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OFDM TABANLI DALGA BICIMLERI ICIN MODULASYON SECENEKLERI

OZET
Ahmad Mohammad Abd-alghani Jaradat
Elektrik-Elektronik Miihendisligi ve Siber Sistemler, Doktora
Tez Danigmant: Prof. Hiiseyin Arslan
17 Ocak 2023

5G ve sonraki aglarin, de§isen gereksinimlere ve yeteneklere sahip cesitli uygulamalari
destekleyebilecegi tahmin edilmektedir. Bu nedenle, 6zellikle veri hizlari, gecikme siiresi
ve enerji ekonomisi gibi siki parametrelerle ugrasirken belirli bir kullanim durumu i¢in
dogru modiilasyonu segmek ¢ok dnemlidir. Milimetre dalga kablosuz iletisim sistemleri
icin gelecekteki ¢ok sayida yontem, seg¢ilen modiilasyon seceneginden etkilenir.

Verimli veri aktarimi i¢in “alt tagiyici say1 modiilasyonu (OFDM-SNM) ile orthogonal
frekans bolmeli cogullama” olarak adlandirilan yeni bir modiilasyon sistemi sunulmustur.
Her OFDM alt blogundaki aktif alt tasiyicilarin sayisi, bu yontemi kullanarak very
iletimini kolaylastirmak i¢in degistirilir. Bu teknolojinin fikri, OFDM ve darbe genislik
modiilasyonunun kombinasyonundan geldi. Darbe genisligi, belirli bir bilgi bitine karsilik
gelen aktif alt tagiyicilarin sayisini gosterir. Bu, bilgilerin alt tagiyicilarin sayilart yerine
indeksleri kullanilarak gonderildigi OFDM-IM’den farklidir. Sistemin aymi bit hata
oraninda OFDM-IM’den daha yiiksek spektral verim elde ettigi gosterilmistir. Aktif alt
tasiyicilar, alt blok i¢inde herhangi bir yere yerlestirilebilir. Bu, sistem performansini
daha da artirabilen kanala gdre en uygun alt tastyicinin se¢ilmesine olanak tanir.

Her OFDM alt blogunda, verimli veri iletimi amaciyla yeni bir iletim semasi1 sunulur. Bu
yontem, aktif alt tagtyicilarin indeksini ve sayisini1 degistirerek daha fazla veri gonderir.
OFDM-SNM ve OFDM-IM ile karsilastirildiginda, oOnerilen modiilasyon yontemi,
ozellikle yiiksek giivenilirlik ve diisilk karmasiklik sunabilen ikili faz kaydirmali
anahtarlama (BPSK) gibi diisiik modiilasyon siralarinda spektral verimlilik ve enerji
verimliligi acisindan daha verimlidir. Sonu¢ olarak Nesnelerin Interneti (IoT)
uygulamalarmin gereksinimlerini karsilamak i¢in ¢ok uygundur. Onerilen ydntem igin,
bit hata oraninin (BER) bir performans analizi verilmis ve simiile edilen BER’in analiz
edilenle ayn1 oldugunu gostermek icin Monte Carlo simiilasyonlar1 kullanilmistir. Gii¢ ve
spektral verim degerleri ayn1 oldugunda, Onerilen sistemin OFDM-IM ve geleneksel
OFDM’den ¢ok daha iyi BER performansi saglayabildigi gosterilmistir.

Alt tastyic1 bosluk modiilasyonu (OFDM-SGM) ile ortogonal frekans bolmeli ¢cogullama
ad1 verilen bir modiilasyon teknigi dnerilmektedir. Onerilen teknik, her bir alt bloktaki
aktif alt tastyicilar arasindaki boslugu kullanarak fazladan bilgi bitlerini gdmer. Onerilen
sistem, bilgi bitlerini aktif alt tagiyicilarin indeksine dayali olarak ileten OFDM-IM’den
farklidir. Bu OFDM-SGM teknigi, 6zellikle diisiik karmasikliktaki IoT uygulamalari igin
ideal olan BPSK’ye benzer diisiik takimy1ldiz semalar1 kullanildiginda, spektral ve enerji
verimliligi agcisindan OFDM-IM tekniginden daha iyi performans gosterir. Teorik olarak

X1V



hesaplanan ve simiile edilen hata performanslari arasindaki tutarliligin yani sira, 6nerilen
sistemin teorik hata performansinin bir analizi saglanmaktadir.

Yeni OFDM-SNM semasi, geleneksel OFDM’den daha az enerji ve spektral verimlilik
kullanir. Bu, ek bilgi bitlerinin aktif alt tasiyicilara yiiklenmesinin bir sonucu olarak
ortaya ¢ikar. Ote yandan, OFDM-SNM semasinin zirveortalama gii¢ oran1 (PAPR)
yiiksektir ve geleneksel OFDM’ninkine yaklasik olarak esdegerdir. OFDMSNM’de,
yiiksek PAPR disinda, bloklar arasinda genellikle bant dis1 emisyon (OOBE) vardir.
Yukarida listelenen sorunlart ¢dzmek icin klasik OFDMSNM’nin gelistirilmis bir
versiyonunu bulduk. Bu versiyonda aktif alt tasiyicilar PAPR ve OOBE degerlerini
diisiirecek sekilde yerlestirilmistir. PAPR’nin PSD ve CCDEF’si, 6nerilen planin PAPR ve
OOBE performansini 6lger. Simiilasyonlar, PAPR ve OOBE agisindan, 6nerilen semanin
klasik OFDM’den daha iyi oldugunu, BER performansinin ise neredeyse ayni oldugunu
gostermektedir.

Genis bir hizmet yelpazesinin ihtiyaclarini karsilamak s6z konusu oldugunda, 5G New
Radio (NR), ¢oklu numeroloji se¢imine izin vererek yeni bir esneklik getiriyor. Kor
numeroloji tanimlamasi sayesinde bu yeni yapiyla gelistirilmis sistem etkinligi
miuimkiindiir. Sonug olarak, ¢esitli numerolojiler i¢in uygun bir kor tanimlama yontemi
sagliyoruz. Zaman alan1 otokorelasyonu, aday numerolojinin bilesik sinyaldeki dongiisel
onek (CP) sinyalini iligskilendirerek numeroloji tipini belirlemek i¢in kullanilir. Her bir
numerolojinin yasadigi alt bantlarin gii¢ spektral yogunlugundaki (PSD) varyans farki,
frekans alani konumunu belirler. Simiilasyonun bulgular, frekans secici kanallarla
birlikte toplam beyaz Gauss giiriiltiisi (AWGN) kullanilarak elde edilir. Geleneksel
karma numeroloji sisteminde kullanilan kor olmayan tanimlama stratejisiyle
karsilastirildiginda, elde edilen sonuclar, Onerilen yontemin saglam bir tanimlama
dogruluguna ve tatmin edici bir BER performansina sahip oldugunu géstermektedir.

Kablosuz iletisim sistemlerindeki kanal diirtii yaniti, kanal baglantilarinin sayisi
biliniyorsa (CIR) daha 1iyi tahmin edilebilir. Derin sinir aglarinin (DNN’ler)
kullanilmastyla, bu aragtirma, mevcut bir DNN’yi degistirdigimiz ve yakinsama
performansini analiz ettigimiz kablosuz kanal baglantilarinin sayisinin verimli bir sekilde
tespit edilmesi hedefine ulagsmayi basardi. kablosuz sistem. Goriintiilenen sonuglar,
uyarlanan DNN’nin, Sinyal Kaynaklarinin Spektrum Agirlikli Tanimlanmasi: (SWISS)
adli mevcut bir algoritmaya kiyasla, kanal baglantilarinin sayisin1 belirlemede iistiin
performans gosterdigini gostermektedir.

Radar ve iletisimin birlikte yasamasi, orta erisim kontrolii (MAC) katmaninda, 6zellikle
programlama ve radyo kaynaklar1 yonetimi (RRM) alanlarinda ¢ok sayida arastirma
firsat1 sunan, gelismekte olan bir teknolojidir. Kablosuz ortamlarda c¢alisan artan sayida
uygulamaya uyum saglamak i¢in daha etkili olan programlama yontemlerine ihtiyacimiz
var. Radar destekli ara¢ haberlesme sistemi kapsaminda, yankinin bir hedeften yansidigi,
yanki tabanli senaryo adi verilen bir durumu inceliyoruz. Geleneksel programlama
mekanizmalarinda yapildigi gibi sadece sinyalparazitvegiiriilti oranina (SINR)
giivenmek yerine, menzil ve hiz gibi ek 6zellikleri bir araya getiren yeni bir radar destekli
iletisim programlama algoritmasi sunuyoruz. zamanlama siireci. Mevcut kaynaklar
programlamak i¢in gereken bilgi, Onerilen algoritma tarafindan radar yankisindan
cikarilir. Yeni parametreler, radar destekli iletisim programlama yontemini ¢ok gesitli
senaryolarda daha esnek ve verimli hale getiriyor. Onerilen yontem, B5G haberlesme
sistemleri i¢in lokalizasyon ve algilama yapilmasina olanak sagladig i¢in avantajlidir.
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Mevcut dinamik kaynak blogu yapisina (D-RBS) dayali verimli bir radyo kaynak
programlama (RRS) yaklasimi oneriyoruz. Onerilen RRS, trafik talebindeki
degisikliklere daha duyarlidir. Daha spesifik olarak, kii¢iik boyutlu kaynak bloklari
(RB)’ler, trafik ihtiyaclar1 ve baglant1 arizalarindaki degisiklikleri islemek icin kullanici
ekipmanlarina (UE) tahsis edilir. Onerilen yaklasim, delinmis mini yuva tabanli
programlama yontemleri kullanilmadan diisiik gecikmeli iletisim saglar. Bdylece,
gelismis mobil genis bant (eMBB) UE’lerinin veya hiicrelerinin performansi, ultra
giivenilir diislik gecikme siireli iletisim (URLLC) UE’lerine oncelik verilirken bozulmaz.
Mevcut RB’leri tahsis etmek i¢in, hepsini bir kez deneme (RR), orantili adil (PF) ve en
iyi kanal kalite gdstergesi (BCQI) gibi geleneksel programlama algoritmalari kullanilir.
Ayrica Onerilen sema, sinyalgiiriiltii oran1 (SNR) degerleri gibi belirli esiklere dayali
olarak RR ve BCQI programlamasinin dinamik olarak degistirilmesine izin verir.
Onerilen yontemin etkinligini standart statik kaynak blok yapis1 (S-RBS) ile
kargilastirmak amaciyla, sistem diizeyinde simiilasyonlar (SLS’ler) gergeklestirilir.
Simiilasyon sonuglari, gelistirilen yaklasimin cesitli besinci nesil (5G) hizmetler icin
giiclii veri hizi, sistem verimi, spektral verimlilik (SE) ve UE basina ulasilabilir oran
sagladigin1 gostermektedir.

Anahtar sozciikler: OFDM, Kaynak Tahsisi, Modiilasyon, OFDM-SNM, OFDM-SGM,
OFDM-HNIM, Dalga Formu, Kaynak Blogu 5G, OFDM-IM, Zamanlama.
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It is anticipated that 5G and subsequent networks would be able to support a variety of
applications with varying requirements and capabilities. Therefore, it is crucial to choose
the correct modulation for a given use case, especially when dealing with tight parameters
like data rates, latency, and energy economy. Numerous future methods for millimeter-
wave wireless communication systems are affected by the modulation option selected.

A new modulation system termed “orthogonal frequency division multiplexing with
subcarrier number modulation (OFDM-SNM)” is presented for efficient data transfer.
The number of active subcarriers in each OFDM subblock is varied to facilitate data
transmission using this method. The idea for this technology came from the combination
of OFDM and pulse width modulation. The pulse width shows the number of active
subcarriers that correspond to a certain bit of information. This is different from OFDM-
IM, where information is sent using the indices of the subcarriers instead of their numbers.
It is shown that the system achieves greater spectral efficiency (SE) than OFDM-IM at
the same bit error rate. The active subcarriers can be placed anywhere inside the subblock.
This lets the optimal subcarrier be chosen based on the channel, which can improve
system performance even more.

Within each OFDM subblock, a novel transmission scheme is presented for the purpose
of efficient data transmission. This method sends more data by modifying the index and
number of active subcarriers. Compared to OFDM-SNM and OFDM-IM, the proposed
modulation method is more efficient in terms of SE and energy efficiency (EE), especially
at low modulation orders like binary phase shift keying (BPSK), which can offer high
reliability and low complexity. As a result, it is very suitable for meeting the requirements
of Internet of Things (IoT) applications. For the suggested method, a performance
analysis of the bit error rate (BER) is given, and Monte Carlo simulations are used to
show that the simulated BER is the same as the one that was analyzed. When the power
and SE values are the same, it has been shown that the suggested system can provide
much better BER performance than OFDM-IM and traditional OFDM.

A modulation technique called orthogonal frequency division multiplexing with
subcarrier gap modulation (OFDM-SGM) is suggested. By utilizing the gap between the
active subcarriers in each subblock, the proposed technique embeds extra information
bits. The proposed system varies from OFDM-IM, which transmits information bits based
on the index of active subcarriers. This OFDM-SGM technique outperforms the OFDM-
IM technique in terms of spectral and EE, particularly when employing low constellation
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schemes similar to BPSK, which are ideal for low-complexity IoT applications. An
analysis of the proposed system’s theoretical error performance is provided, as is the
consistency between the theoretically calculated and simulated error performances.

The new OFDM-SNM scheme uses less energy and SE than traditional OFDM. This
occurs as a result of the loading of additional information bits onto the active subcarriers.
On the other hand, the peak-to-average power ratio (PAPR) of the OFDM-SNM scheme
is high and about equivalent to that of traditional OFDM. In OFDM-SNM, apart from the
high PAPR, there is often out-of-band emission (OOBE) between the blocks. To solve
the problems listed above, we came up with an improved version of the classic OFDM-
SNM. In this version, the active subcarriers are placed in a way that reduces the PAPR
and OOBE values. The PSD and CCDF of PAPR measure the proposed scheme’s PAPR
and OOBE performance. The simulations show that in terms of PAPR and OOBE, the
proposed scheme is better than the classical OFDM, while BER performance is nearly
identical.

When it comes to meeting the needs of a wide range of services, 5G New Radio (NR)
brings new flexibility by allowing for a selection of multiple numerologies. Improved
system effectiveness is possible with this new structure thanks to blind numerology
identification. As a result, we provide a method of blind identification suitable for a
variety of numerologies. Time-domain autocorrelation is used to identify numerology
type by correlating the candidate numerology’s cyclic prefix (CP) signal in the composite
signal. The variance difference in the power spectral density (PSD) of the subbands
inhabited by each numerology determines its frequency domain position. The findings of
the simulation are acquired using additive white Gaussian noise (AWGN), in conjunction
with frequency-selective channels. When compared to the non-blind identification
strategy used in the conventional mixed-numerology system, the acquired results indicate
that the suggested method possesses a robust identification accuracy and a satisfactory
BER performance.

The channel impulse response (CIR) in wireless communication systems can be better
estimated if the number of channel taps is known. Through the use of deep neural
networks (DNNs), this research was able to achieve the goal of efficient detection of the
number of wireless channel taps, where we modified an existing DNN and analyzed its
convergence performance using only the transmitted and received signals of a wireless
system. The displayed results demonstrate that the adopted DNN accomplishes superior
performance in identifying the number of channel taps, as compared to an existing
algorithm called Spectrum Weighted Identification of Signal Sources (SWISS).

The cohabitation of radar and communications is an emerging technology that presents a
plethora of research opportunities in the medium access control (MAC) layer, particularly
in the areas of scheduling and radio resource management (RRM). In order to
accommodate the growing number of applications that operate in wireless environments,
we require scheduling methods that are more effective. Within the context of the radar-
aided vehicular communication system, we study a situation called an echo-based
scenario in which an echo is reflected from a target. Instead of relying just on the signal-
to-interference-and-noise ratio (SINR), as is done in traditional scheduling mechanisms,
we present a new radar-aided communication scheduling algorithm that incorporates
additional characteristics, such as range and velocity, into the scheduling process. The
information needed to schedule the available resources is extracted from the radar echo
by the algorithm that has been proposed. New parameters make the radar-aided
communication scheduling method more flexible and efficient in a wide range of
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scenarios. The suggested method is advantageous for BSG communication systems since
it makes it possible to do localization and sensing.

We propose an efficient radio resource scheduling (RRS) approach based on the existing
dynamic resource block structure (D-RBS). The proposed RRS is more responsive to
variations in traffic demand. More specifically, small-sized resource blocks (RB)s are
allocated to user equipments (UE)s to handle the changes in the traffic needs and link
failures. The proposed approach enables low latency communication without the use of
punctured minislot based scheduling methods. Thus, the performance of enhanced mobile
broadband (eMBB) UEs or cells is not degraded while prioritizing ultra-reliable low
latency communication (URLLC) UEs. Traditional scheduling algorithms such as round
robin (RR), proportional fair (PF), and best channel quality indicator (BCQI) are used to
allocate the available RBs. Also, the proposed scheme allows the dynamic switching of
RR and BCQI scheduling based on specific thresholds, such as signal-to-noise ratio
(SNR) values. For the purpose of comparing the efficiency of the suggested method to
that of the standard static resource block structure (S-RBS), system-level simulations
(SLSs) are carried out. The simulation results demonstrate that the developed approach
provides robust data rate, system throughput, SE, and achievable rate per UE for various
fifth generation (5G) services

Keywords: OFDM, Resource Allocation, Modulation, OFDM-SNM, OFDM-SGM,
OFDM-HNIM, Waveform, Resource Block, 5G, OFDM-IM, Scheduling
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CHAPTER 1

1. INTRODUCTION

1.1. Background

There have been many contributions in proposing new novel approaches and schemes
linked to the following two study directions at the physical layer level in recent research

efforts connected to 5G and beyond RATs.

. Advanced waveform designs: The purpose here is to create new, improved wave-
forms (other than the conventional OFDM waveform) to enhance the system per-
formance metrics in terms of adjacent channel interference, inter-numerology inter-
ference, synchronicity, complexity, SE, reliability, and robustness to inter-carrier

interference, Doppler, phase noise, etc.

. New modulation techniques: The goal here is to come up with novel modulation
schemes (other than the conventional modulation schemes) to enhance the system’s
performance in terms of SE, PE, and reliability. Examples of techniques in this

domain are shown in detail in this thesis.

However, there has been some confusion in the literature in terms of naming, where many
people think waveform is modulation, as can be seen in [9], which is not very true as
they are related but different from each other. To understand the difference and see if
there is any relationship between them, we will resort back to the most basic, fundamental

definition as follows.

Modulation is the process of intentionally varying the characteristics of the radio environ-
ment (at the transmitter) in accordance with the information signal. This definition also in-

volves modulation as a general technique of shaping a signal to convey information. More
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specifically, the definition of modulation involves changing the properties of a physical
signal in the analog domain according to the incoming information. For instance, when
the used carrier signal in a digital communication system is a sinusoidal function, then its
properties, including amplitude, phase, and frequency, can be changed according to the
incoming information bits, resulting in what is called amplitude shift keying (ASK), phase
shift keying (PSK), and frequency shift keying (FSK), respectively. This is well-known
in the literature as the most basic form of modulation. Also, another possible definition of
modulation is the mapping of the incoming information bits to constellation symbols in the
digital domain, such as binary PSK (BPSK), and then the transmission carrier changing
state according to each symbol. Researchers have recently used the properties of a sub-
block within an OFDM symbol structure as a new type of carrier at the baseband to send
extra information bits. The subblock properties in terms of the indices and number of sub-
carriers within a subblock [10] are used to convey extra information. These changes in the
properties of the physical signal contribute to the final physical signal, which represents

the waveform that can be transmitted and received over a medium.

The waveform defines the locations of the transmitted signal, i.e., lattice points and spac-
ing. Also, the waveform includes the way information is sent, such as the shapes in hy-
perspace that hold energy. Any processing that can change these shapes is part of the
waveform. The waveform includes noise, redundancy, precoding, etc. applied to the

physical signal. The modulated signal’s waveform establishes its physical shape.

From the above discussion and explanation, the differences between waveform and mod-
ulation concepts are clearly stated and concluded. This description is expected to help re-
searchers choose appropriate terms and names for the proposed schemes, methods, tech-
niques, etc. according to their exact functionality to avoid any confusion in the basic

understanding of new concepts.

Classical single-carrier digital modulations like M-ary PSK and quadrature amplitude
modulation (QAM) can map entering data bits to constellation symbols. OFDM multi-

carrier schemes can boost communication system data rates.

Multicarrier transmission schemes are extensively used in wireless communications due
to features, like easy equalization, multi-user scheduling, and support for adaptive mod-

ulation and coding techniques, etc. [11]. The OFDM transmission scheme is arguably



considered the most promising multicarrier techniques, leading to its widespread use in
various communication standards [12]. However, the conventional OFDM scheme has
certain limitations, such as a high peak-to-average power ratio (PAPR) [13], which neces-
sitates improved modulation schemes, particularly for metrics such as reliability, spectral
efficiency (SE), EE, etc. [10]. The diverse user requirements, such as increased capac-
ity and massive connectivity, render increased SE and EE imperative. These factors also

dictate the appropriate modulation schemes, particularly for EE in mmWave bands [14].

Different OFDM-based modulation options have been proposed in the literature and their
classification, comparison, and future directions have been provided in [10]. In conven-
tional OFDM transmission, each constellation symbol is carried by an OFDM subcarrier.
Difterently, the conventional constellation symbols could be conveyed by making changes
either between two consecutive subcarriers in the same OFDM symbol or the difference
between two successive symbols in the same subcarrier [15]. This kind of transmission is
called OFDM-differential modulation (OFDM-DM), which is characterized by its insen-
sitivity to slowly changing amplitude and phase distortion; thus, the OFDM-DM trans-

mission scheme enables the total elimination of equalization processes.

In addition to the conventional and differential modulation schemes for OFDM systems,
some other modulation schemes utilize a third dimension besides the two dimensional
(2-D) signal constellation plan with the main aim of transmitting additional information.
The utilization of three dimensional (3-D) relies on the application, its requirements,
and its capabilities. Each modulation technique is formed by its specific parameters,
which constitute the flexibility aspect of modulation design. Spatial modulation-OFDM
(SM-OFDM), OFDM-IM, OFDM-SNM, and OFDM with pulse superposition modula-
tion (OFDM-PSM) are some examples of these 3-D emerging modulations, which are
built based on some modifications in the OFDM-based waveform. The SM-OFDM [16]
and OFDM-IM [17] transmission schemes are structured by the utilization of the index of
active antennas and subcarriers, respectively, for an OFDM-based waveform. Therefore,
the OFDM-IM and SM-OFDM schemes can be categorized under the index-based mod-
ulation family [18], in which the index of the active transmit medium is exploited to send

additional data bits.

Another degree of freedom for efficient data transmission is the utilization of the number



of active transmitting resources as another dimension for conveying extra information bits.
According to [19], the OFDM-SNM scheme is one of the promising candidate number-
based modulation schemes in which the number of active subcarriers is used to convey
extra information bits in addition to the symbols from a standard modulation alphabet. It
is worth noting that, unlike the OFDM-IM method, which uses fixed indices for active
subcarriers, OFDM-SNM enables floating active subcarriers within an OFDM subblock,

allowing them to be positioned in any index.

Moreover, the shape dimension could be exploited to enhance the data rate of the OFDM-
based transmission scheme. The OFDM-PSM scheme is considered one example of the
shape-based modulation family, where N, pulses are modulated based on the incoming
bit sequence, and then they are superimposed to transmit N, data symbols in each grid of
rectangular time-frequency lattice structure. Therefore, the data rate could be enhanced
to N, times. In [20], multiple orthogonal Hermite-Gaussian (HG) carriers have been used
with rectangular orthogonal frequency division multiple access to boost the bandwidth

efficiency.

1.2. Motivation And Thesis Contributions

Recent research studies exhibit the urgent need for designing new advanced waveforms
and modulation techniques that are capable of further increasing SE, EE, and reliability
with little complexity in comparison to classical OFDM in order to accommodate the var-

ied requirements of future 5G services [21], [22].

Fifth generation (5G) and beyond radio access technologies (RATs) need flexibility to sat-
isfy different applications, channel conditions, and user needs. The design of modulation
looks like a new degree of freedom that could help with the design of RATs for 5G. Nu-
merous modulation techniques have been developed, each with advantages in different
channel conditions and applications. Several merits cannot be achieved by the conven-
tional modulation schemes, which necessitate the design of flexible modulation options.
For example, the conventional modulation for the OFDM waveform is not flexible enough
for future RAT. There is no optimal modulation that meets all user demands, 1.e., each mod-
ulation scheme has some demerits in some scenarios. Therefore, it is worthy to investigate

the flexibility perspective of a given modulation scheme by studying its parameters, which



facilitates a proper selection of modulation techniques for future RATs [23].

The design of modulation emerges as an additional degree-of-freedom that can be used to
overcome various sorts of signal distortions and interference. By making a proper adjust-
ment to the modulation parameters, the communication performance would be maintained.
Moreover, different modulation schemes exhibit different inherent advantages. For exam-
ple, the non-conventional modulation schemes for the OFDM waveform, such as OFDM-
IM and OFDM-SNM, have inherent robustness against inter-carrier-interference (ICI) due
to having some inactive subcarriers in their transmission block. These features are not ob-
served in the conventional OFDM scheme, where almost all subcarriers are active. Also,
some modulation techniques offer inherent advantages in certain scenarios. For example,
the OFDM-SNM scheme exhibits high throughput performance at low modulation orders
due to its inherent feature of conveying information via the number of active subcarriers.
More flexible modulation techniques are required to address various technical challenges
in next-generation communication networks in order to provide a greater degree of free-

dom.

Modulation selection and parameter adaptation for channel and user situations show the
modulation design’s adaptability, resulting in improved communication performance for
all users. Another flexibility that may be offered in B5SG is a hybrid scheme that intelli-
gently blends several modulation methods to deliver varied benefits with low complexity

overhead.

1.2.1. The OFDM with subcarrier number modulation

A novel modulation scheme called “spatial modulation” that exploits the spatial domain
by selecting the indices of antennas along with the classical signal constellations (am-
plitude/phase modulation) to convey information was proposed in [24]. OFDM with
subcarrier index modulation (OFDM-SIM) was proposed in [25] as an intriguing appli-
cation of SM to OFDM. The information bits are transmitted using the OFDM-SIM by
varying the indices of the OFDM active subcarriers in each OFDM block. A systematic
subblock-based transceiver structure, named OFDM with Index Modulation (OFDM-IM),
that enables selecting more than one active subcarrier among the available subcarriers in
each subblock, was proposed in [17]. In [26], a generalized version of OFDM-IM named

OFDM-GIM was introduced, where different activation ratios per each subblock are used
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to enhance SE. Recently, a comprehensive survey of the recent advances and different
variations of the index modulation (IM) concept was given in [22]. For this IM strategy,
a set number of subcarriers within each subblock of the OFDM-IM signal are chosen to

act as active subcarriers and send bits of data.

In this study, rather than OFDM-IM, we suggest a novel modulation approach that we call
OFDM with subcarrier number modulation (OFDM-SNM). The concept of OFDM-SNM
is inspired by OFDM with pulse width modulation by means of representing pulse width
by the number of active subcarriers. This number is determined depending on the differ-
ent combinations of incoming bits. The number of active subcarriers adds a dimension
to the two-dimensional complex signal constellation scheme for data transmission. These
dimensions are used to send information to the receiver based on the number of active
subcarriers (rather than their indices) and symbols. Better SE is achieved with the pro-
posed OFDM-SNM compared to both OFDM and OFDM-IM when BPSK is used. Also,
the suggested OFDM-SNM system is proven to be superior to OFDM and OFDM-IM in
terms of power efficiency and reliability. As is the case with OFDM-IM, OFDM-SNM
has the potential to cut down on ICI as well as PAPR because it does not activate all of the
subcarriers. Different from OFDM-IM, the activated subcarriers can be placed in any in-
dex or position within each subblock as the information is sent by the subcarriers’ number,
and thus they can be made channel-dependent, resulting in even better reliability perfor-
mance. The proposed scheme’s exact SE and error performance formulas are derived and
shown to closely match the simulated results. This study was published in IEEE Wireless

Communications Letters [19].

