 +H12r2 + n1 (3.5)

2) Received signal at the legitimate node UE2

Let y21 and y22 stand for the received signals at the user equipment UE2 through an-

tennas A1 and A2, respectively. The received signal y2 is the sum of y21 and y22 as

expressed by the following equations:

y2 = y21 + y22 + n2 (3.6)

y2 = H21u1 +H22u2 + n2 (3.7)

y2 = H21(x1 + x2 + r1) +H22(x1 + x2 + r2) + n2 (3.8)

y2 = (H21 +H22)x2 + (H21 +H22)x1 +H21r1 +H22r2 + n2 (3.9)

3) Received signal at the external eavesdropping node UEX

The external eavesdropper device receives the signals broadcasted by antennasA1 and

A2. Let yX1 and yX2 stand for the received signals at the user equipment UE2 through

antennasA1 andA2, respectively. The received signal at the eavesdropping node can

be expressed as:

yX = yX1 + yX2 + nX (3.10)

yX = HX1u1 +HX2u2 + nX (3.11)

yX = HX1(x1 + x2 + r1) +HX2(x1 + x2 + r2) + nX (3.12)

yX = (HX1 +HX2)x1 + (HX1 +HX2)x2 +HX1r1 +HX2r2 + nX (3.13)

1Note that the signals at all the receiving nodes are expressed in frequency domain (bold vectors as

specified in the notation followed). These expressions hold right after the FFT process and this is for

deriving the auxiliary signals in frequency domain so that they can be used at the transmitter of MU-

AS-ST which is based on OFDM where the signal follows the following transitions:

Frequency Domain 7−→ Time Domain 7−→ Frequency Domain.
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3.2.4 Design of the Auxiliary Signals

As highlighted in Figure 3.4, the received signal is a combination of a desired term, an

interference term caused by other superimposed users and a term including the aux-

iliary signals which needs to be designed for cancelling the interference term totally.

We may also interpret the interference term as a trial for internal eavesdropping. Thus,

a successful design of the auxiliary signals is solving both the interference problem

where every user experiences no interference at all from other superimposed users, and

is provided with perfect secrecy against all kinds of eavesdropping activities from the

part of the superimposed users (i.e., untrusted legitimate users). For an interference-

Figure 3.4: Desired and undesired terms in the received signal with respect to the superim-
posed users UE1 and UE2.

free and internally-secure communication, the conditions expressed by the following

system S(r1,r2) need to be satisfied:

S(r1,r2)

{
(H11 +H12)x2 +H11r1 +H12r2 = 0

(H21 +H22)x1 +H21r1 +H22r2 = 0
(3.14)

The solution of the system S(r1,r2) gives the following values for r1 and r2:

A = H22 −H21H
−1
11 H12 (3.15)

ν = −(H21 +H22)x1 +H21(I64 +H−1
11 H12)x2 (3.16)

r2 = A−1ν (3.17)

r1 = (I64 +H−1
11 H12)x2 − (H−1

11 H12r2) (3.18)

For these values of the auxiliary signals 2, the inter-user interference is removed com-

pletely and internally-secure communication is established. The received signals at

each user end is then given as follows:

y1 = (H11 +H12)x1 + n1 (3.19)

y2 = (H21 +H22)x2 + n2 (3.20)

yX = (HX1 +HX2)x1 + (HX1 +HX2)x2 +HX1r1 +HX2r2 + nX (3.21)

2From this derivation it can be seen that r1, r2 will be a function of all the legitimate users’ channels
(H11,H12,H21,H22) and the legitimate users’ data (i.e., x1, x2).
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As shown from the equations above, the legitimate users can get their data by simple

equalization while the illegitimate user (i.e., UEX) receives a very distorted signal.

This shows that the design of the auxiliary signals ensures perfect interference cancel-

lation for the legitimate nodes while it creates a complex and extremely hard to decode

signal at the external eavesdropping devices. Note that as the number of superimposed

users grows, the complexity of this decoding grows as well.

3.3 Conventional PD-NOMA

In the conventional power domain NOMA setup, the base station (BS) transmits the
same superimposed signal from both antennas simultaneously. The transmitted com-

bined signal q can be written as:

q =
√
P(
√
α1x1 +

√
α2x2) (3.22)

whereP is the total transmit power. α1 andα2 denote the power allocation coefficients.

