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NON-ORTHOGONAL MULTI-CARRIER MODULATION SCHEMES
FOR FUTURE WIRELESS COMMUNICATION SYSTEMS

SUMMARY

The demand for wireless access continues to grow with the new applications which
create a broad range of technical challenges. Although orthogonal frequency division
multiplexing (OFDM) with multiple numerologies concept will likely address the
current technical challenges of fifth generation (5G) wireless networks, the sufficiency
of OFDM-based physical layer (PHY) is quite disputable due to massive growth
trend on the number of wireless users and applications for future wireless networks.
Therefore, enhanced radio access technologies (RATs) are needed to fulfill the
technical requirements of beyond 5G networks. Generalized frequency division
multiplexing (GFDM), which has attracted tremendous attention over the past few
years, comes into prominence by providing advantages in terms of out-of-band (OOB)
emission, spectral efficiency and latency due to digitally pulse shaping of each
subcarrier, reduced overhead of cyclic prefix and block-based structure, respectively.
Index modulation (IM) techniques convey digital information by utilizing transmission
entities in an innovative way and offer attractive advantages such as energy and
spectral efficiency without increasing the computational complexity. On the other
hand, multiple-input multiple-output (MIMO)-friendliness is a key ability for a PHY
scheme to satisfactorily match the foreseen requirements of future wireless networks.
Therefore, tight integration of GFDM with the MIMO and IM concepts has a
strong potential to fulfill the foreseen requirements of future wireless networks in a
satisfactory manner. In the light of these assessments, in this thesis, the combination
of MIMO and IM techniques with GFDM has been investigated and novel transceiver
structures have been introduced. These transceiver structures has been optimized in
terms of energy, spectral and computational efficiency.

In the first stage of the thesis, the combination of the IM technique with GFDM
is investigated. nThe GFDM-IM system model is constructed and flexible IM
numerology along with the near-optimum detector is proposed to improve OOB
emission, error performance and computational complexity of the GFDM scheme.
The main contribution of this stage is the combination of GFDM with IM about to
provide coding gain due to enhanced distance spectrum of IM. In addition, in order to
optimize OOB emission, spectral efficiency and latency jointly, sparse IM numerology
is applied to the edge GFDM subsymbols. To the best of author’s knowledge, this
application would be the first attempt to exploit variable-sized IM subblocks with
variable number of active subcarriers for GFDM. Besides, in order to enhance the error
performance and reduce the computational complexity of the scheme, a new detector,
which adapts a maximum likelihood (ML)-successive interference cancellation (SIC)
based near-optimum detection, is developed for the single-input single-output (SISO)
GFDM scheme considering the flexible IM numerology, and its theoretical error
performance is analyzed. Furthermore, a new system model, which enables multi-layer
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transmission through IM-bits and quadrature amplitude modulation (QAM)-bits, is
presented. Thanks to this system model, the proposed scheme provides different
error performances and spectral efficiencies for QAM and IM bits, and further benefits
from enhanced distance spectrum of IM. The block error rate (BLER), OOB emission
and computational complexity of the proposed GFDM-IM scheme are evaluated via
computer simulations. It has been shown that the proposed GFDM-IM scheme
achieves better error performance due to joint detection, GFDM and IM demodulation,
and provides an interesting trade-off among OOB emission, spectral efficiency and
latency.

In the second stage of the thesis, the integration of GFDM with space and frequency
IM (SFIM) techniques is discussed in detail and a framework for the combination
of GFDM with IM concept is presented. Then, by using this framework, a
GFDM-based flexible IM (FIM) transceiver, which is capable of generating and
decoding various IM schemes, is proposed. Thanks to FIM, switching between
different IM schemes to adapt the channel conditions can be possible using a single
transceiver structure. As a special case of FIM, a novel quadrature spatial modulation
(QSM)-based GFDM scheme is proposed to enhance the spectral efficiency while
preserving the advantages of spatial modulation (SM). To the best of author’s
knowledge, this contribution would be the first approach that exploits multi-carrier
transmission for QSM. In addition, QSM transmission is combined with the SFIM
scheme. For the receiver side, a near-optimum detection scheme, which is based
on ML detection with SIC, is proposed and three different receiver structures using
ML-SIC, zero-forced (ZF)-separate detection and demodulation (SDD) and minimum
mean-squared error (MMSE) joint detection and demodulation (JDD) detectors are
investigated. Bit error ratio (BER) performances of the proposed schemes are
compared and their computational complexities and spectral efficiencies are analyzed.
Based on the obtained results, a guideline for selecting the proper MIMO-GFDM
scheme considering target performance criterion is given. It has been shown that
GFDM-FIM has a strong potential to engineer the space-frequency structure according
to channel conditions and use cases as well as it provides a great flexibility, which can
be easily tuned to address the required performance criterion.

In the third stage of the thesis, a novel MIMO-GFDM scheme, which combines
spatial multiplexing (SMX), GFDM and IM, is proposed in order to provide an
efficient transmission scheme for beyond 5G wireless networks. The proposed scheme
transmits independent GFDM-IM blocks through each transmit antenna and adapts
MMSE Bell Laboratories Layered Space-Time (BLAST) with QR decomposition
(MMSE-QRD)-based near-optimum detector at the receiver side. To the best
of author’s knowledge, this application would be the first attempt to exploit a
near-optimum detector with SMX-GFDM-IM system. We analyze the uncoded and
coded BER, OOB emission, spectral efficiency and computational complexity of
the proposed scheme by comparing with classical SMX-OFDM and SMX-GFDM
schemes via computer simulations. It has been demonstrated that the proposed
SMX-GFDM-IM scheme achieves better error performance with respect to classical
SMX-OFDM and SMX-GFDM schemes and has a lower OOB emission and better
spectral efficiency advantages with respect to SMX-OFDM scheme because of
digitally pulse shaping of each subcarrier and reduced overhead of cyclic prefix.
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GFDM has a flexible structure which permits efficient management of time and
frequency resources and is a prominent PHY technique due to its significant advantages
such as low OOB emission, tolerance to time and frequency synchronization errors. In
this thesis, the combination of GFDM with IM, SM and SMX has been demonstrated.
Thanks to studies conducted during this thesis, GFDM has gained spectral and energy
efficiency while preserving its inherent advantages. As a result, it has been considered
that GFDM becomes a strong PHY candidate for future wireless networks.
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GELECEK NESIL TELSIZ HABERLESME SISTEMLERI ICIN
ORTOGONAL OLMAYAN COK TASIYICILI MODULASYON YAPILARI

OZET

Telsiz haberlesmeye olan talep, olduk¢a genis bir kapsamda teknik agidan zorluklara
sahip yeni uygulamalar ile artmaya devam etmektedir. Her ne kadar coklu parametre
kiimesine sahip dik frekans bolmeli c¢ogullama (orthogonal frequency division
multiplexing, OFDM) tabanli bir fiziksel katman ile 5. nesil telsiz haberlesme aglarinin
mevcut teknik zorluklarinin karsilanacagi ongériilse de, telsiz haberlesme kullanicilar
ve uygulamalar1 sayilarinda goriilen siirekli ve yogun artis egilimi nedeniyle OFDM
tabanli bir fiziksel katmanin yeterliligi cok kuskuludur. Bu nedenden dolay1 5. nesil
sonrasi telsiz haberlesme aglarinin teknik gereksinimlerini karsilamak icin gelismis
radyo erisim teknolojilerine ihtiya¢ oldugu konusunda yaygin bir uzlas1 bulunmaktadir.

5. nesil ve sonrasi aglarda, tiim iletisim prosediirlerini yapisal olarak etkileyecek
baz1 yeni kullamim senaryolar1 6ne ¢ikmaktadir. Bu kullanim senaryolar: i¢inde en
cok dikkat ¢ekeni makineler arasi iletisimdir. Bu yeni kavram ile simdiye kadar
insanlar arasi iletisim merkezli olarak gelisen iletisim aglar1 artik makineler arasi
iletisim merkezli olarak da hizmet verebilecek sekilde tasarlanmak durumundadir.
Makineler arasi iletisimin tiim ag yapilarim1 derinden etkileyecek bazi gereksinimleri
bulunmaktadir. Enerji verimliligini saglayacak sekilde kisa ve eszamanlamasiz iletim
bu gereksinimlerin en belirgin olanlar1 arasinda yer almaktadir. Makineler arasi
iletisimin bilhassa bu gereksinimleri nedeniyle simdiye kadar yaygin olarak kullanilan
ortogonal ve es zamanlamali ¢ok tastyicili iletim tekniklerinden, ortogonal olmayan ve
eszamanlamasiz ¢alisan ¢ok tasiyicili iletim tekniklerine dogru bir paradigma kaymasi
yasanmaktadir. Bununla birlikte ortogonal olmayan ¢ok tastyicili iletim tekniklerinin
bir radyo iletisim teknolojisi olarak yerini alabilmesi ic¢in vericiden aliciya degin her
asamada kapsamli ve yogun gelistirme ve optimizasyon calismalarinin yapilmasina
ihtiya¢ duyulmaktadir.

Genellestirilmis Frekans Bolmeli Cogullama (Generalized Frequency Division Multi-
plexing (GFDM), son yillarda 6ne ¢ikmig ortogonal olmayan bir ¢ok tastyicili fiziksel
katman teknigidir. Ozellikle gelecek nesil telsiz iletisim aglarinin gereksinimlerini
karsilamada avantaj saglayabilecek 6zellikleri nedeniyle arastirmacilarin ¢ok ilgisini
cekmistir. Bir GFDM semboliinde OFDM’e benzer olarak K adet alt tasiyici yer
alir.  Ancak OFDM’den farkli olarak her bir alt tasiyici iizerinde birden fazla
olabilmek iizere M adet zaman dilimi (timeslot) yer almasina izin verilir. Boylelikle
bir GFDM sembolii KM adet 6rnek icermis olur. Tiim alt tagiycilarin aynm
numarali zaman dilimleri bir GFDM alt semboliinii olusturur. K ve M parametreleri
uygulamanin gereksinimlerine gore ayarlanabilir.  Ozellikle iletim gecikmesinin
azaltilmas1 konusunda avantaj saglayabilecek bu 6zellik sayesinde GFDM sembolii
hedef uygulamaya gore zaman-frekans kaynagi planlamasinin yapilabilmesine olanak
saglar. GFDM de her bir alt tagiyic1 cevrimsel katlama iglemi ile bir siizgegten gegirilir.
Bu sayede GFDM’in bant dis1 (out-of-band, OOB) yayinimi azalir ve parcali frekans
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spektrumlarinin kullaniminda ve biligsel radyo uygulamalarinda avantajli hale gelir.
GFDM, KM adet 6rnekten olusan bir sembol i¢in tek bir ¢evrimsel 6nek (cyclic prefix,
CP) kullanir. Cevrimsel onek kullanimi frekans domeni dengelemesinin (frequency
domain equalization, FDE) kullanilabilmesini saglar. KM adet Ornek i¢in tek bir
cevrimsel onek kullanilmas1 spektral verimliligi artirir. Bu nedenlerden dolay1t GFDM
esnek oOzellikleri sayesinde yeni gereksinimleri karsilamak iizere kolay bir sekilde
uyum saglayabilecek yapidadir.

Indis Modiilasyonu (index modulation, IM) gegti§imiz birkag yilda ¢ok biiyiik ilgi
gormiis, hem spektrum, hem de enerji kullanimi agilarindan oldukga verimli, ayn
zamanda da oldukga basit bir sayisal modiilasyon teknigidir. Indis modiilasyonu
kullanildig1 haberlesme sisteminin yapitaslarinin indislerini ilave bilgi iletimi i¢in
kullanir. Bu sayede indis modiilasyonu sistemleri, siniizoidal bir tasiyicinin faz,
frekans ve genlik bilgilerini degistirmeye dayanan geleneksel sayisal modiilasyon
tekniklerine alternatif yollar yaratir. IM, anten, alt tasiyici, zaman dilimi gibi iletim
elemanlarinin iletim i¢in kullanilip kullanilmama durumlarina bilgi bitlerini esleme
yetenegine sahiptir. Ornegin uzaysal modiilasyonda (spatial modulation, SM) iletim
antenlerinin kullanimina bilgi bitlerine gore karar verilir ve alic1 tarafta alinan bilgi
semboliine ilave olarak iletimde kullanilan antenin tespit edilmesi ile de bilgi tasinir.
Uzaysal modiilasyon, uzaysal cogullama (spatial multiplexing, SMX) ve uzay-zaman
blok kodlama (space-time block coding, STBC) ile birlikte en yaygin kullanilan
cok girisli cok-cikigh (multiple-input multiple-output, MIMO) iletim tekniklerinden
biridir. Alt tastyict IM tekniginde ise ¢ok tasiyicili yapida kullanilacak alt tagiyicilara
bilgi bitlerine gore karar verilir, iletimde bazi alt tasiyicilar kullanilmaz. Bu
orneklerden goriildiigii tizere IM bilgi iletimi icin tamamiyla yeni bir boyut yaratir. IM,
iletim elemanlarinin indislerinin var/yok seklinde bir mekanizma ile bilgi iletiminde
kullanilmas1 sayesinde kullanilmayan iletim elemanlarindan tasarruf edilen iletim
enerjisini kullanilan iletim elemanlarina aktarma yetenegine sahiptir. Bu sayede ayni
enerji miktar ile geleneksel yapilara gore daha iyi bir hata basarimi etme olanagi
olusur. Bu nedenlerden dolay:r IM yapilar1 donanimsal bir karmasiklik getirmeden,
spektral verimlilik, enerji verimliligi ve hata basarimimi iyilestirme avantajlarina
sahiptir.

Ikinci nesil telsiz iletisim sistemleri ile baslayan veri iletimi, uygulamalarin giiniimiize
kadar siirekli artan veri hiz1 talepleri nedeniyle ses iletisiminin yaninda en az onun
kadar onemli bir iletisim uygulamasi olarak yerini almistir.  Ozellikle frekans
spektrumu kapasitesindeki sinirlar nedeniyle artan veri hiz1 talebini karsilayabilmek
icin spektral verimliligi artirma tekniklerine yonelinmistir. 90’l1 yillarin sonlarinda
aragtirmacilarin giindemine giren MIMO iletim, spektral verimliligi artirmak icin
vazgecilemez bir teknik haline gelmistir. Bu nedenle MIMO iletim teknikleri ile uyum
icerisinde calisabilmek yeni nesil fiziksel katman teknikleri i¢in olmazsa olmaz bir
gereklilik olarak karsimiza ¢ikmaktadir.

Bu tezde, sayilar1 ve cesitleri hizla artan telsiz iletisim kullanicilar1 ve uygulamalari
nedeniyle, gelecek nesil telsiz iletisim sistemlerine yonelik olarak ortaya g¢ikan
teknik gereksinimleri karsilamak iizere yenilik¢i fiziksel katman teknikleri tizerinde
calisiimistir. Bu gereksinimlere yonelik olarak énemli avantajlara sahip ¢ok tasiyicili
ortogonal olmayan dalga bicimleri arastirilmigtir. Bu dalga bigimleri icerisinde 6ne
cikan GFDM yapisinin ortogonal olmamasi nedeniyle verici ve alict yapilarinda
kargsilasilan problemlere ¢oziimler olusturmak iizere ¢alisilmistir. Bu baglamda GFDM
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yapisinin, sagladig: spektral verimliligi nedeniyle one ¢ikan MIMO, spektral ve enerji
verimliligi nedeniyle one ¢ikan IM iletim teknikleri ile etkin ve verimli bir sekilde
birlestirilmesi konusu derinlemesine ele alinmistir. Yeni verici-alict yapilar: onerilmis
ve bu yapilar, enerji verimliligi, spektral verimlilik, islemsel karmasiklik ve hata
basarimlari acilarindan ele alinip optimize edilmistir.

