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Abstract

Wireless Terabits per second (Thbps) link is needed for the new emergtaghdngry applications in
Beyond 5G (B5G) (e.g., high capacity broadband, enhanced hotspes,Mimensional (3D) extended
reality, etc.). Besides, the sub-THz/THz bands are the next frontieB¥@& due to scarce sub-
GHz spectrum, and insufficient bandwidth for wireless Tbps link in 5G millimetavé\(mmWave)
bands. Even though a wider bandwidth and large-scale Multiple-Inpdtip4Output (MIMO)
are envisioned at sub-THz bands, but the system and waveforrndesigild consider the channel
characteristics, technological limitations, and high Radio Frequency (REjiments. Based on these
challenges, we proposed to use an energy-efficient low order siagiercmodulation accompanied
by spectral-efficient Index Modulation (IM) with MIMO. Firstly, MIMO Spal Multiplexing (SMX)
and spatial IM domain (e.g. Generalized Spatial Modulation (GSM)) arlesdh where we reduced
their optimal detection complexity by 99% and the high-spatial correlationtedfe¢<sSM. Besides,
we proposed Dual-Polarized Generalized Spatial Modulation (DP-GSilptbvides higher Spectral
Efficiency (SE) via multi-dimensional IM and helps with the latter problem. Wevddithe theoretical
performance of DP-GSM, and all these potential candidates are eds$essib-THz environment. We
also proposed a novel IM domain, called filter IM domain, that generalizest existing Single-Input
Single-Output (SISO)-IM schemes. Within the filter IM domain, we propdses novel schemes:
Filter Shapes Index Modulation (FSIM) and In-phase and Quadrailiez Shape Index Modulation
(IQ-FSIM) to enhance system SE and Energy Efficiency (EE) throndéxation of the filters in the
bank. In addition, their optimal low complexity detectors and their specializedligqtion techniques
are designed. Starving for further SE and EE improvement, this filter IM doimmaxploited in MIMO.
Besides, we theoretically characterized the performance of FSIM3WFand Spatial Multiplexing
with Filter Shape Index Modulation (SMX-FSIM) systems. To conclude, top@sed SMX-FSIM is
compared in sub-THz environment to the previously considered canslidike results confirm that
SMX-FSIM is the most promising solution for low-power wireless Thps B5&ey due to its high
SE/EE, robustness to RF impairments, low power consumption, feasible caty)@exl low-cost with
a simple linear receiver. Finally, the challenging filter bank design problerosegpby the filter IM
domain is tackled by optimization to achieve better results.
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Résumé

Pour les futures applications de l'aprés 5G, qui seront trés gourmmaededonnées, des
communications sans fils de I'ordre du Térabits/s sont envisagées. tRgindee ce niveau de débit,
il faudra disposer d’une grande largeur de bande. Comme le specttéj@saturé autour de 6 GHz,
il est envisagé d'utiliser la bande sous-THz (90-200GHz). Les fomtmsdes doivent étre étudiées
en prenant en compte les caractéristiques des canaux a ces fréglendimitations technologiques,
la sensibilité aux défauts RF (bruit de phase, par exemple). Nous avoospdoposé d'étudier une
modulation monoporteuse tres efficace énergétiquement, puis d’'accaitefficacité spectrale par
des techniques d’indexation et des techniques MIMO.

Dans un premier temps les techniques MIMO multiplex spatial et spatial Indeilsiiion (GSM)
sont étudiées. En particulier des détecteurs réduisant la complex@@Jdsont proposés. La tres
forte corrélation spatiale dans un environnement sous-THz est aud&ieavec GSM et des solutions
pour en diminuer I'effet sont proposées. Une modulation d’'index daddmaines de polarisation et
spatiale est aussi proposé pour augmenter I'efficacité spectrale.

Dans un second temps, nous proposons un nouveau domaine poukdtinde le domaine
filtre. Ce domaine généralise la plupart des schémas de modulations conmeli¢is et modulation
d‘Index existants. Dans ce domaine filtre, nous avons proposé dewelles modulations d’index:
la modulation d’'index de filtre de mise en forme (FSIM) et sa version en pbiasa quadrature
(/Q-FSIM). Une version MIMO de ces modulations est aussi propo&#ifférents détecteurs sont
proposés, ainsi que des techniques d’'égalisation. Les performéoesiues de ces modulations sont
développeées et validées par des simulations. Ces modulations nécessiéfihil des bancs de filtres
avec de fortes contraintes. Deux solutions sont proposées poudréste challenge, qui font partie
des perspectives de cette thése. Tous nos résultats confirment queulatrood=SIM MIMO offre
un gain considérable par rapport aux modulations de I'état de I'artretgial’approcher le Térabits/s
dans les canaux sous-THz.



Résumé Etendu en Francais

Contexte et Motivation

Cette thése se situe dans le contexte des communications numériques a tdebhaut’est-a-dire
dans le contexte de I'aprés 5G, voire de I'aprés 6G. Les applicationisEserisés dans ce contexte
sont détaillés au chapitresectionl.1 (état de I'art) [-5]. Une des applications représentatives est
appelée « Le Kiosque ». Elle consiste a transmettre en un temps trés courgsigeosse quantité
de données, a courte distance entre 'émetteur et le récepteur. lld@giscénario « Indoor », par
exemple télécharger lors de I'entrée dans un train ou un avion de tréBalpiess (vidéo de trés haute
définition).

Kiosk Downloading

= XK y
i

Figure 1 — Scénario Kiosqued].

Pour atteindre de tels débits, méme avec des modulations spectralemergefficara nécessaire
d’utiliser une largeur spectrale importante. Cette largeur sera obtenupasoilne agrégation de
plusieurs bandes spectrales soit par une bande suffisamment lartje-e@me. Se pose alors la
guestion de la bande de fréquences visée. En dessous de 6 GHzlle spemtalement alloué, saturé.
Il est donc nécessaire, pour avoir des bandes libres suffisammeges,lafe s'intéresser aux bandes
de fréquences plus hautes telles que la bande « sub-THz » 90-2005(3Hzn intérét secondaire
dans ces bandes de fréquences est que la longueur d’onde esti'@le gnd possible I'intégration
de réseaux d’antennes de petites dimensions compatibles avec un équipiisateur.

Cette bande est actuellement réservée pour des applications d'dioseasironomique passive et
de météorologie, et n'a pas encore été utilisée pour des applications dentglanications. Bien
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Figure 2 — Bande “sub-THz" considérée dans le projet ANR BRAVIE |

entendu, l'utilisation de cette bande doit se faire en respectant les utilsgigaraires et en ne
perturbant pas les observations astronomiques.

Un autre aspect fondamental des futurs systemes de communicationstaquéiassairement étre
pris en compte est la consommation d’énergie et donc I'efficacité énergéfigufait, aujourd’hui les
TIC (Technologies de I'Information et de la Communication) sont une diagtés humaines qui voit
son empreinte carbone croitre de I'ordre de 10% par7anQette contrainte d’efficacité énergétique
nous aura guidés sur tous les choix techniques, notamment en ce geirewtecmodulation proposeée.
A ces fréquences et pour des applications de type « Kiosque » ou <@dck, les canaux entre
I'émetteur et le récepteur seront majoritairement Line-of-Sight (LoSgm®ing quasi stationnaires. |l
en découle qu'une modulation de type multiporteuses, résistante aux csélaatifs en fréquence,
ne sera pas nécessaire. De plus, la contrainte énergétique disqualifimdelations multiporteuses
car leurs variations de puissance (PAPR) sont trés élevées. Powg testeaisons, nous proposons
dans cette thése de revenir a des modulations de type monopor@edi§e [Deux approches sont
alors possibles pour trouver le meilleur compromis efficacité spectrale peindae le Terabits/s et
efficacité énergétique pour diminuer 'empreinte carbone.

 Choisir une modulation tres efficace spectralement et diminuer son PAPR.

 Choisir une modulation trés efficace énergétiquement et augmenteffisagitd spectrale.

Pour pallier aux problémes des limitations technologiques, la sensibilité auxtsi&R (bruit de
phase, par exemple), nous avons proposé de suivre cette segoadhap En effet un premier bilan de
liaison nous prouve que pour s’approcher du Terabits/s avec ursapuaesréaliste une solution a base
de modulation QPSK est tout a fait envisageable (voir TabBeadu chapitre3 et I’AnnexeA).
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L'accroissement de I'efficacité spectrale est obtenu par I'intermédiairaatulations d’Index, ce
qui est le cceur de cette thése. Dans la pdrtles modulations classiques d'index sont présentées,
ensuite des améliorations et une modulation multidimensionnelle sont propd3ées.la seconde
partie, un nouveau domaine d’indexation (le domaine filtre de mise en formpyagmseé et étudié
en détail. Les résultats obtenus offrent des gains considérables @euptudb) par rapport aux
modulations a méme efficacité spectrale. Cette thése a été réalisée dans |d'wadsmjet de
recherche de I’Agence Nationale de Recherche (ANR) intitule BRAVEcKB® single-carrier for
beyond-5G communications above 90 GHz-(BRAVER].[ Ce projet comporte 4 partenaires, un
industriel SIRADEL, un centre de recherche CEA-LETI, I'agencan€nise des fréquences ANFR
et un académique CentraleSupélec. Il se propose d’'étudier les difféfacettes de ces transmissions
a trés haut débit dans les bandes « sub-THz » (sous-THz). Cetteatbéstibué a I'étude de plusieurs
aspects en particulier ceux traitant de la couche physique et des modulaomieux adaptées au
probléme. De plus plusieurs résultats obtenus par les autres partensiré® intégrés dans nos
développements et ont permis de valider notre approche, en particulieotiEdes de canaux fournis
par SIRADEL et les modéles de bruit de phase fournis par le CEA.

Plan de la these et contributions principales

( Chapter 1: \
Terabits scenarios,
sub-THz band and its
waveform

PartI: >£.t;/ Part II:
Contributions and Advances to Novel Domain/Dimension

Generalized Spatial Modulation Chapter 2: for Index Modulation
State of Art: Index
Modulation

Chapter 3:

Generalized Spatial
Modulation based
schemes

Figure 3— Résume le plan de la these.

Dans le chapitrd, les scénarios envisagés pour des applications a trés haut débit shasndes
THz sont détaillés, tout particulierement le scénario Kiosque qui est waged’école pour cette
thése. Ensuite, les caractéristiques et la propagation des canauklsuelr Figure ci-dessous) sont
présentées, puis toutes les contraintes matérielles comme le bruit de phasaates fréquencet]]
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sont discutées. Enfin, basée sur tous les précédents éléments, wssidisepprofondie sur le choix

entre multi et mono porteuse est effectuée et le choix d’'une modulation mdaape avec modulation
d’index est effectué.

100 : = ==
% - AY
8
:
: |
[ —
30.,(’ Y
< AT
& -
aoil 2l
0O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380400

Frequency (GHz)

Figure 4 — Exemple d'atténuation en fonction de la bande de fréquEi;&3].

Dans le chapitr@, un état de I'art, le plus exhaustif possible sur I'ensemble des modulationer’
est réalisé. L'idée principale des modulations d’'index est de transpla$aoits supplémentaires (des
bits virtuels) dans des caractéristiques du signal qui peuvent étreéit@da réception. En particulier
les modulations d'index dans tous les domaines dans la Figpnt listées et comparées en termes
d’avantages/inconvénients pour une application visée.

Dans le chapitre3 de la partiel la modulation classique multiplexage MIMO et la modulation
d’'index spatial le GSM sont étudiées et comparées dans ce contexte datedébit dans la bande

sub-THz. Plusieurs contributions sont proposées, étudiées dartde kisoudre quelques limitations
du GSM.

Un bilan de liaison pour une modulation monoporteuse avec indexation festugf dans
différents canaux d’'évanouissement non corrélés/corré@®44.

* Une nouvelle technique pour la sélection du groupe d’antennes utilis@écessitant pas
d’'information sur le canal est proposée, afin de réduire la dégradat@mndes canaux corrélés

[15].

Une nouvelle allocation des bits virtuels pour les groupes d’antennég Isas un codage de
Gray est proposée pour améliorer le taux d’errédit.[

Une étude compléte pour MIMO Bell Laboratories Layered Space-TimeAf8) (Spatial
Multiplexing) et GSM est réalisée sous des canaux sub-THz avec lerpiiase 16, 17].
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Figure 5— Les différents domaines pour les modulations d’'Index.

» Des nouvelles techniques de détection quasi-optimales (perte entre B)gpdrthettant un gain
de complexité de I'ordre de 99% sont proposées, pour les systémes GEBINI® BLAST
[18,19.

» Un second niveau d’indexation, basé sur une indexation de la pdianisi la modulation GSM
(une nouvelle modulation d'index multidimensionnelle) est proposé pour augm&fficacité
spectrale, et afin de réduire la dégradation avec des canaux coBékperformances, dont le
gain en efficacité spectrale, sont détaillées et validées par I'analygegtie{20, 21].

Dans la seconde partie de cette thése, en particulier dans le chapitre éuvean domaine
d’'indexation est proposé, il s'agit du domaine filtre, qui offre un remw degré de liberté pour
transporter des bits “virtuels”. Les différentes possibilités, versiosdekation dans ce domaine
sont discutées. Les contributions principales de cette partie sont résdarece qui suit :

* |l est démontré que I'indexation dans ce domaine généralise les moduletioventionnelles et
la plupart des techniques d’indexation dans les domaines fréquentieimrel P2)].

» Un nouveau schéma d'indexation reconfigurable est proposé le,RfsliMdonsiste a coder par
des bits virtuels la forme du filtre de mise en forme utilisé pour le symbole recu. d&tané que
ce filtre peut changer a chaque symbole, le gain en efficacité spectréledent et considérable.



Xii

Temperature (degree C) 20 | Carrier Frequency (GHz) 150 Distance (m) 5
o | 99% of Channel Bandwidth 1 Number of Channel s Total Bandwidth s
E (GHz) Aggregation/bounding (GHz) [8]
% Modulation CPM |1t/4-QPSKm/4-DQPSK 16-QAM| 64-QAM|256-QAM| Units
& GSM (Nt,Na) (22,6) | (17,6) (17,6) (136) | (11,3) (4,3)
Bits per GSM symbol 28.00 25.00 25.00 25.00 25.00 26.00 |bits
Symbol Rate (R) 0.80 0.92 0.91 0.91 0.92 0.91 |GSym/s
° APM Spectral Efficiency 1.59 1.83 1.82 3.65 5.49 7.3 bps/Hz
E GSM Spectral Efficiency 22.26 22.90 22.80 22.83 22.88 23.71 |bps/Hz
Total Throughput 979.4| 1007.6 1003.2 1004.3 | 1006.5 | 1043.328| Gbps
SNR with Rayleigh 13.00 12.00 15.00 20.00 29.00 31.00 |dB
RX Noise Figure (NF) 10.00 dB
§ Thermal Noise (Nthermal) -83.93 dBm
‘Q Noise floor -73.93 dBm
& Rx Signal Level -60.93| -61.93 -58.93 -53.93 | -44.93 -42.93 |dBm
RX Cable Loss (Lcrx) 1 dB
RX Antenna Gain (Gr) 3 dBi
Free space path loss (fspl) 89.94 dB
o] Vapour attenuation 1.28 dB/Km
§ 02 attenuation 0.01 dB/Km
S Rain attenuaton 11.78 dB/Km
Total Path loss 90.01 dB
5 Required Tx EIRP 27.08 26.08 29.08 34.08 dBm
% Cable Loss (Lctx) 1 dB
?ﬂ TX Antenna Gain (Gt) 24 dBi
- Required Pt 4.08 3.08 6.08 dBm
x PAPR for (a=0.2) 0 3.8 4.86 7.5 8.2 8.35 |dB
& | Theoratical PA Efficiency | 0.8 0.52 0.44 0.34 0.3 0.28
- Power per Channel 3.20 3.91 9.21 37.70 339.40 | 576.34 |mW
‘% . 0.14 0.17 0.41 1.66 14.93 '
< | Total Power Consumption
£ 21.48 22.35 26.08 32.20 41.74 dBm
g SNR with Rician K=3 23.00 17.00 21.00 24.00 29.00 31.00 |dB
> Total Power Consumption | 31.48 27.35 32.08 36.20 41.74 dBm
5 SNR with Rayleigh =0.8 | 21.00 17.00 18.00 dB
@ |Total Power Consumption | 29.48 27.35 29.08 dBm
% SNR with Rician £=0.8 29.00 22.00 27.00 dB
“ |Total Power Consumption | 37.48 32.35 38.08 dBm

Figure 6 — Bilan de liaison de différentes configurations pour atteerle Terabits/s avec une puissance réaliste.
Ou l'on constate que seules les configurations configumt©ontinuous Phase Modulation (CPM)-GSM et
QPSK-GSM permettent de prendre en compte les contraintes

Bien sdr cela se fait au prix d’'une complexité au niveau du récepteur tpauver le filtre
adapté adéquat et corriger toute l'interférence entre symboles gépérd utilisation de ces
filtres. Cette modulation fait I'nypothese qu’il existe un banc de filtres tel gst possible, a la
réception, de retrouver le filtre qui a été utilisé pour le symbole consi@érgy].