In the rest of the analysis related to conventional power domain NOMA, we assume

that UE1 is the far user and UE2 is the near user and thus α1 > α2.

Let y1N, y2N and yXN denote the signals received by UE1, UE2 and UEX , respectively,

using conventional power domain NOMA as the communication technique.

The received signal at the legitimate nodes and the external eavesdropper node can be

written as follows: y1Ny2N
yXN

 =

H11 H12

H21 H22

HX1 HX2

[q
q

]
+

n1n2
nX

 (3.23)

which can be simplified as:y1Ny2N
yXN

 =

H11 +H12

H21 +H22

HX1 +HX2

q+

n1n2
nX

 (3.24)

or, y1Ny2N
yXN

 =

 (H11 +H12)q+ n1
(H21 +H22)q+ n2
(HX1 +HX2)q+ nX

 (3.25)

Replacing q with its value expressed by (3.22), (3.25) becomes:y1Ny2N
yXN

 =

 (H11 +H12)
√
P(
√
α1x1 +

√
α2x2) + n1

(H21 +H22)
√
P(
√
α1x1 +

√
α2x2) + n2

(HX1 +HX2)
√
P(
√
α1x1 +

√
α2x2) + nX

 (3.26)

Since UE1 is the strong user (i.e., higher power share), this user equipment decodes

its own signal x1 by treating the signal of the weak user, x2, as interference noise. The

received signal at UE1 can be written as:

y1N = (H11 +H12)
√
Pα1x1 + (H11 +H12)

√
Pα2x2 + n1 (3.27)

On the other hand, the user equipment UE2 which is the near user receives the follow-

ing signal:

y2N = (H21 +H22)
√
Pα1x1 + (H21 +H22)

√
Pα2x2 + n2 (3.28)
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where the signal of UE1 is dominating and thus, this user employs successive interfer-

ence cancellation (SIC) to remove the effect of the signal of the far user. The received

signal at UE2 after the application of SIC can be written as follows:

y2N,SIC = (H21 +H22)
√
Pα2x2 + n2 (3.29)

Moreover, at the eavesdropper side the received signal can be expressed as:

yXN = (HX1 +HX2)
√

Pα1x1 + (HX1 +HX2)
√
Pα2x2 + nX (3.30)

3.4 Performance Analysis

In this section, the performance analysis of MU-AS-ST is studied and compared to

conventional PD-NOMA.

3.4.1 BER Analysis

Since BPSK is the modulation used in this design, the bit error rate of a legitimate user

can be expressed as [32]:

BERUE1,UE2 =
1

2

∫ ∞

0

erfc(
√
γb)Pγb(γb), dγb (3.31)

where erfc(·) is the complementary error function defined as erfc(x) = 2√
π

∫∞
x
exp(−t

2
)dt.

Pγb(γb) stands for the probability distribution function (PDF) of the effective instanta-
neous signal to noise ratio of a legitimate user (i.e., UE1, UE2). Pγb(γb) is related to
the fading distribution through the following change of variable [30]:

Pγb(γb) =
Pα(
√

Ωγb
γb

)

2
√

γbγb
Ω

(3.32)

where α = ‖HUEi‖, i = 1, 2 is the channel fading amplitude of a legitimate user.

HUEi =
∑2

j=1Hij. Ω is defined as the mean square of the channel fading amplitude,

i.e., Ω = E[α2]. γb denotes the average SNR.
Figure 3.5 shows the fading distribution of a legitimate user fittedwith different known

distribution functions. As shown, the effective channel can be fit with a Nakagami

distribution with shape and scale parameters µ and ω. The fading distribution is char-
acterized by the following system (Sα).

(Sα)

{
Pα(α) = 2

(
µ
ω

)µ 1
Γ(µ)

α2µ−1exp(−µ
ω
α2)

(µ, ω) = (2.12853, 3.65843) .
(3.33)

where Γ(.) is the gamma function.
After getting an expression for the fading amplitude, the PDF of the effective SNR

expressed by Eq.(3.32) can be written as:{
Pγb(γb) = F

√
γb

2(µ−1)exp(−µ
ω

Ω
γb
γb)

F = ( Ω
γb

µ
ω
)
µ 1
Γ(µ)

.
(3.34)
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Figure 3.5: The amplitude distribution of the effective fading channel for the legitimate users
UE1 and UE2.