1.2.2. The OFDM with hybrid number and index modulation

A new way to send data that sends more information by changing the index and number of
active subcarriers in each OFDM subblock is proposed. The proposed scheme is different
from the conventional OFDM-SNM and OFDM-IM, in which data bits are transmitted
using either a number or index of active subcarriers. The suggested OFDM with hybrid
number and index modulation (OFDM-HNIM) modulation technique has better SE and EE
than OFDM-SNM and OFDM-IM, especially for low modulation orders like BPSK, which
can provide high reliability and low complexity, making it suitable for loT applications.

Monte Carlo simulations are used to verify the proposed scheme’s bit error rate (BER)



performance analysis. More crucially, the proposed system outperforms OFDM-IM and
traditional OFDM in BER at equivalent power and SE levels. This study was published
in IEEE Access [27].

1.2.3. The OFDM with subcarrier gap modulation

Similar to the generic blocks of OFDM-IM and OFDM-SNM, we present a new gap-based
OFDM technique called OFDM-subcarrier gap modulation (OFDM-SGM). Rather of us-
ing the indices or the number of activated subcarriers to transmit information, this unique
technique makes use of the gap between them and the traditional symbols. The proposed
OFDM-SGM transmission scheme improves the system’s design flexibility by creating
additional means of conveying information in the gap dimension. This inherent flexibility
can be utilized for different purposes, such as improving the overall SE of the communi-
cation system while maintaining low detection complexity. The proposed OFDM-SGM
system could enhance SE-EE tradeoff by leveraging inactive subcarriers, unlike traditional
OFDM, where all subcarriers are filled by nonzero components. This study was published

in the proceedings of PIMRC 2020 conference [28].

1.2.4. The floating OFDM-SNM for PAPR and OOBE reduction

The technologies that offer high data rates, mobility, and high resource utilization effi-
ciency, are increasingly needed due to fast-growing advanced wireless applications and
their eagerness for more data. For the aforementioned objectives, the renowned multicar-
rier transmission scheme OFDM is considered a leading solution. However, OFDM’s high
PAPR and out-of-band emission (OOBE) limit its practical use. These issues have gained
importance, especially with the emergence of the requirements of beyond 5G (B5G) net-

works [29].

The high PAPR is regarded as one of the most harmful characteristics of OFDM-based
modulation systems, as its high levels limit modulation. This high PAPR causes the power
amplifiers to introduce nonlinear distortion and spectral spreading in the OFDM system.
The PAPR performance has a direct effect on the high PA (HPA) efficiency. Therefore, it
is crucial to reduce PAPR to enhance its power efficiency by running it in the saturation
zone. Signal distortion approaches, multiple signaling and probabilistic methods, and

coding methods are the main PAPR reduction strategies in the literature [30].
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The general representation of the OFDM-SNM signal is similar to that of traditional
OFDM, in which several sinusoids are superimposed in the time domain, which results
in a high power at a specific moment. The sparsity distribution of the active subcarri-
ers in the OFDM-SNM has been investigated to see if it influences its comparable PAPR

performance to that of conventional OFDM [31].

The higher data rates and mobility needs could be fulfilled by utilizing more subcarriers
in future OFDM-based systems [31]. However, the inherent high PAPR associated with
OFDM based systems should be addressed carefully, and this can serve as the impetus for
future research. So, it’s best to find ways to reduce PAPR that improve the performance

of communication systems while keeping complexity and cost to a minimum.

Existing methods for reducing PAPR improve PAPR performance, but they decrease bit
rate, increase transmission power, or make computing more difficult [32]. Under all cir-
cumstances, there is no single technique that could be considered an all-encompassing
best available method; instead, we need to select proper techniques that suit the given

requirements of interest as well as the available resources.

OFDM-SNM can use PAPR reduction methods like conventional OFDM. These solutions
would not work well due to the inactive subcarriers of OFDM-SNM. Therefore, an effi-
cient PAPR reduction technique tailored to OFDM-SNM is needed. We propose a PAPR
reduction technique for the OFDM-SNM scheme that involves determining the best sub-
carrier activation patterns (SAPs) arrangement with the lowest PAPR value. Moreover,
we employ the active constellation extension (ACE) and smart gradient projection (SGP)

methods to provide a further reduction in PAPR performance [33].

OFDM-based systems’ main drawbacks are PAPR and OOBE. To increase OFDM system
performance, the OOBE and PAPR problems should be addressed. This problem happens
due to the sidelobe roll-off between adjacent subcarriers that introduces inter-carrier inter-
ference, which leads to degradation in system performance. Almost all current techniques
for OOBE reduction introduce the degradation in the BER performance or otherwise the
loss in SE [34], [35]. In light of the aforesaid, there is a need to design an efficient OOBE
reduction technique tailored to OFDM-based transmission schemes. OFDM-IM and our

proposed scheme are the possible solutions to serve this purpose. In the literature, there is



no single research study to investigate the OOBE for OFDM-SNM or OFDM-IM. More-
over, almost all existing spectral suppression methods ignore the PAPR problem as a major
issue in OFDM-based systems [34], [35], which may result in misleading OOBE reduction

gains.

In this research, we present a flexible OFDM-SNM strategy called “floating OFDM-
SNM” to suppress PAPR and spectral sidelobes of the OFDM signal while minimizing
peak power and spectral leakage without affecting transmission rate. Another advantage
of our proposed scheme is that we do not introduce any addition, removal, or even mod-
ification at the conventional OFDM-SNM receiver. This study was published in the pro-
ceedings of VTC 2021-Spring conference [36].

1.2.5. Blind numerology identification for mixed numerologies

The Third Generation Partnership Project (3GPP) chose OFDM for 5G New Radio (NR)
downlink and uplink transmissions. An OFDM signal is a rectangular symbol composed
of orthogonal subcarriers that carry the modulated symbols. The frequency spacing be-
tween the orthogonal subcarriers equals the reciprocal of the symbol time. In 5G, the set
of subcarrier spacings (SCSs) and symbol durations is flexible and known as an OFDM

numerology. This mixed-numerology structure has been studied in [37]-[39] and included

in the NR standards of 3GPP [40].

The mixed numerology structure provides appealing flexibility in 5G and beyond net-
works. As the adjustable parameters of numerology increase, it becomes more critical
to find the optimum one [41]. Due to this variety in the parametrization of numerologies,
distinguishing them by the user equipments (UEs) becomes crucial in the 5G NR. The UEs
can identify numerology using different approaches; for instance, they can know what to
look for, they can exploit higher-layer signaling (of known numerology) for informing the

UE, or they can also employ a blind detection method.

Blind detection algorithms are used to increase SE by estimating the signal parameters
without additional signals. There are some identification methods proposed to identify
OFDM signals [42], [43]. These methods target conventional OFDM with single nu-

merology. Therefore, they cannot be directly reflected in the mixed-numerology system.

In [44], the author introduces the concept of using numerology for blind identification.



How to recognize distinct numerologies in the space of time and frequency is the subject
of this work. In order to accomplish this objective, the power spectral density (PSD) mask
in the frequency domain and the cyclic prefix (CP) correlation in the time domain are uti-
lized. With the assumption of the use of blank resources, the numerologies are identified
by measuring the size and disposition of their blank resources in the PSD mask. There-
fore, only numerology identification is aimed at [44], without identifying its locations in
the frequency domain. It is worth noting that this work proposes identification methods
without focusing on specific communication systems. For example, the flexible mixed-
numerology structure with mixed numerologies has not been investigated. Furthermore,

the performance evaluation of this work has not been conducted.

To our knowledge, no literature study explains blind numerology identification for mixed
numerology transmissions. Our blind numerology identification method identifies nu-
merology types and subband locations. We propose a new method for blind numerology
identification, where numerology types and their subband locations can be identified. For
this purpose, we apply the CP correlation based and signal variance based techniques in the
time and frequency domains, respectively, to build two receiver algorithms. Our proposed
method achieves high identification accuracy without any prior information. The proposed
method’s BER performance is compared to the standard mixed numerology OFDM sys-
tem’s non-blind identification methodology. This study was published in the proceedings

of WCNC 2021 conference [45].

1.2.6. Identification of the number of wireless channel taps using deep neural net-

works

Identification of the number of channel taps is a challenging task in real-time with fast
channel variations. Precise channel estimation with better restoration of transmitted sig-
nals is possible by identifying the number of taps in unknown environments with no prior
information. Therefore, an effective technique to recognize these taps is needed. Various
wireless channel identification techniques, like [46], [47], assume prior information at the
receiver about the multipath delay profile for the channel. However, this profile is usually

unknown in practical use cases.

Motivated by the potential improvements that can be accomplished over the state-of-the-

art, we propose a deep neural network (DNN) to identify a sparse channel parameter called
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the number of taps from transmitted and received data of a wireless system. Our proposed
identification method improves the SE of the communication system because the adopted
DNN doesn’t need to send any extra signals besides the data that comes in and goes out

of the channel.

The DNNSs can create maximally sparse representations of the signals of interest. To reflect
our approach to DNN modeling, we used the basic network in [ 1] for finding the maximum
sparsity. The DNN in [1] unfolds the high-complexity Iterative Hard Thresholding (IHT)
algorithm given in [48]. The research study [1] shows the superior theoretical and empir-
ical performance of this DNN compared to the IHT method. Also, the DNN promotes the

maximal sparsity of its input with incomparable complexity.

To highlight the advantages of the adopted DNN in the proposed identification solution,
we chose to compare its performance with an existing algorithm called Spectrum Weighted
Identification of Signal Sources (SWISS) [49]. The SWISS algorithm finds the optimal
combination of the discrete Fourier transform (DFT) components in the weighted DFT of
the received signal, hence solving the path-number identification problem. The resultant
signal represents the reconstructed channel signal, which has the minimum Euclidean dis-
tance to the received signal. The number of channel paths is then identified by calculating
the number of significant components in the weight vector. Similar to the proposed DNN-
based method, the SWISS algorithm does not need prior information about the number
of channel taps. This study was published in the proceedings of NEWCAS 2021 confer-
ence [50].

1.2.7. Radar-aided communication scheduling algorithm for 5G and beyond net-

works

When it comes to bandwidth, latency, packet loss rate, and dependability, the needs of
individual 5G services can vary widely [51]-[54]. To meet the different needs of future

RATs, BSG RATs need schedulers that are both efficient and flexible.

As we are heading towards B5G, introducing flexible schedulers that exploit different pa-
rameters besides signal-to-interference-plus-noise-ratio (SINR) is crucial. Futuristic ap-

plications such as vehicle-to-everything communication and indoor localization depend on
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the collaborative functionalities of communication and sensing [55]. Proposing a sched-
uler is first step toward emerging technologies such as the coexistence of communication
and sensing. Utilizing radar’s sensory data at communication terminals gives an essential
level of knowledge regarding the environment that is around them. Low-cost radar sensors
developed for radar applications [56] or integrated communication-radar systems [57],
[58] can be used to gain this awareness The use of radar signals for improving communi-

cation has been studied in [59]-[64].

This work’s objective is to be the first practical example of radar-aided scheduling in a
vehicular communication situation, and as such, it explores the possibility of utilizing
radar sensory data to steer the scheduling problem. Our key idea is to use the information
from the radar operating in a mmWave band to extract the scheduling information where
communication happens. In order to feed the appropriate features into the communication

modules, the created system makes use of domain knowledge for radar signal processing.

Different from the existing PHY-based resource management approaches [65], we pro-
pose a new scheduling algorithm tailored for the radar-aided communication systems by
exploiting different parameters that have not been used before, which include range and
velocity. The proposed solution provides a more flexible scheduling mechanism for the
systems’ available resources. We explain in detail how the estimated parameters can aid

RRM, including a novel radar-aided communication scheduling mechanism.

The proposed scheduler is evaluated by analyzing its performance with the conventional
resource scheduling algorithms. The conventional physical resource block scheduling al-
gorithms are reviewed exhaustively in [66]. The UE scheduling concept based on fairness
and reliability has been extensively studied in the literature [67], [68]. PF, RR, and BCQI

are the most known scheduling algorithms.

Our scheduler output maximizes the system performance of the communication system by
maximizing its performance metrics, including communication data rate, SE, and system
throughput. Higher data rates and spectrum efficiency are required in indoor scenarios
[69]. The SE should be maximized, for example, if an unmanned aerial vehicle (UAV)
covers a high number of targets so the scheduling data can be adequately collected. High
system throughput is required due to its high reliability: Transmissions can occur with a

probability of 99.999% [70]. This study was published in IEEE Access [71].
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1.2.8. Dynamic-structure resource block allocation based scheduling for 5G sys-

tems

The time-frequency resources in the static resource block structure (S-RBS) are composed
of predetermined resource blocks (RB)s that are shared in an optimized manner. The
number of RBs demanded by UEs is not linearly proportional to their traffic demands [72].
The reason behind that is a UE with a higher SINR can use high-order modulation and

coding schemes. As a result, the UE can transmit at a higher rate, requiring fewer RBs.

One of the most intriguing targets in communication systems is using more RBs to im-
prove data rate, throughput, SE, and the achievable UE rate. This can be accomplished
by increasing bandwidth (BW), which is a valuable resource for a mobile network opera-
tor. When more BW is added, the available RBs increase, but utilization decreases [73].
Another approach is to reduce the inactivity timer value, which allows inactive UEs to be
released sooner, lowering user perception. These approaches rely on the S-RBS, which is

not adaptable enough to accommodate a wide variety of service needs.

The authors of the paper [2] proposed a smart frame structure called dynamic resource
block structure (D-RBS). More specifically, the main RB is split into multiple smaller
RBs with the same time duration and BW. The UEs are assigned to these small blocks
based on their requirements. This D-RBS can handle large fluctuations in data rates and
low-latency traffic. The efficiency of small data transfer can be increased by the D-RBS.
Specifically, the D-RBS does not need to use a fixed large RB for small data or an ag-
gregation of these small data. This aggregation may increase the latency and complexity
of scheduling. However, the usage of longer transmission time intervals (TTI)s is more
useful for enhanced mobile broadband (eMBB) UEs because it provides a high data rate

with less strict latency requirements.

The resource allocation (RA) algorithm in [2] introduced the D-RBS, which determines
the RB assignment and number of RBs for the selected UE. However, [2] does not address
the decision of which UE must be served, when UE can use the channel, or which RBs
should be scheduled per TTI. Thus, we need to design a scheduling algorithm for efficient
RB allocation to ensure the radio interface’s quality of service.Based on the necessity of
an efficient scheduler with the existing D-RBS based RA algorithm, we propose a new

radio resource scheduling (RRS) approach based on the D-RBS.
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The proposed scheduling approach differs from the punctured scheduling approach in
terms of the used TTI and the allocated resources [74]. The ongoing eMBB transmis-
sion has long TTI in the punctured scheduling, where incoming ultra-reliable low-latency
communication (URLLC) packet preempts a part of eMBB transmission. This scheduling
impacts the decoding procedure of eMBB and leads to potential throughput loss. How-
ever, the D-RBS based scheduling does not necessitate packet puncturing since there is
satisfactory number of RBs provided by the proposed approach. Another perspective is
that the resources in the punctured scheduling are allocated to eMBB UEs at the level of
RBs. On the other hand, an improved resource utilization is achieved by the D-RBS due
to the flexible UEs’ assignments of composite small-sized RBs that are non-contiguous
in time and frequency. This study was published in the proceedings of IEEE VTC 2022-

Spring conference [75].
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CHAPTER 2

2. THEORETICAL PART

This chapter provides a coherent and all-inclusive framework for the many different types
of modulation that can be used. The OFDM waveform is emphasized throughout the dis-
cussion of the classification of the included modulation options for waveforms in Sec-
tion 2.1. Options for index-based modulation are presented in Section Section 2.2.
Section 2.3 offers the number-based modulation possibilities. Section 2.4 explains the
mixed-numerology system. In Section 2.5, we describe the wireless channel. Scheduling
and radio resource allocation is presented in Section 2.6. Finally, some of the related

works are presented in Section 2.7.

2.1. Classifications Of The Modulation Options For 5G And Beyond Waveforms

The featured modulation options could be integrated with different waveforms with proper
adjustments. The OFDM waveform is chosen as a basic waveform in our classification
due to its wide use in different standards, technologies, etc. An OFDM frame refers to
a number of consecutive OFDM symbols and consists of the M-ary modulation alphabet
placed on the time-frequency plane. For the modulation options shown in Figure 2.1, it
is possible to depict in the time domain the signal that is transferred for an OFDM symbol

as

1
x; = —F3 x, 2.1)
t \/I_( N

where K represents the number of activated subcarriers, F1_vl is the N-point inverse fast

Fourier transform (IFFT) matrix, and x is the frequency-domain (FD) OFDM block of N
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T
subcarriers: x = [x(l) x(2) ... x(N)| . Table 2.1 shows different formations of x for

different modulation options.

r—» Differential OFDM

2-D signal

r’ representation
k=P Conventional OFDM

OFDM-STSK
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Figure 2.1: Classification of the modulation options for OFDM-based waveform.
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Based on the number of dimensions used, OFDM-based waveform modulation tech-
niques can be classified. Figure 2.1 shows a possible classification where the classical
OFDM and OFDM-DM exploit the complex 2-D signal plane, and the remaining modu-
lation options exploit additional dimensions alongside the constellation symbols. These
multi-dimensional modulation schemes include index-based [22], number-based [19], and

shape-based [20] modulation schemes.

Different domains, such as temporal, frequency, etc., could be utilized separately or jointly
for the featured OFDM-based modulation options. Examples of modulation options that

exploit combined domains could be:
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Table 2.1: The formation of the FD blocks for the featured modulation options.

Modulation X

option

Conventional | x = [s(1) s(2) ... s(N)]T, where s(k) € S, S represents the con-
OFDM [76] ventional constellations.

OFDM- Different OFDM symbols over the same subcarrier, or different sam-
DM [77] ples inside the same OFDM symbol, carry the information.
SM-OFDM The FD block of the j-th transmitting antenna: x =
[16] [x;(1) x;(2) ... x;(M)]" , which differs from FD blocks

for the transmit antennas whose indices are all integer numbers from
1 to Nt except j.

OFDM- x is built depending on i, and s, where i, = {ig,l, [g.2 e ig,a} and

IM [17] Sg = [sg(l) s¢(2) ... sg(a)]T, where s,(y) € S. The number of
subcarriers that are active in the g-th subblock is fixed.

OFDM- Similar x formation as in OFDM-IM expect that depending on the

SNM [19] data sequence that comes in, the number of active subcarriers in each
subblock changes.

OFDM- The orthogonal HG pulses are modulated by different data symbols

PSM [20] s(k) € S.

* OFDM-aided space-time shift keying (OFDM-STSK) [78]: Spatial and temporal

domains are exploited in the index dimension.

* Generalized space frequency index modulation-OFDM (GSFIM-OFDM) [79]: Spa-

tial and frequency domains are utilized in the index dimension.

* OFDM-PSM: Time and frequency domains are exploited in the shape dimension.

Moreover, examples of the modulation options that exploit individual domains could be:

OFDM-IM: Frequency domain is exploited in the index dimension.
. SM-OFDM: Space domain is utilized in the index dimension.

. Index modulated OFDM spread spectrum (IM-OFDM-SS) [80]: Code domain is

exploited in the index dimension.

. Media-based modulation (MBM) [81]: Channel domain is utilized in the index

dimension.

. OFDM-SNM: Frequency domain is exploited in the number dimension.
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The discussions of the highlighted OFDM-based modulation options will be presented in

the following subsections.

2.1.1. Conventional and differential digital modulations for OFDM-based wave-
form

The subcarriers of the conventional OFDM are occupied by conventional constellation

symbols [76]. The related main FD block can be built as

T

x=|s) 5@ . s 2.2)
where s(k) € S. The conventional OFDM transmitter’s block diagram can be found in
Figure 2.2. Asnoticed from Figure 2.2, the basic OFDM system is efficiently synthesized
by FFT which simplifies the system complexity, therefore the OFDM transmission scheme
has become increasingly prevalent in the development of contemporary standards and

systems for wireless communication.

Input
data

Figure 2.2: The block diagram of the conventional OFDM transmitter.

In the OFDM-differential modulation (OFDM-DM) transmission scheme, the incoming
binary data bits are encoded in the difference between the consecutive subcarriers within
the same OFDM symbol [82]. This differential encoding is called FD differential modula-
tion. Another way of differential encoding is called time-domain differential modulation,
in which the data symbols are conveyed by the difference between the adjacent OFDM
symbols over the same OFDM subcarrier [82].
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The main difference between the OFDM-DM and its counterpart, i.e., conventional
OFDM, in terms of their block diagrams is the type of the modulators and demodulators
used. Particularly, differential and conventional modulator/demodulator blocks are used
in OFDM-DM and conventional OFDM, respectively. The OFDM-DM scheme enjoys
low-complexity detection while avoiding channel estimation and equalization. However,
a higher SNR is needed in OFDM-DM to have a similar transmission rate as in the plain

OFDM.

2.1.2. Multi-dimensional modulation options for OFDM-based waveform

In the last decade, various transmission mechanisms have been seriously considered by
exploiting specific parameters of a given communication system to enhance the data rate
at neither increased transmission power nor bandwidth costs. In the literature, novel mod-
ulation schemes introduce new constellation diagrams besides the conventional ones with
a basic motivation for conveying additional information bits. Several modulation options
exploit the third dimension alongside the 2-D signal plan with the major target of send-
ing additional information. The exploited third dimension depends on the application, its
requirements, and its capabilities. Examples of these featured modulation schemes are
SM-OFDM, OFDM-IM, OFDM-SNM, and OFDM-PSM. The general block diagram of
the OFDM-based multidimensional modulation option transmitter is seen in Figure 2.3.
The function of the FD OFDM block builder is basically forming x based on the used
OFDM-based modulation option. Some examples of these options and their x are shown
in Table 2.1. The detailed descriptions of these multi-dimensional modulation options are

presented in the following sections.

2.2. Index-Based Modulation Options

Recently, index-based modulation schemes have witnessed considerable research interest
in the literature. In these schemes, extra data is sent by utilizing a third dimension called
the index of the medium(s). The generic transmitter for index-based modulation schemes
for the OFDM-based waveform is shown in Figure 2.4. The medium-based index se-
lection block depends on the medium used for transmitting additional data bits, such as

antennas in the SM-OFDM. For further explanation of the transmitter of the index-based
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Figure 2.3: The generic transmitter of the OFDM-based multi-dimensional modulation
option.

OFDM family, its common members are illustrated as follows.

2.2.1. SM-OFDM scheme

Spatial modulation (SM) is a novel transmission scheme that exploits the indices of build-
ing blocks called transmit antennas in the spatial domain to embed extra information
bits [83]. In SM, groups of M.+M, bits are taken and M, bits mapped to an informa-
tion symbol, and M, bits to the index of specific transmit antenna in such a way that
the same data symbol sent by different transmitting antennas conveys extra information,
where M, < logy(Nr), and N7 is the number of transmitting antennas [84]. In an OFDM
system, SM is implemented by assigning a single transmit antenna to each of the OFDM
subcarriers, i.e., the corresponding transmit antenna would transmit power on a specific
subcarrier only and keep the remaining transmit antennas idle at each transmission in-

stant [16].

The SM-OFDM block structure in FD would be different for different transmit antennas.
Figure 2.5 is a block schematic of the SM-OFDM transmitter [16], [85].

The SM block transfers the binary matrix Q of size uX N to the matrix W of size Ny X N for
u bits per symbol per subcarrier. The data to be sent in one subcarrier can be represented by

the column vectors of (). Each nonzero element in the W column vector at the location of
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Figure 2.4: The generic transmitter of the index-based modulation options for OFDM-
based waveform.

the mapped transmit antenna number represents the symbol conveyed by a subcarrier. The
N7 row vectors of W are then modulated using classical OFDM modulators. Figure 2.6
exhibits the 3-D signal plane of SM-OFDM where only a single antenna is active out of
Nr transmit antennas for each subcarrier. A data symbol can be represented as a colored

cube along the space axis as shown in Figure 2.6.

Example: In Table 2.2, a unique SM-OFDM mapper is displayed between (Q and W for
u = 2, N = 4, and BPSK. The matrix Q is represented by the possible vector, which is
denoted by the vector q. The vector w = [w1 ws] contain the mapped BPSK symbols (w1
and wy) that correspond to the 1st and 2nd transmit antennas, respectively. Moreover, it

is not possible to map a single q pattern to two or more transmit antennas.

Table 2.2: Antenna-based index selector with u=2, N = 4, and BPSK.

q w
[00] | [-10]
[01] | [10]
[10]][0-1]
[11]] [01]
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Figure 2.5: The block diagram of the SM-OFDM transmitter.

2.2.2. OFDM-IM scheme

With the inspiration of SM-OFDM, OFDM-IM has been proposed without the need for
multiple antennas at the transmitter. Concerning Figure 2.4, the medium exploited in the

OFDM-IM, as an index-based modulation scheme, is the activated subcarriers.

The OFDM-IM [17], [86] divides the OFDM block into G subblocks with a specific num-
ber of available subcarriers. The primary focus of OFDM-IM is on picking A active sub-
carriers from among all of the other subcarriers that are available and then sending classi-
cal constellation symbols over the selected ones. The incoming bit stream (m) are splitted
among G subblocks, and p bits enter each OFDM-IM subblock (g) of b available subcar-
riers and then they are splitted into two parts. The first part comprised of p; bits, which
controls the selection of active subcarriers’ indices of length a in g = 1, ..., G. Then, the

chosen active subcarriers would be sorted in ascending order as

ig = {ig1.0g2, rigals (2.3)

where iy, € [1,...,b] fory =1,...,a.
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Figure 2.6: The 3-D signal representation of the SM-OFDM transmission scheme.

The second portion of the input bits to the OFDM-IM subblock carries a conventional
symbols (p2 = alogy(M) bits). The vector representing the active subcarriers of the g

subblock carrying conventional QAM symbols is

T
S =[50 5,2 o s (2.4)

where s,(y) € S, § is the transmitted QAM symbols over i, ,. After that, the selected
active subcarriers (ig) and their corresponding data vector (s,) are concatenated for all G

subblocks to build the main FD OFDM-IM block.

Example: Table 2.3 shows an example of a unique mapping between the incoming bits
and associated SAP for activation ratio of a/b = 2/4 = 1/2. The part of the bit stream
that controls the subblock activation is p; which equals p; = log,(b) = 2 bits, and the
other part of the input bit stream is named as modulation symbol bits: po = a logy (M) =
2 logy(M). Table 2.3 shows the possible active indices based on the incoming bit pattern.
They could be determined as {1, 2}, {2, 3}, {3, 4}, and {1, 4}. It is noticed that a fixed

activation ratio of 2/4 is assumed in this example.
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Table 2.3: Active subcarrier-based index selector with p;=2 bits and b=4.

Incoming bit stream SAP
[0 0] [1100]
[0 1] [0110]
[10] [0011]
[11] [1001]

It should be mentioned that several new enhanced modulation schemes inspired by the con-
ventional OFDM-IM scheme have recently been proposed to enhance its SE. Among these
schemes, we mention OFDM with generalized index modulation (OFDM-GIM) [26],
OFDM with dual-mode index modulation (OFDM-DMIM) [87], generalized DM-OFDM
(GDM-OFDM) [88], OFDM with multi-mode index modulation (OFDM-MMIM) [89].