» Une version en phase et en quadrature de FSIM est proposéehajure composante les filtres
peuvent étre différents, ce qui multiplie par deux le gain en efficacitérsyed24]
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BER vs SNR over Correlated Rayleigh Channel BER vs SNR over Correlated Rician Channel
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Figure 7 — Taux d’erreur pour différentes configurations dans deawade: (a) Rayleigh, (b) Rice.

» Une version MIMO de ces modulations est finalement proposée pourdatidiensemble de nos
objectifs en termes d’efficacité spectrale et d’efficacité énergétigae. [

» Des différents détecteurs sont proposés pour les trois modulatiopssg®s, ainsi que des
techniques d’égalisation.

* Les performances théoriques de ces modulations qui permet d’obesnioatnes inférieures
de taux d’erreur sont développées. Ces analyses théoriquesatioldeg par de nombreuses
simulations p2,24,25].

» Le design du banc de filtres est formulé en un probléeme d’optimisation,ust algorithmes
itératifs pour le résoudre sont proposés (optimisation jointe et réclursive

Dans le chapitr® de la partidl, est étudié le difficile probléme d’obtention du banc de filtres pour
la modulation FSIM. En effet comme dit précédemment, la modulation FSIM sapeagstence d’'un
banc de filtres permettant de retrouver le filtre utilisé a I'émission. Ce bantrés fioit obéir & un
certain nombre de contraintes trés fortes et parfois antagonistes. Rargomraintes, nous trouvons:
une IES la plus faible possible, une intercorrélation entre les filtres la phis faossible également,
réjection dans les bandes adjacentes la plus faible, une bande paspamelate possible, etc.

Ce probléme posé avec toutes ces contraintes est formulé en un probtagtimidation qui est
muli-non-convexe trés difficile a résoudre. Pour le résoudre deuxithge itératifs (optimisation
jointe et récursive) sont proposés qui fonctionne trés bien powr eieguatre filtres mais qui montre
ses limites pour un plus grand nombre de filtres. La figure ci-dessous nesperformances de FSIM
avec deux filtres optimisés.
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Il reste trés clairement un grand espace de recherche dans cenpeatilébtention du banc de
filtres pour un plus grand nombre de filtres.

Finalement le chapitré conclut ce travail de these en résumant les contributions principales et en
soulignant I'ensemble des problémes qui restent ouverts pour ceawodueaine d’indexation et cette
nouvelle modulation FSIM.



| xv

Tous nos résultats confirment que la modulation proposée FSIM MIM®@ offrgain considérable
en efficacité énergétique et spectrale par rapport aux modulationsateled’art et permet d’atteindre
le Térabits/s dans les canaux sous-THz. En plus, cette modulation perpegndize en compte les
limitations technologiques, et elle a démontré sa robustesse contre la sensikilitéfauts RF (bruit
de phase, par exemple) avec des détecteurs/égalisateurs linéairesogfqateur d’architecture paralléle
pour un trés haut débit.
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General Introduction

Wireless communication systems have undergone a real revolution, whererettent 5G
communication standard targets to support three main uses cases: massivéndv Type
Communication (mMTC), ultra-Reliable Low Latency Communication (URLLC), amthanced
Mobile Broadband (eMBB). These use cases have several cotstrinh as the demands of a higher
data rate that allow data-hungry application, the increasing traffic cadamity subscribers/devices,
the involvement of applications with more latency, power consumption, andgbconstraints.

The wireless data rates have doubled every 18 months over the lastdébesied, and it is projected
to increase continuously to reach wireless Tbps in the next deth@e¢ording to Edholm’s law. Such
an ultra-high throughput is needed to support the new emerging appleafi@bG 2-5] that will be
presented in Sectioh.l. Besides, the unsatisfied 5G requirements and applications will be pushed to
B5G, and many future applications and technologies will be integrated. lbigwvmentioning that
B5G scenarios consider more stringent application requirements sutthealigh data rate, a higher
number of devices, and less energy consumption. The effort forvacithese requirements must
be considered at the same pace on the user access and backhauhiegtsdg avoid any bottleneck
effect [26]. Thus, the ever-increasing data rate will rise in the near future towsadimits in order
of Thps.

The sub-6 GHz spectrum is almost fully allocated, overused and scaflesce, in order to
accommodate for the high throughput requirements and according to @hatamtley theorem, more
spectrum is acquired in the mmWave bands for 5G New Radio (5G NR), maitwyebn24.25 GHz
to 52.6 GHz, where a larger bandwidth can be allocated for each 21 [In addition, the higher
spectrum in the mmWave and TeraHertz (THz) bands are getting more attemtiosoéution of ultra-
high data rate wireless communication for B5G (6G,...) and it is the next frontier diatey after
the 5G mmWave band28-30]. Fortunately, these higher frequencies are advantageous foiitéxgplo
large-scale MIMO technology, because it allows integrating a large nuofl@tennas in a compact
area due to the small wavelength.

In the context of the BRAVE project8] funded by ANR, this thesis aims at exploiting the
mmWave/sub-THz bands mainly in the 90-200 GHz spectrum, where up to 58zlb@htiwidth
could be made available for B5G wireless communication servigs3]l] as depicted in Fig.1.
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Figure 1 — Frequency allocation for wireless communications in BEAbOnsidered spectrumd][

In addition, we are particularly interested in this band since electronic témjynis more mature
even though several challenges and limitations still exist, as it will be highlight&géction1.2. It
can also be noted that there is some ongoing work within the Europeanr€ocdeof Postal and
Telecommunications Administrations (CEPT) aiming to facilitate the deployment af éird mobile
services in the frequency ranges 92-115 GHz and 130-175 GHz, dyniederal Communications
Commission (FCC) takes in 2019 steps to open spectrum horizons betw&ednd 3 THz for new
services and technologi€3). In addition, many standardization activities are currently in progress fo
the contiguous spectrum between 250 and 325 GHz (Institute of Electniddtlectronics Engineers
(IEEE) 802.15.3d)29]. The radio spectrum above 90 GHz is today essentially known for besad u
by scientific services (e.g., astronomy observation, earth exploratitalliteaservices, meteorology,
etc.) and has never been used effectively for radio wireless commumisgiisposes. However, it is
expected that the coexistence with these scientific applications can be mavittpa reasonable effort
and few constraints, as those applications are precisely locabfed [

This dissertation aims at proposing innovative solutions for low-powerlegiseultra-high data
rates communications in sub-THz bands, where the system and wavedsigm ére the core of B5G
framework. In order to design such a system, it is crucial to develop awvieless communication
technique that helps to survive with the sub-THz limitations and severe RF imguatis, and achieve a
high SE with a given power expenditure.
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4 | Terabits scenarios, sub-THz band and its waveform specifications

This Chapter firstly discusses the emerging B5G scenarios and giveeebbackground about
the sub-THz bands including its channel characteristics, challengeédinsitations. Afterward, the
possible waveform for sub-THz bands are discussed, then the maéfiomevmodulation requirements
are defined. Finally, the main contributions and the thesis outline are présente

1.1 Terabits Scenarios

The wireless data rate demand is increasing over time, and the foresegmedemte is extending
towards Tbps to support the new emerging applications. This subsectiofioatls on the B5G
applications with wireless ultra-high data rates over 100 Gbps up to 1 Thpsisimainly driven by the
need for having to move files of ever-increasing size and downloadishgtasaming/podcast services,
enhancing the network capacities, and reducing the latency. Thesgissdnclude applications with
transmission distances ranging from the extremely-short (few centimetéess) to relatively long

distances of several kilometei&-p]. Some of these use cases are described or considered by the IEEE

802.15.3d Standards Association in the band between 250-32533t8, [EEE 802.11ad also known
as Gigabits WiFi at 60 GHz frequency (WiGid3J], and IEEE 802.15.3€2B] in the 60GHz band. In
the following, some of the wireless ultra-high data rate scenarios depictegl.ih.Eare presented:

1. Data kiosk application, Enhanced Wireless Local Area Network (WLAN) or Wireless

Personal Area Network (WPAN): These use-cases are indoor scenarios of short-range up to few

meters with ultra-high-throughput to download large files instantaneousii)estreaming 8K-
16K videos with high frame rate and pixel resolution, and replacing the wingtl-connection

to personal UE. For example, the user can automatically download a filehisowish-list using

a data kiosk machine, served by the data showers at the train station/aeptndsce ports, or
in the crowded waiting area. This data offloading using the data kiosk esdhe burden of
networks. In these applications, the transmitter Access Point (AP) or detla thachine have
more relaxed constraints than the handheld UE as phones/tablets, sinoentiee it directly

connected to a power outlet and can support higher complexity/cost. da #pplications, the
transceivers are stationary in most cases or with a very low receiver mdp#gitestrian).

2. Extended Reality (e.g., Virtual/augmented/mixed reality):These applications are small range
applications where a high data-speed is required to capture multi-sensaty,ippovide real-
time user interaction and enable remote connectivity with 3D hologram technolddpe
specifications of the use cases are similar to the data kiosk.

3. Datacenter/Server farm network: This connection is needed to facilitate infrastructure setup

and solve the network congestion issues that reduce connection latfanaiesl-time services.
The servers are well localized in the data center that permits to establistediffeireless links
simultaneously, and it can also be an add-on to complement the fiber optitsctioity.
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Figure 1.1— Beyond 5G scenarios with Tbps data rate requiremdits [
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4. Inter/Intra-chip communication: It needs an ultra-high data rate, and the available copper
wires connection nowadays cannot reach Tbps. Hence, soon it wiflebbottleneck and will
limit the development of a faster system. For example, 200 Gbps is neededstetraithin
device chips an 8K video with 48-pixel resolution and 120 Hz frame @teahd 765 Gbps for
a 16K video with the same format. Similarly, the parallelization to enhance therpenice
necessitates chips collaboration as nowadays multi-core computers. éfothevcopper routing
and congestion will lead to important losses due to longer paths in the futomputers with
highly parallel architecture. The wireless Thps connection overcomeag timaitations with
limited power requirements due to extremely short-distance links up to a few césrtinzand
enables the massive wireless network/system-on-chip.

5. High capacity Backhaul and enhanced broadband fixed wireless acss: The Tbps wireless
infrastructure can be as an alternative/complement to optical fiber dephbymprovide high
capacity while reducing the cost and network repair time. Similarly, the fixeelegs access
can replace the wireline xDigital Subscriber Line (DSL) technology andriber To The Home
(FTTH) that reached the limits for viable deployment costs because of thmileascomplexity.
Moreover, ultra-high-speed is required to serve the dense areasnaand city devices (e.g.,
video-surveillance as part of the internet of objects) or public interoegss. In addition, this
scenario allows deploying a smart connected city, houses/offices,@splolts with high-data
rates to avoid any bottleneck in the connection. The envisioned ultra-tetserk topology
in urban areas with the extreme data rate, capacity, and latency requiremeds the fiber-
based backhauling highly desirable but sometimes complicated due to cfibemnbetwork
penetration (variable from one country to the other) and related exteos&nTherefore, high
data rate wireless backhauling is a valuable competitive technology, whidfitsefrom lower
deployment costs and constraints.

Furthermore, Tbps wireless communications will open new (partly unexecte
services/application opportunities and other market perspectives in thee.fu For more details
about these scenarios and their Key Performance Indicators (KRésjeaders are referred to IEEE
802.15.3d application requirements docum&hahd our deliverable “D1.0" in the BRAVE projedi].
Finally, it is worth mentioning that sub-THz and real THz bands are beingstigated for other
types of applications in addition to the communication due to the small-wavelengthctdvéstics,
the ultra-wide bandwidth, and narrow-beamwidths at THz frequencieer irfstance, the THz
wireless systems are also promising for novel sensing, smart healtltaging, and positioning
capabilities to enhance automated machinery, autonomous cars, intraddadymmunications with
nanotechnology THz transceivers, and new human interf&ca4][
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The mmWave bandwidth is getting tremendous attention from researchers dustries for 5G
communication and beyond, mainly due to the significant unused spectrutitsdmgsiness market
perspectives. The overall mmWave spectrum is ranging between 3G8@0where the wavelength
is in order of a millimeter, while the THz spectrum is defined between 0.3 THz ahdZ The
mmWave spectrum being investigated for 5G communication is below 71 GHz selz@ge mmWave
spectrum has different characteristics and electronics technologyitpaitinese higher frequencies,
mainly between 100-300 GHz, are so-called sub-THz since they shaeepraperties with true THz
bands. After presenting the sub-THz opportunities and possible sggnidlis essential to highlight
such system feasibility with current technology, the main challenges and limgatieen deduce the
critical modulation aspects that should be considered for sub-THz wsretgamunication.

1.2.1 Channel and propagation characteristics

In the sub-THz bands, the channel propagation is characterizedrpgtveng obstruction losses and
blockage (from walls, vegetation, urban furniture, etc.), atmosphenit,rainfall attenuation. The
atmospheric attenuation of mmWave and sub-THz is much higher than sub-@idg,tas shown in
Fig. 1.2[13], and some mmWave/sub-THz windows in the BRAVE considered spectramafiacted

by severe attenuation up td dB/Km. However, the other windows between the peaks are of special
interest for B5G wireless communication. In addition, the sub-THz banfferduom important
attenuation due to the rain, which is almost constant ai69eGHz with a loss 0f0.8 dB/Km up

to 50 dB/Km depending on rain density per ITU-R P.83812]

Thus, the long-distance true THz wireless communication is a real challeitgghgse high
propagation losses, and the low sub-THz bands b&owGHz have more opportunities for these
applications. However, a high-gain directional antenna is necessagatwvih the overall propagation
losses for outdoor long-distance scenarios such as backhaul attixeless access. Besides,
MIMO technology with beamforming can help to counteract these lossescdiglva ultra-high data
rates. Note that these propagation losses are negligible and irrelevdiné fehort-range indoor sub-
THz/THz communication. Nevertheless, these scenarios are still facing tempdosses from the
surrounding environment and furniture details. Besides, the sub-Hizfireless communication is
more vulnerable to severe blockage and penetration losses théth &téz mmWave losses, as shown
in [6, 35] and references therein. But it is worth mentioning that these attenuatimriscular/gas
absorption, propagation losses as well as reflections, scatteringiffaactibn phenomena, have much
more contribution at the true THz bands. Thus, the efficient communicatiowlihke most likely in
Line of Sight (LoS) and/or with possible few survival Non-Line of Sigt.0S) paths. Hence, the sub-
THz channel is expected to be composed of only a few dominant pathsaltyglte LoS contribution
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Figure 1.2— Air attenuation at microwave, mmWave frequency bard@s1[3].

with the highest power, one-bounce specular reflections (from elaltyrlarge surfaces), and possible
scattering (from objects with small electrical siz&J].

1.2.2 THzchallenges & limitations: Hardware technology, dsign and RF impairments

In this section, the major sub-THz band hardware challenges and limitatiermesented. The RF
front-end is all the components between the antenna and the digital bdsisé@m of a transceiver,
namely mixer or modulator, phase shifter, filters, data converters, andrPamplifier (PA). Note
that the THz hardware components exist from decades for radio astgoand satellite applications,
but the off-the-shelf components do not suit the emerging sub-THz comatiom scenarios since
the latter has more stringent hardware constraints and requirements streimsceiver dimension,
heat dissipation, processing power, operating temperature, and duss, fowadays, technology is
still not mature enough for sub-THz frequencies, even though signifefforts have been made in
the last years. For instance, the electronics technology is the most @gamvéar massive low-cost
production and business interest for such Thps scenarios, but ttteoales components at the sub-
THz frequencies are working at the edge of the maximum theoretical topgefeequency with very
low efficiency.

The RF challenges at sub-THz bands, especially for low-cost elécsraomponents, can be
summarized as follows :

1. The efficiency and achievable transmit output power of the power aerpdifid power/signal
generation are low compared to sub-GHz bands, where the maximum datbieusiput power
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today is less thar0 dBm for Complementary Metal Oxide Semiconductor (CMOS) aad
dBm for Indium Phosphide (InP) technology as shown in Higk For information, the optical
technology provides high transmit output-power at THz optical frequeneied similarly, the
electronics technology at sub-GHz bands. However, the mobile wiredessianication systems
were not possible at the sub-THz and low THz bands for decades die $w-called THz-gap
in the transmit-output power, as shown in Fig3. Today’s technology starts filling the THz-gap
but with low output power, as shown in Fid).4[37].
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Figure 1.3— Transmit output power as function of frequen@g][in 2011.

2. Sub-THz systems suffer from Carrier Frequency Offset (CF@) medium to high PN
impairments due to the poor performance of high-frequency Local Oscildtdds). This
impairment is negligible at sub-GHz, but at higher frequencies becomes sigmificant and
leads to system performance degradation that can limit the achievablehprdugte. However,
many research efforts are investigating new technologies and circuigmdegologies to achieve
a lower PN level.

3. The high sampling rate for Analog-to-Digital Converters (ADCSs) is eeet digitize a wide-
band received signal, and the sampling frequency should obey thastlglsgorem. However, the
ultra-high sampling rate ADC suffers from high power dissipation that as@e exponentially
with the sampling frequencies89]. Note that the total bandwidth available at sub-THz is
recommended to be divided into sub-bands (250 MHz or its multifilg .16 GHz R9]), where
a channel aggregation and bonding is suggested to use a larger bandwigshsuch a channel
arrangement limits the ADC power consumption at the price of more parallelization
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Figure 1.4— Saturated Transmit output power as function of high fregies, B7] in 2020.