By substituting (3.34) in the bit error rate equation of (3.31), the following integral

is obtained:

BERUE1,UE2 =
F

2

∫ ∞

0

erfc(
√
γb)

√
γb

2(µ−1)exp(
−µ

ω

Ω

γb
γb), dγb (3.35)

Moreover, the above integral is similar to a very known integration involving the com-

plementary error function given in [31], as:

∫ ∞

0

erfc(
√
x)
√
x exp(−βx)dx =

1

2
√
π

(
arctan

(√
β
)

(β)3/2
− 1

β(1 + β)

)
, β > 0.

(3.36)

The bit error rate in (3.35) can be written in the form of this known integral by mak-

ing 2(µ − 1) = 1 which corresponds to setting µ = 3
2
instead of its original value,

µ = 2.12853. Note that it is feasible to perform this integration by taking β = µ
ω

Ω
γb

which satisfies the condition β > 0.
Thus, the bit error rate of a legitimate user can be approximated by the following ex-

pression3: 

BERUE1,UE2 ≈ F
4
√
π

(
arctan

(√
β
)

(β)3/2
− 1

β(1+β)

)
β = µ

ω
Ω
γb

F = βµ

Γ(µ)

(µ, ω) =
(
3
2
, 3.65843

)
(3.37)

where, arctan (·) is the inverse tangent function.
3A small note on this approximation is presented in Appendix C.
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3.4.2 Secrecy Analysis

In this section, we discuss the security of the proposed design where we show that

MU-AS-ST is robust against external and internal eavesdropping activities. External

eavesdropping refers to the case of the external user equipment UEX trying to decode

the data of the legitimate superimposed users x1, x2. Internal eavesdropping refers

to the case of the presence of an untrusted user among the superimposed users. We

perform a comparative analysis with PD-NOMA.

3.4.3 Security Against Internal Eavesdropping

Unlike the data superposition principle in power domain NOMA where the far user

signal receives the data of the near user (i.e., it is treated as noise during detection)

and the near user employs SIC for subtracting the dominating far user’s signal, in this

design every legitimate user receives only its own signal where the interference from

all other superimposed users in the network can be fully cancelled through the addition

of the auxiliary signals. This presents a more robust design, compared to conventional

NOMA, with no risk of internal eavesdropping activities in the presence of internal

eavesdroppers among the superimposed users.

3.4.4 Security Against External Eavesdropping

From the receiver in Fig.3.6 and the derivation of the received signal at the eavesdrop-

per node, UEX , we can see that the decoding of the received signal is a very complex

operation for the external eavesdropper node UEX . This is due to the fact that the re-

ceived signal at this node contains many unknowns including the legitimate users’ data

(i.e., x1, x2), their channels and the auxiliary signals r1 and r2. Moreover, the auxiliary

signals, as can be seen from their derivation, are a complicated function of the user’s

channels and user’s data signals which makes the decoding of the transmitted signals

by an external device an extremely challenging task. Furthermore, the complexity of

this decoding grows as the number of superimposed users grow.

Figure 3.6: Received signal at the external eavesdropping device / MU-AST-ST
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3.4.5 SINR Analysis: MU-AS-ST vs PD-NOMA

Legitimate Nodes (UE1,UE2)

In the following, we will derive the signal to interference plus noise ratio (SINR) for
the legitimate users using both the proposed MU-AS-ST and the conventional power

domainNOMA. TheSINRmetric for a given user equipmentUE ∈ {UE1, UE2, UEX}
using a technique T ∈ {MU − AS − ST,NOMA} is defined as follows:

SINRT
UE =

S

I + σ2
n

(3.38)

where S,I and σ2
n stand, respectively,for the signal power, the interference power and

the noise variance at the corresponding receiver node UE.

From (3.19) and (3.20), SINR for the legitimate usersUE1 andUE2 using MU-AS-

ST can be written as:

SINRMU−AS−ST
UE1

=
‖H11 +H12‖2

σ2
n1

(3.39)

SINRMU−AS−ST
UE2

=
‖H21 +H22‖2

σ2
n2

(3.40)

On the other hand, let’s derive the SINR for the legitimate users using conventional

power domain NOMA.

