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Co-Major Professor: Gökhan Mumcu, Ph.D.

Kwang-Cheng Chen, Ph.D.
Ismail Uysal, Ph.D.

Dmitry B. Goldgof, Ph.D.
Javad Abdoli, Ph.D.

Date of Approval:
April 4, 2023

Keywords: 6G, non-orthogonal multiple access, interference, rate-splitting

Copyright © 2023, Mehmet Mert Şahin
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Abstract

The growing interest in diverse wireless applications such as virtual reality (VR), digital

twin, ultra-massive broadband communication (u-MBB) has led the cellular industry to

look for new multiple accessing schemes and new signal processing techniques for utilization

of next-generation wireless technologies. Throughout the PhD duration, different studies

are performed in regards to dual-functional and interference robust multiple accessing and

control of electromagnetic radiation for cognitive radio systems. Firstly, a novel concept

on non-orthogonal multiple access (NOMA), which is the coexistence of different waveform

structures in the same resource elements is proposed. Secondly, a novel JCR waveform

is proposed to serve both communication and radar applications with the same resources.

Thirdly, rate-splitting (RS) in OFDM waveform is investigated. It is shown that even in

single-input single-output (SISO) BC scenario, the proposed OFDM-RSMA outperforms

OFDM-NOMA and OFDMA in diverse channel conditions. Finally, the formation of smart

radio environment is introduced considering efficient utilization of radio spectrum in any

given geographical area, which can be also viewed as a generalization of cognitive radio

technology.

viii



Chapter 1: Introduction

Over the last two decades, the traffic in mobile broadband (MBB) networks has increased

50-70% each year all around the world [1]. Immense traffic growth results in the need for

the capacity growth to maintain the quality of service. To cater for this huge traffic growth,

mobile networks must provide corresponding capacity growth. Evolving a network requires

increased capacity over the time within available spectrum to maintain high service quality.

Compared to current wireless networks like 5G, Wi-Fi, and WLAN, next-generation wireless

networks are expected to achieve significantly higher capacity, extremely low latency, ultra-

high reliability, as well as massive and ubiquitous connectivity in order to meet diverse

innovative applications such as virtual reality (VR), augmented reality (AR), holographic

communication, digital replica and non-terrestrial networks (NTN) networks [2].

In contrast to 5G and earlier generations, the next generation of wireless systems re-

quires environmental awareness to leverage adjustable radio parameters into communica-

tion. Therefore, radar-sensing systems will be integrated into the wireless networks to cope

with specific applications and use cases such as autonomous vehicles and environment-aware

access points. Also, it is expected that this new paradigm supports flexible and seamless

connectivity [3]. A key-enabler of high-mobility networks is the ability of a node to track

its dynamically changing environment continuously and react accordingly. Although state

sensing and communication have been designed separately in the past; power, spectral effi-

ciency, hardware costs encourage the integration of these two functions, such that they are

operated by sharing the same frequency band and hardware [4].

Beside increasing data-rate tremendously, the use of higher frequency ranges, wider band-

widths, and massive antenna arrays leads to enhanced sensing solutions with very fine range,

1



Doppler and angular resolutions, as well as localization to a cm-level degree of accuracy.

Moreover, new materials, device types, and reconfigurable intelligent surface (RIS) will allow

network operators to reshape and control the electromagnetic response of the environment.

At the same time, machine learning and artificial intelligence will leverage the unprecedented

availability of data and computing resources to tackle the biggest and hardest problems in

both wireless communication and radar-sensing systems. Therefore, the convergence of these

two applications will continue to create new research areas and innovations.

1.1 Scope of Dissertation

The scope of the dissertation is to design novel multiple accessing and waveform schemes

to enable massive connectivity, dual-functionality including radar-sensing and communica-

tion, interference resilient transmission for next-generation wireless systems. Initially, the

chapters provide system model and background research and then, include performance re-

sults of the proposed architecture and comparisons with the conventional methods studied

in the literature.

1.2 Contributions

Here, the contributions of studies performed throughout the PhD is briefly explained.

1.2.1 Waveform Domain NOMA

This study proposes a novel non-orthogonal multiple access (NOMA) scheme called

waveform-domain NOMA with transceiver design utilizing low density parity coding (LDPC)

codes aided soft interference cancellation to improve block error rate (BLER) performance

through all received power level variations of users. The contributions of this study can be

listed as follows:
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• A novel power-balanced downlink NOMA transceiver design consisting of two differ-

ent waveforms orthogonal frequency division multiplexing (OFDM) and OFDM-index

modulation (OFDM-IM) is proposed.

• The log-likelihood ratio (LLR) calculations are evaluated depending on the waveform

type that is decoded first.

• The reconstruction of the firstly decoded user’s waveform is investigated with two

different techniques in terms of error vector magnitude (EVM) as well as considering

channel estimation errors.

It is shown that the proposed waveform-domain NOMA scheme outperforms the conven-

tional power-domain NOMA scheme in terms of BLER performance in the power-balanced

scenarios. Moreover, waveform-domain NOMA provides flexibility among users regarding

their demands.

1.2.2 Multicarrier Rate-Splitting Multiple Access

Rate-splitting multiple access (RSMA) is a multiple access technique generalizing con-

ventional techniques, such as, space-division multiple access (SDMA), NOMA, and physical

layer multi-casting, which aims to address multi-user interference (MUI) in multiple-input

multiple-output (MIMO) systems. In this study, we leverage the interference management

capabilities of RSMA to tackle the issue of inter-carrier interference (ICI) in OFDM wave-

form. The main contributions of the study are as follows:

• The analogy between RSMA in multiple-input single-output (MISO)-broadcast chan-

nel (BC) and RSMA in single-input single-output (SISO) under OFDM waveform is

constructed showing that multi-numerology OFDM technique can be exploited to over-

come the ICI.

• The drawback of OFDM-NOMA scheme is explained that hinders to utilize frequency

selectivity of the channel due to block decoding structure of OFDM waveform.
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• Rate-splitting is studied on the OFDM waveform to combat the effects of different

channel conditions including frequency selectivity and time selectivity. Subcarrier and

power allocation to maximize the sum-rate is formulated in OFDM-RSMA.

1.2.3 Waveform Coexistence for DFRC Systems

The demand for dual-functional wireless systems is on the rise as certain resources become

more congested and scarce. joint communication and radar (JCR) is a promising technology

that is becoming very critical and growing in popularity, where communication and radar

applications are serviced simultaneously sharing the same hardware/software and the fre-

quency band resources. JCR and its alternatives need to be cleverly integrated into certain

waveforms such as OFDM to function properly without a degradation in the performance.

Following contributions are done in the field of merging radar-sensing and communication

systems:

• Joint radar-sensing and communication is studied in the view of waveform coexistence

on the same resources.

• The superiority of the proposed NOMA scheme for joint radar-sensing and commu-

nication is demonstrated in terms of ambiguity in radar-sensing functionality, chan-

nel estimation mean-squared-error (MSE) and bit-error-rate (BER) performance by

comparing with the existing OFDM JRC system which is derived from conventional

comb-type pilot based OFDM.

• A novel JCR waveform scheme is proposed using the OFDM-IM structure and Golay

complementary sequences (GCS) as radar symbols.

1.2.4 Control of Electromagnetic Radiation

A smart and reconfigurable radio technology is demonstrated where the superiority of

mutual usage of RIS and ambient backscatter communication (ABC) in terms of shaping the
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electromagnetic energy in coexisting radio systems is presented. First, the use of multiple

RISs is studied to enhance the capacity of secondary use inside the specific area by shaping

the electromagnetic energy in the spatial domain. Secondly, a new degree of freedom with

repositionable dynamic RIS is introduced. Controlling the time varied shadowing effects by

re-positioning the RIS, it is shown that 15% more capacity can be achieved. Finally, the use

of multiple coordinated ABCs to protect the region of primary use against the radiation due

the secondary uses is investigated. The main contributions of the study can be summarized

as follows:

• The smart radio environment system is proposed utilizing novel technologies such as

repositionable RIS and coordinated ABC to control spatial electromagnetic radiation

by creating radiation rejection and coverage extension zones.

• For the first time in the literature, it is introduced that the repositionable RISs are

utilized to extend the coverage of co-existing secondary systems and coarse radiation

rejection for primary systems by having much more control on the exploitation of

channel clusters as well as shadowing effects that may causes high power fluctuations in

a short time frame. In numerical evaluations, introducing multiple static coordinated

RIS, it is demonstrated that at least 5 dB increase can be obtained in the power of

secondary system along the specific region.

• It is also novelly studied that a group of coordinated ABC nodes are proposed to create

man-made deep fades which greatly reduce the interference from secondary use into the

radiation rejection zone hosting primary passive and active uses. Simulation results

demonstrates that the use of coordinated multiple ABC nodes provides nearly 10 dB

interference rejection in the vicinity of primary user.

• The coexistence of all proposed concepts is studied with joint optimization of cov-

erage extension area and radiation rejection zone using both repositionable RIS and

coordinated ABCs.
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1.3 Dissertation Outline

Chapter 1 provides brief introduction about the studies performed during Ph.D. term.

Chapter 2 presents the need for next-generation multiple accessing schemes. The studies

that are proposed as a remedy for conventional non-orthogonal multiple accessing and or-

thogonal multiple accessing are introduced. The novel waveform-domain NOMA concept is

presented and compared with the conventional power-domain NOMA scheme. The numer-

ical results demonstrate that the proposed waveform-domain NOMA scheme is capable of

overcoming the problems of power-domain NOMA in power-balanced scenarios. In Chap-

ter 3, a novel concept which is called OFDM-RSMA is introduced. A promising concept,

dual-functional radar and communication, which merges two highly studied concepts are

introduced in Chapter 4. Novel waveform and wireless systems structures are explained.

In Chapter 5, control of electromagnetic radiation on coexisting smart radio environment

is introduced where two novel technologies, reconfigurable intelligent surfaces and ambient

backscatter communications are utilized supported with machine learning. Finally, Chapter

6 concludes the dissertation with possible future research directions.
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Chapter 2: Next Generation Multiple Access

This chapter1 initially introduces the importance of novel multiple accessing designs that

need to overcome current solutions. Then, waveform-domain NOMA concept introduces by

authors are explained.

Over the last two decades, the traffic in MBB networks has increased 50-70% each year

all around the world [1]. Immense traffic growth results in the need for the capacity growth

to maintain the quality of service. Compared to current wireless networks like 5G, Wi-Fi,

and WLAN, next-generation wireless networks are expected to achieve significantly higher

capacity, extremely low latency, ultra-high reliability, as well as massive and ubiquitous

connectivity in order to meet diverse innovative applications such as VR, AR, holographic

communication, digital replica and NTN networks [8, 2]. Moreover, the evolution toward

next-generation wireless networks requires a paradigm shift from the communication-oriented

design to a multi-functional design, including communication, sensing, imaging, computing,

and highly accurate positioning capabilities with mobility. To meet these requirements of

diverse applications, advanced multiple accessing schemes are expected to be studied that

are capable of supporting massive numbers of users in a more efficient manner in terms of

resource and computational complexity [9].

2.1 Background and Related Works

It has been shown that orthogonal transmission is vulnerable to the interferences that

destroy the orthogonality of the signalling scheme which are named differently such as inter-

symbol interference (ISI), ICI, MUI, and adjacent channel interference (ACI) [10, 11, 12]. At

1First three sections of this chapter are published in [5] and [6], fourth section is published in [7]. Per-
missions are included in Appendix A.
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the same time, it can only support limited number of users in a given orthogonal resources

[13]. Supported with theoretical foundations [14], non-orthogonal transmission have been

taking interest from academia and industry for many years to meet the demand on explo-

sively growing number of users/devices in next generation wireless networks (NGMA). Since

2G mobile systems, different non-orthogonal transmission schemes are studied to circum-

vent the limitations encountered in the orthogonal transmission [15, 16]. Non-orthogonal

spreading sequences are utilized in the techniques of IS-95, wideband code division mul-

tiple access (CDMA) (WCDMA), and CDMA2000 which are the core technologies of 2G

and 3G. Moreover, multi-user superposition transmission (MUST) has been considered as

a candidate multiple accessing scheme in 4G LTE-A systems where messages of cell-edge

and cell-interior users are proposed to be superimposed on the same resource element [17].

MUST scenario guarantees the decodability of messages exploiting substantial power differ-

ence between users. A non-orthogonal strategy that has gained popularity in 5G is called

NOMA, having two widely studied forms, power-domain NOMA (PD-NOMA) and code-

domain NOMA (CD-NOMA) [18].

2.2 Power-Domain NOMA

PD-NOMA depicted in Figure 2.1 serves multiple users in the same time-frequency re-

source block, and separates them in the power domain using superposition coding (SC) and

successive interference cancellation (SIC) techniques [19]. PD-NOMA allows superposition

of users’ messages for transmission, and the MUI ensuing from this non-orthogonal transmis-

sion is decoded and removed via SIC at the receiver. In single-antenna systems, e.g. SISO

BCs, PD-NOMA has been shown to achieve higher spectral efficiency (SE) than orthogonal

multiple access (OMA) and simultaneously serve higher number of users at an additional

cost of increased transceiver complexity [20, 21].

Power-domain NOMA can yield much better spectral efficiency compared to OMA unless

channel gains of users are not similar [22]. To date, the literature on power-domain NOMA
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Figure 2.1: System model for power-domain non-orthogonal multiple accessing.

has based its work on perfect SIC process [21], i.e., there is no residual error during the

detection, reconstruction, and subtraction of the decoded user’s waveform from the superim-

posed received signal. However, this assumption is infeasible because the signal of the firstly

decoded user should be estimated perfectly at the receiver [23]. Additionally, although the

impact of channel estimation accuracy on the performance of BLER is negligible for downlink

NOMA [24], it should be considered for uplink NOMA regarding the reconstruction of firstly

decoded user’s waveform. On the other hand, the transmit power of users is arranged in a

way that the users’ power received at the base station (BS) is significantly different in order

to enhance the overall system throughput in power-domain NOMA [25]. Since users trans-

mitting at a similar power level may also be grouped in the case of high connectivity, various

researches have been conducted to find new NOMA schemes that operate in power-balanced

scenarios [26].

The idea of serving multiple users in the same wireless resources, including frequency,

time, code, and space, has become an appealing research area over almost thirty years.

Efforts to investigate new types of multiple access techniques under the constraint of scarce

resources are named as multi-user detection and NOMA for decades. The main motivation
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behind NOMA having two different techniques, such as power-domain and code-domain,

is the increased connectivity compared to OMA, which can meet the harsh requirements

of the Internet of Things (IoT) [27]. Several NOMA schemes have been integrated into

various standardization efforts. In LTE, the downlink NOMA scheme, called multi-user

superposition transmission (MUST), was studied for the 3rd Generation Partnership Project

(3GPP) Release 14 [28], whose motivation is weak in 5G, because higher performance gains

can be provided with downlink massive MIMO [29]. A study on the application of NOMA

for uplink transmission has been recently carried out for 3GPP Release 16, where different

implementations of NOMA have been studied [30]. However, since power-domain NOMA

has performance degradation in some cases, such as imperfect SIC and strict power control,

it is not considered as a work-item in Release 17 [31]. The timeline of NOMA in 3GPP

standardization process is depicted in Figure 2.2.

On the other hand, the transmit power of users is arranged in a way that the users’

power received at the BS is significantly different in order to enhance the overall system

throughput in power-domain NOMA [25]. This arrangement in power-domain NOMA intro-

duces additional computational complexity that dynamically monitors the wireless system.

Moreover, users transmitting at a similar power level may also be grouped in the case of high
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connectivity. Therefore, various researches have been conducted to find new NOMA schemes

that operate in power-balanced scenarios [26]. Also, the design principle of forcing a user to

fully decode the interference from other users limits the advantages of PD-NOMA [32]. To

overcome the drawbacks of NOMA, several schemes are proposed, for example, authors have

come up with the concept of waveform-domain NOMA enabling the coexistence of different

waveforms dedicated to different applications [6, 7, 33]. It is shown that waveform-domain

NOMA concept provides significant performance improvement in the power-balanced sce-

nario where conventional PD-NOMA suffers.

2.3 Code-Domain NOMA

Code-domain NOMA uses user-specific sequences for sharing the entire radio resource

[19]. In the literature, there are several different techniques regarding code domain NOMA,

such as sparse code multiple access (SCMA) [34], interleave division multiple access (IDMA)

[35], pattern division multiple access (PDMA) [36], low density spreading multiple ac-

cess (LDS-MA) [37]. In this section, the most common one, which is SCMA, will be in-

vestigated. In this scheme, the encoding operations, for both the uplink and downlink,

involve replacing the quadrature amplitude modulation (QAM) modulator with an SCMA

modulator, which maps the coded bits directly to the multi-dimensional codeword from the

standardized codebooks. The decoding operations replace the single-user channel equaliza-

tion and QAM de-mapper of existing LTE receiver with an SCMA demodulator that jointly

detects the superposed data layers and output separate LLR results to the turbo decoders

of each layer [34].

SCMA is capable of supporting overloaded access over the coding domain, hence in-

creasing the overall rate and connectivity. By carefully designing the codebook and multi-

dimensional modulation constellations, the coding and shaping gain can be obtained simul-

taneously. In an SCMA system, users occupy the same resource blocks in a low-density

way, which allows affordable low multi-user joint detection complexity at the receiver. The
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sparsity of signal guarantees a small collision even for a large number of concurrent users,

and the spread-coding like code design brings good coverage and anti-interference capability

due to spreading gain as well [19].

An SCMA transmitter system model can be illustrated in Figure 2.3 where K synchronous

users multiplexing over N share orthogonal resources. Each SCMA codebook maps the coded

bits bk,n to a N-dimensional complex codeword. Generated codewords are superimposed

over the air transmission in uplink or at the transmitter in downlink, constituting an SCMA

block. This multiple access process is similar to that of CDMA, where the spread signals are

replaced with the SCMA codewords. Multi-user detection is carried out at the receiver to

recover the colliding codewords. Beside, SCMA uses sparse spreading to reduce inter-layer

interference, so that more codewords collisions can be tolerated with low receiver complexity

[19].

In order to strike a good balance between link performance (close to maximum-likelihood

detection and robust to channel imperfection) and implementation complexity (the com-

plexity of the receiver), the features of SIC with message-passing algorithm (MPA) can be

combined to have a SIC-MPA receiver which developed to reduce the complexity of conven-

tional MPA receiver. Specifically, MPA is first applied to a limited number of layers, so that

the number of colliding layers over each resource element does not exceed a given threshold
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value. Then, the successfully decoded MPA layers are removed by SIC, and the procedure

continues until all layers are successfully decoded, or no new data layer gets successfully

decoded by MPA. Due to the fact that MPA is used for a limited number of layers instead

of all the layers, the decoding complexity is greatly reduced [38].

2.4 Waveform Domain NOMA

Waveform design is one of the core components of the physical layer in wireless com-

munication systems. Basically, waveform can be defined as a physical signal that contains

information. These signals occupy physical resources in multi-dimensional hyper-space con-

sisting of time, frequency, space, code, power and beam. The main components of the

waveform design procedure are shown in Table 2.1, including data and redundant symbols,

lattice structure, pulse shape and frame structure. Waveform designs employ various pa-

rameters under these main components [39, 40]. The waveform consisting of symbol, pulse

shape, and lattice is the physical shape of the signal carrying modulated information [41].

Possible spacings between lattice points are defined by the numerology structure of a

waveform. Numerology includes a set of parameters for a specific lattice structure of a

waveform and 5G NR is standardized based on multiple numerologies of cyclic prefix (CP)-

OFDM on the time frequency plane. For 5G NR, parameters that define numerology type

of the waveform are subcarrier spacing, CP duration, inter-numerology guard band, roll-off

factor, filter coefficients, slot duration, number of symbols in one slot, number of slots per

subframe, and frame length.

The novel waveform-domain NOMA concept proposes the combination of different wave-

forms along with the non-orthogonal resources to introduce flexibility, separability, and de-

tectability.
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Table 2.1: Fundamental Points on the Waveform Design

Parameter Feature

Data symbols
They are a set of complex numbers rep-
resenting information bits.

Redundant symbols
They can be utilized for precoding,
guard utilization and artificial noise
generation.

Lattice structure

It represents locations of samples in
hyper-space. It is a multi-dimensional
resource mapping and each mapped
sample shows a location of one resource
element.

Pulse shape

The form of symbols in the signal plane
is defined by the pulse shaping filters.
The shape of filters determines how
the energy is spread over the multi-
dimensional hyper-space.

Frame structure

It can be defined as a packaging of
multiple user information because the
waveform design is the process of gen-
erating the collective physical signal,
which occupies the hyper-space, corre-
sponding to multiple users.

2.4.1 Waveform Selection

Some intelligent techniques for overlapping of users with different waveforms are stud-

ied in the prior works [42, 43, 44]. In [42], the separability aspect on the overlapping of

two different waveforms, which are OFDM and CDMA, is investigated with an iterative

receiver design that is computationally complex. Similarly, the coexistence of OFDM and

single carrier frequency division multiple access (SC-FDMA) is studied in [43]. It is shown

that the proposed multi-user detection (MUD) approach utilizing iterative likelihood testing

and signal-to-interference-plus-noise ratio (SINR) based processing outperforms conventional

SIC. Moreover, the orthogonal time-frequency space (OTFS) waveform is used for the high

mobility user, whereas the signal of the low mobility user is transmitted via the OFDM

waveform in [44]. This NOMA concept provides flexibility among users according to their

mobility profiles. In our study, due to some superiority of OFDM-IM over OFDM such as
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ergodic achievable rate, peak-to-average power ratio (PAPR) reduction, and robustness to

ICI [45], OFDM-IM is chosen as a candidate for waveform-domain NOMA.