Tezin ilk asamasinda alt tagtyic1 IM teknigi ile GFDM’in etkin ve verimli bir sekilde
birlestirilmesi iizerine ¢aligilmisti. GFDM ve IM tekniklerini tiimlegtirmek iizere bir
sistem modeli olusturulmustur. Bu sistem modeli temel alinarak esnek IM numerolojisi
ve alicida kullanilacak optimuma yakin bir algilayici teknigi, GFDM ’in bant dis
yayimim, islem karmasiklig1 ve hata performanslarini iyilestirmek {izere Onerilmistir.
Bu asamanin temel amaci, IM tekniginin iyilesmis semboller aras1 uzaklik spektrumu
dolayisiyla sagladigi kodlama kazancimi GFDM’e kazandirmaktir. Bu c¢alismada
esnek IM numerolojisi ile kenar GFDM alt sembollerine seyrek IM numerolojisi
uygulayarak bant dig1 yayinim, spektral verimlilik ve gecikme arasinda optimizasyon
yapilabilmesini saglayan bir mekanizma kurulmustur. Bilindigi kadariyla bu ¢alisma
ile alt tasiyic1 IM teknigi ve GFDM ilk kez bir araya getirilmistir. Bu calismanin diger
bir katkis1 ise, hata basarimini iyilestirmek ve islem karmagsikliini azaltmak iizere,
sifira zorlama (zero-forcing, ZF) tabanli QR ayristirma sonrast en biiyiik olabilirlik
(maximum likelihood, ML) ve ardisil girisim yoketme (successive interference
cancellation, SIC) tekniklerine dayanan optimuma yakin bir algilayicinin esnek IM
numerolojisi dikkate alinarak tek-girisli tek-cikisl (single-input single-output, SISO)
GFDM uygulamas: i¢in gelistirilmesidir. Gelistirilen bu algilayici i¢in teorik hata
bagsarimi analizi de gerceklestirilmistir. Bundan bagka, IM teknigi ile iletimin ve
klasik dik genlik modiilasyonu (quadrature amplitude modulation, QAM) ile iletimin
bagimsiz katmanlar halinde ele alindigi, bu katmanlar {izerinden iletilecek bitlerin
bagimsiz olarak secilebildigi bir iletim modeli sunulmustur. Bu yeni iletim modeli
sayesinde QAM ve IM bitleri i¢in farkli hata basarimi ve spektral verimlilikleri
sunulmasi ve IM tekniginin gelismis semboller arasi uzaklik spektrumundan daha fazla
yararlanilmasi miimkiin olmustur. Onerilen GFDM-IM yapisinin blok hata basarimu,
bant dig1 yaymimi ve islem karmagikligi bilgisayar simiilasyonlari araciligiyla
degerlendirilmistir. Teorik hata basarimi analizi sonuclar1 ile bilgisayar simiilasyonu
sonu¢larinin uyumlu oldugu gozlenmistir. Gelistirilen GFDM-IM yapisinin OFDM ve
OFDM-IM’e nazaran daha iyi hata bagarimina sahip oldugu ve nerilen yapinin bant
dis1 yayinim, spektral verimlilik ve gecikme arasinda ilgi ¢ekici ddiinlesimler sagladig:
gosterilmisgtir.

Tezin ikinci asamasinda GFDM’in uzay ve frekans IM teknikleri (space and frequency
index modulation, SFIM) ile tiimlestirilmesi detayli bir gekilde incelenmis ve
GFDM’in SM ve alt tasiyic1 IM teknigi ile birlestirilmesi icin bir gerceve yapi
sunulmugtur.  Ardindan bu yapr kullanilarak pek c¢ok farkli IM yapisini iiretme
yetenegine sahip SM-GFDM-IM verici-alic1 sistemi tasarlanmistir. Tasarlanan bu
yap1 sayesinde tek bir verici-alic1 yapisi ile kanal kosullarina uyum saglamak iizere
farkli IM yapilan arasinda gecis yapmak miimkiin olmaktadir. Bu yapimin diger
bir 6zelligi de uzay, frekans ve zaman boyutlarin1 verimli bir sekilde kullanan ¢ok
katmanli bir yap1 saglamasi ve bu boyutlar1 ayn1 anda kullanarak farkli kullanim
senaryolarina hizmet edebilecek bir mimariye sahip olmasidir. Onerilen yapinin bir
uygulamasi olarak, SM’in sagladig1 avantajlar1 muhafaza ederek spektral verimliligi
artirmak iizere yeni bir Dik Uzaysal Modiilasyon (quadrature spatial modulation,
QSM) tabanli GFDM yapisi1 Onerilmistir. Bilindigi kadariyla bu calisma QSM tabanl
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ilk cok tastyicili uygulamadir. Ayrica yine literatiirde ilk kez olmak iizere QSM
iletimi SFIM ile birlestirilmistir. Onerilen cerceve yapinin bir diger uygulamasi ise
IM’de kullanilmayan alt tasiyicilar nedeniyle yasanan spektral verimlilik kaybini telafi
etmek {izere onerilen cift modlu IM (dual-mode IM, DMIM) tekniginin GFDM ile
birlestirilmesidir. Boylelikle SM ve IM teknikleri GFDM o6zelinde birlestirilmis ve bu
tekniklerin QSM ve DMIM modlarinin da GFDM icin ¢alisabilirligi gosterilmistir.

Tezin ikinci asamasinin bir diger katkis1 da ZF tabanli QR ayristirma sonrast ML-SIC
teknigine dayanan optimuma yakin bir algilayicinin MIMO-GFDM-IM uygulamasi
icin geligtirilmesidir. ~ ML-SIC algilayict disinda ZF tabanli ayrik algilama ve
demodiilasyon (separate detection and demodulation, SDD) ve minimum karesel
ortalamali hata (minimum mean-squared error, MMSE) tabanl ortak algilama ve
demodiilasyon (joint detection and demodulation, JDD) olmak iizere iki ayr alici
yapisinin da uzay ve frekans IM tabanli GFDM uygulamas: ile kullanilabilirligi
gosterilmistir. Onerilen yapilarin hata basarimlari, islem karmagikliklar1 ve
spektral verimlilikleri kanal kodlamali ve kodlamasiz durumlar ic¢in bilgisayar
simiilasyonlart araciligiyla incelenmistir. Bu sonuclarda ML-SIC tabanl algilayicr ile
ZF-SDD ve MMSE-JDD tabanli algilayicilara gore islem karmagikligimin kisith bir
miktarda artmasina kargin hata performansinda 6nemli oranda iyilesme elde edildigi
goriilmiistiir. Bu artisin sebebi ML-SIC teknigi ile uzay ve frekans indisleri ile QAM
sembollerine ortak bir sekilde karar verilmesidir. Boylece ML-SIC tekniginin hata
basarimu ile islem karmagiklig1 arasinda édiinlesimler saglayabildigi gosterilmistir. Ote
yandan ML-SIC tabanli GFDM alic1 ile kars1 gelen ML tabanli OFDM alicilarinin
hata basarimlan karsilastirllmis ve GFDM alicilarinin performanslarinin OFDM’e
oldukca yakin ancak OFDM’den bir miktar kotii oldugu goriilmiistiir. Bunun
nedeni ise GFDM’de alt tasiyicilarin ortogonal olmamasi ve QR ayristirma nedeniyle
olusan hata yayilimidir. Bununla birlikte ayni durum i¢cin GFDM ile OFDM’e
nazaran azaltilmis CP orani nedeniyle daha yiiksek spektral verimlilik ve ortogonal
olmayan alt tasiyici filtreleme nedeniyle daha diisiikk bant dis1 yaymim avantajlar
elde edilmistir. Sonuglardan tespit edilen bir diger durum ise QSM ¢alisma modunda
ayni spektral verimlilikte, islem karmagikliginda artis getirmeden hata basariminda
tyilesme saglandigidir. Benzer sekilde DMIM calisma modu ile de aym spektral
verimlilikte artan iglem karmagiklig1 ile hata bagsariminda az miktarda iyilesme oldugu
goriilmiigtiir. SFIM yapilar ile ise spektral verimlilikte azalma ile ciddi hata basarimi
iyilesmeleri saglanabildigi goriilmiistiir. Ayrica uzay ve frekans indislerinin birlikte
kullanimu ile farkli hata basarimi ve spektral verimlilik saglayabilen ¢ok katmanli bir
iletim yapis1 olusturulmustur. Boylece SFIM yapilarinin ortak uzay, frekans ve zaman
kaynaklarim1 kullanarak farkli kullanim senaryolarini destekleme potansiyeline sahip
oldugu gosterilmistir. Elde edilen sonuclar 1s1831nda hedef performans kriterlerine gére
uygun MIMO-GFDM-IM yapisinin secilebilmesini saglayan bir kilavuz sunulmustur.

Tezin lciincii asamasinda GFDM’i SMX ve alt tasiyict IM ile birlestiren yeni bir
SMX-GFDM-IM yapist gelistirilmistir. Bu yapida tiim iletim antenlerinden bagimsiz
GFDM-IM bloklan iletilmektedir.  Alict kisminda ise MMSE Bell laboratuvar
katmanli uzay-zaman iletimi QR ayrnistirma (MMSE Bell Laboratories Layered
Space-Time with QR decomposition, MMSE-QRD) sonrast ML-SIC tekni8ini
kullanan optimuma yakin bir algilayict 6nerilmistir. Bilindigi kadariyla bu uygulama
SMX-GFDM-IM i¢in ilk optimuma yakin alict kullanimidir. Ayrica MMSE-JDD
algilayic1 tabanhi alicinin SMX-GFDM-IM i¢in de kullanilabilirligi gosterilmistir.
SMX-GFDM-IM yapisi, bilgisayar simiilasyonlar1 kullanilarak kanal kodlamali
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ve kanal kodlamasiz hata basarimlari, bant dis1 yaymim, spektral verimlilik ve
islem karmagsiklig1 agilarindan incelenmistir. Onerilen SMX-GFDM-IM yapisinin
SMX-OFDM ve SMX-GFDM’e gore daha iyi hata basarimina sahip oldugu,
SMX-OFDM’e gore alt tasiyici filtreleme ve azaltilmig ¢cevrimsel 6nek orani nedeniyle
daha 1iyi spektral verimlilik ve daha az bant dis1 yayimmim performansina sahip oldugu
gosterilmisgtir.

GFDM, zaman ve frekans kaynaklarini etkin, verimli ve esnek bir sekilde kullanima
izin veren yapisiyla gelecek nesil telsiz haberlesme sistemleri icin diisiik bant dis1
yaymim, diisiik gecikme, eszamanlama hatalarimi tolere edebilme gibi avantajlar
sunmaktadir. Bu tezde yapilan calismalarla GFDM’in SM ve SMX MIMO teknikleri
ile caligabilirligi gosterilmistir. Bu sayede GFDM’in avantajlarina spektral verimlilik
de eklenmigtir. Bunun yaninda GFDM’in alt tastyici IM teknikleri ile caligabilirligi
gosterilerek GFDM’in avantajlar1 arasina enerji verimliligi de eklenmistir. Yapilan bu
calismalar sonrasinda GFDM’in gelecek nesil telsiz haberlesme sistemleri i¢in 6nemli
bir aday teknik haline geldigi degerlendirilmektedir.
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1. INTRODUCTION

Wireless communication has become an essential tool for everyday life and has
significant impacts on all industries. As an indispensable part of daily activities,
various types of information need to be obtained and shared in real-time by using fast
and reliable voice and data communications. Wireless communications systems ease

to access and sharing of information without being connected to fixed locations.

Starting from early 1980s, wireless communication systems have undergone significant
changes. Cellular communication has been an important class of wireless networks
which has rapidly progressed in a series of evolutions. First Generation (1G)
cellular communication systems provided basic voice service with analog modulation
techniques. Second Generation (2G) cellular communication systems have introduced
the digitized voice along with the low-rate data service. Third Generation (3G) cellular
communication systems provided data rates close to wired solutions of that time.
Fourth Generation (4G) cellular communication systems have presented broadband
wireless access which provides to access real-time high definition multimedia
content anywhere and anytime. Nowadays, standardization activities for the cellular
communication systems are moving towards fifth generation (5G). Considering the
widespread usage of smartphones with advanced computing and storage capabilities,

the thirst for higher throughput is sure to continue.

While wireless communication systems continue to progress evolutionary, there
have been significant advancements in electronic circuit design methodologies which
provide high processing capability consuming very low power in a very small
area. These advancements pave the way for various type of remote sensing,
monitoring and management applications which make the machines an integral part
of wide area information networks. There are significant differences between the
machine-centric information networks and human-centric information networks. First,
machine-generated content will be short and bursty. Second, machine-generated

content has to be delivered with high reliability and very low latency. Third, the



number of users in machine-cenctric information networks will be much higher than
the number of users in human-centric informations networks and continues to increase
exponentially. Consequently, future wireless networks will need to handle low data
rate bursty traffic generated by 10s of billions of devices offering energy-efficient,
highly-reliable and fast communication methods while serving for real-time ultra high

definition multimedia demands.

In the light of these assessments, it is obvious that the demand for wireless
communication continues to grow with the new applications which necessitate
the capabilities beyond current ones. Therefore, adaptive, flexible, and efficient
radio access technologies (RATs) are needed to serve future demands for wireless

communication.

1.1 Purpose of Thesis

Owing to a broad range of applications spanning from wireless regional area networks
(WRAN) to machine type communications (mTC), future wireless networks have
challenging objectives such as very high spectral and energy efficiency, very low
latency and very high data rate, which go beyond 4G wireless networks [4]. In this
context, the vision and overall objectives of future wireless networks for 2020 and
beyond have been defined by the International Telecommunication Union (ITU) [5]
and standardization activities for 5G wireless networks have been started through
discussions about scenarios and requirements by Third Generation Partnership Project

(3GPP) [6].

Orthogonal frequency division multiplexing (OFDM) is the core of the physical
layer of 4G wireless networks and fulfills the requirements and challenges of 4G
scenarios. OFDM has attractive advantages such as simple implementation via fast
Fourier transform (FFT)/inverse FFT (IFFT) blocks, robustness to frequency selective
fading and simple equalization. However, considering the diverse applications of
future wireless networks, the shortcomings of OFDM such as high peak-to-average
power ratio (PAPR), high out-of-band (OOB) emission and sensitivity to time and
frequency synchronization errors make difficult to address the requirements of the
future radio access technologies satisfactorily [7, 8]. Thus, OFDM can fulfill the

requirements of future wireless networks in a limited way. As a result, radically
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new physical layer (PHY) technologies and modulation formats have been explored
to fulfill the challenges of 5G wireless networks [7]. After years of discussion on the
standardization of 5@, it was decided that none of the waveform alternatives were able
to address all the requirements at the same time and an expanded version of OFDM
with multiple numerologies, i.e., different parameterization of OFDM subframes,

would provide the optimum results for the PHY of 5G [9, 10].

Taking account the massive growth trend from 1G to 5G, it is expected that the number
of wireless users and applications will certainly continue to increase beyond 5G with
expanded diverse requirements and technical challenges. For this reason, although
OFDM with multiple numerologies concept will likely address the current technical
challenges of 5G wireless networks, the sufficiency of OFDM-based PHY is quite
disputable for beyond 5G. Therefore, new RATs are needed to fulfill the technical
challenges of beyond 5G wireless networks. In this context, research efforts on the
novel RATSs including advanced waveforms and more flexible radio accessing schemes
must continue for future wireless networks. The physical layer is the foundation of
the networks. It comprises a complex set of techniques mainly related with efficient
use of physical resources. Considering the short, bursty and asynchronous nature
of the data traffic generated by the machine-centric networks, novel concepts for
multi-carrier communication are researched and non-orthogonal techniques come into
prominence due to their potential to fulfill the requirements of the new concepts.
Therefore, there is a paradigm shift from orthogonal to non-orthogonal waveforms.
However, the self-introduced interference of non-orthogonal techniques results much
increased receiver complexity especially for multiple-input multiple-output (MIMO)
transmission due to additional inter-antenna interference (IAI). Consequently, a major

research effort is required to exploit and optimize the all aspects of the PHY.

In this thesis, the non-orthogonal filtered waveforms have been studied to provide
significant enhancements to problems which are arised from non-orthogonal and
asynchronous nature of the proposed schemes. The main aim is to contribute to design

the physical layer of future wireless networks.



1.2 Literature Review

In recent years, several waveform proposals have been presented to overcome the
limitations of OFDM. These proposals can be categorized into two main classes:
cyclic prefix OFDM (CP-OFDM)-based and non-CP-OFDM-based. The proposals
in the first class, such as filtered OFDM (f-OFDM) [11, 12] and windowed OFDM
(W-OFDM) [13], are the attempts to resolve the aforementioned problems by keeping
the orthogonality. The proposals in the second class initially dismiss orthogonality to
obtain better temporal and spectral characteristics, thus, causes a major paradigm shift
in the context of waveform design, which may yield some backward compatibility
issues [7]. Amongst the waveforms in the second class, filter bank multi-carrier
(FBMC) [14, 15], universal filtered multi-carrier (UFMC) [16] and generalized

frequency division multiplexing (GFDM) [2] appear as promising candidates.