First, for the far user, the received signal is shown by (3.27) and as can be seen from

this equation it contains the interference fromUE2 however since the far user’s power

share is the highest, this interference term is counted as noise and does not affect the

detection of x1 by UE1. The corresponding SINR for this user equipment can be

written as:

SINRNOMA
UE1

=
Pα1‖H11 +H12‖2

Pα2‖H11 +H12‖2 + σ2
n1

(3.41)

Moreover, since the near user removes the interference caused by the far user, the

SINR for this user for decoding its own signal x2 can be derived from (3.29) as:

SINRNOMA
UE2

=
Pα2‖H21 +H22‖2

σ2
n2

(3.42)

3.4.6 Computational & Design Complexity Analysis

In conventional NOMA, the main operation is successive interference cancellation

where near users performs SIC for the far users’ signals and then decode their own

signals. This is regarded as one of the main sources of complexity in the NOMA

receiver and thus it introduces a delay in the communication.

Unlike SIC, this design cancels the interference completely, with no risks of internal

eavesdropping as in the case of NOMA. Moreover, the use of diagonal of matrices,

in the proposed design, keeps the computational cost very minimal at the transmitter

freeing the receiver from any complex processing. Furthermore, performing all the

processing at the transmitter makes the proposed paradigm a very appealing choice

for internet of things (IoT) applications.
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3.5 Simulation Results

Table 3.2: MU-AS-ST / Simulation Parameters

Parameter Value

Modulation type BPSK

IFFT / FFT size 64

Subcarriers for data n 52

Symbols allocated for cyclic prefix 16

Number of inactive sub-carriers for out of band emission 12

Number of OFDM symbols 2 × 104

Channel model Rayleigh

Multipath channel delay samples locations [0 3 5 6 8]

Multipath channel tap power profile (dBm) [0 -8 -17 -21 -25]

Computer simulations of the proposedMU-AS-STwere performed using theMAT-

LAB simulation environment. The performance is measured in terms of metrics such

as the bit error rate, throughput and PAPR. The list of all the parameters used in the

simulations are shown in Table 3.2.

3.5.1 BER

In Figure 3.7, the bit error rate simulation results of MU-AS-ST are displayed. We

Figure 3.7: Bit error rates; where legitimate users have a good performance while all internal
and external eavesdroppers have severe BER degradation.

can see that the legitimate users get a very satisfactory BER performance while in

all eavesdropping activities a very poor performance is recorded. This includes: 1)

internal eavesdropping trials which correspond to the presence of an untrusted user

among the superimposed users. 2) external eavesdropping where an illegitimate user
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Figure 3.8: Bit error rate of MU-AS-ST compared to conventional power domain NOMA

under various power allocation scenarios.

(i.e., not among the superimposed users) tries to decode the broadcasted data. In Figure

3.8, MU-AS-ST is compared to power domain NOMA under various power allocation

scenarios. It can be observed that MU-AS-ST surpasses power domain NOMA in all

the considered cases.

3.5.2 Throughput

Throughput is an important metric for evaluating the performance of any communi-

cation system; however it is specifically important as a metric in the assessment of

multiple access designs.

Throughput simulations of the proposed design are presented in Figure 3.9 where it

is shown that the legitimate nodes achieve good spectral gain while all eavesdropping

scenarios exhibit a degradation in their performance. The total throughput saturates at

2 since the design developed here superimposes two users.

3.5.3 PAPR

SinceMU-AS-ST employs conventional OFDM as its basis waveform, the PAPR sim-

ulations of MU-AS-ST were performed and it was shown that MU-AS-ST does not

add further degradation over conventional OFDM in terms of PAPR, it even achieves

slightly lower values at high values on the x-axis as shown in Fig.3.10.

3.6 Conclusion

In this chapter, the design termed as Multi-User Auxiliary Signal Superposition Trans-

mission (MU-AS-ST) have been proposed and studied. The performance of the pro-

posed design in addressing the shortcomings of current conventional power domain
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Figure 3.9: Throughput of the legitimate/eavesdropper nodes in the network, using the pro-
posed MU-AS-ST.

Figure 3.10: PAPR of MU-AS-ST compared to conventional OFDM.

NOMAhave been evaluated and simulated in a Rayleigh fading channel throughmath-

ematical derivations and computer simulations.

The proposed design, which is based on the auxiliary signals, was shown to be less-

complex compared to conventional PD-NOMAwhere successive interference is linked

with increased design complexity and risks of internal eavesdropping in the presence

of an untrusted user among the superimposed users. Moreover, the use of diagonal

matrices in the proposed design makes the computational processing easier. This is

with all the processing being done at the transmitter thus freeing the receiver from any

additional computation over a conventional OFDM receiver.