4. Another limitation for ADCs is the lack of efficient design with large resolytemmd thus most
low-cost ADCs have few bits resolution or quantization levels.

5. For high-frequency wide-band systems, the non-linearity of analggonents used in RF front
ends and mainly the PA imposes more challenges in modeling circuits and in antigiffadin
compensation measures required for performance improvements.

The sub-THz wireless communication also has challenges at the digital skgialy for real-
time applications like mixed reality scenarios with a Thps data rate. These appigaggessitate
ultra-fast decoding because the offline processing cannot betaddéqe with the other applications.
In practice, the current energy-efficient Digital Signal Procesda®#s) have a small clock frequency,
and thus a Tbps decoding speed can only be achieved by means ofl machlieecture 41,42], i.e.,
at the expense of higher complexity and larger chip area. It is worth mémgi@iso that the clock
distribution network of integrated circuits consumes a significant portioneoétiergy, area, and metal
resources, all of which scale with the clock frequent§] [

Last but not least, the efficient antenna array with the tiny wavelength fisulifto design,
especially with Silicon-based electronic technology at true THz frequenditowever, significant
works for the true THz bands mainly (1-1.5 THz) are proposed bas#ueamew Graphene technology,
where a Graphene-based complete transceiver design is develdpéd][
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1.3 Candidate Waveform for sub-THz (Single carrier vs Multicarrier)

After presenting the THz challenges and limitations, it is crucial to briefly ve@agle Carrier (SC)
and Multi-Carrier (MC) waveforms because it is a crucial design stag@dble the Tbps wireless
communication in sub-THz bands. Indeed, both waveforms have sewiaaitages and disadvantages,
and based on their strong/weak features, we can conclude whichosavsfmore suitable for sub-THz
bands and then proceed forward in communication system design.

Different MC waveforms have been widely investigated for 5G mobile comnatinit, but all of
them share to some extent similar properties compared to SC. The MC popidaniiyely used in
wireless communication at sub-GHz frequencies and even at the lower nmer&ads below 71GHz.
For example, Orthogonal Frequency-Division Multiplexing (OFDM) loheeodulation is adopted
by different standards such as Long-Term Evolution (LTE) downlinlbiltocommunication, digital
audio/video broadcasting, different Wifi versions, and also suppantéeEE 802.11ad/ay known as
WiGig [33]. Recalling that MC waveform is mainly designed to overcome the chanequéncy
selectivity due to multipath by dividing the allocated bandwidth into narrow safaéls/subcarriers
exposed to almost frequency flat channels (subcarrier band smaliertthanel coherence bandwidth).
For instance, the frequency-selective fading is more difficult to congtensand in such a channel,
the SC waveforms require more sophisticated equalization techniquesnthastothe MC basic idea
aided by a Cyclic Prefix (CP) helped CP-OFDM modulation to combat deémfaffect and mitigate
the performance degradation due to interference with a simple equalizatiesnwdirth mentioning
that SC’s complex equalization methods were a real challenge few deggdesspecially when the
end-users are low-cost devices (e.g., handheld UE in downlink mobile coioation). However,
the development of the low-cost DSPs and the introduction of the Fregu®mmain Equalization
(FDE) concept of lower complexity enabled the SC implementation even in thadney-selective
channel. Thus, the SC waveform suits well the applications in a freqtfaiciading channel and
can be used in frequency-selective fading when the receiver gspip@ increased complexity of
time-domain equalization or can use a simple FDE technique to mitigate the integferdnwever,
MC's reduced equalization complexity comes with more stringent synchitioriza&quirements since
any inaccurate frequency synchronization and/or PN deterioratesygitens performance due to
Inter-Carrier Interference (ICI). For information, the CFO in pradtsystems is a natural phenomenon
due to the local oscillators’ frequency mismatch and the Doppler effeat Wigetransmitter and/or the
receiver are in mobility. Hence, it is clear that SC waveforms, especialrtipditude modulation (e.g.,
Pulse Amplitude Modulation (PAM)), and the low order Quadrature AmplitudeliMation (QAM)
are more robust to inaccurate CFO synchronization and PN, which is mgoiécant at higher carrier
frequency as previously mentioned in Sectiof

Another essential aspect to consider when selecting a convenientowavis its EE, which is
directly related to the waveform Peak-to-Average Power Ratio (PABIRFPr clarification, the PAS’
efficiency decreases with the PAPR increase to maintain the linear amplificgiiocreasing the power
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backoff and operating the PA farther from its saturation point of the maximifficiency. Hence, the
MC waveforms of inherent high PAPR (high amplitude variations with an impbdi&erence between
its peak and average value) lead to lower PAs efficiency and thus fuffiehigh power consumption
[49]. In contrast, the SC waveform, in general, has much lower PAPR andetbgipower consumption.
It is worth mentioning that constant-envelope modulations (e.g., CPM) ar@tjpechemes that permit
the PAs to operate at maximum efficiency in the saturation region due to theiPBBR. In addition,
the PAPR of SC with amplitude modulations (e.g., QAM or PAM) and their powesumiption
increase with the modulation order. But the PAM scheme is the worst SC in téimosver efficiency
because its PAPR increases rapidly with the modulation order, but it peotidanaximum robustness
to CFO and PN since no information is transmitted in the phase. In addition, the 8Glation
is also more robust to PA non-linearity than MC waveforra6][ Another advantage of MC that
enabled the OFDM widespread is its simple extension to support a multi-accesgjtee (Orthogonal
Frequency-Division Multiple Access (OFDMA)) for multi-user scenariddowever, the latter MC
advantage is not critical for sub-THz bands, where the thin beamwidtliredtste antennas in sub-
THz bands enables frequency reuse and allows efficient use oflgpaision multiple access (Space
Division Multiple Access (SDMA)), and even for some scenarios, Timeflreacy Division Multiple
Access (Time Division Multiple Access (TDMA)/Frequency Division Multipledess (FDMA)) could
be possible when the ultra-high data rate is not needed continuouslyifgla sser.

Moreover, some other special requirements can help in judging which $&Cdbased scheme
is more suitable for a specific scenario/application. For example, the simpléOMidinpatibility is
crucial for high data rate application, the low latency for uRLLC, and the power consumption
for uplink mobile communication, Low-Power Wide Area (LPWA) network, dntérnet of Things
(loT) applications. A lower level of analysis should be considered feseirequirements since these
properties are more modulation and system dependent. For example, OFBdviecompatible with
MIMO than the MC Filter Bank Multi-Carrier modulation (FBMC), constant dope modulations are
preferred over other SC modulations (e.g., QAM, PAM, or Phase ShifinggPSK)) for low power
IoT [51]. Therefore, itis clear that a particular SC/MC scheme can afford séthese properties, but
it is not a general rule for the waveform type (SC or MC).

The main advantages and disadvantages of SC and MC are summarizetkid.Talblence, the
sub-THz challenges and limitations in Sectib2 make the SC waveform, as opposed to the popular
MC schemes, more favorable and appropriate for wireless communicastensy operating in sub-
THz bands. This conclusion is based mainly on the following reasons:

1. In contrast to MC, SC is more robust to RF impairments that increase ifildalpands, like PA
non-linearity, CFO, and PNbp].

2. SCis more power/energy efficient than MC due to lower PAPR of the fipamd mainly SC with
constant or near-constant envelope has very low PAPR that leads pieer consumptiond].
This aspect is crucial for sub-THz to permits the PAs to operate at hidfiderrcy and deliver
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Table 1.1- General comparison of single carrier and multi-carrievefarms.

Performance indicator SC MC
High Spectral efficiency -to++4  -to+++
High Power efficiency (low PAPR) +to +++ -

Robustness to CFO and PBZ 53] +to +++ -
Robustness to PA non-linearit$(, 54, 55| +++ -

Low equalization complexity -to++| ++to++t
Robustness to frequency selective fading -to ++ +++4
Robustness to time selective fadifgp] | + to +++ -to+

MIMO compatibility +to+++| -to+++

more transmit power (better Signal-to-Noise Ratio (SNR)) with the limited powercss of
current electronics technology.

3. Both SC and MC can achieve high SE depending on system configyratiopted modulation
and its order. Similarly, both suffer from a SE penalty when a Zero-P{gR) or CP is used.

4. The considered scenarios in the sub-THz channels have fewavadunultipaths, and thus
less frequency selectivity (almost flat) than in the lower bands since the coitetion is
LoS or nearly LoS. Also, the high propagation loss for sub-THz signat$ their weak
penetration capability leads to receiving the reflected/scattered signalsy)ifngth very low
power. Hence, the SC waveform, especially with FDE, can still operatdesatigly with low
system complexity and affordable cost even if the channel is not plgrfiéat. This leads
to adopting the Single Carrier Frequency Domain Equalization (SC-FDEntlgcin IEEE
802.11ad/ay WiGig standar83], after its previous adoption in LTE-Advanced (4G) uplink for a
better UE power efficiency, 2G global system for mobile communications, Bi&&elsal Mobile
Telecommunications System, IEEE 802.15.4 standard and Bluetooth, etc.

In conclusion, the SC waveform is more suitable for wireless ultra-highrdédaup to Thps with
low power consumption for BSG communication at sub-THz bands, and thalataoh should provide
the following: (1) high robustness to RF impairments (PN, CFO, non-linedriyalog components),
(2) high SE, (3) high EE, (4) limited PAPR to operate the PA more efficientlythnsl ensure that an
acceptable SNR can be achieved with the limited transmit output power, awdrtfatibility with
MIMO system such as spatial multiplexing to increase the data rates. In addtimmodulation
should be able to cope with few-bits low cost-power data converters;iaipén a large-scale MIMO
to keep an affordable system cost and power consumption. Besidegjldeflscalable and adaptive
system is an advantage to permit the system adaptation according to cbamnditions and received
signal power.

It is worth mentioning that our SC waveform conclusion is strongly depande the sub-THz
scenarios and the current technology maturity. Thus, this analysis avefomsa selection should
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be revisited for future potential applications, higher frequency bainds THz or higher), or after a
technological breakthrough.

In the true THz context (above 1 THz), a wider bandwidth (in order o&)Tl4 available that
can simplify the transceiver design. For instance, the wireless TbpstraigealHz bands can be
achieved with a simple transceiver using On-Off Keying (OOK) based mbdnta[57, 58], which
is not the case for sub-THz bands of smaller available contiguous batmdwidowever, the true
THz bands above the BRAVE considered spectrum have more stringénbtegical limitations, and
the signal propagation is limited to extremely short distances with a very low spgwer using
current electronic technology. Hence, they are more suited nowadeyaifio-scale communication
paradigms, such as nanotechnology applications for industrial and miliddg finano-bio-sensing,
and even intra/inter-chip communicatiob9 60]. But, more research is required at the technology
level to enable the macro-scale Thps wireless communication at true THandtance, Graphene-
based plasmonic technology can be a potential key enabler for wirelesawacation at these true
THz frequencies47, 61].

Finally, it is obvious that the sub-THz bands are the first stop for B5G camwuation system,
where the low-cost electronic technology can operate but with seugiiahtchallenges, limitations,
and RF impairments. This thesis aims to create and evaluate new radio techmtiagigould operate
in the sub-THz spectrum and offer the desired B5G performance. [ingate goal is to define a
solution that would reach 1 Tbps (100x peak data rate defined in IMT-2025G). More insights
are given in the next section about our adopted approach to enabfg@ndte the wireless Thps at
sub-THz bands.

1.4 Major Contributions and Thesis Outline

As described earlier, the main challenge to exploit the sub-THz band#fatigh data rates wireless
applications is its technological limitations, intrinsic RF impairments, and chanasdcieristics. Even
though larger spectrum and MIMO are envisagé#,[but additional breakthroughs are necessary to
exploit the sub-THz bands and reach the B5G throughput requireniRetently, the IEEE 802.11ax
standard in sub-GHz band enhanced the data rates using highemwrdalation up tol024 QAM,
wider channels, and the adoption of MIMO technologies. However, theTélz systems suffer from
more severe RF challenges and technological limitations such as low transmeit, jeN, PA non-
linearity, and limited resolution for low power/cost ADC as summarized in SedtidnConsidering
these limitations and RF impairments, the usage of high-order APMs becongsuitable solution in
current sub-THz technology. In addition, the sub-THz channelaciaristics impose the replacement
of the MC waveform with high PAPR in IEEE 802.11ax by SC modulations, asidsed in Sectioh.3.
The existing high data rate system uses a spectral-efficient modulation whitlPARR and then seeks
for PAPR reduction to limit the power consumption. In contrast to the prewvi@attional approach,
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our approach insists on benefiting from a power-efficient SC wanetbat can survive with sub-THz
challenges and then enhances its spectral efficiency through IM aad@etl MIMO techniques. This
thesis is divided into two parts, as shown in Fig5, and outlined as follows.

( Chapter 1: \
Terabits scenarios,
sub-THz band and its
waveform

PartI: u% PartII:
Contributions and Advances to ( \ Novel Domain/Dimension
Generalized Spatial Modulation Chapter 2: for Index Modulation

State of Art: Index

Modulation

Chapter 3:

Generalized Spatial
Modulation based
schemes

Figure 1.5— Map of the thesis organization. Any top-down path can bleigd to read the thesis, or one of the
two parts.

In Chapter2, the different existing IM domains and techniques are reviewed to cgatewards
the most spectral-efficient technique suitable for sub-THz. The basioid® is to convey additional
information bits contained implicitly in the index of an element among several pessimbinations
that can be detected at the receiver side. It is worth mentioning that IMattvasted tremendous
attention in the last decade, mainly due to its potential spectral and/or erfécggney enhancement
that can help to suit the different B5G requirements from high-data-ggi#cations to low-power
0T systems. Firstly, the SISO systems based on time, frequency, codertiinls are presented
with a focus on their achievable SE, and the combination of the modulation typethiveither time
or frequency domains is also provided. Afterward, the MIMO SMX thatvedlancreasing the SE
is presented, followed by the investigation of the spatial IM domain. The eyistamsmit spatial
IM and the receive spatial IM schemes that convey information by indetkiagactivated/targeted
transmit/receive antennas respectively, are explored, then their 8E®m@pared. After presenting
these IM techniques, a brief comparison of their advantages and digadea is given, and their
convenient application is deduced.

In Chapter3 of the first partl in this thesis, the MIMO SMX and the spatial IM domain, mainly
GSM based scheme, are studied in the context of ultra-high data rate systemis-THz bands.
Besides, several contributions are proposed in order to overcome the@8M limitations related
to sub-THz channel characteristics, MIMO SMX and GSM detection coritplekhen, a scheme is
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proposed allowing the increase of MIMO system SE through multidimensitbhaWbre precisely, in
the first section, the potential of the proposed approach of using pefficient SC accompanied by
a spectral-efficient IM technique is investigated in Rayleigh and Ricianngignfollowed by a link
budget and power consumption estimation. The®;EBGSMis proposed where a selection technique
of the indexed antennas’ groups is developed, without instantane@am@lSide Information at the
transmitter side (CSIT). The proposed S-EGSM aims to reduce the transttigl $pl's performance
degradation in highly correlated channels without a feedback chamedghead. Also, dest-effort
spatial bit mapping based on gray codingis proposed to minimize the system BER. After these
enhancements, the GSM system with power-efficient SC and its equidlbtd® SMX of the same
SE are compared in sub-THz channel with RF impairments from differesppetives: performance,
PAPR, energy efficiency, robustness to PN, optimal detection complexis, and compatibility
with low-resolution ADC. Consequently, low-complexity near-optimal detectemhniques, called
OSIC-ML and O?SIC-ML, are proposed for MIMO SMX and GSM respectively to enable the
extension to large-scale MIMO systems. The results with the proposedatstsliow that the optimal
performance is achieved with 99% complexity reduction. In the last sectiother layer of indexation
based on the polarization IM domain is proposed to ob2iGSM scheme that enhances GSM
SE while maintaining its advantages. The theoretical performance asse¢ssinthis indexation
scheme along with its study in sub-THz scenario are provided to highlighttieahdvantages of
GSM based schemes. The content of Chapteais been partly published in seven conference papers
[10,14-17,20,31]; and three journal articled B, 19, 21].

In the second parti, mainly in Chapter4, a novel IM domain, nameéilter IM domain , is
proposed where another degree of freedom is given to conveymafam bits by a filter’s index. In
addition, the derivatives of this domain and its different potential indexationniques are discussed
to highlight that this domain generalizes most existing SISO-IM techniqugmcidly the time
and frequency IM domains. Following our approach and within the filter bmhdin, two novel
schemed=SIM, and its two-layers indexation on the in-phase (l)/quadratue (Q) components
“IQ-FSIM”) are proposed to enhance the SE/EE of the power-efficient SC modul&tiun study
of the proposed systems is completed by proposing optimal detection techmigghdow complexity
and an appropriate equalization scheme. In order to better assess firenpace of the proposed
techniques, the lower-bound performance is derived, and a conyeasttidy with the equivalent
conventional SC systems and SISO-IM schemes of the same SE is prodelly, the filter IM
domain is exploited in MIMO system by proposi®MX-FSIM to achieve the target rate with low
power consumption while respecting the existing sub-THz challenges and lim#afibe proposition
of MIMO SMX-FSIM system is accompanied by a development of low compleignsceiver,
theoretical performance derivation, an assessment from diffeegspgctives, and a comparison with
the previously investigated solutions of Cha@eihe content of Chaptetrhas been partly published
in one conference pape2d; and three journal articlePp, 24, 25)].
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In Chaptel5, the challenges introduced by the proposed filter IM domain to maximize itsiat=bc
SE/EE are discussed. These challenges lie in the filter bank design tliéd sbspect the proposed
filter IM schemes’ requirements and constraints. In order to tackle the fdiek Hesign ofV filter
shapes, the problem to be solved by optimization techniques is formulated. tHdugddressed
multivariate optimization problem to jointly design tié filter shapes of lengtlL is a non-convex
jointly constrained problem with: (1) multimodal quartic objective, (2) quadraquality, and (3)
several multimodal quartic non-convex constraints. In order to solve &|axation and restriction
approach is followed, then an algorithm to desiffilter shapes is proposed and extended to jointly
designN filter shapes. Finally, the obtained results are used to evaluate the FSévheand prove
that a higher SE and EE can be attained by tackling this challenging problesrconitent of Chapter
5is part of our perspectives, where a publication will be submitted in theforae.