2.4.2 Reconstruction of the Waveform

In the uplink NOMA, errors in channel estimation and information detection propa-

gate through the users coming in successive decoding order. To mitigate the performance

degradation, we have used LDPC codes aided soft-interference cancellation. The soft recon-

struction scheme is compared with the reencoding scheme proposed in [46] in terms of EVM

performance.

EVM is calculated as the ratio of root mean squared (RMS) power of the error vector

to the RMS power of the reference symbol overall OFDM subcarriers. For user 1, EVM is

calculated as follows:

EVM(dB) = 10 log10

(√∑N
n=1 ∥û1,n − u1,n∥2∑N

n=1 ∥u1,n∥2

)
,

where û1,n corresponds to the reconstructed symbol of user 1 at the nth subcarrier. Two

different techniques are used to reconstruct the decoded waveform to be stripped away from

the superimposed received signal:

1. If the signal of user 1 is demodulated first, the decoded bits of user 1 are reencoded

and remodulated to reconstruct the waveform of user 1. Then it is subtracted from

the superimposed signal to decode the signal of user 2.

2. For the reconstruction of the firstly decoded signal, we have utilized the Gallager

sum-product algorithm [47] that provides the total LLR of each variable node at the

stopping stage. The total LLR shows how reliable the symbol consisting of the related

bit can be reconstructed. Soft decision reconstruction is done at the end of the iterative
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process of the sum-product algorithm over the variable node vi as follows:

ζ = tanh(Li), (2.1)

where ζ denotes the scale factor for the symbol consisting of the related bit i and Li is

the sum of the extrinsic LLRs from connected check nodes and initial LLR of the bit

i . For example, in BPSK modulation, the reconstructed signal of user 2 for the ith bit

on the nth subcarrier becomes û2,n = −√
p2 tanh(Li). Subsequently, the reconstructed

signal is canceled from the aggregate received signal to decode the signal of another

user.

Comparison of different reconstruction schemes is evaluated through Monte Carlo sim-

ulations over the Frequency Selective Channel with 10 taps. Power delay profile (PDP)

of the channel is considered as uniform. Moreover, MSE is defined as the expected value

of the normalized difference between the channel response h and the channel estimation h̃,

σ2
e = E[|h̃−h|2]

E[|h|2] , where E[·] denotes the expected value. In Figure 2.4, EVM results are provided

for different MSEs in channel estimation. It portrays the superiority of the proposed recon-

struction scheme with extrinsic soft LLRs information obtained from the LDPC decoder.

It can also be seen that, in the uplink NOMA, accuracy in channel estimation has a high

impact on the reconstruction of the firstly decoded user’s waveform.

2.4.3 System Model for the Proposed Waveform Domain NOMA Scheme in Uplink Trans-

mission

For brevity, consider two users uplink NOMA scenario where both users transmit to

a single BS over N subcarriers in the presence of frequency selective channels, including

additive white Gaussian noise (AWGN).
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Figure 2.4: Comparison of reconstruction schemes for different MSE (σ2
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2.4.3.1 OFDM Based Conventional PD-NOMA in Uplink Transmission

Firstly, both user equipments (UEs) encode their messages by LDPC codes and modulate

via QAM, where data symbols of users are drawn from a complex symbol alphabet S. Then,

these symbols are OFDM modulated and transmitted to be received by the BS over the same

resource element (RE). Moreover, p1 and p2 denote the signal power of user 1 and user 2

for each subcarrier, respectively. In the OFDM with total N subcarriers, the total powers

of user 1 and user 2 become P1 = Np1 and P2 = Np2, respectively. After the process of fast

Fourier transform (FFT) and removal of cyclic prefix, the baseband received signal at the

nth subcarrier is expressed as follows:

rn =
√
p1h1,nu1,n +

√
p2h2,nu2,n + wn, (2.2)

where h1,n, h2,n, u1,n, and u2,n are the channel gains and data symbols of users 1, and 2,

respectively. Also, wn ∼ CN (0,σ2) denotes the AWGN at the nth subcarrier.
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Assuming that the signal of user 1 is decoded first, the capacity of user 1 (R1) in conven-

tional power-domain NOMA is given by

R1 =
N∑

n=1

log2

(
1 +

p1h1,n
σ2 + p2h2,n

)
bit/s/Hz. (2.3)

Assuming perfect SIC, which is infeasible, the capacity of user 2 (R2) is calculated as follows:

R2 =
N∑

n=1

log2

(
1 +

p2h2,n
σ2

)
bit/s/Hz. (2.4)

In the case of maximum likelihood multi-user detection (ML-MUD) without SIC, the decod-

ing order does not have any effect on the sum-rate; therefore, any arbitrary decoding order

can be assumed to be performed [48]. On the other hand, when ML-MUD with SIC is used,

the stronger user should be decoded first.
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2.4.3.2 Proposed Waveform Domain NOMA Scheme for Uplink Transmission

As Figure 2.5 depicts, user 1 has utilized OFDM-IM waveform, whereas user 2 sends its

signal via OFDM waveform over N subcarriers. In the OFDM-IM scheme [49], the total

Q = Q1+Q2 bits are transmitted as follows: Firstly, N subcarriers are split into g subblocks

consisting of k subcarriers. The Q1 bits are used to determine the indices of m active

subcarriers where the total number of active subcarrier positions is denoted as c . In each

subblock β, only m out of k subcarriers have activated.

Activated subcarriers are used to map Q2 bits on to M-ary signal constellation symbols

selected from the complex set S. The information of user 1 carried in the subblock β is given

by u1,β =
[
u
(1)
1,β ... u

(Q)
1,β

]
. The interleaved grouping is performed to increase the achievable

rate of OFDM-IM [50]. In subblock β, the vector of modulated symbols of user 2 carried

with OFDM waveform is denoted by u2,β =
[
u
(1)
2,β ... u

(k)
2,β

]
.

After FFT and cyclic prefix removal, the superimposed received signal at the nth sub-

carrier becomes

rn =

√
kP1

mN
h1,nu1,n +

√
p2h2,nu2,n + wk , (2.5)

where u1,n ∈ S′ = {0,S}. Moreover, denote rβ ∈ C1×k as the received signal at the βth

subgroup. The reception process of the proposed NOMA scheme is started by decoding the

OFDM-IM waveform first. However, the decoding may not always start with the OFDM-IM

waveform. It depends on both power, subcarrier allocation, and modulation order.

2.4.4 LLR Calculations for the Proposed Uplink Transmission

This section includes the LLR calculations of each user for two different NOMA schemes.

Calculated LLRs are sent to the LDPC decoder as input. For the sake of fair comparison,

we have used the log-sum approximation technique [51] to calculate approximate LLRs of

two different NOMA schemes.
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2.4.4.1 LLR Calculations for OFDM Based Conventional NOMA in Uplink Transmission

With ML-MUD algorithm, the LLR of the bit i of user 1 at the nth subcarrier, Λu1
n(i)

, is

calculated as

Λu1
n(i)

= log

(
f (rn|u(i)

1,n = 0)

f (rn|u(i)
1,n = 1)

)

≈ min
u1,n : u

(i)
1,n∈Si1, u2,n∈S

∥rn − h1,nu1,n − h2,nu2,n∥2

σ2

− min
u1,n : u

(i)
1,n∈Si0, u2,n∈S

∥rn − h1,nu1,n − h2,nu2,n∥2

σ2
, (2.6)

where Si
b ⊂ S denotes the set of all symbols α ∈ S whose label has b ∈ {0, 1} in bit position

i . The complexity of this LLR calculation, in terms of complex multiplications, becomes

∼ O
(
|S|2
)
. After LDPC decoder fed with LLRs, the symbols of user 1 is reconstructed and

subtracted from the superimposed signal with inevitable SIC error. The LLRs of user 2 are

calculated with the remaining signal and sent to the LDPC decoder in order to obtain bit

decisions of user 2.

2.4.4.2 LLR Calculations for the Proposed Waveform Domain NOMA in Uplink Transmis-

sion

The LLR calculations for users’ bits in the OFDM-IM+OFDM NOMA scheme depend

on which waveform is decided to be decoded first. As it is shown via numerical results, the

total power level is not the unique limitation to decide which waveform should be decoded

first. By decoding the OFDM-IM waveform first, the LLR of the bit i of user 1 at the βth

20



subgroup, Λu1
β(i) is

Λu1
β(i) = log

(
f (rβ|u(i)

1,β = 0)

f (rβ|u(i)
1,β = 1)

)

≈ min
u1,β : u

(i)
1,β=1, u2,β∈{S}k

∥rβ − h1,β ⊙ u1,β − h2,β ⊙ u2,β∥2

σ2

− min
u1,β : u

(i)
1,β=0,u2,β∈{S}k

∥rβ − h1,β ⊙ u1,β − h2,β ⊙ u2,β∥2

σ2
(2.7)

where h1,β ∈ C1×k and h2,β ∈ C1×k denote the channel state information (CSI) of users 1 and

2 through βth subgroup, respectively, and ⊙ denotes Hadamard multiplication. When the

OFDM-IM waveform is decoded first, the complexity of LLR calculation, in terms of complex

multiplications, becomes∼ O
(
c |S|m |S|k

)
. On the other hand, starting the decoding process

with the OFDM waveform, the LLR of the bit i of user 2 at the nth subcarrier, Λu2
n(i)

, becomes

Λu2
n(i)

= log

(
f (rn|u(i)

2,n = 0)

f (rn|u(i)
2,n = 1)

)

≈ min
u2,n : u

(i)
2,n∈Si1, u1,n∈S′

∥rn − h2,nu2,n − h1,nu1,n∥2

σ2

− min
u2,n : u

(i)
2,n∈Si0, u1,n∈S′

∥rn − h2,nu2,n − h1,nu1,n∥2

σ2
. (2.8)

By decoding the OFDM waveform first, the complexity of LLR calculation, in terms of

complex multiplications, becomes ∼ O (|S′| |S|). The waveform, whichever is decoded first,

is reconstructed and subtracted from the aggregate received signal before the next user’s

signal is decoded.

2.4.5 System Model for the Proposed Waveform Domain NOMA Scheme in Downlink

Transmission

For brevity, consider a two users downlink NOMA scenario in Figure 2.6, where a single

BS transmits the superimposed signal to both users over N subcarriers in the presence
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Figure 2.6: Two users downlink NOMA scheme with OFDM-IM+OFDM.

of frequency selective channels, including AWGN. It is assumed that all transceivers are

equipped with a single antenna. The transceiver architecture of the proposed NOMA scheme

is presented in Figure 2.7 and 2.8.

The LLR calculations are evaluated depending on the waveform type that is decoded

first. It is shown that the proposed OFDM-IM and OFDM NOMA scheme outperforms the

conventional power-domain NOMA scheme with OFDM waveform in terms of BLER per-

formance in the power-balanced scenarios. Moreover, the proposed NOMA scheme provides

flexibility among users regarding their demands.

2.4.5.1 OFDM Based Conventional PD-NOMA in Downlink Transmission

Firstly, BS encodes messages of UEs by LDPC codes and modulate via QAM, where data

symbols of users are drawn from a complex symbol alphabet S. Then, these symbols are

OFDM modulated and transmitted to be received by each UE over the same RE. Moreover,

p1,n and p2,n denote the signal power of user 1 and user 2 at the nth subcarrier, respectively.

In the OFDM with total N subcarriers, the total powers of user 1 and user 2 become P1 =∑N
n=1 p1,n and P2 =

∑N
n=1 p2,n, respectively. After the process of FFT and removal of cyclic
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prefix, the baseband received signal at the nth subcarrier for each UE is expressed as follows:

r1,n = h1,n (
√
p1,nu1,n +

√
p2,nu2,n) + wn, (2.9)

and

r2,n = h2,n (
√
p1,nu1,n +

√
p2,nu2,n) + wn, (2.10)

where h1,n, h2,n, u1,n, and u2,n are the channel gains and data symbols of users 1, and 2,

respectively. Also, wn ∼ CN (0,σ2) denotes the AWGN at the nth subcarrier.

Assuming that the signal of user 1 is decoded first where user 1 has more power, the

capacity of user 1 (R1) in conventional power-domain NOMA is given by

R1 =
N∑

n=1

log2

(
1 +

p1,nh1,n
σ2 + p2,nh1,n

)
bit/s/Hz. (2.11)

Assuming perfect SIC, which is infeasible, the capacity of user 2 (R2) is calculated as follows:

R2 =
N∑

n=1

log2

(
1 +

p2,nh2,n
σ2

)
bit/s/Hz. (2.12)

In the case of ML-MUD without SIC, the decoding order does not have any effect on the

sum-rate; therefore, any arbitrary decoding order can be assumed to be performed [48]. On

the other hand, when ML-MUD with SIC is used, the user with higher received power should

be decoded first.

2.4.5.2 Proposed Waveform Domain NOMA Scheme for Downlink Transmission

As Figure 2.6 depicts, OFDM-IM waveform has been utilized for user 1, whereas OFDM

waveform is used to send the signal of user 2 over N subcarriers. In the OFDM-IM scheme

[49], the total Q = Q1+Q2 bits are transmitted as follows: Firstly, N subcarriers are split into

total G subblocks consisting of k subcarriers. The Q1 bits are used to determine the indices

of m active subcarriers where the total number of active subcarrier positions is denoted
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as c = Gm. In each subblock β, only m out of k subcarriers have activated. Activated

subcarriers are used to map Q2 bits on to M-ary signal constellation symbols selected from

the complex set S. The information of user 1, which is carried in the subblock β, is given

by u1,β =
[
u
(1)
1,β ... u

(Q)
1,β

]
. Let Ωβ

j denote jth combination of the active subcarrier indices for

subcarrier group β, whereas Ω̄β
j is the complement of it, including empty subcarriers at the

β-th subgroup. As seen in Figure 2.7, the interleaved grouping is performed to increase the

achievable rate of OFDM-IM [50]. In subblock β, the vector of modulated symbols of user 2

carried with OFDM waveform is denoted by u2,β =
[
u
(1)
2,β ... u

(k)
2,β

]
.

LDPC 
Encoder

Index Selector

Constellation 
Symbol Mapper In

te
rle

av
er

OFDM

OFDM-IM

User 1 bits

LDPC 
Encoder

User 2 bits
OFDM

Multi-User LLR
Calculation 

LDPC 
Decoder

OFDM 
Demodulator

User 1 Bit 
Detection 

Soft Reconstruction 
and Cancellation

LLR
Calculation

LDPC
Decoder 

User 2 Bit 
Detection

User 1 
Channel

User 2 
Channel

+

Figure 2.7: Coding and modulating of user 1 (OFDM-IM) and user 2 (OFDM) signals.
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Figure 2.8: Demodulating and decoding of the superimposed received signal with LDPC
codes aided soft reconstruction and cancellation.

After FFT and cyclic prefix removal, the superimposed received signal for the users at

the nth subcarrier becomes

r1,n = h1,n

(√
kp1,n
mN

u1,n +
√
p2,nu2,n

)
+ w1,n, (2.13)

r2,n = h2,n

(√
kp1,n
mN

u1,n +
√
p2,nu2,n

)
+ w2,n, (2.14)
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where u1,n ∈ S′ = {0,S}. Moreover, denote rβ ∈ C1×k as the received signal at the βth

subgroup. Figure 2.8 depicts the reception process of the proposed NOMA scheme by de-

coding the OFDM-IM waveform first. However, the decoding may not always start with

the OFDM-IM waveform. It depends on both power, subcarrier allocation, and modulation

order. When OFDM-IM waveform is removed first, the capacity analysis of the proposed

NOMA scheme can be found in [52], whereas the other order of decoding is not studied

there. In this paper, capacity analysis of the scheme is evaluated when the OFDM waveform

is removed first from the superimposed signal. Calculations for the capacity of users are

performed on one subblock group. Assuming that the subcarriers in the subgroup are faded

independently, the capacity of user 2 is written as

R2 =
∑
n∈Ω̄β

log2

(
1 +

p2,nh2,n
σ2

)
+
∑
n∈Ωβ

log2

(
1 +

p2,nh2,n

σ2 + kp1,n
mN

h2,n

)
. (2.15)

After successfully removing the OFDM signal from the superimposed signal, the capacity of

user 1 with interleaved OFDM-IM waveform is lower bounded as follows [50]:

R1 =
m

k
log2(M) +

log2 (C (k ,m))

k
− 1

C (k ,m)kMm

×
C(k,m)∑
j=1

∑
m

× log2

C(k,m)∑
j ′=1

∑
k−m

1

det (Ik + Λj ,j ′)

 , (2.16)

where C (k ,m) denotes the binomial coefficient, Ik is the k × k unit matrix, Λj ,j ′ is an k × k

diagonal matrix whose i -th diagonal element is given as

[Λj ,j ′]i ,i =



p1k

2σ2m

∣∣∣∣stΩ−1
j

(i)
− st′

Ω−1
j

(i)

∣∣∣∣2 , i ∈ Ωj ∩ Ωj ′ ,

p1k

2σ2m

∣∣∣∣stΩ−1
j

(i)

∣∣∣∣2 , i ∈ Ωj ∩ Ω̄j ′ ,

p1k

2σ2m

∣∣∣∣st′
Ω−1
j

(i)

∣∣∣∣2 , i ∈ Ω̄j ∩ Ωj ′ ,

0, i ∈ Ω̄j

⋂
Ω̄j ′ ,

(2.17)
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where s denotes the QAMmodulated symbols in the activatedm subcarriers, s = [st1 , ... , stm ] ∈

Sm. As mentioned in [50], it should be noted that if Ωj(r) = i , then Ω−1
j (i) = r ·

∑
p(n) =∑M

p1=1 ...
∑M

pn=1. To conclude, (2.16) is the lower bound of the achievable data rate with

interleaved OFDM-IM waveform for user 1.

2.4.6 LLR Calculations for the Proposed Downlink Transmission

This section includes the LLR calculations of each user for two different NOMA schemes.

Calculated LLRs are sent to the LDPC decoder as input. For the sake of fair comparison,

we have used the log-sum approximation technique [51] to calculate approximate LLRs of

two different NOMA schemes.

2.4.6.1 LLR Calculations for OFDM Based Conventional NOMA in Downlink Transmis-

sion

With ML-MUD algorithm, the LLR of the bit i of user 1 at the nth subcarrier, Λu1
n(i)

, is

calculated as

Λu1
n(i)

= log

(
f (rn|u(i)

1,n = 0)

f (rn|u(i)
1,n = 1)

)

≈ min
u1,n : u

(i)
1,n∈Si1, u2,n∈S

∥rn − h1,n(u1,n − u2,n)∥2

σ2

− min
u1,n : u

(i)
1,n∈Si0, u2,n∈S

∥rn − h1,n(u1,n − u2,n)∥2

σ2
, (2.18)

where Si
b ⊂ S denotes the set of all symbols α ∈ S whose label has b ∈ {0, 1} in bit position

i . The complexity of this LLR calculation, in terms of complex multiplications, becomes

∼ O
(
|S|2
)
. After LDPC decoder is fed with LLRs, the symbols of user 1 is reconstructed

and subtracted from the superimposed signal with inevitable SIC error. The LLRs of user 2

are calculated with the remaining signal and sent to the LDPC decoder in order to obtain

bit decisions of user 2.
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2.4.6.2 LLR Calculations for the Proposed Waveform Domain NOMA in Downlink Trans-

mission

The LLR calculations for users’ bits in the OFDM-IM+OFDM NOMA scheme depend

on which waveform is decided to be decoded first. The total power level is not the unique

limitation to decide which waveform should be decoded first. By decoding the OFDM-IM

waveform first, the LLR of the bit i of user 1 at the βth subgroup, Λu1
β(i) is

Λu1
β(i) = log

(
f (rβ|u(i)

1,β = 0)

f (rβ|u(i)
1,β = 1)

)

≈ min
u1,β : u

(i)
1,β=1, u2,β∈{S}k

∥rβ − h1,β ⊙ (u1,β − u2,β)∥2

σ2

− min
u1,β : u

(i)
1,β=0,u2,β∈{S}k

∥rβ − h1,β ⊙ (u1,β − u2,β)∥2

σ2
, (2.19)

where h1,β ∈ C1×k and h2,β ∈ C1×k denote the CSI of users 1 and 2 through βth subgroup,

respectively, and ⊙ denotes Hadamard multiplication. When the OFDM-IM waveform is

decoded first, the complexity of LLR calculation, in terms of complex multiplications, be-

comes ∼ O
(
c |S|m |S|k

)
. On the other hand, starting the decoding process with the OFDM

waveform, the LLR of the bit i of user 2 at the nth subcarrier, Λu2
n(i)

, becomes

Λu2
n(i)

= log

(
f (rn|u(i)

2,n = 0)

f (rn|u(i)
2,n = 1)

)

≈ min
u2,n : u

(i)
2,n∈Si1, u1,n∈S′

∥rn − h2,n(u2,n − u1,n)∥2

σ2

− min
u2,n : u

(i)
2,n∈Si0, u1,n∈S′

∥rn − h2,n(u2,n − u1,n)∥2

σ2
. (2.20)

By decoding the OFDM waveform first, the complexity of the LLR calculation, in terms of

complex multiplications, becomes ∼ O (|S′| |S|). The waveform, whichever is decoded first,

is reconstructed and subtracted from the aggregate received signal before the next user’s

signal is decoded.
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ambiguity 
region

Figure 2.9: User 1 BLER for uncoded uplink NOMA schemes in AWGN.