MU-AS-ST is secure against both internal and external eavesdropping activities where

each legitimate user receives its own data with no interference from other superim-

posed users. Moreover, the external passive eavesdropper receives a signal which is
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very hard to decode since it contains a lot of unknowns with respect to this device

which makes the decoding extremely challenging for this illegitimate node. The order

of complexity in decoding this data by an illegitimate device grows as more number

of users are superimposed; however it is even a challenging task in the case of two

superimposed users which was studied in this thesis.

In terms of PAPR, MU-AS-ST was shown to add no further degradation to the con-

ventional OFDM PAPR where it even reduces it slightly at high SNR values.

38



Chapter 4

Enhancing the Spectral Efficiency per

Area and per Device through

Multi-Access Multi-dimensional

OFDMModulations

4.1 Introduction

The exploration of the subcarriers’ power inside an OFDM block was studied in chap-

ter 2 and was shown to lead to doubling the spectral efficiency per device. Moreover,

MU-AS-ST was presented in chapter 3 as a multiple access alternative for the conven-

tional power domain NOMA.

In this chapter, we present another design which explores the integration of multi-

dimensional OFDM modulation formats with multiple access designs by studying the

examplary integration of OFDM-SPM-BPSK 1 and MU-AS-ST. This combination of

multi-dimensional OFDMmodulation formats and multiple access techniques leads to

the enhancement of both of the spectral efficiency categories discussed in chapter 2,

where the spectral efficiency per area is enhanced through the use of the multiple ac-

cess setup (i.e., many devices/users in the same geographical area are supported by the

same limited resources simultaneously) and the spectral efficiency per receiving device

is increased through the use of multi-dimensional OFDMmodulations formats by em-

bedding more data bits in the transmitted stream through the exploration of additional

dimensions in the OFDM waveform such as the subcarriers’ index/power/number..etc

as shown in the illustrative plot Fig.4.1. This integration is a promising solution for a

better usage of the spectrum allocated for wireless communications.

Particularly, we have seen that if the power of the subcarriers is explored as a dimen-

sion then, the spectral efficiency per device is doubled due to the exploration of every

subcarrier in the OFDM block unlike other dimensions (index, number, ..etc) where

only the active subcarriers convey data implying only a partial enhancement of the

data rate.

In summary, the integration of OFDM-SPM-BPSK and MU-AS-ST achieves the fol-

lowing contribution points:

1Note that this design is fully coherent. OFDM-SPM-BPSK is the coherent version of the design

proposed in chapter 2. For more on this design, the reader is directed to publication 4, in section D.
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Figure 4.1: Enhancing the spectral efficiency per area and per device by integrating multi-
dimensional OFDM modulations with multiple access schemes.

• Doubling the spectral efficiency per area through the use of MU-AS-ST, where

two users in the same area are simultaneously supported with the same set of

resources.

• Doubling the spectral efficiency at each user node due to the exploration of the

power as an additional dimension.

The proposed design in this chapter is termed as D-SEAD (Doubling the Spectral Ef-

ficiency per Area and per Device).

4.2 Proposed System Model

4.2.1 Transmitter Design

The transmitter of the proposed design is shown in Fig.4.2 where the incoming data

streams of UE1 and UE2 are first modulated using OFDM with Subcarrier Power

Modulation and Binary Phase Shift Keying (OFDM-SPM-BPSK). This corresponds to

Figure 4.2: Transmitter of the proposed design.
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modulating the incoming bit-stream for each user user independently using the classi-

cal BPSK modulation and through the subcarrier power modulation where the incom-

ing bits are converted to high and low levels H,L, as explained in detail in the trans-
mitter of NC-OFDM-SPM presented in chapter 2. After the independent modulations

through BPSK (i.e., b1,b2) and the power subcarrier modulation block (i.e., p1,p2), the
joint data streams (i.e., x1 = b1 × p1, x2 = b2 × p2) for both users are superimposed

(i.e., x1 + x2). The auxiliary signals r1, r2 are added on top of the superimposed data
and two signals u1 = x1 + x2 + r1 and u2 = x1 + x2 + r2 are transmitted from two

different antennas A1 and A2, respectively.