In OFDM-GIM [26], more degree of freedom in the selection of active subcarriers has been
introduced by using different activation ratios for different subblocks within the whole
OFDM block to increase throughput. OFDM-DMIM [87] modulates all subcarriers in
each subblock by dividing them into two groups and using distinct signal constellation

modes for each group to send additional information bits.

The SM-OFDM and OFDM-IM schemes use index modulation in spatial and frequency
domains, respectively, although many other domains could be used to communicate ad-
ditional information alongside classical symbols. The following are four examples of
exploiting joint temporal and spatial domains (OFDM-STSK), joint frequency and spa-
tial domains (GSFIM-OFDM), individual code domain (IM-OFDM-SS) and individual
channel domain (MBM). More comprehensive classification of index-based modulation

schemes could be found in [22].

* Spatiotemporal domain: OFDM-aided space time shift keying (OFDM-STSK) [78] is
a modulation option in which both temporal as well as spatial domains are jointly uti-
lized. In OFDM-STSK, J space-time codewords are transmitted simultaneously in one
OFDM symbol, every OFDM subcarrier carries a column of each space-time codeword.
It should be noted that J = N./T (N, is a multiple of 7', T is the number of time slots in
a STSK symbol).

* Spectrospatial domain: GSFIM-OFDM scheme [79] uses both subcarriers (frequency
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domain) in addition to the active antennas (spatial domain) to convey additional infor-
mation bits through their indices, besides conveying bits through conventional M-ary
modulation symbols. At any given time, n,¢ transmit antennas are active and the re-
maining n,-n,s antennas remain silent. The GSFIM encoder takes {logz (n’i’f)J bits and
maps to n, s out of n, transmit antennas. Therefore, the GSFIM-OFDM scheme is con-

sidered as index-based OFDM modulation scheme where the indices of both the active

subcarrier and antenna are exploited to transmit additional information bits.

* Code domain: Index modulated orthogonal frequency division multiplexing spread
spectrum (IM-OFDM-SS) [80] uses spreading codes’ indices and M-ary modulated sym-
bols to transmit more information. In this scheme, a selected spreading code is used to
spread a data symbol across several OFDM subcarriers to convey additional bits. Extra
diversity gain is harvested by using index bits to pick the spreading code from a fixed set.
Thus, the IM-OFDM-SS is an index-based OFDM modulation family that uses spreading

code indices to convey additional information.

* Channel domain: By manipulating the far-field emission pattern of reconfigurable an-
tennas, a technique known as media based modulation (MBM) can be used to take ad-
vantage of the channel states domain [81]. The MBM scheme belongs to index-based
modulation scheme, by means of selecting the index of the corresponding radiation pat-
tern according to the information bits. It should be noted that MBM integration with
OFDM could be regarded as a potential candidate transmission scheme for future wire-

less systems.

2.3. Number-Based Modulation Options

In the number-based modulation options for an OFDM-based waveform, additional data
could be transmitted by utilizing a novel third dimension called the number of transmitting
entity (or entities). The generic transmitter for the number-based modulation options for
an OFDM-based waveform is shown in Figure 2.7. The medium-based number selection
block depends on the employed medium in transmitting extra information like active sub-
carriers as in OFDM-SNM proposed in [19]. OFDM-SNM employs index-independent
SAP instead of the index-dependent pattern as in OFDM-IM. OFDM-SNM takes its active

subcarrier count from a predetermined input data sequence. The activated subcarriers in
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OFDM-SNM are not necessarily adjacent to each other. The new OFDM-SNM technique
uses the number of active subcarriers. Thus, OFDM-SNM communicates via constellation

symbols and active subcarriers.
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Figure 2.7: The generic transmitter of the number-based modulation options for OFDM-
based waveform.

A unique information mapping is observed in the OFDM-SNM scheme. This number-
based modulation strategy is based on the variable number of active subcarrier (@) in each
subblock of length b in the OFDM-SNM system, unlike OFDM-IM, which is fixed. Based
on its p; = logy(b) bits, each OFDM-SNM subblock has an index-independent number
of active subcarriers a out of b. Each subblock’s active subcarriers are then mapped onto
an M-ary signal constellation that is sent over those subcarriers, hence the amount of

p2 = alogy (M) bits varies.

Figure 2.8 presents an example of a 3-D signal representation of OFDM-SNM where the
number of adjacent active subcarriers varies in each OFDM-SNM subblock based on the
input data bits. In Figure 2.8, four possibilities of SAP assignment correspond to OFDM-
SNM subblock with a length of 4 subcarriers. The complex QAM symbols would be
loaded on the subblock width, i.e. number of active subcarriers, as shown in the colored

cubes along the frequency axis.

Example: In Table 2.4, we see an actual SAP that maps to a specific combination of bits

at the transmitter’s input for » = 4 and a € [1,2, 3,4]. The part of the bit stream that
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Figure 2.8: 3-D signal plane of the OFDM-SNM scheme.

controls the subblock activation is p; which equals p; = log,(b) = 2 bits, and the other
part of the incoming stream to the subblock is called modulation symbol bits which is
represented by p2 = a logy(M). As seen from Table 2.4, based on the input information
bits to the corresponding subblock, the SAP is firstly loaded with single active subcarrier
and then the SAP is loaded with ones until the subblock is filled. The possible sets of
active subcarriers in this example are: {1}, {1, 2}, {1, 2, 3}, and {1, 2, 3, 4}.

The authors in [90] proposed an improved OFDM-SNM system that takes advantage of
the flexibility provided by the original OFDM-SNM scheme by positioning subcarriers to
maximize coding gain in the high SNR region using an adaptive modulation technique.

More particularly, instantaneous channel state information (CSI) adaptability is used by
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Table 2.4: Active subcarrier-based number selector with p;=2 bits and b=4.

Incoming bit stream SAP
[0 0] [1000]
[0 1] [1100]
[10] [1110]
[11] [T111]

dynamically mapping incoming information bits to subcarriers with substantial channel

power gains.

2.4. Mixed-Numerology System

The base numerology adopted in Long Term Evolution (LTE) has Afy = 15 kHz SCS. A

numerology with the subcarrier spacing is defined as [91]

Afi = 28Afo, (2.5)

where k = {0, 1,2, 3, ...} is the scaling factor of a given numerology. The IFFT/FFT size

of a scalable OFDM numerology can be written as

Ni = 275Ny, (2.6)

where Ny denotes IFFT/FFT size of the reference numerology. The length of time that a

symbol represents in scalable numerology can be stated as

Torpmk =Tparax +Tcpk, (2.7)

where data duration Tparax = 1/Afr and CP duration varies for each numerology with
Tparax as Tecpx = aTparax for 0 < @ < 1. The duration of the OFDM symbol for the

reference numerology (Torpm o) 1s related to Torpa i as

Torpmi =2 Torpmo. (2.8)

The sampling rate 7 for all used numerologies is considered the same as [91]
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Ty = Afi N = Afo No. (2.9)

The time and frequency domain representations of three different numerologies with
AAfo = 2Af1 = Af> are presented in Figure 2.9. We assume that users with different
numerologies share the system bandwidth equally. Therefore, each subband of different

numerologies has the same bandwidth [37].

The vector of modulated symbols for the u-th user, where u € {1,2,...,U}, in the fre-

quency domain can be expressed by

su = [5u(1) 54(2) ... 5u(Mi) 0 ... 0], (2.10)

where My = 27¥ My, is the total number of activated subcarriers for the u-th user (Mj is

the number of activated subcarriers of the reference numerology).

The used numerologies are represented by the set of y = {Num 1, Num 2, ..., Num U}.
Here, each user uses distinct numerology with a specific time slot that occupies differ-
ent subbands of the whole band. After that, the signal in the time domain is found by

employing IFFT as

1 H
Xy = \/T_kWNksu, (2.11)

where Wy, represents the inverse discrete Fourier transform (IDFT) matrix with

WZkWNk = Ni Iy, . Here, Iy, is an Ny X Ny identity matrix.

Adding the Ncp x-length CP to x,, prevents inter-symbol interference. Concatenating mul-
tiple CP-added symbols yields the u-th user’s CP-OFDM signal (xcp,). Then, the u-th
user sends the xcp, signal over a wireless channel with a channel impulse response rep-
resented by h,. This channel-impaired received signal is contaminated with AWGN rep-
resented by the vector w. Finally, the noise-contaminated OFDM signal received from U

users can be represented as

U
¥ = Xepaxhy+w, (2.12)

u=1
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Figure 2.9: Frame structure of mixed-numerology system.

where the received vector y has a length of N + Ncp (N = max {N;} and N¢cp = aN).

2.5. Wireless Channel

In a multipath radio environment, different taps of the channel impulse response (CIR)
will experience different amounts of pathloss as well as time fluctuations. The CIR could

be formulated as [92]

L-1
h(r,0) = ) ()6 (r =), (2.13)
=0

where L represents the total number of channel taps, ; and 7; represent pathloss and delay
of [-th channel tap, respectively. u; () represents the time variation of the /-th channel tap,

and §(.) is the delta function.
Generally, double-directional CIR is adopted as a fundamental deterministic description

of the channel in modern communication systems. This CIR is formulated as [93]

L-1

h(r,t,0,0) = ) Bipu(t)8 (1 =11) 6 (6= 0,) 6 (b =), (2.14)
=0

where 6 and i represent the angle of departure and angle of arrival, respectively.

The received signal faded by a multipath channel, assuming a noise-free system for sim-

plification, is represented as
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y(1) =x(1) = h(z,1,4,0), (2.15)

where = stands for the convolution operator and x(7) is the transmitted signal.

2.6. Scheduling And Radio Resource Allocation

The general purpose of most traditional schedulers is to exploit channel variations between
UEs and, preferably, to schedule transmissions to a UE when channel conditions are favor-
able. Atthe very least, most scheduling strategies require information about UE’s channel
conditions, buffer status and priorities of the different data flows, and the interference

situation in neighboring cells.

Medium access control, also known as MAC, is utilized for the reporting of scheduling
information. The scheduling strategy is implementation-specific and does not conform to

the 3rd Generation Partnership Project (3GPP) specifications.

Different UEs may experience diverse radio conditions at a certain time in the mobile
network environment. In many scenarios, system capacity can be increased by the low
fairness schemes of conventional scheduling algorithms. These algorithms increase the
prioritization of UEs with good channel conditions. On the other hand, UEs with av-
erage or bad radio conditions cannot be scheduled. The conventional schedulers enable
higher data rates due to a tradeoff between UEs fairness and system capacity. The Mo-
bile Network Operators (MNOs) demand consistent UE and system data rates with the
minimum QoS requirements. Besides the UE requirements, network radio resource ca-
pacity is an essential issue for the existing mobile network operations, which cover the
whole network life cycle management, such as capacity monitoring, optimization, and ex-
pansion. More specifically, the MNOs seek more efficient schedulers while considering
commercial scheduling methods such as Proportional Fair (PF), Round Robin (RR), and
Best Channel Quality Indicator (BCQI) [94]. MNOs need more and more radio resources
due to the growing traffic in their current commercial mobile networks. The lack of radio
resources affects the user experience of MNOs. The increasing traffic demand requires

efficient schedulers in network radio resource usage.

During resource scheduling, base station (BS) distributes fewer RBs to UE transmitting
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faster. Higher-SINR UEs can use high-order modulation and coding [72], [95], [96]. SINR
is UE vendor-specific, and it is used a lot by MNOs [96]. SINR information is readily
available on many commercial radio chipsets [97]. The SINR value for each RB is mea-
sured by all UEs and transmitted to the BS. This information is used by BS to make critical

scheduling decisions.

2.7. Related Works

Here, the related research of the scope of the work in this thesis are discussed.

2.7.1. Shape-based modulation options

The shape of the transmitting entity (or entities) could be exploited to add another de-
gree of freedom to enhance SE of a given system. One example of these shape-based
OFDM modulation schemes is the OFDM with pulse superposition modulation (OFDM-
PSM), where data symbols can be carried onto time-frequency shifted versions of a trans-
mit pulse. Several types of pulse can be found in the literature, particularly some of them
are commonly used [98]. Different data symbols are carried by different orthogonal, fully
overlapping pulses in OFDM-PSM [20]. These pulses are superimposed together within
the same time-frequency region to improve the SE while keeping a comparable reliability
performance to that of the conventional OFDM. As seen in Figure 2.10, four superim-
posed HG pulses cover approximately twice the time-frequency region as compared to

two adjacent Gaussian pulses.

Hence, OFDM-PSM with HG pulses achieves improved SE over the schemes that utilize
only single Gaussian transmit pulses. On the other hand, OFDM-PSM has fewer side
lobes due to using localized HG pulses instead of the non-localized Sinc pulses as used in
classical OFDM. Another integration of the pulse superposition approach is its integration
with generalized frequency division multiplexing (GFDM) [99]. This integration results

in almost 2.4 much higher than the integration of Gaussian pulses with GFDM [100].
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Figure 2.10: Conventional Gaussian transmission (upper part of the figure) vs. pulse
superposition modulation using HG pulses (lower part of the figure).

2.7.2. Radio resource management options for radar and communication coexis-

tence

Several physical layer (PHY)-based resource management options for radar and com-
munication coexistence have recently been proposed, including power allocation, spatial
beamforming, spectrum sharing with waveform design, and time sharing. Figure 2.11
illustrates the existing work in PHY and the proposed MAC-based work. The following
deficiencies exist in the literature: essential principles and important performance mea-
sures linked to resource management are not adequately given [65]. The related radio
resource management (RRM) studies for radar and communication coexistence systems
are classified according to the resource management issues, i.e., spectrum sharing, power
allocation, and interference management. Literature works have not been done on the

radar-aided communication system in the MAC layer to the best of our knowledge [65].
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However, there has not been extensive discussion or research on the challenges of allo-

cating and scheduling radio resources.
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Figure 2.11: Existing PHY-based work in the literature and the proposed MAC-based
work.

2.7.3. The conventional scheduling algorithms

Round robin (RR), proportional fair (PF), and best channel quality indicator (BCQI) sched-
ulers are the common scheduling algorithms that power the current RRS solutions [101].
Because it offers a compromise between throughput and fairness, the PF scheduler is used
by almost all modern cellular networks. Furthermore, the RR and BCQI schedulers cannot
achieve high fairness and throughput at the same time. The dynamic switching between
RR and BCQI has been proposed in [102] to find a way for the system to provide as much
throughput and fairness as possible at the same time. This dynamic switching mechanism
is done based on the operating SNR. In order to maintain the backward compatibility with
the current RRS schemes, the proposed approach employs the conventional scheduling

algorithms as well as a dynamic switching mechanism between RR and BCQI schedulers.
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CHAPTER 3

3. EXPERIMENTAL PART

In this chapter, the proposed OFDM-SNM scheme is discussed in Section 3.1. Sec-
tion 3.2 and Section 3.3 presents the proposed OFDM-HNIM and OFDM-SGM schemes,
respectively. The proposed floating OFDM-SNM scheme is explained in Section 3.4.
Performance analysis of the featured modulation options in practical conditions including
a comprehensive comparison in terms of SE, reliability, power efficiency (PE), OOBE,

and computational complexity is presented in Section 3.5.

3.1. The Proposed OFDM-SNM Scheme

The system model of the proposed OFDM-SNM is illustrated in Subsection 3.1.1. Per-

formance analysis of the proposed scheme is presented in Subsection 3.1.2.

3.1.1. System model

Figure 3.1 depicts the transmitter layout for the proposed OFDM-SNM system. The
OFDM-SNM system utilizes a variable amount of information bits, denoted by m;, to
transmit each i;;, OFDM block. These bits are divided into G groups, each of which
has variable p = p; + p2 bits. These bits are used to make OFDM subblocks of length
N = Ng/G, where Np is the FFT size. Unlike OFDM-IM, where constant K out of
N number of available subcarriers are used to send information, in our scheme, for each
subblock g (g = 1,2,...,G), index-independent variable K € [1,2,---,N] out of N
subcarriers are activated by a subcarrier number selector according to the corresponding
p1 = logy(N) bits, while the remaining N — K subcarriers are inactive. Note that K is

not fixed, but rather changing and taking variable values of the number of subcarriers
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Figure 3.1: OFDM-SNM transmitter structure.

Table 3.1: SNM mapper with p;=2 bits and N=4.

Information bits | Active subcarriers
[0 0] [1000]
[01] [1100]
[10] [1110]
[11] [1111]

from the bits of incoming data p; as shown in Table 3.1, which presents the case when
N=4,K € [1,2,3,4] and p; = log,(4) = 2. For each subblock g, the subcarrier on-off

activation pattern set can be given as

T
ig:[,-l i2---i,<] L g=1,2....G 3.1)

where iy € 1,0 for k = 1,2,--- , K. Table 3.1 displays a lookup table that can be used
to execute the subcarrier on-off activation pattern technique for smaller N and K values.
For each subblock, the remaining p2 = K(logy(M)) bits are mapped onto the M-ary
signal constellation in order to determine the data symbols that are sent over the activated

subcarriers.

After the concatenation of G subblocks, the whole OFDM block is xp. Now, the remaining

steps are performed as done in standard OFDM modulation. After taking IFFT, the signal
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can be represented as xy = [ FFT (xr). By appending CP of length N¢p to the transmitted
signal, the resulting signal becomes xcp = |x;(Nr — Ncp+ 1 : Nf) Xt]' Now, since
we assume AWGN multi-path channel with channel impulse response (hy), the received

time-domain signal is represented as

vt = Xt @ hy + 1y, (3.2)

where ny ~ CN(0,N,r) is the AWGN vector. The operation of the receiver
would be the reversal of the transmitter operations, i.e, removing CP, performing FFT
and SNM demapping and detection as follows. The received signal after remov-
ing the CP is yy = [yo Y1 yNF—l]- After FFT block, yp = FFT(yy) =

ye(0) yr(1) ... yp(Np-— 1)]. A simple one-tap frequency domain equalizer is used
to compensate for channel frequency selectivity as yeq = yr/hr. Then, a threshold-
selected energy-based detector extracts the active subcarrier pattern [103]. A threshold-
based detector makes the OFDM-SNM receiver low-complex. This detector is much sim-
pler than ML or LLR based detectors [89]. After that, SNM demapper, the transmitter’s
inversion mapping mechanism, maps active subcarriers to their bits. For constellation
symbol detection, the receiver uses each subblock’s active subcarriers. SNM demapper
and symbol detection bits are combined to generate the estimated subblock bits. The entire

OFDM block’s data stream is retrieved by repeating the technique for each subblock.

3.1.2. Performance analysis of OFDM-SNM

SE, pairwise error probability, and power efficiency are calculated to evaluate the OFDM-

SNM.

3.1.2.1. Spectral Efficiency (SE)

The SE (bits/s/Hz) of the proposed OFDM-SNM scheme can precisely be formulated as

Yoy (loga(N) + K (g) logs (M)
Nr + Ncp

NOFDM-SNM = , 3.3)
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where K (g) is the number of active subcarrier in each subblock of N subcarriers’ length.
It can be observed that the difference between OFDM-SNM and OFDM-IM is in K (g) pa-
rameter. In OFDM-SNM, K (g) varies for each subblock, which is different from OFDM-
IM where K(g) is fixed for all subblocks. Thus, the proposed OFDM-SNM improves
SE over OFDM-IM as well as conventional OFDM. The amount of improvement over
OFDM-IM depends on K(g) values. For instance, if N = 4 is selected for both OFDM-
SNM and OFDM-IM (with K = 2), then the SE gain of OFDM-SNM scheme over OFDM-
IM, when BPSK is considered, equals to p = 18/16 = 1.125.

3.1.2.2. Analytical Bit Error Probability

The activated subcarriers in each sub-block are determined based on the incoming in-
formation bits using a mapping process that can basically be represented by code. The
reason for this is that there is no information about the exact modulation used in signal
constellation, and the known information is that the mapping of the bit information into the
number of active subcarriers. Assume there are T time slots which represent the number
of bit group, then the transmitted codeword in T time slots X = X;;, wherei = 1,2,---,T
and j = 1,2,---, N. At the receiver, the decoder may decode another codeword X = Xij.
Our system model has just those two codewords (X and X), so here the analytical BER
considers only pairwise error probability (P(X — X)). It should be noted that the re-
ceiver might cause errors on the two consecutive detection processes, i.e., the number of
active subcarriers as well as the M-ary symbols. In the considered model, we assume that
the frequency selective channel is fixed within one block and follows Rayleigh distribu-
tion. The input-output relationship in the frequency domain can be written in the following

form

y = Xh + 1. (3.4)

The transmitted sequence X could be detected correctly or erroneously as X. An optimal

detector for the proposed system can be represented mathematically as

P(X =Xly) = P(X =X[y). (3.5)
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We assume that n, ~ CN(0, N, r), then the detector is simply ML detector defined as

ly - X| < |y -X|. (3.6)

The distance from y to X is less than that to X, so we can say that X is the nearest neighbor

to y. Since we have only two probabilities then the threshold value is assumed to be at the

XJQ’X. So, the probability of choosing X can be computed

middle point between X and X as

as

P(y < X;XD{:X) — P(z> —”X;X”)
. 3.7)
X-X
:Q(H ||)’
2 /N, /2

where Q(.) is the Q-function [104] and N, = N, F.

Accordingly, the error probability depends only on the distance between the sequences: X

and X; with the effect of the channel (h), the Q function becomes [105]

X+X o oo X =X)h|2
P(y < 5 X =X)=0( T)
(3.8)
~ hH (X - X)H (X = X)h
- Q(\/ A ).
Equation (8) can be rewritten as
X +X hHAh S
P(y < =5 IX=X) = 04|55 = 0 55 (3.9)

where 6 = hTAL = hH(X - X)#(X = X)h = [|(X = X)h||%, and the A matrix equals
to (X — X)H (X - X) The channel frequency response hr is assumed to be zero-mean
Circularly Symmetric Complex Gaussian (CSCG) random variable with unity variance
hgp ~ CN(0,1). hg can be completely described by its mean and covariance matrix
K=E [hFhFH ], where K is a Hermiation matrix with a dimension of N < Ng. So, a
submatrix Ky with size N X N is sufficient to represent the channel frequency response
in each subblock. If we define a complex orthogonal matrix Q where Q"Q =1, h as a
subset of hy can be represented as orthonormal basis h = Qu, and D as a diagonal matrix

with rank 71 < N, where D = E[uu'!] = E[hh"], and Ky can be given as
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Ky = E[hhP] = QDQH. (3.10)

The PDF of the orthonormal basis u follows the PDF of h and can be expressed as

exp(—uD™1u)

flw = n"ldet(D)

(3.11)

The conditional pairwise error probability (CPEP) is the same as (3.9) and the PDF of the
fading channel is represented in (3.11). After that, by considering what was anticipated for
CPEP in relation to the channel, and using the approximation of Q function found in [104],

the unconditional pairwise error probability (UPEP) is obtained as

1/12 N 1/4
det(In + g1 KnA)  det(In + goKnA) ’

P(X —X) = (3.12)

where g1 = 1/(4N, r) and g2 = 1/(3N, r). The overall BER is of great interest rather
than individual PEP. The Average Bit Error Probability (ABEP) is found as [17]:

1 . )
Py(E) ~ o ; ; P(X — X) e(X,X), (3.13)

where p is the number of information bits that are transmitted with each subblock, 7,
represents the number of realizations of X, and e(X, X) is the number of bits of data
were incorrectly selected by opting for X rather than X. The BER of OFDM-SNM is
demonstrated analytically to be comparable to that of OFDM-IM [17]. This analytical

result will be verified by simulation as well.

3.1.2.3. Power Efficiency

Since not all subcarriers are occupied where only active subcarriers carry modulated
data, OFDM-SNM approach achieves better power efficiency compared to conventional
OFDM. In conventional OFDM, the transmitted power (P;,) is distributed equally among
all subcarriers so that the average power per subcarrier equals to (P, /Np). The distribu-
tion of observing the number of active subcarriers in each subblock is assumed to follow

binomial distribution as
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P(Nye = K) = (]I;,)pf(l - pr)N_K’ (3.14)

where N, represents the number of active subcarriers which takes values of K =
1,2,---,N. Also, p, is the probability of the event (N, = K). By assuming that the
total transmitted power allocated to OFDM-SNM block is Py, and the power is equally
distributed to all subblocks, the power consumed by OFDM-SNM scheme can be written

as

G
2 K(9) P(Nae = K(2), @3.15)
g=1

P.=

where K(g) and P(N,. = K(g)) represent the number of active subcarriers and their cor-
responding probability in the subblock g, respectively. Thus, the average power allocated

per subcarrier equals to P./NF.

3.2. The Proposed OFDM-HNIM Scheme

The system model of the proposed OFDM-HNIM scheme is explained in Subsec-
tion 3.2.1. We provide a performance evaluation of the proposed scheme in terms of

SE, ABEP, EE, and computational complexity in Subsection 3.2.2.

3.2.1. System model

The block diagram of the proposed OFDM-HNIM transmitter is displayed in Figure 3.2.
The m incoming bits are partitioned into G subblocks using bits splitter, each subblock
of length L subcarriers contains p = p1 + ps + p3 bits. The non-conventional bits, p;
and po, represent the bits conveyed by the SNM and IM modulators, respectively. In each
subblock, the SNM and IM mappers can be ordered arbitrary since the hybrid mapper
combines both mappings without considering their order. For an easy way to represent
the basic OFDM-HNIM system model, we use the p; bits to represent the SNM bits,
which are used by the SNM mapper to specify the number of active subcarriers in the
subblock. The ps bits, which are called the IM bits, are used by the IM mapper to specify

the subcarrier indices for each subblock. The SAP is then calculated by an appropriate
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Figure 3.2: The proposed OFDM-HNIM transmitter structure.

L A

mapping strategy employing the hybrid mapper’s combined SNM and IM mapping.

The full set of N subcarriers that constitutes the OFDM block can be represented by B =
{1,2,..., Nr}. Based on the hybrid mapper, specific active subcarriers in each subblock
are selected from B, which can be represented by the subset B, C B, whereg =1,2,...,G
is the index of the subblock. The number of active subcarriers in the g-th subblock (/(g))
is an index and number-dependent variable that represents the cardinality of B, (i.e.

1(g) = |Bg)).

The conventional p3 = I(g) logy (M) bits of the g-th subblock correspond to M-ary con-
ventional constellation symbols carried over /(g) active subcarriers. Table 3.5 presents a
bits-to-SAP mapping for small values of L = 4 with fixed length of p; = p2 = logy(L) =2
bits to simplify the system-level design. The SAP for the g-th subblock can be written as

follows:

g =|c(l) ¢(2) --- c(L) T, (3.16)

where c(i) € {0,1} fori=1,2,---, L.

As shown in Table 3.5, a subcarrier in a given index of cg is activated with an equal prob-
ability of 1/2. The presented codebook (cg) in Table 3.5 looks like a classical codebook
generated in binary order; however, they are different in the sense that the direct binary

mapping does not provide flexibility, whereas, the proposed scheme is an adaptive and
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Table 3.2: Look-up table of the proposed OFDM-HNIM scheme with p; = ps = 2 bits.

g | p1 | P2 Cg 1(g)
1 [[00]][00]][1000]" | 1
2 [[oo0]|[01]][0100]" | 1
3 [[001|[10]| 00107 | 1
4 (001|113l ooo1]"| 1
slo1y1[[o]|[r1o0”| 2
6 |[[01]][01]][1010]7 | 2
7 1[011][10]][1001]" [ 2
s lo1jf[[r1y|o1o1"| 2
9 [[1o1|[ooy|[rt110]”| 3
1010101710117 | 3
mfpoyfpoylrrtor”| 3
1210y [t1yfor1t| 3
13111001 [0000]" ] 0
14117011 0011]7 | 2
15/[117][1o1|[o110)7 | 2
w6l | 4

flexible transmission technique, whose mapping blocks can be employed based on the re-
quirements of the used application. For example, SNM and IM mapping blocks are proper
mappers for throughput-aware, especially at low-order modulation, and EE-aware appli-
cations, respectively [10]. Therefore, the proposed hybrid mapper is appropriate for both

throughput-aware and EE-aware applications.