Finally, chapte6 concludes the thesis and summarizes the main contribution. It also points out the
open research problems and provides a discussion about the pisesgaections for future works.

1.4.1 Summary of the major contributions

In the following, the main contributions of this thesis are listed briefly:

1. We proposed a new approach based on constant or near-¢oaestaope SC modulation
with IM to reach Tbps with low power consumption. In addition, its feasibility islested
depending on error performance, power consumption, complexity, @std he performance
analysis of the proposed approach SC with spectral-efficient IM iseaddd over spatially
correlated/uncorrelated Rician and Rayleigh channels as a starting pooreoWr, the link
budget is calculated, and the power consumption is estimated based on tferwaPAPR
to emphasize the importance of SC-IM for Tbps. Finally, the advantageveérpefficient SC
enhanced by spectral-efficient IM scheme for mmWave and sub-THishampresented. The
details are presented in Sectidr2 and [L0, 14].

2. GSM conveys information by the index of the activated Transmit Anteroralhation (TAC)
and by theM-ary APM symbols. In conventional GSM, the legitimate TACs are randomly
selected, where their number should be a power of 2. An Enhancedralieeé Spatial
Modulation (EGSM) based on adaptive legitimate TAC selection is previouslpgsed in
[63] to provide the optimal performance, but EGSM requires the full knowdeoligCSIT. In
order to avoid the overhead of feedback channel and effectivelosdaa S-EGSM without
instantaneous CSIT is proposed for highly correlated channels. Memethe spatial bit-
mapping for conventional GSM is based on binary bit-mapping that can teagisors in all
spatial-bits when the activated TAC is misdetected. In order to reduce thedEd#ficient best-
effort spatial bit-mapping (Index-to-Bit) is proposed to reduce the BEgratation in correlated
channels. The two proposed techniques are detailed in S&c8amd [L5)].
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3. We provided a complete analysis for MIMO SMX and GSM subjected to majbrTéiz
limitations and RF impairments. This study considers the performance analydifepént
power-efficient APM with GSM systems subjected to PN effects over ddib-dhannels, then
the best APM candidate with GSM is compared to SMX. The proposed agpisassessed
in a realistic sub-THz environment by considering the system performaolastness to PN,
computational complexity, cost, PAPR, link budget, and power consumptidmns study is
discussed in Sectio®.4and [1L6,17).

4. We proposed a novel quasi-linear detector for MIMO SMX, called@BL. The proposed
detector combines the linear Ordered Successive Interference llatone(OSIC) technique
with the non-linear optimal Maximum Likelihood (ML) technique to enable an immorta
performance enhancement while providing a prominent complexity reduofiaron-linear
optimal detectors like sphere decoder. The system performance wigtpenperfect channel
estimation and the proposed detector’s computational complexity are evawigtedifferent
configurations to highlight its advantages. In addition, the proposedtdetececonfigurable to
provide the best performance-complexity tradeoff. This detection scieepmevided in Section
3.5and [19].

5. We extended the proposed OSIC-ML detector for SMX to GSM systedna#inits special
cases. The proposed detector denoted by Ordered TAC-OrdersbsSive Interference
Cancellation with ML verification (BSIC-ML) is designed to achieve the optimal performance
with a controllable complexity-performance tradeoff even for a largéedddVO system. The
proposed GSIC-ML detector is accompanied by ordering techniques for the TACsAdHd
symbols to further reduce the complexity and improve the performanceataggy. The results
reveal that @SIC-ML allows reaching the optimal performance of non-linear detector with
complexity reduction in order ¢f9% as shown in Sectiof.6 and [L8].

6. We proposed a DP-GSM scheme where we incorporate DP antenna&$ihto reduce
the spatial correlation impact and also to enhance the system SE by addithgralayer of
polarization indexation. Furthermore, we proposed a low complexity detaatbijoint ML
detector for this scheme that estimates jointly all bits conveyed by APM symbdéation of
TACs and polarization dimension. Moreover, the theoretical performario-@SM is derived
and validated by Monte Carlo simulations, then a comparison with uni-polarigdti@&d SMX
in sub-THz channel with RF impairments is provided. The details of the pegpp®-GSM can
be found in Sectio®.7and R0, 21].

7. We explored a novel IM domain named “Filter Domain” that generalizes mexisting
modulations and SISO-IM domains. In addition, the proposed domain allovisiadgtdigher
SE and EE by exploring all available time and frequency resources. dmaid’s special cases
are discussed, and their achievable SEs are presented in Skt R2].
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8.

10.

11.

We proposed a novel scheme within the filter IM domain denoted FSIMpTd@sed scheme
conveys additional information bits by the index of the selected filter shaffedtansmitter
side. This indexation can be changed at symbol rate and exploits all dedilale-frequency
resources, and thus permits to achieve higher SE and EE gain in SIS@sydvever, the
proposed technique allows using non-Nyquist filters to achieve low filkeos's-correlation even
if a controllable 1Sl is introduced. Hence, we developed an ISI estimatidncancellation
technique to compensate the added ISI and reach the optimal performantmwwittder power-
efficient APM schemes. Moreover, the joint ML detector for this schemedsemted, and an
optimal detector with low complexity is proposed. The theoretical lower botiticeqrobability
of filter error, total BER and Symbol-Error Rate (SER) are derivedvatidated by Monte Carlo
simulations to truly characterize the proposed scheme. Then, the perfieraad EE gain of
FSIM is shown by comparing to the equivalent SISO systems with/without |Mdiditve White
Gaussian Noise (AWGN) channel and frequency selective fadingnethaThe proposed novel
FSIM scheme and its study is detailed in Secda®and 22].

. We developed another scheme in the filter IM domain, called 1Q-FSIM, ublddhe SE gain

of FSIM. This technique performs a parallel indexation of the filter shapeshe in-phase
and quadrature components. Then, the joint ML and a low complexity detactatesigned
to estimate the additional information bits, and the previous ISI estimation anellzdion
technique is adapted to deal with the separate filter shapes’ indexatiomdnQ.&=inally, the
theoretical performance lower bound is deduced and validated, theracedo the previously
proposed FSIM scheme.

We extended the FSIM to MIMO SMX system in order to deliver the higB&sand EE gain
among the existing MIMO systems with/without IM. This superiority is guaranbseskploiting
all the available time, frequency, and spatial resources in contrast tolMdsthniques that
sacrifice in some resources to enable the indexation. The proposed NHBIE with low
complexity linear receiver is evaluated theoretically by using its derivelyticed lower bound
and Monte Carlo simulations to confirm the achieved enhancements. Thergntjgred in sub-
THz with RF impairments from different perspectives to the previously tiya®d technique
in Chapter3. The proposed approach leads to this end by designing power artdasadiicient
SC waveform using IM and MIMO techniques to achieve B5G rate requimesnélhe results
also show that the proposed MIMO transceiver with a linear low complexitgctier is a
promising solution for ultra-high data rates system in sub-THz bands duehiglitsobustness
to RF impairments, high SE/EE, and low power consumption. This concluseaneh study is
presented and discussed in Secdohiand 5.

We completed this thesis by formulating the challenging problem for filtek lwhasign
that respects the proposed filter IM schemes’ requirements. This mwexcgroblem is
not addressed previously in the literature, and its multi-non-convexity leadgssitate the



20 | Terabits scenarios, sub-THz band and its waveform specifications

simplification by relaxation and restriction. Firstly, an optimization algorithm faigieng a
filter bank of size two is proposed to search for the filter shape iterativiyerward, this
algorithm is extended to design a larger number of filter shapes jointly. Tdtdgon analysis
and discussion reveal that the global optimum can be achieved only wheseld initialization
lies in the vicinity of its global optimum. Consequently, the obtained filter bank is tsed
evaluate FSIM system and compare it to the previous results with non-optiteed,fivhere we
showed that a significant performance gain is achieved. Finally, wesdisduhe limitations of
the proposed filter bank design, and we highlighted at the end of CHaghtatrthere is still room
for enhancements in our future work.
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1.6 Summary

In this chapter, an overview of the thesis motivation is provided by highligh85@ communication

goals and the sub-THz bands as a key enabler for ultra-high data pptésations. Besides, a brief
introduction of the sub-THz bands, its use cases, and its main challengesgiven. Afterward,

the existing potential waveforms for sub-THz bands are discussedevihés highlighted that a

breakthrough in waveform design is required to achieve B5G targetimatab-THz environments.
Finally, the thesis outline and its main contributions are presented.
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2.1 Introduction

Future wireless communications systems seek to achieve higher data rates lanér energy
consumption, and thus they require schemes with enhanced SE/or EEdI&@av&IIMO technology is
integrated into different standards due to its impressive system improverkiemgver, the traditional
modes of MIMO wireless systems (spatial multiplexing, space diversity) aremough to achieve
the wireless Terabits system with low power consumption. The transmitted sigaat mainly a

3D representation, as depicted in Fi@.1, where the time/frequency and space are the basis of
this representation, and the signal can contain complex symbols that map dhadtibn bits to

the in-phase and quadrature components. These three domains aoceiglyegonsidered for data
multiplexing/diversity or multiple access transmission (TDMA, FDMA, SDMA).

space space space

frequency frequency frequency

time time time
(a) Time Division (b) Frequency Division (c) Space Division

Figure 2.1— 3D representation for Time, frequency and spatial divisio

Recently, Index Modulation has attracted tremendous attention due to its intppdimtial
enhancement in the system SE and/or EE achieved by the intelligent exploghtimsignal aspects
and its surrounding environment. Firstly, IM is well explored separatety jamtly in the spatial,
frequency, and temporal domains, and also other dimensions are integtigmshown in Fig2.2 The
IM principle is to convey additional information bits implicitly (as Virtual Bits (VBs$))the selected
element index among several possibilities. Note that using an IM strateggdbiger should be able
to correctly detect the indexed element before deducing the associagedgBexample, in the spatial
IM domain, the indexed element is the antenna while it is the time slot, the frequandjsbibcarrier in
time and frequency IM domain, respectively. The IM immense advantagesisgged the researchers
to investigate this concept in many other dimensions based on spreading at@shael medium,
radiation patterns of reconfigurable or polarized antennas, and moduigim Consequently, different
multidimensional IM schemes are proposed by combining several existingiits.

In this chapter, the traditional SISO system and its combination with time, freguamnd code IM
domains are presented in Sectih@. However, the MIMO systems with/without spatial IM domain are
reviewed in Sectior2.3. Section2.4 discusses the different strategies to convey additional information
bits by indexing the scattering clusters in a real channel, and the genesdiaton patterns/beam
with the help of reconfigurable antennas/beamforming or RF mirrors. Fitladlynultidimensional IM
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Figure 2.2— Index modulation domains presented in this chapter.

schemes are introduced in Sectb. Finally, the advantages/disadvantages of these IM domains are
highlighted in Sectior2.6, while Sectior2.7 concludes this chapter.

2.2 SISO systems with/without Index Modulation

SISO wireless communication system is the most straightforward antennalegpnwhere the
transmitter and receiver are equipped with one antenna, as depicted th3-ighe data is transmitted
in a dedicated time-frequency block, where this block can be divided in timmaties slots, and in
frequency to sub-bands to allow data diversity and/or multiplexing. The Tiivisibn Multiplexing
(TDM) and Frequency Division Multiplexing (FDM) multiplexing techniquesg axtended to TDMA
and FDMA multiple-access techniques, respectively, to allow simultaneousumselteommunication.
Afterward, these domains are explored by IM, where a single or a s#vtsfsub-bands are selected
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Receiver:

Transmitter = \‘ / o
St chain ] ; chain Signal
Generator | \ Detector

Figure 2.3— General SISO wireless communication sytem.

for transmission based on the input bit-stream, and the Rx detects the actesoerce to deduce the
VBs.

2.2.1 SISO time, frequency and modulation IM domains

In general, the time and frequency domain IMs have limited SE enhancenrehigfo data rate
applications, as we will highlight in this sub-section. This limitation is due to the digua of
some available time and frequency resources. The time domain-IM, whiclatastia single time
slot to convey information bits, appeared from many decades in sewdraings as OOK, Pulse
Position Modulation (PPM) without APM6H], and Generalized Pulse Position Modulation (GPPM)
with APM [65]. Then, the SE is enhanced by activating a fixed number of time slots in Single
Carrier with Time Index Modulation (SC-TIM)6], which is proposed with FDE inspired by the
frequency IM domain counterpart Orthogonal Frequency-Divisiattidlexing with Sub-carrier Index
Modulation (OFDM-SIM) B7] [68]. Similarly, the Generalized Frequency Division Multiplexing
with Index Modulation (GFDM-IM) B9] uses the index of activated frequency bands for the same
purpose. Their SEs are expressed in Tablewithout considering the pulse shaping roll-off factor
SE penalty that has similar impact on all schemes. Hence, the unit bit penathase (bpcu) is
used for SE, and the SE in b/s/Hz can be deduced by multiplying the SE in lypthe lroll-off

SE penalty (i.e.,%%g. In this table, we used the following notationd; denotes time
slots or sub-carriers/frequency bands without the CP elements of |akgih N is divided intoG
groups ofN, elements §7 = N, G), andN, elements ¥, < N,) within each group are activated to
convey information bits in IM. The indexation is performed using an accéptabup sizeV, to avoid
the high detection complexity with a largé-. Inspired by OFDM-SIM, the MC Differential Chaos
Shift Keying (DCSK) modulation is combined with IM by conveying bits using thevated carrier
index and transmitting zero symbols on non-activated o6k [Other IM idea is also investigated
in OFDM with Orthogonal Frequency-Division Multiplexing with Sub-carridumber Modulation
(OFDM-SNM) [71] [ 72], where only the number of activated sub-carrigy¥s {alue) conveys the VBs.
The allowedV,, values for a certain OFDM-SNM system is represented in the sethich can contain
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all possible values in the extreme cage & {1,2,..., No} where its SE remains lower than that of
conventionalM-ary APM in most cases, according to their SE equations in Tali)e

Moreover, the time and frequency IM domains are adopted with non-asttedgoverlapped)
resources in Faster-Than-Nyquist with Time Index Modulation (FTN-JTBd Spectral efficient
Freguency Division Multiplexing (SeFDM), respectively as shown in Fid. These systems suffer
from inherited interference, but they can compensate for some of thesSEidimited gain of their
orthogonal version, depending on the compression facédithe price of performance degradation.

Similarly, the Index Modulation Multiple Access (IMMA)7B] and Index Modulation with
Orthogonal Frequency Division Multiple Access (IM-OFDMAY] exploit the appealing advantage of
IM in proposing a new Non-Orthogonal Multiple Access (NOMA) in time arehfxency, respectively.
Note that IMMA is similar to GPPM, whereas it allows resource sharing amdngsers. However,
the frequency domain counterpart IM-OFDMA allows activativig subcarriers in contrast to IMMA
that uses a single time slot. The SE enhancement of IMMA is doubled in Quesltadex Modulation
Multiple Access (QIMMA) [75] by performing separate indexation on the In-phase (I) and Quadratur
(Q) components. In other words, QIMMA transmits the real and imaginaris d the complex
symbol through different resources unless the VBs for | and Q arsdhee. Consequently, these
non-orthogonal schemes with a convenient configuration achievef@mpance gain that can vanish
due to collisions when many users transmit during the same time/frequenayaeso Thus, they
provide a tradeoff between the SE system enhancement and the collistmabpity that are affected
by the maximum number of users in each time/frequency chunk.

Furthermore, several SE enhancements for these SISO-IM are érbédiowing the activation
of a variable number of sub-carriers in Dual Mode-Orthogonal Feequ-Division Multiplexing
with Variable Subcarrier Index Modulation (DM-OFDM-VSIMY§] and/or independent sub-carriers
activation with the same&v, between the | and Q components in Orthogonal Frequency-Division
Multiplexing with Quadrature Sub-carrier Index Modulation (OFDM-QSIMY] or different N,
between them in Orthogonal Frequency-Division Multiplexing with Hybridphase Quadrature
Sub-carrier Index Modulation (OFDM-HIQ-SIMY[]. For the same reason, the Layered-Orthogonal
Frequency-Division Multiplexing with Subcarrier Index Modulatiafi-OFDM-SIM) is proposed in
[78] while taking advantage of modulation type IM domain that uses distinguishabtilatmns
between different layers. In each groupf subcarriers, theL-OFDM-SIM scheme activates,,
subcarriers per layer &¥, — N, (L — 1) elements. ThisL.-OFDM-SIM activates more subcarriers in
total (GLN,) compared to OFDM-SIM@ N,,), and the former performs another SIM on the remaining
non-activated subcarriers successively on the subseduent layers within each group that help to
enhance the SE of OFDM-SIM.