2.4.7 Simulation Results

The proposed technique is evaluated numerically through Monte Carlo simulations for

both uplink and downlink systems. As in [42], the performance of the proposed NOMA

scheme is evaluated with BLER metric. Since the SIC is not perfectly performed in practice,

achievable rate analysis under the perfect SIC condition misleads the comparison of the

schemes. As for the modulation order, QPSK signaling is used for both NOMA schemes,

where equal data rate is satisfied with three active subcarriers in groups of four subcarriers

(m = 3, k = 4) for the user utilizing the OFDM-IM waveform. For OFDM+OFDM NOMA,

two different decoding schemes are investigated called ML and ML-SIC. For the ML-SIC

based decoding, the user with high received power is decoded first, then reconstructed, and

eliminated from the superimposed signal, whereas users’ bits is directly demodulated with

ML algorithm in the ML based decoding. On the other hand, for OFDM-IM+OFDMNOMA,

the decoding order is determined according to waveform type. Firstly decoded waveform is

shown as bold for all given plots.
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ambiguity 
region

Figure 2.10: User 2 BLER for uncoded uplink NOMA schemes in AWGN.

2.4.7.1 Numerical Evaluation for Waveform Domain NOMA in Uplink System

Figure 2.9 and 2.10 demonstrate the uncoded performance of both NOMA schemes over

the AWGN channel for user 1 and user 2, respectively.

ambiguity 
region

Figure 2.11: User 1 BLER for coded uplink NOMA schemes in AWGN.

The vertical axis denotes the required signal-to-noise ratio (SNR) for a user to achieve

the target BLER of 1‰, whereas the horizontal axis denotes the power difference in terms of

dB between two different users. OFDM+OFDM NOMA performance degrades significantly
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ambiguity 
region

Figure 2.12: User 2 BLER for coded uplink NOMA schemes in AWGN.

when users’ power is close to each other. As reference [53] shows that, OFDM-IM+OFDM

NOMA is superior in terms of BLER at the region, where power difference between users

is very close to 0 dB. This superiority comes from the inherent power difference of the

OFDM-IM structure. However, as power imbalance between the users nears −2 dB and 5 dB,

the performance degrades significantly because power coefficients
√

kP1

mN
and

√
p2 in Figure

2.5 equate the aggregate to the decision boundary. These regions are called as ambiguity

region where user’s messages are not decoded even with high SNR.

Figure 2.11 and 2.12 compare the LDPC coded conventional power-domain and the pro-

posed waveform-domain NOMA with 0.5 code rate for users 1 and 2, respectively. The block

length is chosen as 256.

For waveform-domain NOMA, the decoding order should be chosen properly to enhance

the performance gain. As opposed to conventional power-domain NOMA, the superior region

of the user 1 and user 2 is roughly below 2 dB and above −2 dB, respectively. Using forward

error correction with soft reconstruction and cancellation removes deep performance losses

in the range of certain power differences for OFDM-IM+OFDM NOMA scheme. However,

conventional power-domain NOMA still has a region where the performance degrades sig-

nificantly. The proposed waveform-domain NOMA scheme is superior at the region where
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Figure 2.13: Comparison of conventional and proposed uplink NOMA schemes in frequency
selective channel with tap number is 10.

the power of users is close to each other without having significant performance losses as the

power difference between users increases.

Figure 2.13 depicts the BLER performance of the conventional power-domain and the

proposed waveform-domain NOMA schemes through frequency selective channel with 10

taps where users modulate their signal with equal power. Throughout the simulation, it is

assumed that channel knowledge is present at the receiver. Since the channel is frequency

selective, the received signal has different power imbalances over each subcarrier; in other

words, power equality does not hold any more at the receiver side. Even in this case, better

performance is obtained with the proposed waveform-domain NOMA scheme. Nearly 1 dB

gain is achieved for both users at the target BLER of 1‰.

2.4.7.2 Numerical Evaluation for Waveform Domain NOMA in Downlink System

Figure 2.14 and 2.15 demonstrate the performance of conventional OFDM NOMA and

proposed OFDM-IM NOMA schemes over the frequency selective channel with 10 taps for

user 1 and user 2, respectively. Code rate is selected as 0.5 with 256 block length. Throughout

the simulation, it is assumed that channel knowledge is present at the receiver.
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Figure 2.14: BLER of user 1 of the downlink NOMA schemes in frequency selective
channel.

OFDM-IM+OFDM NOMA is superior in terms of BLER at the region, where power

difference between users is very close to 0 dB. However, as power imbalance between the users

is close to each other in conventional OFDM NOMA, the performance degrades significantly

because power coefficients of the users equate the aggregated signal to the decision boundary.

These regions are called as ambiguity region where user’s messages are not decoded even with

high SNR.

As opposed to conventional power-domain NOMA, the superior region of the user 1 and

user 2 in the proposed scheme is roughly below 2 dB and above −2 dB, respectively. Due to

inherent power imbalance in OFDM-IM, the decision of symbol is perplexed when aggregate

symbol falls into decision boundary at the 5dB power imbalance. Nevertheless, ambiguity re-

gion can not be seen in the proposed scheme by decoding OFDM-IM first, it can be decoded

at roughly 20 dB with the help of null subcarriers in OFDM-IM waveform. Using forward

error correction with soft reconstruction and cancellation removes deep performance losses

in the range of certain power differences for OFDM-IM+OFDM NOMA scheme. However,

conventional power-domain NOMA still has a region where the performance degrades sig-

nificantly. The proposed waveform-domain NOMA scheme is superior at the region where
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Figure 2.15: BLER of user 2 of the downlink NOMA schemes in frequency selective
channel.

the power of users is close to each other without having significant performance losses as the

power difference between users increases.
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Chapter 3: Rate-Splitting Multiple Accessing

In this chapter2 following notations are used. Lower-case bold face variables indicate

vectors, and upper-case bold face variables indicate matrices, diag (M) returns the elements

on the main diagonal of matrix M in a vector, CN (µ,σ2) represents complex Gaussian

random vectors with mean µ and variance σ2. The ℓ2-norm of a vector and Frobenius norm

of a matrix are denoted as ∥ · ∥ and ∥A∥F , respectively. The notation mij is the value located

in ith row and jth column of matrix M and ei denotes the ith standard unit basis vector of

for RN ..

3.1 Introduction

Innovative applications like AR, holographic communication, digital replica require sig-

nificant capacity and traffic growth. Dedicated multiple access schemes such as NOMA and

RSMA are proposed recently to cater for these immersive needs. In single-antenna systems,

e.g. SISO BC, PD-NOMA has been shown to achieve higher SE than OMA and simultane-

ously serves a higher number of users at an additional cost of increased complexity [20].

OFDM waveform has been widely studied and deployed in wireless communication stan-

dards such as 4G-LTE, 5G-NR and Wi-Fi due to its low-complexity implementation and

robustness against frequency selective channel models [55]. However, ’sinc’ shaped subcar-

riers of OFDM makes it vulnerable to sources of ICI such as Doppler spread, phase noise,

mismatch in local oscillators of receiver and transmitter ends, etc. In fact, ICI destroys the

orthogonality of subcarriers in OFDM and causes saturation in the data rate and error floor

region in the BER analysis even though the overall transmit power of the system increases

2The contents of the chapter are published in [54]. Permissions are included in Appendix A.
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[56]. This issue needs to be addressed in order to meet demanding requirements of next

generation communication standards.

RSMA has been shown to achieve the largest upper bound for the achievable rate in the

interference channel which makes it promising to address the ICI related problems of the

OFDM waveform [57]. Moreover, RSMA has been shown to encapsulate and surpass the

performance of SDMA, NOMA, OMA, multicasting in multiple antenna networks in terms

of spectral and energy efficiency, latency, and resilience to mixed-critical quality of service

[58].

Analysis of RSMA in multi-antenna multicarrier systems has been studied by several

papers [59, 60, 61]. A three step resource allocation scheme is proposed in [59] where power

allocation on a single subcarrier, matching between user and subcarrier and power allocation

among different subcarriers are solved in steps to maximize the sum-rate. In [60], RSMA is

studied in the overloaded multicarrier multi-group multicast downlink scenario by formulat-

ing a joint max-min fairness and sum-rate problem. RSMA for joint communications and

jamming with a multi-carrier waveform in MISO BC is studied in [61], where optimal pre-

coder and power allocation is investigated for simultaneous communications and jamming in

cognitive radio networks.

The abovementioned works consider RSMA to address the problems of various systems

employing multi-carrier waveforms, however, the problems of the waveform itself, such as

ICI due to Doppler under mobility, are not addressed. In this study, we employ RSMA to

solve the challenging problems that OFDM waveform faces under practical channel condi-

tions for the first time. Owing to the flexibility granted by the use of message-spliting and

SIC, we show that OFDM-RSMA outperforms orthogonal frequency division multiple ac-

cess (OFDMA) and OFDM-NOMA in terms of sum-rate under frequency-selective channels

and high mobility.
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3.2 System Model

We consider a system model, where a transmitter with a single antenna serves K single-

antenna users. The transmitter uses OFDM to serve users in the same time slot. As shown in

Figure 3.1, 3.2, and 3.3 for a two-user case, three different multiple accessing (MA) schemes

are considered for transmission i.e., OFDMA, OFDM-NOMA and OFDM-RSMA.

3.2.1 OFDM Transmission for K Users

Let xk denote the time domain signal of the k-th user expressed as follows:

xk = AFH diag (pk)dk , k ∈ K = {1, 2, ... ,K}, (3.1)

where F ∈ CN×N is the N-point FFT matrix, dk is the data symbols carrying information

of k-th user, and pk ∈ CN×1 is the precoding vector that captures the power allocated to

OFDM subcarriers. The CP-addition matrix A ∈ N(N+C)×N , and the CP-removal matrix

B ∈ NN×(N+C) can be expressed as follows:

A =

0C×(N−C) IC

IN

 , B =

[
0N×C IN

]
. (3.2)

The time-domain signal yk ∈ C(N+C)×1 received through the k-th user channel Hk can be

written as follows:

yk = Hk

K∑
k=1

xk + nk , (3.3)

where the vector nk ∈ C(N+C)×1 is the AWGN with nk,i ∼ CN (0,σ2) where nk,i ∈ nk and σ2

is the power of AWGN.
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Figure 3.1: Conventional OFDMA with two users showing channel power of users (dashed
line) and power allocation (solid box).
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Figure 3.2: OFDM-NOMA with two users showing channel power of users (dashed line)
and power allocation (solid box).

3.2.2 Channel Model

The linear time-varying (LTV) channel model includes multipath propagation and Doppler

effect leading to time and frequency shifts on the transmitted signal. The channel model

includes complex channel gain, Doppler shift and delay for every path. Therefore, the LTV

channel in the time-delay domain, c(t, τ), can be modeled as follows [62]:

c(t, τ) =
L∑

l=1

αle
j2πνl tδ(τ − τl), (3.4)

where αl , τl , and νl denote the complex attenuation factor, time delay, and Doppler frequency

shift associated with the l th discrete propagation path where l ∈ {1, 2, ... , L}. Let N and

C be the total subcarrier number with the set of N = {1, 2, ... ,N} and CP length of the

OFDM waveform, respectively. It is assumed that CP length is larger than the maximum

delay spread to ensure ISI free transmission. The relation of (3.4) with the k-th user’s time
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Figure 3.3: OFDM-RSMA with two users showing channel power of users (dashed line) and
power allocation (solid box).

domain channel matrix Hk ∈ C(N+C)×(N+C) can be represented as follows:

Hk =
L∑

l=1

αlΠ
nτl∆(νl), (3.5)

where the delay matrix Πnτp ∈ C(N+C)×(N+C) is the forward cyclic shifted permutation matrix

according to the delay of the lth path. The Doppler shift matrix for the lth path, ∆(νl) ∈

C(N+C)×(N+C), is defined as ∆(νl) = diag
([

e
j2πνl
Fs , e

j2πνl 2

Fs , · · · , e
j2πνl (N+C)

Fs

])
, where Fs is the

sampling frequency in the system model.

3.3 Proposed OFDM-RSMA Scheme

In this section, we describe the proposed OFDM-RSMA scheme and formulate a sum-rate

maximization problem to obtain the optimal common rate, subcarrier, and power allocation

for the proposed scheme. Fig. 3.4 demonstrates proposed scheme for a two-user scenario. At

the transmitter, the message intended for user-k , Wk , is split into common and private parts,

which are denoted as Wc,k and Wp,k , ∀k ∈ K. The common parts of messages for all users

are combined into a single common message Wc . The common and private messages are in-

dependently encoded into the common and private streams, dc and dk ,∀k ∈ K, respectively.

The encoded symbols dc and dk are chosen from a Gaussian alphabet for theoretical analysis.

We assume that the streams have unit power, i.e., E{d̃d̃H} = I, where d̃ = [dT
c ,d

T
1 , ... ,d

T
K ]

T .
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Figure 3.4: Proposed OFDM-RSMA scheme.

For a K -user OFDM-RSMA system, the transmitted common stream xc ∈ C(N+C)×1, is

expressed as follows:

xc = AFH diag (pc)dc , (3.6)

where pc ∈ CN×1 is the power allocation precoding vector for the common stream over the

OFDM subcarriers. The private stream for user-k , xk ∈ C(N+C)×1, is expressed as in (3.1).

The matrix P = [p1, ... ,pK ] is defined as the collection of all precoding vectors of private

streams, pk ,∀k ∈ K. Vectors p̄k,n and p̄c,n denote that n-th subcarrier is forced not to carry

any energy for private and common streams, i.e., p̄k,n = [pk,1, ... , pk,n−1, 0, pk,n+1, ... , pk,N ]

and p̄c,n = [pc,1, ... , pc,n−1, 0, pc,n+1, ... , pc,N ]. Accordingly, the time-domain received signal

(3.3) can be re-written as follows:

yk = Hk

(
xc +

K∑
k=1

xk

)
+ nk . (3.7)

At the receiver side, we first process the common stream. CP removal matrix and FFT

operation are applied to the superimposed signal yk to convert it into frequency domain

for equalization and demodulation of the common stream. The received frequency domain

signal at user-k , rc,k is expressed as follows:

rc,k = FByk . (3.8)
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The average received power at the n-th subcarrier of rc,k , Tc,k,n ≜ E {|(rc,k)n|2}, is written

as:

Tc,k,n =
∣∣sc,k,nn,n

∣∣2 + N∑
j=1

∣∣s̄c,k,nn,j

∣∣2 + K∑
u=1

N∑
j=1

∣∣sun,j ∣∣2 + σ2

︸ ︷︷ ︸
Ic,k,n

, (3.9)

with

Sc,k,n = FBHkAF
H diag (pc,nen) , ∀k ∈ K, ∀n ∈ N , (3.10a)

S̄c,k,n = FBHkAF
H diag (p̄c,n) , ∀k ∈ K, ∀n ∈ N , (3.10b)

Su = FBHkAF
H diag (pu) , ∀u ∈ K, (3.10c)

where the matrix in (3.10a) denotes the energy leaking from the n-th subcarrier of the

common stream to the other OFDM subcarriers after passing through the LTV channel.

The ICI on the n-th subcarrier caused by the energy leakage from the common stream on

all subcarriers except the n-th subcarrier is written in (3.10b). Lastly, interference due to all

private streams is expressed in (3.10c). After the common stream is demodulated at user-k ,

it is reconstructed and subtracted from the received signal. Then, FFT matrix succeeding

CP removal matrix is applied to the remaining signal in order to demodulate the intended

private stream for user-k as follows:

rk = FB
(
yk −HkAF

H diag (pc)dc

)
= FB

(
Hk

K∑
k=1

xk + nk

)
, (3.11)
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The average received power at the n-th subcarrier of rk , Tk,n ≜ E
{
|(rk)n|

2
}
, can be written

as:

Tk,n =
∣∣v k,n

n,n

∣∣2 + N∑
j=1

∣∣v̄ k,n
n,j

∣∣2 + K∑
i=1
i ̸=k

N∑
j=1

∣∣w i
n,j

∣∣2 + σ2

︸ ︷︷ ︸
Ik,n

, (3.12)

with

Vk,n = FBHkAF
H diag (pk,nen) , ∀k ∈ K, ∀n ∈ N , (3.13a)

V̄k,n = FBHkAF
H diag (p̄k,n) , ∀k ∈ K, ∀n ∈ N , (3.13b)

Wi = FBHkAF
H diag (pi) , ∀i ∈ K\k , (3.13c)

where (3.13a) denotes the energy of the n-th subcarrier of the private stream of user-k spread

over all subcarriers due to channel effects. The expressions (3.13b) and (3.13c) denote the ICI

and MUI due to the private stream of user-k and other users’ private streams, respectively.

By using (3.9) and (3.12), SINRs of the common and private streams for a given channel

state can be stated as follows:

γc,k,n ≜
∣∣sc,k,nn,n

∣∣2 I−1
c,k,n and γk,n ≜

∣∣v k,n
n,n

∣∣2 I−1
k,n . (3.14)

The achievable rates for common stream and private streams corresponding to user-k in the

corresponding subcarriers can be written as follows:

Rc,k,n = log2(1 + γc,k,n) and Rk,n = log2(1 + γk,n), (3.15)

and the achievable rates for an OFDM symbol can be written as follows:

Rc,k =
N∑

n=1

Rc,k,n bit/s/Hz and Rk =
N∑

n=1

Rk,n bit/s/Hz. (3.16)
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The sum-rate maximization problem for the proposed OFDM-RSMA can be formulated as

follows:

max
Rc ,pc ,P

N∑
n=1

Rc,k,n +
K∑

k=1

N∑
n=1

Rk,n

s.t.
N∑

n=1

Rc,k,n ≥
N∑

n=1

Rc,n,

Rk + Ck ≥ Rmin
k

∥P∥2F + ∥pc∥2 ≤ Pt ,

(3.17)

where the common rate at the nth subcarrier Rc,n is shared among users such that Ck,n is

the k-th user’s portion of the common rate with Rc,n =
∑K

k=1 Ck,n, and Rmin
k is the minimum

data rate constraint for the k-th user. The weighted minimum mean-square error (WMMSE)

based precoding optimization framework studied in [63] is adopted to solve the optimization

problem (3.17).

3.4 OFDM-NOMA Transmission

In a K -user OFDM-NOMA system, k-th user message is decoded after k − 1 users’

signals are successively canceled. SIC order is not alternated at subcarrier level but kept

fixed throughout one OFDM symbol as done in practical systems. The received frequency

domain signal at the k-th user, rk in (3.11), is modified as follows:

rk = FB

(
yk −HkAF

H

(
k−1∑
l=1

diag (pl)dl

))
. (3.18)

The received power, Tk,n ≜ E
{
|(rk)n|

2
}
, at the nth subcarrier of rk can be written as follows:

Tk,n =
∣∣v k,n

n,n

∣∣2 + N∑
j=1

∣∣v̄ k,n
n,j

∣∣2 + K∑
i=k+1

N∑
j=1

∣∣w i
n,j

∣∣2 + σ2

︸ ︷︷ ︸
Ik,n

, (3.19)
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where

Vk,n = FBHkAF
H diag (pk,nen) , ∀k ∈ K, ∀n ∈ N ,

V̄k,n = FBHkAF
H diag (p̄k,n) , ∀k ∈ K, ∀n ∈ N ,

Wi = FBHkAF
H diag (pi) , ∀i ∈ {k + 1, ... ,K}.

Then, the optimization problem for achievable rate maximization using OFDM-NOMA is

formulated as follows:

max
P

K∑
k=1

N∑
n=1

Rk,n

s.t. ∥P∥2F ≤ Pt ,

Rk ≥ Rmin
k ,

(3.20)

where the matrix P = [p1, ... ,pK ] is defined as the collection of all users’ precoding vector,

pk ,∀k ∈ K. The formulated problem can be solved using the WMMSE-based approach as

described in the previous section.

3.5 Simulation Results

In this section, we demonstrate the performance gain of the proposed OFDM-RSMA

scheme over OFDMA and OFDM-NOMA under different channel conditions including flat

fading, frequency and time selectivity. For simplicity, we study the scenarios where K = 2.

For OFDM-NOMA, it is assumed that user-1 is the weak user having a smaller overall

channel gain than user-2 (strong user), so that, the signal of user-1 is decoded first in the

SIC process [64]. Throughout the simulations, the OFDM waveform has 35 subcarriers with

a sub-carrier spacing (SCS) of 60 kHz.

Fig. 3.5 illustrates the performance of the considered MA schemes under flat-fading chan-

nel without Doppler. Here, the sum-rate performance of the proposed OFDM-RSMAmethod

is compared to OFDM with a single user utilizing the whole bandwidth, OFDMA with two
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Figure 3.5: Performance comparison of OFDMA, OFDM-NOMA, OFDM-RSMA and one
user OFDM under flat fading channel.

users where the whole bandwidth is divided into two equal parts, and OFDM-NOMA. Since

flat fading channel with OFDM waveform can be seen as single pipeline SISO-BC scenario,

maximizing the sum-rate in OFDM-NOMA and OFDM-RSMA results in allocating power

to the strongest user, and hence, performing single user OFDM [65]. The gain of OFDM-

RSMA and OFDM-NOMA over OFDMA emanates from the bandwidth division among

users, which makes OFDMA a suboptimal transmission strategy from information-theoretic

perspective [9].

Figure 3.6 demonstrates the sum-rate performance of OFDMA, OFDM-NOMA, and

OFDM-RSMA under the both frequency selective and doubly dispersive channels with vary-

ing ∆d = fd
∆f

, where fd is the maximum Doppler spread and ∆f is the subcarrier spacing.

When ∆d = 0, the channel becomes a frequency selective channel without Doppler, and

the proposed OFDM-RSMA scheme provides more than 5% sum-rate gain compared to the
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Figure 3.6: Sum-rate comparison of OFDMA, OFDM-NOMA, and OFDM-RSMA under
the frequency selective and doubly selective channels.