It should be noted that there would be similar SAP when g = 13, 14, 15, 16 as expected
from their SNM mapping, due to setting a fixed length of ps data code. To solve this am-
biguity in mapping, extra bits could be transmitted to a receiver to differentiate between
these exceptional cases. However, this solution is not spectrally efficient due to sending
additional non-data bits. Moreover, the expected SNM mapping leads to a nonuniform
subcarrier activation, which results in unfair protection of transmitted bits, thus hinder-
ing the OFDM-SNM and OFDM-IM relevant schemes from attaining their ultimate error

performance.

The problem of unbalanced activation of subcarriers in the OFDM-SNM and OFDM-IM
schemes is avoided in the proposed mapping process, which is represented in Table 3.5, by
having an equiprobable probability of subcarrier activation without relying on the channel

status [106]. To avoid ambiguity and extra bits signaling at the ML detector as well as
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satisfying the equiprobable subcarrier activation (ESA) requirement [106], the aforemen-
tioned exceptional cases are assigned unique SAPs where their corresponding /(g) values

are mostly different from their expected SNM mapping.

However, the zero-active subcarrier dilemma, where all subcarriers are switched off and
their corresponding data symbols cannot be transmitted, can be seen in Table 3.5at g = 13,
which corresponds to ¢g = [0000]7. This dilemma could lead to difficulty in higher layer
design, especially the synchronization process, which is the key for OFDM-based systems
to reduce ICI and/or inter symbol interference (ISI) [107], [108]. One efficient solution
to such a dilemma could be done by exploiting the lexicographic ordering principle and
implementing the codebook optimization method as in [109], where the codebooks are
optimized in such a way that the subcarriers are activated based on their corresponding
instantaneous CSI. The novel codebook design in [109] does not involve optimizing the
power usage, unlike the forward error correction method that introduces more computa-

tional complexity at the receiver [110].

As shown in Table 3.5, the equally probable bit sequence enables easier detection and flex-
ible designs of higher layer protocols unlike the dual-mode transmission protocol [108],

where the bit sequence of variable length is modulated.

Control signaling is not required in [109] unlike the method in [111] where the
always-active control subcarrier used for control signaling transmission. Therefore, the
lexicographic-based codebook design in [109] provides an efficient solution to the ob-
served dilemma as compared to the existing solutions [108], [110], [111]. In this work,
we focus on the basic idea and system model of the proposed OFDM-HNIM, whereas em-
ploying the novel design in [109] to the proposed scheme could be considered as a future

work for improving the OFDM-HNIM system.

By considering the SAP (cg) for the g-th subblock, the OFDM subblock can be formed as
=) v ) (3.17)

where x%.(i) € {0,S} fori=1,2,--- , L.

The OFDM block of N subcarriers is built based on the chain of G subblocks and given

as
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sv =[x () 22 - (VD) (3.18)

where xp(k) € {0,S8} fork=1,2,--- , Np.

The remaining steps are done as in the classical OFDM system. By performing Np-inverse
fast Fourier transform (IFFT) to xp, the output vector is x; with dimension Nr X 1. To
combat ISI effects, cyclic prefix (CP), of length Ncp longer than the channel impulse
response (CIR) length v, is appended to the beginning of x¢, the resultant is the transmitted

signal represented by

T
X0P = |x(Np = Nep+1: Np) x| (3.19)

It is assumed that xcp passes to a slowly time-varying multipath Rayleigh fading chan-
nel modeled by a CIR hy = [h;(1) h(2) --- h:;(v)]", whose elements (ie. h, (o),
1 < o < v) are a circularly symmetric complex Gaussian random variable with the distri-
bution CN (0, %) [107]. Then, this channel-impaired received signal is contaminated with

additive white Gaussian noise (AWGN) with noise variance of N, r in the time domain.

The receiver part of the proposed OFDM-HNIM system is the reversal of the transmitter
part, which includes CP removal, FFT processing, hybrid demapping, and detection. The
frequency-domain received signal vector of dimension Ny X 1 after taking off CP from

the received signal and applying FFT can be written as

vr = Xphp +1p, (3.20)

where Xy is an Ny X N diagonal matrix whose prime-diagonal elements are denoted by
xp(1),xp(2),...,xp(NF). hg is the Np X 1 frequency-domain channel vector following
the distribution of CN (0, In;.), where In, denotes the identity matrix with dimension
Nfg X Ng. It should be noted that hp = WNth, where Wy 1s the Np-point discrete
Fourier transform (DFT) with WIP\IIF Wn = Nrlng, and h(t) is the zero-padded version of
h¢ with length N (i.e. hg = [hy, 0, ...,0]7) [107]. np ~ CN(0, N, r) is the AWGN vector
in the frequency domain with zero-mean complex Gaussian distribution of variance N, r.

The frequency selectivity of the multipath channel is then compensated for via a one-tap
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frequency domain equalizer, as yoq = yr/hr shows. Next, a detector is used to pull out

the SAP.

The demapping procedure is relevant to the remaining processes of the OFDM-HNIM
receiver. To be more specific, the bits that are communicated by the index as well as the
number of activated subcarriers for each subblock are approximated based on the SAP that
was received through the use of the hybrid demapper. To regenerate p; and ps, a mapping
(look-up) table similar to Table 3.5 is employed at the receiver, but the operation carried
out on it is the opposite of what was done at the transmitter. Based on subblock SAP,
symbols are detected. Finally, the subblock bits are integrated from hybrid demapping and
conventional QAM detection. The OFDM block data sequence is retrieved by conducting
equivalent techniques on all subblocks. Different detectors, including the optimal ML,

ML-based, and LLR, which can be used in this process, are explained below.

In the proposed hybrid scheme, the detection of the number and position of active subcar-
riers as well as the traditional QAM symbols can be implemented subblock by subblock
with no additional performance cost since the encoding operations for all subblocks are
independent. We could employ the ML detector in each subblock to jointly estimate its

active subcarriers and traditional symbols as follows:

(3¢, Bg) = arg min Iy — xphe ||, (3.21)

where s, and S, represent the conventional transmitted and estimated symbols conveyed
by the active subcarriers of the g-th subblock, respectively, B, and Eg are the set of ac-
tive subcarriers of the g-th subblock specified by the transmitter and the ML receiver,

respectively.

This work studies two different low-complexity approaches for ML-based detection,
namely, perfect subcarrier activation pattern estimation (PSAPE), and imperfect SAP es-
timation (ISAPE). The former ignores the errors due to the incorrect detection of received
SAP’s subcarriers, while the latter is prone to errors. Particularly, in the case of correct
detection of SAP, p; and ps are detected correctly, while the detection of p3 is not cer-
tain, but depends on the quality of QAM detection. However, in the case of incorrect SAP

detection, all subblock bits are erroneous due to the demodulation of some unmodulated
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subcarriers.

For further reduction in the computational complexity of the proposed OFDM-HNIM
scheme, an LLR detector is employed with logarithmic ratios A(a@), where @ =
1,2,---, Np, is calculated for the OFDM block, assuming BPSK modulation is used for
simplification [107].

FUSINT
) + M

Ala) = max(a,b) +In(1 +exp(—|b —a . (3.22)
0,
where )
a:_|Y§(a)—h§(6¥)| , (3.23)
No,r
and 4
p— PE@ IR (3.24)

N(),F

The subcarrier with a larger logarithmic ratio implies that it is more probable that this
subcarrier carries a constellation symbol. The proposed LLR detector decides on specific
active subcarriers that have maximum LLR values. Then, these selected active subcarriers
map to p; and p» bits and the symbols carried over these active subcarriers would be

demodulated to acquire the p3 bits.

3.2.2. Performance evaluation of the proposed OFDM-HNIM scheme

Here, the evaluation of the hybrid system performance is performed based on key metrics

such as SE, average bit error probability, energy efficiency, and computational complexity.

3.2.2.1. Spectral Efficiency

The achievable rate of the proposed OFDM-HNIM scheme can be calculated based on
the mutual information between the channel input and the channel output averaged over
the subcarriers [112]. Because the data formation in OFDM-HNIM is performed in a sub-
block level, whose structure is repeated for all the other consecutive subblocks, the perfor-
mance evaluation is performed on a subblock basis while considering that the subblocks
experience independent, different channel realizations. Therefore, the mutual information

over the OFDM block should be calculated for each subblock as shown in (3.25), which
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presents the achievable rate of the OFDM-HNIM scheme,

R OIRC AT

, (3.25)
L L L

Ry

where (X%) represents the mutual information of the channel input of the g-th subblock
(x}), (x%) is the marginal entropy of x%. and (x}|y§) is the conditional entropy of x¥ and

the channel output of the g-th subblock (yii).

The achievable rate formula in (3.25) can be written in terms of probability density func-

tions (PDFs) of the channel input, channel, and channel output as follows [113]:

op
1 .
Ry =np— L Z_; Ehg{ / F(y8lxps), he)
= A (3.26)
(xpfY), yplh
X log, / g yg I dy% ,
f(yplhg)

1 ) . o
where f(y|hf) = > Z?Zl f(yelxps¥), h%), and xp¢/) is the j-th realization of x§.

Furthermore, (3.26) can be simplified to the following in the analogy with [112], [113]:

1 1
O U o , 327
h == 5p7 Z_: 082 szl det(I, + KLU ) (327

where 1, is the SE of the hybrid scheme, and it can be found in (3.28), Ky, = E[h.(h§)"]

is the covariance matrix of h%, I, represents the identity matrix with dimensions L X L,

8()) = xp8WYVH (x-8(J) _ . 8(w)
and U;,, = (xr =k 23\] (xp F ). This analytical result will be verified
o, F

by simulation as well.

The SE of the proposed OFDM-HNIM scheme is:

20 (loga(L) + [1ogs (1fy) | +1(2) 10ga(M)
Np + Ncp ’

nn = (3.28)

Because two parts of the incoming bits are used for non-conventional mapping in the
hybrid scheme compared to only one part in the OFDM-SNM and OFDM-IM schemes,
the hybrid scheme improves the SE over the OFDM-IM and OFDM-SNM transmission
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schemes. For example, Table 3.3 shows the SE of the proposed hybrid scheme and its
competitive schemes including OFDM-SNM, OFDM-IM, and conventional OFDM, as-
suming Ny = 64 with Ncp = 8, and BPSK modulation is employed.! For convenient
comparisons, we consider a fixed length of p5 bits that enter the IM mapper of the OFDM-
HNIM scheme. Also, we set the subblock size (L) to either 4 (G = Ng/L = 64/4 = 16),
or 8 (G = 64/8 = 8). For the system settings shown in Table 3.3, the proposed hybrid
scheme outperforms its counterparts in terms of SE. Moreover, the SE becomes much
more significant in the hybrid scheme as the subblock length increases. This SE trend
cannot be achieved by the conventional OFDM-SNM and OFDM-IM schemes, in which

SE is degraded as subblock size rises.

Table 3.3: SE of the featured OFDM-based modulation schemes with BPSK.

OFDM modulation option | L | Gp1 | Gp2 | Gps | Gp | SE gain
32 32 32 96 | 1.333
24 24 216 | 264 | 3.6667
32 40 NA |72 |1

24 36 N/A | 60 | 0.8333
32 32 N/A | 64 | 0.8889
24 24 N/A | 48 | 0.6667
N/A | N/A [ N/A |72 |1

N/A |NA | NA |72 |1

Proposed OFDM-HNIM

OFDM-SNM [19]

OFDM-IM [107]

0| K| CO| |0 0O

Conventional OFDM

Figure 3.3 shows the number of transmitted bits per OFDM symbol with 64 subcarriers
for the featured OFDM-based modulation options at a fixed subblock size of 8. It can be
observed from Figure 3.3 that the OFDM-HNIM scheme outperforms the conventional
OFDM-SNM and OFDM-IM schemes at different modulation orders.

Mathematically, we can deduce the values of M and L that satisfy the condition where the
SE of the proposed scheme improves over that of the conventional OFDM. The SE of the
hybrid scheme can be calculated from (3.28) with an average number of active subcarriers

of Ipyg = | £ | over the OFDM subblock:

) Nr (logQ(L) + {10g2 (IGLVg)J + Lavg logz(M))
nn = L(Ng+ Ncp) . (3.29)

I'The phrase N/A, as shown in Table 3.3, refers to not applicable.
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Figure 3.3: Average transmission rate measured in terms of the total number of transmit-
ted bits per OFDM symbol with 64 subcarriers for the featured OFDM-based modulation
options as a function of M when the subblock size (L) is set to 8

By comparing (3.29) to the SE of the conventional OFDM, which is represented by

NF 10g2(M)

1l = —" 3.30
NoFDM Nr+ Nep ( )

we can observe the trend in the SE for the hybrid scheme and conventional OFDM as M
and L vary. Then, we can set the inequality that results from considering the SE of the

hybrid scheme greater than that of the conventional OFDM as follows:

logs (L) +

L
log, (I )| + Iavg logo (M) > Llogy(M). (3.31)
avg

Since classical OFDM does not use subblock-based mapping, the average transmission
rate per OFDM symbol with 64 subcarriers does not rely on subblock size, as shown in
Figure 3.4. The hybrid scheme outperforms ordinary OFDM at low modulation orders,
especially when M = 2 or M = 4, for varied subblock sizes. As M rises, the proposed
method is less likely to have a higher average transmission rate than standard OFDM, and
this degradation increases as subblock size increases. As subblock size increases, more

probable bits experience deep fading and become harder for the receiver to identify.
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Figure 3.4: Average transmission rate measured in terms of the total number of transmit-
ted bits per OFDM symbol with 64 subcarriers for the proposed hybrid scheme (OFDM-
HNIM) and plain OFDM as a function of the subblock size (L).

3.2.2.2. Average Bit Error Probability

The transmission bits in the number and index of activated subcarriers and traditional
constellation symbols should be used to detect the hybrid scheme block [108]. The block
error rate, also known as the BLER, is the first thing to be determined, followed by the
average BER, which is based on the average BLER [109], [114]. The BLER is shown as a
function of the pairwise error probability (PEP). The PEP is calculated in two steps; first,
when determining the conditional PEP, it is necessary to take into account the influence
of the channel (hy), then the unconditional PEP is computed by getting rid of the channel

effect. The conditional PEP can be represented using the Q-function [105]

I, (3.32)

P(cg — Cglhe) = Q0

(\/ ||t(m \/@

where P, represents the total transmit power, /(g) and /(g) represent the number of ac-
tive subcarriers in the g-th transmitted and g-th detected, received subblock, respectively,
cg and ¢z are the transmitted and detected SAPs of the g-th and g-th subblocks, respec-
tively. The conditional PEP shown in (3.41) can be approximated by using the exponential

approximation of the Q-function as [104], [115]
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2
0(x) = ) pyexp(—q;x°), (3.33)
=1

J
where p; = 1/12 and ps = 1/4, g1 = 1/2 and g2 = 2/3. The new formula of the
conditional PEP becomes [90]

2 L
. —q,P
P(cg — Cglhy) :ijl—[exp( /

’v<l>A<z,g,g>), (3.34)
j=1 =1

o, F

cs() &)

VI(g)  VI(g)

The unconditional PEP can be found by averaging the conditional PEP over the channel

as [116], [117]

where V(1) = |h,(1)|* and A(l, g, 8) =

Peg — &) = Y| En {P(cg — &g)[hy)}. (3.35)

Cg#Cg

Assuming equiprobable information bits, the upper bound of ABEP of the hybrid system
could be obtained as [107], [118]

G
Py(E) = — DT Pleg — eg)eleq ), (3.36)

Pg Mx g=1 &z#cg
where p, represents the vector length of the information bits that correspond to the g-th
subblock, n, represents the number of possible realizations of the transmitted sequence,
and e(cg, ¢z) denotes errors in information bits due to erroneously choosing ¢; rather than

cg [107]. This derived theoretical BER result will be verified by simulations as well.

3.2.2.3. Energy Efficiency

The energy efficiency (EE) implies how efficiently energy is consumed in a given system.
The EE of the proposed OFDM-HNIM scheme is analyzed in terms of the energy saving
factor (ESF) achieved by not activating all of the available subcarriers in the OFDM block.

The evaluation of ESF for the featured schemes is discussed below.

The SE and EE ratios of the featured OFDM-based modulation options can be shown in
Figure 4.11. The symbols sl, s2, s3, s4, s5 correspond to the proposed OFDM-HNIM
scheme, OFDM-SNM, OFDM-IM with AR = 0.25, OFDM-IM with AR = 0.5, and con-

ventional OFDM, respectively.
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Figure 3.5: The SE and EE ratios of the featured OFDM-based modulation options. The
symbols sl1, s2, s3, s4, s5 correspond to the proposed OFDM-HNIM scheme, OFDM-
SNM, OFDM-IM with AR = 0.25, OFDM-IM with AR = 0.5, and conventional OFDM,
respectively.

One main aspect of the overall energy saving is the saving in signal transmission [14].
For the considered OFDM-based modulation options, we define the EE based on the ratio
of saved energy under a given total transmit power (P;) in a single OFDM symbol. We
assume equiprobable subcarrier activation [106] for a convenient comparison between
the proposed OFDM-HNIM scheme and its competitive schemes. Moreover, the average
number of active subcarriers is considered in our analysis of EE. The number of activated
subcarriers in an OFDM block impacts both SE and EE, and their ratios relation for the
traditional OFDM as a reference scheme [119], can be defined as [14]

SE,

EE, = —" |
1 - ESF

(3.37)

where EE, and SE, represent the EE and SE ratios of the scheme of interest, and ESF

represents the saved energy by activating N, subcarriers out of N, available subcarriers

N
ESF=1- -2, (3.38)
N

As seen from (3.38), as N, decreases, ESF increases and more energy could be saved.
Maximizing SE and EE are generally two conflicting objectives as can be seen from (3.37)
[120]. Moreover, the term (/4,4 logy(M)) in (3.29) characterizes the SE and EE trade-off

by using high I,,, and M values to achieve high SE, more energy needed to be spent to
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attain such a SE.

For example, the proposed OFDM-HNIM scheme with half of the available subcarriers
are activated on average is the equivalent case of the OFDM-IM scheme with a subcarrier
activation ratio of half (AR = 0.5). The energy saving resulting from the OFDM-HNIM
and OFDM-IM with AR = 0.5 is limited to the half of the OFDM symbol (ESF = 0.5).
In other words, the active subcarriers of the OFDM-HNIM scheme gain higher power as
compared to the individual subcarriers of the classical OFDM under the same transmitted
power. Hence, the receiver design of the proposed OFDM-HNIM scheme would only
differentiate between the active set with higher power and the inactive set regardless of

the exact amplitude and phase of each subcarrier.

It is well-known that the conventional OFDM is not an EE scheme since most of the
available subcarriers are usually used for data transmission, which results in very low
ESF. Figure 4.11 shows the SE, and EE, of the featured OFDM modulation schemes
under BPSK. It is clear from Figure 4.11 that the proposed OFDM-HNIM scheme pro-
vides higher SE, and EE, as compared to the OFDM-SNM, OFDM-IM with low AR, and
the classical OFDM.

3.2.2.4. Complexity Analysis

The computational complexity performances of the proposed detectors of the OFDM-
HNIM scheme are discussed here. The computational complexity of the optimal ML
detector of the proposed scheme in terms of complex multiplications is of order ~
O(G M™/?) per bit detected in each OFDM block, which becomes impractical for large

values of G, L, and M, due to its exponentially increasing complexity.

The average number of calculations per subcarrier is used as a performance parameter
to evaluate the computational complexity of the various proposed detectors. Table 3.6
presents the complexity comparison results for the featured OFDM-based modulation
schemes. As seen in Table 3.6, the computational complexity of the optimal ML detector
is highly susceptible to G, L, and M; however, the complexity of the proposed ML-based
detectors is only determined by G , and much lower than the optimal ML detector, and
there is much reduction of complexity in order of M by employing LLR detector. More-

over, Table 3.6 shows the comparison between the detection complexity of the proposed
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hybrid scheme with that of its counterparts schemes such as OFDM-SNM, OFDM-IM,
and plain OFDM. The proposed OFDM-HNIM along with the LLR detector is considered
as a simple, not sophisticated scheme with similar complexity order to that in OFDM-IM
and conventional OFDM.

Table 3.4: Complexity comparison between different detectors for the featured OFDM-
based modulation schemes.

OFDM modulation option | Detector type Complexity order
Optimal ML ~ O(G M™1?)
PSAPE ~0(G)
Proposed OFDM-HNIM ISAPE ~0(G)
LLR ~O0(M)
OFDM-SNM [19] ML ~O(L,1(g),M)
OFDM-IM [107] Near optimal LLR | ~ O(M)
Conventional OFDM ML ~0(M)

3.3. The Proposed OFDM-SGM Scheme

The system model of the OFDM-SGM scheme is illustrated in Subsection 3.3.1. Perfor-
mance evaluation of the OFDM-SGM in terms of ABEP and computational complexity is

presented in Subsection 3.3.2.

3.3.1. System model

The transmitter architecture of the OFDM-SGM is depicted in Figure 3.2. The m source
bits are split into G groups using the bits splitter module, each group includes p = p; + p2
bits that form an OFDM-SGM subblock with a length of L = N/G, where N is the FFT
size. The gap selecting bits (p1) specify the number of gaps between active subcarriers in
every subblock in which the subcarrier activation pattern (SAP) is formed using a proper

mapping method.

The gap mapper places the active subcarriers in each subblock g (g = 1,2, . .., G) from the
set A={1,2,---,L/2—(logy(L/2)—1),L/2, L}. The number of activated subcarriers in
the g-th subblock can be represented by the gap-dependent variable /(g). This variable
is determined based on the p; incoming bits that enter the gap mapper. Table 3.5 shows

the proposed mapping for L = 4 with p; = logy(L) = 2. As shown in Table 3.5, the
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assignment of zero, one, two, and three gaps between active subcarriers correspond to p;
of [00], [01], [10], and [1 1], respectively. The SAP in each subblock can be formulated
as Cg = |1 cg -+ CL]T, where ¢; € {0,1} fori = 1,2,---,L. In each subblock,
p2 = 1(g)logs(M) data symbol bits are available depending on the SAP. Particularly,

these po bits are mapped to standard constellations conveyed by the active subcarriers.

Table 3.5: SGM mapping with p;=2 bits and L=4.

P1 Cg

[00] | [1111]7
[01] | [t010]"
[10] ] [t001]"
[11]][1000]"

The OFDM-SGM subblock can be represented based on ¢, as x%.. Then, the OFDM-SGM
block 1s formed by concatenating G subblocks as xr = [xF(l) xr(2) ... xF(N)]T.
The remaining steps are performed as in the plain OFDM transmission process, including
IFFT and CP addition. By applying IFFT to xr, the resultant signal is x,. By adding N¢p
CP samples to x;, the output vector can be written as xcp = [Xt( N —Ncp+1:N) Xz] T.
This CP appended signal would be faded by a wireless channel with impulse response h;,

along with an AWGN with a variance of N, r in the time-domain.

CP removal, FFT operation, gap demapping, and detection constitute the operations that
performed at the OFDM-SGM receiver. The frequency-domain received signal vector of

dimension N X 1 after the CP removal and after applying FFT can be written as

yr = Xphr + 1, (3.39)

where X is a diagonal matrix with dimension N X N, and its elements on the main di-
agonal are represented by xg(1), xg(2), . . . , xp(N). hp is the channel vector in the
frequency domain with a size of N X 1, and it follows the distribution of CN (0, Iy),
where [y represents the identity matrix with size N X N. The frequency-domain channel
vector is related with its time representation as hy = WNh9, where Wy represents the
DFT matrix of dimension N x N with W¥Wy = Nly, and h{ = [h,,0,...,0]” denotes
the zero-padded version of h, with length N. ng ~ CN (0, N, r) is the frequency-domain
AWGN vector [107].
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Thereafter, a one-tap frequency domain equalizer is applied to compensate for the fre-
quency selectivity of the multi-path channel. A maximum likelihood (ML) detection
would detect the SAP. For detection of the data code pi, a similar Table 3.5 is used at

the receiver.

Subsequently, the gap demapper module is used to get the SAP, and then the gap bits
could be estimated in each subblock. Then, M-ary signal constellation detection is done
depending on the received SAP in each subblock. At the final stage, the detected bits
from the gap demapping and classical symbols detection jointly form the latest estimated
subblock bits. The recovered data sequence is obtained for the whole block by performing

similar steps to all subblocks.

To reduce the detection complexity of the employed optimal ML, we adopt two low-
complexity detectors, namely, perfect SAP estimation (PSAPE), and imperfect SAP esti-
mation (ISAPE). The PSAPE detector neglects the errors caused by the wrong detection
of subcarriers in the received SAP, whereas, the detection in ISAPE is error-prone. In
the both detectors, the demodulation stage of the classical constellation symbols would
be unsuccessful to extract po bits correctly when an erroneous SAP detection happens.
This occurs because of the demodulation of some incorrectly detected subcarriers. So, the
transmitted p; and ps bits are erroneous when the detected SAP is wrong. On the other
hand, if SAP is correctly detected, then p; is correct but it is not certain that ps is correctly

estimated.

The PSAPE detector is taken into account for the conducted simulations due to its low
complexity compared to that of the ISAPE. It is worthy to note that the performance com-
parison between PSAPE and ISAPE detectors is presented as well. A log-likelihood ratio
(LLR) detector is also implemented for the proposed scheme to reduce its computational
complexity. Assuming BPSK is adopted in the proposed scheme, the LLR values can be

represented as [107]

2
A(a) = max(a, b) + In(1 + exp(—|b —al)) + lijﬂ, (3.40)
o,F

“lyr(@)-bp@? 4 p  lyr(@shr @

here a =
where a Nor Vot
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This LLR detector decides on specific active subcarriers that have maximum LLR val-
ues. Then, these selected active subcarriers would be mapped to p; bits, and the symbols

carried over these active subcarriers would be demodulated to get the p» bits.

3.3.2. Performance evaluation of the proposed OFDM-SGM

Here, the assessment of the proposed scheme is done based on some key metrics like

ABEP and the complexity associated with the detectors.

3.3.2.1. Average Bit Error Probability

The ABEP should be calculated based on the evaluation of pairwise error probability (PEP)
since the transmission bits are carried over the gap dimension as well as the conventional

symbols [19]. The CPEP could be expressed by the Q-function [105]

’ / P
P(cg — Cglhy) = Q( N ’F IIhtAIIQ), (3.41)

g

Cg B .
VI(g)  VI(2)

number of activated subcarriers in the g-th and g-th OFDM-SGM subblock, respectively,

where P; is the total transmitted power, A =

I(g) and I(g) represent the

cg and ¢; are transmitted and detected sequences. The formula of CPEP in (3.41) can be

approximated using the Q-function as [104]

2
0(x) = ) pjexp(-n;x%), (3.42)
j=1

where p; = 1/12 and p2 = 1/4, 71 = 1/2 and 12 = 2/3. Using (3.42), the CPEP can be

formulated as [90]

L

2
R -1 P
Pleg — &glby) = ) p; | [exn(r=2u@IADP), (3.43)
j=1 =1 o

cg(D) (D) 2

VI VIR

The unconditional PEP (UPEP) can be calculated by averaging CPEP over h; as [117]

where U(1) = |h,(D)|2, |A(D|? = |
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Pcg — &) = Y En{P(cg — tg)lhy)}. (3.44)
égicg
Furthermore, a more approximative Q-function expression in [121] could be used for a

tighter upper bound of BER as

O(x) ~ 0.168¢ 08765 4 (.144¢70-525% 4 ,002¢~0-603x" (3.45)

By using the spectral theorem [122] and (3.45), (3.44) can be simplified to [107]

1
1/0.168 det (IL + gSTOK A)
1
1/0.144 det (IL + QOB A)
1
1/0.002 det (IL + Q0K A)

P(Cg — ég) ~

(3.46)

where I, represents L x L identity matrix, K = E {h;hf}, A = (¢, - cg) (cg — C5).