GFDM [2], which has attracted tremendous attention over the past few years,
comes into prominence by providing advantages in terms of OOB emission, spectral
efficiency and latency due to digitally pulse shaping of each subcarrier, reduced
overhead of cyclic prefix and block-based structure, respectively. Unlike OFDM,
GFDM permits to use more than one timeslot on the subcarriers and enables flexible
time-frequency structuring which can be shaped according to corresponding scenario.

Therefore, GFDM is one of the candidate schemes for beyond 5G wireless networks.

MIMO-friendliness is a key ability for a physical layer scheme to satisfactorily
match the foreseen requirements of future wireless networks. Since GFDM is a
generalized form of OFDM, one can expect that its combination with MIMO 1is
feasible. In this sense, the combination of GFDM with space-time coding (STC)
technique [2, 17-19] and spatial multiplexing (SMX) [20-28] have been investigated.
In [20-22], iterative algorithms have been proposed for detecting spatially multiplexed
GFDM signals. In [23], separate detection and demodulation (SDD) with linear
MIMO detection algorithms such as minimum mean-squared error (MMSE) and
zero-forcing (ZF) have been investigated. In [24], GFDM modulation and MIMO
transmission have been combined as an equivalent MIMO-GFDM channel and QR

decomposition-based sphere decoding (SD) with successive interference cancellation



(SIC) has been proposed. Coded performance analysis of QR decomposition-based
SD-SIC receiver has been presented in [25]. In [26] and [27], an iterative MMSE
with parallel interference cancellation (MMSE-PIC) detection has been proposed
for MIMO-GFDM. Furthermore, a low complexity implementation of MMSE
equalization was proposed and link level performance of MIMO-GFDM was analyzed
along with the CP-OFDM-based counterparts in [28]. Among these studies, it has been
reported that GFDM performed worse than OFDM in [23] and [25]. Based on these
obtained results, while non-iterative MIMO-GFDM receivers generally performed
worse than OFDM, iterative MIMO-GFDM receivers outperformed OFDM schemes
at the cost of extra processing latency. Nevertheless, despite these advancements,
non-orthogonality resulting from filtering each subcarrier individually prevents the

frequency domain decoupling and makes the MIMO detection complicated.

The continuing demand for higher data rates motivates the researchers to seek
spectral-efficient new modulation schemes. Spatial modulation (SM) is a MIMO
transmission method, which considers the transmit antennas as spatial constellation
points to carry additional information bits [29]. In SM, at each time interval, a single
transmit antenna is activated by the input bit sequences and other antennas remain
silent. For SM multi-carrier schemes, only one transmit antenna is activated at any
subcarrier. As a result, activating single transmit antenna at a time or subcarrier
eliminates IAI and reduces the receiver complexity. Moreover, SM techniques are

more robust to channel imperfections and enhance the error performance.

SM-based modulation schemes have recently received a great deal of interest due to
their attractive advantages over classical MIMO systems. Space-shift keying (SSK) is
a special case of SM, where only active transmit antenna indices are used to convey
information. In SSK, phase shift keying (PSK)/quadrature amplitude modulation
(QAM) symbols are not used and active transmit antenna transmits a fixed non-data
bearing signal. Space-time shift keying (STSK) is another SM-based modulation
scheme, where both the indices of multiple pre-assigned dispersion matrices and signal
constellation points are used to convey information. Additionally, the concept of
SM is extended to include both the space and time dimensions. Quadrature Spatial
Modulation (QSM) [30] expands the spatial constellation symbols to in-phase and

quadrature components, and doubles the number of spatially carried bits with respect



to a conventional SM system. In QSM, signal constellation symbol is divided into its
real and imaginary parts and their corresponding transmit antennas are determined by
the input bit sequences in a separate fashion. It is demonstrated that QSM achieves
the same error performance and spectral efficiency using 3 dB less signal power with

respect to its SM counterpart without increasing the receiver complexity [30].

OFDM with index modulation (IM) is an extension of spatial modulation concept to
subcarrier indices in multi-carrier systems [31-33]. In OFDM-IM, active subcarriers
are selected by the input bit sequences and the information bits are conveyed through
both the activated subcarrier indices and the conventional modulation symbols. While
OFDM-IM scheme improves the error performance by conveying extra information
bits through active subcarrier indices, it reduces throughput due to unused subcarriers.
In [34], a dual-mode OFDM-IM (DMIM) scheme has been proposed to prevent
throughput loss still using subcarrier indices to convey extra information. In DMIM
scheme, based on the OFDM subblocks concept in [31], two different constellation
modes have been used to modulate the subcarriers with selected indices and the
remaining subcarriers. More recently, a multiple-mode DM-OFDM scheme is
proposed in [35] by considering full permutation of modes. In order to improve the
spectral efficiency, diversity and coding gains of OFDM-IM, several studies have been
also performed in recent times [36—40]. Furthermore, in [41-44], combination of
the OFDM-IM technique with MIMO methods has been investigated and significant
performance gains have been reported. For a comprehensive overview of OFDM-IM
and related literature, interested readers are referred to [45]. Taking account the
prominent advantages of IM [3], combination of GFDM with IM techniques has been
investigated in [46,47]. In [46], the combination of Kalman algorithm-based channel
estimation, turbo MMSE equalization and phase rotated conjugate cancellation
(PRCC) algorithm has been proposed for MIMO-GFDM-IM scheme. In [47], a
GFDM-IM transceiver structure has been introduced for multi-user networks and
bit error ratio (BER) performance improvement with respect to classical GFDM
and OFDM-IM has been reported. However, the combination of GFDM with IM
considering optimum detection techniques remains an open as well as interesting

research problem.



1.3 Original Contributions

During thesis proposal stage, motivation, key scenarios, key technical objectives,
candidate technologies and expectations from the PHY for the future wireless
communication systems were introduced. Current 4G methods, procedures, their
shortcomings and advantages were discussed along with the new emerging trends such
as machine type communications, heterogeneous networks and fragmented spectrum
usage. Then, non-orthogonal multi-carrier modulation schemes were addressed to
cope with the shortcomings of 4G methods. Amongst non-orthogonal multi-carrier
modulation schemes, FBMC [15] and GFDM [2] were investigated. These two
schemes were compared and deep investigation of GFDM was decided due to

widespread studies about it.

MIMO transmission is an unquestionable method to increase the spectral efficiency.
For this reason, applicability with MIMO techniques is mandatory for a candidate
PHY scheme for future wireless networks. On the other hand, IM concept has
appealing advantages over classical OFDM, such as flexible system design with
adjustable number of active subcarriers, improved error performance for low-to-mid
spectral efficiencies and simple transceiver design. Therefore, tight integration of
GFDM with the MIMO and IM concepts has a strong potential to fulfill the foreseen
requirements of future wireless networks in a satisfactory manner. In the light of these
assessments, in this thesis, the combination of MIMO and IM techniques with GFDM
has been investigated and novel transceiver structures have been introduced [48-53].
These transceiver structures have been optimized in terms of energy, spectral and

computational efficiency.

In the first stage of the thesis, a GFDM-IM scheme, which uses flexible IM (FIM)
numerology along with the near-optimum detector, is proposed to improve OOB
emission, error performance and computational complexity of the GFDM scheme [52].

The contributions of the first stage of the thesis can be summarized as follows:

e The main contribution of this stage is the combination of GFDM with IM about to

provide coding gain due to enhanced distance spectrum of IM.

e In order to optimize OOB emission, spectral efficiency and latency jointly, sparse

IM numerology is applied to the edge GFDM subsymbols. To the best of author’s
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knowledge, this application would be the first attempt to exploit variable-sized IM

subblocks with variable number of active subcarriers for GFDM.

e In order to enhance the error performance and reduce the computational complexity
of the scheme, a new detector, which adapts a maximum likelihood (ML)-SIC based
near-optimum detection, is developed for the single-input single-output (SISO)
GFDM scheme considering the flexible IM numerology, and its theoretical error

performance is analyzed.

e A new system model, which enables multi-layer transmission through IM-bits
and QAM-bits, is presented. Thanks to this system model, the proposed scheme
provides different error performances and spectral efficiencies for QAM and IM

bits, and further benefits from enhanced distance spectrum of IM.

The block error rate (BLER), OOB emission and computational complexity of the
proposed GFDM-IM scheme are evaluated via computer simulations. It has been
shown that the proposed near-optimum, flexible, multi-layer GFDM-IM scheme is
a strong alternative for future wireless networks due to its improved BLER and

computational complexity performance.

In the second stage of the thesis, a framework for the combination of GFDM with
IM concept is presented and integration of GFDM with space and frequency IM
(SFIM) concept is discussed in detail to pave the way for innovative transceiver
structures [51]. Then, by using this framework, novel transmitter and receiver
schemes for MIMO-GFDM applications are proposed. BER performances of the
proposed schemes are compared and their computational complexities and spectral
efficiencies are analyzed. Based on the obtained results, a guideline for selecting the
proper MIMO-GFDM scheme considering target performance criterion is given. The

contributions of the second stage of this thesis can be summarized as follows:

e A GFDM-based FIM transceiver, which is capable of generating and decoding
various IM schemes, is proposed. Thanks to FIM, switching between different IM
schemes to adapt the channel conditions can be possible using a single transceiver

structure.



e FIM provides a multi-layer transmission scheme by effectively using space,
frequency, and time dimensions to adjust the BER performance and spectral
efficiency, and enables to support different use cases by using common space,

frequency, and time resources at the same time.

e A novel QSM-based GFDM scheme is proposed as a special case of FIM to
enhance the spectral efficiency while preserving the advantages of SM. To the best
of author’s knowledge, this contribution would be the first approach that exploits
multi-carrier transmission for QSM. In addition, QSM transmission is combined

with the SFIM scheme.

e A near-optimum detection scheme, which is based on ML detection with SIC, is

proposed.

e It is shown that ML-SIC detection scheme is also applicable for SISO, SM, IM,
SFIM, and SSK-based GFDM systems.

In the third stage of the thesis, a novel MIMO-GFDM system, which combines SMX,
GFDM and IM, is proposed in order to provide an efficient transmission scheme for
beyond 5G wireless networks. The proposed scheme transmits independent GFDM-IM
blocks through each transmit antenna and adapts MMSE Bell Laboratories Layered
Space-Time (BLAST) with QR decomposition (MMSE-QRD)-based near-optimum
detector at the receiver side. To the best of author’s knowledge, this application
would be the first attempt to exploit a near-optimum detector with SMX-GFDM-IM
system. The uncoded and coded BER, OOB emission, spectral efficiency and
computational complexity of the proposed scheme are analyzed by comparing with
classical SMX-OFDM and SMX-GFDM schemes via computer simulations. It has
been demonstrated that the proposed SMX-GFDM-IM scheme can be considered as a
viable PHY scheme for beyond 5G wireless networks due to its improved BER, OOB

emission and spectral efficiency.

The list of the journal and conference publications presenting the original contributions

of this thesis to the wireless communication literature is given below.

e Ozturk E., Basar E., Cirpan H. A., 2017. Generalized Frequency Division
Multiplexing with Flexible Index Modulation. IEEE Access, 5, 24727-24746.
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e Ozturk E., Basar E., Cirpan H. A., 2018. Generalized Frequency Division
Multiplexing with Flexible Index Modulation Numerology. [EEE Signal
Processing Lett., 26(10), 1480-1484.

e Ozturk E., Basar E., Cirpan H. A., 2018. Multiple-Input Multiple Output
Generalized Frequency Division Multiplexing with Index Modulation, submitted

to journal of Physical Communication.

e Ozturk E., Basar E., Cirpan H. A., 2017. Generalized Frequency Division
Multiplexing with Space and Frequency Index Modulation. 5th Int. Black Sea
Conf. Commun. Netw. (IEEE BlackSeaCom), June 5-8, 2017, Istanbul, Turkey.

e Ozturk E., Basar E., Cirpan H. A., 2016. Generalized Frequency Division
Multiplexing with Index Modulation. /[EEE GLOBECOM Workshops, December
4-8, 2016, Washington, DC, USA.

e Ozturk E., Basar E., Cirpan H. A., 2016. Spatial modulation GFDM: A Low
Complexity MIMO-GFDM System for 5G Wireless Networks. 4th Int. Black Sea
Conf. Commun. Netw. (IEEE BlackSeaCom), June 6-9, Varna, Bulgaria.

e Ozturk E., Basar E., Cirpan H. A., 2018. Multiple-Input Multiple-Output
Generalized Frequency Division Multiplexing with Flexible Index Modulation.

PCT Patent Application Number: PCT/TR2018/050341.

The proposed techniques in this thesis have recently attracted significant attention from

the researchers and these mentioned papers got more than thirty citations in two years.

The sections in this thesis are organized as follows. In Section 2, basic concepts
about the subjects undertaking in this thesis are explained shortly. In Section 3, the
combination of IM technique with GFDM is presented. The integration of GFDM with
space and frequency IM techniques are analyzed in Section 4. In Section 5, a novel
MIMO-GFDM system, which combines SMX, GFDM and IM is proposed. Section 6

presents the results of this thesis.
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2. BASIC CONCEPTS

In this chapter, basic concepts related with the techniques investigated in this thesis are

explained.

2.1 Wireless Communication Channels

2.1.1 Additive White Gaussian Noise channel

Additive White Gaussian Noise Channel (AWGN) is the most simple channel model
for a digital communication system and it is used to model thermal noise in
communication systems [54]. The basic characteristics of the AWGN channel model

can be summarized as follows:

The noise is additive, i.e., the noise is added to received signal directly, there is not

any multiplication effect.

The noise is white, i.e., its power spectral density is flat for all frequency values.

The noise is statistically independent of the signal.

The noise samples have a Gaussian distribution.

For a Gaussian random variable w, probability density function of w is given by

f(W) — e 202 , —oo < w < oo, (21)

where m,, is the mean value and 62 is the variance of the w.

2.1.2 Wireless channel and fading

Although AWGN channel model is suitable for many physical channels, it is not
sufficient for communication channels whose transmission characteristics vary with

time [55]. In such a situation, more sophisticated channel models are needed. The
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most distinctive feature of the wireless channels is the multiple transmission paths
between the transmitter and the receiver [56]. Because of these multiple transmission
paths, more than one replica of the transmitted signal are reached to the receiver. If
there is direct path between the transmitter and the receiver, it is called as line of sight
(LOS). However, electramagnetic (EM) waves can travel from transmitter to receiver
without LOS path. Meanwhile, EM waves are exposed to some destructive effects due
to obstacles in the transmission medium. EM waves are reflected when they impinge
to object which has a size larger than wavelength of the EM wave. Multiple replicas of
the transmitted EM wave may reach to the receiver as a result of reflection around the
large obstacles with different power levels at different times. Other destructive effects
are scattering and diffraction. EM waves are scattered if the obstacle size is smaller
than wavelength of the EM wave and EM waves are diffracted when they interact
with sharp-edged objects in the transmission medium. As a result of these destructive
effects, the received signal has some channel-specific properties. These properties are

examined as large-scale fading and small-scale fading.

2.1.2.1 Large-scale fading

Large-scale fading appears as variations in received power that occur over relatively
large distances due to effects of the propagation channel and has two different effects
classified as path loss and shadowing. Path loss is caused by dissipation of the
power radiated by the transmitter due to distance between the transmitter and the
receiver. Shadowing is caused by obstacles between the transmitter and the receiver
that attenuate signal power through absorbtion, reflection, scattering, and diffraction.

Shadowing is experienced as fluctations on local-mean powers.

2.1.2.2 Small-scale fading

Small-scale fading is the rapid fluctation in signal strength over a small travel distance
or time interval. The factors that affect small-scale fading are multi-path propagation,
the relative speed between the transmitter and the receiver, speed of surrounding

objects and transmission bandwidth of the signal.

Coherence bandwidth is the bandwidth of the multi-path channel and it is the
bandwidth over which the channel transfer function remains virtually constant. In

other words, it is a channel which passes all spectral components with approximately
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equal gain and linear phase. The received signal will be distorted if the transmission
bandwidth is greater than coherent bandwidth. Coherence time is the another important
issue to classify fading effects. Coherence time is the time that the channel impulse
reponse remain nearly unchanged. Small-scale fading channels are classified as
frequency-flat and frequency-selective in terms of multi-path delay spread and fast
and slow in terms of Doppler spread [56]. According to this classification, there are

four different types of small-scale fading channels:

e Frequency-flat slow fading channel: Bandwidth of the signal is smaller than the
coherence bandwidth and the modulation interval of the signal is smaller than the

coherence time.

e Frequency-flat fast fading channel: Bandwidth of the signal is smaller than the
coherence bandwidth and the modulation interval of the signal is greater than the

coherence time.

e Frequency-selective slow fading channel: Bandwidth of the signal is greater than
the coherence bandwidth and the modulation interval of the signal is smaller than

the coherence time.

e Frequency-selective fast fading channel: Bandwidth of the signal is greater than the
coherence bandwidth and the modulation interval of the signal is greater than the

coherence time.