OFDM-NOMA. Such a gain is achieved owing to the message-splitting and the deterministic

decoding order in SIC for OFDM-RSMA, enabling it to overcome the power variations over

subcarriers as opposed to OFDM-NOMA, which requires switching decoding order at each

subcarrier for optimal performance.

Furthermore, OFDM-RSMA achieves the same performance as waterfilling-based orthog-

onal frequency division multiple accessing (OFDMA), which is known to be capacity achiev-

ing in frequency selective channels without Doppler [66]. As ICI increases in doubly selective

channels, the sum-rate of OFDMA drops sharply and saturates at the high SNR regime when

interference becomes more dominant than the noise level. It can be seen that OFDM-RSMA

and OFDM-NOMA achieve higher data rate than OFDMA in this case due to the SIC pro-

cess. At high SNR regime, the proposed OFDM-RSMA achieves a higher sum-rate due to

its performance gain under frequency selectivity compared to OFDM-NOMA. One can also
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conclude that the gain over OFDM-NOMA depends on the total subcarrier number in an

OFDM symbol, and the maximum Delay spread of the channel.

In this study, we consider RSMA to address the problems of OFDM waveform under LTV

channels. The proposed OFDM-RSMA scheme is robust against ICI stemming from time

variations and outperforms OFDMA. Additionally, it is shown that inefficient use of SIC

in the OFDM-NOMA scheme limits the exploitation of power variation over subcarriers, a

problem which OFDM-RSMA tackles owing to its message-splitting framework. The results

show that OFDM-RSMA can provide robustness against performance-limiting challenges

of wireless propagation channel, such as, ISI, MUI, ICI, and inter-numerology interference

(INI).
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Chapter 4: Dual-Functional Radar and Communication Systems

This chapter3 initially explains the concept of dual-functional radar and communica-

tion systems. Later, it introduces the two different proposed waveform concept that allows

simultaneous functionality for radar-sensing and communication.

Future 6G and beyond wireless systems are evolving rapidly in terms of flexibility, inter-

operability, and co-existence of various wireless technologies. Due to the invaluable and

scarce bandwidth, as researchers explore techniques to make efficient use of strict resources;

different applications, systems, and waveforms are envisioned to co-exist and operate to-

gether in harmony. On account of radar, wireless sensing and communication being em-

inently common and important radio frequency (RF) applications, the marriage of these

concepts has recently attracted substantial attention. In the literature, radar-sensing and

communication marriage has been given numerous names such as radar-communication co-

existence (RCC), dual-functional radar-communication (DFRC), [69]. In the first category,

two systems share the same habitat (cohabitation) and they operate with efficient interfer-

ence management techniques cooperation. The second category can be seen as codesign of a

system having both radar and communication capabilities. Design approach of a DFRC sys-

tem can be divided into three subgroups which are joint radar-communication (JRC), joint

communication-radar (JCR) [70], and unified architecture. JRC mainly focuses on the radar

capability and performs communication as a secondary functionality. On the other hand,

JCR refers to the systems whose essential design parameter is the communication capability

of a DFRC system. Last but not the least, a unified architecture proposes a co-design system

that is designed for the application requirements from the scratch.

3Second section of this chapter is published in [67] and [7], whereas third section is published in [68].
Permissions are included in Appendix A.
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4.1 Need for Integration of Radar-Sensing and Communication

With rapid developments in hardware such as large antenna arrays for millimeter wave

(mmWave) and THz frequencies, efficient amplifiers, and ultra-capable digital signal process-

ing (DSP) chips; and software regarding algorithms for detection and estimation capabilities,

radar and communication systems tend to intersect in order to provide efficient usage of ra-

dio resources. Combining these two different worlds to work in harmony will pave the way

for new techniques in wireless technologies that may enable lots of promising applications

in wireless technologies to emerge [69]. For autonomous wireless networks, the capability

to sense dynamically changing states of the environment and exchange information among

various nodes needs to be integrated into 6G and beyond wireless systems [71]. Also, radar-

sensing is seen as an enabling technology for environment-aware communication in 6G [3].

Therefore, this trend encourages both industry and academia to plan and use the available

radio resources efficiently. For example, the WLAN sensing group is organized under the

IEEE 802.11 study group [72], where techniques to utilize the existing Wi-Fi frame as a

sensing node are being developed regarding the future use cases of the concept. As a result,

these concerns have created the joint radar-sensing and communication concept, which has

gained a significant amount of attention from both industry and academia [73]. So far, most

of the papers investigate the optimal waveform to function jointly for both radar-sensing

and communication, which is called joint radar and communication (JRC) waveform [74].

The aim is to combine radar-sensing and communication into a single mmWave system that

utilizes a standard waveform. This kind of system is aimed to be optimized regarding cost,

size, power consumption, spectrum usage, and adoption of communication-capable vehicles,

for example, in case of autonomous driving, which needs both radar and vehicle-to-vehicle

(V2V) communication [75].
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4.2 NOMA-based Joint Sensing and Communication

Joint radar-sensing and communication can be actualized using different approaches such

as frequency-sharing, time-sharing and signal-sharing [76]. Time and frequency sharing ap-

proaches can be regarded as resource scheduling in wireless systems. Scheduling techniques

make efficient use of hardware, but limit the spectral efficiency. On the other hand, the

main aim of the signal-sharing approach is to have one waveform performing both functions,

i.e, data embedded radar waveform or communication waveform with radar capabilities in-

cluding multi or single carrier systems [77]. The use of waveform-domain NOMA scheme

superimposing frequency modulated continuous wave (FMCW) and OFDM waveforms to

support joint radar-sensing and communication is firstly proposed by authors in [67]. Here,

the superiority of the proposed NOMA scheme over the conventional OFDM scheme for

JRC [78] is demonstrated. The proposed architecture separately performs radar-sensing and

communication functions using the same radio resources non-orthogonally and leverages the

information obtained from radar process to the communication functionality.

4.2.1 System Model

The V2V scenario is considered as shown in Figure 4.1, however, the proposed scheme is

also applicable for different use cases needing both radar-sensing and communication activity.

For example, more complicated wireless network system is shown in Figure 4.2, including

several nodes that function both radar-sensing and communication The general transmission

and reception scheme can be seen in Figure 4.3 where radar-sensing knowledge obtained from

FMCW is leveraged to perform the channel estimation process in OFDM waveform.

4.2.2 Transmission Design

The FMCW waveform consisting of many chirps and the OFDM waveform are utilized

for radar-sensing and communication operations, respectively. The complex equivalent time-

domain representation of one chirp, whose frequency increases linearly across a total band-
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Figure 4.1: Vehicular to vehicular (V2V) system model needing both radar-sensing and
communication functionality.

width of β Hz during the τ -second is expressed as [79]

schirp(t) = e jπβt
2/τ , 0 ≤ t ≤ τ . (4.1)

The FMCW waveform consisting of K chirps per frame is

sFMCW(t) =
√

PFMCW

K−1∑
k=0

schirp(t − kτ), 0 ≤ t ≤ T , (4.2)

where T and PFMCW denote the total frame duration and power of the FMCW waveform,

respectively.

Let {dn}N−1
n=0 be the complex symbols modulated via QAM drawn from a complex symbol

alphabet S. An OFDM symbol with N subcarriers is expressed in the time-domain as follows:

sOFDM(t) =
√

Pofdm

N−1∑
n=0

dne
j2πn∆ft , 0 ≤ t ≤ Ts , (4.3)

where Ts , ∆f and POFDM denote one OFDM symbol duration, the subcarrier spacing and

the OFDM power, respectively.
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Figure 4.3: Transmission and reception operations of the proposed NOMA scheme for joint
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A CP of length Tg is prepended to each OFDM symbol to keep OFDM subcarriers or-

thogonal by preventing ISI across OFDM symbols. The CP transforms the linear convolution

of the multipath channel to a circular convolution, where one-tap equalization can be used

[80]. After the CP addition, the mth OFDM symbol can be expressed as follows:

s̄m(t) =


sOFDM(t + Ts − Tg ), if 0 ≤ t ≤ Tg ,

sOFDM(t − Tg ), if Tg < t ≤ TOFDM,

(4.4)

where TOFDM = Tg + Ts is the duration of one OFDM symbol after CP addition. Having
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M OFDM symbols in a frame during Tsym = T − τ , the time-domain OFDM signal can be

represented as follows:

s̄OFDM(t) =
M−1∑
m=0

s̄m(t)× rect

(
t −mTOFDM

TOFDM

)
, 0 ≤ t ≤ Tsym. (4.5)

In the proposed NOMA scheme, the transmitted frame s(t) superimposes both wave-

forms. To obtain the radar-sensing and communication (RCS) information of the objects in

the environment, single chirp is prepended to the NOMA frame. The final transmit frame for

the objectives of multi-functional radar-sensing and communication transmission is designed

as follows:

s(t) =


sFMCW(t), if 0 ≤ t ≤ τ ,

sFMCW(t) + s̄OFDM(t), if τ < t ≤ T .

(4.6)

The transmitted frame can be seen in Figure 4.4 where it starts with a chirp following

the superimposed OFDM symbols and many chirps. The waveforms are superimposed in a

way that the allocated bandwidth is the same for each waveform type. The time-frequency

illustration of the superimposed signal can be seen in Figure 4.5. It can be realized that

the OFDM signal is distributed along with the whole bandwidth, whereas FMCW waveform

patterns consecutive pulses whose frequency increases linearly. It should be noted that there

is power leakage in frequency band in the case of transition from one waveform to another.

It can be reduced with proper windowing operations. Then, the baseband signal s(t) is

upconverted to the desired radio frequency (RF) band, where the transmitted passband
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Figure 4.5: Time-frequency representation of proposed NOMA frame for DFRC.

analog signal becomes

x(t) = ℜ{s(t)e j(2πfc t+θ̄)}, (4.7)

where ℜ{.} denotes the real part of the complex quantity. The notations fc and θ̄ are the

carrier frequency and the initial phase of the transmitted signal, respectively.

4.2.3 Channel Effect

The Doppler shift due to mobility and flight time for the paths reflecting from the targets

are as shown in Figure 4.1. It is assumed that the environment does not change over a

coherent transmission time T leading to fixed Doppler shifts and delays. Actually, it is

a reasonable assumption that is commonly used in radar literature [79]. With modeling

the environment that signal propagates as a linear time-varying channel [62], the received
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passband signal is represented as follows:

r(t) =
P∑

p=1

αpℜ{x(t − τp)e
j2π(fc+ψp)(t−τp)}+ n(t), (4.8)

where αp and τp are the attenuation factor depending on nonfluctuating radar cross section

(RCS) and time delay related with the distance between the transmitter to target plus target

to the receiver (bi-static range) for the p target, respectively. There exist total P target in the

environment causing signal reflections, in other words, P is the number of specular scatterers.

The notation ψp = fcυp
c

is the Doppler frequency associated with the pth path depending

on relative speed υp and the speed of light c . Also, n(t) ∼ CN (0,σ2) denotes the additive

AWGN. The attenuation factor αp is proportional to the large-scale path-loss. Having the

path distance d between receiver and transmitter, the large-scale path-loss G is given as

G =
GTXGRXλ

2

(4π)2dPL
, (4.9)

where PL is the path-loss exponent, GTX and GRX are the transmit and receive antenna gain,

respectively.

4.2.4 Multi-functional Reception

In this section, the receiver scheme for radar-sensing and communication operations is

investigated. Since the receiver performs both functions, the knowledge obtained from one

process can be leveraged to another to improve the performance.
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4.2.4.1 Bi-static Radar Functionality

Down-converting the received passband signal r(t) into baseband and sampling with the

frequency of Fs = N∆f , the discrete-time signal becomes

y [n] =
P∑

p=1

hpx (n/Fs − τp) e
j2πnψp/Fs + w(n), n ∈ N+, (4.10)

and

hp = αpe
−j2π(fc+ψp)τp+j θ̄, (4.11)

where hp is the complex channel gain of pth target and θ̄ is the phase error. Then, the stretch

processing is employed in the discrete domain for the superimposed signal to get delays and

Doppler shifts estimations. The processed signal in one chirp time interval can be written as

ȳ [n′] = y [n′]× e−jπβ(n′/Fs)2/τ , n′ = 1, 2, ... , ⌊τFs⌋ = Nc , (4.12)

and dechirping process is repeated for each chirp time interval. Remember that stretch

processing is generally done in time domain with down-conversion. However, here it is

assumed that the occupied bandwidth of FMCW is the same as OFDM bandwidth, therefore,

the sampling rate Fs for both radar and communication is taken as equal to each other.

The fast-time/slow-time coherent processing interval (CPI) matrix K ∈ CK×Nc is formed

where fast time samples (l) are obtained at the rate of Fs from the points on each chirp.

Slow-time samples (k) are taken from the points on every chirp at the same fast-time sample

point. Then this matrix is utilized to perform periodogram based radar processing. The

output power of the periodogram at the mth Doppler and nth range bin is

P(m, n) =
1

KNc

∣∣∣∣∣
Nc−1∑
k=0

( Nc FFTs of length K︷ ︸︸ ︷
K−1∑
l=0

(K)k,le
−j2π lm

K

)
e−j2π kn

Nc︸ ︷︷ ︸
K FFTs of length Nc

∣∣∣∣∣
2

, (4.13)
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sinusoids in K related to object’s distance and velocity lead to peaks in P(m, n). Then certain

distance and velocity values can be found from related range and Doppler bin value of peaks.

Estimation of complex attenuation factor hp for every pth scatterer (target) is done

with the first chirp by the least-square estimation [81]. It is worth to note that first

chirp in the transmitted frame is interference-free as seen in Figure 4.4. Let the vector

yc ≜ [y [1], y [2], ... , y [τFs ]]
T be the samples of the received signal throughout the time τ , the

estimated complex attenuation coefficients ĥ ≜ [ĥ[1], ĥ[2], ... , ĥ[P]]T become

ĥ = arg min
h

(yc − Bh)H(yc − Bh), (4.14)

where B is a (τFs−n̄)×P matrix whose rows corresponds to different shifts of the transmitted

chirp where shift values are determined according to the estimated range value of the pth

scatterer (target). The offset value n̄ ∈ N depends on the maximum range requirement of the

system. Also, the selection of higher value for n̄ decreases fluctuations in the estimation of ĥ

depending on Doppler shifts along with one chirp, whereas the maximum range is reduced.

By differentiating with respect to h and setting the result equal to zero, the least-square

estimation of the channel becomes

ĥ = (BHB)−1BHy. (4.15)

Besides the estimation of delays τp and Doppler shifts ψp, the matrix ĥ completes the process

to recreate the channel matrix H with some estimation errors.

4.2.4.2 Communication Functionality

Here, the communication symbols are demodulated using the estimated channel knowl-

edge in the previous section. Let the channel gain of the kth sample of the transmitted

signal during the reception of the nth sample denote as hn,k . Also, if the discrete chan-

nel convolution matrix along one OFDM symbol duration with NOFDM samples is shown as
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H ∈ C(NOFDM)×(NOFDM), the element in the kth column of the nth row of H is hn,k . Firstly,

the FMCW sequence is removed from the total received signal by using estimated channel

matrix Ĥ as follows:

yOFDM = y − ĤsFMCW, (4.16)

where yOFDM = [y1, y2, ... , yM ] and ym is the mth OFDM symbol in the received vector y.

The CP addition matrix A ∈ RNOFDM×N is defined as

A =

 0Ng×N INg

INOFDM

 , (4.17)

and the CP removal matrix is generated as B =
[
0N×Ng IN

]
where Ng is the total sample

number during CP duration Tg . The matrix Θ̂ ∈ CN×N is the estimated channel frequency

response (CFR) matrix which equals to

Θ̂ = FNBĤAFH
N . (4.18)

The diagonal components of (4.18) are the channel coefficients scaling the subcarrier in

interest collected in a vector θ̂ = diag
(
Θ̂
)
. Off-diagonal components of Θ̂ are not zero due

to Doppler effect from the channel causing ICI. Finally, estimates of QAM data symbols for

mth OFDM symbol are obtained as:

d̂m =

((
diag

(
θ̂ ⊙ θ̂∗

))−1

diag
(
θ̂
)∗

FNBKym

)
, (4.19)

where diag
(
θ̂
)
returns a square diagonal matrix with the elements of vector θ̂ on the main

diagonal. This equation finalizes the proposed receiver structure without introducing pilots

on the OFDM subcarriers to estimate the channel.
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Table 4.1: Simulation Parameters for NOMA Based DFRC System

Parameter Value

Carrier frequency (fc) 28GHz
Bandwidth (β) 122.88MHz

Chirp duration (Tc) 2.4 µs
Number of chirps (Tc) 640µs

Duration of proposed NOMA scheme (T ) 2.8ms
Subcarrier spacing(∆f ) 60 kHz
Number of FFT(N) 2048
Range of targets 15m, 90m and 180m

Relative velocity of targets 0m s−1, 23.2m s−1 and −30.9m s−1

4.2.5 Numerical Evaluation of the Proposed NOMA Scheme

In this section, the radar-sensing and communication performance of the proposed NOMA

scheme is compared with the OFDM scheme with pilots for JRC systems proposed in [78].

Comb-type pilot design is used for the compared scheme and pilot spacings in frequency (Df )

and time (Dt) is arranged as follows [82]:

Df ≤
1

τmax∆f
, (4.20)

and

Dt ≤
1

2fdmaxTsym

, (4.21)

where fdmax and τmax denote the maximum Doppler shift and delay caused by targets, re-

spectively. To satisfy the constraints given in (4.20) and (4.21), QPSK modulated Gold

sequences [83] are inserted into one in every four subcarriers for each OFDM symbol.

Simulation parameters for proposed NOMA scheme depending on radar and communi-

cation requirements are shown in Table 5.1. It is assumed that the maximum delay τmax is

smaller than the CP length of each OFDM symbol and the channel includes three targets

in the bi-static radar case, as shown in Figure 4.1. The PDP of the channel is deter-

mined as an exponentially decaying function where the power of channel coefficients is set as

E[hp(γ)]
2 = ηe−γp, where η denotes the normalization factor and p is the target index. The
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Figure 4.6: Radar-sensing performance of the proposed NOMA scheme at 10 dB SNR.

decaying factor γ is taken as unity for simplicity and each tap amplitude follows Rayleigh

distribution. During the simulation, powers of waveforms POFDM and PFMCW equal to each

other. However, the distribution of power between FMCW and OFDM can be arranged

according to system requirements for each chirp and OFDM symbol. Then, it turns out a

optimization problem with constraints of data rate and Cramér-Rao lower bound (CRLB)

of parameter estimation for communication and radar-sensing functionalities, respectively.

The comparison of radar-sensing performance of proposed NOMA scheme and OFDM

JRC is depicted in Figure 4.6 and 4.7 when the SNR of the transmitted signal is 10 dB. For

both scheme, periodogram based estimation is utilized which is explained in (4.36). As it

can be seen in Fig. 4.6, three different reflections can be identified clearly, whereas OFDM

JRC scheme includes side-lobes seen in Fig. 4.7 which deteriorates the radar detection

performance. Side-lobes in the periodogram of OFDM JRC scheme results from the copies

of the existing targets beyond the unambiguous radar range due to fixed placement of pilots.

MSE is calculated considering diagonal elements of Θ̂ presented in (4.18) and its true

value Θ. The MSE is represented as σ2
e = E[|θ̂−θ|2]

E[|θ|2] , where E[·] denotes the expected value.

Channel estimation process of conventional OFDM JRC scheme is performed with transform
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Figure 4.7: Radar-sensing performance of the conventional OFDM scheme with comb-type
pilot structure at 10 dB SNR.

domain technique [82]. First, the CFR vector is obtained by implementing spline interpo-

lation over pilots. Then, IFFT of the CFR is taken. The resultant transform domain is

the time domain, where typically the channel taps are concentrated into a sub-region. By

zeroing the terms out of this sub-region that corresponds to noise only, the significant taps

are obtained. This sub-region is determined via the length of CP. The noise reduced signal

is then transformed back into the frequency domain via FFT operation to retain θ̂.

MSE performance of the proposed NOMA scheme and OFDM JRC can be seen in Fig.

4.8, which degrades as SNR increases. Proposed NOMA scheme performs well beyond the

OFDM JRC. It is worth noting that the complex attenuation factors for each target are

estimated using the first chirp, while delays and Doppler shifts are estimated using the

FMCW waveform in the proposed NOMA scheme. After evaluating the complex attenuation

factor hp denoted in (4.11), the estimation of channel matrix Ĥ is created by using the

obtained values of Doppler shifts and delays which is done previously via FMCW waveform.

Finally, this channel estimation is used to demodulate communication symbols in the OFDM

waveform.
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Figure 4.8: MSE of proposed method at 20 dB.

The BER performance of the proposed NOMA scheme, where channel estimation knowl-

edge is leveraged from the FMCW waveform, can be seen in Fig. 4.9 by comparing it with

OFDM JRC. The information bits are encoded via 1/2 rate convolutional codes with inter-

leaving to get rid of the deep fading effect of the channel. The proposed NOMA scheme is

also compared with the presence of perfect CSI. In other words, the FMCW waveform is

totally removed from the superimposed signal without affecting the OFDM waveform and

OFDM signal is demodulated with perfect channel estimation. Proposed NOMA scheme

outperforms the conventional OFDM JRC scheme proposed in [78] which reaches error floor

after 25 dB due to multiple Doppler shifts in the channel. It can also be seen that perfor-

mance degradation of the proposed NOMA scheme is negligible compared to case where

perfect CSI is available. It should be noted that, ICI effect is not totally removed and de-

modulation is performed as it is shown in (4.19). To sum up, non-orthogonally coexistence

of two different waveforms, OFDM and FMCW, has good sensing accuracy with minimal

degradation to communication performance.
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Figure 4.9: BER performance of proposed method at 20 dB.