However, the previous techniques do not use all available time/frequesoyrces that limit the
SE enhancement. Hence, the modulation type IM domain is explored to corfeemdtion bits in
the selected modulation type while using all available time/frequency resouFemsinstance, the
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dual-mode (DM) IM is introduced to better compensate for the SE loss or limited ¢jadeed, the
non-activated slots/bands are exploited to send different and distidplesAPM symbols by means
of modulation type IM, saf4 andMg-ary APM schemes are used respectively during the primary and
secondary activated time slots in Dual Mode-Single Carrier with Index Nédidn (DM-SC-IM) [79]
and Dual Mode-Faster Than Nyquist with Index Modulation (DM-FTN}INMQ], sub-carriers in
Dual Mode-Orthogonal Frequency-Division Multiplexing with Index Midation (DM-OFDM-IM)
as discussed in8fl] and its generalized version with a variable humbemgf DM-OFDM-VSIM
[82. These DM-IM techniques convey information by the used modulation tgpe, this idea
is extended to Multi-Mode Orthogonal Frequency-Division Multiplexing witidéx Modulation
(MM-OFDM-IM) [83], where each subcarrier within a group &f, elements transmits a symbol
from different distinguishable constellation sets, and the permutation & thedulation conveys the
VBs, similarly for Multi-Mode-Orthogonal Frequency-Division Multiplexingth Quadrature Index
Modulation (MM-OFDM-QIM) but with different indexation on | and Q compnts. Afterward, a
generalized version of Generalized Multi-Mode Orthogonal Frequ@&magion Multiplexing with
Index Modulation (GMM-OFDM-IM) is proposed in8@] to provide a more flexible choice for SE
compared to MM-OFDM-IM, by adjusting the number of subcarrigrshat use the same modulation
order M, (the special case MM-OFDM-IM is obtained when M}, are equal ta/ as shown in Table
2.0.

It is clear from Table2.1 that most SISO-IM schemes, mainly the time and the frequency IM
domains that do not fully use the time and frequency resources, sufi@r $E reduction in most
configurations. Whereas the modulation type IM domain (DM or MM) that wdEesesources
can achieve some SE enhancement using distinguishable APMs. Althou@ftfer single-mode
IM schemes is limited, they are promising for low data rate applications, suchealsPWA loT
devices and machine-to-machine communications, because better EE chiiegvecwith appropriate
configurations compared to conventional APM schemes. Indeed, etleabEE can be enhanced
with low data rate applications to reaéb% as a rough estimation for the same SE with = 2
Binary-Phase Shift Keying (BPSK), = 4, N, = 2 as presented in Single carrier Frequency Division
Multiple Access with Index Modulation (SC-FDMA-IM)8B]. However, their EE is dramatically
reduced compared to conventional APM schemes (QAM) for high datapgiications. This lower
EE is due to the need for higher power (SNR) to maintain the same SE, by ltsiagtégherM-ary
APM when not all resources are used according to TAldleor non-orthogonal schemes with inherited
interference.
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Table 2.1- SE summary of most existing SISO schemes with/without IM.

M ) SC/ System Name Spectral Efficiency Inherited
Domain MC (bpcu) Interference
sc gmarpAsiM: log, M No
) sC SC-FDE Ny log, M
No
MC OFDM Nr+Ner
Time SC OOK 1 No
Time | SC PPM 64] Log; N No
Time SC GPPM§5] M NoO
Time sc NOMA : IMMA [73] N, (llog %z““’gz M) YES
Time SC| NOMA:QIMMA [75] N 2llog, IQ’;'J”"&M ) YES
) N, (log, M +|log, C;\\,]" D
Frequency| SC| NOMA :IM-OFDMAT4] Ny £ YES
Time sc FDE SC-TIM [66]
SC-FDMA-IM [85] G(Nq log, M+{log, C¢ ) NoO
- NT+N,
Frequency| Mg CFPM-SIM [67] [68] T+Ncp
GFDM-IM [69]
G (llogy (Xngepg MNACNO])
Frequency| MC OFDM-VSIMT6] ® NNTf’]‘\,CP Ne No
Extreme case%
G (N, log, M+2|log, cxg )
Frequency| MC OFDM-QSIMT6] NTNcp No
Frequency| MC OFDM-HIQ-SIM G((Nay +Nag) og; VM +log, Cp. ! CI:;QJ) No
[77] Nr+Ncp
G(NalolngIJ\:I}Jél;ngNgJ), 1 <Ny <N,
Frequency| MC OFDM-SNMT1] [72] No
Average: G(0.5(1+N§3T1(ig]3]2/:)+ Llog, Ng |)
Time sc FTN-TIM [86] 1 G(Nalog, M+(log, cﬁ,’;q) YES
Frequency SeFDM-IMg7] v Nr+Ncp
] G (Ng logy Ma+(Ny—Ng) log, Mg +|log, CN4 |)
Modulation | SC DM-FTN-IM B(] 1 2 Ot PAT e e O T g YES
T CP
Modulation| SC DM-SC-IM 9] G(Nalogy Ma+(Ng=Na) logy Mp+Llog, C ) No
Modulation | MC DM-OFDM-IM [81]] Nr+Ncp
@ rsNg—Na ~Ng
Frequency| MC DM-O[FS[%]M-VSIM G(“"&@NMEM% My* gD No
T+Ncp
Modulation| MC|  MM-OFDM-IM [83] G (llog; Ng 1+ N log, M) No
T CP
. G (2|logy Ng!]+Ng logy M
Modulation| MC| MM-OFDM-QIM [83] (2ot Mo 1 e o8 M) No
G(|log, Ng!j+2{,<:1 ny log, My) where
Modulation | MC GMM-OFDM-IM [84] Nr+Ncp No
Zle ng = Ng andM; > M, > .. Mg
G L(llogy C7_y (r_p) [+Nalogy M)
Frequency| MC L-OFDM-SIM [78] 5NT+NCP No
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In conclusion, all orthogonal/non-orthogonal time and frequency SMG@chemes in Tabl@.1
achieves a fraction of bit SE gain on average in their best-case sceoanjpared to a linear APM
without IM (e.g., QAM). In contrast, the modulation type IM domain (DM/MM) is ra@pectrally
efficient among these SISO-IM domains only when distinguishable APMtelatsons’ sets can
be guaranteed. Similarly, the NOMA schemes enhance the SE only when niteenof users is
near the number of allocated time/frequency resourdgs £ N,), but this will lead to a larger
collision probability between users’ data (25% gy = N, [73]) and thus causes overall performance
degradation.

Finally, it is worth mentioning that some schemes are investigated with spatial muhigplex
to compensate the SE loss or limited gain by benefiting from the multiplexing gain asM©OM
OFDM-SIM [88].

2.2.2 Code IM- Spreading spectrum

The appealing SE/EE advantages of IM have inspired the combination of I$bl with the
spreading spectrum techniques, where a Code Index Modulatiome@eectrum (CIM-SS) and
its generalization Generalized Code Index Modulation-Spread SpectB@H-SS) are proposed
in [89,90]. The code IM domain principle is to convey bits by selecting one of the fiirextespreading
codes (e.g., Walsh code). In contrast to the traditional SS scheme, thead at the Transmitters
(Txs) side is not known for the Receiver (Rx), so it should estimate tleeteel code to recover the
VBs and use it for de-spreading before APM detection. The GCIM anagtiermore the SE by using
different spreading codes for the in-phase and quadrature comigordote that the CIM-SS scheme
is also investigated with DCSK ir9[].

However, it is worth mentioning that the indexation in this domain for multiple-acpespose
leads to user interference due to data collision when different userhesame code. Hence, this
IM domain loses the advantage of code orthogonal multiple access techriigjge Code Division
Multiple Access (CDMA)) that dedicates a single code for each user.

2.3 MIMO systems with/without Index Modulation

MIMO wireless system is composed of multiple antennas at the transmitter aeeareside, as
depicted in Fig.2.4, and it gives another degree of freedom to allow simultaneous data traiemis
on the same allocated time slot and frequency band. However, the emittedlSyonibthe Transmit
Antennas (TAs) can be either the same to achieve only diversity gainrttitatisersity) or different
to introduce multiplexing gain (Spatial Multiplexing). In general, a spatialrdiein MIMO systems
can be achieved when various replicas of the same transmitted symbolseiveddrom independent
path fading that allows enhancing the performance. Hence, the multipleddsy2E gain while the
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Figure 2.4— MIMO transceiver System Model witN, transmit antennas and. receive antennas.

diversity enables the increase in EE. For example, a full-diversity caefatling channels is obtained
by Space-Time Block Code (STBC9J] with two TAs, but a capacity loss will occur with a larger
number of TAs §3]. Hence, the MIMO system has a fundamental tradeoff between the muitiglex
and the diversity gain94]. Since our ultimate goal is to achieve high SE using MIMO and IM
techniques, we will focus in sub-secti@i3.1on MIMO SMX, and in sub-sectio.3.2on different
spatial IM schemes, where a SE improvement could be achieved. Whtreaher techniques that
aim for diversity enhancement only (e.g., transmit/receive diversity,(GERc.) are not presented.

2.3.1 Spatial Multiplexing

A MIMO-SMX system (also known as BLAST) using, TAs andN, Receive Antennas (RAs) with
N, > N, is considered as depicted in Figy4, where all TAs transmit simultaneously different symbols
of modulation orde [95,96]. Thus, the number of bits per SMX symbol is expressed as:

The received signal vectgris expressed as:
y=HxX+v, (2.2)

whereH = [hy,...,hy,] is the N, x N; MIMO channel matrix withh; is the column vector oiN,
elementsx = [x, ... ,th]T is the transmitted vectov,is N, x 1 channel noise vector and its elements
v, obeys the independent and identically distributed (i.i.d.) AWGN with zero-medrariance ofr2,
i.e,CN(0, c2)forr = 1,...,N,. The power of the transmit symbols is normalized.
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At the receiver side, the ML detector for estimatixgerforms an exhaustive search over all the
possible transmit vector as described by:

mL = argmin ||y — Hx|)?, (2.3)
Xex’
wherey’ denotes the set of all possible transmit vectors of 82, X is the estimated transmit vectors,
andH is the estimated channel.

2.3.2 Spatial IM domain

Spatial IM uses the indices of the different combinations for transmitterceiver antennas to convey
additional information bits by activating some transmit antennas and/or targetimgreceive antennas.
The former is a Transmit Spatial Modulation, whereas the latter is a RecpatabBModulation as
shown in Fig.2.6. In the following, both sub-categories of the spatial IM domain are pteden

2.3.2.1 Transmit Spatial IM

The transmit Spatial Modulation (SM) activates a single antenna at the transsiitteto send an
M-ary APM symbol P7,98]. The detection of the index of the activated antenna amon@hEAs
conveys additionalllog, (N;)] VBs (spatial bits) tdog, (M) real bits. In addition, an arbitrary number
of TAs is allowed in Fractional Bit Encoded Spatial Modulation (FBE-S®H [to facilitate fractional

bit rates over time, and in Spatial Modulation (SM) conceived for an arkitramber of TAs (Spatial
Modulation with an Arbitrary number of Transmit Antennas (SM-ATAJO[}. However, another
variant is proposed in101] to combat the error propagation effect of FBE-SM, due to unequal bit
mapping for the transmitted symbols ©9], by changing the constellation ord& of APM symbol to
keep the same number of total bits at each time slot.

Moreover, a simplified version of SM named Space Shift Keying (SSK) isdited. All the
information bits of SSK are transmitted through IM without any APM symHlddl to reduce the
receiver complexity, but at the price of lower SE for the same number & TRater on, these
IM methods (SSK and SM) are generalized to allow the activation of a fixeabeu of transmit
antennagv, at the same time to increase the number of virtual bits in Generalized SpacK&fift)
(GSSK) [L03 and GSM respectively. The latter can transmit the same APM symbol ontaihtac
TAs to add a transmit diversitylP4], or different APM symbols on activated TAs to have a higher
SE by benefiting from the multiplexing gaii(5. In addition, SSK and GSSK are studied over
multiple access independent fading chann&@f]. The authors proved that these modulations with a
multi-user detector are more robust to multi-user interference comparedvertmnal APM schemes.
Moreover, GSSK has SE higher than SSK for the same number of transteiinas at the price
of performance degradation. Another SE enhancement method is ad@pace Shift Keying
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(Bi-SSK) [107], Quadrature Spatial Modulation (QSM)(Q§], to double the number of virtual bits of
SSK and SM respectively by activating different TAs for in-phase @uadrature components of the
signal. Afterward, Generalized-Quadrature Spatial Modulation (G-§JJ$8H extended QSM concept
by dividing theN; TAs into N, subgroups of siz&/;, then performs parallel QSM with same/different
M;-ary APM. Note that SM and QSM are combined with Space-Time coding inespace Block
Coded Spatial Modulation (STBC-SM) and ST-QSM respectively[111], to provide also a diversity
gain.

Furthermore, Extended Space Shift Keying (ExSSK) is proposedlifj fhat allows the activation
of variable number of transmit antennas varying betweandN, — 1 to have|log, (2™ —2) | as virtual
bits, and another version of ExSSK is introduced lated it that conveys information bits even when
no antenna or all antennas are activated to hgyeirtual bits. Similarly, the variable humber of
active TAs is introduced in1[14, 119 with SM (called Extended SM (Extended Spatial Modulation
(ExSM))) and VariableV,, Generalized Spatial Modulation (VGSM) scheme with single APM symbol
to have|log, (2™ — 2)] andlog, (2™ — 1) virtual bits respectively, because at least one TA is needed
to transmit the APM symbol. The latter permits the usage of an arbitrary numB&sokith the help
of the FBE-SM concept. These transmit spatial IM schemes are summariZzalle®.2 to highlight
their SE and the adopted methods to conveying the spatial information bits.

Additionally, the differential counterpart of SM (Differential Spatial Mdation (DSM)) [L16,117),
and QSM (Differential Quadrature Spatial Modulation (DQSM)1§ are proposed to eliminate the
requirement of Channel Side Information (CSI) at the receiver sidewdder, DSM hassdB SNR
penalty like most differential-based modulations compared to cohereni$®] fnd it was enhanced
in [12Q to achieve full diversity with two TAs.

2.3.2.2 Receive Spatial IM

A similar analogy for transmit spatial IM schemes (SM, GSM, QSM, SSK, at85K) is considered
at the receiver side to convey bits by the index of RA(s). For instanee,Tthnsmit Pre-coding
aided Spatial Modulation (TPSM) and Generalized Pre-coding Aided $patdulation (GPSM)
target a single RA121] and multiple RAs 122 while transmitting a single and multiple APM
symbol(s) respectively. Inspired by QSM concept, a Generalizedd®timg-Aided Quadrature Spatial
Modulation (GPQSM) is explored inlR3 to double the VBs of GPSM. Also, different schemes
without APM symbols are considered to reduce more the Rx complexity likeiRedatenna Shift
Keying (RASK) and Extended Receive Antenna Shift Keying (ERASHK} target a single RA124]
and a variable number of RA429 respectively. Moreover, the authors df25 upgraded the
ERASK technique by incorporating an APM symbol to achieve higher SEhawn in Table2.2,
and this scheme is called Extended Receive Spatial Modulation (EREM) [For instance, ERSM
uses two different power levels for primary/secondary targeted RABaw APM symbol detection,
especially when no RAs are targeted. Inspired by DSM, the Transmitdelieg Aided Differential
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Figure 2.5— General system model for MIMO system with/without spatfiél

Spatial Modulation (PDSM) is proposed to eliminate the requirements of therpwovealization
factor in TPCM detection]27]. Note that the receive spatial IM schemes require the full knowledge
of CSIT to enable the pre-coding for focusing the emitted power on sel&Adsl), as depicted in
Fig. 2.5 For instance, the linear pre-coding such as Transmit ZF/MMSE (Trar&enit-Forcing
pre-coding (TZF)/Transmit Minimum Mean-Squared Error pre-codifyINISE)) and Maximum
Ratio Transmission Pre-coding (MRT) pre-coding techniques are mositijtakeep a low transmitter
complexity, where TZF cancels the interference on non-target RAsihy tise pseudo-inverse of the
channel matrix and requires more antennas at Tx @¥ge=(N,.), while the latter allows increasing the
spatial gain on target RAs by using the Hermitian of the channel matrix. fidrere sufficiently large
number of TAs is necessary for a better beam-focusing to allow coredettibn of targeted RA(S).