2.1.3 Rayleigh channel model

In a wireless communication system, statistical models are needed in order to
investigate the variations of received signal power. For a frequency-flat, non-LOS, with

J-transmission paths multi-path wireless channel, the received signal can be given as

J
r(t) = Z ajcos (2mfet + ;) +w(r), (2.2)

j=1
where f; is the carrier frequency, a; and ¢; is the amplitude and the phase of the j-th
component, respectively, and w(¢) is the Gaussian noise. After extracting cos term in

equation 2.2, the received signal can be expressed as

N J

r(t) =cos(2mf.t) Y ajcos (¢;) —sin (2mfet) Y ajsin (¢;) +w(z). (2.3)

j=1 j=1
13



Taking A = Z§:1 a; cos (q)j) and B = Z§:1 ajsin (qu) , equation 2.3 can be expressed in

a more compact form as
r(t) =Acos(2rmf.t) — Bsin (2xf.t). (2.4)

According to central limit theorem, for larger values of J, A and B are statistically
independent and identically distributed Gaussian random variables. Thus, the envelope
of the received signal becomes A2+ B2 and it has Rayleigh distribution. The
probability density function of a Rayleigh random variable is given by

2

f(r)= e =0, @.5)

where o7 is the variance of A and B. The signal in equation 2.5 is related with the
analog signal at the radio frequency (RF) Front-End. For baseband representation, the

following transmisson model is used for the frequency-flat channels:
ry = hsy +wy (2.6)

Here, r; is the matched-filter (MF) output after demodulation, 4 is the complex
Gaussian random variable, s; and wy are the discrete versions of the transmitted signal
s (t) and noise signal w (t), respectively. Since the real and the imaginer parts of the
h are zero-mean Gaussian random variables, |k| has Rayleigh distribution. Here |A| is

the path gain, wy is Gauss noise. In this thesis Rayleigh fading channel model is used.

2.2 Waveform Design Criteria

RAT is the method for establishing physical connection to connect to a radio based
communication network. The general building blocks of a RAT is shown in Fig.
2.1. Waveform is the shaping component of a RAT. Multiple Access determines the
rules to manage the common resources such as spectrum, spreading code, etc. Frame
Structure organizes the data transmission units. Coding is very crucial element to
provide very low error probability. Modulation schemes impacts maximum achievable
data rates. Duplex Mode is used to divide forward and reverse communication
channels. Considering the continuing massive growth trend in number of wireless
devices and applications, the following waveform design principles are essential for
a new waveform in order to be able to meet the requirements of future wireless

networks [1,57-60]:
14



N N
Waveform Multiple Frame
Access Structure
) )
N N
Coding Modulation Duplex
Mode
) )

Figure 2.1 : Building blocks of a RAT.

High spectral efficiency,

Low processing latency,

Good frequency localization, i.e., low OOB emission,
Low PAPR,

Low processing complexity for the generation/detection,

Flexible waveform parametrization, such as CP and subcarrier spacing in

multi-carrier schemes,

Flexible and scalable bandwidth support,

Efficient asynchronous communication with reduced signalling/access overhead,
Good time localization,

MIMO-friendliness,

High order modulation support,

Uniform waveform design for uplink and downlink,

High power amplifier (PA) efficiency,

Robustness to hardware impairments such as carrier frequency offset (CFO) and

phase noise,

Robustness to channel time-selectivity and frequency selectivity.
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In Fig. 2.2, a common framework, that includes certain blocks to generate a waveform,
is shown [1]. In the past decade, several waveforms have been proposed for wireless

communications. Among these waveforms, the prominent ones are listed below.
OFDM based waveforms:

¢ Windowed OFDM (W-OFDM) [13,61]

e Pulse-Shaped OFDM (P-OFDM) [62]

e Unique-Word OFDM (UW-OFDM) [63, 64]

e Universal Filtered Multicarrier (UFMC) [65]

e Universal Filtered OFDM (UF-OFDM) [66]

e Flexible CP-OFDM (FCP-OFDM) [67]

e Filtered OFDM (f-OFDM) [11,12]

DFT spread OFDM based waveforms:

e Zero-Tail DFT Spread OFDM (ZT-DFT-S-OFDM) [59, 68]

Filtered DFT Spread OFDM (f-DFT-S-OFDM) [11]

Windowed DFT Spread OFDM (W-DFT-S-OFDM) [69]

Unique-Word DFT Spread OFDM (UW-DFT-S-OFDM) [69]

Unique-Word DFT Spread Windowed OFDM (UW-DFT-S-W-OFDM) [69]

Physical ~ Resource  Block-specific ~ Zero-Tail DFT  Spread OFDM
(PRB-ZT-DFT-S-OFDM [59]

e Continuous-Phase-Modulation Single Carrier Frequency Division Multiple Access

(CPM-SC-FDMA) [70]
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Single carrier based waveforms:

e Constraint Envelope Continues Phase Modulation Single Carrier (ceCPM-SC) [71]

e Differentail QAM Single Carrier (D-QAM-SC) [72]

Non-orthogonal waveforms:

e Filterbank Multicarrier (FBMC) [14, 15]
e Generalized Frequency Domain Multiplexing (GFDM) [2]

e Circular Filterbank Multicarrier (cCFBMC) [73]

2.3 Generalized Frequency Division Multiplexing

2.3.1 Basics of GFDM

GFDM [2] is one of the prominent non-CP-OFDM-based waveforms designed to
overcome the major challenges of future wireless networks. These challenges
can be listed as higher spectrum efficiency, higher energy efficiency and tolerance
to synchronization errors. It has recently attracted significant attention from the
researchers because of its beneficial properties to fulfill the requirements of future
wireless networks. GFDM is a generalized form of OFDM in which a GFDM
symbol has a block structure consisting of KM samples, where K subcarriers carry M
timeslots each. Therefore, a GFDM symbol includes a group of OFDM symbols. The
block structure of GFDM can be tuned to match the requirements of the application.
Therefore GFDM has a flexibility to engineer the time-frequency structure according
to corresponding scenario and the flexibility is the main strength of it. An important
benefit of this flexibility is the possibility of reducing the latency on the physical
layer of communications systems. In GFDM, circular pulse shaping is applied for
each subcarrier by using adjustable pulse shaping filters. This reduces OOB emission
significantly since the transmit signal has strong frequency localization per subcarrier.
In this procedure, circular pulse shaping preserves the the block oriented structure
and prevents rate loss that occur from filter tails. As a result, GFDM can serve for

fragmented and opportunistic spectrum allocation purposes. In GFDM, variable pulse
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shaping filters can be used and the transmit filter impulse response is not restricted to be
rectangular. As a result, the orthogonality between the subcarriers is initially dismissed
and self induced interference occurs. However, by using appropriate interference
canceling algorithms in the receiver, self interference effects can be removed. As
a benefit of being a non-orthogonal multi-carrier scheme, GFDM can tolerate loose
time and frequency synchronization. GFDM uses only one CP per symbol, thus,
spectral efficiency of GFDM is higher than that of OFDM. On the other hand, the
insertion of CP enables low-complexity frequency domain equalization (FDE). To sum

up, attractive claims of GFDM are listed below:

e A flexible time-frequency structuring,

A lower OOB emission compared to OFDM,

A lower synchronization need compared to OFDM,

A higher spectral efficiency compared to OFDM,

An efficient FFT-based equalization.

2.3.2 System model of GFDM transceiver

The block diagram of the GFDM transceiver is seen in Fig. 2.3. The binary vector b
is provided by a data source and is encoded to obtain b. In the mapper block, a form
of QAM signalling is used to modulate each subcarrier individually. In this block, a
QAM mapper maps the b, to symbols from a 2*-valued complex constellation, where
u is the modulation order. The resulting vector d denotes a data block that contains
N elements, which can be decomposed into K subcarriers with M subsymbols each
according to d = [do,dl,...,dM,l]T and d,,, = [dom,d1 m, - - - ,dK,l,m]T. Here, dy ,, is
the data transmitted on the k-th subcarrier of the m-th subsymbol of the block, (-)7
shows the transposition of a vector. The total number of symbols follows as N = KM.

The details of the GFDM modulator are shown in Fig. 2.4.
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Each dj ,, is individually filtered by using circular convolution with the pulse shape

k
8km(n) =g ((n—mK) . qy) €Xp (jZTL’En) , 2.7

where n is the sampling index. Each g ,,(n) is a time and frequency shifted version
of a prototype filter g(n), where the modulo operation makes g ,,(n) a circularly
shifted version of g o(n) and the complex exponential performs the shifting operation
in frequency. The transmit samples x = [x(n)]" are obtained by superposition of all

transmit symbols
K—1M-1

x(n) =Y Y dimgim(n). (2.8)

k=0 m=0
After collecting the filter samples in a vector g ,, = [gk,m 0),...,8km (N — l)f,
equation 2.8 can be rewritten as

X = Ad, 2.9

where A is a KM x KM transmitter matrix [2] with the following structure:

A=1800,--8K—1,0:80,1, - &K—1,1--,8K—1,M—1]- (2.10)

The last step at the transmitter side is the addition of a CP with length Ncp in order to

make the convolution with the channel circular and the resulting vector
~ t 17T
Xx= |X(KM —Ncp+1:KM)" ,x (2.11)

is obtained. Here, x(a : b) shows the aAll elements of x with indices from a to b,
inclusive of a and b. Finally, X is transmitted over a frequency-selective Rayleigh

fading channel.

At the receiver side, assuming that the wireless channel remains constant during the
transmission of a GFDM block, CP is longer than the tap length of the channel (Ncy,)
and perfect synchronization is ensured, the received signal vector y can be expressed
as

y=Hx+w=HAd+w (2.12)

after the removal of CP. Here, y = [y(0),y(1),...,y(N — 1)]T is the vector of received
signals, H is the N x N circular convolution matrix constructed from the channel
impulse response coefficients given by h = [A(1),A(2),...,h(Ncn)]", and wis an N x 1
vector of AWGN samples. The elements of h and w follow €4 (0,1) and .4 (0, 62)

22



distributions, respectively, where ¥.4 (1, 5?) shows the distribution of a circularly
symmetric complex Gaussian random variable with mean u and variance 2. Equation
2.12 enables to use ZF-based channel equalization and the received signal after channel

equalization can be expressed as
z=H 'HAd+H 'w=Ad+Ww. (2.13)

Here, (-)~! shows inverse of a matrix. Note that other equalization procedures can be

employed as well. At this point, linear demodulation of the signal can be given as
d =Bz, (2.14)

where B is a KM x KM receiver matrix. There are mainly three options for the GFDM
demodulator. The MF receiver Byr = AH, where (-)H shows hermitian transposition
of a vector or a matrix, maximizes the signal-to-noise ratio (SNR) per subcarrier, but
it introduce self-interference when the pulse shaping filter is non-orthogonal. On the
other hand, the ZF receiver Bzr = A~! removes any self-interference completely but it
enhances the noise. The linear MMSE receiver Byvise = (RZ +APHPHA) ~1 AHgH
jointly equalizes the channel and makes a trade-off between self interference and noise
enhancement. Here, R%V denotes the covariance matrix of the noise. For MMSE
reception, ZF channel equalizer block is not required and d= By. After that, original

information bits are retrieved after demapping and decoding stages.

After investigating the transmitter and receiver structures, it can be stated that GFDM
is a filtered multi-carrier system. Since it is more flexible than OFDM or single
carrier frequency domain equalization (SC-FDE), it is named as "generalized". GFDM
becomes OFDM when M =1, A = FE and B = Fy, where Fy is a N x N Fourier
matrix. When K = 1, SC-FDE is obtained and when g is a Dirichlet pulse single
carrier frequency domain muliplexing (SC-FDM), a frequency division multiplexing
of several SC-FDE signals, is obtained [74]. However, the prominent distinguishable
property of GFDM is time-frequency partitioning into K subcarriers and M timeslots
as depicted in Fig. 2.5. This feature enables to engineer the spectrum according to
given requirements. Therefore, different configurations such as large number of narrow
band subcarriers like in OFDM and small number of subcarriers of large individual

bandwidth like in SC-FDM can be configured without changing the sampling rate.
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Furthermore, although the subcarriers are filtered individually, GFDM has block based

structure which reveals advantages when targeting low latency transmissions [75].

2.4 Index Modulation

IM has attracted significant attention during recent times due to its appealing
advantages over traditional digital modulation schemes which is based on modulating
the frequency, phase and amplitude of a sinusoidal carrier. IM is a novel digital
modulation technique that convey digital information by utilizing the indices of the
transmission entities. It offers attractive advantages such as energy and spectral
efficiency without increasing the computational complexity [45]. IM schemes transmit
information through alternative ways. While the on/off status of the transmit antennas
are altered according to information bits in SM [29], the on/off status of the subcarriers
are altered in subcarrier index modulation [31-33]. Therefore IM schemes save the
transmission energy by deactivating some transmit entities and have the ability to
improve error performance by using saved transmission energy. In this section two
variants of IM, namely SM and OFDM with Index Modulation (OFDM-IM), are

investigated.

2.4.1 Index Modulation for transmit antennas: Spatial Modulation

SM is a novel MIMO scheme which transmits information through the indices of the
transmit antennas in conjunction with the conventional Q-ary signal constellations.
Unlike the conventional MIMO schemes, such as SMX, which intends to increase
data rate, and spatial diversity, which intends to improve error performance, SM uses
multiple transmit antennas for a different purpose. In SM, at each time interval, a single
transmit antenna is activated by the input bit sequences and other antennas remain
silent. For SM multi-carrier schemes, only one transmit antenna is activated at any
subcarrier [29]. As a result, both indices of transmit antennas and Q-ary constellation
symbols are used to carry information by SM. The block diagram of the SM scheme is
shown in Fig. 2.6. For an SM system, a total of log, T +1og, Q bits enter the transmitter
at each time interval as seen from Fig. 2.6, where T is the number of transmit antennas
and Q is the size of the signal constellation. Here, while log, T bits of the incoming bit

sequence are used to select the active transmit antenna, the remaining log, Q bits of
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the incoming bit sequence modulates the phase and/or amplitude of a carrier signal.
Then, the selected antenna transmits the corresponding modulated signal(s) and the

other transmits antennas remain silent.

At the receiver side, the active transmit antenna as well as the transmitted data symbol
have to be detected to demodulate the index selecting bits and the bits mapped to Q-ary
signal constellation, respectively. For this purpose, both optimum ML detection and
suboptimal detection approaches can be applicable. Whereas the ML detector makes
a joint search considering the transmit antennas and the constellation symbols, the
suboptimal detector determines the activated transmit antenna at first and then it finds

the data symbol transmitted over this antenna.

SM systems has significant advantages with respect to classical MIMO systems [76,

77]. The main advantages of SM are summarized below:

e SM simplifies the transceiver design. Activating single transmit antenna at a time
or subcarrier eliminates IAI and the need for inter-antenna synchronization (IAS).
In addition, the computational complexity of the receiver grows linearly with the
number of transmit antennas and constellation size, rather than exponentially, as in

SMX MIMO transmission.

e SM provides flexibility in terms of system configuration. In SM, the number of

receive antennas can be lower than the number of transmit antennas.

e SM provides higher spectral efficiency with respect to SISO and orthogonal STC

systems thanks to the use of the antenna indices to transmit additional information.

e SM provides higher energy efficiency since the consumed transmitter power does

not related to the number of transmit antennas.

Although the SM systems have the mentioned attractive advangates, it has some
disadvantages. Whereas the spectral efficiency of Vertical-Bell Laboratories Layered
Space-Time (V-BLAST) based MIMO systems increases linearly with the number of
transmit antennas, the spectral efficiency of SM systems increases logarithmically with
the number of transmit antennas. Thus, SM systems need higher number of transmit
antennas to obtain the same spectral efficiency with V-BLAST. In order to obtain better

error performance, SM needs rich scattering environments, that is, different transmit
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antennas have to experience sufficiently different channel coefficients. Unlike STC
systems which are based on both spatial and time domains to transmit information,
SM relies on only the spatial domain, therefore, it can not provide transmit diversity as

STC systems.

Consequently, based on the investigations about the advantages and the disadvantages,
SM systems provide an interesting trade-off amongst error performance, spectral
efficiency and complexity, and it has been regarded as a prominent technique for

spectral and energy-efficient future wireless communications systems.