4.3 OFDM-IM for DFRC Systems

DFRC provides hardware and software convergence of radar-sensing and communica-

tion applications to utilize scarce resources more efficiently and effectively. With these and

upcoming considerable contributions, DFRC is envisioned to be implemented and provide

service to many applications, some of which include intelligent vehicular transportation, air-

craft traffic, and military applications whether it is in the air, sea or space. JCR, which is

a form of the DFRC system, creates a fusion of both functionalities in a unified platform

which is feasible since the gap between radar and communication systems is small. This

unification grants not only a cost reduction, but also enables an efficient spectrum usage,

efficient power consumption, and a more compact system size. One major challenge of de-

signing a JCR system is the performance criteria [4], i.e., both functionalities are desired to

be designed cooperatively without performance degradation. Additional challenges include

dedicated receiver algorithms and complication of the transmitter design.

JCR research has pushed significant efforts to share the spectrum between radar and

communication without interference. Fundamental concepts and important performance

metrics have been discussed and resource management approaches have been analyzed for
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JCR in [76]. Waveform design plays a critical role in the JCR concept and a single novel

waveform for both radar and communication functionalities, without a reduction of neither’s

performance, is yet to exist. Orthogonal frequency division multiplexing (OFDM) is a very

popular waveform integrated to JCR [78]. Also, a JCR technique on the wireless system

standard IEEE 802.11 employing OFDM is proposed in [84] with dedicated OFDM-radar

algorithms. However, for the dual-functionality of the system, it is not mandatory to have

a single waveform. Different waveforms may be superimposed and transmitted simultane-

ously as in [67, 7], where frequency modulated continuous wave (FMCW) and OFDM are

used. Additionaly, millimeter wave (mmWave) communication provides large transmission

bandwidth enabling large data rates, and has a potential to collaborate with JCR. From the

signal processing perspective, [85] dives in to mm-Wave JCR systems and waveform design.

As a further note, [86] explores state-of-the-art JCR evolution with an comprehensive survey

on the DFRC technology.

On the other hand, index modulation (IM) is a simple, spectral and energy efficient

scheme that can be implemented to many waveforms and techniques, such as OFDM. OFDM

with index modulation (OFDM-IM) is a very popular scheme that not only conveys informa-

tion through quadrature amplitude modulated symbols but also through the indices of active

subcarriers in the frequency domain [49]. It has been utilized in various ways to transmit

additional bits, provide flexibility, improve reliability and more such as in [87, 88, 89, 90].

Superiorities of OFDM-IM over classical OFDM include efficient implementation and flexi-

bility of active subcarriers, energy-efficiency, reduced peak-to-average power ratio (PAPR),

robustness to inter-carrier interference (ICI) and improved bit error performance [45]. Re-

cently, IM has even been applied to DFRC. In [91], IM-aided circularly shifted chirps are

proposed for DFRC systems. In [92], information is embedded on the DFRC system in an

IM manner, where different frequency and antenna selections construct possible constellation

space. However, to best of our knowledge, there is no study focusing on the implementation

and analysis of OFDM-IM in JCR systems.
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Figure 4.10: Transmitter structure for the mth OFDM symbol of the proposed DFRC
system.

This study sheds lights on the drawbacks of pilot-based OFDM in JCR system such

as limited unambiguous radar range and channel estimation errors, and proposes a novel

structure using OFDM-IM to overcome these problems. To perform radar functionality on

the proposed structure, Golay complementary sequences (GCS) are inserted to OFDM-IM

waveform. Since GCS have suitable ambiguity function properties for radar functionality

[93], they are used as pre-known radar symbols in our proposed scheme.

The contributions of this study can be summarized and highlighted as follows:

• A novel JCR waveform scheme is proposed using the OFDM-IM structure and GCS

as radar symbols.

• The transmitter and receiver structures are introduced to improve both the communi-

cation and radar performance of the proposed waveform scheme.

• A novel channel estimation scheme is proposed for OFDM-IM utilizing its radar func-

tionality.

• Superiority of the proposed scheme is analyzed compared to conventional OFDM struc-

ture with comb-type pilots for JCR systems proposed in [78].
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Figure 4.11: Look-up table for two active subcarriers out of four subcarriers in a subblock.

Comm.

Null
Radar

Legend

i1 i2 i3 i4 i1 i2 i3 i4
Frequency

y1

y2

y3

y4

Time

i1 i2 i3 i4

 

0

1

2

3

  

Figure 4.12: Transmitted OFDM-IM JCR frame.

4.3.1 System Model

In this section, the system model of the proposed OFDM-IM JCR scheme is provided.

First, the transmitter architecture is presented, then the channel model is explained.

4.3.1.1 Transmitter Design

The block diagram of the considered OFDM-IM JCR system is presented in Figure 4.10.

As in classical OFDM-IM, the entire OFDM-IM symbol consisting of N subcarriers is split

into total G subblocks. Since each subblock undergoes the same procedures, it is sufficient

to consider the ξth subblock x(ξ) ∈ Cg×1 where ξ ∈ {1, · · · ,G}. Each subblock has a length
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of g = N/G subcarriers with indices (i1, ... , in, ... , ig ) where in is the nth subcarrier index of

the ξth subblock.

For the ξth subblock, incoming b bits are split into b1 and b2 bits. The b1 = ⌊log2
(
g
k

)
⌋ bits

determine the indices of the k communication, r radar and l null subcarriers of a subblock,

via binary-to-decimal conversion, using a pre-defined look-up table. Then the remaining

b2 = k log2(Q) bits assign quadrature amplitude modulation (QAM) symbols, which are

chosen from complex set S, to the communication subcarriers of the subblock. Consequently,

a total of

b = b1 + b2 =

⌊
log2

(
g

k

)⌋
+ k log2Q (4.22)

bits can be transmitted per subblock. An example look-up table with a subblock size of four

and two communication subcarriers (k = 2) per subblock with symbols Co , where o ∈ {1, 2},

is shown in Figure 4.11. In this example, there is one radar (r = 1) and one null subcarrier

(l = 1) in a subblock. The number of total radar symbols in one OFDM symbol is denoted

as R = rN/g . Figure 4.12 is presented to visualize the considered time-frequency lattice

according to Figure 4.11. The flexible design of OFDM-IM allows the proposed scheme to

utilize the whole bandwidth for radar processing such as frequency-agile radars. At the

receiver side, the location of the radar symbol is found via estimation of the null subcarrier

location. Therefore, null subcarriers are distributed intelligently to find the locations of radar

symbols.

Next, two complementary Golay sequences Ga and Gb, both with length R/2, are gener-

ated. In succession, the elements of Ga are placed into the first half of the OFDM-IM JCR

block with N/2 subcarriers. Subsequently, the aforementioned is repeated for the remaining

N/2 subcarriers using Gb. After this point, the procedures as in OFDM are applied. The

time domain mth OFDM symbol xm is generated by applying the inverse fast Fourier (IFFT)

transformation on frequency domain samples Xm:

xm = IFFT
{
Xm

}
=

[
Xm,1 Xm,2 · · · Xm,N

]T
. (4.23)
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Let the matrix X ∈ CM×N be the frame of frequency domain transmitted symbols, where

the element Xm,n is the mth symbol transmitted on subcarrier n, for m = 1, ... ,M and

n = 1, ... ,N . After the IFFT operation, a cyclic prefix (CP) of length C samples expressing

mathematically as follows:

[
xm,(N−C+1), · · · , xm,(N−1), xm,N

]T
, (4.24)

is added to the beginning of the OFDM symbol. Then, the OFDM-IM frame x ∈ CM(N+C)×1

including M OFDM symbols is generated by appending each OFDM symbol back to back.

Afterwards, the baseband discrete signal x is processed with digital-to-analog converter

(DAC) and upconverted to the desired radio frequency (RF) band, where the transmitted

passband analog signal becomes

x̃(t) = ℜ{x(t)e j(2πfc t+θ̄)}, (4.25)

where ℜ{.} denotes the real part of a complex quantity. Here, fc and θ̄ are the carrier fre-

quency the initial phase of the transmitted signal, respectively, where fc is selected according

to the 5G mmWave-band.

4.3.1.2 Channel Model

Throughout the study, the communication receiver is also exploited as a radar receiver.

Hence, the bi-static radar model is used, where the transmitter and the radar receiver are not

co-located. The wireless channel is dedicated for both communication and radar operation,

where the transmitted OFDM-IM JCR waveform propagates through. The channel model

includes complex channel gain, Doppler shift and delay for every path. It is also assumed

that the transmission of the frame is long enough to be affected from time selectivity, but

short enough such that the time variation can be accurately modeled as depending only on

per-tap linear phase variations due to Doppler effects [94]. Therefore, the linear time-variant
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channel in the time-delay domain, c(t, τ), can be modeled as follows [62]:

c(t, τ) =
P∑

p=1

αpe
j2πνptδ(τ − τp), (4.26)

where αp, τp, and νp denote the complex attenuation factor, bi-static time delay, and Doppler

frequency shift associated with the pth target where there are total of P targets. The esti-

mation of the complex gain, delay and Doppler shift from each tap of the multipath channel

is performed via radar signal processing techniques. It is known that, the frequency domain

channel coefficients for an entire frame can be expressed as the superimposition of two-

dimensional complex sinusoids which allow us to use periodogram based delay and Doppler

shift estimation. Down-converting the received passband signal into baseband and sampling

with the frequency of Fs = N∆f , the discrete-time signal becomes

y [n] =
P∑

p=1

αpx

(
n

Fs
− τp

)
e j2πn

νp
Fs + w [n], n ∈ N+, (4.27)

where w [n] ∼ CN (0,σ2) denotes the sampled additive white Gaussian noise (AWGN). With

the assumption that the channel components remains as same during transmission of an

OFDM frame and the CP length (C ) is larger than maximum bi-static delay eliminating

inter-symbol interference (ISI), the received vector is given by

y = [yT
1 · · · yT

M ]T = Htx+w, (4.28)

where Ht ∈ CM(N+C)×M(N+C) is the time domain channel matrix and w is the noise vector.

The signal-to-noise ratio (SNR) is defined as 1/σ2.

The relation of (4.26) with the time domain channel matrix Ht can be represented as

follows:

Ht =
P∑

p=1

αpΠ
nτp∆(νp), (4.29)
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where the delay matrix Πnτp ∈ CM(N+C)×M(N+C) is the forward cyclic shifted permutation

matrix according to the delay of the pth path. It can be expressed as follows:

Π =



0 0 · · · 0 1

1 0 · · · 0 0

0 1 · · · 0 0

...
...

. . .
...

...

0 0 · · · 1 0


, and nτp =

⌊ τp
N∆f

⌋
. (4.30)

The Doppler shift matrix for the pth path, ∆(νp) ∈ CM(N+C)×M(N+C), can be written as

follows:

∆(νp) = diag

([
e

j2πνp
N∆f , e

j2πνp2

N∆f , · · · , e
j2πνp(N+C)M

N∆f

])
, (4.31)

where there are total P paths with different delays and Doppler shifts.

The channel estimation and decoding processes are explained in the next sections.

4.3.2 Bi-static Radar and Channel Estimation

Figure 4.13: Decoding process for an OFDM-IM frame of the proposed DFRC system.

In this section, bi-static radar signal processing scheme is introduced using the known

Golay sequence on the transmitted OFDM-IM frame. The general structure of the steps

followed both in this section and next section can be seen in Figure 4.13. Revisiting (4.28),
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the received signal can be written in frequency domain as follows:

Y = Hf ⊙ X+ Z, (4.32)

where ⊙ denotes the Hadamard product, Y ∈ CM×N is the frequency domain received matrix,

and Z ∈ CM×N is frequency domain representation of the noise w. The elements of frequency

domain channel matrix Hf ∈ CM×N can be expressed as follows:

H f
m,n =

P∑
p=1

αpe
−j2πνpTd (m−1)e−j2π(n−1−⌊N/2⌋)τp/T , (4.33)

where Td is the OFDM symbol duration after cyclic prefix (CP) addition to the original

duration T = 1
∆f

.

4.3.2.1 Null Subcarrier Estimation

In this step, the entire Y matrix is processed to estimate the null subcarrier locations.

Once the null subcarrier location is found for each subblock, the location of radar and

communication subcarrier can also be found as it can be seen in Figure 4.11. For each ξ

subblock in the mth OFDM symbol, the null subcarrier estimation (nξm)
⋆ is performed as

follows:

(nξm)
⋆ = min

n : n∈{1,...,N/g}
|Y ξ

m,n|.2 (4.34)

Afterwards, the vector n⋆ ∈ C1×M·R indicating null subcarriers is constructed by gathering

all estimated (nξm)
⋆. Once the null subcarrier location is estimated, locations of radar and

communication subcarriers are also known due to the mapping scheme shown in Figure 4.11.

4.3.2.2 De-chirping

After the null subcarrier estimation de-chirping of the received sequence is done. Also,

it is followed by filling estimated communication subcarriers with zeros. In this step, the

fast-time/slow-time coherent processing interval matrix K ∈ CM×N is formed. Let the matrix
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X̃ ∈ {−1, 1}M×R denote the known Golay sequences for all OFDM frame. Then, the elements

Km,n of matrix K becomes

Km,n =


Ym,n/Xm,β, when n ∈ n⋆,

0, otherwise,

(4.35)

where the index in Golay sequence matrix is β = ⌈n·g
N
⌉.

4.3.2.3 Delay and Doppler Shift Estimation

Delay and Doppler shift estimation of the proposed method is done via 2D-periodogram

method. The matrix K is utilized to perform periodogram-based radar processing. The

output power of the periodogram at the ιth Doppler and ςth range bin is

P(ι, ς) =
1

NM

∣∣∣∣∣
M−1∑
m=0

( M FFTs of length N︷ ︸︸ ︷
N−1∑
n=0

Km,ne
−j2π nι

N

)
e−j2πmς

M︸ ︷︷ ︸
N FFTs of length M

∣∣∣∣∣
2

, (4.36)

where sinusoids in K related to object’s distance and velocity lead to peaks in P(ι, ς). Then

certain distance and velocity values can be found from related range and Doppler bin value

of peaks. The threshold value is set according to the SNR of the system. Distance d and

velocity ν of the paths are found as follows:

d =
ιc

∆fN
and ν =

ςc

fcT
(4.37)

where c denotes the speed of light.

4.3.2.4 Complex Attenuation Estimation

In this step, the complex attenuation factor of the channel is estimated. It is assumed

that the total number of targets is known in advance. The number of targets can be obtained

by simply putting a threshold in (4.36). Let the vector Ỹ ∈ CM·R×1 denotes the complex
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symbols extracted from the estimated radar subcarrier locations, which are also affected by

the noise Z̃ ∈ CM·R×1. Considering frequency domain channel shown in (4.33), Ỹ can be

written as follows:

Ỹ = Ω(τ ,ν, X̃)α+ Z̃, (4.38)

and the MR × P matrix Ω as a function of τ ,ν, X̃ becomes

Ω(τ ,ν, X̃) =



X1,1Ψ(v1)Φ(τ1) ... X1,1Ψ(vP)ΦτP

...
...

...

X1,RΨ(v1)Φ(τ1) ... X1,RΨ(vP)ΦτP

...
...

...

XM,1Ψ(v1)Φ(τ1) ... XM,1Ψ(vP)ΦτP

...
...

...

XM,RΨ(v1)Φ(τ1) ... XM,RΨ(vP)ΦτP



, (4.39)

where Ψ(νp) = e−j2πνpTd (m−1) and Φ(τp) = e−j2π(n−1−⌊N/2⌋)τp/T . Then, the estimation of

complex attenuation factor vector α̂ ∈ CP×1 for all targets can be found as follows:

α̂ = (ΩHΩ)−1ΩHỸ, (4.40)

where (·)H denotes the Hermitian operator.

4.3.3 Communication Functionality and Decoding Algorithms

In this section, the decoding process of transmitted information is explained with two

different options. Both options are numerically evaluated in the following section.

4.3.3.1 Null Subcarrier Estimation Based Decoding

Here, the null subcarrier estimation in the first step of radar processing is utilized to

determine the location of communication symbols and the index bits b1. The QAM symbols
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on estimated communication subcarrier locations is demodulated via well-known maximum

likelihood (ML) QAM demodulation, which calculates the minimum Euclidean distance with

the possible symbols in complex symbol set.

4.3.3.2 Maximum-likelihood Based Decoding

The full-ML detector considers all possible subblock realizations by searching for all

possible subcarrier index combinations, the signal constellation points, and corresponding

radar symbol for each subblock in order to make a joint decision on the active indices and

the constellation symbols. For mth OFDM symbol, full-ML detector is employed in each

subblock by minimizing the following metric:

(
Îξ, ŝξ

)
= arg min

Iξ,sξ

∥Yξ
m − cξ∥2, (4.41)

where c denotes all possible subblock realizations including radar symbol, null subcarrier

and QAM symbols.

4.3.3.3 Soft Decoding with Channel Decoder

This section includes the log-likelihood ratio (LLR) calculations of the proposed OFDM-

IM structure. Calculated LLRs are sent to the channel decoder as input. For the sake

of fair comparison, we have used the log-sum approximation technique [51] to calculate

approximate LLR of the proposed OFDM-IM scheme and conventional OFDM with comb-

type pilot scheme [78]. The LLR of the bit i (bmξ (i)) of the proposed OFDM-IM JCR scheme
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Figure 4.14: Sensing performance of the conventional OFDM with comb-pilots. Distance
velocity plot of the three targets with velocities [0, 14.9, 21.2](m/s) and distances
[29.3, 127.3, 225.3](m) at 10 dB SNR in conventional comb-type pilot-based OFDM.

at the ξth subblock of mth OFDM symbol, Λm
ξ (i) is

Λm
ξ (i) = log

(
f (Yξ

m|bmξ (i) = 0)

f (Yξ
m|bmξ (i) = 1)

)

≈ min
bmξ : bmξ (i)=1

∥Yξ
m − hm

ξ ⊙ bm
ξ ∥2

− min
bmξ : bmξ (i)=0

∥Yξ
m − hm

ξ ⊙ bm
ξ ∥2, (4.42)

where hm
ξ ∈ C1×g denote the channel state information (CSI) through ξth subblock of mth

OFDM symbol. Also, bm
ξ (i) ∈ S′ = {0,Ga,Gb,S} is the all possible symbol set that is inserted

into the proposed OFDM-IM JCR structure.
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Figure 4.15: Sensing performance of the proposed OFDM-IM based DFRC system.
Distance-velocity plot of the three targets with velocities [0, 14.9, 21.2](m/s) and distances
[29.3, 127.3, 225.3](m) where SNR is 10 dB in the proposed OFDM-IM JCR scheme.

4.3.3.4 Complexity Analysis

Here, the complexity analysis of the proposed decoding methods is performed to compare

decoding schemes. The complexity of null subcarrier based decoding becomes, in terms

of complex multiplications, ∼ O (k |S |) whereas the complexity of ML based decoding is

∼ O
(
2b1|S |k

)
. The complexity of LLR calculation, in terms of complex multiplications, is

also ∼ O
(
2b1|S |k

)
, however, this calculation is followed by the complex channel decoding

process. Therefore, the overall complexity is higher than previous two methods.

4.3.4 Simulation Results

This section demonstrates the applicability of the proposed OFDM-IM JCR waveform

structure in the presence of multiple and mobile targets. Mean-square error (MSE) and

bit error rate (BER) metrics are used to demonstrate the radar-sensing and communication
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Table 4.2: Simulation Parameters for OFDM-IM Based DFRC Analysis

Parameter Value

Carrier frequency (fc) 28GHz

Bandwidth (BW) 15.4MHz

OFDM symbol duration (τ) 16.7µs
Total OFDM frame duration (T ) 2.4ms

Subcarrier spacing (∆f ) 60 kHz

Number of subcarriers (N) 256

Number of OFDM symbols (M) 180

Modulation order (Q) 4 (QPSK)

performance of the proposed scheme. Simulation parameters depending on radar and com-

munication requirements are shown in Table 5.1. It is assumed that the maximum delay τmax

caused by targets is smaller than the CP length of each OFDM symbol. The total symbol

energy is set the same for the proposed scheme and conventional OFDM JCR scheme. For

LDPC codes, NR LDPC codes with coderates 0.5 and 0.75 are implemented, where code-

length is set to be 384, and the iteration number of decoding is 20. Interleaving after LDPC

encoding is not implemented to have fair comparison between conventional OFDM JCR and

proposed OFDM-IM JRC scheme. The number of subcarriers in one OFDM symbol is 256

due to the codelength and SE, and 180 OFDM symbols are transmitted with one OFDM

frame. BER and MSE results are obtained with repeated 1000 Monte Carlo simulations to

get ensemble averages. To compare the proposed OFDM-IM JCR scheme, the conventional

OFDM JCR scheme with comb-type pilot arrangement is implemented which is proposed in

[78], one out of four subcarriers is assigned with pilot symbol. For communication symbols,

QPSK modulation is utilized. Therefore, the spectral efficiency of both schemes becomes 1.5

bit per subcarrier.

The power delay profile (PDP) of the channel is determined as an exponentially decaying

function where the power of complex channel coefficients is set as E[αp(γ)]
2 = ηe−p, where
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Figure 4.16: MSE vs SNR analysis under three targets. Targets are with velocities
[0, 0, 14.9](m/s) and distances [39, 136.6, 234.2](m).

η denotes the normalization factor and p is the target index. Each tap amplitude follows

Rayleigh distribution.