4.2.2 Receiver Design

The same setup used in the study of MU-AS-ST is used here where a network com-

posed of three nodes of which two are legitimate users (i.e., UE1, UE2) and an external

eavesdropping device UEX . Moreover, the receiver of this design is not much differ-

ent than the receiver of the MU-AS-ST scheme presented in chapter 3. The only dif-

ference lies at the demodulation stage, where in this design two separate demodulation

blocks are used as shown in the receiver diagram in Fig.4.3:

• BPSK Demodulator: demodulates the incoming combined stream using con-

ventional BPSK demodulation. The output of this block is the BPSK bit stream.

• SPM Demodulator: This demodulator is for the detecting the bits conveyed

through the exploration of the power of the subcarriers inside the OFDM block.

This is the same demodulator as in the receiver of NC-OFDM-SPM treated in

chapter 2. This demodulator compares the power of the incoming symbols to a

predefined threshold defined as in Eq.(2.2) and the recovers the high (H) and

low (L) power bits.

Figure 4.3: Receiver of the proposed design.
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4.3 Results & Discussion

4.3.1 BER Analysis

Figure 4.4: Bit error rate of MU-AS-ST with OFDM-SPM-BPSK, under the optimized power

reassignment (PRP-OOP).

Simulations of the design proposed in this chapter were done using the same simu-

lation parameters used in chapter 2 and 3. Furthermore, OFDM-SPM-BPSK is used as

the modulation technique in the optimized power reassignment mode (or Overall Op-

timized Performance (OOP)) where the power levels are (H,L) = (1, 918, 0.5668).
In Fig.4.4, the average bit error rates for the legitimate users are plotted along with

the error rates which simulate all the eavesdropping scenarios. It can be seen that the

average curve attains the same BER performance as in the case of MU-AS-ST without

the subcarrier power modulation. By looking at Fig.4.5, where the individual curves

Figure 4.5: Bit error rates for the legitimate users UE1, UE2.
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corresponding to the detection of the BPSK bits and the detection of the power bits are

displayed, it is observed that the BPSK stream attains a lower error rate compared to

the average curve which also represents the plain MU-AS-ST case. This is due to the

reassignment mechanism which enhanced the overall reliability of the system making

it better than the case of MU-AS-ST without OFDM-SPM-BPSK integrated with it.

Moreover, the power curve for a legitimate user is slightly worse than performance of

the conventional MU-AS-ST presented in chapter 3.

Furthermore, it can be seen from Fig.4.4 that in all eavesdropping scenarios, there is

extremely severe degradation in the performance showing the secrecy of the proposed

scheme. The degraded curves represent:

• External eavesdropping cases: This corresponds to the case where the external

illegitimate device UEX tries to decode the data of the legitimate users UE1 and

UE2. It is shown that decoding any stream (the power or BPSK) is not feasible

due to the secure design through the auxiliary signals.

• Internal eavesdropping cases: This simulates the case of untrusted users among

the superimposed users. As shown in chapter 3, MU-AS-ST is secure against in-

ternal eavesdropping trials as well and as such decoding the power or the BPSK

streams is not feasible as shown in Fig.4.4.

4.3.2 Spectral Efficiency

In Fig.4.6, the data rates of the legitimate users are displayed. The following results

can be concluded from this plot:

Figure 4.6: Spectral efficiency of MU-AS-ST using OFDM-SPM-BPSK as the modulation

technique.

• Doubling the spectral efficiency per device: It can be seen that the spectral effi-

ciency per user/device is doubled for each one of legitimate usersUE1 andUE2.

This is due to the use of OFDM-SPM-BPSK which is a 2-D modulation format

as discussed in chapter 2. This leads to doubling the spectral efficiency since
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data is sent through the BPSK constellation and through the subcarrier power

levels.

• Doubling the spectral efficiency per area: The overall spectral efficiency of the

system or the overall achievable rate can be found by summing the rates of the

individual users in the network and as can be seen from the spectral efficiency

plot, the overall data rate (for two users UE1 + UE2) is doubled amounting to

4 bits/s/Hz.

4.3.3 PAPR

Since this design is based on OFDM, it is important to evaluate its performance in

terms of peak to average power ratio and check if it adds any additional degradation

over conventional OFDM. In Fig.4.7, results of the PAPR simulations for two transmit

signals from two different antennas A1 and A2 are displayed where it can be observed

that the proposed design attains almost the same PAPR as conventional OFDM with

DPSK and it does not add any further degradation over it. Furthermore, PAPR re-

duction techniques can be implemented with this setup to enhance the performance.