2.4.2 Index Modulation for OFDM subcarriers: OFDM with Index Modulation

OFDM-IM concept has appealing advantages over classical OFDM such as flexible
system design with adjustable number of active subcarriers and improved error
performance for low-to-mid spectral efficiencies [3]. In OFDM-IM, the input bit
stream is partitoned into Q-ary constellation and index selection bits. Then, by using
the index selection bits, only a subset of available subcarriers are determined as active.
The remaining inactive subcarriers are not used and set to zero. On the other hand,
the active subcarriers are modulated as in classical OFDM according to the Q-ary
constellation bits. As a result, the information bits are conveyed through both the
activated subcarrier indices and the conventional modulation symbols. Consequently,
OFDM-IM has better error performance due to the improved Euclidean distance

spectrum of IM.

During OFDM-IM block creation, although the indices of active subcarriers can be
selected directly, since an OFDM block can take very large number of subcarriers,
OFDM-IM block is usually split into smaller subblocks to avoid complexity which
will be created by the huge number of possible combinations. The block diagram
of OFDM-IM transmitter is shown in Fig. 2.7. Considering an OFDM system with
N subcarriers, an OFDM block is divided into L groups, each of u = N/L subcarriers.
Among the u subcarriers, only v subcarriers are used to transmit Q-QAM symbols. The
different positions of the active subcarriers within an IM group can be used to convey
additional information. As a result, each group can transmit a message of vlog, Q bits
carried by the Q-QAM symbols, in addition to log, ¢, bits corresponding to IM, where

¢ = 2P1 is the number of allowed combinations of the active subcarriers. Therefore,
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the total bits which can be transmitted within the OFDM-IM scheme is given by

where p = p1 + p2, p1 = [C(u,v)], p» = vlog, Q and |- is the floor function. There
are two index selection methods are available in the literature [31]. For smaller
N values, reference look-up tables are used and for higher N values, combinatorial
number theory method is preferred. In the OFDM-IM receiver, the active subcarriers
as well as the corresponding data symbols have to be determined according to the
index selection procedure executed at the transmitter. The block diagram of the
OFDM-IM receiver is shown in Fig. 2.8. Since the OFDM-IM transmitter works on
the IM subblocks independently, the OFDM-IM receiver can handle the detection of
different subblocks independently. Similar to SM, both high-complexity ML detector
and low-complexity log-likelihood ratio (LLR) based near-optimum detector can be
carried out. Whereas the ML detector executes a joint test over possible active
subcarrier indices and data symbols, the LLR detector decides the active subcarrier
indices first and then detects the corresponding data symbols. It has been recently
proved in [43] that the combination of OFDM-IM and MIMO transmission techniques
provides an interesting trade-off among error performance, spectral efficiency and
decoding complexity. Furthermore, it has been demonstrated in [78] that OFDM-IM
also provides improvements over classical OFDM in terms of ergodic achievable rate.
However, the combination of GFDM with IM remains an open as well as interesting

research problem.

Consequently, subcarrier IM concept has significant advantages such as
energy-efficient flexible system design and it also has strong potential for future

wireless networks.

2.5 Multiple-Input Multiple-Output Transmission

The demand for high data rate is one of the key elements which steers research in future
wireless communication systems. Since frequency spectrum is a scarce resource, high
spectral efficiency comes into prominence among various performance indicators. In
this sense, MIMO transmission has attracted significant interest across the researchers

and MIMO-friendliness becomes a key ability for a physical layer scheme to
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satisfactorily match the foreseen requirements of future wireless networks. Fora 7" x R
MIMO system, T signals are transmitted by 7 antennas using the same bandwidth
at the same time. At the receiver, R signals received by R antennas are used to
distinguish the different transmitted signals. In this communication scenario, the main
task that is executed by the receiver is to cancel co-channel interference based on the
collected multiple information. Thanks to effective processing techniques, this permits
improving system capacity such as increasing the single link data rate or increasing the

number of users.

2.5.1 MIMO system model

A MIMO system model with 7 transmit antennas and R receive antennas is shown in

Fig. 2.9. Based on this system model, the overall received signal can be expressed as

Y1 higp hip - hir| [x wi
2 hy1 hyp -+ o X2 w2
10 L N ol PSS Rl (2.16)
YR hr1 hr2 hrr | |x1 WR

Equation 2.16 can be rewritten in a more compact form as
y=Hx-+w, 2.17)

where y is the R x 1 vector of received signals, x is 7T-dimensional transmitted
symbol, H is the R x T channel matrix constructed from the channel impulse response
coefficients between the 7-th transmit antenna and the r-th receive antenna given by
hyt, wis an R x 1 vector of AWGN samples with elements distributed as € .4 (0, Gv%),
62 = NoB, Ny is the noise power spectral density and B is the channel bandwidth.
In MIMO-OFDM, each subcarrier signal is subject to narrowband frequency-domain
attenuation. Thus, equation 2.17 applies to each subcarrier. Thus, for a T x R MIMO
channel and a transmit data vector x; belonging to the k-th subcarrier, the received

signal of the k-th subcarrier can be expressed as
yi =Hgxp +wy, k=0,1,..., K—1, (2.18)

where Hy, is the channel matrix and wy, is the channel noise vector at the k-th subcarrier
frequency. After that, an estimate of x; can be obtained by applying ZF or MMSE

equalization to equation 2.18.
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2.5.2 MIMO techniques

MIMO techniques can be classified as four main categories: Diversity coding,
precoding, SMX and SM. SM has already been investigated in scope of IM concept
in this thesis. Diversity coding tries to improve power efficiency by increasing spatial
diversity [79, 80]. In these techniques, a single stream is coded using a method named
as STC. The coded signal is transmitted by each of the transmit antennas with full
or near orthogonal coding. Diversity coding benefits from the independent fading
in the multiple antenna links to improve signal diversity. The resulting diversity
gain is used to enhance error performance for the same spectral efficiency. In the
precoding techniques, the transmitter has the channel knowledge and this knowledge
is used by the transmitter as prefilters to achieve capacity gain [81, 82]. In other
words, the transmitter makes the all spatial processing. SMX divides a high-rate data
stream into multiple lower-rate streams and transmits each stream through a different
transmit antenna using the same frequency channel [83,84]. At the the receiver, these
multiplexed signals are decomposed into parallel channels exploiting the different
spatial signatures that the streams experienced. SMX is a very efficient MIMO method
to increase the data rate at higher SNR. This technique can be combined with precoding

if the transmitter has the channel knowledge.

2.5.3 MIMO detection methods

2.5.3.1 ML MIMO detector

ML detector is the optimal detector to minimize the probability of error. The ML

solution for the problem in equation 2.17 can be expressed as

% = argmin ||y — Hx|)?, (2.19)
xe{Z'}
where ||-|| is the Euclidean norm. Here, the minimization must be executed over all

possible transmitted vectors. From equation 2.19, it is obvious that a straightforward
solution to ML detection of SMX transmission is extremely complex. Therefore, low

complexity solutions are needed.

2.5.3.2 Linear MIMO detection methods
34



Linear MIMO detection methods try to decouple the effects of the channel spatially.
It involves multiplying the received signal with a MIMO equalization matrix G. After
equalization, parallel decision steps are executed on all streams. In the decision step,
each element of the multiplication output vector X = Gy is mapped onto an element of
the signal constellation by a minimum distance quantization. There are two common

methods for linear MIMO equalization. These methods are ZF and MMSE detectors.
Linear ZF Detector
ZF detector uses the equalization matrix

Gz =H' = (H'H) ' HY (2.20)

and tries to suppress the mutual interference between the layers. Here, it is assumed
that H has full column rank and (-)* shows the pseudo-inverse of a matrix. At the

decision step, each element of the filter output vector
%zr = Gzry = x+ (H'H) ' H'w 2.21)

1s mapped onto an element of the symbol alphabet by a minimum distance quantization
[85].
Linear MMSE Detector

MMSE detector uses
~1
Gmuse = (H'H+o0,I7)  HY, (2.22)

where I7 is a T x T identity matrix, and makes a trade-off between noise enhancement

and AL The resulting filter output is given by
~ ~1
Xmmse = Guusey = (H'H+oplr)  Hy. (2.23)

2.5.3.3 Nulling and cancelling methods

Nulling and cancelling methods combine the spatial nulling process with interference

cancellation and tries to separate the individual substreams.
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V-BLAST

The most popular nulling and cancelling method is V-BLAST [84]. In V-BLAST
algorithm, signal detection is executed not in parallel, but iteratively. V-BLAST
algorithm first detects the strongest substream and then subtracts the contribution
of this substream from the received signals. This process is repeated until all the
substreams have been detected. V-BLAST algorithm has two variants according to
equalization matrix used for the nulling process. ZF V-BLAST uses Gzr and MMSE
V-BLAST uses Gyvsg for the nulling process.

2.5.3.4 Nulling and cancelling methods with QR decomposition

V-BLAST is a computationally-burdened algorithm due to the pseudoinverse
calculation in each step of detection. To avoid this calculation, QR decomposition

can be used.

ZF BLAST with QR Decomposition (ZF-QRD)

The QR-decomposition [86] of the channel matrix H is given as
H = QR, (2.24)

where Q is an R x T unitary matrix, R is an 7 x T upper triangular matrix. By
multiplying the received signal y from the left with QY, a T x 1 modified received
signal vector

y=Qly=Rx+w (2.25)

is created. Since Q is unitary, the statistical properties of the noise term w = Qflw
remain unchanged. Then, with the help of the upper triangular structure of R, the
estimate of 7-th element of x is obtained as
T
S=rnux+ Y, ngxi+w 1=12,...T (2.26)
Jj=t+1

Here, X7 does not contain any interference and it can be estimated using appropriate
scaling with # Assuming correct previous decisions, this process proceeds with

Xr—1,...,Xx1 and the interference can be perfectly cancelled in each step.
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MMSE BLAST with QR Decomposition (MMSE-QRD)

There is a similarity between ZF and MMSE detectors. Considering (T +R) x T

extended channel matrix H, and a (T 4 R) x 1 extended receive vector ¥ through

¥ H
H= |:GWIT:| 2.27)
and
|y
y= {OT-,I] (2.28)

the output of the MMSE filter given by equation 2.23 can be expressed as
~ o VS VI VR
xvmse = H'y = (H'H)  H'y. (2.29)

It means that ZF filter matrix based on the extended channel matrix H is equal to
MMSE filter matrix based on the channel matrix H. When this similarity is applied to

QR decomposition, QR decompositon of the extended channel matrix becomes

Q:R
where the (T +R) x T matrix Q was split into the R x T matrix Q; and the T x T

H= { H } =QR= [Ql} R= {QIR}, (2.30)

matrix Q;. As a result, filtered receive vector becomes
y =Qlly = Qlfy — Rx— GWQEX + Q{Iw. (2.31)

Here, the term including QEI is the remaining interference that can not be removed by
the SIC. In order to get the corresponding optimum MMSE solution, the matrices R,
and Q encountered in the ZF-QRD algorithm only have to be substituted by Rand Q,,
respectively [85].
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3. GENERALIZED FREQUENCY DIVISION MULTIPLEXING WITH
INDEX MODULATION

3.1 System Model of GFDM-IM

For a GFDM symbol with M subsymbols each containing K subcarriers, the m-th
subsymbol is divided into L,, IM subblocks, each consists of u,, = K/L,, subcarriers.
In an IM subblock, only v,, out of u,, available subcarriers are used to transmit QAM
symbols and the active subcarrier positions are used to convey additional bits. Thus,
each IM subblock can transmit a message of 0y, = vy, 10g,(Q) bits carried by the
QAM symbols and B, = |log, (C (u,vm))| bits corresponding to active subcarrier
indices, where C(u,Vv) shows the binomial coefficient. Therefore, QAM-bits and
IM-bits which can be mapped to one GFDM-IM subsymbol become p,, = L,,,, and
gm = LB, respectively, and the total number of bits that can be transmitted within

the GFDM-IM scheme is given by P + G bits, where P = Z%:_OI pmand G = Z%:_(} 8m-

According to Fig. 3.1, P information bits enter the transmitter to be carried by the
QAM symbols. First, these P bits are split into M groups with p,, bits and then
each group of p,,-bits is divided into L,, groups each containing o, bits. After that,
Q,y-bit sequences are mapped by Q-ary mappers to create the modulated symbols
vector s, = [s%,(1),s),(2),....s, (vm)}T, where s, (y) € ., for 1 = 1,2,...,L,, and
. denotes Q-ary signal constellation with Q elements. Meanwhile, G information
bits enter the transmitter to be carried by the active subcarrier indices. These G
bits are split into M groups with g, bits first and then each group of g,-bits is
divided into L,, groups each containing f3,, bits. These f,,-bit sequences are used by
index selectors to select the active subcarrier indices if, = [if, (1), (2), ..., i, (vm)] T
where i, (y) € {1,...,u,}, by a selection rule. Therefore, i, has c,, = 2P possible
realizations. Note that the proposed GFDM-IM scheme provides two transmission

paths with IM and QAM. After that, s/, and i/, vectors are combined to create the
GFDM-IM subblocks d!, = [d!, (1),d, (2),....d, (un)] T, where d', (y) € {0,771,
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and the resulting GFDM-IM subblocks are concatenated to obtain the GFDM-IM
subsymbol d,, = [dom,d1 m,---,dg—1,m,]. Then, GFDM-IM symbol creator combines
the GFDM-IM subsymbols and forms the GFDM-IM symbol

d= [d(),()a I 7dK—1,07d0,17 cee 7dK—1,17' i 7dK—1,M—1] ) (31)

where dy , € {0,.7}, for k=0,...,K—1,m=0,...,M — 1, is the data symbol of
k-th subcarrier on m-th subsymbol. At this point, in order to have uncorrelated
channels, a block interleaver with size L,, X u,, is employed for inner subsymbols
of d and the interleaved data vector d, where c};?m = d(mod(kyity) L+ |k /it )ym> TOT
k=0,....K—1,m=1,... .M —2, is obtained. Here, mod(u, v) is the modulo of i
with respect to v. Then, the resulting GFDM-IM symbol d is modulated using a GFDM
modulator and the GFDM transmit signal becomes x = Aa, where A is an N x N
GFDM modulation matrix [2]. Finally, a CP with length Ncp is appended to x and the
resulting vector X = [x (KM —Ncp+1:KM)T xT ' is sent over a frequency-selective

Rayleigh fading channel.

At the receiver side, considering the block diagram in Fig. 3.2 and under the
assumption that CP is longer than the channel delay spread (Ncp), the received signal

vector y can be expressed as
y=Hx+w=HAd+w=Hd+w, (3.2)

after the removal of CP. Here, y = [y(0),y(1),...,y(N — 1)]" is the vector of received
signals, H is the N x N circular convolution matrix constructed from the channel
impulse response coefficients given by h = [h(1),k(2),...,h(Ncp)]", H = HA is the
equivalent channel of the MIMO system which combines GFDM modulation and the
wireless channel, and w is an N x 1 vector of AWGN samples. The elements of h
and w follow €.#'(0,1) and €4 (0,02) distributions, respectively, where &2 is the

variance of the noise samples.
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3.2 Near-ML Detection of GFDM-IM Scheme

At this stage, in order to realize joint detection and demodulation with reduced
complexity, a near-optimum detection method is developed for SISO GFDM-IM
system considering variable-sized IM subblocks. The QR-decomposition [86] of H
is given as HP = QR, where Q is an N X N unitary matrix, R is an N X N upper
triangular matrix, P permutes the columns of H prior to decomposition in order to

realize deinterleaving. Then, multiplying the received signals with Q yields
y=Q"y=Rd+w, (3.3)

where w = QHW. After that, the ML solution of the last IM subblock is obtained using
the upper triangular form of R and the interference caused by this subblock is removed.
Then, the system size is decreased by u,, and the operation continues until the first IM
subblock is detected. Algorithm 1 shows the proposed detection method. Here, the
subscripts uy,, i, and : denote the last u,,, all but the last u,, and all elements of the
subscripted object, respectively. Finally, the original information bits are obtained by

the subsequent blocks.