After evaluating the complex attenuation factor αp in (4.27), the estimation of channel

matrix Ĥf is performed by using the obtained values of Doppler shifts and delays which

is done previously via radar symbols on OFDM-IM. Finally, these estimates are used to

demodulate communication symbols in the proposed OFDM-IM waveform structure. MSE

is calculated with Ĥf and Hf matrices, σ2
e = E[∥Ĥf −Hf ∥2]

E[∥Hf ∥2] , where E[·] denotes the expected

value.

The proposed scheme is compared with the conventional OFDM scheme where the chan-

nel estimation is done with comb-type pilot arrangements explained in [82]. It is well known

that the minimum MSE is obtained when the pilots are equispaced (comb type arrange-

ment), when the MSE of the least-square (LS) estimation is utilized. Also, the use of the
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Figure 4.17: BER vs SNR analysis under three targets. Targets are with velocities
[0, 0, 14.9](m/s) and distances [39, 136.6, 234.2](m).

same subcarriers for pilot allocation among subsequent OFDM symbols is widely used pilot

arrangement scheme [82]. Simple LS estimate is employed to find initial channel estimates

on pilot subcarriers, where the correlation across the OFDM carriers and OFDM symbols is

not exploited. The channel frequency response (CFR) vector is obtained by implementing

linear interpolation over all pilots. This is followed by the replacing the samples after the

length of the CP with zeros in the time domain by taking IFFT. The noise reduced signal is

then transformed back into the frequency domain via FFT operation to obtain the estimated

value of the channel over each OFDM symbol. The number of pilots and symbols, subcarrier

spacing(∆f ) used in conventional OFDM for comparison are the same as proposed OFDM-

IM JCR structure. Figure 4.14 and 4.15 illustrates the radar functionality of the proposed

scheme compared to conventional OFDM when SNR is 10 dB. It is obviously seen in Figure

4.14 that a fixed pilot design limits the unambiguous radar range, where as it is not the case

in the proposed scheme as seen in Figure 4.15.
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Figure 4.18: MSE vs SNR analysis under four targets. Targets are with velocities
[0, 14.9, 21.2, 30.6](m/s) and distances [29.3, 127.3, 225.3, 323.3](m).

Figure 4.16 and 4.17 shows the performance analysis for two stationary and one moving

targets and their respective distances. In Figure 4.16, conventional OFDM JCR with comb-

type pilot arrangement, OFDM-IM with interpolation of irregularly spaced pilots, and the

proposed radar-based OFDM-IM waveform is compared considering their MSE of channel

estimation. It can be observed that the proposed scheme significantly outperforms the two

existing conventional schemes. As a channel decoder to perform BER simulations, LDPC

(low-density parity check) is used with two different rates, which are 0.5 and 0.75. Figure

4.17 shows the benefit of the proposed scheme in terms of error performance compared to

conventional OFDM with pilots. It also compares the proposed OFDM-IM JCR scheme

with two different decoding types such as the null subcarrier based and ML-based decoding

explained in Section 4.3.3. It can be observed that our scheme outperforms the conventional

schemes in both detection methods. The ML based scheme provides a better error perfor-
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Figure 4.19: BER vs SNR analysis under three targets. Targets are with velocities
[0, 14.9, 21.2, 30.6](m/s) and distances [29.3, 127.3, 225.3, 323.3](m).

mance when compared to the proposed null-based decoding however, it has a much higher

complexity.

Figures 4.18 and 4.19 show the performance analysis for one stationary and three moving

targets and their respective distances. The conventional OFDM scheme reaches error floor at

∼ 10−3 BER, whereas proposed scheme exhibits promising performance reaching beyond 10−4

BER. There exists a trade-off between complexity and performance for ML detection over null

subcarrier based detection. It is observed that, since there are more active targets in Figures

4.18 and 4.19, due to multiple Doppler effects, the performance of the conventional OFDM

scheme degrades. However, the performance of the proposed OFDM-IM JCR scheme keeps

same as Figure 4.17 claiming the superiority of the proposed scheme against high Doppler.

Also, it should be noted that the conventional OFDM with 0.75 code rate performs worse

than uncoded system in Figures 4.17 and 4.19. It is the case because we do not implement

interleaving after encoding the bit sequence for both conventional OFDM JCR scheme and
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proposed OFDM-IM JRC scheme. It is can be seen that the proposed OFDM-IM performs

better and index bits inherently introduce diversity over one OFDM-IM symbol.

In this study, a novel JCR waveform utilizing OFDM-IM and its promising properties has

been proposed. The system model description along with numerical and computational eval-

uations have been provided. Computer simulations show that the proposed scheme provides

improvement not only in error performance for communication but also enhanced radar per-

formance when compared to OFDM-JCR schemes in terms of BER and MSE performance.

Also, it is shown that the proposed scheme increases the maximum unambiguous radar range

compared to conventional OFDM with comb-type pilot design. For future research direction,

generalization of the proposed OFDM-IM scheme for different subblock and active subcarrier

numbers will be studied.
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Chapter 5: Control of Electromagnetic Radiation on Coexisting Smart Radio

Environment

This chapter4 explains the novelly proposed coexisting smart radio environment to control

and guide the electromagnetic radiation.

5.1 Introduction

The 5G wireless communication networks is proposed to enable three imperative ser-

vice applications which are massive machine type communication (mMTC), enhance mobile

broadband (eMBB), and ultra reliable, low latency communication (URLLC). With the re-

cent developments on key 5G technologies such as massive MIMO, polar coding, cloud radio

access network (C-RAN), and so on, the theoretical gain is achieved to be validated by the

field test [96]. However, as intelligence, autonomy and ubiquity of digital word exponentially

grow, 5G wireless networks will not be adequate to meet high demand of future applications

that need connection of everything consisting of people, vehicles, UAVs, satellites, sensors,

data clouds, computing devices and robotic agents [97].

5.1.1 Vision for 6G

It is expected that 6G wireless networks will fulfill the fully connected digital world

and provide ubiquitous wireless connectivity for all. It will open a new era of Internet of

intelligence with connected everything [98]. With the emergence of holographic teleporta-

tion, increased industrial automation and connection density, next generation 6G systems

are needed to possess Tbps-level data rates, microsecond-level latency, improved energy ef-

4Contents of the chapter is published in [95]. Permissions are included in Appendix A.
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ficiency [99]. Also, industrial Internet of Things (IIoT) concept requires wireless networks

guaranteeing spatial reconfigurability and ultra-reliability [100]. With the diverse require-

ments of emerging applications and use cases, it is believed that 6G systems is intended to

enhance the awareness of the whole communication networks including wireless medium and

end-points [101]. Such massively connected network needs to have capabilities of real-time

learning and data processing for network edges, air interface and user elements that can be

enabled via machine learning (ML) [102].

The increase in the number of wireless devices that is expected to reach 125 billion

devices all over the world by 2030 [97] and the aim of 1Gb/s/m2 area traffic capacity [103]

boost the importance of spectrum utilization for the next generation wireless systems in the

highly overloaded coexisting scenarios. Also, current wireless communication systems cannot

provide services to half of the world’s population living in remote areas [104] where next

generation systems are planned to guarantee at least 10 Mbps by extending the coverage area.

Therefore, the electromagnetic radiation emitting from numerous wireless devices serving

various applications needs to be controlled intelligently both in the transceiver ends and along

the wireless medium. Therefore ultra-advanced spectrum usage and management schemes

in licensed and unlicensed band need to embrace all disruptive and smart technologies such

as RIS, ABC and ML.

5.1.2 Shifting from Cognitive Radio to Smart Radio Environment

Since the birth of cognitive radio by J. Mitola [105] and the extreme success of co-

existing wireless systems (e.g. WiFi, Bluetooth, and other devices), wireless technology could

dynamically utilize the spectrum and high-spectral waveforms by mitigating interference

to primary passive/active uses [106]. Cognitive radio networking (CRN) emerges as an

effective way to design the coexisting wireless communication systems offering potential

for enhanced spectrum efficiency, interference mitigation and interoperability [107]. CRN

only controls the parameters of end-to-end radios by sensing the environment and smartly
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Figure 5.1: Shaping the electromagnetic energy using repositionable dynamic RISs and
ABC nodes. ABC nodes are designed to be application specific devices. RISs may operate
across in a wide frequency band regime for coarse tuning the radiation of secondary
systems.

adjusting relevant transmission and reception parameters [108]. Beside cognitive capabilities

on the transmitter and receiver end, effective co-existing wireless communication systems

demand a disruptive system design and radio frequency (RF) implementation to maximize

the spectrum utilization by keeping extremely high radio rejection to avoid interference [109].

For example, in the light of many potential co-existing frequency bands such as those for

commercial radio communication reception whose signal strength may be around −70 dBm

to −120 dBm and advanced interference mitigation techniques over the whole area are needed

to capture the signal safely. Such a technology challenge, which leads to controlling radio

radiation on a geographical area, has not been well addressed in literature or engineering

patents beyond personal area. Also, how to maximally utilize the spatial spectrum and

radiation control according to traffic dynamics in time and spatial domains remains the key

challenge for future application scenarios that require high capacity (e.g., holography, virtual

84



reality, non-terrestrial communication), high density (e.g., IoT environment in smart factories

and smart offices) and high precision (e.g., robotic assembly and warehouse stocktaking).

Shaping the radiation energy and nulls over the region, together with time, frequency,

code domains presents a holistic approach toward smart and reconfigurable radio environ-

ments, for more effective spatial spectrum utilization of co-existing wireless systems and

networks. A fundamental question arises on how to evolve into coexisting wireless system

from spectrum efficiency perspective by taking network infrastructure design into considera-

tion [106]. To answer that, the paradigm of smart radio environment is firstly introduced in

[110] and detailed in [111] which is empowered by the RIS. It is motivated that future wire-

less networks necessitate a smart radio environment with RIS which are capable of sensing

the environment and of applying customized transformations to the electromagnetic radio

waves. Also, smart radio environments provides more degrees of freedom by electronically

controlling the environment itself rather than transmitter and receiver end points and turns

the wireless medium into software-reconfigurable entity [112]. Secure wireless transmission,

interference reduction, transmission range extension can be considered as some of smart

radio environment applications [113].

In this study, the smart radio environment concept is enriched with the harmony of multi-

ple repositionable dynamic RISs and coordinated ABCs to extend the geographical coverage

(by eliminating spectrum holes) and maximize the sum rate throughput for a given geograph-

ical region and a given spectrum, while enhancing geographical isolation and minimizing the

interference of underlay coexisting cognitive radio networks. In addition to providing control-

lable reflection properties with RISs [114, 115] and ABC nodes [116], the mobility of these

devices in the environment is proposed to further enhance the system performance. The

proposed coexisting smart radio environment strategy illustrated by Figure 5.1 will achieve

multiple goals including interference management, coverage improvement, enhanced radio

environment awareness (REA), effective spectrum mapping and intentional geographical ra-

85



dio isolation that could potentially revolutionize the spatial spectrum efficiency of systems

migrating from 5G’s C-RAN and massive MIMO to 6G.

5.1.3 Contribution

This research aims to enable smart radio environment by merging two appealing tech-

nologies repositionable dynamic RIS and ABC, that helps to maximize the spatial spectrum

utilization for cognitive radio systems where two different wireless system applications called

primary and secondary uses are present as shown in Figure 5.1. The main contributions of

the study can be summarized as follows:

• The smart radio environment system is proposed utilizing repositionable dynamic RIS

and multiple coordinated ABC to control spatial electromagnetic radiation by creating

radiation rejection and coverage extension zones.

• To the best of our knowledge, it is novelly introduced that the repositionable dynamic

RISs are utilized to extend the coverage of co-existing secondary systems and coarse ra-

diation rejection for primary systems by having much more control on the exploitation

of channel clusters as well as shadowing effects that may causes high power fluctuations

in a short time frame.

• It is also first time that a group of coordinated ABC nodes are proposed to create

man-made deep fades which greatly reduce the interference from secondary use into

the radiation rejection zone hosting primary passive and active uses.

• Construction of spectrum map by cross-layer RF design and support vector machine

(SVM) based on 1-bit spectrum sensor data is introduced by novel reusing of ABC to

transmit the data to distributed fusion center (DFC).

• The coexistence of all proposed concepts is studied with joint optimization of coverage

extension area and radiation rejection zone using both repositionable dynamic RIS
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and multiple ABCs. Alternation optimization technique is utilized by subgrouping

the general problem into smaller ones. The convergence of the proposed technique is

evaluated with numerical study as well.

The unique rationale of this study is therefore to create extended, controlled radiation of the

secondary systems in the 2D/3D geographical area as shown in the Fig. 5.1, while creating

the radiation-rejection zone to ensure the successful operation of the primary systems. The

system architecture of the proposed coexisting wireless communications can be visualized in

Figure 5.2. As extremely large antenna arrays approaching the limit of massive MIMO, the

aim is to steer electromagnetic radiation while creating man-made radio rejection to protect

primary passive or active uses. Such a system architecture has a large-scale antenna-array for

an access point (AP) or BS, while smaller-scale antenna arrays tagged to each user equipment

or smart machine (e.g. robot or autonomous vehicle) which function as backscatterer to

create a radiation rejection zone. Moreover, multiple repositionable dynamic RISs advanced

by RF/antenna techniques to extend and tailor the geographical coverage (in reliability and

outage), such that the interference to/from the underlay coexisting radio systems can be

minimized. Multiple coordinated ABC nodes for fine-tuning of radio coverage by forming

radiation rejection to avoid interference to sensitive primary passive/active uses, which is

named as virtual region and circled with red curve in Figure 5.2. The mmWave geometric

channel model is utilized to demonstrate the feasibility of the system architecture, where

SNR and capacity performance on the measurement points (MPs), which are distributed

in the whole geometry, are numerically calculated. In the presented numerical studies, it

is shown that these mechanisms allow to create regional shapes where radiated power is

distributed as desired.

It is demonstrated that at least 5 dB increase can be obtained in the power of secondary

system along the specific region by introducing multiple static coordinated RIS. Moreover,

the superiority of repositionable dynamic RIS is represented with the increment of nearly

15% in the capacity of the secondary system. Additionally, simulation results demonstrates
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that the use of coordinated multiple ABC nodes provides nearly 10 dB interference rejection

in the vicinity of primary user. The proposed architectures is merged into one system

and optimizes the parameters to enable smart radio environment having radiation rejection

and coverage extension zones at the same time. The use of SVM to spatially identify the

secondary communication area by 1-bit data transmitted from ABC sensor is illustrated.

5.2 Multiple RIS to Extend the Coverage of Secondary Systems

5.2.1 State of the Art

The mmWave band usage is significantly investigated regarding next-generation wireless

communications [117], which allows very small form-factor antenna arrays for both BS and

the UEs [118] and provides highly efficient directional transmissions to meet the high capacity

demand of future wireless technologies [119]. However, energy losses in mmWave band

channel are more susceptible to the propagation distance compared to the classical sub-3GHz

band [120]. The prominent technology, RIS, is proposed as a channel control mechanism

which converts the channel from a problem into a design elements [121]. It can achieve a

controlled and narrower beams at larger sizes relative to the wavelength [122] in order to

overcome the energy loss problem in mmWave channels. Unlike relays, RIS consumes no

energy resulting in less noise effect. However, as shown in a comparison of RIS to decode

and forward relaying in [123], RIS is required to have many elements to outperform relaying

since it has no power source. In both the RIS and multiple-antenna systems, one major

challenge is the channel estimation and synchronization due to the large number of passive

elements in a RIS. However, the sparseness of mmWave channels allows feasible and efficient

synchronization and channel estimation algorithms. Using few active elements along the RIS

for channel estimation is proposed in [124], and after estimating the channel, these active

elements turn back to the reflecting mode again. For instance, a two stages algorithm is

proposed in [125] for multi-user communication, where all elements are turned off firstly,

and the channel between BS and users is estimated. Secondly, the RIS elements are turned
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Figure 5.2: System structure including multiple RISs for coverage extension, multiple
coordinated ABCs for radiation rejection.

on one by one and the channel of all users is estimated for that element. The full reflection

of the RIS is considered at all time, i.e., all of its elements are switched ON with maximum

reflection amplitude during both the channel estimation and data transmission phases [126].

It is inevitable fact that as the channel estimation and optimization schemes of the RIS

develop, the usage of the RIS in modern wireless systems will expand.

5.2.2 System Model

The RIS smartly controls the radio environment by scattering the signals to mitigate

pathloss, fading, blockage, and multipath effects. It is typically configured to direct the

primary system signal towards the destination by adapting its antenna elements to the

propagation environment, while being regarded as nearly passive elements without any need

for amplifiers or analog-to-digital/digital-to-analog converters (ADCs and DACs). This re-

search disruptively utilizes the RIS to extend the coverage area of secondary systems and
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to decrease the interference in the vicinity of primary systems as the goal of Figure 5.1. To

extend the coverage of secondary active uses, two RISs are illustrated to create the smart

radio environment in Figure 5.2. To protect the zone which can be passive or active primary

use, multiple ABCs are placed around the primary use area.

Omnidirectional pathloss at the distance d is estimated using the d0 reference distance

for the antenna far-field as follows [127]:

PL(d)[dB] = PL(d0) + 10n̄ log10

(
d

d0

)
+ SF, (5.1a)

PL(d0)[dB] = 20 log10

(
4πd0fc

c

)
, (5.1b)

where c is the speed of light, 3× 108m/s, fc in Hz is the carrier frequency, n̄ is the path loss

exponent, and SF is the shadow factor in dB. The far-field path-loss equation in (5.1) is

compatible with the pathloss expression given in [128]. Also, outdoor-to-indoor penetration

loss is considered assuming the environment has low loss buildings. Therefore, the following

parabolic model [129] is used for building penetration loss (BPL):

BPL[dB] = 10 log10
(
5 + 0.03 · f 2c

)
. (5.2)

Throughout the study, the narrow-band mmWave channel model is used. It is assumed

that all clusters and multi-path components arrive simultaneously and all their frequency

components over the channel bandwidth B are received with the same level of attenuation.

The corresponding channel matrix H ∈ CNr×Nt at the time instant t is written as follows

[120]:

H =

Ncl∑
ncl=1

Np(ncl)∑
p=1

αncl,p · ΩRx
ncl,p

(
ψRx
ncl,p

, θRx
ncl,p

)
· ΩTx

ncl,p

(
ψTx
ncl,p

, θTx
ncl,p

)H
, (5.3a)

|αncl,p|
2 = ϵ0e

−Tncl
−Γncl e

−τncl,p
−Γp 10−0.1(PL[dB]+BPL[dB]+Zcl+Up), (5.3b)
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where Ncl and Np(ncl) denote the number of clusters and rays per each cluster, respectively.

Zcl ∼ N[0,σcl] and Up ∼ N[0,σp] denote per-cluster and per-subpath shadowing in dB,

respectively. Tncl , τncl,p , Γncl , and Γp correspond to cluster arrival time, subpath arrival time,

cluster decay constant, and subpath decay constant, respectively. The parameters ψncl,p

and θncl,p are pth multi-path component of the nclth cluster’s azimuth and elevation angles,

respectively, and they characterize the angle-of-departure (AoD) and angle-of-arrival (AoA)

at the transmitter and receiver. Moreover, ΩTx
ncl,p

represents the Nt × 1 array factor (AF) of

the transmitter antenna array and ΩTx
ncl,p

represents the Nr × 1 AF of the receiver antenna

array. The notation (·)H refers to the Hermitian transpose. The notations for the RIS

presented here are also used to clarify the subsequent sections, as well. Define a diagonal

matrix ΘRISk = diag
(
β1e

jθ1 , ... , βnRISk
e
jθnRISk , ... , βNRISk

e
jθNRISk

)
with k = 1, ... ,K , where K

is total number of the RIS deployed in the environment. The notation NRISk denotes for the

total reflecting elements in the kth RIS, βnRIS
is the amplitude reflection coefficient of the

nRISth element of kth RIS and j is the imaginary unit. Throughout the study, the reflection

coefficient is assumed to be unit value (βnRISk
= 1), same as in [130]. The bRIS-bit discrete

phase shift of RIS antennas can be chosen from the set FRIS which is defined as follows [131]:

FRIS =

{
θnRISk

=
ςnRIS

π

2bRIS − 1
| ςnRIS

∈ ςRIS = {0, 1, ... , 2bRIS − 1}
}
. (5.4)

Uniform planar array (UPA) is utilized to represent RISs. Denote Ir and Ic the number of

elements along with the row and column of the plane array, then the array response vector

becomes the following [132]

ΩUPA(ψ, θ) =
[
1, ... , e jx(ir cos(ψ) cos(θ)+ic sin(θ))2π/λ, ...

]
, (5.5)

where x is the inter-element spacing. 0 ≤ ir < Ir and 0 ≤ ic < Ic are the row and col-

umn indices of an antenna element, respectively. Analog beamforming is considered at the

transmitter antenna array, where NBS is the total number of antennas. Transmitter antenna
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array is considered as more complex compared to RIS elements, therefore, its phase shifter

can generate more options with the control of bBS bits. Then, the phase shift for the nBSth

transmit antenna can be chosen from the set FBS where

FBS =

{
θnBSk

=
ςnBS

π

2bBS − 1
| ςnBS

∈ ςBS = {0, 1, ... , 2bBS − 1}
}
. (5.6)

After the selection of nBSth antenna phase shift the beamforming matrix W is formed with

power constraint P . In the smart radio environment, spatial consistency is considered [133]

which means that the large fading effects and scattering environment are correlated when

multiple MPs are closely located in a local area (e.g. 10-15 m). Detailed explanation re-

garding how to integrate spatial consistency into the channel model is included in the next

section. It should also be mentioned that perfect CSI is assumed throughout out the study

for both RIS and ABC phase shift optimization, which is similar to [134, 135].