Figure 4.7: PAPR of MU-AS-ST using OFDM-SPM-BPSK as the modulation technique.

4.3.4 Complexity Analysis

This design adds very slight complexity to the system proposed in chapter 3. The

only additional processing units over conventional MU-AS-ST are the SPM modula-

tor at the transmitter and the SPM demodulator at the receiver. Note that since SPM

employs threshold based detection this adds slight complexity over the conventional

BPSK demodulator unlike ML-detector and LLR detector based multi-dimensional

OFDM modulations such as index modulations [20].
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4.4 Conclusion

In this chapter, OFDM-SPM-BPSK was used as the modulation option for the mul-

tiple access design MU-AS-ST developed in chapter 3. Results have shown that this

combination reaches doubling the spectral efficiency per area through the use of MU-

AS-ST and the spectral efficiency per device through the use of OFDM-SPM-BPSK

which doubles the spectral efficiency per receiving node as it explores the power of

the OFDM subcarriers as an additional dimension to send an additional (second) data

stream along with the classical BPSK stream.
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Appendix A

Constellation diagram: NC-OFDM-SPM vs 4-PAM

1 The constellation diagram of Fig.A.1 reveals a close similarity between the proposed NC-

OFDM-SPM and Pulse Amplitude Modulation (PAM). To further clarify this ambiguity raised

by the similarity of both constellations, we consider Fig.A.1 for highlighting the structural dif-

ference that exists between both schemes. First, as explained in the system model of OFDM-

Figure A.1: Comparison between the constellation diagram of OFDM-SPM and 4-

PAM.

SPM and shown in the simulation results, the OFDM-SPM waveform results from the com-

bination of two main operations: conventional OFDM with DPSK modulation and Subcarrier

Power Modulation (SPM) which corresponds to manipulating the power level of the transmit

subcarriers by setting it to high (H) or low (L). The power allocator block in the transmitter
diagram of NC-OFDM-SPM is the unit responsible for this latter operation. In other words,

the power of the subcarriers is used as an extra dimension for conveying extra data bits.

Moreover, as shown in Fig.A.1, even though any pair of bits ”ij” appears to be in the same

position of the constellation diagram of both NC-OFDM-SPM and 4-PAM, this pair is a result

of different operations in both cases. That’s, in the case of OFDM-SPM, the pair ”ij” corre-

sponds to a power subcarrier (i.e, low if ′i′ = 0 and high if ′i′ = 1) carrying a bit ′j′ modulated
by DPSK. On the other hand, in the upper subplot where PAM is represented all the pairs are

colored with the same color showing the fact that they are all resulting from classical 4-PAM

modulation and, unlike OFDM-SPM, no extra dimension is explored to convey extra data bits.

Furthermore, exploring the subcarriers’ power is the same principle employed in index mod-

ulation (OFDM-IM) where the positions (indices) of the active subcarriers can be selected

according to a look-up table for conveying extra data bits. In fact, the difference between

OFDM-SPM and PAM is the same as the difference between OFDM-IM and pulse position

modulation (PPM).

1Some of the appendices given here are replies to comments from the reviewers during the publica-

tion of the papers related to this project. Some are mere explanations to clarify the text or discussions

of future research ideas related to the proposed designs.
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Appendix B

Error floor problem: A discussion on the logic of combining subcarrier power

modulation & differential detection.

Figure B.1: Bit error rates for NC-OFDM-SPM in the PRP-ACP mode.

During the submission of publication 1, where the proposed non-coherent design was

shown to achieve the performance of coherent OFDM-BPSK, one of the reviewers commented,

among other comments, with the following:

Comment: While encoding information over positive amplitudes looks quite straightforward,

reliable communication in non-coherent systems based on amplitude modulation can be a bit

tricky ;). To see this I would kindly suggest the authors to first forget about combining ampli-

tude modulation with differential scheme and only develop a two-level power modulation with

positive levels A>a>0. You will immediately come to this conclusion that even under optimal

ML receiver the performance of non-coherent communication is not satisfactory. More specif-

ically, such a system shows an error floor for any fixed value of A>0 and a>0. This error-floor

cannot be seen in Fig. 3 and there should be some satisfactory explanations in this regard.