2.3.2.3 Summary

A general system model for MIMO schemes with/without spatial IM is resamesd in Fig.2.5. The
control signal 'MIMO scheme selector’ in Fig2.5 allows to: enable/disable the APM symbol(s)
transmission, adapt the number of bits associated with APM symbol(s) and déreth element,
instruct the signal detection/de-mapping and the MIMO spatial stream aener According to
the control signal, the latter block adapts to the selected MIMO schemes byltheifig: (1)
enable/disable the transmit precoding layer; (2) distribute the real and iampgiarts of APM
symbol(s) if any; (3) create the transmit vector witlup to N, activated TA(S) to targed up to N,
RA(s). In the transmit spatial IM context, the channel estimator at the Rxisidsguired with all
schemes except the differential schemes like DSNF. Besides, not all TAs are activated together
during all the transmission time unless SMX without Transmit Spatial IM is seledtethe receive
spatial IM context, the CSIT is exploited to target the RA(s) by using all B&sl the coherent/non-
coherent detection can be performed with/without the estimated channeltidotée full or partial
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CSIT is not necessary with Transmit Spatial IM, but it can be used attlsdE to enhance the system
performancel5,63,128-13(. Furthermore, the authors in31] proposed a Joint transmitter-receiver
SM (JSM) that uses the indices of TAs, RAs, and the APM symbols for datartrission. Hence, JSM
is able to provide simultaneously transmit/receive diversity and multiplexing gain.

Finally, the presented MIMO schemes with spatial IM domain are summarizecle 2 with
their SEs. Although not all schemes are able to reach high SE, which iedhéeteach ultra-high data
rates, these low SE systems can be suitable for different applications riett different advantages
such as lower Tx and/or Rx cost, less Inter-Antenna Interferendg (&8s detection complexity, higher
EE compared to traditional MIMO systems, etc. These advantages/disagearwill be discussed
more in Sectior?.6.
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Table 2.2— Summary of existing MIMO schemes in the spatial IM domain.

System Spectral Efficiency 12l s Number of activated/
Name (bpcu) targeted antenna(s)
SSK [107] llog, N, ] 1
GSSK [103 Llog, Cy*] N,
Bi-SSK [107] 2|log, N;] v N, = 1for /Q: {1,2}
ExSSK [112 llog, (2Nt —2) ] v {1,...,N, -1}
ExSSK [113 N, v {0,...,N;}
SM [97,98] log, M + [log, N;] v 1
DSM [114 log, M + N%Llogz(N,!)J v 1
2| FBE-SM P9 ~log, M +log, N, | v 1
% SM-ATA [10 logy, M + [log, N, v ]
@ GSMusing log, M + Llog, | | v Ne
% diversity [104 !
3 GSM [105 Nology M +|log, Cyl | v N,
- QSM [10§ log, M +2[log, N, | /| N, = 1for /Q: {1,2}
DQSM[11§ log, M + Nit llog, N;!| | vV | vV N, =1for I/Q: {1,2}
N, =1forl/Q
G-QSM [109 Zf\iﬁ log, M; +2|logy, N..| | V' | V in each subgroup:
{Ng,2Ng}
ExSM [114 log, M + |log, (2Nt —=2)] | v v {1,...,N, -1}
_ FBE_VG_SM ~logy, M +log,(2N - 1) | v v {1,....N:}
using diversity 115
= RASK [124] llog, N, | 1
-‘_ﬁf ERASK [125] N, v {0,...,N,}
& TPSM [12]] log, M + |log, N, | v 1
% GPSM [127 Nglog, M + [logy Chl | v/ N,
S| GPQSMI23 | Nlog, M+2[log, CYe] | v/ | v {N:'.)f"jn]\: rngvli (,Dz;fr)}
ERSM [126] log, M + N, v {0,...,N,}
PDSM [127] logy M + -Llog,(N, )] | v 1

L with APM symbol(s).

2 using separate indexation for | and Q.

3 with variableN,,.
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2.4 Channel/polarization IM domains

More IM schemes are investigated by exploiting the channel and anteraractdristics. For
instance, the latter take advantage of the different radiation patternsgplgewerated using
reconfigurable/polarized antennas for example. However, the chibased IM domain can convey
information by indexing the different real scattering clusters or emitted hessrshown in Fig2.6.

2.4.1 IM using polarized/Reconfigurable antennas

The reconfigurable antenna characteristics attracted the reseaatswets apply the IM concept, and
thus it allows the SE enhancement by exploiting the multiple possible RadiationrBgf®#?s). For
instance, SM with reconfigurable antennas creatgs different RPs that can be indexed to transmit
log, Nrp bpcu in addition toM-ary APM symbol 37. Similarly, the scheme based on SSK is
studied in L33 to achieve lower transceiver complexity. However, another architedtased on the
polarization IM dimension is proposed ihd4] and called Polarization Modulation. This modulation
bears the VBs by the different RPs possibility emitted from the polarized i@ jtallows to transmit

1 extra bit by each dual-polarized TA.

2.4.2 Scattering and Beam based IM

In addition, Spatial Scattering Modulation (SSM) is proposed for mmWave luptienario in 135,
and it uses the analog and hybrid beamforming with a large antenna arraglait ¢hrough IM the
existing scattering clustes,; in real channel. SSM transmitsg, N.; + log, M bits with a single
stream steered towards the selected cluster. However, SSM restrictsigs ttean orthogonal beam
and only at the Tx side by exciting the designated beam port at the transre#t@fdrming network’s
input. Consequently, a Beam IM scheme is proposed later to relax this condittb make such a
system more practical and feasibl&8f. Moreover, a generalized version like GSM called Generalized
Beamspace Modulation using Multiplexing (GBMM) with more RF chains at theidis introduced
in [137] to transmits multiple data streams simultaneously and achieves higher SE. Inrsampa
to Receive Spatial IM schemes, the emitted beam of these channel IM si&mets the selected
scattering cluster and not the RAs.

2.4.3 Media-Based Modulation using RF mirrors

Media-Based Modulation (MBM) is one of the newest members of the IM famigt dan be
implemented by intentionally altering the far-field radiation pattern of a recawfiye antenna by
adjusting the On/Off status of the added RF mirrors according to the inforniait&anThis scheme is
based on parasitic reconfigurable antenna elements that contain PIN thadiew changing its status.
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In this sense, MBM offers an entirely new dimension for the transmissiongdatinformation: the
realizations of wireless channels themselves by deliberate perturbatiantcdtismission environment
[138 139. Note that MBM scheme is investigated in different transmission modes S8@0, and
MIMO where the results show that it has important SE and performanceghinvhen more than one
RA is available [L40.

MBM based schemes Uk r mirrors RF Mirrors around each TAs to generate different channel
states and conveyrr mirrors additional information bits as long as the independence of the generated
RPs is guaranteed. However, a channel sounding is required priatadrdnsmission to estimate the
different fades realizations. A differential MBM (Differential Mediaa8ed Modulation (DMBM))
scheme is proposed ini41 to combat the channel sounding burden, but it leads to performance
degradation. Besides, MBM is also considered with MIMO SMX (SMX-MB&H)d STBC. The
former allows reducing the transmitter cost by decreasing the numbenofeddrF mirrors for higher
SE [147, whereas the latter adds a diversity gain for a better system perfoeniiedid.

2.5 Multidimensional IM

The different IM domains shown in Fig2.2 are also investigated jointly as multidimensional IM
schemes in order to combine various advantages. In the following, werpr@adew combinations of
IM domains that have more SE advantages, and for a wider surveyatierseare referred to the most
recent survey about multidimensional I44].

2.5.1 Channel/polarization IM with spatial and time IM domains

The polarization dimension can be integrated with all MIMO-IM schemes, aatloivs achieving
higher SE, lower antenna array space occupancy, and/or bettemgystiormance in severe channel
conditions. The polarization domain’s appealing advantage is that it caadiy distinguished at
the receiver side even with a realistic cross-polarization correlation |éwal.this reason, the dual-
polarized TAs are used with different spatial IM schemes (e.g., DuakiPeth Spatial Modulation
(DP-SM) [145, 146, DP-TPSM [147] and DP-GSM R0, 21]).

Moreover, MBM based on RF mirrors was also combined with the diffeneatia IM schemes
(SM, GSM, DP-SM), e.g., SM-MBM 14§, Dual Polarized Spatial Modulation with Media-Based
Modulation (DP-SM-MBM) 149, or GSM-MBM [139 techniques. These combined systems enhance
the SE progressively but at the price of larger acceptable detectionedtg@nd transmitter cost (for
more details checKkl40, Table 1]).

Furthermore, the time IM domain is merged with MBM and SM-MBM to obtain their timexed
version TI-MBM and TI-SM-MBM, respectivelyll48, where the virtual bits are encapsulated on the
activated time slots and RPs for both schemes, and also by the selected TAenlditien It is clear
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that the inherent SE drawback of the time IM domain will be reflected on thesdimensional
schemes TI-MBM and TI-SM-MBM, and thus leads to lower SE compared Bd/Mind SM-MBM,
respectively.

2.5.2 Modulation Type-based IM with spatial IM domain

The modulation type is also considered as another dimension for IM, whersetbcted modulation
scheme APM conveys some information bits. However, the different APhtetlations should be
distinguishable to allow correct VBs recovery. For instance, the duakraod multi-mode schemes
presented in Sectioh2take advantage of the modulation type IM to convey information bits by using
different APM.

This domain is incorporated with the spatial IM domain and mainly with SM and GSM
(Multi-Mode Spatial Modulation (MM-SM) and Multi-Mode Generalized Spatisllodulation
(MM-GSM)) to achieve higher SE and/or performance gdis( 151]. The idea of MM-GSM is to
transmit symbols from a primary APM set whafy TAs are activated (similar to GSM) and to use one
or more secondary APM sets with all available TAs, inspired from modulatipe Byl domain. This
strategy increases the number of possible combinations, and thus mored/Bslaced in addition
to APM bits. Note that the secondary APM sets size is half of the primary ARMrdg to keep
the same number of bits for all transmitted symbdlS(]. Besides, its counterpart in the Frequency
Domain Multi-Mode Spatial Modulation (FD-MM-SM) is presented itbp] to provide mainly the
same advantages by exploiting the spatial and modulation type IM, but theFulixRarchitecture is
always required in the frequency domain based indexation.

2.5.3 Spatial IM with time and/or frequency IM

In addition to the previous domain combinations, Generalized Spatial-Freguetmex Modulation
(GSFIM) exploits both spatial and frequency (subcarrier) IM domairmstwey additional information
bits by combining GSM with OFDM-SIM concepi$3. Thus, GSFIM tries to overcome the SE
limitation of OFDM-SIM. Similarly, the space-time IM (STIM) is considered by gs8M and SC-TIM
principle, where the VBs are conveyed by the index of activated time sldttharselected TA during
these time slots1b4.

Moreover, dispersion matrix-based IM schemes are adopted to explaratfiff IM domains
simultaneously, where the spatial IM dimension is used with time IM and/or fregu®&1. These joint-
IM schemes provide a good tradeoff between multiplexing and diversityg daira better performance
in dispersive channel as shown in: coherent Space-Time Shift KENFK) [155-159, differential
STSK [155, Multi-Set Space-Time Shift Keying (MS-STSK}159, Space-Frequency Shift Keying
(SFSK) and Space-Time-Frequency Shift Keying (STFSIK.
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2.6 IM advantages/disadvantages and applications

After summarizing most of the existing IM schemes in this Chapter, it is interestihigldight their
potential advantages and challenges. In the SISO context, all systemstimé¢hand frequency IM
domains have a low SE gain and even a significant SE loss in most casesredrtgp#he original
schemes without IM. This drawback is a consequence of discarding aeailable time/frequency
resources to enable IM technology. However, they still provide SE géhnlaw modulation APM
order (e.g., BPSK). Thus, they are suitable for LPWA loT devices dubdiv essential EE gain at
low data rates, as shown iB84]. Whereas, their SE/EE advantages vanish at higher data rates due to
the usage of highed-ary APM order compared to conventional systems without IM. Note the non
orthogonal schemes (Faster-Than-Nyquist with Index Modulation (fNand SEFDM-IM based
schemes) and/or their combination with Modulation type IM as in dual-mode/multi-fivbdeercome

the SE limitation at the price of performance degradation. Similarly, the achéegibof spatial IM
schemes without APM symbols is constrained by the antenna array sizesbemaly IM is used for
data transmission.

Hence, these systems are also more appropriate for LPWA 10T devicetowitower and cost
constraints. More precisely, the receive spatial IM (RASK basedsehgis investigated for downlink
loT applications since it permits the use of simple un-coherent 10T reseive the detection of the
targeted RAs with low computational complexit¥1[3. Whereas, the transmit spatial IM without
APM (SSK based schemes) is investigated for the uplink 0T scenario totkeecompatibility with
its downlink transceiver system desidil. Moreover, the GSSK system is also suggested for indoor
Visible Light Communication (VLC) systems ii$1] to exploit IM advantages.

In contrast to SMX, the transmit spatial IM with single activated TA with/witho#M symbol
eliminates the requirement of TAs synchronization and the 1Al at the Rxth&umore, the spatial
IM schemes with APM symbol show an important SE/EE gain. Thus they are sndeble for ultra-
high data rates applications, especially when multiple APM symbols are transmitbeshédit from
multiplexing gain (e.g., GSM). Consequently, GSM system is studied in the mm\Wa0elp2 163
and sub-THz bandd4f, 17].

Concerning the quadrature based IM schemes in SISO and MIMO araibance more the SE
and keep some EE gain, but mainly at the price of more considerable deteatigriexity compared
to their original IM system. Moreover, QSM, DQSM, and G-QSM have higrensmitter cost and
power consumption than SM, DSM, and GSM; since more RF chains aregddo use different TAs
for 1/Q components. Whereas, the GPQSM uses already more RF chdiradl aAs with GPSM to
target the selected RAs. However, in general, the receive spatialHdtses can reduce the number of
RF chains when combined with the analog or hybrid beamforming.

It worth mentioning that the spatial IM domain, like any MIMO system in geneeduires a
rich scattering environment to allow correct detection of indexed elemedttharrecovery of APM
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symbol(s), if any. Similarly, the schemes of channel IM domain are morenghalependent, especially
SSM for example, which tries to apply IM concept on real channel de&ttiering clusters). Note
that the other channel IM schemes (based on polarized/reconfiganatielenas, beamforming, or RF
mirrors) can control more the indexed element by the transceiver syssigngd and thus reduce the
dependency on the channel conditions. However, all channel Insel’ success and the maximum
SE gain are limited by the independence and number of the generated RHAgast&oce, those IM
systems based on polarized/reconfigurable antennas have a limited ndiRiRt. 0

In contrast, the usage of RF mirrors in MBM system helps to achieve highega® in bpcu
and a significant EE improvement only when more than one RA is used. Natthés® advantages
of schemes that switch RPs at symbol rate (e.g., MBM) come with a critical\dintatje related to
the spectral regrowth due to discontinuity in their signals. This disadvaigagacial for the band-
limited communication system and will deteriorate its effective spectral effigieno/s/Hz. In reality,
MBM comes with challenging design and implementation difficulties from the nunmfd@Famirrors
that can be supported around each TA to the generated RPs’s chatstand their interdependency.
Therefore, the future of these systems in channel IM domains is baste drardware components’
research and development in the next years.

Finally, multidimensional IM uses different indexation criteria jointly. Thus;hsa system is very
appealing for SE enhancement, especially when the time/frequency IM donsrege not involved.
Note that the joint IM systems try to take advantage of the different indextgimiques, but they
have a detection complexity penalty, especially with a joint ML detector. A lowadexity detection
is possible by detecting each indexed element separately and sudgdssieee the APM symbol(s).
However, such detectors are more prone to error. The erronetaedide of the information on the top
indexed layer will propagate to the subsequent layer(s) and can highiade the system performance.
Thus, for a good performance, the top IM layers mainly should be vdmystao channel conditions
with the minimum possible ambiguity between the indexed elements on each layer to mihienézeor
propagation when using a successive detection strategy. Thertfemultidimensional IM schemes
are more beneficial when the last condition is satisfied to enable simple detectidren the joint
detection remains feasible.

2.7 Conclusions/Discussions

This chapter presented conventional SISO/MIMO wireless communicatystesss and their different
possible extensions to apply IM concept. The various existing IM domagredso thoroughly reviewed
while highlighting the different strategies to convey additional information bitaich domain. The
reviewed dimensions in this chapter are summarized in Bi§, where each dimension introduces
another degree of freedom to convey information bits implicitly. It is worth mairigpthat IM can be
applied to any property/element in the transceiver and even in the charsetounding environment,
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as long as the receiver can detect the indexed elements. Our compaidssed on the SE of these
systems to highlight their appropriate scenario and applications for B5G coitation. In particular,
the SE of the different systems in the time/frequency, modulation type, atidldpd domains are
investigated and summarized in Tald and2.2. Then, the potential advantages/disadvantages and
challenges of all IM dimensions are discussed, and their suitable applatiehighlighted. Note that
all IM schemes with appropriate configurations can provide SE/EE gaia afghificant performance
enhancement compared to conventional communication systems without vexgmple, of an
inadvisable setting, the single-mode time/frequency IM schemes (e.g., SCORBIM-IM, etc.) may
induce a huge SE/EE and performance penalty when trying to reach thesgaasethe original system
using APM orderM > 4 without IM. This degradation (in order &f dB [164]) appears in this case
since a highen-ary APM order is required to compensate for the SE loss resulting frocardisg
some available resources. While the dual/multi-mode with these SISO IM domaiwns aléhieving
SE/EE gain even with high/-ary schemes, thanks to its combination with Modulation type IM, but
these systems suffer from higher detection complexity. Similarly, the chéiresdmain provides the
same advantages, mainly when applied in SIMO/MIMO systems or with spatiabhvaoh but not in
SISO. However, the main drawback of MBM in the channel IM domain is tleetspl regrowth that
can deteriorate the SE in b/s/Hz, and the limited number of uncorrelated radiptitiarns in practical
implementation that limits the feasible SE.