Considering all UPEP events and assuming information bits are equiprobable, the upper

bound for ABEP in the OFDM-SGM could be attained [107]

Py(E) =

P(cg — Cg)e(cg, Cg), (3.47)
Y e=l¢, §7Cg

where p, is the length of the vector that constitutes data bits corresponding to an OFDM-
SGM subblock, n, is the number of legitimate realizations of the transmitted sequence,
and e(cg, Cz) shows how many bits are different between c, and ¢z. The aforementioned
theoretical analysis for the error performance of OFDM-SGM is verified with its corre-

sponding simulation one, as shown in Section 4.3.

3.3.2.2. Complexity analysis

The complexities of the considered OFDM-based modulation options are presented in
Table 3.6. As observed from Table 3.6, the complexity of the ML is critical to G, L, and
M ; however, the complexity of the PSAPE and ISAPE detectors is only determined by G,

which is significant reduction in comparison to ML. Furthermore, Table 3.6 presents the
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comparison between different detectors for OFDM-SGM with its counterparts. OFDM-
SGM with an LLR detector has equivalent complexity performance to OFDM-IM and
classical OFDM. Thus, LLR detectors are best for realistic OFDM-SGM systems.

Table 3.6: Complexity comparison between different detectors for the proposed scheme
and its counterparts.

Modulation Scheme Detector type Complexity order
Optimal ML ~ 0(G ME?)
Proposed OFDM-SGM fssﬁlflf : ggg%
LLR ~O0(M)
OFDM-SNM ML ~O(L,1(g),M)
OFDM-IM Near optimal LLR | ~ O(M)
Conventional OFDM ML ~O0O(M)

3.4. The Proposed Floating OFDM-SNM For PAPR And OOBE Reduction

The proposed floating OFDM-SNM scheme is illustrated in Subsection 3.4.1. The pro-
posed PAPR and OOBE reduction techniques for the floating OFDM-SNM are introduced

in Subsection 3.4.2 and Subsection 3.4.3, respectively.

3.4.1. System model

Here, the system model of the conventional OFDM-SNM is revisited, and its enhanced
version, called floating OFDM-SNM, is presented. We consider an OFDM block with a
total number of N subcarriers. These Ny available subcarriers are divided into G groups
with each containing two data codes: p; determines the number of active subcarriers and
p2 carriers the bits that are mapped to conventional symbols over the activated subcarri-
ers. Hence, p = p1 + p2 bits are sent over each OFDM-SNM subblock. The incoming
information bits are mapped to g active subcarriers based on a successive SAP. Table 3.7
shows an example of a simple look-up table for the classical OFDM-SNM with p; = 2
bits and a subblock length of 4 (N = 4). Further details about the mapping process of the
conventional OFDM-SNM can be found in [123].

In this work, we propose an enhanced version of the conventional OFDM-SNM by en-

abling flexible SAP, i.e., not necessarily successive SAP, in which this floated SAP is
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Table 3.7: Classical SNM mapper with p;=2 bits and N=4.

Information bits SAP
[00] [1000]
[01] [1100]
[10] [1110]
[11] [1111]

Table 3.8: Floating SNM mapper with p;=2 bits and N=4.

Information bits | SAP

[1000]
[0100]
[0010]
[0001]
[1100]
[1010]
[1001]
[0110]
[0101]
[0011]
[1110]
[1101]
[1011]
[0111]
[11] [1111]

[0 0]

[0 1]

[10]

designed for specific purposes such as reducing the PAPR or OOBE of the conventional
OFDM-SNM. Table 3.8 shows one example of bits-to-SAP mapping, where successive
SAP is not maintained as proposed in [123]. Instead, flexible SAP is introduced to enhance

the performance of the successive-based SAP in the conventional OFDM-SNM.

After this mapping procedure, the resultant signal in the frequency domain represented by
X would pass through a serial to parallel (S/P) converter. After that, IFFT is applied to

acquire OFDM samples in the time domain as

Np-1 Jj2nnk

x(n) = Z X(k)e N | (3.48)

k=0
where the time-domain samples’ indices are represented by n = 0, 1, ..., Np. After that,

the transmitted signal is sent over a frequency-selective Rayleigh fading channel with
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complex Gaussian distribution path gains, which are represented by

L-1
h(n) = Z h()o(n - 1), (3.49)
=0

where L represents the number of channel taps. The received faded signal could be for-

mulated as

L-1
y(n) = Z h(Dx(n = 1) +w(n), (3.50)
=0

where w(n) is the complex Gaussian noise with zero mean and variance N, 7. The re-

ceived signal in the frequency domain could be found as

Y(k) = X(K)H(k) + W(k), (3.51)

where H (k) and W (k) represent the frequency response of the channel and noise, respec-
tively. To prevent inter-symbol interference, a CP with length /cp is appended to the
transmitted signal. It is worth noting that the receiver of the proposed scheme is similar

to that of the conventional OFDM-SNM receiver [123].

3.4.2. Proposed floating OFDM-SNM for PAPR reduction
The PAPR for the transmitted OFDM signal x[n] is computed by dividing the maximum
instantaneous power by the average power, as shown in the following:

max, |x[n]|*

(3.52)

Here, we propose a PAPR reduction technique by intelligently changing the location of
active subcarriers among the data symbols. This smart shifting of the activated subcarriers
does not require any arithmetic operation. Figure 3.6 shows the systematic structure of the
proposed PAPR reduction technique for the floating OFDM-SNM. The PAPR is computed
after performing the IFFT process, as shown in Figure 3.6. These PAPR values are stored
with specific SAPs that constitute a specific floating OFDM-SNM block. It should be
noted that the location of active subcarriers is not known by the floating OFDM-SNM

receiver.
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Figure 3.6: The proposed PAPR reduction method for the floating OFDM-SNM.

The ACE and SGP methods in [33] employed to OFDM-IM, could be also used for the
proposed scheme to provide a further reduction in its PAPR. The reason behind this di-
rect application of ACE/SGP is the similarity in the general shape of the OFDM-IM and
OFDM-SNM blocks. The typical steps performed for the ACE algorithm with SGP are

listed as follows:
1. Apply IFFT to the OFDM-SNM signal in the frequency domain (X) to form the
time-domain signal, x'[n]. Set i = 0.

2. Apply clipping to x'[n] based on a clipping threshold amplitude (A) as |x'[n]| > A,

and the clipped signal can be represented as follows:

0, if |x[n]] < A
c[n] = (3.53)
Al — x[n], if|x[n]| > A

where 6[n] is the angle of the n,;, sample of x[n].
3. Apply FFT operation to (c¢) to obtain the clipped signal C in the frequency domain.

4. Keep the components of C that correspond to the inactive subcarriers in X, un-

changed, and set the remaining C components to zero.
5. Apply FFT to the updated C to get c.
6. Determine a step size (u) as

Hln] =x'[n] + p*c. (3.54)

7. If the maximum iteration count (J) has not been reached, update, and go to Step 2.

Otherwise, halt the process.

Different SAPs arrangements, corresponding to the same data bits’ sequence, are gener-

ated using the floating OFDM-SNM assignment block, as shown in Figure 3.6, and the
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one which provides the minimum PAPR is selected for transmission. Mathematically, we

can find the peak power for a given SAP as follows:

PP = maxo<n<ny—1|x[n]|*. (3.55)
The PAPR vector contains all N! X N possible SAPs that can be represented as
VPP =[PPy PPy...PPyixn]. (3.56)

The SAP, that provides minimum PAPR in the floating OFDM-SNM signal, can be found

as

[Pyin = argmin[VPP(v)], (3.57)
v

where v = 1,2, ..., N! X N is the index of a possible SAP, and /P,,;, represents the index
of the SAP that provides the minimum PAPR among all possible SAPs.

The complementary cumulative distribution function (CCDF) is used to measure the PAPR
performance, which represents the probability that the PAPR of the considered floating
OFDM-SNM signal’s envelope exceeds a specified y threshold within the floating OFDM-
SNM symbol. Thus, the CCDF formula can be written as

CCDF =Pr{PAPR > v}. (3.58)

As an analogy to OFDM, the CCDF of the floating OFDM-SNM could be expressed as
in [124] for a sufficient number of subcarriers, assuming that the OFDM samples are

mutually independent, the CCDF expression could be formulated as

CCDF =1-(1-¢7)*r (3.59)

where @ denotes the oversampling factor.
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3.4.3. Proposed floating OFDM-SNM for OOBE minimization

The OOBE is the minimum value of the power spectrum for the OFDM signal, and it can
be formulated as [34]

OOBE =minXp; 0<k<Np-1 (3.60)

where X = % || X (k) ||§ represents the power spectrum of the OFDM signal with T symbol

duration.

The proposed floating OFDM-SNM for OOBE reduction is displayed in Figure 3.7. As
can be observed from Figure 3.7 that OOBE calculations for all the possible SAPs ar-
rangements are performed, and the SAPs arrangement with minimum OOBE would be

chosen for transmission as follows.

The OOB vector, containing all possible N! X N SAPs, can be represented as

VOB = [0OBE; OOBEs...00BEyixy]. (3.61)

The SAP, providing minimum OOBE in the floating OFDM-SNM signal, can be found as

10, = argmin[VOB(v)], (3.62)
1%

where 10,,;, represents the index of the SAP that provides the minimum OOBE.

Select the
SAP that
provides
minimum

OOBE

OOBE
calculations
for all
possible SAPs
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assignment

DAC &
Power
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OFDM-SNM

Data
block creator

bits

Figure 3.7: The proposed OOBE reduction method for the proposed floating OFDM-
SNM.
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3.5. Performance Evaluation And Comparison Of Modulation Options In Practical
Conditions

Reliability, SE, power efficiency (PE), out-of-band (OOB) leakage, and computational
complexity are the performance measures used to evaluate the OFDM-based modulation
techniques. Monte Carlo simulations are conducted to evaluate their performances, and
the simulation parameters used can be shown in Table 3.9. Point-to-point transmission
with a single user is considered to have a fair comparison between the featured modu-
lation schemes. It is assumed that the transmitter and receiver have a single antenna.
The multi-antenna transmission scheme discussed in Subsection 2.2.1, i.e. SM-OFDM
would be analyzed with its counterparts including the famous ones such as Vertical Bell

Labs Layered Space-Time (V-BLAST) [125] and Alamouti-Coded [126] OFDM systems.

A Rayleigh fading channel is used in the conducted simulations, and the CSI is available at
the receiver. SNR is defined as p = E, /N, 1, where E}, is the average transmitted energy
per bit, and N, r is the time-domain noise variance. The SNR region in the considered
simulations is between 0 dB and 30 dB for practical purposes, however, similar realization

trends have been noticed for other possible SNR values.

Table 3.9: Simulation parameters.

Modulation type BPSK
FFT size (N) 64
CP Guard Interval (samples) 8
Number of subblocks in each OFDM symbol 16
Number of available subcarriers in each subblock 4
Multipath channel delay samples locations [03568]
Multipath channel tap power profile (dBm) [0-8-17-21-25]

3.5.1. Spectral efficiency

The SE is important for data rate requirements, user communication, and traffic density.
The SE (1) in (bits/s/Hz) of the featured modulation options for an OFDM-based wave-

form can be formulated as
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Nlogy(M)

, = 3.63
NPlain OFDM N+ Nep s ( )
N (10g5 (M) + log, (%))
_IM = , 3.64
NOFDM-IM N+ Nep)b (3.64)
9, (logy(b) +a(g) logy (M)
NOFDM-SNM = , (3.65)

N + Ncp
where Ncp is the CP or guard length, a represents the number of activated subcarriers in
an OFDM-IM subblock with a length of b. a(g) is the number of turned on subcarriers
in an OFDM-SNM subblock with length of b, G represents the number of subblocks that
constitute the OFDM-SNM block.

As can be seen in Figure 3.8, the relative loss in throughput is higher in OFDM-DM com-
pared to classical OFDM [82]. a(g) varies in each subblock of the OFDM-SNM scheme,
while it is fixed for all OFDM-IM subblocks. The SE improvement of OFDM-SNM over
OFDM-IM holds just when subblock length is low as implemented in the considered de-
ployment option in the simulations. However, the SE improvement does not hold anymore

for more general cases.

As M increases, it is less likely to have enhanced SE of OFDM-SNM as compared to the
plain OFDM [90]. In addition to that, the average SE of OFDM-SNM could be higher
than that of OFDM-IM when [90]

a<—. (3.66)

The selected M based on (3.66) could be formulated as [90]

1
b+1

()
M > b/(a) 2 . (3.67)
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As the number of transmit antennas increases, the SE of SM-OFDM increases in a loga-

rithmic way as

N logy(Nr) +logy (M)
N+Ncp '

NISM-OFDM = (3.68)

The SE of OFDM-PSM with HG pulses is superior to the transmission scheme that uses

only Gaussian pulses as the transmit pulse.

Figure 3.8 shows that the achievable rate of the OFDM-SNM scheme outperforms its

counterparts for the given simulation parameters in Table 3.9.

E 1
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'§ 0. =$— OFDM-SNM
= —4—OFDM-DM
£

=== Conventional OFDM
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E/N, 1 (0B)

Figure 3.8: Throughput of the featured OFDM-based modulation options.

Furthermore, throughput performances of the OFDM-DM and OFDM-IM converge to that
of classical OFDM at high SNR values. Moreover, the plain OFDM scheme outperforms
OFDM-DM by almost 2.9 dB [82]. It is worthy to mention that changing some parame-
ters, such as subblock size and activation ratio, in a given modulation scheme results in

achieving diverse transmission rates.

3.5.2. Reliability

The BER performance of the featured OFDM-based modulation schemes is depicted in
Figure 3.9, OFDM-SNM and OFDM-IM have almost similar reliability performance
which is superior to the classical OFDM in the high SNR region.

The OFDM-DM transmission scheme has the worst BER performance at high SNR values.

Furthermore, OFDM-PSM has almost the same reliability performance to conventional
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Figure 3.9: BER of the featured OFDM-based modulation options.

OFDM [100]. The SM-OFDM scheme has superior reliability performance as compared
to the popular V-BLAST and Alamouti-coded OFDM systems at low SE. Even though, at
high SE, its reliability performance would rely on a trade-off between the spatial constel-

lation size (N7 X Ng) and signal constellation size (M) [85].

3.5.3. PAPR and power efficiency

The power efficiency (PE) analysis of modulation schemes is critical to be considered in
the system design. Peak-to-average power ratio (PAPR) of a given waveform is defined
as the ratio of maximum power to average power. High PAPR is a common drawback
in the multicarrier waveforms. This high PAPR performance of the OFDM transmission
scheme causes non-linearity problems as the transmitted signal passed through the high
power amplifier (HPA). Thus, an efficiency reduction would be expected at the HPA. This
phenomenon happens due to having a constructive combination between the modulated

subcarriers with independent phases.

The number of available subcarriers (V) and their corresponding pulse shapes are the ma-
jor factors of PAPR performance in the OFDM-based waveforms. The total transmitted
power (P;) is distributed fairly among subcarriers with (P,/N) average power allocated
for each subcarrier. As demonstrated in [10], the featured modulation options, includ-
ing OFDM-SNM, OFDM-IM [127], OFDM-DM, and traditional OFDM, have almost the

same high PAPR performance. It is assumed that OFDM symbols are uncorrelated to each
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other within each block.

Although the number of active subcarriers in some transmission schemes such as OFDM-
SNM and OFDM-IM is less than that used in the classical OFDM, their PAPR perfor-
mances remain high and comparable to the plain OFDM. This is due to the sparsity nature
of the activated subcarriers in OFDM-SNM or OFDM-IM. The PAPR of OFDM-PSM is
also high as in the conventional OFDM, due to the superimposed pulses within the same
time-frequency region that results in a significant increase of the peak power of the trans-
mitted signal. For a large number of subcarriers, the SM-OFDM attains similar PAPR
performance compared to the V-BLAST OFDM system [128].

Besides the PAPR as one way to assess the PE of a given modulation scheme, there could
be another way to evaluate the PE by considering the inactive subcarriers. A reduction in
power consumption is expected in some modulation schemes, such as OFDM-SNM and
OFDM-IM, which have some inactive subcarriers of zero power while its active subcar-
riers only carry data symbols. The average power per active subcarrier in OFDM-IM is
%. Observing a active subcarriers in the OFDM-SNM subblock of b available subcar-

a
riers follows a binomial distribution of N, as a random variable

P(Ne=a) = (Z)p“(l -p)’. (3.69)

It is assumed that the allocated power to the OFDM-SNM block (P;) is equally distributed
to its subblocks. Therefore, a fair comparison between OFDM-SNM and its competitive

schemes is possible. The power consumed in OFDM-SNM could be formulated as [19]

p &
=== ) a(g) P(N. = a(g), (3.70)
Gb
g=1
where a(g) is the number of activated subcarriers in the g-th subblock. Thus, the average

power assigned for each subcarrier is

The SM-OFDM scheme is considered as an energy-efficient transmission scheme since
the power consumed at its transmitter does not depend on the number of transmit antennas

[129]. Figure 3.10 shows the PE that can be achieved due to not sending on all OFDM
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Figure 3.10: PE of OFDM-IM, OFDM-SNM, and conventional OFDM.

subcarriers of some featured OFDM modulation schemes such as OFDM-IM, OFDM-
SNM, and classical OFDM under BPSK and QPSK. For a fair comparison between the
aforementioned schemes, an average of unit transmit power per subcarrier is assumed. In

Figure 3.10, this PE value is calculated as

Np

Ppp=—0t, 3.71
= K Py (3.71)

where K, represents the average number of active subcarriers, Pg is power assigned for
each subcarrier which is assumed to be unity, N, is the total number of bits per block,

which is computed as

Np = K4 Ng Ng, (3.72)

where N; i1s the number of bits corresponding to M-ary complex symbols employed on
each active subcarrier, NV, is the number of extra transmitted bits by a transmitting entity (or
entities) like index modulus observed in OFDM-IM or number modulus in OFDM-SNM.
It is observed from Figure 3.10 that the OFDM-IM obtains enhanced PE over OFDM-
SNM and plain OFDM due to the less average number of active subcarriers in OFDM-IM

compared to its counterparts.
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3.5.4. Out-of-band leakage

Frequency localization is advantageous for efficient spectrum utilization and multiplexing
of various 5G services on single carrier using diverse waveform numerologies. In OFDM,
side-lobes are observed due to the multiple subcarriers of Sinc-shaped. Particularly, larger
side-lobes lead to high OOB leakage, which is one of the major setbacks in the OFDM
system [13]. Therefore, it is required to have new modulation options with considerable

low levels of OOB leakage.

As proved in [10], the OOBE leakage is almost the same for the featured modulation
schemes including OFDM-SNM, OFDM-IM [130], OFDM-DM, and classical OFDM.
Particularly, the sparse distribution of the activated subcarriers in the OFDM-SNM and
OFDM-IM transmission blocks causes this high OOBE leakage. Moreover, the OOB leak-
age of SM-OFDM reaches a minimal level due to activating single transmitting antenna
once at a time which considerably lowers the interference between the transmitting anten-
nas. Exploiting localized pulses such as HG pulses in OFDM-PSM contributes to having
less OOBE leakage as compared to the non-localized pulses used in the plain OFDM.

3.5.5. Computational complexity

The baseband complexity is critical at the UE, particularly at the receiver side. Also, a
low baseband complexity speeds the processing and allows low latency applications. The
assessment tool used in the complexity analysis is the required number of complex opera-
tions in each subcarrier. Channel estimation or equalization operations are not considered
in the analysis. Moreover, perfect synchronization is assumed in the analyzed transmis-
sion schemes. The classical OFDM is considered as an efficient scheme in terms of com-
putational complexity due to the employed IFFT and FFT process to the OFDM system.
The conventional OFDM and OFDM-DM are considered as low-complex schemes and
their computational complexities rely on the employed modulation order. Moreover, the
OFDM-IM scheme with near-optimal log-likelihood ratio detector has comparable com-
plexity to the conventional and differential transmission schemes for OFDM waveform.
On the other hand, the complexity of the OFDM-SNM scheme can be seen in its subcarrier

activation process in each subblock as well as the used modulation order.
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The evaluation of the computational complexity of the OFDM-PSM is based on the num-
ber of polyphase components (R) of the filter, length of filter (U), HG function order (D),
and the used modulation order (M) [100]. As the modulation order, number of transmitting
and receiving antennas (N7, Ng) increase, the SM-OFDM complexity increases [131].
The SM-OFDM transmission could be handled by only a single RF chain and a switch
since a single transmit antenna activated at each time instant. Moreover, the number of
mapped bits in the SM-OFDM scheme are limited in case of using a small number of

antennas in a wireless device.

3.6. Blind Numerology Identification For Mixed Numerologies

We discuss the proposed identification algorithms based on the characteristics of numerol-
ogy transmission. The autocorrelation method is commonly used in the literature for signal
detection. We adopted a CP correlation method based on the periodicities brought by the
CP signals in different numerologies. This approach is built based on the fact that the
maximum point of the time-domain metric corresponds to the starting point of an OFDM

symbol. For each numerology, we can independently obtain different timing metrics.

We assume that the receiver has no prior information about numerology parameters. More
specifically, SCS, data/CP durations are not known at the receiver. Therefore, we em-
ploy our method with all possible numerology parameters. To identify the candidate nu-
merology for the u-th user, the received composite OFDM signal (y) is correlated with
all possible CP signals in y. The absolute values of the normalized correlation of y for
the u-th user at the position i = ny; mod (Ny + Ncpy) are calculated by (9), where

ng=0,1,..., N + Ncp — 1 represents the sample index.

We consider finding the first two highest peaks in the first OFDM symbol of each nu-

merology as
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1 ) (3.74)
ip2 = arg max {Ccp(k, i2)} ,
i2
where i1 = 0,1,...,(Nx + Ncpx)/2 — 1 and ia = (N¢ + Nepi)/2, (Ng + Nepi)/2 +
..., (Nx+Ncpi)—1. Afterward, the calculated distance between the peaks of the candidate

numerology can be found as follows:
Afp = lipa —ip1l. (3.75)

If A f; corresponds to the numerology with A f; whose order is defined in the set y, then a
correct identification of numerology type as A f; is achieved. The proposed time-domain

identification algorithm is summarized in Algorithm 3.1.

Algorithm 3.1 The proposed time-domain identification algorithm

Ce p(k,i) < Correlate the CP signal for the u-th user in y.
ip1,ip2 < Evaluate the positions of the first two highest correlation peaks as in (10).

Af; = lip2 — ip1| < Estimate the FFT size of the candidate numerology.
if Af; € x then
Correct identification of numerology type.
else
Incorrect identification of numerology type.
end if

AN A o ey

The frequency-domain offers reliable results about signals in the communication systems.
After identifying the numerology in the time domain using Algorithm 1, we can detect
its location by exploiting its characteristics in the frequency domain. The time-domain

samples are transferred to their corresponding frequency-domain ones.

The CP of the numerology, whose type is identified in the time domain, is removed from
y, and the resultant signal given as yx. Afterward, the FFT operation with a length of
Ny is employed to yi to get the subband signal of the u-th user in the frequency domain
(vF.u). The location of the candidate numerology is detected by observing the lowest
amplitude variation in the absolute response of yz, (i.e. |yr|) for the U subbands. More

specifically, the variation coefficient (V,,) is calculated for each subband as
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Vi=0o/u
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Tt S|Pl = 7 T IyFul (3.76)

b

1
N Zu VPl
where o and u represent the sample variance and mean over a specific band in |y g, | with a
length of Ni. The location of the candidate numerology is estimated based on the obtained

V, values as

u=argmin{V,}. 3.77)

From (13), the numerology of the #-th user subband is identified as Af;. Since the FFT
operation is employed based on Ng, the i-th user subband with the minimum V,, value
identifies the numerology for the u-th user subband as A f,f. If there is no mismatch
between numerologies of the users as A f,f = Af}',Vu, then a correct identification of
numerology location is achieved. Otherwise, an incorrect identification occurs, and it in-
troduces extra bit errors besides the error bits in the detection of the conventional symbols
in the classical mixed-numerology system. The step-by-step procedure of the proposed

frequency-domain algorithm can be summarized, as shown in Algorithm 3.2.

Algorithm 3.2 The proposed frequency-domain identification algorithm

vk < Remove the CP signal part of the candidate numerology from y.
vr.u < Employ FFT with length Ny to y.
|yF.u| < Find the amplitude response of yr .
V. < Find the variation coefficient for each band in |yF ,|.
i = arg min,, {V, } < Estimate the location of the candidate numerology.
if Af{' = Af{,Yu then
Correct identification of numerology location.
else
Incorrect identification of numerology location.
end if

XN RN

H
=4

To evaluate the robustness of the proposed method, its BER performance is compared with
the theoretical results of the conventional OFDM that are formulated for binary phase shift
keying (BPSK) transmissions over AWGN and Rayleigh fading channels as [132]

Py = %Q(\/QSNR) (3.78)
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and

1 SNR
Py =={1-4/——] 3.79
b 2( SNR+1) (3.79)

where Q(.) is the standard Q-function [104] and SNR = E,/N, 1 (E» and N, 1 represent

the bit energy and the noise variance in the time domain, respectively).

The computational complexity is evaluated per detected numerology for the proposed
method and the non-blind identification approach. The autocorrelation method adopted
in Algorithm 1 (step 1) involves Ncp x multiplications and additions for a limited number
of lags. The maximum operation used in step 2 of Algorithm 1 has a complexity order
of O(Ny + Ncp,). Step 3 in Algorithm 1 requires constant time complexity. The com-
plexity of the conditional operation (step 4 to 8 in Algorithm 1) is based on U. The FFT,
variation coefficients calculations, minimum, and conditional operations are performed in
Algorithm 2. The complexity order of FFT is O(Ny logy Ni) [133], and U X M} addi-
tions/subtractions are needed to find the variation coefficients for the whole used band.
Minimum and conditional operations have a complexity of the order O(U). Thus, the

overall complexity level of the proposed method is linear-logarithmic.

3.7. Identification Of The Number Of Wireless Channel Taps Using Deep Neural

Networks

In the following Subsection 3.7.1, we will discuss the underlying system model and
present a summary of it. Then, we present the datasets generation and simulation setup in

Subsection 3.7.2.

3.7.1. System model

With different wireless environments, the number of channel taps (L) varies due to differ-
ent propagation paths. Therefore, it is necessary to identify L in the CIR since it is usually

unknown in practical scenarios.

The k-th observation (k = 1,2, ...,K) of the j-th channel class (j = 1,2,...,J) can be
represented as

T
)

i = [0 3| (3.80)

J
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where (.)7 is the transpose operation, x*) and y*) represent the k-th instance of x() and

y(t) for the j-th class of channels that is characterized by a specific number of taps.

Our problem is focused on finding a maximally sparse vector ¢ of length M such that rﬁ.k)
with length N can be represented by the fewest number of features in a feasible region.

The m-th value of c is related to the m-th value of h as

0 ifhy =0
Cm = (3.81)

1 ifh, #0
wherem =1,2,.... M.