I would like to comment on this claim as follows 1:

1. Right. there should be an error floor which is, by the way, clear from Fig/2.142 where

1This comment is included here because it is one of the interesting comments (or themost interesting)

i had during the publication of papers related to design 1. Moreover, it needs a reply since it poses

problems directly related to the feasibility of the idea.
2Fig.2.14 is displayed here again for easier reading.
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the power stream achieves higher BER than the DPSK stream.

2. Unlike classical modulations (PAM alone , or DPSK alone, ..etc), there is a flexibility

with multi-dimensional OFDM modulations. This means that, for reaching a wanted

performance for a specific user some optimization problem can be defined by putting

constraints on the individual curves. In our case for example, the power streamwas scar-

ified for the DPSK stream for this latter to reach the performance of coherent OFDM-

BPSK, as shown in the PRP-ACP mode. Reaching the coherent performance with

the DPSK curve introduced some degradation in the power curve as can be seen from

Fig.2.14; however, this power stream is an additional benefit given by NC-OFDM-SPM

where it can be reallocated for a user application where ultra-reliability is not a main

requirement.
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Appendix C

A note on the derivation of the BER expression of MU-AS-ST

We have seen that the BER of a legitimate user, using MU-AS-ST, can be approximated by

Eq.3.37 as follows: 

BERUE1,UE2 ≈ F
4
√
π

(
arctan

(√
β
)

(β)3/2
− 1

β(1+β)

)
β = µ

ω
Ω
γb

F = βµ

Γ(µ)

(µ, ω) =
(
3
2 , 3.65843

)
(C.1)

Note that this is only an approximate expression for the BER and is not very accurate due to

the change of the scale parameter µ (the original distribution is modified as shown in Fig.C.1

for the purpose of converting the BER integral into a solvable one). The exact performance

can be obtained from the simulation curves. This theoretical expression is only given as an

additional result over the simulation curves where one can obtain an approximate value of the

BER performance of MU-AS-ST at any SNR.

Figure C.1: The amplitude distribution of the effective fading channel for the legitimate users
UE1 and UE2. Original and modified distributions.
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Appendix D

A short discussion on security

In chapter 2, NC-OFDM-SPM was studied in terms of addressing the requirements of future

wireless systems such as reliability, spectral efficiency, complexity and latency, PAPR; how-

ever, a study on the security of this design was not performed.

One possible way for achieving the security of this waveform is through chaotic communica-

tion techniques where a chaotic map can be designed for this purpose. Examples of possible

maps are chaotic symbolic dynamics and others. Particularly, for reducing the complexity and

the problems of synchronization, non-coherent chaotic setups, rather than coherent maps, can

be explored for this purpose. A system model for the security of OFDM-SPM through chaotic

Figure D.1: System model for securing OFDM-SPM through chaotic maps.

maps is presented in the figure below where after the joint stream is formed it can be given

as an input to a chaotic system which changes its settings in each transmission and outputs a

chaotic sequence in each step due its sensitivity to initial conditions.

Moreover, In chapter 4, the integration of subcarrier power modulation and MU-AS-ST

was studied where a secure transmission method which doubles the spectral efficiency per area

and per device was developed and the security was achieved through specifically designed

auxiliary signals. Although, the achieved security is enough as shown by the results; the idea

presented above can be used for designing an extra robust and solid security mechanism, on

top of the auxiliary signals, through the use of chaotic maps as shown in the figure above. In

this way, the eavesdropper is more challenged by facing three levels of difficulty as shown in

Fig.D.2:

• Chaotic map level. There is an extremely low probability of mapping the received

chaotic sequence to the original transmitted data (i.e., input to the chaotic modulator).

This is the first level to be passed by the eavesdropper and it is extremely hard since it

is related to a chaotic behavior which changes in every round.

50



• Multiple access / auxiliary signals level. The second level to be passed by the eaves-

dropper is the knowledge of the auxiliary signals which was shown, from the design of

MU-AS-ST, to be extremely challenging for the eavesdropper device as it is the com-

bination of the users’ data x1, x2, the users’ channels, and the auxiliary signals r1, r2
which are all unknowns to this device.

• the multi-dimensional modulation level. After decoding the superimposed data x1, x2
the eavesdropper needs to decode from it the individual power (i.e., p1, p2) and BPSK
streams (i.e., b1, b2). This is not hard compared to the previous two levels; however,
reaching it is challenging due to the difficulty of the steps that come before it.

Figure D.2: Different layers of security / through auxiliary signals and through chaotic maps.
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