Algorithm 1 ML-SIC detection
1: Input=y,R

A
0

2: Outputzé,ln,lfn,formzo,...,M—l,l:1,...,Lm
3: form<«< M—1to0do

4: for [« L, to1do
N L~ 2
5 diﬂ = argmln ||yum - Rumﬂ"m dll’}’l H
| %
o: Xll’l’l :~R:7Mmdll’l’l7y — y_yfn
7: y — Yi. R« R,zmﬂzm
8 end for
9: end for

3.3 Performance Analysis of GFDM-IM Scheme

In this section, the BLER performance of the GFDM-IM scheme is analytically
evaluated using the near-optimum detector. When the channel state information is
perfectly known at the receiver, the IM subblock ML detector computes an estimate of

the transmitted IM subblock vector according to metric given in line 5 of Algorithm
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1. At this point, the probability that the IM subblock ML detector detects the IM
subblock vector e/, = [¢},(1),¢.(2),...€. (u,)] instead of d!, is examined. In such
cases, pairwise error probability (PEP) is used as a measure of error performance.
For a given channel realization, taking account of equation 3.3, the conditional PEP
(CPEP) at the [-th stage of the m-th subsymbol of ML-SIC receiver can be calculated
as

P(d, > €l R]) =P (10~ Rod | > |5, —Rhehl*). G4
where ¥,,, d. and e/, are u,, x 1 vectors, R, is an u,, x u,, upper triangular matrix.
After some algebra, CPEP at the [-th stage of the m-th subsymbol of ML-SIC receiver

is obtained as [43]

Rl l
P(d’—>em|R’ \/“ 2626 I , (3.5)

where Q(x) is the Gaussian Q-function. Here, since the distribution of the entries of R/,

are complicated, a semi-analytical approach can be used to obtain a tight unconditional
PEP (UPEP) approximation. In order to perform averaging over an, J = 10% samples
of R/, are generated as R/, (j), j =1,2,...,J, and the UPEP at the I-th stage of the

m-th subsymbol of ML-SIC receiver can be obtained as

1 J |IRL(d —el) H
l —
(d —e o §:: \/ 207 (3.6)

for each SNR value. On the other hand, P(d,ln — efn) is also the probability of

incorrect decision for the transmitted IM subblock vector d), assuming no error at
the previous stages. Therefore, the probability that all the IM subblock vectors are

detected correctly can be shown as

Py = H H ( (dfn — efn)) . (3.7)

m=0[=
As a result, the probability of having at least one error in the detected GFDM block

can be expressed as

M—1 Ly

szl—P(gzl—HH(I—P(dfn%efn». (3.8)

m=0[=1
Equation 3.8 is referred as BLER and can be upper bounded by [87]

M—-1 Ly,
Pe< Y Y P(d e, (3.9)
=1

m=0[=
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3.4 Complexity and OOB Emission Analysis

Computational complexities of classical MMSE based joint detection and demodu-
lation (JDD), ML-SIC and ML detectors are analyzed with respect to the number
of complex multiplications (CMs) and presented in Table 3.1. From Table 3.1, it
is observed that the detector with the proposed ML-SIC technique has the lowest

complexity.

In GFDM, each subcarrier is filtered individually using a prototype filter. While
filtering results non-orthogonality and inter-carrier interference (ICI), it reduces OOB
emission. Since abrupt signal changes between subsequent GFDM blocks cause
high OOB emission, in [88], a guard GFDM subsymbol insertion into each block is
proposed to achieve more smooth transitions. In this case, OOB emission can be
reduced further with a reduced spectral efficiency of (M — 1)/M. Decrease in the
spectral efficiency can be compensated by increasing subsymbol count, which leads
to increased latency. As it will be shown in Section 3.5, by applying sparse IM
numerology to the edge GFDM subsymbols, transitions between GFDM blocks can
be smoothed without using guard subsymbol. From Fig. 3.3, it is observed that using
sparse IM numerology at the edge GFDM subsymbols can reduce OOB emission with

a moderate loss in spectral efficiency, hence preventing an increased latency.

3.5 Numerical Analysis

In this section, theoretical and Monte Carlo simulation results for the proposed
GFDM-IM scheme are presented for Rayleigh multi-path fading channels with
Extended Pedestrian A (EPA) channel model [89]. Raised cosine (RC) filter with a
roll-off factor (a) of 0.1 is used as a GFDM prototype filter. In order to obtain same
spectral efficiency, the following system parameters are considered: GFDM and plain
GFDM-IM schemes have M = 13 subsymbols and their first and last subsymbols are
deactivated. The proposed GFDM-IM scheme has M = 11 subsymbols and its first and
last subsymbols have sparse IM numerology with u,, = 32,v,, = 1. For inner GFDM
subsymbols for both plain GFDM-IM and the proposed GFDM-IM schemes, u,, is
chosen as 4, and v, is chosen as 2 and 3 for binary phase shift keying (BPSK) and
4-QAM transmissions, respectively, and the active subcarrier positions are determined

using the look-up table in Table 3.2. A GFDM block includes 1 GFDM symbol and an
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Table 3.2 : A look-up table example for u,, = 4.

Bits Indices for v,,, = 2 Indices for v, = 3
[0 0] {1,2} {1,2,3}
[0 1] {2,3} {1,2,4}
[1 0] {3,4} {1,3,4}
[11] {1,4} {2,3,4}

OFDM block includes 11 OFDM symbols with K = 128, Ncp = 32. Plain GFDM-IM
scheme uses classical MMSE detector, and both the proposed GFDM-IM and the
GFDM schemes use ML-SIC detector. Ej, is the average transmitted energy per bit

and N is the noise power spectral density.

Fig. 3.3 shows the OOB emission of classical and IM-based GFDM and OFDM
schemes for BPSK transmission for the given system parameters. From Fig. 3.3, it
is observed that smooth transitions provided by sparse IM numerology yields 6 dB
additional OOB emission suppression with respect to GFDM scheme at the expense
of reduced spectral efficiency. On the other hand, while the proposed GFDM-IM
scheme reduces OOB emission suppression of GFDM and plain GFDM-IM schemes
by approximately 20 dB at the same spectral efficiency, it provides 15% shortening
of the symbol length and still provides 13 dB OOB emission suppression with respect
to OFDM. The OOB emission suppression of the proposed GFDM-IM scheme can
be increased with more sparse subcarrier usage at the expense of reduced spectral
efficiency or increased latency. Consequently, the proposed flexible IM numerology
can provide an attractive trade-off among OOB emission, spectral efficiency and

latency, and has significant advantages for fragmented spectrum usage.

Fig. 3.4 compares the uncoded BLER performance of the proposed GFDM-IM scheme
with plain GFDM-IM scheme, OFDM-IM scheme [31] as well as classical GFDM
and OFDM schemes for BPSK transmission. Here, IM-only curves belong to the
bits conveyed by the indices of the active subcarriers and the spectral efficiency of
the GFDM-IM schemes are given by (P+ G)/(N + Ncp) |bits/s/Hz]. From Fig. 3.4,
for a target BLER value of 1073, it is observed that the proposed GFDM-IM scheme
achieves 0.8 and 5 dB better BLER performance than the plain GFDM-IM scheme
considering overall and IM-only performances, respectively, at the same spectral
efficiency. Note that ML-SIC detector provides a significant improvement for IM-only

transmission in terms of BLER and this improvement can be exploited to provide

47



50 T T T T T
—©&— OFDM,0.80 bits/s/Hz
40 F —<— OFDM-IM,0.80 bits/s/Hz ]
—+— GFDM,no guard subsymbols,0.98 bits/s/Hz
—%— proposed GFDM-IM,2 sparse subsymbols,0.83 bits/s/Hz
301 ——&— GFDM,2 guard subsymbols,0.83 bits/s/Hz T
—2A— plain GFDM-IM,2 guard subsymbols,0.83 bits/s/Hz
20 - T
o L i
= 10
a
D oot i
-10 T
-20 T
-30 T
_40 1 1 1 1 1
-300 -200 -100 0 100 200 300

flF
Figure 3.3 : OOB emission for BPSK transmission.
different quality of service classes. On the other hand, BLER performance gains
of the proposed GFDM-IM scheme with respect to OFDM-IM, GFDM and OFDM
schemes are risen to 6, 8 and 14 dB, respectively. According to Table 3.1, the
computational complexity of the ML-SIC and the classical MMSE detectors required
to implement the receiver block of the proposed GFDM-IM scheme are on the order
of ~ (5.6 x 10°) and ~ (8.4 x 10°), respectively. As a result, ML-SIC technique

provides 34% less complexity with respect to classical MMSE detector.

Fig. 3.5 shows the BLER performance for 4-QAM transmission. From Fig. 3.5, it
is found that the proposed GFDM-IM scheme provides the similar BLER gains as in
BPSK transmissions with respect to other methods. The performance improvements
provided by the ML-SIC detector with respect to classical MMSE detector are
the result of joint detection and GFDM-IM demodulation. Besides, performance
improvement of GFDM-IM with respect to GFDM is the result of coding gain due
to enhanced distance spectrum of IM. For comparison, the theoretical upper bounds
obtained from equation 3.9 are also depicted in Figs. 3.4 and 3.5. As seen from Figs.
3.4 and 3.5, the theoretical upper bounds become relatively tight with the simulation

results as the SNR increases.
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Figure 3.4 : Uncoded BLER performance for BPSK transmission.
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4. GENERALIZED FREQUENCY DIVISION MULTIPLEXING WITH
FLEXIBLE SPACE AND FREQUENCY INDEX MODULATION

4.1 GFDM-FIM Transmitter

As mentioned earlier, GFDM has a block structure consisting of N = KM samples,
where K subcarriers constitute a GFDM subsymbol and M GFDM subsymbols
constitute a GFDM symbol. In this study, a MIMO-GFDM system with 7" transmit
and R receive antennas is considered. The system has four control signals named as
ENgsy, ENgy, ENpy, and ENpyy, which control SM, QSM, IM, and dual mode IM
(DMIM) operation modes, respectively, in an on/off fashion, where ENgy, ENow,
ENjy, ENpy € {0, 1}. The overall system parameters are given in Table 4.1. Specific
implementations of SM and IM schemes with respect to control signals are given in
Table 4.2. Thanks to these control signals, existing schemes, such as, GFDM-based
IM, DMIM, SM, and SFIM and new SM and IM schemes, such as, GFDM based QSM,
space and frequency DMIM (SFDMIM), quadrature SFIM (QSFIM) and quadrature
SFDMIM (QSFDMIM) can be implemented by using a single transmitter structure.

The block diagram of the proposed GFDM-FIM transmitter is given in Fig. 4.1.
Primary bit splitter block accepts P data bits from the input bit stream along with
the control signals and splits these P bits into L groups with p bits, i.e., p = P/L.
Then, each group of p bits is mapped to a subcarrier group with u elements in three
stages. In this mapping operation, antenna and subcarrier indices as well as Q-ary
QAM (Q-QAM) constellations can be used. Besides, constellation symbols can be
expanded to in-phase and quadrature components. In order to apply this mapping,
secondary bit splitter partitions these p bits into four groups, which contain pr, py,

P4, and pp bits according to status of the control signals.

51



Table 4.1 : System parameters used by GFDM-FIM transmitter and receiver.

Description Parameter
Number of transmit antennas T
Number of receive antennas R
Number of subcarriers in a GFDM subsymbol K

M

N

Number of GFDM subsymbols
Total number of subcarriers in a GFDM symbol

SM control signal ENgy
QSM control signal ENom
IM control signal ENpy
Dual Mode IM control signal ENpy
Number of subcarriers in a subcarrier IM group u
Number of subcarriers in a primary IM subgroup v
Number of subcarriers in a secondary IM subgroup u—v
Number of IM subcarrier groups L
Number of symbols in primary symbol constellation 04
Number of symbols in secondary symbol constellation Op

Table 4.2 : Flexible IM control table for GFDM-FIM transmitter and receiver.

Scheme ENSM ENQM EN[M ENDM
GFDM 0 0 0 0
GFDM-IM 0 0 1 0
GFDM-DMIM 0 0 1 1
SM-GFDM 1 0 0 0
QSM-GFDM 1 1 0 0
SFIM-GFDM 1 0 1 0
QSFIM-GFDM 1 1 1 0
SFDMIM-GFDM 1 0 1 1
QSFDMIM-GFDM 1 1 1 1
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The first stage of the mapping is transmit antenna selection. At this stage, transmit

antenna selector block gets
pr = ENsy(1+ENgp)log,(T) 4.1

bits and selects the indices of the transmit antennas. When both SM and QSM modes
are enabled, i.e., ENgyy = 1, ENgy = 1, the first and second log, (T)-bits parts of the
pr-bit sequence are used to determine the transmit antennas corresponding to the real
and the imaginary parts of the vector of the modulated symbols for the subcarrier IM
group as th and tlI , respectively, where th,tlI € {1,...,T}. When the QSM mode is
disabled, i.e., ENgy = 0, only th 1s determined and it is used as the transmit antenna
for both the real and the imaginary parts of the vector of the modulated symbols.
Note that when the SM mode is disabled, i.e., ENgy; = 0, Tx antenna selector block
remains inactive and transmission is always realized through a pre-determined transmit

antenna.

The second stage of the mapping is index selection. At this stage, when IM mode is
enabled, i.e., ENyys = 1, index selector blocks gets pyys bits to select the indices of the

subcarriers in the primary IM subgroup, denoted as

A A A A
Il - {1171,11727... 7ll,V}7 (42)

where iﬁy e{l,...,u}, fory=1,...,v,and [ € {1,...,L}. Here, If is determined to
modulate v subcarriers by a selection rule, besides when the DMIM mode is enabled
along with the IM mode, i.e., ENpys = 1, the remaining u — v subcarriers constitute the

indices of the subcarriers in the secondary IM subgroup, denoted as,

IZB:{ifl,ifZ,...,iB }, (4.3)

Lu—v
where ify e{l,...,u}, fory=1,...,u—vandl €{l1,...,L}. Since IZA has ¢ = 2P
possible realizations, only ¢ out of C (u,v) possible combinations are used. Therefore,
piv can be defined as

piv = ENpy [log, (C (u,v))]. (4.4)

Note that when the IM mode is disabled, i.e., ENjy = 0, index selector block remains

inactive and all subcarriers are used without any selection.

The third stage of the mapping is QAM modulation. At this stage, mapper A gets pa

bits to modulate the subcarriers selected by IIA and uses constellation set of .4, which
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has Q4 elements, to modulate v subcarriers. Therefore, ps can be defined as

pa =vlogy(Qa). 4.5)

When the DMIM mode is enabled along with the IM mode, i.e., ENpy; = 1, mapper
B gets pp bits to modulate the subcarriers selected by IlB and uses constellation set
of .8, which has Qp elements, to modulate u# — v subcarriers. Therefore, pp can be

defined as
PB = EN]MENDM(M — V) 10g2(QB)~ (46)

At this point, in order to reliably detect the subcarrier index subgroups at the receiver,
the constellations used by the mappers A and B have to be disjoint sets, i.e., .74 N
B = &, where N shows intersection operation and @ is the empty set. As a result,
the vector of the modulated symbols mapped by mapper A for the index subgroup /4,
which carries py4 bits, and the vector of the modulated symbols mapped by mapper B

for the index subgroup 72, which carries pp bits, can be expressed by
T
st= [ (1.5 @)t 0)] .7)

2 =[sF(1),52(2),....s8u—v)]", (4.8)
where st (y) € 74, for y=1,...,v, s8(y) € &8, for y=1,...,u — v, respectively.
Note that, when the IM mode is disabled, i.e., ENyy; = 0, both u and v are equal to
1 and s‘? contains one Q-ary symbol and sf is a null vector. Then, FIM block creator
combines sf‘ and sf and creates the vector of the modulated symbols for the subcarrier

group [/ as
si=[s:(1),51(2),....5 (w)]", (4.9)

where s; (7) € {5”‘4, B, O}, for y=1,...,u. After that, transmit antenna assignment
procedure is executed according to status of the control signal ENgy,. When the QSM
mode is enabled, i.e., ENgy = 1, the in-phase parts of s; are assigned to antenna th

and the quadrature parts of the s; are assigned to antenna tll as
T
S0 = [sthJ(l),sthJ (2, 5m, (u)} , (4.10)

T
S0 = [ (1502, )] (4.11)
where  s,e,(7) € {R{74}, R{7B},0}, for R e {1,....T} sa(7) €
{3{74},3{7B},0}, for 1] € {1,....,T}, y=1,...,u, R{T} is the real part of
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a complex variable I" and S{I"} is the imaginary part of a complex variable I". On the
other hand, when the QSM mode is disabled, i.e., ENgy = 0, both the in-phase and
quadrature parts of s; are assigned to transmit antenna th, Le., SiR 1 (y) € {Y A 7B O}
and st]/’l is a null vector. Afterwards, FIM block creator sets the subcarriers of the
inactive antennas to zero and arranges the transmit symbols for block / in a T X u
matrix D;, where th—th row of D is Sik 1 and tlI -th row of Dy is Sl 1 Then, GFDM block

creator combines the FIM blocks and the GFDM transmit signal block is obtained as
D = [Dy,Dy,...,Dy], (4.12)

where D is a 7 X N matrix. As a result, the GFDM symbol for the transmit antenna ¢,

which is z-th row vector of D, can be expressed by
d; = [di 00, dr k10,0101 dr k115 dr k—1.m-1], (4.13)

where d; ., 1s the data symbol of m-th timeslot on k-th subcarrier belonging to z-th
antenna. In [43] and [49], a block interleaver is used to render the channel memoryless;
therefore, when the IM mode is active, i.e., ENyyy = 1, L X u block interleaving is
applied to d; and the interleaved data vector &, is obtained. After block interleaving,
d, is modulated using a GFDM modulator and the overall GFDM transmit signal x;(n)
of 7-th transmit antenna is given by
K—1M—1 _
xi(n) =3 Y digmgem(n), (4.14)

k=0 m=0

where n € {0,...,N — 1} denotes the sampling index and

k
$1n0) = (1=K )0 ( 127 @15

is the transmit filter circularly shifted to the m-th timeslot and modulated to
the k-th subcarrier. After collecting the filter samples in a vector g, =

[8k,m 0),....8km (N — 1)] T, equation 4.14 can be rewritten as
x; = Ad,, (4.16)
where A is a KM x KM transmitter matrix [2] with the following structure:

A=1[800,,8K-1,080,1,-- - &K—1,1,-- > EK—1,M—1] - (4.17)
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The last step at the transmitter side is the addition of a CP with length Ncp in order to

make the convolution with the channel circular and the resulting vector
< T 1]T
X, = [x, (KM —Nep+1:KM)" X (4.18)

is obtained. Finally, X; is transmitted over a frequency-selective Rayleigh fading

channel.