In general, the aforementioned problem is considered an optimization problem given by

[1] as

min ||c|lo

¢ p (3.82)
s.t. r; ) = We

where ||c||o denotes I° norm, which counts the non-zero elements in c, reflects the number

of channel taps. W is a known, overcomplete dictionary of feature vectors with size N x M

where M > N. These vectors provide an indirect measurement for CIR [134]. If there is

a strong coherence between columns of W, then the sparse recovery estimation shown in

(6) could be significantly poor. It has been proven that the existing DNNs can efficiently

deal with coherent dictionaries and adversarial restricted isometry property constant [1].

Inspired by the featured characteristics offered by the DNN in [1], we employ a similar

DNN, and its detailed structure can be found in Figure 3.11.

To improve the performance of the used network, we incorporate some modifications by
introducing two Dropout layers to the DNN proposed in [1]. These Dropout layers offer

regularization to avoid overfitting.

The adopted DNN includes fully-connected layers with non-linear transformation func-
tions. In particular, the feed-forward design comprises fully-connected layers with 300
neurons and batch normalization. The batch normalization is incorporated in the designed
DNN to provide a reasonable initialization. Simple Rectilinear units (ReLU) tend to pro-

mote sparse features by deactivating weights with negative values. The used non-linear
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Figure 3.11: Basic network structure [1].

unit is

f(u) = usign(max{|u| — a,0}), (3.83)

where sign(.) represents the sign function and a denotes the shrinkage parameter.

Also, a final softmax layer is included, which yields a vector p of length J. For the loss

function, we used the cross-entropy loss function, which is defined as

J
CE = - Z gilog (p;). (3.84)
j=1

where g; represents the ground truth for the j-th class of channels for a given observation,
and p; € [0, 1] provides an assessment of the likelihood that the subject channel belongs

to the j-th class.

3.7.2. Methodology
Here, the datasets generation and simulation setup are presented.
3.7.2.1. Training Data Generation

Here, we import the measurement-based channel datasets from the NYUSIM simu-
lator [135]. This simulator is an open-source 5G and 6G channel model software.

The existing channel simulators, such as Quasi Deterministic Radio channel Generator
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(QuaDRiGa) [136], have not been developed based on extensive propagation measure-
ments at centimeter-wave to mmWave bands in diverse scenarios for 5G wireless systems.
However, NYUSIM has been built based on extensive field measurements at mmWave
bands in different outdoor environments, including urban microcell, urban macrocell, and
rural macrocell environments. Another feature found in NYUSIM is that it can recreate
wideband power delay profiles/CIRs and channel statistics for a broad set of frequencies,
beamwidths, bandwidths, wireless channel scenarios, etc. [135]. Moreover, the NYUSIM

simulator generates a realistic three-dimensional statistical spatial CIRs as represented in

).
3.7.2.2. Simulation setup

The parameters of the conducted simulations are chosen to be similar to that of the de-
fault simulation setup in [ 135] for the spatial channel model using NYUSIM. The selected
parameters are suitable in 3GPP and other standard bodies as well as industrial/academic

simulations.

The transmitted signals with an arbitrary size of 1000 X 1 are sent through different wide-
band frequency-selective channels with the generated CIR of a length corresponding to
the number of multipath components. Then, the complex-valued received signals with
their corresponding number of channel taps are used as the training dataset. The samples
of both the sent signal and the received signal are assigned to the DNN’s inputs. On the
other hand, the output is equal to the number of wireless channel taps. The received signal
corresponding to the largest CIR is of length 1499, where real values are concatenated
with its imaginary values. The dataset includes several channel realizations, consisting of

222 different channel classes in terms of the number of channel taps.

The DNN is implemented and trained using the Keras framework on Google Colaboratory
service graphical processing unit (GPU). The training process is performed until a stop
criterion is satisfied. The hyper-parameters selection is critical to the performance of DNN
and they are determined empirically. The batch size is 128 and the learning rate follows
a scheduler. The initial value of learning rate is 0.001 and decreases by a factor of 0.8
when the training accuracy forms a plateau for 18 epochs. Our DNN is trained with Adam
optimizer [137] due to its computational efficiency, fast, and smooth convergence. The

generated dataset size is 30K observations which are divided into 70% training data, 15%
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validation data, and 15% test data.

The developed DNN is also compared with the existing SWISS algorithm [49]. Table 3.10
shows the simulation parameters of the SWISS algorithm. It is proven in [49] that choosing
a proper threshold (17) becomes a more difficult problem as the number of paths increases,

which limits the achievable accuracy performance of the SWISS algorithm.

Table 3.10: The considered parameters for the SWISS algorithm.

Threshold (77) 0.995
Number of pilots 128
Pilot energy 1
Modulation type BPSK
Number of OFDM subcarriers 512
Number of OFDM symbols 2
Root-finding method Newton’s method [138]
Initial guess in Newton’s method 1
Number of iterations in Newton’s method 10
Error tolerance in Newton’s method 0.001

3.8. Radar-Aided Communication Scheduling Algorithm For 5G And Beyond Net-
works

We provide a summary of the fundamental system model in Subsection 3.8.1. Then, we

present the radar and communication models in Subsection 3.8.2 and Subsection 3.8.3.

3.8.1. System model

We investigate a radar echo-based scenario where a radar echo is reflected from the radar
target [65]. In this scenario, the echo is exploited to obtain different scheduling parameters,

such as target(s) range, velocity, and SINR information.

We consider a mmWave vehicle-to-infrastructure (V2I) communication system, e.g., sup-
ported through 5G cellular network, where mmWave BSs serve as infrastructure for V2I
communications. A monostatic radar system is collocated on the BS, which receives the
radar echos from the surrounding targets, as illustrated in Figure 3.12. When a moving
target is detected by the radar, the raw echo signal is sent to the communication module at

the BS. Side information derived from radar mounted on the infrastructure operating in a
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given mmWave band is used to schedule the available resources of the vehicular commu-
nication system [94]. The objective of the considered system is to schedule the available

resources in the BS relying on information extracted from the radar echo.

MIMO Communication Tx and
Collocated Radar Transceiver

Radar
Reflection

Radar Targets and
Communication Receivers

Figure 3.12: The system model where the radar information at the BS is leveraged to
schedule the resources of multiple mobile users.

The system under consideration in this study comprises of a BS and multiple mobile users
which act as radar targets and also as communication receivers. The BS has two major
components: (i) A phased array-equipped mmWave communication terminal to commu-
nicate with the mobile users, and (ii) a collocated radar system using frequency modulated
continuous wave (FMCW) signal. Next two subsections briefly cover the radar and com-

munication component system and signal models. [94].

3.8.2. Radar model

An FMCW radar signal is used by BS in the system under consideration. This radar was
designed to collect data about the surroundings through sensing it. FMCW radars transmit
chirp signals whose frequency varies continually. The FMCW radar transmits a linear

chirp signal that starts at f. and linearly ramps up to f, + ut, as shown by [94]

81



sin (27 [fct+%t2]) if0<tr<T,
chlrp (r) = (3.85)
0 otherwise

where u = B/T, is the slope of the linear chirp signal and B and T are its bandwidth and

duration.

A single radar measurement is obtained from the frame of duration 7. A chirp waves are
sent in each frame, with T of time between each one. No more signals are sent until the
end of the frame after the last chirp is transmitted. An expression for the radar frame’s

transmitted signal is [94]

Sframe(t) = \/_Z chlrp —da (Tc + Ts)) , 0<tr< Tf (386)

where V&; is the transmitter gain. The signal that is sent out is echoed by the target(s) in

the environment, and the radar picks up the echo(s).

At the receiver, an in-phase and quadrature sample are made by mixing the send and re-
ceive signals in a quadrature mixer. Following that, the combined signals are applied to a
low-pass filter. The result is a signal called the intermediate frequency (IF) signal, which
shows the difference in frequency and phase between the signal being sent and the signal
being received. If there is only one thing in the environment, the single chirp’s receive IF

signal can be written as [94]

Sehirp (1) = VEE, exp (j 27 [mt + feT - gﬂ) , (3.87)

where V&, is the channel gain of the object, which depends on the path loss and radar
cross section, T = 2d/c is the round-trip delay of the reflected signal through the object,
where d represents the distance between the object and the radar, and ¢ denotes the speed

of light.

The receive IF signal, schirp is then sampled at the sampling rate of the analog to digital
converter (ADC), f;, producing S samples for each chirp. Finally, the ADC samples from
each frame are collected. For an FMCW radar with M, receive antennas, each having the

described RF receive chain, the resulting measurements of one frame can be denoted by
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X € CM>SXA  Given X, important parameters for the proposed scheduler, including the
range and velocity of moving target(s) in the surroundings, are extracted. Once the IF
signal is obtained by the correlation of the transmitted and received echo, the parameters
are extracted through a range-Doppler matrix that is obtained by the 2D FFT method over
each coherent processing interval [139]. It should be noted that the investigation of this
method is not given in our work since it is out of the scope of the proposed MAC-based
scheduler. After the radar information is extracted, they are fed into the communication

module. In the following subsection, the communication model is described.

3.8.3. Communication model

The considered BS employs a mmWave OFDM-based transmitter with M, antennas
which is used to communicate with multiple single-antenna mobile users. Adopting a
narrowband channel model with P paths, the channel between the k-th user and the BS

can be expressed as [140]

pP-1

b= ) apa(dy.6,), (3.88)

p=0
where «, denotes the complex gain, a (¢,,6,) is the array response vector of the BS,
and ¢, 6, represent transmit azimuth and elevation angles of the p-th path at BS. In the
downlink, the BS transmits the data symbol s, to the user via the beamforming vector

f € CMa, The receive signal at the k-th user can be written as

Vi = V&M Esy +n, (3.89)

where n ~ CN (0, 02) is the additive white Gaussian noise (AWGN) with a variance of
o2, and V&, is the transmitter gain of the BS. The signal-to-noise ratio (SNR) measured
at the k-th user can be written as

86|thf|Psd

SNRy = 5 ,
(o8

(3.90)

where P, = E[|s4|?] is the average power of s;. SINR quantity should be measured as
a pertinent indicator of the system’s merit due to the unwanted signal that is picked up
from other interfering BSs. The SINR, expressed in dB, measured at the target user is

calculated as the SNR received from the intended BS minus the sum of power received
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from all other concurrently active BSs.

In the conventional communication CSI acquisition process, a known pilot signal is trans-
mitted, and the communication beams are adjusted based on this signal [141]. The FMCW
radar signal being a known signal, is used in the considered system to estimate the CSI for
the communication users rather than transmitting additional pilots. As a result, pilot trans-
mission overhead is reduced [139]. Furthermore, the radar measurements are leveraged
to optimize the communication scheduler’s performance. Based on the classical SINR
measurements and the information gathered about the users from the echo signal, namely
range (gr) and velocity (v¢), the BS allocates its available resources to the users. The next

section contains more information on the proposed multi-user scheduling scheme.

3.8.4. Proposed scheme

A new scheduling algorithm is proposed in this work based on the range, velocity, and
SINR information collected from the radar echo signal reflected from a target. The posi-
tions and velocities of vehicles are estimated. With the assistance of the radar, it is much
easier to detect and track moving vehicles. As shown in the field measurements in [142],
the accuracy of position information provided by radar is higher than that provided by
the Global Positioning System (GPS), resulting in a larger reduction in communication
overhead when leveraging position information provided by a radar sensor than when
leveraging GPS-based position. Based on the considered scheduling inputs, we set the

following scheduling rules:

* UEs near the BS are prioritized due to low path loss; UEs in the center of the cell
have a better channel quality indicator (CQI) and modulation scheme than UEs on

the cell edge due to their proximity to the BS.
» Low-speed UEs are also prioritized due to their invariant channel conditions.

» UEs with better SINR are also prioritized due to their high power.

Figure 3.13 shows the scheduling priorities for a bad SINR scenario. Regarding the range
parameter, the conventional relationship between signal strength and range in free space
is that the power of radio signals decreases with the square of the distance (d). The SNR

decreases with d due to path loss, so range knowledge can be utilized to estimate the
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Scenarios: SINR Bad
Priority 1: Near Range and Slow Velocity
Priority 2: Far Range and Fast Velocity
Priority 3: Far Range and Slow Velocity
Priority 4: Far Range and Fast Velocity

I T (el

130 kmvhr 40 k/hr 40 kb 130 kmvhr

—Ew e

Far Range Threshold Near Range Threshold

Cell Radius

Figure 3.13: Scheduling priorities for bad SINR scenario.

received power and interference level. It should be noted that SINR should be high to

receive the packet correctly. For example, the minimum required SINR could be 0 dB.

The range and velocity of the target can be extracted from the echo signal. The radar
receiver uses different signal detection algorithms, e.g., correlation based methods [143].
Based on the considered coexistence communication and radar use cases, it is found that
range and velocity are the critical metrics to be measured. Figure 3.14 shows the proposed
radar aided communication scheduler. We consider a DL transmission from BS to UE in

a typical radar aided communication system.

Table 3.11: Use cases proposed by Hexa-X [3] along with selected performance metrics,
based on [4]-[8].

Use cases Range Velocity

Smart city <200m <50 km/h

Health care 0.1 10m <1m/s
Transport cobots <200 m <100 km/h
Industrial cobots <200 m <30 km/h
Public safety/security <200 m <50 km/h
Mixed reality, gaming <10m <10 km/h

The scheduling inputs are collected by the echo signal from the target. These inputs in-
clude range, velocity, and SINR information. The considered inputs are imported from the
considered applications and use cases. Some numerical values of the considered inputs
can be shown in Table 3.11 [144]. It should be noted that the velocity metric, shown in

Table 3.11, refers to the maximal (relative) velocity that should be supported.
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Based on the considered scheduling inputs, we set proper scheduling rules. The range-
based scheduling rule is set where UE near the BS is prioritized due to low path loss.
The velocity-based scheduling rule is set where low-speed UEs are prioritized due to their
invariant channel conditions. The SINR-based scheduling rule is set where UEs with better
SINR are also prioritized due to their high power. We consider a scenario where multiple
BSs and UEs exist in the communication network. In this case, SINR is measured since
the interfering BSs cause interference to the desired UE served by its serving BS [145].

For simplicity, equal radar and communication transmit powers are assumed.

The estimated range and velocity from the considered system, as well as some of the
assumptions made in the proposed scheme, are described further. Basically, the mutual

distance between k-th UE and b-th BS, dp; (km), can be found as [146]

dpi = \/(mk,x2 — )+ (g = mpy,)°, (3.91)

where my ., and my ,, represent the position of k-th UE in the x and y axis, respectively,
and my, , , myp, y, denote the position of b-th BS in the x and y axis, respectively. Then, the

path loss (dB) can be calculated as [147]

PLyi = 32.45 +201ogy (dpi) + 201og1o(f.), (3.92)

where f. represents the carrier frequency in MHz. The received power (dB) can be repre-

sented as

P} = P}< — PLyy, (3.93)

where sz (dB) represents the transmitted power from b-th BS to k-th UE. Then, the SNR

(dB) can be evaluated as follows:

SNRy = P — BN, (3.94)

where Ny is the power spectral density (PSD) of AWGN, and B represents the system
bandwidth. The quality of the radio link between b-th BS and k-th UE can be measured

by considering the interference effects caused by interfering BSs as
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SINR = SNR; - > PR, (3.95)
vevy

where V is the set of interfering BSs and Pf]f (dB) is the interference power received from

the v-th interfering BS.

The goal of the proposed approach is to schedule BS transmissions so that the range (gx),
velocity (vg), and SINR (SINRy) are higher than specific threshold values g7, v, and

SINR7y, for every UE k that can receive a transmission from a scheduled BS:

8k = 8Th
Vi 2 VTh (3.96)

SINRy > SINRtp,.

According to the SINR formulated in (3.95), the data rate of k-th UE can be expressed as

rr = B logo(SINRy) (3.97)

The domain knowledge offered by the considered system provides a high reduction in
communication overhead to extract g; and v, fed to the communication modules, thus
enhancing SE (7). Furthermore, the accuracy in estimating g; and v is proportional to
the system throughput (£). Our scheduler maximizes ry, i, and . The decision variables
that control the considered scheduler outputs are g, v, and SINRy. The formulation of

the objective function is shown as

max re+n+
8k Vi SINRy n+<

st. 8k = 8&rh (3.98)
Vi = VT

SINRy > SINR7,

opt

t
The values g”", v}

,and SIN RZP " are optimally chosen using the classical trial and er-
ror method [148] to maximize the considered scheduling outputs. The employed trial and

error method continues until the stopping criterion is satisfied. The selected values of the
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considered scheduler outputs correspond to the optimal factors at the i-th TTI. Mathemat-

ically, the optimal solutions can be found as

Br, = arg max r;; (3.99)

By = arg max 7' (3.100)
1

B; = argmax ' (3.101)
) 1

Algorithm 1 shows the step-by-step proposed radar-aided communication scheduling al-

gorithm.

Algorithm 3.3 Radar-aided Communication Scheduling Algorithm
Input: The scheduling inputs.

Output: The scheduling outputs.

While stop criterion is not satisfied in i-th 77/

A. Pre-Processing
1: Acquiring scheduling inputs for all UEs: g, v, SINRy.
2: Acquiring the threshold values for the scheduling inputs: g7, vy, SINR7),.

B. Setting the scheduling rules
3: Check if g; > g7p.
4: Check if v > vyy,.
5: Check if SINRy > SINRrp,.
6: Else
7: Go to Step 1

C. Forming the optimization problem

8: Find maxg, ,, sivg, 'k +1+ <.

D. Finding the final output

9: Find g;”', v;"", and SINR]""

10: Set §,, = argmax; r

i
k
11: Set g, = arg max; 7

12: Set B, = arg max; I
End
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3.9. Dynamic-Structure Resource Block Allocation Based Scheduling For 5G Sys-

tems

Here, we introduce the proposed approach and system model. The system model of the
D-RBS has been discussed in [2]. Using the same system model as shown in Section 3.9,
we assumed that the used RBs in the considered D-RBS and S-RBS scenarios span by TTI
of T (s) and BW of W (Hz). In the S-RBS, the size of the RBs is constant. As illustrated
in Figure 3.15a, the considered S-RBS contains 8 RBs: 2 RBs with TTI of 1 ms and BW
of 15 kHz, 2 RBs with TTI of 0.5 ms and BW of 30 kHz, and 4 RBs with TTI of 0.25 ms
and BW of 60 kHz. On the other hand, the RB in the D-RBS is divided into small-sized
RBs with time duration 7; (s) and frequency size W; (Hz), where T; < T and W; < W. The
small-sized RBs of D-RBS have equal dimensions in the time and frequency domains, as
shown in Figure 3.15b, with 7; = 0.25 ms and W; = 15 kHz. Furthermore, different-sized
RBs comprised of these small-sized RBs are assigned to UEs. The considered D-RBS
offers 8 x 4 RBs, assigned to UEs that are flexibly multiplexed over some small RBs that

may be non-contiguous in time and frequency.

As shown in Figure 3.16, the small-sized RBs are assigned to UEs requesting specific ser-
vices. To guarantee meeting the requirements of the services, specific constraints should
be set as follows [2]; In order to satisfy the extremely high peak data rate requirements
of eMBB service, the minimum data rate constraints of k-th UE, that requests the eMBB
service at b-th gNB, is represented by RZZ""’. On the other hand, massive machine type
communication (mMTC) UEs require fixed, typically low, data rate and packet error prob-
ability on the order of 10~! [149]. Thus, the maximum data rate constraints of k-th UE
that requests mMTC service should be equal to RZZ“ M Moreover, the packet error proba-
bility of k-th UE requesting mMTC service in the i-th small-sized RB (e;;) has a maximum
value of e,’j"kax’i. Due to the delay limitation of URLLC UEs, each URLLC UE should be
assigned to only one column of small RBs. This could be done by the binary-valued factor

that determines the association of the small-sized RB i to k-th UE in b-th gNB is sz i 1e.,

s}, = 1 when b-th gNB allocates the i-th small-sized RB to k-th UE, otherwise, 5! = 0.

After determining the D-RBS and its associated decision rules, a specific topology for the
proposed approach is established. More specifically, the cellular topology with 7 gNBs is

constructed in a single ring hexagonal structure, as shown in Figure 3.17. Static UEs are
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distributed randomly across the region of interest, which is around 7 X 7 km in size. The

mutual distance between k-th UE and b-th gNB, dp; (km), can be found as follows [146]:

dpi = \/(mk,x —mp)’ + (M —mpy)°, (3.102)

where my , and my , represent the position of k-th UE in x and y axises, respectively,
and my, x, mp , denote the position of b-th gNB in x and y axises, respectively. Then, the

pathloss (dB) can be calculated as [147]

PLbk =32.45+ 20 10g10(dbk) + 20 loglo(fc), (3.103)

where f, represents the carrier frequency in MHz. The received power (dB) can be repre-

sented as

PR =Pl — PLyy, (3.104)

where P,{i (dB) represents the transmitted power from b-th gNB to k-th UE. Then, the

SNR (dB) can be evaluated as follows:

SNRy = PR — WN,, (3.105)

where Ny is the power spectral density (dBm/Hz) of the additive white Gaussian noise
(AWGN). The quality of the radio link between b-th gNB and k-th UE can be measured

by considering the interference effects coming from the interfering gNBs as

SINR; = SNR; — Z PR, (3.106)
veV

where V is the set of interfering gNBs and Pf,f (dB) is the interference power received

from the v-th interfering gNB.

The transmission rate of k-th UE, Ry (bits/s), on any small-sized RB can be formulated

based on the SINRy, as

Ri =W xlog, (1+ SINRy) . (3.107)
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The UE apcg; in the BCQI scheduler is selected as [150]

apcor = arg m]?x Ry. (3.108)

On the other hand, the PF scheduler decides on the selected UE apf as
apF = arg max ﬁ, (3.109)
k Ry
where Ry represents the average transmission rate of k-th UE over a given time period.
This interval should be short enough to avoid the effect of long-term differences in channel
conditions while also being lengthy enough to account for short-term quality variations.

It should be noted that the RR scheduler’s transmission rate is low due to the fact that it

serves all UEs regardless of their channel conditions.

The D-RBS based switching mechanism between RR and BCQI schedulers is examined
in addition to using D-RBS based conventional schedulers. The dynamic process in [102]
is proposed for throughput and fairness balancing by sensing the SNR to switch between
RR and BCQI and get the best assignment of RBs in the considered system. A practical
assumption is considered where CSI of UEs is acquired. The SNR of each accessed UE
is measured, and a threshold value of -10 dB is chosen since the BCQI achieves good
throughput at high SNR. The RB occupancy for each TTI is examined in relation to the
remained RBs (Ngp,) out of the available RBs (Ngg,).

The steps of the proposed approach are summarized as follows; 1) The existing D-RBS
scheme is employed. 2) The conventional schedulers, including RR, PF, and BCQI are
adopted based on the D-RBS. 3) The D-RBS based switching mechanism between RR
and BCQI scheduling algorithms is employed. 4) To evaluate the performance of the

proposed approach, data rate, system throughput, and SE are used.
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1. The OFDM With Subcarrier Modulation

Simulation results are carried out in this section 4.1.

The BER and throughput performances of OFDM-SNM system are simulated and com-
pared with both standard OFDM and OFDM-IM. The simulation parameters used are
shown in Table 4.1. It is assumed that the multi-path channel is Rayleigh distributed.
Figure 4.1 shows BER vs. E,/N,r of the OFDM-SNM system compared to its com-
petitive systems such as conventional OFDM, OFDM-IM [17] (with K = 2 and N = 4)
and OFDM-GIM [26] (with N = 4 and K = [1,2,3] ). As seen from Figure 4.1, both
OFDM-SNM and OFDM-IM have similar BER performance which is better than that of
classical OFDM for high SNR values (SNR > 10 dB). Also, it is observed that the BER

can be improved further when interleaving is adopted [151].

100

=—3— Plain OFDM

= © = OFDM-IM, N=4, K=2, without Interleaving

= B = OFDM-SNM, N=4, without Interleaving

= <4 = OFDM-GIM, N=4, K=[1,2,3], with Interleaving

E,/N, (dB)

Figure 4.1: BER of OFDM-SNM compared to conventional schemes.

Figure 4.2 demonstrates that the throughput performance of the OFDM-SNM (in both

cases when CP is included and excluded from the throughput calculation) is better than
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Table 4.1: Simulation parameters.

Modulation type BPSK (M = 2)
IFFT/FFT size (Nf) 64
CP Guard Interval (samples) 8
Number of subblocks in each OFDM symbol (G) 16
Number of available subcarriers in each subblock (V) 4
Number of bits mapped to each subblock (p1) 2
Multipath channel delay samples locations [035638]
Multipath channel tap power profile (dBm) [0-8-17-21 -25]
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Figure 4.2: Throughput of OFDM-SNM compared to conventional schemes.

that of OFDM-IM by a factor of 1.125 and than that of OFDM-GIM by a factor of 1.1 at

equivalent BER performances.

4.2. The OFDM With Hybrid Number And Index Modulation

Simulation results are carried out in this section 4.2. Throughput, BER, and PAPR perfor-
mance metrics of the hybrid scheme are compared to those of OFDM-GIM. We assume
that the number of allowed active subcarriers of the OFDM-GIM is one, two, or three out
of four available subcarriers in each subblock [26]. The proposed scheme is also compared

with the OFDM-IM, OFDM-SNM, and conventional OFDM.

It is assumed that FFT size is Ng = 64, subblock lengthis L = 4, and p; = p2 = log,(L) =
2 bits for each subblock. The modulation used in simulations is BPSK. A Rayleigh fading
frequency-selective channel with an impulse response of length 9 and normalized power
delay profile given by o = [0.8407,0,0,0.1332,0,0.0168, 0.0067, 0,0.0027] mW is con-
sidered [152]. We assume here that the CP length (N¢p) is longer than the effective CIR,
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and there is no Doppler effect. For a fair comparison, the same SNR (E;/N, 1) level
is assumed for all schemes, where E}, is the bit energy. The number of iterations in the
conducted Monte Carlo simulations is 8000. The proposed OFDM-HNIM scheme is eval-

uated under ideal channel conditions and imperfect CSI to assess its robustness.

4.2.1. Performance of the proposed OFDM-HNIM scheme under ideal channel con-

ditions

Figure 4.3 and Figure 4.4 shows the throughput performance of the OFDM-HNIM
scheme compared to its competitive schemes under different modulation types. In the
conducted simulations, the throughput is calculated by multiplying the SE for a given
modulation scheme with BER subtracted from one. At very high SNR, the possible rates
or SEs for all the schemes reach their maximum values. These SE values are dependent
on the mapping between incoming bits, SAPs, and conventional symbols. As demon-
strated in Figure 4.3, the hybrid scheme’s SE is 1.33 bits/s/Hz with SE gains of 0.44,
0.33, and 0.3 compared to OFDM-IM, conventional OFDM, OFDM-SNM, and OFDM
GIM, respectively, at BPSK modulation. The reason behind the superiority of the hybrid
scheme over other schemes using BPSK modulation is due to the low noise and interfer-
ence effects in lower-order modulation in addition to the additional data transmitted by
indices and the number of active subcarriers. This illustrates that OFDM-HNIM has bet-
ter SE than OFDM-IM and OFDM-SNM, which solely use subcarrier indices or numbers

to send additional data bits.
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Figure 4.3: Throughput performance over the available OFDM subcarriers of the pro-

posed scheme and its competitive schemes under BPSK.
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Figure 4.4: Throughput performance over the available OFDM subcarriers of the OFDM-
HNIM scheme and its competitive schemes under QPSK.