5.2.3 Problem Formulation for Coverage Extension

In this subsection, the problem formulation to extend the coverage of secondary system

via multiple static RISs is derived. In order to perform spatial-domain based simulations,

multiple MPs are selected randomly which can be considered as many single antenna re-

ceivers. Since the coverage inside the specific area is desired to be increased, these measure-

ment points are selected inside that area. The 2D demonstration of the simulation can be

seen in Figure 5.3 and 5.5, where the area, whose capacity for the secondary is intended to

increase is shown by red circle.

The overall RIS-assisted MIMO system have three main propagation ways which are

between Tx and the RIS, the RIS and Rx and direct way, which is assumed as non-line-

of-sight (LOS) (NLOS) channel. Regarding the channel matrices, HBS-MPm , HBS-RISk , and

HRISk -MPm correspond to the channels between BS and mth MP, BS and kth RIS, kth RIS and

mth MP, respectively. Analog beamformer matrix W ∈ CNBS×1 is applied at the transmitter
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antenna array having NBS antennas with total power P . As an example with two RIS, the

channel matrices for the mth MP are HBS-MPm ∈ C1×NBS , HBS-RIS1 ∈ CNRIS1
×NBS , HRIS1-MPm ∈

C1×NRIS1 , HBS-RIS2 ∈ CNRIS2
×NBS , and HRIS2-MPm ∈ C1×NRIS2 where NRIS1 and NRIS2 denote the

numbers of elements for the first and second RISs. Moreover, phase matrices are ΘRIS1 ∈

CNRIS1
×NRIS1 , and ΘRIS2 ∈ CNRIS2

×NRIS2 for the first and second RISs, respectively. The

channel gain, Gm, for the mth MP with the presence of total K RISs can be represented as

follows [121]:

Gm =

∣∣∣∣∣HBS-MPmW +
K∑

k=1

HRISk -MPmΘRISkHBS-RISkW

∣∣∣∣∣
2

. (5.7)

Assuming transmit power equals to 0dBm, capacity of the mth MP is evaluated by Shannon

capacity formula:

Rm = B log2

(
1 +

Gm

σ2

)
, (5.8)

where B is the bandwidth and σ2 is the variance of independent and identically distributed

(i.i.d) circularly symmetric complex Gaussian noise with zero mean. Let R = [R1,R2, · · · ,RM ]

and ΘRIS = [ΘRIS1 , · · · ,ΘRISK ], the optimization problem can be formulated as follows [136]:

(P1) max
ΘRIS,W

E{R}

s.t. ∥W∥2 <= P

θnBSk
∈ FBS, 1 ≤ nBSk ≤ NBSk

θnRISk
∈ FRIS,1 ≤ nRISk ≤ NRISk ,

(5.9)

where E is the expectation operator over M total MP. As it is studied in [137], the opti-

mization problem (5.9) is non-convex. Alternating optimization technique, as it is proposed

in [138], is utilized to arrange the phase shifts of the BS and RISs at MPs as a solution to

(5.9). The procedure of this iterative technique is explained in Algorithm 5.1.
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Algorithm 5.1 Alternating Optimization for (5.9)

1: Initialize the all elements of W, and θnRISk
, 1 ≤ nRISk ≤ NRISk ,∀k = 1, ... ,K with one.

2: repeat
3: for n ≤ NBS +

∑K
k=1 NRISk do

4: Find the indices ςBS ∈ ςBS and ςRISk ∈ ςRIS that maximize the average capacity of
total M MPs, which defined as E{R}

5: Assign the corresponding phase shift values depending on the index ςBS or ςRISk to
the corresponding antenna phase shifter n

6: end for
7: until Convergence is reached

5.2.4 Numerical Results

The numerical results demonstrates the advantage of deploying multiple static RISs to

expand the coverage of the secondary active uses. The 2D topological color map in Figure

5.3 and 5.5 show the performance of RISs compared to BS beamforming in order to maximize

the signal power in the red encircled area of 15 MPs in terms of dB. The secondary user (SU)

is located at (0,0) and denoted as black star, whereas the primary user (PU), which is white

star, is located at (0,120).

Information about other simulation parameters can be found in Table 5.1. In Figure

5.3, only BS beamforming is utilized to extend the coverage on the area encircled with red

color. Enlarged picture of the encircled region is shown as well. In Figure 5.5, two RISs are

denoted as magenta circles which are distributed in the map. MPs use the single-element

antenna where phase shifts of RISs are arranged to maximize the average capacity of all MPs

as formulated in (5.9).

Throughout the mathematical simulations of the study, it is assumed that RISs has two

different phase options controlled by one-bit, whereas the phase options for BS antennas are

chosen from the six-bit discrete phase-shifter. They all are optimized in an iterative manner

until convergence is achieved by Algorithm 5.1. In this urban-microcell simulation, the BS

antenna number is taken as N = 16 and the numbers of elements for first RIS and second

RIS are 128 and 256, respectively. The signal power in the encircled area by BS beamforming
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Table 5.1: Simulation Parameters for Coverage Extension

Parameter Value

Carrier Frequency 28GHz
Antenna gain of BS 30 dB

Transmitter gain of BS 10 dB
Antenna gain of ABC 15 dB
Operating Scenario Urban Microcell
BS Antenna Number 16

RISs Element Numbers 128, 256
ABCs Antenna Number 4x4 (both Rx, Tx)
Number of total ABCs 16

can be seen in Fig. 5.3, whereas the effect of RISs can be seen in Fig. 5.5. As shown in the

enlarged plots, simple usage of two RISs already achieves approximately 6 dB gain regarding

the signal power of secondary user even if there is 1 bit control on RIS. It is well known

that the number of bits in the RIS design, and the location of RIS remarkably affect the

performance in the coverage area. These effects are studied in the following section.

5.3 Repositionable Dynamic RIS Deployment

5.3.1 State of the Art

It is studied that the location, beam alignment, and phase of the RIS can be optimized

to enhance the system performance [139, 140]. Although the current RIS technology pri-

marily deploys fixed elements built in the terrestrial scenarios, the integration of RIS into

mobile systems gets a lot of interest from the academia. For example, reference [141] studies

aerial platforms with RIS and propose a control mechanism for communication, mobility,

and sensing. Additionally, joint optimization of active beamforming at the UAV, passive

beamforming at the RISs, and UAVs trajectory over a given flying time is studied in [142].

However, locations of the RISs are assumed as fixed and only the movement of UAV is

considered. Therefore, the control over the channel clusters is limited.
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Figure 5.3: Demonstration of coverage extension when only BS is used to extend where the
color map is scaled in dB.

It is known that glitches occur in the power of ”pencil-beam” signal whenever even

humans walk across it resulting in a huge SNR drop of 20dB [143]. This scenario can

be encountered in shopping malls, office environments and especially IoT factories where

tactile internet plays a very important role. To the best of authors knowledge, a wireless

channel control concept based on position adaptive antenna array is firstly introduced by the

USF-WAMI team [144, 145] in order to impede detrimental random effects in the wireless

channel. In these studies, the concept is implemented via the microfluidically reconfigurable

RF devices. Moreover, it is also known that positioning of RIS plays an important role

to improve the system performance [146]. However, dynamic positioning of RIS regarding

the mobility in the indoor environment hasn’t studied yet. Arranging the RIS position

dynamically, we will have much more control on exploitation of channel clusters as well

as shadowing effects that may causes high power fluctuations in a short time frame. It is

believed that the repositionable dynamic RIS will shed a light on how to solve these problems

and introduce additional degree of freedom.

Applying repositionable dynamic RIS, the channel control could be more efficient by

placing the RIS elements at the optimal location. In addition to the phases of the RIS ele-

ments, the location of the surface needs to be optimized. For mobile and nomadic users, the

optimal location changes over time, requiring repositionable dynamic RIS deployment. As
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Figure 5.4: Demonstration for the power distribution regarding shadowing and path-loss
effects. Initial RISs locations and their trajectories are shown as magenta circle, and black
dashed line, respectively.

the scenario in Figure 5.1 depicts, more than one repositionable dynamic RISs with a simple

rail-based moving system will be implemented to examine the superiority of repositionable

dynamic RISs, in terms of spectrum utilization and interference management.

The position of RIS may be initially changed along the linear line in the range of approx-

imately five meters with a slow speed (in the scale of seconds). Since its position will change

along the one dimension and the geometry of RIS elements will be fixed, tracking and chan-

nel estimation process (or equivalent synchronization) will be practical to implement and

deployment compared to 3D movement in spatially adaptive antenna arrays.
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Figure 5.5: Demonstration of coverage extension with two RISs compared where the color
map is scaled in dB.

5.3.2 Methodology

To realize the spatial consistency while re-positioning the RIS, spatially correlated large-

scale parameters such as SF (shadow fading), line-of-sight (LOS)/non-LOS (NLOS) condi-

tion are generated [133]. The correlation distance in indoor simulation is determined as 5

meter [147]. In addition to point-to-point channel H generated in (5.3a) and (5.3b), a 2D

exponential filter is applied to the simulated area as follows:

f (p, q) = exp

(
−
√

p2 + q2

dco

)
, (5.10)

where p and q are filter coordinates with respect to the center of the filter, dco is the corre-

lation distance of shadowing. Applying the filter to the channel H, the correlated values in

the map is calculated as follows:

Hc(i , j) =
∑
p

∑
q

f (p, q)H(i − p + 1, j − q + 1), (5.11)

where Hc(i , j) is the correlated channel, i and j are the coordinates of grid points in the

map M with (i , j)k ∈ R2 for kth RIS. Throughout the study, the movement of the RIS is

constrained in only y axis with at most 5m distance change as it is shown in Figure 5.4.
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5.3.3 Problem Formulation to Control Channel Clusters

The aim to deploy repositionable dynamic RIS on the environment is to have a more

control on the channel power variations in a short time frame. It introduces a new degree of

freedom, where the speed and location of the RIS can be controlled. The problem is how to

extend the coverage of secondary use in the dedicated area with the help of novel technique,

repositionable dynamic RIS.

With the concept of repositionable dynamic RIS, the channel gain evaluated in (5.7)

depends on the position of kth RIS. The location kth RIS of RISs is expressed as 2D pairs,

(i , j)k ,∀k = 1, ... ,K . The channel matrix H(i , j) at that position is obtained via (5.11).

Then, the channel gain G ′
m for the mth MP can be written as follows:

G ′
m =

∣∣∣∣∣HBS-MPmW +
K∑

k=1

H(i , j)RISk -MPmΘRISkH(i , j)BS-RISkW

∣∣∣∣∣
2

. (5.12)

One realization of spatially correlated map with two RISs placed in the environment can be

seen in Figure 5.4. Similar to (5.8), the capacity of the mth MP with different RISs locations

is evaluated as follows:

R ′
m = B log2

(
1 +

G ′
m

σ2

)
. (5.13)

The position (i , j)k of the kth RIS is needed to be considered in the optimization problem

(5.9), when the repositionable dynamic RIS is studied. By defining the position matrix with

Z = [(i , j)T1 , · · · , (i , j)TK ], and R′ = [R ′
1,R

′
2, · · · ,R ′

M ] the problem formulation (5.9) can be
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Algorithm 5.2 Alternating Optimization for (5.14)

1: Initialize the all elements of W, and θnRISk
, 1 ≤ nRISk ≤ NRISk ,∀k = 1, ... ,K with one.

Also, choose arbitrary RISs locations to determine (i , j)RISk .
2: repeat
3: for all grid points (i , j)RISk ∈ M, ∀k = 1, ... ,K do
4: for n ≤ NBS + NRIS1 + NRIS2 do
5: Find the indices ςBS ∈ ςBS, ςRISk ∈ ςRIS, and (i ′, j ′)RISk ∈ M that maximize the

average capacity of total M MPs, which defined as E{R′}
6: Assign the corresponding phase shift values depending on the index ςBS or ςRISk

to the corresponding antenna phase shifter n
7: end for
8: Fix the position of kth repositionable dynamic RIS to the point of (i ′, j ′)RISk

9: end for
10: until Convergence is reached

modified as follows:

(P2) max
ΘRIS,W,Z

E{R′}

s.t. ∥W∥2 <= P

θnBSk
∈ FBS, 1 ≤ nBSk ≤ NBSk

θnRISk
∈ FRIS,1 ≤ nRISk ≤ NRISk

(i , j)k ∈ M.

(5.14)

Similar to Algorithm 5.1, exhaustive searching of both the position of RISs and their phase of

elements is considered to solve non-convex optimization problem (5.14). Detailed algorithm

scheme is presented Algorithm 5.2.

5.3.4 Numerical Results

The advantage of repositionable RIS in terms of capacity can be seen in Fig. 5.6, consid-

ering both 1-bit and 4-bits RIS. It is observed that approximately 15% improvement in the

capacity of secondary system is achieved with the use of repositionable dynamic RIS. Also,

the increase in the phase shifter capability helps to enhance the system performance, as well.
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Figure 5.6: Numerical evaluation of capacity of the proposed system showing the
advantage of repositionable dynamic RIS.

Throughout the study, it is assumed that the speed of RISs is low enough to neglect the

Doppler shifts. However, the time domain representation including time-frequency Doppler

shift profile of the received signal and its effect on performance should be studied and more

general mobility patterns, including ways of linear and nonlinear motion, should be explored

in the future research.

5.4 Creation of Radiation Rejection Zone via ABCs

5.4.1 State of the Art

Although the dynamic deployment of RISs can extend the radio coverage of the co-

existing system(s), to avoid the interference to the primary system (particularly the receivers

of primary system having high radio sensitivity or operating in low signal strength), there

are needs for further improved technology beyond effective guided radio coverage by RISs.

A disruptive thinking to this technology challenge is to create the radiation rejection zone as

shown in Figure 5.2 against signal transmission from the secondary system. Such radiation

rejection zone shall meet the following conditions: (i) further degrading the signal strength
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from the secondary system into the zone; (ii) minimum interference to the reception of pri-

mary system; (iii) the radiation rejection being formed by devices of low energy consumption

or battery-less.

To facilitate the disruptive technology forming the radiation rejection zone, considering

coherent modulations in state-of-the-art systems, it may disruptively backscatter the signals

from secondary system and deploy these nodes just outside the area of desirable radiation

rejection zone. The rationale behind is to use each backscatter node to create a new trans-

mission path with appropriate phase change in the nearby area (due to low power), such that

creates man-made deep fades of secondary co-existing transmission for nearby receivers of

primary use. This disruptive way to apply backscatter technique is simple but surprisingly

satisfies desirable conditions.

The ABC is introduced by [148, 149] with little or even no battery power. With the

advance of wireless power charging technology, ABCs has received great attention [150] in

IoT and sensor networks. Its reservation-based multi-access is studied in [151]. Further ex-

plorations based on cooperative communications [152] and cognitive communications [153]

suggest wide range of application scenarios. For low-complexity, non-coherent backscatter

communication is examined in [154]. All rely on successful RF/antenna implementation.

Recently, symbiotic radio (SR) system is proposed to utilize cognitive backscattering com-

munication concept to enhance the reliability and inter-connectivity of ABC devices [155].

5.4.2 Methodology

The concept of creating man-made deep fades to reject radiation from secondary co-

existing communication, of course, can not be realized simply by 180◦ phase inversion at each

scattering node, which must be organized into a small antenna array to create meaningful

man-made fades. A combination of two beamforming integrated circuit (BFIC) can be used

for ABC implementation having two antenna arrays for transmit (Tx) and receive (Rx)

functionality. The array can includes both variable 5-bit phase shifter and variable amplifier
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Algorithm 5.3 Alternating Optimization for (5.17)

1: Initialize the all elements of W and ΘABCl
,∀l = 1, ... , L with one.

2: repeat
3: for n ≤ NBS +

∑L
l NABC (total elements) do

4: Assign the corresponding phase shift value depending on the index j to the antenna
i

5: Find the indices ςBS ∈ ςBS and ςABCl
∈ ςABC that minimize the average channel gain

of total M MPs, denoted as G′′

6: Assign the corresponding phase shift values depending on the index ςBS or ςABCl
to

the corresponding antenna phase shifter n
7: end for
8: until Convergence is reached

with the range of 31 dB. Two micro-controller units can arrange both the phase, amplitude

and functionality of the ABC antenna array. Actually, thanks to similarity in RIS and ABC,

these backscatter nodes together can form the mutual symbiotic wireless system, by reusing

earlier mathematical principles regarding the mmWave channel and 2D topographic map

generation. Instead of using the RIS, multiple ABCs are placed near the protected zone to

collectively form the desirable radiation rejection zone around the sensitive primary receiver

as Figure 5.2. Particularly, the radiation rejection zone shown inside the red line in Figure

5.2 may well serve the protection to primary passive and active uses.

Similar to phase shifter matrix of the RIS, the analog beamforming matrix of lth ABC

is defined as ΘABCl
= diag

(
β1e

jθ1 , ... , βnABCl
e
jθnABCl , ... , βNABCl

e
jθNABCl

)
, where l = 1, ... , L

and L is the total number of ABCs operating in the system where each ABC has NABC

antennas. To explore the advantage of deploying multiple ABCs to protect the radiation

rejection zone from secondary transmissions, ABCs are first assumed to locate beside the

protected zone. Addition to the common channel model explained in the subsection 5.2.2, for

the mth MP, the matrices HBS-ABCl
∈ CNABCl

×NBS , and HABCl -MPm ∈ C1×NABCl are generated

where NABCl
denotes the antenna number of the lth ABC. The phase matrix of lth ABC is

ΘABCl
∈ CNABCl

×NABCl . Similar to transmitter antenna array, phase shifter of ABC generates

2bABC options with the control of bABC bits. The phase shift selection for the nABCth transmit
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antenna can be chosen from the set FA where

FA =

{
θnABCk

=
ςnABC

π

2bABC − 1
| ςnABC

∈ ςABC = {0, ... , 2bABC − 1}
}
. (5.15)

The channel gain from the secondary user transmission for the mth MP, G ′′
m, can be written

as follows:

G ′′
m =

∣∣∣∣∣HBS-MPmW +
L∑

l=1

HABCl -MPmΘABCl
HBS-ABCl

W

∣∣∣∣∣
2

, (5.16)

where the total L number ABCs located in the vicinity of primary user. The interference

power in mthe MP around the primary user region due to secondary user transmission is

equal to G ′′
m.

5.4.3 Problem Formulation for Nulling the Zones

Here, the aim for using multiple coordinated ABCs is to reject the radiation due to sec-

ondary transmission in the vicinity of primary use. The electromagnetic energy is shaped via

backscattering phenomena to protect the primary use zone from unwanted and detrimental

radiation. It is shown in the numerical results that by coordinating every ABC nodes, the

zone which is protected from primary user radiation can be created.

Letting G′′ = [G ′′
1 , · · · ,G ′′

M ] and ΘABC = [ΘABC1 , · · · ,ΘABCL
], the optimization problem

aiming to create radiation rejection zone can be formulated as minimization problem [156]:

(P3) min
ΘABC,W

E{G′′}

s.t. ∥W∥2 <= P

θnBSk
∈ FBS, 1 ≤ nBSk ≤ NBSk

∥ΘABCl
∥2 <= Pl , 1 ≤ l ≤ L,

θnABCk
∈ FA, 1 ≤ nABCk

≤ NABCk

(5.17)
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Figure 5.7: Demonstration of zone protection only with BS beamforming antennas are
optimized where the color map is scaled in dB.

ABC

Figure 5.8: Demonstration of zone protection of proposed system architecture with
multiple ABCs where the color map is scaled in dB.

where Pl is the power constraint of the lth ABC. Similar to Algorithm 5.1 and Algorithm

5.2, alternating optimization technique is again utilized to arrange the phase shifts at the

BS, and ABCs of 5-bit discrete phase-shifters. The aim of the optimization algorithm for the

problem (5.17) is instead to minimize the average interference power in the area of secondary

use, E{G′′}.

5.4.4 Numerical Results

The 2D topological color map in Figure 5.7 and 5.8 show the performance of multiple

coordinated ABCs minimizing the signal power in encircled area in terms of dB. The SU is
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denoted as black star, where the PU is a white star. Multiple ABCs are denoted as black

circles which are distributed around the protected zone. The detected radiation power in

the encircled area by BS beamforming is shown in Figure 5.7, whereas the effect of multiple

ABCs to suppress the interference is clearly observed (in colder color) in Figure 5.8. In the

enlarged plots, initial usage of ABC achieves 12 dB reduction of the interference power in

the rejection zone protecting primary system or its sensitive receiver. Although ambient

backscatter nodes are just intuitively placed in the study, impressive degradation to form

the radiation rejection zone is proven a disruptive but effective approach. Based on the rich

literature about ABC, further explorations and exploitation can be conducted.

5.5 Radiation Control with Repositionable Dynamic RIS and ABCs

In the existing literature, the RIS technology has been integrated into ambient backscat-

ter communication system for performance improvement [157, 158, 159, 135]. In [157], the

effect of the RIS on the source-to-reader and source-to-tag links of the ABC system is in-

vestigated with the BER performance indicator. Moreover, reference [158] studies advanced

spatial multiplexing techniques of the RIS assisted ABC system by analytically showing that

presence of the RIS can improve the spectral and energy efficiency. Experimental analysis of

the RIS improved ABC system is performed in [159]. It is shown that pre-defined codebooks

of the RIS can be selected according to the location of the ABC tag where its BER per-

formance can be enhanced. The RIS-assisted MIMO symbiotic radio system is proposed in

[135] where the RIS both enhance the primary transmission and embed the message acting

like secondary transmission. In our work, the use multiple ABCs and the repositionable

dynamic RIS in a coordinated manner is novelly proposed to control the electromagnetic

radiation in 3D cognitive radio system.