The transmit and receive spatial IM schemes showed a significant SEvienpent, especially
when incorporated with APM symbols multiplexing. According to the adoptecgmehand its
configuration, the spatial IM can allow having some of the following advasadigher SE, lower
transmitter and/or receiver cost, less IAl, better system performaigteerniEE, and lower detection
complexity. Therefore, it is clear that the spatial IM domain has a flexiblgddisat can be configured
to meet different specific requirements and tradeoffs among the speffica@ncy, energy efficiency,
deployment cost, and system performance.

In brief, the spatial-domain IM can enhance the SE/EE, depending opatialdM scheme being
adopted, while the time/frequency domain IM strategies in SISO have a limited IBB&ment (in
most cases a SE loss) but with a better EE for low data rate applications doanzece especially in
a dispersive channel. Therefore, spatial IM is the most promising aufigel existing IM dimension
for B5SG that targets ultra-high data rates. In the next chapter ofl R transmit spatial IM domain
is considered due to its appealing advantages on SE and EE, while il Bambvel IM domain is
proposed to avoid the limitation of the former and achieve our ultimate goal optaver wireless
ultra-high data rates.
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3.1 Introduction

The wireless ultra-high data rate is required for many emerging scenarugtdighted in Sectiod.1,
and in the following, we will focus on short-range indoor scenarios sich kiosk, indoor hot-spot
(high throughput WLAN), server farm, etc..., where the distance betivaanceiver is limited to few
meters.

In the previous chapter, a comparison between the different IM domaipesented, and the
main advantages/disadvantages of each scheme are pointed out. In ghées,obar approach insists
on benefiting from IM and advanced MIMO schemes to enhance the Sk gialer-efficient SC
modulation. For instance, the GSM system generalizes different IM taadsig the spatial IM domain
and shows an important improvement of SE, and thus it is a key enableiiriless ultra-high data
rates systems. This chapter aims to provide a more in-depth study of the GS&inswith single
carrier modulations in the sub-THz environment and discuss and tackle itchadienges.

Towards this end, first, GSM performance is analyzed with several APBlifierent channel
conditions, then the most appropriate APM candidates that can reachithpsw power consumption
are selected. The results show that exploiting IM to transmit most of the infanmizits with low order
M-ary APM schemes to reach a high system SE is more power-efficient t8&hdb same SE that
uses higher-order modulation and/or less virtual bits through spatial IBIgMX in the extreme case).
However, the GSM system is sensitive to channel correlation. Since highlglated channels as in
sub-THz bands can lead to erroneous detection of activated TAC amartied APM symbols. This
performance degradation is reduced in this chapter firstly by adequatebting the legitimate TAC
set without instantaneous CSIT, using efficient spatial bit mapping.

Further, GSM and SMX systems are evaluated in sub-THz indoor chanibI®RF impairments,
where the results reveal that GSM is a promising candidate for wirelesshidtnadata rate systems.
Then, we proposed the DP-GSM system to enhance more the SE and Kpditireg the polarization
dimension, and its analytical average BER is derived to truly charactemzeydtem performance.
After these enhancements of GSM-based systems, it is essential to atieevmtimal GSM
performance with low detection complexity. Hence, we proposed a low coitphk-based detector
to SMX, and then we extended this technique for the GSM system that ¢jeesnmany other IM
schemes while also considering the detection of the virtual bits. Our promietection algorithm
provides an excellent controllable performance-complexity tradeoférevia prominent complexity
reduction in order 099% can be obtained while achieving the optimal performance.

The remainder of this chapter is organized as follows. Se@i@ranalyzes the GSM system
in different channel conditions. Secti@3 presents the proposed techniques for GSM performance
enhancement in highly correlated channels. Se@idmprovides the comparison of GSM and SMX
from different perspectives in sub-THz channels with RF impairment$ektions3.5and 3.6, near
optimal detectors with low complexity are proposed for SMX and GSM systespectively. Finally,
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Figure 3.1— GSM System Model

we present the proposed DP-GSM scheme with its analytical performadcgub-THz evaluation in
Section3.7.

3.2 GSM for low power Terabits systems

In this section, we propose a new approach based on constant aramsaant envelope SC modulation
with IM to reach Tbps with low power consumption. In addition, its feasibility ideated depending
on error performance, power consumption, complexity, and cost. THerpgnce analysis of the
proposed approach with GSM scheme is addressed over spatially tadfetecorrelated Rician and
Rayleigh channels. Moreover, the link budget is calculated, and therpommsumption is estimated to
emphasize its importance for low power wireless Thps. Finally, the advanéagiechallenges of GSM
system are discussed.

3.2.1 System Model

The GSM system model is a MIMO system with TAs andN, RAs. In this system, the source binary
information sequence is divided into two streams; andb, as shown in Fig3.1 The bit-streanb;

is mapped by thaf-ary APM such as QAM, PSK, CPM, etc. The bit-streasris encapsulated in the
index of the selected TAC at each symbol period, where each TAC is tbofié, activated TA out of
N;.

The possible number of TAC witN,, activated antennas is the combinatiéyy; = Cﬂ;‘. However,
only Ny 4c = 2lo(Na)] gre used to keep the length of the VBs an integer number, and the other
possibilities are marked as illegal combinations. Note that the appropriate SiAdtgd be carefully
selected from thev,;; possibilities to minimize the interference and the effect of spatial correlation
between antennas as it will be shown in Sec8d® Accordingly, the number of bits per GSM symbol
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can be expressed as:
Lcsm =10gy(Nrac) + Na.logy, (M) (3.1)

The GSM transmitted symbol vector = [xi,... ,xN,]T contains only N, APM symbols
(s1, s2...5n,) at the positions of activated TAs according to the selected TAC baskg diote that the
inter-antenna synchronization at the transmitter is required to make sutbdhateiver can detect the
activated antenna from each received vegtoFhe received signal is expressed as:

Ng
y=Hx+v:thsk+v (3.2)

n=1

whereH = [hy,...,hy,] is the N, x N; MIMO channel matrix withh, is the column vector oV,
elements, the power of transmit symbols is normalizgéd N, x 1 channel noise vector and its elements
v, obeys the i.i.d. AWGN with the variance o‘E, i.e,CN(0, avz) forr=1,...,N,.

3.2.2 GSM joint ML Detector

At the receiver side, the selected TAC index and the modulated symbols actigited TAs can be
jointly estimated using the ML detector that performs an exhaustive seagchlbthe possible transmit
vector described as:

(Sprr, 1) : X = argmin ||y — Hx||*> = argmin ||y — H;s||? (3.3)
XeQ sey,lel
whereQ denotes the set of all possible GSM transmit vectors in both the spatial avad smstellation
domains andX is the estimated transmit vector witki, non-zero elements in the position of the
activated TAs, y contains the vectors of all possible APM symbols combinatiald'(), 7 =
{Ii, In, ..., Iny 4 } IS the set of all legitimate TACs where eakhontains the indices of activated TAs,
andH; is the sub-matrix oH with N, columns corresponding to activated TAdlin

3.2.3 GSM OB-MMSE Detector

However, a GSM symbol detection with lower complexity is possible by OrdBtedk Minimum
Mean-Squared Error (OB-MMSELES. The OB-MMSE detector reduces the iterations of search
algorithm by ordering the appropriate TAC and stop the search WhenH;S||> becomes less than a
predefined thresholtl;, = N,o2, wheres is the Minimum Mean-Squared Error (MMSE) equalized
symbol and quantized to an APM symbol. The descending order sorting a@s is based on their
weighting factomw; that measures the reliability of each TA@efined as:

zp = (hp)Ty (3.4)



54 | Generalized Spatial Modulation based schemes

Na
w; = Z Z%n (35)
n=1
hi . S
where(h,,)" = # is the pseudo inverse of thé” column of channel matrikd with p € {1, ..., N,}.
p''p
Thusgz;, represents the element fram= [z1,z2,...,2n,] at then'”* activated TA according to TAG

wherei € {1,...,Nrac}.

Then, the symbol vector is estimated by a simplified block based MMSE equalizer

- a(((m»”(m» B aslNaXNa)_lmm”y) 9

whereQ represents the quantization operation that restjdtsbe a value from the APM constellation
setS and theN, x N, matrix Hy, is a sub-matrix with all columns dfi corresponding to the antenna
indices in TACI,.

The adopted notation for this system is GE¥, N, M) where the parametad is the APMM-
ary size,M = 2P with p > 0. Note thatp = 0 means that the transmitted symbols are just a constant
power value to simplify the receiver detection at the expense of a loweratata-urthermore, it worth
recalling that GSM includes other spatial modulation techniques such as ti@SBMN;, 1, M) [99],
SSK GSMNM,, 1, 1) [16§, GSSK GSMNM;, N, 1) [103 and conventional MIMO SMX or BLAST
GSM(N;, N;, M) as shown in Fig.3.2 This feature can be utilized to have a reconfigurable system
with different data rates.

W GSM

GSM(N¢, Ng, M)

BLAST
GSM(N,, N, M)

Figure 3.2— GSM Derivatives

3.2.4 Channel Model: Rayleigh and Rician channels with\witbut correlation

In this section, we consider a slow fading MIMO channel maittias a Rayleigh or Rician multipath
fading channel with/without spatial correlatiobd7] defined as:

K 1 1 1r
H= H \/—ZZH X2 3.7
K+1 LoS t K+1-" NLoS&; (3.7)
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whereK is the Rician factorH;,s andH s are theN, x N, LoS and the non-LoS channel matrix
respectively. Théd 7,5 can be considered as a Rayleigh channel whose elements satisfiés 1).
In addition, the NLoS part exhibits a spatial correlation described by éaker model that assumes
the spatial correlations at the transmit and receive sides are separaidenodel approximates the
correlation matrixX, , as the Kronecker product of the correlation matrices at transmitter aeadeec
denoted a&,, andX,, respectively:

X, =X, 0% (3.8)

Thus, @.7) includes the uncorrelated/correlated Rayleigh and Rician fading chasrespecial
case depending on the valuelofand the correlation matrices.

3.2.5 Performance assessment and discussions

In this section, firstly, we compare MIMO SMX with GSM using RF-switching Tehdtecture to prove

that the latter is able to reduce the number of required RF chains at bothlsitiéss maintained only

at the receiver when using full-RF Tx architecture. However, thesarddges of GSM are at the
price of a higher number of TAs, which is feasible for example with downlicéngrios as Kiosk

downloading at mmWave and sub-THz bands. Note that the RF-switchingchkecture has some
drawbacks that will be discussed in sub-secdh7.1land Fig.3.6.

In the following, we present the numerical comparison between sevé&®l-&SM systems that
employ different APM schemes: PSK, Differential Phase Shift Keying$gt), CPM, and QAM. The
BER of these systems in function of the average SNR was evaluated usimg Karlo Simulations.
In order to conduct a fair comparison, the same transmission rate hasigestwithout restriction on
the constellation size and the number of antennas.

In fact, the GSMN;, N,, M) parameters for Tbps are chosen, such that the required number of
RF chains is minimized to reduce the cost with a maximum allowgd< 22 and a givenM-ary
APM. The adopted GSM detector in these systems is OB-MMSE that can die¢eTAC and the
APM constellations with low complexity. The simulations are performed oveetaiad/uncorrelated
Rayleigh and Rician channels with different correlation levels. The ladive matrices in the
Kronecker model are formed according to the exponential model &8 [where the elements of
transmitX, and receiveZ, correlation matrices are affected by fixed correlation fagtofX,],,., =
ﬁl"“”'. We usedt, = Iy, to concentrate on the impact of correlation at the transmitter side where a
larger antenna array is used to convey the data in the spatial domain oihdizMation.

The simulation parameters for the different systems that can achieve fgsramarized in Table
3.1 The CPM parameters used with CPM-GSM system are: modulation inde§< raised cosine as
frequency pulse with length = 3 symbol intervals.
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Table 3.1- Simulation parameters for different APM-GSM systems

[ Parameters \ Value ||
CPM-GSM GSM?22,6,4)
QPSK-GSM GSM17,6,4)

DQPSK-GSM GSM17,6,4)
16QAM-GSM GSM13,4,16)
64QAM-GSM GSM11,3,64)
256QAM-GSM GSM24,2,256)
N, 2N,
Rician factork [0, 3]
Oversampling factor 2
Raised Cosine Rollofk 0.2
Correlation factos;, [0, 0.2, 0.5, 0.8]
Number of GSM symbols 10*

Fig. 3.3ashows the performance of different systems over uncorrelated Raydeannel. As we
remark, the systems with more data conveyed by IM with si&abry size as (D)QPSK-GSM and
CPM-GSM have better performance than those with a lower number of astbobhwith highens-ary
sizeM > 16. Therefore, the total BER is affected by the modulation order of APM begegl more
than the order of index modulation. In other words, the lafgelic and the lowem-ary APM are,
the better the performance is.

The same systems are evaluated over the uncorrelated Rician chanrieg simgulation results are
shown in Fig.3.3h However, the required SNR in this channel is higher than that in Rayl&ighne|
for the same BER. It is worth mentioning that CPM-GSM has a notable ddgrada the Rician
channel about0 dB, and this system requires an additio@B compared to Differential Quadrature
Phase Shift Keying (DQPSK)-GSM while it was completely the inverse in Rgtylehannel.

The best APM candidates (CPM-GSM and (D)QPSK-GSM) are comparEd). 3.4aand3.4b
with different correlation levelg, = [0.2, 0.5, 0.8] over Rayleigh and Rician channels respectively.
These results show that these systems conserve their good perforwitiméew spatial correlation
while they start to degrade at high correlation levels. In particular, (}QBSM performance is
reduced by less thandB at un-coded BER 10~* when the correlation increasesgp= 0.5 as shown
in Fig. 3.4aand3.4h Also, their performance degrades by approximafetiB at a high correlation
level 3, = 0.8, while CPM-GSM is more sensitive to correlation and degrades-by dB.

Furthermore, the spatial correlation that is larger at high frequenciesunitbrm planar array
[169 affects any spatial modulation performance with multiple active TAs. Howésgeceffect can be
reduced by carefully choosing the appropriate TAC and their elemenitsywilsbe shown in Section
3.3.1
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BER vs SNR over Uncorrelated Rayleigh Channel BER vs SNR over Uncorrelated Rician (K=3) channel
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Figure 3.3— BER vs SNR for various APM-GSM systems over uncorrelatajiRayleigh channel, (b) Rician
channel.
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Figure 3.4— BER vs SNR for (D)QPSK-GSM and CPM-GSM over correlatedRayleigh channel, (b) Rician
channel.

In reality, perfect channel estimation can not be guaranteed, andghiésri [L70 show that the
channel estimation error degrades the performance of rgey QAM (M = 16) rapidly and creates
an error floor at BER 107 or higher while its effect on low/-ary as Quadrature Phase Shift Keying
(QPSK) is less important and the error floor is as low as BBR™’. Thus, these low/-ary APM,
which have a near-constant or constant envelope, are more rolmstrinel estimation errors.
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3.2.6 Link Budget

In this section, the link budget is calculated for all systems for the same dedcBER10~* with
correlated/uncorrelated Rayleigh and Rician channels. Then, theirr pmasumption for an ultra-
high data rate is deduced. For a fair comparison, these systems araicechfigr the same SE that is

defined as: ) )
BitRate birsis)y  R(symbots) * Lcsm (bits|symbol)

Wirz) W(Hz)
whereR is the symbol rate, an® is the allocated bandwidth. Since the non-linear modulation as
CPM requires a larger bandwidth, its symbol rate is adjusted accordinglgejo the same occupied
bandwidth among all systems. Thus, the number of bits per GSM symbol mugjler with CPM,
as shown in Tabl&.3.

Henceforth, we consider close proximity scenarios (as Downlink kiostk) eistance d=5m and
channel bandwidthV = 1 GHz with channel aggregation/bonding. Note that the available spectrum is
in order of50 GHz in the frequency range between 90GHz and 200GHz accordi@tafnd 50GHz
contiguous spectrum between 275-325GBJz |

Note that the receivers in this scenario are the mobile devices that haveasiealha gain, power,
and cost constraints. However, the antenna gains are higher whsideang other scenarios with
longer distances as Wireless Backhaul, where the transceivers tssvetiimgent cost/complexity
constraints.

In Table3.3, the required transmit powe, with small distance communication is calculated from
the required SNR according to the following parameters summarized in 3able

Table 3.2— Link Budget equations to estimate the required transmitp®,

Nrnermat = 101og;o(k.T.W) + 30 dBm
NFloor = NFigure + NThermal dBm
Rxpevel =SNR + Nrioor dBm
Fspl =20 log, o (&) dB

TrathLoss = fspl+ Attenuation dB

EIRP =TpathLoss — Gr + Loy + RxXpevel dBm
Pl :EIRP_Gt+LCtx dBm

where k, T, Nrigure, fspl, fe, ¢, Gr/Gs, Lerx/Lerx and EIRP are Boltzmann constant, the
temperature in kelvin, the noise figure, the free space path loss, ther deegaency, the speed of
light in vacuum(c = 3 x 10%m/s), receive/transmit antenna gain, receiver/transmitter cable loss, the
Effective Isotropic Radiated Power (EIRP) respectively.