The throughput performances of the featured OFDM-based schemes under QPSK are
shown in Figure 4.4, where SE superiority of the OFDM-HNIM scheme also seen over
the OFDM-IM and OFDM-SNM schemes. However, the classical OFDM outperforms
the OFDM-HNIM in terms of throughput under QPSK at low SNR values due to the
sparse distribution of active subcarriers in the proposed hybrid scheme, OFDM-SNM,
and OFDM-IM schemes.

Figure 4.5 shows the BER performance of the featured OFDM-based modulation options
under BPSK. The transmitters of the investigated schemes have the same total power,
and the inactive subcarriers’ power is evenly transferred to the active ones. The hybrid
system’s ISAPE-based detector had a lower BER than the PSAPE detector due to three

€ITor Sources.

As shown in Figure 4.5, using the LLR detector with the proposed OFDM-HNIM scheme
provides the best performance in the SNR range of interest. Employing PSAPE and IS-
APE detectors, on the other hand, results in non-competitive BER performance, especially
in the high SNR region. This is due to the weaker protection offered to the number and
index-modulated bits compared to conventionally modulated ones, leaving them prone to
a higher number of errors. Moreover, due to the high ratio of number and index-modulated
bits, their impact on BER is magnified. Furthermore, Figure 4.5 shows reasonable theo-
retical ABEP results to that using computer simulations as SNR increases, which proves

the correctness of the theoretical analysis.
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Figure 4.5: BER of the proposed scheme, OFDM-GIM, OFDM-IM, OFDM-SNM, and
classical OFDM under frequency-selective Rayleigh channel with BPSK.

To have a fair comparison between the proposed scheme and its competitive schemes un-
der equivalent SE, their BER performances are simulated under the same SE. Particularly,
the BER performance of the proposed scheme is compared to OFDM-IM and conventional
OFDM, at equivalent SE of 1.78 bits/s/Hz, as shown in Figure 4.6. To attain this SE,
the active subcarriers of each subblock of the proposed scheme are modulated by QPSK.
While the active subcarriers, of the OFDM-IM and conventional OFDM, are loaded with
8-QAM and QPSK, respectively.

As shown in Figure 4.6, the proposed OFDM-HNIM significantly outperforms OFDM-
IM and conventional OFDM schemes in terms of BER under equivalent SE of 1.78
bits/s/Hz. Particularly, the OFDM-HNIM scheme has much better BER performance over
OFDM-IM at the low SNR region, but this considerable improvement degrades slightly
for high SNR values. The reason behind this SNR-loss in OFDM-IM compared to the
hybrid scheme at low SNR values is that the effective power per subcarrier in OFDM-
HNIM is more than that of OFDM-IM due to having higher EE. This results in making
the sensitivity of OFDM-IM to both noise and interference to achieve the same SE much

higher as compared to the OFDM-HNIM scheme.

Figure 4.7 presents the complementary cumulative distribution functions (CCDFs) of the

PAPR of the proposed OFDM-HNIM scheme compared to its counterparts. Figure 4.7
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Figure 4.6: BER of the proposed scheme, OFDM-IM, and classical OFDM under
frequency-selective Rayleigh channel with SE of 1.78 bits/s/Hz.

shows that the PAPR performances of these featured OFDM modulation options are high
and almost the same as plain OFDM [10], [153]. The reason behind this high PAPR perfor-
mance of the proposed OFDM-HNIM scheme is the sparsity nature of active subcarriers
in OFDM-HNIM, which is also a problem in the conventional OFDM-SNM and OFDM-
IM schemes. This inherent feature of having some inactive subcarriers in OFDM-HNIM,
OFDM-SNM, and OFDM-IM schemes can be exploited to reduce the PAPR by designing
a proper mapping while ensuring that the PAPR level is minimal. The proposed PAPR
reduction techniques for conventional OFDM [154] may not be directly applied to non-
conventional OFDM modulation schemes such as the OFDM-HNIM scheme. The reason
behind this is having unique features and characteristics for different OFDM modulation
options [10]. Therefore, we need proper, effective PAPR reduction methods to reduce the

PAPR of the proposed OFDM-HNIM scheme, which is left for future works.

4.2.2. Performance of the proposed OFDM-HNIM scheme under imperfect channel

estimation

The subcarrier activation in the proposed scheme, OFDM-SNM, and OFDM-IM schemes
is dependent on the non-conventional bits, i.e. index and number bits for the proposed
OFDM-HNIM scheme, and index bits for the OFDM-IM scheme. Therefore, channel

estimation techniques developed for conventional OFDM cannot be applied directly to
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Figure 4.7: PAPR performances of the featured OFDM modulation options.

these schemes [155]. Some channel estimation methods for OFDM-IM have been pro-
posed in [155] based on its subcarrier activation process. Particularly, pilot symbols are
inserted in the frequency domain based on the active subcarriers for tracking the chan-
nel variation. After that, the existing interpolation algorithms, such as piecewise linear
interpolation (PLI) [156], are applied to estimate the channel frequency response at data
symbols. Based on the general principle of subcarrier activation in OFDM-HNIM and
OFDM M, the developed channel estimation techniques for OFDM-IM [155] could be
applied to OFDM-HNIM.

It is assumed that the channel estimation process is performed before data transmission.
The estimate version of the channel can be represented by an error vector added to the

CIR vector (hy) as

he = he + €, (4.1)

where € ~ CN (0, B) represents the channel estimation error vector, which is independent
of hy. Figure 4.8 shows the BER performance of our proposed scheme compared to its
counterparts under low channel estimation quality, particularly when g = 1. It is clearly
shown that our scheme is robust against channel estimation errors, especially in the high
SNR regime. Moreover, the effect of channel estimation error on the proposed scheme
is investigated under different channel estimation qualities with 8 = 0.01, 8 = 0.1, and

B = 1. For comparison purposes, the performance of the perfect channel estimation case
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(B = 0) is also included. Figure 4.9 shows that the BER performance gets better as the

channel estimation quality enhances (i.e., low values of ). Particularly, the proposed

scheme is resistant to channel estimation errors for values of 8 < 0.01, and there is 3 dB

degradation in BER when 8 > 0.1 compared to the perfect channel estimation case. This

performance of the proposed scheme under imperfect channel estimation error could be

further improved by using the existing algorithms in the literature, such as the algorithm

in [157].
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Figure 4.8: BER performance of the proposed OFDM-HNIM scheme, OFDM-IM,
OFDM-SNM, and classical OFDM with imperfect CSI with g = 1, and BPSK.
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4.3. The OFDM-SGM Scheme

Here, we discuss the simulation results of the OFDM-SGM scheme. Throughput, SE and
EE trade-off, and BER of the proposed OFDM-SGM scheme are compared with other
existing schemes including OFDM-IM, OFDM-SNM, and plain OFDM. In our simula-
tions, N and L are set to 64 and 4, respectively, the number of subblocks G = N/L = 16,
and SGM bits are p; = log,(L) = 2 bits in each OFDM-SGM subblock. We assume the
BSPK modulation of active subcarriers to utilize the full capability of the OFDM-SGM
scheme. The simulated wireless channel is Rayleigh distributed and frequency-selective,
as adopted in [10]. Similar signal-to-noise ratio (SNR) (or E;, /N, 7) is considered to pro-
vide a fair comparison between the featured schemes, where E, is the bit energy. The
CP length (N¢p) is set to be longer than the number of channel taps to avoid intersymbol

interference [158]. Furthermore, CSI is assumed not to be available at the transmitter.

The throughput performance of the OFDM-SGM compared to its counterparts under
BPSK is demonstrated in Figure 4.10. As presented in Figure 4.10, the SE of OFDM-
SGM under BPSK is higher than that of its competitive schemes because of having a
more average number of active subcarriers in OFDM-SGM as compared to OFDM-IM.
The degree of freedom offered by introducing the gap between active subcarriers as the
new transmission medium enables an improved throughput performance of OFDM-SGM

compared to the plain OFDM.
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Figure 4.10: Throughput of the proposed OFDM-SGM scheme and its counterparts under
BPSK.

As commonly done in the literature, we investigate the trade-off between the SE and EE

for the considered modulation schemes. This trade-off is determined by the number of
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active subcarriers in the OFDM block [14]. In particular, more saved energy and less SE
result from having less number of active subcarriers. Figure 4.11 exhibits the SE and
EE ratios of the proposed scheme, OFDM-IM, OFDM-SNM, and the reference OFDM
scheme under BPSK. It is obvious from Figure 4.11 that the OFDM-SGM offers higher
SE and EE ratios as opposed to the OFDM-IM with low activation ratio (AR), and the
plain OFDM.
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Figure 4.11: The SE ratio (SEr) and EE ratio (EEr) of the proposed scheme and its coun-
terparts. The symbols s1, s2, s3, s4 correspond to the proposed scheme, OFDM-IM with
AR = 0.25, OFDM-IM with AR = 0.5, and conventional OFDM, respectively.

Figure 4.12 shows that OFDM-SGM has improved BER performance over classical
OFDM at high SNR values. Moreover, the proposed scheme with an LLR detector has
comparable BER performance to OFDM-SNM and OFDM-IM. The reason for that is the

gap between active subcarriers in OFDM-SGM increases the influence of active gap bits

on the BER more.
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Figure 4.12: The BER performance of the OFDM-SGM, OFDM-IM, OFDM-SNM, and
plain OFDM under frequency-selective Rayleigh channel with BPSK.
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Table 4.2: Simulation parameters.

Modulation type BPSK (M =2)
IFFT/FFT size (NF) 64
CP guard interval (samples) 8
Number of subblocks in each OFDM symbol (G) 16
Number of available subcarriers in each subblock (N) 4
Number of bits mapped to each subblock (p1) 2
Multipath channel delay samples locations [03568]
Multipath channel tap power profile (dBm) [0-8-17-21 -25]

Moreover, the BER performance of the proposed OFDM-SGM when using the ISAPE de-
tector has worse BER performance compared to that of the PSAPE detector. The reason
behind this degraded BER performance of the ISAPE detector is that more error sources
result from employing ISAPE as compared to the PSAPE detector. Figure 4.12 also shows
that with the growth of SNR, the obtained theoretical results become closer to the simula-

tive ones.

4.4. The Floating OFDM-SNM For PAPR And OOBE Reduction

Here, we present the simulation results of the proposed floating OFDM-SNM scheme.
PAPR and OOBE simulation results are presented in Subsection 4.4.1 and Subsec-

tion 4.4.2, respectively.

The performance of the proposed scheme is investigated by computer simulations with a
setup presented in Table 4.2. Here, an OFDM block with a specific number of available
subcarriers is considered, and the active subcarriers carry the binary phase shift keying
(BPSK) symbols. The HPA is ignored from the transmitter to simplify the simulated sys-
tem. Furthermore, the multi-path channel is assumed to be Rayleigh distributed. The
CCDF of the PAPR, PSD, and BER performances of the proposed scheme are simulated
and compared with the conventional OFDM and OFDM-IM. For a fair comparison be-
tween the considered schemes, the same signal-to-noise ratio (SNR) or E, /N, r level is
assumed, where E), represents the bit energy. The simulation results related to PAPR and

OOBE are presented in the following Subsection 4.4.1 and Subsection 4.4.2.
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4.4.1. PAPR simulation results

The PAPR performance can be enhanced, however this usually happens at the cost of in-
creasing BER [30]. Therefore, CCDF results should be considered together with BER per-
formance. The PAPR performance of OFDM-SNM is nearly the same as that in OFDM-
IM and OFDM due to the equal distribution of the total energy over the active subcarriers.
We employ the ACE and SGP [33] to reduce PAPR further, based on a proper predefined
clipping threshold (A). A is set to 2.2 with a clipping ratio (CR) of 6.8485 dB, and a

maximum number of iterations (J) equals 2, which makes our algorithm less complex.

The PAPR and BER performances of the OFDM-SNM with and without applying
ACE/SGP are presented in Figure 4.13 and Figure 4.14, respectively. We observe that it
1s possible to differentiate between different SAPs arrangement by finding the one which

provides the lowest PAPR.
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Figure 4.13: PAPR of OFDM-SNM without/with employing ACE and SGP techniques
compared to OFDM-IM and conventional OFDM.
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compared to OFDM-IM and conventional OFDM.
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Figure 4.13 shows almost 3.5 dB gain in PAPR reduction performance when employing
ACE/SGP as compared to the case without ACE/SGP. Also, the PAPR performance of the
OFDM-IM and classical OFDM are almost the same as the ones for OFDM-SNM when
ACE/SGP is not employed [31].

Figure 4.14 shows that employing ACE/SGP slightly enhances the BER performance of
the OFDM-SNM compared to when ACE/SGP is not implemented. The obtained BER
performances are still comparable to the ones in the OFDM-IM and plain OFDM. One
main factor that contributes to the robust BER performance of our PAPR reduction tech-
nique is that the proposed scheme does not require side information. Thus, the proposed
scheme does not suffer from BER degradation when receiving incorrect side informa-
tion that results in the wrong recovery of the whole OFDM symbol. Hence, the pro-
posed scheme attains a good BER performance, unlike hitherto PAPR reduction tech-
niques where side information is needed for PAPR reduction [30]. Another critical factor
that maintains the robustness of the BER performance of the proposed scheme is not in-
troducing an increase in the average transmitted power, which is needed in some existing

PAPR reduction techniques [30].

4.4.2. OOBE simulation results

It is assumed that the transmitted power to the OFDM symbol is the same among the con-
sidered transmission schemes. Figure 4.15 shows the PSD performance of the proposed
scheme in comparison with the conventional and competitive schemes. It can be clearly
seen from Figure 4.15 that there is a 2.38 dB gain in OOBE reduction by employing the
proposed scheme in contrast to the conventional OFDM-SNM while a little gain when

compared with the conventional OFDM and OFDM-IM.

4.5. Blind Numerology Identification For Mixed Numerologies

Simulation results are carried out in this section Section 4.5. The simulation results are
illustrated to investigate the robustness of the proposed method. In the conducted sim-
ulations, the received mixed-numerology signals are assumed to be affected by AWGN
and multipath Rayleigh fading channels. The considered multipath channel is charac-

terized by an impulse response of length 9 and normalized power delay profile o =
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Figure 4.15: PSD of the proposed scheme and its competitive schemes.

[0.8407,0,0,0.1332,0,0.0168, 0.0067, 0,0.0027] mW [152]. For each SNR value, we

performed the simulations 10* times to ensure good accuracy.

For the sake of simplicity, we consider two scenarios as Scenario 1 and Scenario 2 in the
conducted simulations. The base numerology with 15 kHz SCS is mixed with 30 kHz SCS
and 60 kHz SCS numerologies in Scenario 1 and Scenario 2, respectively. The adopted
numerology parameters are shown in Table 4.3 [40]. The CP ratio is set as @ = 1/16.
We assume an uplink transmission of two users using different numerologies with BPSK

symbols carried on the activated subcarriers.

Table 4.3: The numerologies parameters in the considered scenarios.

Numerology NUM-1 | NUM-2 | NUM-3
k 0 1 2
Afy 15kHz | 30 kHz | 60 kHz
Ny 4096 2048 1024
Ncp.k 256 128 64
My 1024 512 256
Number of OFDM symbols 1 2 4

Figure 4.16 shows the CP correlation calculations in Algorithm 1 for Scenario 1 without
considering the channel distortion and noise effects. Correct identification of the 15 kHz
and 30 kHz SCSs candidate numerologies is achieved in the time domain, as shown in
Figure 4.16. The average distances between the consecutive highest peaks are 4096 and
2048 samples, which correspond to the IFFT/FFT sizes of the 15 kHz and 30 kHz SCSs

candidate numerologies, respectively.

Algorithm 2 is also simulated for the Scenario 1 without taking channel distortion and
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Figure 4.16: CP correlation calculations for Scenario 1 without considering noise and
channel effects. a) 15 kHz numerology, b) 30 kHz numerology.

noise into consideration, as shown in Figure 4.17. It shows that the subband locations
of the candidate numerologies can be easily identified and differentiate from each other.
For example, the calculated V,, values in Figure 4.17b for the used band are 5.0733 and
0.0051, respectively. Therefore, it is straightforward to say that the subband location of
the 30 kHz candidate numerology is the one with the lowest V,, value (i.e. the second used

band with V,, = 0.0051).

0 0 J
0 1000 2000 3000 4000 0 500 1000 1500 2000
Scaled received samples in a symbol Scaled received samples in a symbol

Figure 4.17: Amplitude variations plots for Scenario 1 without considering noise and
channel effects. a) 15 kHz numerology, b) 30 kHz numerology.

The performance of the proposed method is compared with the non-blind approach in the
traditional mixed-numerology system under AWGN and multipath Rayleigh channel. It is
worth noting that prior knowledge about the candidate numerologies is known in the non-
blind identification approach. Figure 4.18 shows that the proposed algorithms provide
robust accuracy results for a wide range of SNR values. More specifically, the proposed
blind identification method and the non-blind approach guarantee a success rate of 100%

for the considered scenarios at 0 dB of SNR under AWGN. Figure 4.18 also shows that
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the types and locations of candidate numerologies can be detected with robust accuracy

in multipath conditions.
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Figure 4.18: The average success rate of detecting the candidate numerologies in the con-

sidered scenarios using the proposed algorithms and the non-blind identification approach
under AWGN and Rayleigh fading channel.

The BER performance of the proposed blind identification method is compared with the
non-blind identification approach in the conventional mixed-numerology OFDM system.
It should be noted that Scenario 1 is considered in the BER performance evaluation for the
proposed method since it has worse success rate compared to the second one. As a bench-
mark, we also include the theoretical BER performances of the conventional OFDM [132]
where single numerology is used. Figure 4.19 shows that the proposed method is slightly
worse than the theoretical BER result of the conventional OFDM under AWGN environ-
ment. Also, a slight BER difference between conventional OFDM and the non-blind iden-
tification approach in the conventional mixed-numerology system can be observed due to
inserting sufficient guard bands to eliminate the effects of inter-numerology interference
(INT), especially at high SNR values. This interference can be also decreased by other
approaches [159], but this is out of the scope of this work. The additional blind operations
performed in the proposed method introduce indispensable bits in errors. Thus, there is
approximately 3 dB loss in BER performance of the proposed blind method compared to

that of the non-blind one.
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Figure 4.19: Comparison of the average BER performance of the blind/non-blind ap-
proaches in the conventional mixed-numerology system, to the theoretical BER results of
the conventional OFDM under AWGN and Rayleigh fading channel.

4.6. Identification Of The Number Of Wireless Channel Taps Using Deep Neural
Networks

Simulation results are carried out in section 4.6. Simulation results are presented to
demonstrate and analyze the effectiveness of the proposed identification technique. The
convergence performance of the proposed technique is shown in Figure 4.20 after 1500
training epochs. The training accuracy is around 70%, about 8 points higher than the
validation accuracy. When the number of epochs increases, both training and validation
losses notably decrease. The achieved test accuracy is almost 62%. These preliminary
results prove that our DNN converges to provide significantly higher accuracy than the
existing SWISS algorithm under practical conditions where the signals are impaired by
the frequency-selective fading channels. More specifically, the SWISS algorithm is a less
efficient technique since pilot symbols are needed for accurate path-number identification.
It has proven in [49] that the SWISS algorithm can identify exactly 9 paths with probabil-
ity near 1. However, the identification obtained from NYUSIM datasets using the SWISS
algorithm becomes inefficient for the number of channel taps that exceeds 9. More specifi-
cally, the SWISS algorithm achieves an average identification precision of 40.54%, which

is much less than the value obtained by the proposed DNN-based approach.

However, the accuracy metric can not represent the tolerance in results. The predicted

number of taps that falls within a tolerance margin from the ground truth can be seen using
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Figure 4.20: The convergence performance of the adopted DNN. a) Change in train-
ing/validation accuracy during training, b) Change in training/validation loss during train-
ing.

a confusion matrix. The obtained confusion matrix for the test set is shown in Figure 4.21.
However, the bias effect at the bottom left in Figure 4.21 can be explained by the nature
of the channels generated from NYUSIM. These channels can have an unbalanced share
of generation, causing the repetition of the number of taps in an unfair way. Thus, the bias
leads to a misprediction that ultimately lowers the accuracy. Despite this unwanted effect,
the overall performance of the network tends to provide a solution for the identification

of the number of channel taps.
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Figure 4.21: Normalized confusion matrix for test set in the proposed DNN-based
method.

Furthermore, the computational complexity of the existing SWISS algorithm is very high.
Particularly, the SWISS technique requires implementing one of the root-finding meth-
ods such as the Newton method to get the optimal dual variable for each class, thereby
increasing the computational overhead. Also, these root-finding methods need to have
initial guesses, error tolerance, and several iterations to converge to the optimal dual vari-
able. The number of steps to convergence is in the order of O(log, S), where S is the

predefined initial guess. Furthermore, the SWISS algorithm requires several iterations to
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reach the desired accuracy for each class. On the other hand, the designed DNN saves
computational complexity because it executes a constant number of matrix multiplica-

tions, independent of the channel’s class.

4.7. Radar-Aided Communication Scheduling Algorithm For 5G And Beyond Net-
works

Simulation results are carried out in this section 4.7. The performance of the proposed
approach is evaluated using system level simulation (SLS), then the key performance in-

dicators (KPIs) are investigated.

Figure 4.22 shows the considered multi-cell scenario where the cellular topology is
adopted in a single ring hexagonal structure with 7 5G BSs (gNBs), and their positions
are at the center of the hexagonal cell in a square area. Users are dropped in the same area
according to a uniform spatial distribution across the region of interest (ROI), which is

around 7 X 7 km in size.

We focus on downlink transmissions without power control, as is the case in the majority of
state-of-art proposals. It is assumed that BS knows the DL traffic demands that are cached
in its buffer. UEs are associated to BSs based on the strongest average received power,
i.e., based on distance, and do not change BS during the simulation. Fading is considered
in the numerical simulations in addition to path loss, through a random variable, expressed

in dB, distributed as a zero-mean Gaussian with a variance of o2 [160].
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Figure 4.22: Simulation network layout.

The proposed scheduler selects the UE to transmit in each time slot. As a basic scenario,
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Table 4.4: System Parameters.

Parameters/Symbols Values/Description
Transmission bandwidth (B) 5 MHz
Carrier frequency (f;) 5 GHz
BS transmit power (P}*) 46 dBm
Noise PSD (Ng) -174 dBm/Hz
Cell radius (R;) 1400 m
Inter-site distance (dy ) 2425 m
Number of BSs (Nps) 7
Number of UEs per BSs (Nye_gs) 10
Total number of UEs (Nyg) 70
Schedulers RR, BCQI, PF
Number of available RBs (N,;) 15
Number of subchannels in a RB (N,) 12
Number of available slots for scheduling (N;) 20
Slot duration (7) 0.5 ms
Subchannel bandwidth (By) 180 kHz
Number of symbols in a RB (V) 7
BS configuration Omni-directional
Transmission time interval (T71) 2 ms
Number of Monte-Carlo Runs (N) 1000

perfect CSI is assumed to be available at the start of each time slot for schedulers and
that at most one UE is allowed to transmit in each slot. The parameter specifications for
the number of slots (N;), slot duration (7), subchannel bandwidth (Bj), TTIL, etc. can be

found in Table 4.5. The considered scheduling inputs are imported from Table 3.11.

4.7.1. Simulation metrics

To understand the functioning of the proposed approach in much more detail, its perfor-
mance is evaluated by considering the RR, PF, and BCQI methods in terms of average
data rate (bits/s), throughput (bits/s), and SE (bits/s/Hz) over 1000 different channel real-

izations [101].

The average system and UE data rate, system throughput, and SE are found as follows,

respectively:
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where Nyg, N;, Nyp, Np, and N, represent the total number of UEs, number of correctly
received bits, number of available RBs, number of symbols in an RB, and number of

subchannels in an RB, respectively.

4.7.2. State-of-art scheduling algorithms

The most commonly used scheduling methods are PF, BCQI, and RR in the literature
and practice [161]. The available RBs are distributed using the PF, BCQI, and RR. The
performances of PF, RR, and BCQI are analyzed under the proposed approach. For the

same simulation scenario, the three scheduling techniques are used.

The PF method is one of the most widely used methods for fair scheduling [68], aiming
to provide fairness while taking advantage of good channel conditions and dynamically
allocating resources to UEs. It is proven in [162] that the PF is not optimal due to ca-
pacity constraints. The RR method provides RBs for UEs without considering channel
conditions; this is a simple procedure that ensures fairness [163]. The BCQI method is a
common channel-dependent scheduler. The channel variations between UEs are exploited

in this scheduler to maximize cell throughput at the expense of fairness [164].

4.7.3. Simulation results

Here, the simulation results are presented along with their discussions. MATLAB-based
SLS is used to evaluate the performance of the proposed approach. The achieved results
are shown with the classical methods, i.e., PF, RR, and BCQI. During the simulations, the
default parameters are listed in Table 4.5. The simulation results here showed the realistic
case in which the signal experiences interference and noise simultaneously. Because of
that, the SINR of UE has been measured when the power of the noise term is zero. Then,
the SINR reduces to the signal to interference ratio (SIR). Conversely, zero interference

reduces the SINR to the SNR.
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Figure 4.23, Figure 4.24, Figure 4.25, and Figure 4.26 show the performance of the pro-
posed scheduler compared to the conventional one in terms of data rate, system through-
put, and SE considering 15 available RBs. The achieved results show that the proposed
scheduler, considering SINR, range, and velocity as inputs to the scheduler, is better than
the conventional scheduler where SINR is only considered. It is demonstrated that the
BCQI outperforms the PF and RR in terms of data rate, SE, and system throughput under
the proposed scheme. The reason behind this is the channel-dependent characteristics of
BCQI while assigning RBs, resulting in superior spectrum utilization. The results also
show that the performance of the PF is slightly better than the RR. The RR performs the
worst because it reduces throughput, data rate, and SE. On another side, it offers greater
RA fairness among different UEs. It is worth noting that the throughput depends on the
simulated channel state, which influences the achievable transmission rate and the UE

scheduling mechanism adopted by BS.
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Figure 4.23: System data rate of the proposed scheduler compared to the conventional
one.
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Figure 4.24: UE Data rate of the proposed scheduler compared to the conventional one.
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Figure 4.25: System throughput of the proposed scheduler compared to the conventional
one.
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Figure 4.26: SE of the proposed scheduler compared to the conventional one.

4.8. Dynamic-Structure Resource Block Allocation Based Scheduling For 5G Sys-
tems

In Section 4.8, the simulation results and discussion are presented. The performance of the
proposed approach is evaluated by using System-level simulations (SLS)s in MATLAB,
and then the KPIs are investigated. For demonstrative simplicity, a flat fading model is
assumed where the user rate is directly proportional to its allocated bandwidth fraction.
The real-time traffic profiles of 5G services (eMBB, URLLC, mMTC) in our simulations

are utilized for each UE. The simulation parameters are presented in Table 4.5.

The employed transceiver is designed as follows. The considered frame consists of ran-
dom binary data bits that are encoded and modulated with the Turbo encoder and quadra-
ture phase shift keying modulator. The Turbo encoder and decoder pair use the trellis
structure with random interleaver indices. The modulated data is impaired by AWGN and

extended vehicular A model channel [165]. After that, the noisy signal is demodulated
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using the log-likelihood ratio detector with the Turbo decoder.

Table 4.5: The considered simulation parameters.