In this section, the proposed ideas in Section 5.3 and Section 5.4 are integrated into one

system in order to control the whole electromagnetic radiation that is emitted from secondary

BS. It is aimed that the radiation power in the vicinity of primary use is minimized which is

106



0 2 4 6 8 10 12

Iteration

1

2

3

4

5

6

7

A
ve

ra
ge

 S
pe

ct
ra

l E
ffi

ci
en

cy
 (

bi
t/s

/H
z)

Radiation Rejection Zone (only BS)
Coverage Extension Area (only BS)
Radiation Rejection Zone (proposed)
Coverage Extension Area (proposed)

Figure 5.9: Convergence performance of the proposed method and its comparison with the
case where RISs and ABCs are absent.

called as radiation rejection zone, and at the same time, the whole radiation from secondary

BS is steered to area where power of secondary use needs to be maximized.

Putting together both dynamic repositionable RISs and multiple ABCs into one systems

to control the whole electromagnetic radiation in the environment, the problem formulation

(5.14) and (5.17) can be revisited as follows:

max
ΘRIS,ΘABC,W,Z

E{R′} (P4)

s.t. ∥G′′∥2 <= I

∥W∥2 <= P

θnBSk
∈ FBS, 1 ≤ nBSk ≤ NBSk

θnRISk
∈ FRIS, 1 ≤ nRISk ≤ NRISk

(i , j)k ∈ M

∥ΘABCl
∥2 <= Pl , 1 ≤ l ≤ L.

θnABCk
∈ FA, 1 ≤ nABCk

≤ NABCk

(5.18)
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Figure 5.10: Demonstration of radiation control with only BS beamforming where the color
map is scaled in dB.

where I is the predefined interference power constraint in the vicinity of primary use.

Problem (5.18) has both non-convex objective function and constraints under the sets

FBS,FRIS,FA similar to [160]. Monte Carlo method is used to eliminate the mathemati-

cal expectation in the objective function of (5.18). Then alternating optimization method

similar to Algorithm 5.2 and Algorithm 5.3 is employed to find sub-optimum solutions for

ΘRIS,ΘRIS,W,Z.

It can be readily verified that the objective value of (5.9) and (5.14) monotonically in-

creases with alternating optimization algorithm in each iteration where coverage has desired

to be increased. In addition, due to the power constraints, the objective function has an

upper bound. It is guaranteed to converge. Besides, the proposed algorithm can guarantee

to yield a monotonically decreasing objective function value compared to the previous phase

solution, i.e., G′′(ΘABC)
t+1 < G′′(ΘABC)

t for interference minimization in (5.17) where t

denotes the iteration number. The convergence performance of the proposed alternating op-
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Figure 5.11: Demonstration of radiation control with repositionable dynamic RISs and
multiple ABCs where the color map is scaled in dB.

timization algorithm is presented in Figure 5.9. Here, vertical axis demonstrates the average

spectral efficiency overall MPs in the coverage extension area and radiation rejection zone

due to secondary BS emission. It can be seen from Figure 5.9 that the proposed algorithm

converges for about 6 iterations. It can also be implied that the proposed structure enhances

the spectral efficiency of coverage extension area of secondary use. At the same time, it can

be implied that the proposed structure decreases the electromagnetic radiation of secondary

use on the vicinity of primary use.

The coexistence of the repositionable dynamic RISs and multiple ABCs are studied in

Figure 5.10 and 5.11.The simulation parameters for BS, RIS and ABC are given in Table 5.1,

as well. The dB scale color map shown in Figure 5.10 is obtained by optimizing the antennas

of secondary BS. On the other hand, the position repositionable dynamic RIS and phase

shifts of ABCs and RISs antennas are optimized in the Figure 5.11. It can be seen that the

signal power of secondary BS is enhanced around 10 dB in the coverage extension area. At the
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same time, the interference power in the vicinity of primary use can be rejected around 3 dB.

The computational complexity of the proposed algorithms includes the multiplication of all

possible selections for ΘRIS,ΘABC,W,Z depending on bRIS, bABC, bBS and the coordinates

of grid points in the map M, which is relatively high and needs to be decreased to make

proposed structure suitable for real test-bed.

5.6 Machine Learning to Form Spectrum Map

One critical criterion to form a smart radio environment is to classify the permissible

area(s) allowing co-existing radio communication. In this section, we propose to elaborate

machine learning technique to better accomplish the goal.

5.6.1 State of Art

One of the fundamental challenge of next wireless communications systems lies in the

spectrum utilization with the increase in massive connectivity and various quality of service

(QoS) requirements [161]. The spectrum availability (or utilization vice versa) indicated on

the geographical map is known as spectrum map, which was initially realized by synthetic

aperture radar [162] or compressive sensing [163]. Its application to cellular systems starts

from cognitive radio resource allocation based on distributed sensing [164] in 3GPP R10.

Cognitive radio network tomography further utilizes statistical inference to enable holistic

understanding of spectrum activities [165]. Integrating both cognitive radio network tomog-

raphy and spectrum map [166], the spectrum map can empower resource management for

QoS guarantees [167] and opportunistic routing [168]. The amazing aspect of spectrum map

is explained by Figure 5.1 to allow secondary systems geographically separated from primary

systems, and thus achieve near ideal co-existing communication toward more efficient uti-

lization of spectrum. ML has been introduced to cooperative [169], non-cooperative [170],

mobile [171], and spatio-temporal [172] spectrum sensing mechanisms. With the enhanced

ML techniques, the intelligent spectrum sensing will play an essential role in co-existing radio
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Figure 5.12: Spectrum activity sensor generates low-rate data that is transmitted via
backscatter communication to DFC so that edge AI can forecasts spectrum activities to
dynamically adjust RISs.

networks [173]. A recent effort applies SVM to classify historical spectrum decision data to

create the two-dimensional transmission opportunity map for a transmitter [174]. Both [175]

and [176] take advantage of a number of distributed devices to facilitate intelligent wireless

communication, which inspires ML to construct spectrum map.

5.6.2 Spectrum Sensors Applying Backscatter Communications

Cooperative spectrum sensing has been proposed for a long time, which suffers the extra

communication from sensors to the transmitter. The intuitive construction of spectrum map

inevitably requires cooperative spectrum activity sensors but keeps the spatial spectrum ef-

ficiency as same. Synthetic aperture radar leveraging antenna array to construct spectrum

map [162] can see through its coverage but not enough to establish the spectrum map for the

entire region. Recalling the fact that each spectrum sensor only needs to transmit 1-bit infor-

mation to construct the entire spectrum map [163], we again take advantage of ABC to form
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a smart spectrum sensor network toward the entire spectrum map as shown in Figure 5.12.

As the blue box, a spectrum sensor senses the radio strength at certain frequency band(s)

and translates into a short data packet, which the spectrum information is decoded into 1 (or

just few) bit to well serve the purpose of spectrum map construction for any frequency band.

Such small data packet can leverage ABC (with optional amplification depending on the

operating needs) to be transmitted to a DFC when the RF switch turns to the transmission

mode. By this way, the spectrum sensors can operate in a maintenance-free manner since

such ABCs may utilize energy harvesting, which resolves the device management dilemma

of sensor networks.

We may view the transmitter in Figure 5.12 as the BS or AP in the RAN of the secondary

system, which has an edge server to analyze the sensor data to (i) construct the spectrum map

(ii) control the RISs accordingly and possibly move RIS dynamically. There are likely several

DFC in the intended radio coverage region and DFC has battery-operating communication

and computational capability. These DFCs can (i) send data to BS to learn in a centralized

manner, or (ii) exchange in an distributed ad hoc manner among them and BS, with privacy-

preserving functionality.

5.6.3 Support Vector Machine to Classify Spectrum Map

Fundamentally, the construction of spectrum map based on the spectrum activity sensor

data may proceed: hypothesis testing or statistical classification, and two-dimensional esti-

mation or regression. Due to potential complex geometric property, statistical classification

is considered. Different ML techniques toward cooperative spectrum sensing are investigated

in wireless IoT, HetNets, MIMO, D2D and NOMA networks [177, 178]. Generally, coopera-

tive spectrum sensing is to determine the transmission opportunity at a single geographical

location for point-to-point cognitive radio communication. On the contrary, spectrum map

to realize proposed multiple RISs technology provides the information to transmit the radio

signals through a wide geographical area to serve multiple secondary co-existing users, much
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beyond a single point. After examining ML techniques [179, 180] and considering the fact

that there lacks of stationary data to construct spectrum map that is designed for the need

of dynamic radio channels including interference, SVM derived from statistical learning ap-

pears to meet our initial purpose with partially known models of communication systems.

Also, SVM can even handle 1-bit sensor information to get satisfactory results, which is cum-

bersome for other ML techniques. Applying SVM to construct 2D or even 3D spectrum map

has a fundamental difference from spectrum sensing for point-to-point communication, while

adopting linearly separable SVM [181]. Even though spectrum sharing concept is studied for

ABC networks in [182], how to obtain spectrum map and how to perform spectrum sensing

via ABCs are not clear. Inspired by [183] where linear and nonlinear kernel SVM analysis

for coverage boundary detection are performed, this study explores ML aided spectrum map

construction based on limited sensor information obtained via backscatter communication

which is shown as efficient and thus helps to establish smart radio environment.

Mathematically, the spectrum activity data from nth sensor forms the sensor data vector

xn. Based on the sensing spectrum value (e.g., radio signal strength, etc. at the target fre-

quency band), the nth sensor can be classified as label yn indicating suitability for secondary

communication (yn = +1) or unsuitability (yn = −1) at its location. For each geographical

location of interest, the BS of the secondary system must predict its label (i.e. +1 or −1).

In a geographical area of the secondary co-existing system, a hyperplane aTx + b = 0 to

separate into a region (+1) and another region (−1). The goal of learning is to find a, b.

For a 2-D area, this hyperplane is actually a line in a linearly separable SVM classification

problem. Unfortunately, such a solution is obviously useless for spectrum map. To resolve

this dilemma, the SVM classification of spectrum map can be modified into the Lagrange

multiplier version as

L =
N∑

n=1

λn −
1

2

N∑
i=1

N∑
j=1

λiλjyiyjx
T
i xj . (5.19)
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The equivalent problem is to maximize L over λn ≥ 0, subject to
∑N

n=1 λnyn = 0, which

is known as the dual problem. Once we found the λn, n = 1, · · · ,N , the dual version of this

classifier for a new data point xnew can be expressed as follows to classify H1 and H0 (i.e.

permissible for co-existing secondary system to operate or not):

N∑
n=1

λnynx
T
n xnew + b

>

<
0. (5.20)

The maximization of L will return almost all λn as zero. Those who are not zero correspond

to the support vectors that define the margins. Furthermore, the problem can be extended

into the soft-margin problem as follows:

J =
1

N

N∑
n=1

max
[
1− yn(a

Txn + b), 0
]
+ λ∥a∥2, (5.21)

where J consists of two terms which are loss function and regularization. λ plays the role of

weighting between margin size and whether it lies on the correct side of the margin or not.

Since J is convex in a, the (stochastic) gradient decent method is suitable for finding the

solution. As shown in Figure 5.1, simple curve is still not enough for the desired co-existing

utilization of spatial spectrum under complex propagation environments. Consequently,

the radial basis function kernel, K (x, x′) = exp(−∥x−x′∥2
2σ2 ), also known as Gaussian kernel,

is introduced. Furthermore, transmission from all sensors all the time consumes a lot of

bandwidth. Therefore, each spectrum sensor shall decode the spectrum information into 1

bit (suitable for co-existing communication or not) according to compressed sensing [163].

5.6.4 Numerical Results

There exists an advantage by 1-bit spectrum information: the spectrum sensors around

the area requiring high radiation rejection, such as that for radio astronomy, measure low

spectrum activity and the raw data can mislead the construction of spectrum availability
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Figure 5.13: Reconstruction of spectrum. (Left) Reconstruction of spectrum based on 1-bit
information of spectrum activity and conventional SVM using radical basis kernel, while
red region indicates active operation of primary system. (Right) Successful construction of
spectrum map to identify permission region (in blue) and active zone of primary system
and the area requiring high radio rejection based on the refinement of SVM.

map. A straightforward solution is to preset their values indicating unsuitable for co-existing

communication, then using Gaussian kernel in (5.19).

As Figure 5.13 (Left) showing the consequent construction of spectrum map, it success-

fully forms the spectrum map indicating permissible region (suitable for secondary co-existing

communication, in blue); but is not possible for effective utilization while the original spatial

spectrum allows a large connected region for RIS technology. It is not because the Gaussian

kernel only considers squared Enclidean distance. Actually, Gaussian kernel equivalently

considers higher order terms in inner product space to accommodate complex propagation

channel dynamics. To resolve this challenge, further techniques are required. As SVM per-

formance is sensitive to parameters, slack variables ζn are introduced for xn, yn, the soft

penalization c0
∑N

n=1 ζn +
1
2
λ∥a∥2. Appropriate adjustment of parameters demonstrates ac-

curate construction of spectrum map as shown in Figure 5.13 (Right).
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5.7 Future Research Direction and Challanges

Despite the many researches since the beginning of RIS and ABC studies, there are still

promising open research problems, which need to be considered thoroughly. In the following

part, some research directions and challenges related to our study are presented.

5.7.1 Application Centric Coexisting Smart Radio

It is foreseen that 6G wireless systems will host much more diverse applications compared

to 5G networks including holography, AR/VR assisted meta-verse, joint radar-sensing and

communication, non-terrestrial networks, ultra-high speed railway networks. These networks

will be in the same environment which are constantly interfering with each other. Reposi-

tionable dynamic RIS and multiple coordinated ABC assisted smart radio environment will

be the remedy for highly overloaded future network in order to operate them in the mini-

mal interference conditions since our scheme provides 3D electromagnetic radiation control

over the environment. As future works, specific networks needs to be studied regarding

their waveforms, scheduling and used frequency bands to make the proposed smart radio

envrionment concept suitable for standalone structures.

5.7.2 Real Time Test-bed

Real time test-bed with repositionable dynamic RIS and multiple ABCs in different prop-

agating environments needs to be studied rigorously. The test-bed should be designed to

answer following critical questions: How can RISs and ABCs get the real-time channel esti-

mation information to adjust their reflective elements? How will commands for the control of

RISs and ABCs be declared in the real time? The development of EM-based repositionable

dynamic RIS and ABC models and exploration of hardware imperfections/effects should be

studied to make the proposed system feasible for next generation wireless communication

systems.
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5.7.3 Realistic and Sophisticated RIS and ABC

Robust optimization of resource allocation schemes is required in spatial, temporal and

spectral domains. It includes the optimal position of multiple repositionable dynamic RISs

and cross-coordinated optimization of the overall network including ABCs. The phase and

amplitude arrangement of ABCs regarding the channel conditions of protected area and

secondary user needs computationally efficient optimization. RIS-empowered PHY slicing

which can support different applications such as wireless charging, PHY security and data

transfer having passive, active and transmissive sub-surfaces are introduced in [184]. Such a

concept can be generalized by levering our ML-based spectrum mapping and multiple coor-

dinated ABCs frameworks to make coexisting smart radio environment more sophisticated

and mission critical.

5.7.4 Performance Limits of RIS and ABC Assisted Networks

Placement of these ambient backscatter nodes to fade the radiation from secondary co-

existing systems can be a critical extension in case knowing the location of BS and RISs.

Further robust placement without precise knowledge of BS and RIS, simply based on the

required radiation (spatial-spectrum) rejection from the secondary system, serves the ulti-

mate goal. Calculation and proof of essential performance limits of RIS and ABC assisted

networks are needed.

5.7.5 Federated Learning to Manage Spectrum Map

Once DFC obtain data from spectrum sensors, the learning to classify can be facilitated in

two possible architecture, (i) hierarchical architecture such that DFC send the data to the BS

for centralized learning then constructing spectrum map; (ii) ad hoc architecture such that

DFC and BS exchange data in an ad hoc manner for distributed learning and constructing

spectrum map. One of the purposes for distributed architecture is to avoid longer distance

transmission consuming a lot of spatial spectrum. For the purpose of spatial bandwidth
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efficiency and privacy-preserving for data, a disruptive application of federated learning (FL)

[185] is proposed for spectrum map construction. Instead of transmitting the data, stochastic

gradient descent (SGD) parameters of SVM can be relayed either hierarchically or in ad hoc

manner. This falls into the vertical FL [185]. Only exchange learning parameters rather than

data of spectrum sensing data further minimizes spectrum use for co-existing systems while

achieving privacy-preserving and cybersecurity against data interception. Pros and cons by

FL, compared with traditional sensor data transmission, needs to be exploited using single-

or multi-channel parallel transmission for further studies.

5.7.6 Total Energy Consumption and Cost of RIS and ABC

With the increasing number of ABC nodes, the collaborative mechanism among ABCs

and repositionable dynamic RISs should be investigated to enhance collective performance,

given the energy and implementation constraints of ABC nodes. The amount of additional

energy consumption should be investigated due to the positioning of RISs to find the optimum

location.
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Chapter 6: Conclusion

Throughout the Ph.D. studies, multiple accessing, cognitive radio, waveform, multiple-

antenna, radar-sensing concepts are investigated. In Chapter 2, the need for next-generation

multiple accessing is explained. Conventional orthogonal multiple accessing and NOMA is

introduced with their drawbacks. The novel waveform-domain NOMA concept is presented

and compared with the conventional power-domain NOMA scheme. The numerical results

demonstrate that the proposed waveform-domain NOMA scheme is capable of overcoming

the problems of power-domain NOMA in power-balanced scenarios. Moreover, waveform-

domain NOMA gives flexibility to the users regarding their demands such as reliability,

energy efficiency, spectral efficiency, and latency. A promising future research direction is to

investigate the optimal waveforms that can be paired in waveform-domain NOMA. Also, the

optimal coding schemes that are convenient for the chosen waveforms may be studied. The

promising results of the waveform-domain NOMA concept may potentially spur the interest

of the wireless industry, and academia; and pave the way for being possible multiple access

scheme of 6G and beyond.

In Chapter 3, the implementation and validation of RSMA in OFDM waveform under

different channel conditions is investigated. Proposed OFDM-RSMA structure is compared

with conventional OFDMA and OFDM-NOMA in SISO-BC model. In OFDM-RSMA, com-

mon stream decoded by every user are transmitted on top of private streams decoded by

the intended user only. The effect of delay spread and Doppler spread are studied. weighted

minimum mean-square error (MMSE) (WMMSE) based algorithms are developed to solve

corresponding optimization problems for OFDM-RSMA and OFDM-NOMA techniques.
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Chapter 4 aims to explain the concept of dual-functional radar and communication sys-

tems and the novel studies based on the waveform structure to provide dual functionality.

Joint radar-sensing and communication based on waveform domain NOMA is expressed in-

dicating variation of waveforms regarding applications of wireless networks can be extended.

Since the coexistence of different waveforms serves the need of flexibility considering appli-

cations and use cases that future wireless systems offers, it is likely that researchers pay

attention to improve practicability of the proposed NOMA concept in DFRC systems.

The study in Chapter 5 novelly introduces a smart radio environment that shapes the

electromagnetic energy in the spatial domain using channel control mechanisms such as repo-

sitionable dynamic RISs and multiple coordinated ABCs which is analogous to pulse shaping

in time and frequency domain. Having coordinated network with repositionable dynamic RIS

and multiple ABCs allow us to shape the electromagnetic wave in spatial domain by creating

radiation rejection and coverage extension zones. A centralized or distributed mechanism

to construct the spectrum map based on ABC sensor is also introduced to instruct exist-

ing repositionable dynamic RISs for better coverage. Merging these promising technologies

will pave the way for the smart radio environment creating high spectral efficient wireless

systems.
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[33] A. Tusha, S. Doğan, and H. Arslan, “A hybrid downlink NOMA with OFDM and

OFDM-IM for beyond 5G wireless networks,” IEEE Signal Process. Lett., vol. 27, pp.

491–495, 2020.

[34] R1-162155: Sparse Code Multiple Access (SCMA) for 5G Radio Transmission, Huawei,

HiSilicon, 3GPP TSG RAN WG1 Meeting #84 (2016).

[35] K. Kusume, G. Bauch, and W. Utschick, “IDMA vs. CDMA: Analysis and comparison

of two multiple access schemes,” IEEE Transactions on Wireless Communications,

vol. 11, no. 1, pp. 78–87, 2012.

124



[36] S. Chen, B. Ren, Q. Gao, S. Kang, S. Sun, and K. Niu, “Pattern division multiple

access—a novel nonorthogonal multiple access for fifth-generation radio networks,”

IEEE Transactions on Vehicular Technology, vol. 66, no. 4, pp. 3185–3196, 2017.

[37] M. AL-Imari, M. A. Imran, R. Tafazolli, and D. Chen, “Performance evaluation of low

density spreading multiple access,” in 2012 8th International Wireless Communications

and Mobile Computing Conference (IWCMC). Limassol, Cyprus, Aug. 27-31, 2012,

pp. 383–388.

[38] R1-166098: Discussion on the feasibility of advanced MU-detector, Huawei, HiSilicon,

3GPP TSG RAN WG1 Meeting #86 (2016).

[39] A. Yazar and H. Arslan, “A waveform parameter assignment framework for 6g with

the role of machine learning,” IEEE Open Journal of Vehicular Technology, pp. 1–1,

2020.

[40] A. F. Demir, M. Elkourdi, M. Ibrahim, and H. Arslan, “Waveform design for 5g and

beyond,” arXiv preprint arXiv:1902.05999, 2019.

[41] A. Sahin, I. Guvenc, and H. Arslan, “A survey on multicarrier communications: Proto-

type filters, lattice structures, and implementation aspects,” IEEE Commun. Surveys

Tuts., vol. 16, no. 3, pp. 1312–1338, 3rd Quart., 2014.
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