Furthermore, the power consumption is deduced based on the power arefffiifiency, which is
affected by the APM PAPR. Note that in this section, an RF switching is carsiddter the PA, as
depicted in Fig.3.1 Consequently, the constant and near-constant envelope modulatiobined
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Table 3.3— Link Budget and Power Consumption for different GSM partarseachieving Tbhps

Temperature (degree C) 20 | Carrier Frequency (GHz) 150 Distance (m) 5
. | 99% of Channel Bandwidth 1 Number of Channel " Total Bandwidth a4
E (GHz) Aggregation/bounding (GHz) [8]
% Modulation CPM |m/4-QPSKr/4-DQPSK 16-QAM|64-QAM |256-QAM| Units
G GSM (Nt,Na) (22,6) | (17,6) (17,6) (13,6) | (11,3) (4,3)
Bits per GSM symbol 28.00 25.00 25.00 25.00 25.00 26.00 |[bits
Symbol Rate (R) 0.80 0.92 0.91 0.91 0.92 0.91 |GSym/s
o APM Spectral Efficiency 1.59 1.83 1.82 3.65 5.49 7.3 bps/Hz
E GSM Spectral Efficiency 22.26 22.90 22.80 22.83 22.88 23.71 |bps/Hz
Total Throughput 979.4 | 1007.6 1003.2 1004.3 | 1006.5 | 1043.328| Gbps
SNR with Rayleigh 13.00 12.00 15.00 20.00 29.00 31.00 |dB
RX Noise Figure (NF) 10.00 dB
§ Thermal Noise (Nthermal) -83.93 dBm
C Noise floor -73.93 dBm
& Rx Signal Level -60.93| -61.93 -58.93 -53.93 | -44.93 -42.93 |dBm
RX Cable Loss (Lcrx) 1 dB
RX Antenna Gain (Gr) 3 dBi
Free space path loss (fspl) 89.94 dB
< Vapour attenuation 1.28 dB/Km
% 02 attenuation 0.01 dB/Km
5 Rain attenuaton 11.78 dB/Km
Total Path loss 90.01 dB
5 Required Tx EIRP 27.08 26.08 29.08 | 34.08 dBm
% Cable Loss (Lctx) 1 dB
e TX Antenna Gain (Gt) 24 dBi
o T T T I T I i e P
x PAPR for (a=0.2) 0 3.8 4.86 7.5 8.2 8.35 |dB
& | Theoratical PA Efficiency | 0.8 0.52 0.44 0.34 0.3 0.28
- Power per Channel 3.20 3.91 9.21 37.70 339.40 | 576.34 |mW
% ) 0.14 0.17 0.41 1.66 14.93 W
< | Total Power Consumption
= 21.48 22.35 26.08 32.20 41.74 dBm
§ SNR with Rician K=3 23.00 17.00 21.00 24.00 29.00 31.00 |dB
> Total Power Consumption | 31.48 27.35 32.08 36.20 41.74 dBm
S SNR with Rayleigh $=0.8 21.00 17.00 18.00 dB
© |Total Power Consumption | 29.48 27.35 29.08 dBm
% SNR with Rician £=0.8 29.00 22.00 27.00 dB
© |Total Power Consumption | 37.48 32.35 38.08 dBm
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with GSM prove their ability to reach a high throughput lofTbps. Also, they conserve their low
power consumption as shown in Talde that is limited to few Watts while largéf-ary APM-GSM
requiresl5 to 20 dB more. In addition, it is worth mentioning that CPM-GSM has the lowest power
consumption in Rayleigh channel, but this behavior changes with the spatialation effect or in
Rician channel due to its performance degradation. Therefore, FS¥H-system becomes the least
power consuming system due to its better performance. Whereas the DG@BBIKsystem requires
more power compared to CPM-GSM and QPSK-GSM, but it is more robusintoilative phase noise.

The highM-ary APM-GSM systems exceed the maximum allowed EIRP limitador$Bm; even
the 16QAM required 1 dBm as transmit power which is greater than the actual transmit payés (
in order of10 dBm) at the sub-THz frequencies with current technologies. For thidreahe power
consumption for largeM-ary schemesM > 16) are omitted with correlated Rayleigh and Rician
channel.

These power estimations prove that with the proposed approach fortfifgpghput, less than 1
Watt 21 — 26 dBm) is sufficient for (D)QPSK-GSM and CPM-GSM in Rayleigh channel] &ew
Watts 32 — 38 dBm) are more than enough even in highly correlated Rician chagnel(.8).

Moreover, a highv/-ary schemes also require a power-hungry ADC/Digital-to-Analog Qoewe
(DAC) with a large resolution. In comparison, the low order modulation sckeih@v the usage of few
bits (1 — 3 bits ADC), which is a critical requirement to use higher speed ADC for altdrgndwidth
at a low cost. Therefore, the higii-ary APM-GSM systems are not suitable for an ultra-high data rate
in the order of Thps with a given power expenditure.

However, the advantages of the CPM-GSM and (D)QPSK-GSM systdiies om high optimal
detection complexity that will be tackled in Secti@®6. Another advantage of QPSK system is
the ability to perform the demodulation in the analog domain that reduces theeggonverter's
resolution L71], where they implement a multi-Gbps analog synchronous QPSK demodulikor w
phase-noise suppression.

Finally, any system requires a higher SNR in more severe channels, éaintilog or hybrid
beamforming gain can keep the systems shown in Bi§.feasible in terms of energy consumption.
This feature is enabled by massive MIMO where the number of TAs candoeased by replacing
each antenna element by a small antenna array that performs analogbeegfas proposed irlB(
without increasing the number of RF chains at transmitter nor at the rectde Therefore, these
constant and near-constant envelope modulations with beamforming é8Maf& very appealing for
ultra-high data rates, especially for a Tbps downlink Kiosk scenariorenthe power consumption and
cost of the receiver of the mobile devices are the most critical constraints.

In brief, the comparison of these APM-GSM systems from different poiintgew is illustrated in
Fig. 3.5, and it shows that the power-efficient (D)QPSK-GSM systems are adeddaradeoff between
system performance, power efficiency, hardware cost, and deteetgoutational complexity.
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Figure 3.5— System comparison between different SC modulations WBMG

In conclusion, the recent approach for high data rate wireless comntioni@s used in IEEE
802.11ax is based on increasing the MIMO spatial multiplexing order drary schemes, but it
requires a great effort to reduce the PAPR for limiting the power consumpfibis approach is not
a convenient solution for the ultra-high data rate in the order of Thps in @@&H2-200GHz band,
especially for low-cost implementation where the efficiency and the acheewalput power decreases
at higher frequencies with current technology. For this reason, agoged a different approach that
insists on using power-efficient modulation like constant or near-canstaelope modulation (CPM
and (D)QPSK), and then enhance its SE with the aid of any IM techniquesahancrease the system
SE and conserve the power efficiency. Furthermore, this approaetsate usage of low-resolution
ADC with low power and cost as required for sub-THz communication.

This section proved the feasibility of the proposed approach from diffepoints of view as
performance, spectral\power efficiency, complexity, and cost. Thxerebur approach is more suitable
for reaching the ultra-high data rates in the order of Tbps with low powesumption. In the next
sub-section, the main challenges of the GSM system are discussed.

3.2.7 GSM Challenges
3.2.7.1 RF switching transmitter architecture

One of the advantages of GSM systems and transmit spatial IM schemesiisatloats reducing the
number of RF-chains at the Tx and Rx sides because only one or a fearéMActivated at each symbol
period. However, the in-depth investigation of subcarrier-based SMesththat the MC waveform like
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OFDM requires more RF-chains at the Tx side since multiple TAs will be activater the entire
OFDM frame [L72 173. Afterward, the researchers noticed that the transmit spatial IM usihg S
modulations with the minimum number of RF-chains (equal to the number of actiVéts) has a
spectral regrowth due to limiting the time duration of the pulse shaping filter to Eesymbol period
[174. In other words, the use of the minimum number of RF chains at the transmitis te pulse
shaping time truncation at the symbol rate since the activated TAs are chathgrce, the transmitted
signal from each antenna becomes a signal windowed by a rectangulattdimagn pulse. Thus, the
occupied spectrum increases, leading to SE in (b/s/Hz) degradation gpedimal regrowth, when the
spatial IM domain scheme requires an antenna transition at every symimd.p&oreover, the RF
switching time spent to change the activated TAs also induces some SE atemrads shown inl[75
where they developed the effective SE for SM based schemes.

A possible solution for this problem is to use full-RF Tx architecture (Numib&Fochainsa,)
with SC and MC modulations. This allows transmitting a band-limited pulse (of longee pluration
like conventional pulse shaping) on all TAs, even on non-active ares avoids RF switching time
issue. Another possible solution named Offset Spatial Modulation (O3M¥)],[ can reduce the
RF-switching time between the TAs with the aid of the instantaneous CSIT. Tdrusand-limited
communication systems, the minimum number of RF-chains with the different spdtisthemes
cannot be guaranteed without an impact on SE.

In addition, the transmission rate is affected by the maximum switching rate breffeehains
that current hardware technology can support. Therefore, tlgeuda transmitter with full-RF chains
(number of RF chains equals the number of transmit antenna) remains tba®belution to avoid RF
switching drawbacks.

Finally, it is worth mentioning that this solution avoids any limitation in the achievabiz iddes
and conserves the low number of RF-chains at the Mobile Station (MSyee®eéth cost constraints
in our considered scenarios.

3.2.7.2 Peak-to-Average Power Ratio

When RF-switching is considered after the PA, the PAPR of GSM signaluresst PA inputs is
maintained equal to that of the used APM schemes. However, there is aaseaf PAPR with full-
RF GSM due to transmitting a pulse shaped signal generated from a seqfehieM/zero symbols
when the TA is/isn't activated. Hence, the average power at the PA ispetiuced, and the PAPR of
GSM signal with full-RF architecture is increased. This PAPR increaserdispon the number of zero-
symbols added for each TA during a specific time duration. Hence, inogetiee number of activated
TAs in GSM systems keeps the low PAPR advantage of SC modulations in ¢dotiad system
that has an important PAPR incread€y. Thus, the GSM with full-RF Tx architecture can have a
balanced PAPR-performance tradeoff when the number of activatedsTiAcreased while conveying
most of the information bits in the IM domain.
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To summarize, Fig.3.6 shows both GSM transmitter RF architectures with SC modulation and
compares their operation along with advantages/disadvantages. Recallitigettiull-RF transmitter
architecture is needed for subcarrier-based MC (e.g., OFDM) with amgnmit spatial IM, because
different TAs are selected for each subcarrier to maintain its SE @am). [
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Operation Mode

Advantages
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N, RF-chains and antennas are activated to transmit only pulses of APM
symbols, where each pulse is truncated to one symbol period.

N, RF-chains and antennas are activated to transmit pulses of APM and zero
symbols in GSM MIMO vector that contains only N, non-zero APM symbols. In
this setup, each pulse can span multiple symbol periods.

» Lower-cost transmitter due to less number of RF chains (Ng).

» Lower PAPR which is affected only by APM PAPR, PAs inputs are the pulses
of non-zero APM symbols only.

*  Lower power consumption due to less RF chains and higher PA efficiency
(lower PAPR)

* Maintain the GSM spectral efficiency because this architecture allows using
longer pulse shaping filters that leads to:
> Efficient band-limitation.
» Lower OOB radiations.
* No hardware limitation on maximum data rates compared to traditional MIMO
systems (e.g., SMX).

» Spectral regrowth due to pulse shaping truncation at symbol rate that leads to:
» GSM system spectral degradation due to larger bandwidth occupation
and RF-switching time.
»> Higher OOB radiations.
» Data rate limited by the RF hardware switching speed.

» Higher-cost transmitter due to more number of RF chains (Ny).

» Higher PAPR which is affected by APM PAPR and the number N, and N,, PAs
inputs are the pulses of APM and zero symbols. (zero symbol contains the tails
of future/past APM symbols if filter length is greater than 1).

* Higher power consumption due to more RF chains and lower PA efficiency
(higher PAPR).

Figure 3.6— Summary of GSM transmitter RF architecture.
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3.2.7.3 Spatial Correlation

One of the most significant limitations of transmit spatial IM systems is its perfarend@gradation in
highly correlated channels as shown in the previous results with GSMgwhermnwrong detection of
activated TAC will consequently lead to an error in the detection of the symhel$adthe attempt of
symbols estimation on non-activated TAs. As a result, the total BER will inereamendously. To
combat the Rician Fading and the latter problem, a precoding technique #sathesTAs correlation
matrix and the channel statistics is proposed for SMLRE]. Similarly, another precoding method for
GSM in [129 is designed by the real-time optimization of maximum-minimum Euclidean Distance
(ED) that shows substantial performance gain with extremely fast openee and low computational
complexity.

In this regard, the following section will introduce other approaches feM@hat be incorporated
with precoding based enhancement methods. Our techniques are baseceificient TAC selection
method and a spatial bit mapper (Index-to-Bit mapping) to minimize the overaR BEhighly
correlated channels.

3.3 GSM in highly correlated channel

In conventional GSM, the cardinality of the legitimate TAC 8&tuc is a power of 2(21102(Nan) 1),
where the TACs are randomly selected among the possible MygsAlso, the mapping of the spatial
bits was just a binary coding for the selected TAC index.

Unlike the redesigned spatial modulation &v[] where they try to enhance the performance of
SM in a correlated channel by activating a second antenna to bendfitiaasmit diversity when the
most correlated TA is selected. In this section, we focus on the perforneanri@cement of GSM
systems in highly correlated channels by proposing general methodfiéterdé TAC selection and
Index-to-Bit mapping. In this context, we designed a TAC selection metheedbanly on the transmit
spatial correlation, which is quasi-constant for a specific Tx and doesequire the instantaneous
CSIT estimation or its feedback. The TAC selection aims to reduce the erffA€idetection because
these errors will propagate to APM symbols. In such a case, the eusuetection of APM symbols
is due to the fact that the Rx is trying to detect the symbols on the non-actiagesince the TAC is
wrongly detected. Moreover, we proposed a spatial bit mapping bas&tay coding to reduce the
spatial BER. This mapping tries to reduce the number of different bits battheeneighbor TACs that
are most susceptible to be interchanged in highly correlated channels.
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Figure 3.7— System model of GSM with TAC selection

3.3.1 Efficient Legitimate TAC Selection

The GSM system hal,, TAs activated out ofV, TAs, and onlyNy a¢ = 21102 Naul TACs amongV,;;
possible TACs will be used to encode the spatial bits. Firstly, the convent@fisl system was used
with a random selection d¥7 54 out of N, then TAC selections with/without CSIT were introduced
in [63]. TAC selection’s objective is to select the optimal legitimate TAC set that permitiace the

TAC detection errors.

In this sub-section, we will propose a TAC selection method without instaotsn@SIT for highly
correlated channels, and a comparative study with the existing methods wiibleed.

3.3.1.1 GSM System Relying on Channel Side Information at the transntiér side (EGSM)

The Enhanced GSM system (EGSM) is an adaptive technique propogé@]iwhere it uses the
instantaneous CSIT, as shown in F.7 to select the optimal legitimate TAC set instead of random

TAC selection.

This selection is updated continuously in real-time to consider the channatiear Then, the
transceiver shares the legitimate TAC set through a feedback chaninét. niethod is based on
computing the Euclidian Distance (ED) matnix between theN,; TACs (Ii, ..., In, ,) With all
possibleM-ary APM symbols according t@(10, then eliminatingV,.. = N.i;; — Nt ac TACs having
the minimum ED.

IHz,, 50 — Hi s (3.10)

Wm.n = Min
VYSm,Sn
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wherel,,, andl,, are the TACs of index: andn respectively and they contain the indices of the activated
TAs within a TAC, ands represents th#/-ary symbol vector oV, elements with/ M« possibilities.

The number of ED estimations to generate the matvixcan be reduced fron’vfl”(Mf\’a)2 to
Na”(NLZ’*”.(MNa W) by removing the repeated estimations due to symmetry in egchand
W.

Despite the optimal TAC selection of this method, it still has a large complexity frtirme
estimation of these EDs, especially with large valiesiry andN,;;. The useful data rate will also be
highly reduced in a fast time-variant channel due to the overhead oééubéack channel. Moreover,
for obtaining full CSIT, an infinite rate feedback channel, is requirddickvis practically infeasible
for a band-limited channel.

3.3.1.2 Simplified Enhanced GSM S-EGSM

In this method, we target the mmWave/sub-THz bands where the antennadigeparation are very
small, which leads to a high spatial correlation. Thus, the spatial correlatiticesin 3.7) are the
dominant terms that will highly affect the detection of the activated TAC. Herrdrason, we propose
a S-EGSM that considers only the Tx spatial correlation matrix instead obthelete channel matrix
H, where there is a larger number of antennas compared to the Rx sideditio@dthe Tx spatial
correlation matrix has very low variations (quasi-constant) for a specifizeEause it depends mainly
on the antenna characteristics, separation, and array geometryforeeB2EGSM is a TAC selection
method without instantaneous CSIT, where the feedback channel is noretpieed as in EGSM
because the transceivers agree on the TAC set only once at the basgand they can update them
accordingly when the transmit spatial correlation is changed. The S-E€§Stm can be described,
as shown in Fig3.7 but without using the CSI feedbacK].

The algorithm can be summarized as follows:
Stepl: Generate all possible TACs accordingNpandnN,,.

Step2: Using only