4.2 GFDM-FIM Receiver

The block diagram of the proposed GFDM-FIM receiver is given in Fig. 4.2. After
the removal of CP, assuming that the wireless channel remains constant during the
transmission of a GFDM block, CP is longer than the tap length of the channel (Ncp)
and perfect synchronization is ensured, the overall received signal can be expressed as

yi Hi - Hi7r| |xi Wi

3 e (4.19)

YR Hr1 -+ Hgr| X7 WR
where y, = [y,(0),y,(1),...,y-(N — 1)]T is the vector of received signals at the
r-th receive antenna, H,;, for t = 1,...,T, r = 1,...,R, is the N x N circular
convolution matrix constructed from the channel impulse response coefficients
between the 7-th transmit antenna and the r-th receive antenna given by h,, =
[t (0), s (1), ... By (New — 1)]T, where by, (n) follows €.4°(0,1) distribution, w, is
an N x 1 vector of AWGN samples with elements distributed as .4 (0,62). After
substituting equation 4.16 in equation 4.19, an equivalent MIMO channel model is

obtained as

yi Hi ;A - HirA d Wi
C = : : I o I (4.20)
YR Hr A -+ HrrA| |dy WR

Equation 4.20 can be rewritten in a more compact form as
y=Hd+w, (4.21)

where the dimensions of y, ﬁ, d and w are NR x 1, NRx NT, NT x1 and NR x 1,
respectively. The most critical part of the GFDM-FIM receiver is the block of MIMO
detection, GFDM and SFIM demodulation. For MIMO-OFDM, MIMO detection and
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SFIM demodulation can be performed at the subcarrier level due to orthogonality in
the frequency domain. In GFDM, the inherent ICI prevents the frequency domain
decoupling of GFDM subcarriers for both SISO and MIMO transmission schemes.
In [48], MIMO detection, GFDM demodulation and spatial demodulation are treated
independently, where a poor error performance has been obtained. In [49], GFDM
demodulation and index demodulation are handled as two distinct tasks. In [50],
while joint MIMO detection and GFDM demodulation has been proposed, SFIM
demodulation has been treated in an independent way. As will be shown later, these
methods are also applicable for the GFDM-FIM receiver. Besides, in this study, a
new method is proposed by treating MIMO detection, GFDM and SFIM demodulation
jointly. These methods will be presented as three alternatives for MIMO detection,
GFDM and SFIM demodulation block of the GFDM-FIM receiver in the subsequent

subsections.

After MIMO detection, GFDM and SFIM demodulation, the information bits are
recovered by applying the inverse mapping process for both modulated symbols and
indices of the active transmit antennas and subcarriers. Then, the secondary bit
combiner combines the outputs of the demappers and forms the p-bit sequence, which
is the estimate of the input of the secondary bit splitter. Finally, the primary bit

combiner combines all p-bit groups and forms the original P-bit data sequence.

4.2.1 ZF-SDD based separate MIMO detection, GFDM and SFIM demodulation

The block diagram of the proposed ZF-SDD Based Separate MIMO Detection, GFDM
and SFIM Demodulation method is given in Fig. 4.3. Based on the system model in
equation 4.19, after performing FFT operations in each antenna branch of the receiver,
the input-output relationship of the GFDM-FIM scheme in the frequency domain is
obtained as

T
yy =) diag(x/)hy, +w;, (4.22)

=1
where y£ = [y£'(0),yE(1),...,yF (N —1)]T is the vector of received signals at the r-th
receive antenna, for r = 1,...,R, and hf, = [hf,(0),rf,(1),... AL, (N — 1)]T is the

frequency response of the wireless channel between the transmit antenna ¢ and the
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F

+ 1san N x 1 vector

receive antenna r, where [, (y) follows €'.#°(0,1) distribution, w
of noise samples distributed as %.4'(0,62). Since GFDM block is made up of
KM subcarriers, the following signal model is obtained from equation 4.22 for k-th

subcarrier of m-th subsymbol:

V] (k)
Y2 (k7 m) -
v (k,m) w3
_hgl (k,m) - hll];T(k> m) | [xf (k,m) wh (k,m) '
hZ,I(kﬂm) h27T(k7m) xg(k,m) n Wg(kam)
gy (kym) oo hpp(km) | | xp(kom) | | wi(k,m)
Equation 4.23 can be rewritten in a more compact form as
Yin = HinXe + Wi, (4.24)

where yim is the received signal vector, Him, fork=0,.... K—1,m=0,....M—1,is
the R x T corresponding channel matrix that contains the channel coefficients between
transmit and receive antennas and assumed to be perfectly known at the receiver,
Xi . 18 the data vector, which contains the simultaneously transmitted symbols from
all transmit antennas and Wf’ . 18 the noise vector. Here, an estimate of Xf , can be

obtained by using ZF detection approach as follows:
~ -1
Xem= (i) Vi (4.25)
Rearranging of vectors /)Zf ,, a8 column vectors of a matrix gives
<F oF \T <F T (oF \T oF T
X' = [(XO,O) PN (XK—LO) ) (XOJ) PR (XK—I,M—I) :| ) (426)

where each row contains an estimate of the frequency domain representation of the

transmit vector for the corresponding antenna, that is:

~ X
XF=|" (4.27)
X7

Then, IFFT of size N is applied to X' and X, is obtained. Afterwards, linear GFDM
demodulation of the X; is obtained by using ZF approach:
d =A% (4.28)
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After this point, if block interleaving was applied at the transmitter, L X u block
deinterleaving is applied to d, and d, is obtained. SFIM block splitter partitions d,

into L groups with length u# and arranges these groups in a 7 X u matrix given by

-~
~

~ S1.1 di((I—Du+1:1lu)
D=|:|= : . (4.29)
71 dr (1= Du+1: )
Note that when the IM mode is disabled, i.e., ENpyy = 0, u is equal to 1 and §t71, for
t =1,...,T, has only one element. Then, SFIM block demodulator makes a joint
decision on the indices of transmit antennas corresponding to the in-phase and the
quadrature parts of the vector of the modulated symbols, subcarrier index subgroups as
well as constellation symbols considering all possible realizations of D; by minimizing
the following metric:
{@R,f{,ff,é‘?,ﬁf} — argmin ||D, —DZHIZU. (4.30)
tJA, 7A B

Here,

|| is the Frobenius norm.

4.2.2 MMSE based joint MIMO detection and GFDM demodulation, separate
SFIM demodulation

The block diagram of the proposed MMSE Based Joint MIMO Detection and GFDM
Demodulation, Separate SFIM Demodulation method is given in Fig. 4.4. Thanks to
system model in equation 4.21, unlike ZF-SDD based MIMO detection, GFDM and
SFIM demodulation, which uses ZF detector in the frequency domain, thus, handles
MIMO detection and GFDM demodulation separately, GFDM modulation and MIMO
channel can be linearly modeled. As a result, JDD through MMSE filtering can be
performed by

D= (ﬁHﬁ + oﬁl) - H'y, 4.31)
where z-th row of D is &,, which is the estimation of the output of the z-th block
interleaver. Then, block deinterleaving, SFIM block splitting and SFIM block

demodulation are performed as explained in Section 4.2.1.
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Figure 4.4 : Block diagram of the MMSE-JDD based joint MIMO detection and
GFDM demodulation, separate SFIM demodulation.

4.2.3 ML-SIC based joint MIMO detection, GFDM and SFIM demodulation

The block diagram of the proposed ML-SIC Based Joint MIMO Detection, GFDM
and SFIM Demodulation method is given in Fig. 4.5. In GFDM, as mentioned earlier,
the inherent ICI prevents the frequency domain decoupling of GFDM subcarriers for
both SISO and MIMO transmission schemes; therefore, simultaneous detection of all
subcarriers is required for optimum decision. Since this process is computationally
infeasible, low complexity solutions are required for the optimum detection problem
of MIMO-GFDM. In [24], an algorithm including SD of subcarrier groups with SIC
is proposed for SMX. By properly organizing the columns of H in equation 4.21, the
algorithm in [24] can be modified to jointly detect the antenna and subcarrier indices as
well as the transmitted symbols for GFDM-FIM schemes. The QR decomposition [86]

of the channel matrix H is given as

H = QRP", (4.32)

where Q is an NR x NT unitary matrix, R is an NT x NT upper triangular matrix, and
P sorts the columns of H prior to decomposition to detect the transmitted symbols at
the SFIM block level. Note that if block interleaving was applied at the transmitter,

block deinterleaving must be applied to the columns of H prior to sorting. The QR

decomposer combines the received signals, i.e., y = [yiT,y27,. .. ,yRT]T, multiplies
with QY from the left and obtains the modified received signal vector
y=Q'ly =Rd+w, (4.33)
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Figure 4.5 : Block diagram of the ML-SIC based joint MIMO detection, GFDM and

SFIM demodulation.
where w = QHw and
d=PTd=[z,"5",....2."]" . (4.34)
Here, z;, for [ =1,...,L,is an uT X 1 vector given by
Z=[S10,820,--.,574] » (4.35)

wheres; ;, forr=1,...,T and/ € {1,...,L}, is an u x 1 vector denoted by
i = [500(1),5:0(2),. o500 ()] = [A (1 = Du+1:1u)]. (4.36)

As stated earlier, when the IM mode is disabled, i.e., ENjyy = 0, u is equal to 1 and
s1, fort =1,...,T, has only one element. Then, with the help of the upper triangular
structure of R, the SFIM block ML detector finds the ML solution for the last SFIM
block, cancels the interference originated from it, reduces the system size by uT and
continues to the next SFIM block until all SFIM blocks are detected. The proposed
detection algorithm is shown in Algorithm 2. Here, the subscripts uT', uT and : denote
the last uT, all but the last uT and all elements (column/rows) of the subscripted object,
respectively. After this point, for each SFIM block, transmit antennas corresponding to
the in-phase and the quadrature parts of the vector of the modulated symbols, subcarrier
index subgroups as well as constellation symbols, are estimated as flR , fll , flA, le , §f‘, §f3 ,

respectively.
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Algorithm 2 ML-SIC detection

1: Input=y,R
2: Output =R, 1, A, /B, 8}, 88 for1=1,...,L
3: for/ < Lto1ldo
N . ~ 2
4: 2= argmin |y,;r —Rururz||
t,JA, .7 B
5: Yi=R.ur2,y < y—§
6: y < yM-T,R < Ru_T,u_T
7: end for

4.3 Complexity Analysis

Computational complexity of four different GFDM-FIM receivers is analyzed in terms
of number of CMs performed in total and presented in Tables 4.3, 4.4, 4.5 and 4.6.
Here, ®;,; and W, stand for J x I matrices, @;.1 and Yy are used for J x 1 vectors,
OR(-) and ()™ perform QR decomposition and pseudo-inversion, respectively. The
results are summarized in Tables 4.7 and 4.8. According to Tables 4.7 and 4.8, it
is observed that whereas the receivers with ML and ZF-SDD detection techniques
have the highest and the lowest complexity, respectively, the receivers with ML-SIC
and MMSE-JDD techniques provide an intermediate solution in terms of detection

complexity.

4.4 Spectral Efficiency Analysis

As mentioned earlier, GFDM uses a single CP for the entire symbol block composed
of K subcarriers with M timeslots. Thus, spectral efficiency gain of GFDM schemes

over OFDM schemes with the same system parameters becomes

Ncp(M —1)
=100—————%. 4.37
PGFDM KM+ Nep 0 (4.37)

As it will be shown in Section 4.5, significant gains can be obtained over OFDM
schemes in spectral efficiency according to equation 4.37. On the other hand, the
activation of the QSM operation, i.e., ENgy = 1, provides a spectral efficiency
gain with a negligible increase in detection complexity and slightly decreased BER

performance. For instance, spectral efficiency gain of the QSM-GFDM system over
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SM-OFDM with the same system parameters is given by

log,(T)

— =2 L 0, 4.38
log>(T04) (%-39)

posu = 100

The spectral efficiency gain provided by the QSM operation is also viable for SFIM
and SFDMIM schemes in a decreased manner. Whereas spectral efficiency gain of the
QSFIM-GFDM system over SFIM-GFDM with the same system parameters is given

by

log,(T)
log, (T'cQy)
spectral efficiency gain of the QSFDMIM-GFDM system over SFDMIM-GFDM

posrim = 100 P, (4.39)

becomes
log,(T)

0
log, (TcQ Q")

Furthermore, enabling DMIM operation, i.e., ENpy = 1, also provides spectral

posFpmim = 10 (4.40)

efficiency gain with a moderately increased detection complexity and slightly
decreased BER performance.  For instance, spectral efficiency gain of the
SFDMIM-GFDM system over SFIM-GFDM with the same system parameters is given

by
log, (05 ")

—= =D  0p, 4.41
loga(TcQ}) el

psrpomim = 100

Spectral efficiency gains provided by QSM and DMIM operations will be discussed
along with the computational complexity and BER performance through numerical

results in Section 4.5.
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Table 4.9 : System parameters use for numerical analysis.

Description Parameter Value
Number of subcarriers K 128
Number of subsymbols M 5
Pulse shaping filter g RC
Length of cyclic prefix Ncp 32
Number of channel taps for EPA channel Nch 7

4.5 Numerical Analysis

In this section, uncoded and coded BER performances of the proposed GFDM-FIM
schemes are evaluated by computer simulations for Rayleigh fading with EPA channel
model [89] using the parameters given in Table 4.9. The chosen pulse shape for the
GFDM prototype filter is the RC filter. The SNR is defined as SNR = E; /Ny, where Ej

is the average transmitted energy per symbol.

4.5.1 BER performance of SM and QSM schemes

Figs. 4.6 and 4.7 show the uncoded BER performance of the proposed detection
methods for SM-GFDM and QSM-GFDM schemes, respectively, using 4-QAM and
a roll-off factor of 0.1. From Fig. 4.6(a), for a 2 x 2 MIMO configuration and at a
BER value of 1074, it is observed that the proposed ML-SIC scheme achieves 18.1
and 13.7 dB better BER performance than the ZF-SDD and MMSE-JDD detection
methods, respectively. In Fig. 4.6(b), BER performance gains of the ML-SIC scheme
with respect to ZF-SDD and MMSE-JDD detection methods for a 4 x 4 MIMO
configuration are increased to 28.7 and 21 dB, respectively. Besides, from Figs. 4.6
and 4.7, for 2 x 2 and 4 x 4 QSM-GFDM systems using 4-QAM, it is observed that
BER performance gains of the ML-SIC scheme with respect to other methods are
approximately the same with SM-GFDM counterparts. This significant performance
improvement of the ML-SIC detection method arises from the joint detection and
demodulation of the transmit antenna indices and the data symbols in a near-optimal
manner. In addition, it is observed that increasing the number of antennas enhances the
BER performance of the ML-SIC detector. The reason behind this improvement is the

increased diversity order of the ML-SIC detector with the number of receive antennas.
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(a) 2x2, 2.86 hits/s/Hz (b) 4x4, 3.81 bits/s/Hz
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Figure 4.6 : Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC and ML
detection methods for (a) 2 x 2 (b) 4 x 4 SM schemes using 4-QAM and
a roll-off factor of 0.1.