Transmission bandwidth 5 MHz
fe 28000 MHz
gNB configuration Omni-directional
Inter-site distance 2425 m
gNB transmit power 46 dBm
No -174 dBm/Hz
Number of gNBs 7
Total number of UEs (Nyg) 70
Number of eMBB UEs 20
Number of URLLC UEs 20
Number of mMTC UEs 30
RZZ"’Q 0.001
RZZ""” 0.005
el')"k”x’l 0.001

The proposed approach is evaluated by comparing its performance with the S-RBS based
scheduling approach considering the conventional schedulers; RR, PF, and BCQ], in terms
of data rate (Mbits/s), system throughput (Gbits/s), and SE (Mbits/s/Hz) [101]. The data
rate of the proposed approach can be shown in Figure 4.27a and Figure 4.28a. Two
possible cases for the number of RBs are considered: the first is when the number of RBs
is 8 and 32 in the S-RBS and D-RBS, and the second is when the number of RBs is 16 and
64 in the S-RBS and D-RBS. It is clearly shown that the D-RBS is significantly improved
over the S-RBS in terms of data rate for the considered scheduling approaches. The reason
behind this is the flexibility and dynamicity offered by the D-RBS compared to that in the
S-RBS.

a): Data rate. b): System throughput. ¢): SE.
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Figure 4.27: Datarate, system throughput, and SE of the proposed D-RBS based approach
versus the S-RBS using the RR, PF, and BCQI schedulers.

The system throughput and SE of the proposed approach are displayed in Figure 4.27b,
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a): Data rate. b): System throughput. ¢): SE.
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Figure 4.28: Data rate, system throughput, and SE of the proposed D-RBS based approach
versus the S-RBS by considering the dynamic switching between RR and BCQI.
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Figure 4.29: The achievable rate per user for different RBs and different services.

Figure 4.27c, Figure 4.28b, and Figure 4.28¢. As observed in the obtained results, high
system throughput and SE in the D-RBS are achieved through the considered schedul-
ing algorithms due to a higher number of RBs in the same BW with D-RBS, resulting in
superior spectrum utilization. Furthermore, the achievable rate per UE (bits/s/Hz) is ob-
tained at different values of time durations and frequency sizes for different RBs. More
specifically, the TTI and BW are {1, 0.5, 0.25} ms and {15, 30, 60} kHz, respectively, cor-
respond to the first, second, and third indices of the RBs shown in Figure 4.29. It can be
observed that the eMBB service has the best performance in terms of UE achievable rate
as expected due to its inherent features of having a high data rate. Moreover, the D-RBS
has significantly improved achievable UE rate compared to that in the S-RBS due to the
degrees of freedom found in the D-RBS.
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CHAPTER 5

5. CONCLUSION AND FUTURE WORK

This chapter includes some concluding remarks, insightful recommendations, and future

research challenges.

5.1. Concluding Remarks

Various modulation options for the OFDM waveform are reviewed, investigated, classi-
fied, and compared in terms of their reliability, complexity, PE, OOBE, and PAPR perfor-
mances. Signal plane dimensional-based classification is used to categorize the possible
modulation options as: OFDM-DM and conventional and adaptive OFDM modulations
exploit the 2-D signal plane. SM-OFDM, OFDM-IM, OFDM-SNM, and OFDM-PSM ex-
ploit the 3-D signal plane. As a conclusion, SM-OFDM can be preferred for its improved
reliability; OFDM-IM for its high power efficiency; conventional OFDM and OFDM-DM
for their simple transceiver structure; OFDM-PSM for its low OOBE; OFDM-SNM for
its higher throughput when channel conditions allow BPSK modulation; and OFDM with
adaptive hybrid modulation for its QoS-based adaptation. Also, the link between these

different candidates for modulation and the needs of future 5G networks is shown.

We introduce a novel multi-carrier modulation scheme called OFDM-SNM that sends
information not only by symbols but also by the number (instead of indices) of active sub-
carriers in each subblock. OFDM-SNM improves the spectral efficiency compared to that
of OFDM-IM by 12.5%. Besides, different from OFDM-IM, since the active subcarriers
in OFDM-SNM send information by their number instead of indices, their mapping can
be configured to be floating or contiguous based on the channel quality or the ICI level

between subblocks, resulting in even a better performance.
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In addition to the standard signal constellation symbols, we offer a new multi-carrier trans-
mission system called orthogonal frequency division multiplexing with hybrid number and
index modulation (OFDM-HNIM) that sends additional information bits by number and
index of the active subcarriers. As the modulation order increases, the proposed hybrid
scheme’s low-complex transceiver falls behind its counterparts in terms of throughput per-
formance in low-order modulation formats like BPSK and QPSK. The hybrid method out-
performed OFDM-IM and traditional OFDM in BER at 1.78 bits/s/Hz. Results show that
our OFDM-HNIM system is channel estimation error-resistant. Due to having inactive
subcarriers within the OFDM symbol of the hybrid scheme, it could be used to reduce in-
terference among subcarriers, and enhance EE by reducing PAPR. Furthermore, it is possi-
ble to design and develop much more advanced and effective modulation techniques by in-
tegrating the recently introduced subcarrier power modulation concept in [166] and [167]

with the hybrid scheme (OFDM-HNIM) to further enhance SE.

This paper introduces a novel energy-efficient multi-carrier modulation scheme termed
as OFDM-subcarrier gap modulation (OFDM-SGM) that transmits extra information by
the gap between the activated subcarriers beside the classical modulation symbols. The
OFDM-SGM has low-complex transceivers. Also, OFDM-SGM performs better than its
counterparts in terms of throughput under low modulation order. Furthermore, the upper
bound on the BER of the OFDM-SGM agrees with the analyzed one. As future work, the
proposed scheme will be investigated with different modulation orders and subblock sizes.
Another potential research direction is combining the proposed scheme with the other
existing OFDM-based modulation schemes to provide a further enhancement in different

performance metrics, especially SE [27], [168], [169].

We have proposed an enhanced version of the conventional OFDM-SNM scheme to re-
duce PAPR and OOBE. The locations of the active subcarriers are flexibly shifted based
on the PAPR performance. The best arrangement is the one that offers the minimum PAPR
performance. The proposed scheme is spectrally efficient since no reserved subcarrier is
used to transmit side information to the receiver for PAPR reduction purposes. Further-
more, the inherent features of the OFDM-SNM allow proposing a new OOBE optimization
method in which it offers minimum OOBE within the OFDM-SNM block. The proposed
energy-efficient scheme provides efficient solutions for OOBE reduction compared to con-

ventional OFDM-SNM, OFDM-IM, and traditional OFDM. Thus, the proposed method
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can limit adjacent-channel interference along with low PAPR values, thereby making it
more suitable for B5G wireless networks. As future work, it is possible to further in-
vestigate the PAPR and OOBE reduction techniques for the proposed scheme in terms of
different parameters, such as subblock size and the number of active subcarriers in each
subblock. Furthermore, it is worth examining the effectiveness of some other OFDM-

based modulation schemes [170]-[172] for PAPR and OOBE reduction.

A new identification method for mixed-numerology OFDM is proposed based on the
characteristics of mixed-numerology signals in time and frequency domains. The suc-
cess rates for numerology and subband location identification are very high over AWGN
and frequency selective channels. By using the proposed method, the numerology and
the subband location can be detected without prior information, but with a slight BER
performance loss. As future work, further accuracy improvements will be investigated,

especially for frequency-selective channels and asynchronous transmission.

In this paper, an end-to-end communication system is trained through a newly developed
DNN to identify the number of channel taps. We achieved an improved accuracy and loss
performance over the existing SWISS algorithm in identifying the number of channel taps.
Our DNN system is fed by a measurement-based training dataset. The proposed method
can be applied for different channel types without the need for a prior analysis. Also,
the identified number of taps could help track the time variations of the wireless channel
caused by the Doppler effect. The developed DNN has the potential to identify not only
the number of multipath components but also their corresponding locations. As another

future direction, the impacts of the noise on the proposed solution can be analyzed.

More effective scheduling algorithms are required to fulfill the needs of new applications
such as radar and communication coexistence. We propose a new radar-aided schedul-
ing algorithm in a practical vehicular communication scenario by utilizing some param-
eters, including range, velocity, and the conventional SINR measurements. The funda-
mental idea is to create the communication scheduler at the BS using the estimation of the
scheduling inputs derived from the radar echo signal. The proposed scheme introduces a
new degree of freedom to the scheduling design in radar-aided communication systems

that leads to an efficient scheduling algorithm. The proposed scheme is evaluated in terms
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of data rate, UE and system throughput, and SE. The simulation results prove that the pro-
posed scheduler outperformed the conventional one. Moreover, the obtained results show
a significant performance of the proposed scheduler using the BCQI over the PF and RR.
The results show that radar can be a valuable source of side information for the commu-
nication scheduler over a millimeter-wave (mmWave) V2I link. The proposed algorithm
should be viewed as a preliminary solution to demonstrate the approach’s practicality, al-
though it can be modified further. As future work, the optimal solutions could be further
improved by employing more efficient optimization methods than the adopted trial and
error method. Furthermore, the scheduling rules can be extended by incorporating the

angular parameter from the radar echo to enhance the performance of the scheduler.

In this work, we have developed a D-RBS based scheduling approach for 5G systems.
The D-RBS enables a flexible frame structure by offering small-sized RBs that can be
assigned to UEs requesting various services. The PF, RR, BCQI, and the switching mech-
anism between RR and BCQI have been employed based on the D-RBS because it offers
competitive features in RB allocation. System-level KPIs are evaluated to prove the ef-
ficiency of the proposed approach. The obtained results for the proposed approach are
relatively robust against the conventional S-RBS based scheduling approach, making it a
promising scheduling approach for futuristic wireless networks. In future work, different
transmission modes, such as multiple input multiple output (MIMO), will be investigated
under the proposed approach. Furthermore, the impact of the number of UEs and their

mobility will be analyzed.

5.2. Challenges And Future Research Directions

Subsection 5.2.1 shows the applications of the considered modulation options for 5G and
beyond networks based on the provided comparative evaluation. In Subsection 5.2.2,
some other flexible modulation options for OFDM variants are discussed. Subsec-

tion 5.2.3 exhibits envision for futuristic modulation options for beyond 5G.

5.2.1. Applications of the featured modulation options for SG and beyond networks

New services, scenarios, and applications, as well as numerous challenging requirements,

would appear in the next generation of communication networks. Single radio technology
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almost cannot satisfy all of these requirements at the same time especially with diverse
future services including mMTC, eMBB, and URLLC. In [173] and [174], the multi-
numerology OFDM concept is introduced to provide a more flexible solution for satis-
fying various requirements for different services in future communication networks. The
modulation option for a given waveform is expected to have a considerable impact on the
waveform’s capability to meet the diverse services and requirements of the next-generation

wireless networks.

The featured modulation schemes have varied performances for different metrics and cri-
teria, as presented in Section 3.5, where different reliability and throughput performances
are achieved. Table 5.1 and Table 5.2 show a qualitative summary of the performance of
the featured modulation schemes for an OFDM-based waveform. Thus, the possible ap-
plications of these featured modulation options for future networks can be predicted. The
main criteria to assess the effectiveness of a modulation option are its reliability, SE, PE,

OOBE, and complexity performances.

Table 5.1: Assessment of the featured modulation options in terms of reliability, SE and

OOB leakage.

OFDM-based
Modulation Reliability Spectral Efficiency OOB Leakage
Scheme
Conventional High at low SNR and | N logs (M) High due to the rectangu-
OFDM [76] low at high SNR N+ Ncp lar transmit pulse

OFDM-DM [77]

Low at low and high
SNR

Relative loss in throughput is
higher compared to plain OFDM

High

SM-OFDM [16]

High at low SE, de-
pends on a trade-off
between Ny *Ng and
M at high SE

N logy (NT) +logs (M)
N + Ncp

Low due to significantly
reduction in the interfer-
ence between the trans-
mit antennas

OFDM-IM [17]

Low at low SNR and
high at high SNR

N (loga (M) + logs (%) 1)
(N +Ncp)b

High due to the sparsity
nature of the activated
subcarriers

OFDM-
SNM [19]

Low at low SNR and
high at high SNR

3G, (loga (b) +a(g) logy (M)

N + Ncp

High due to the sparsity
nature of the activated
subcarriers

OFDM-PSM [20]

High at low SNR and
low at high SNR

High and depends on the number
of superimposed HG pulses

Low due to using local-
ized HG pulses

The possible applications of the OFDM-SNM scheme are the ones that require relatively
high transmission rate with low M, i.e. M = 2, to offer reduced BER values; and with a
small length of the subblock, i.e. 4 subcarriers, to attain low-complex detector. Moreover,

the OFDM-SNM inherent features of floating the active subcarriers could be exploited for
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Table 5.2: Assessment of the featured modulation options in terms of PE and computa-

tional complexity.

OFDM-based . . .
Modulation PE in terms of PAPR PE in terms of transmitted Computa‘tmnal
power Complexity
Scheme
High due to the construc-
Conventional tive combination of sub- | High due to transmitting power o(M)
OFDM [76] carriers with independent | on all subcarriers
phases
. High due to transmitting power
OFDM-DM [77] | High . O(M)
on all subcarriers
. Low due to transmitting power
SM-OFDM [16] High fo'r a large number of only to single transmit antenna | O(Nt, Nr, M)
subcarriers .
at a time
. - Low due to transmitting power
OFDM-IM [17] ng.h due to_ sparse dls.m- to fixed number of active sub- | O(M)
bution of active subcarriers S
carriers in each subblock
OFDM- High due to sparse distri- Me@mm and depequ on the
> . . varied number of active subcar- | O(b,a, M)
SNM [19] bution of active subcarriers ..
riers in each subblock
High due to superimpos-
OFDM- ing pulses together within | High and depends on the num-
PSM [20] the same time-frequency | ber of superimposed HG pulses O((D+1),R,U, M)
region

the applications where robustness towards adjacent channel interference is preferable, es-
pecially in 5G multi-numerology design. The flexible, low-complex OFDM-IM scheme
with an energy detector could be a potential candidate for the internet of things (IoT)
applications where limited power of devices as well as robustness against asynchronous
impairments are the main features of such applications. Furthermore, employing a low-
complex compressed sensing detector in OFDM-IM alongside low activation ratio could
be exploited for URLLC type of services due to low latency with high reliability perfor-

mances offered by such structure.

In the next-generation wireless networks, a robust receiver towards unknown interfer-
ence is needed. The number-based and index-based modulation options tailored to the
OFDM waveform are promising candidates against unknown interference especially with
employing a robust receiver including a low-complex, threshold-based detector. Utilizing
the inactive subcarriers in the index-based and number-based modulation schemes, such
as OFDM-SNM and OFDM-IM, could be helpful for 5G use cases where simpler ICI miti-
gation and low PAPR are crucial. The SM-OFDM scheme is suitable for mMTC use cases
due to its enhanced PE and reliability along with flexibility. Due to the preferable OOB
leakage performance of OFDM-PSM, it could be applied in applications where multi-user

interference mitigation is favorable.
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5.2.2. Other potential flexible modulation options for OFDM-based waveforms

Due to flexibility offered by the OFDM-based waveforms, there is a vital need for ad-
ditional flexible modulation options for OFDM-based waveforms to be proposed. It is
reasonable and advantageous to incorporate resources across various signal domains to
shape a multi-dimension entity for the implementation of the presented OFDM modula-
tion options. One example of these flexible modulation options is OFDM with subcarrier
power modulation (OFDM-SPM) in which the power of subcarriers is exploited as a novel
dimension to carry additional information bits beside the conventional PSK/QAM sym-
bols. As compared to conventional OFDM, the novel OFDM-SPM scheme doubles the
SE, and it uses only half the number of subcarriers required by OFDM with BPSK, and
thus power is saved. The flexibility of this power-based OFDM scheme is possible by
introducing more degrees of freedom for the saved power, in which it could be used for
merely power saving or power reallocation, which makes the OFDM-SPM transmission

scheme suitable for low complexity and power-efficient applications [169].

In the conventional transmission scheme, different QAM modulation orders are selected
and applied to different subcarriers based on their corresponding subchannels’ quality
and/or the requirements of the service or application being used at the receiver side (i.e.,
Quality-of-Service (QoS) based adaptation). Particularly, given service with a certain, tar-
geted BER requirement, the modulation orders are adaptively selected to meet the targeted

BER while maximizing the transmission SE.

The presented modulation options are not only applicable to plain OFDM, but also for
various OFDM variants [175]. The most common features of these OFDM variants
are their application of windowing and/or filtering operation in either frequency or time
domain. Example of these OFDM-like structure are filtered OFDM (f-OFDM) [176],
which employs windowing or filtering operation in time domain, filter bank multicarrier
(FBMC) [177] that filters the data in frequency domain at a subcarrier level, universal
filtered multicarrier (UFMC) [178] that performs filtering in frequency domain at the RB
level, and generalized frequency division multiplexing (GFDM) that applies a circular
convolution to directly apply filtering on a time-frequency block [99]. Some examples of

proposed modulation options for these OFDM variants are shown in Table 5.3.
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Table 5.3: Modulation options for OFDM variants.

Modulation option for OFDM vari-

Contributions
ant

OFDM variant

Circular convolution FBMC- Clrcular convolution FBM,C_IM pro-
FBMC IM [179] vides more OOBE suppression as com-
pared to conventional OFDM.

The acquired bandwidth efficiency of
GFDM with pulse superposition | the superimposed GFDM waveform is
modulation [100] almost 2.4 much higher than GFDM
with Gaussian pulses.

GFDM

The filter realizations carry information
through the index modulation. Univer-
Universal Filtered OFDM with Filter | sal filtered OFDM with filter shift key-
Shift Keying [180] ing provides significant throughput and
error performance improvements over
UFMC.

UFMC

In spatial modulation f-OFDM, each
subcarrier within the subband is mapped
to one of the transmitting antennas.
Spatial modulation f-OFDM provides
higher SE as a natural result of both SM
and f~-OFDM benefits.

f-OFDM Spatial modulation f-OFDM [181]

5.2.3. Futuristic modulation options for beyond 5G

The presented modulation options for OFDM and its variants are not sufficient to meet
diverse services in 5G and beyond networks. Further modulation schemes needed to be
explored for different waveforms, not limited to OFDM and its variants, in either one-
dimensional or multi-dimensional depending on the application, their requirements and
capabilities. For example, the link adaptation schemes adjust over-the-air transmission
parameters based on the radio channel change for both downlink and uplink. The CSI
measurements for link adaptation include some parameters such as CQI, which are re-
ported back to the transmitter. However, these conventional link adaptation hardly meets

the diverse 5G and beyond networks requirements, as shown in Figure 5.1.

Adaptive
/Fleéjfll\i M- Channel
modulation
Link
communication
CQI rate adaptation CSI

Figure 5.1: Block diagram of the conventional link adaptation.

Hence, there is a need for adaptive modulation options for a given waveform in 5G and
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Index-based Number-based Shape-based

modulation modulation modulation
family family family
A A

Adaptive /Flexible
modulation options | - Channel |
selector

Adaptation control based on:
1) PAPR.
2) OOBE.
3) Spectral efficiency.
4) Robustness to fading and
interference.
5) Compatibility to
asynchronous transmission.
6) MIMO Compatibility.
And many other key performance
indicators. ..

Figure 5.2: Block diagram of the adaptive modulation options selector.

beyond networks, as presented in Figure 5.2. It is worthy to note that there is no best mod-
ulation format, and the adopted modulation depends on the system requirements, channel
model and transceiver constraints, etc. Unconventional transmission methods may have
remarkable potential and impact to shape beyond 5G due to their inherently available ad-

vantages over conventional systems.

For example, index modulation schemes have been considered as alternative solutions for
5G and beyond wireless networks. One IM scheme that received a significant amount of
research, due to its promising performance, is the transmitter SM as described in Subsec-
tion 2.2.1. One of the variants of SM systems is called receive SM (RSM) [182], where
the transmitted signals from all transmit antennas are precoded, such that only a single
antenna receives the modulated symbol, while the received signals at all other receive
antennas include only noise. RSM is shown to require less computational complexity,
measured by the number of the required real multipliers at the receiver, as compared to

the transmitter SM.

Another potential IM-based candidate for beyond 5G, which attracts recent research atten-

tion, is media-based modulation (MBM) [81]. MBM ofters multiple-input multiple-output
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(MIMO) benefits and it introduces a completely new dimension in the channel states do-
main for conveying information by altering the far-field radiation pattern of reconfigurable
antennas. In other words, MBM converts static Rayleigh fading to AWGN by performing
the modulation of the wireless channel itself in a sense so inherent diversity is supported

by MBM.

One interesting direction for designing a modulation scheme is a proper combining of
multiple dimensions, such as the proposed scheme in [27] entitled “OFDM with hybrid
number and index modulation” where the number and index dimensions are jointly ex-

ploited to introduce additional degree of freedoms in the modulation design.

5.2.4. Scheduling and resource allocation

In a multi-user context, efficiently and fairly allocating available time and frequency re-
sources among users is one of the most important jobs in most centralized communication
networks in order to maintain maximum throughput and reliability while minimizing in-
terference. Channel-dependent scheduler [183] is one of the most effective scheduling
algorithms utilized in the literature. The subcarriers corresponding to good subchannel
gains with respect to a specific user are selected and assigned for data transmission to that
specific user in this scheduler, while the remaining subcarriers are assigned to other users

whose subchannels corresponding to these remaining subcarriers are in good quality.

This channel-based RA scheduler has been studied extensively for OFDM with conven-
tional constellation modulation, for example as presented in [184]; however, to the best of
authors’ knowledge, there are no works reported in the literature that investigate the pos-
sibility of using such scheduler when index modulation is used with OFDM waveform.
It is anticipated that OFDM-IM with its current design may deem incompatible and un-
suitable to be used directly with channel-dependent scheduler. The reason for this is that,
in OFDM-IM, the subcarriers selected for data transmission are dependent solely on the
incoming data bits, whereas in channel-dependent scheduling, the subcarriers chosen for

data transmission are dependent solely on the channel characteristics.

So, the research question that poses itself here is that “Is it practically possible to make the

selected subcarriers in OFDM to be both data and channel dependent simultaneously?” if
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no, then “What alternatives can be used” and if yes, then “What changes should be intro-
duced to the transceiver structure to make the design work properly?”. These questions
and others need thorough thinking and deep investigation to answer them confidently and
then try to come up with novel, compatible or alternative designs to coexist and integrate
subcarrier index selection modulation with subcarrier channel-based selection scheduling

if possible in a seamless manner.

5.2.5. Physical layer security

In wireless communication medium, it is necessary to secure our transmission against
eavesdroppers who can capture the data-carrying signals and then try to decode them
[185], [186]. Naturally, using fixed modulation does not result in any secrecy gain as the
transmission in this case is independent of the channel. However, channel-based adaptive
constellation modulation can result in a significant secrecy performance due to the fact
that the selected modulation orders in this case would be close to optimal with respect
to only the legitimate receiver, resulting in a better performance; whereas the selection
would be random with respect to the eavesdropper’s channel, resulting in no favourable

gain to the eavesdropper.

Most of the works in the literature have focused on securing the transmission of OFDM
with conventional constellation modulation, whereas very little amount of works have
appeared on securing the other new types of modulation such as index modulation [187],
[188]. Many of the existing physical layer security may not be directly applicable due to
the differences between index and conventional data symbol modulation. Therefore, new
index modulation-tailored security techniques need to be developed for securing the data
sent by the indices of the transmit entities. Accordingly, more research attention should
be focused on the joint security of both the information sent by indices and that sent by

signal constellations.

5.2.6. Robustness to multi-access and narrow band interference

5.2.6.1. Multi-access interference (inter-user interference)

Due to the enormous increase in the amount of machine and IoT devices that are expected

to be served (often simultaneously and sporadically) by communication networks; there is
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an apparent, formidable need to reduce the amount of control and signaling overhead re-
quired to coordinate among users as it causes severe spectral efficiency loss and intolerant
delay in the network [189]. Recently, there is a shift from coordinated, orthogonal sys-
tems such as legacy LTE networks to uncoordinated, asynchronous, and non-orthogonal
systems. However, these uncoordinated, asynchronous networks would result in interfer-

ence between users, degrading reliability as a consequence of reduced SINR.

To address this problem, techniques based on the usage of filtering, windowing, and guard
bands are investigated in the literature [11] as natural, classical solutions to deal with this
multi-user interference issue; however, these traditional solutions have drawbacks such
as increasing computational complexity and reducing spectral efficiency. To address the
interference between adjacent users in a more efficient manner, it has recently been shown
in [190] that OFDM-IM with some modification on the subcarrier selection process has
the potential to effectively alleviate adjacent user interference in asynchronous transmis-
sion systems. This has been achieved by using a data to subcarriers mapping method that
gives higher activation probability to the subcarriers located in the center of each sub-
block. Another alternative solution to adjacent interference problem can be realized and
well handled with an even better performance by OFDM-SNM scheme as the activated
subcarriers in this type of modulation can be easily localized in the center of the subblocks

(away from the edges of the subblocks).

5.2.6.2. Narrow-band interference

The OFDM-IM and OFDM-SNM schemes are more robust and immune to narrow-band
interference than OFDM with conventional constellation modulation. The reason for that
lies in the fact that in IM and SNM, OFDM symbols have a sparse nature, which results
in less interference effect. One of the main reason for narrow-band interference in 5G and
beyond communication systems is the emergence of new services such as URLLC ones
that are basically placed and installed in a small resource portion within the data packet.
Such an integration for URLLC packet causes a narrowband interference to the hosting
original data packet, resulting in a severe performance degradation at the receiver. Due
to the sparse characteristics of this type of interference, it is possible to mitigate it using
special modulation schemes that do not utilize all subcarriers of the OFDM structure for

transmission.
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Consequently, the investigation and analysis of the capability of sparse modulation
schemes such as OFDM-SNM and OFDM-IM in mitigating narrowband interference (es-

pecially for URLLC services) can be a subject of future research studies.

5.2.7. PAPR reduction

The OFDM-based waveforms suffer from a high PAPR, the survey in [154] includes sev-
eral methods proposed to solve the PAPR problem in OFDM. To address the high PAPR
problem, inherited from OFDM, in the other featured modulation options for OFDM-based
waveforms, one may suggest to directly borrow the algorithms that proposed for classical
OFDM. However, those techniques may not be very efficient because they do not con-
sider the unique characteristic and features of the aforementioned modulation options for
OFDM. Just recently, a few approaches for reducing the PAPR of index-based modulation
schemes have appeared in the literature for OFDM-IM and SM-OFDM, respectively, as

explained below.

* PAPR reduction techniques in OFDM-IM system: OFDM-IM suffers from a high
PAPR problem inherited from conventional OFDM [153]. The method in [191] has
been proposed to solve this PAPR issue in OFDM-IM by exploiting the inactive
subcarriers in OFDM-IM. It was shown that this method outperforms the selective
mapping (SLM) and active constellation extension presented in [154]. However,
this method requires high computational cost for the PAPR reduction. A low compu-
tational complexity PAPR reduction method has been proposed in [127] for OFDM-
IM system, and it considerably outperforms the ACE in PAPR reduction with a slight
degradation in BER. Moreover, the authors in [192] proposed a scheme where the
dither signals could be given more freedom (a larger radius of dithering) in average,
where much better PAPR reduction performance than the scheme in [191] has been
obtained at the expense of a slight BER performance degradation compared to the

original OFDM-IM signal case.

* PAPR reduction techniques in SM-OFDM system: The major disadvantage of
MIMO-OFDM system is having high levels of PAPR [193]. In the literature, several
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algorithms proposed to reduce PAPR in SM-OFDM systems. Examples of tech-
niques which are used for PAPR reduction of SM-OFDM systems are directed se-
lected mapping (d-SLM) [194] and spatial shifting (SS) [195]. However, there is
a need for finding much better PAPR reduction techniques for SM-OFDM trans-
mission scheme, since such a system exhibits greater sensitivity to the signal in the
HPA clipping than V-BLAST OFDM technique for the same spectral efficiency and

number of antennas [128].

As seen from the literature, only a few number of studies are available on the PAPR re-
duction for specific OFDM modulation options. Therefore, there is a need for explor-
ing more suitable PAPR reduction techniques for different modulation options of OFDM-

based waveforms.
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