Table 4.10 : The total number of CMs for SM-GFDM receivers using 4-QAM.

Ant. Config. ZF-SDD MMSE-JDD ML-SIC ML
2x2 2.49 x 10° 6.31 x 10° 4.21x10° 1 x 10381
4x4 5.09 x 10° 5.04 x 1010 3.36 x 1010 1 x 10783

On the other hand, the number of CMs required to implement the configurations given
in Figs. 4.6 and 4.7 are given in Tables 4.10 and 4.11, respectively. From Tables 4.10
and 4.11, as mentioned earlier, it is observed that whereas the receivers with ML and
ZF-SDD detection techniques have the highest and the lowest complexity, respectively,
the receivers with ML-SIC and MMSE-JDD techniques provide an intermediate
solution in terms of detection complexity. Therefore, ML-SIC detection technique
can provide an interesting trade-off between complexity and BER performance for

SM-GFDM and QSM-GFDM systems.

Figs. 4.6 and 4.7 include BER performances of OFDM applications with ML detection
in addition to GFDM schemes. From Figs. 4.6 and 4.7, it is observed that BER
performances of the SM-GFDM and QSM-GFDM systems with ML-SIC detection are
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(a) 2x2, 3.81 bits/s/Hz (b) 4x4, 5.71 bits/s/Hz
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Figure 4.7 : Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC and ML
detection methods for (a) 2 X 2 (b) 4 x 4 QSM schemes using 4-QAM
and a roll-off factor of 0.1.

Table 4.11 : The total number of CMs for QSM-GFDM receivers using 4-QAM.

Ant. Config. ZF-SDD MMSE-IDD ML-SIC ML
2x2 2.50 x 10° 6.31 x 10° 4.21 x 107 1 x 10783
4x4 5.21 x 10° 5.04 x 1010 3.36 x 1010 1 x 101157
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slightly worse than their OFDM counterparts with ML detection. The performance loss
of the GFDM schemes with ML-SIC detection is due to nonorthogonal subcarriers and
the error propagation of the QR decomposition used in ML-SIC detection. However,
according to equation 4.37 and Table 4.9, the GFDM schemes provide 19% spectral
efficiency gain over the OFDM schemes. Furthermore, from equation 4.38 and
Table 4.9, it is observed that spectral efficiency gains of QSM-GFDM scheme over
SM-GFDM schemes using 4-QAM become 33% and 50% for 2 x 2 and 4 x 4 MIMO
configurations, respectively, with a negligible increase in detection complexity and

slightly decreased BER performance.

Fig. 4.8(a) compares the uncoded BER performances of the 2 x 2 SM-GFDM system
using 8-QAM and the 2 x 2 QSM-GFDM system using 4-QAM with the ML-SIC
detection method considering roll-off factors of 0.1 and 0.5 in order to achieve the
same spectral efficiency. The results in Fig. 4.8(a) demonstrate that the QSM-GFDM
scheme provides approximately 1.8 dB BER gain with respect to SM-GFDM scheme
for the 2 x 2 MIMO configuration at a BER value of 10~*. Besides, from Fig. 4.8(b),
it is observed that 4 x 4 QSM-GFDM system using 4-QAM provides approximately
2.8 dB BER gain with respect to 4 x 4 SM-GFDM system using 16-QAM. On the
other hand, according to Tables 4.7, 4.8 and 4.9, the computational complexity of the
ML-SIC based 2 x 2 SM-GFDM receiver for 8-QAM and 4 x 4 SM-GFDM receiver for
16-QAM are on the order of 4.21 x 10° and 3.36 x 10'°, respectively. By comparing
these results with the computational complexity of 2 x 2 QSM-GFDM receiver for
4-QAM and 4 x 4 QSM-GFDM receiver for 4-QAM in Table 4.11, it is observed that
these improvements are provided at no additional complexity. Furthermore, from Figs.
4.8(a) and 4.8(b), it is observed that increasing the roll-off factor slightly degrades the

performance.

4.5.2 BER performance of SFIM and QSFIM schemes

Figs. 4.9 and 4.10 show the uncoded BER performance of the proposed detection
methods for SFIM and QSFIM schemes, respectively, using 4-QAM and a roll-off
factor of 0.1. Here, the look-up table given in Table 4.12 is used to determine the
IM subgroups. From Fig. 4.9(a), for a 2 x 2 MIMO configuration and at a BER
value of 1074, it is observed that the proposed ML-SIC scheme achieves 25.7 and 13.4
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Figure 4.8 : Uncoded BER performance of SM-GFDM and QSM-GFDM schemes
using ML-SIC detection method for (a) 2 x 2 (b) 4 x 4 with 4-QAM and
roll-off factors (&) of 0.1 and 0.5.

dB better BER performance than the ZF-SDD and MMSE-JDD detection methods,
respectively. In Fig. 4.9(b), for a 4 x 4 MIMO configuration, BER performance gains
of the ML-SIC scheme with respect to ZF-SDD and MMSE-JDD detection methods
are increased to 32.8 and 15.8 dB, respectively. From Figs. 4.9 and 4.10, for QSFIM
scheme, it is observed that BER performance gains of the ML-SIC scheme with respect
to other methods are approximately the same with the gains in SFIM systems as
in the cases of SM and QSM. The significant performance improvements observed
in Figs. 4.9 and 4.10 are due to joint detection and demodulation of the transmit
antenna indices and the active subcarrier indices as well as QAM data symbols and the
increased diversity order of ML-SIC. On the other hand, the number of CMs required
to implement the configurations given in Figs. 4.9 and 4.10 are given in Tables 4.13
and 4.14, respectively. From Tables 4.13 and 4.14, it is observed that an interesting
trade-off between complexity and BER performance is also valid for SFIM-GFDM
and QSFIM-GFDM systems when ML-SIC detection is used. Besides, according to
equation 4.39 and Table 4.9, QSFIM-GFDM schemes provide 14% and 25% spectral
efficiency gains over SFIM-GFDM schemes for 2 x 2 and 4 x 4 MIMO configurations,
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Table 4.12 : A look-up table example for IM subgroups with u =4 and v = 2.

Bits Indices subblocks
[0 0] (1,2} [sy s¢ 0 0]
[0 1] {2,3} [0 sy s¢ O]T
1o {34 [0 0 s; s
[11] (1,4} [s;, 0 0 s¢]"
(a) 2x2, 1.67 bits/s/Hz (b) 4x4, 1.91 bits/s/Hz
10* : ' - - 101 ; - . .
—-&— SFIM-GFDM, ZF-SDD ——&— SFIM-GFDM, ZF-SDD
—+&— SFIM-GFDM, MMSE-JDD —+&— SFIM-GFDM, MMSE-JDD
1 —¥— SFIM-GFDM, ML-SIC i 1 —¥— SFIM-GFDM, ML-SIC 4
—<— SFIM-OFDM, ML —<— SFIM-OFDM, ML

0 10 20 30 40 0 10 20 30 40
SNR SNR
Figure 4.9 : Uncoded BER performance of ZF-SDD, MMSE-IDD, ML-SIC and ML
detection methods for (a) 2 x 2 (b) 4 x 4 SFIM schemes using 4-QAM
and a roll-off factor of 0.1.
respectively, with a negligible increase in detection complexity and slightly decreased
BER performance. Additionally, the performance loss of the GFDM systems using
ML-SIC detection with respect to OFDM systems is also observed for SFIM and

QSFIM schemes.

Fig. 4.11(a) investigates the effects of combination of SM and IM schemes in terms of
uncoded BER performance and spectral efficiency for ML-SIC detection method using
a roll-off factor of 0.1. From Fig. 4.11(a), at a BER value of 10~4, it is observed that
4 x 4 SFIM-GFDM system for BPSK provides approximately 6.4 dB BER gain with
respect to 4 x 4 SM-GFDM system for BPSK at the same computational complexity.

Note that, for this configuration, spectral efficiency of the SFIM-GFDM scheme is the
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(a) 2x2, 1.91 bits/s/Hz

(b) 4x4, 2.38 bits/s/Hz
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Figure 4.10 : Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC and
ML detection methods for (a) 2 x 2 (b) 4 x 4 QSFIM schemes using
4-QAM and a roll-off factor of 0.1.

Table 4.13 : The total number of CMs for SFIM-GFDM receivers using 4-QAM.

Ant. Config. ZF-SDD MMSE-JDD ML-SIC ML
2%x2 2.64 x 10° 6.30 x 10° 421 % 10° 1 x 1034
4x4 5.70 x 10° 5.04 x 1010 3.36 x 1010 1 x 103

Table 4.14 : The total number of CMs for QSFIM-GFDM receivers using 4-QAM.

Ant. Config. ZF-SDD MMSE-IDD ML-SIC ML
2x2 2.80 x 10° 6.31 x 10° 421 x10° 1 x 10389
4x4 7.67 x 10° 5.04 x 1010 3.36 x 1010 1 x 10485
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half as that of the SM-GFDM scheme. On the other hand, 4 x 4 SM-GFDM system
for BPSK achieves 2 dB better BER performance than 4 x 4 SFIM-GFDM system for
16-QAM at the same spectral efficiency. The BER performance gain of the SFIM
scheme is due to the improved Euclidean distance spectrum of IM. As a result, it
is observed that SFIM scheme can provide an interesting trade-off between spectral

efficiency and BER performance.

Fig. 4.11(b) shows the uncoded BER performances of the 4 x 4 SFIM-GFDM system
for 8-QAM and the 4 x 4 QSFIM-GFDM system for 4-QAM considering a roll-off
factor of 0.1 and 0.5 in order to achieve the same spectral efficiency. The results in
Fig. 4.11 demonstrate that the QSFIM-GFDM scheme provides approximately 3.9 dB
BER gain with respect to SFIM-GFDM scheme for the 4 x 4 MIMO configuration
and at a BER value of 10~*. On the other hand, according to Tables 4.7, 4.8 and 4.9,
the computational complexity of the ML-SIC based 4 x 4 SFIM-GFDM receiver for
8-QAM is on the order of 3.36 x 10'°. By comparing this result with the computational
complexity of 4 x 4 QSFIM-GFDM receiver for 4-QAM in Table 4.14, it is observed
that this improvement is provided at no additional complexity. Besides, the results
show that slight degradation of BER performance due to increased roll-off factor is

also valid for SFIM-GFDM and QSFIM-GFDM schemes.

Fig. 4.12 compares the uncoded BER performances of SM, IM and QAM parts of
the SFIM scheme for a 4 x 4 MIMO configuration with ML-SIC detection method
using 4-QAM and a roll-off factor of 0.1. From Fig. 4.12, it is observed that SM
part has 2 dB better BER performance with respect to overall SFIM BER. As a
result, by proper mapping at the primary and the secondary bit splitter parts of the
transmitter, information bits, which need high reliability, can be transmitted through

antenna indices and thus, SFIM scheme provides an extra level of flexibility.

4.5.3 BER performance of SFDMIM and QSFDMIM schemes

Figs. 4.13 and 4.14 show the uncoded BER performance of the proposed detection
methods for SFDMIM and QSFDMIM schemes, respectively, using 4-QAM and a
roll-off factor of 0.1. In order to determine the primary and secondary IM subgroups,
the look-up table given in Table 4.15 is used. For DMIM operation, an 8-level QAM

constellation, illustrated in Fig. 4.15 is employed. The DMIM constellations are
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Figure 4.11 : Uncoded BER performance comparisons of SFIM-GFDM with (a)
SM-GFDM with a roll-off factor of 0.1 (b) QSFIM-GFDM with roll-off
factors (or) of 0.1 and 0.5, for a 4 x 4 MIMO configuration with
ML-SIC detection method.
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Figure 4.12 : Uncoded BER performance comparisons of SM, IM and QAM parts of
SFIM-GFDM scheme for a 4 x 4 MIMO configuration with ML-SIC
detection method using 4-QAM and a roll-off factor of 0.1.

81



Table 4.15 : A look-up table example for DMIM subgroups with u = 4,v = 2.

Bits Indices subgroups

oo {12} [H() sf2) s P2
o1 {23 [f) (1) @) S
no {34 [f() £ £0) $£@)
L1 {4 [0 S S 2]

defined as .74 = {(1+j)/\/6,(—1+j)/\/6,(1 —j)/V6,(—1 —])/\/6} and .78 =
{3+ )/V6,(=3+))/V/6,(3~ )/ V/6,(~3~ )//6 } for Mapper A and Mapper B,
respectively. From Fig. 4.13(a), for a 2 x 2 MIMO configuration and at a BER value
of 1074, it is observed that the proposed ML-SIC scheme achieves 21.2 and 15.9
dB better BER performance than the ZF-SDD and MMSE-JDD detection methods,
respectively. In Fig. 4.13(b), for 4 x 4 MIMO configuration, BER performance
gains of the ML-SIC scheme with respect to ZF-SDD and MMSE-JDD detection
methods were increased to 29.2 and 20.4 dB, respectively. From Fig. 4.14, for
QSFDMIM scheme, it is observed that BER performance gains of the ML-SIC scheme
are approximately the same with the SFDMIM system. On the other hand, the number
of CMs required to implement the configurations given in Figs. 4.13 and 4.14 are given
in Tables 4.16 and 4.17, respectively. From Tables 4.16 and 4.17, it is observed that
the interesting trade-off between complexity and BER performance is also valid for
SFDMIM-GFDM and QSFDMIM-GFDM systems when ML-SIC detection is used.
Furthermore, from equation 4.41 and Table 4.9, it is observed that spectral efficiency
gains of SEFDMIM-GFDM scheme over SFIM-GFDM schemes using 4-QAM become
57% and 50% for 2 x 2 and 4 x 4 MIMO configurations, respectively. On the other
hand, from equation 4.40 and Table 4.9, it is observed that spectral efficiency gains of
QSFDMIM-GFDM scheme over SFDMIM-GFDM schemes using 4-QAM become
9% and 16% for 2 x 2 and 4 x 4 MIMO configurations, respectively. For both
cases, a negligible increase in detection complexity and a slightly decreased BER
performance are noticed. Additionally, the performance loss of the GFDM systems
using ML-SIC detection with respect to OFDM systems is also observed for SFDMIM
and QSFDMIM schemes.

Fig. 4.16 investigates the effect of DMIM operation in terms of uncoded BER

performances for a 4 x 4 MIMO configuration with ML-SIC detection method and
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Figure 4.13 : Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC and
ML detection methods for (a) 2 x 2 (b) 4 x 4 SFDMIM schemes using
4-QAM and a roll-off factor of 0.1.
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Figure 4.14 : Uncoded BER performance of ZF-SDD, MMSE-JDD, ML-SIC and
ML detection methods for (a) 2 x 2 (b) 4 x 4 QSFDMIM schemes using
4-QAM and a roll-off factor of 0.1.

83



2 T T T T T T T
® 4-QAM Mode A
15F 4 4-QAMModeB| |
1r i
05 ‘ @ ® ‘ T
or i
05 ¢ e e ¢ T
1k 4
-15F T
_2 1 1 1 1 1 1 1
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Figure 4.15 : An example of DMIM constellation design for Q4 and Qp with
Oa=0p=4

Table 4.16 : The total number of CMs for SFDMIM-GFDM receivers using 4-QAM.

Ant. Config. ZF-SDD MMSE-JDD ML-SIC ML
2%x2 5.10 x 10° 6.31 x 10° 4.22 x 10° 1 x10°33
4x4 1.55 x 107 5.04 x 1010 3.37 x 1010 1 x 10581

Table 4.17 : The total number of CMs for QSFDMIM-GFDM receivers using

4-QAM.

Ant. Config. ZF-SDD MMSE-JDD ML-SIC ML
2x2 7.72 % 10° 6.31 x 10° 4.23 x 107 1 x 10781
4x4 4.70 x 107 5.04 x 1010 3.38 x 1010 1 x 10977
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Figure 4.16 : Uncoded BER performance comparisons of IM and DMIM schemes
using ML-SIC detection method for a 4 x 4 MIMO configuration and a

roll-off factor of 0.1. (a) SFIM vs SFDMIM (b) QSFIM vs QSFDMIM.

a roll-off factor of 0.1. From Fig. 4.16, at a BER value of 1074, it is observed
that using DMIM scheme instead of IM provides 0.2 dB BER gain for both SFIM
and QSFIM schemes at the same spectral efficiency. On the other hand, according
to Tables 4.7, 4.8 and 4.9, the computational complexity of the ML-SIC based 4 x 4
SFIM-GFDM receiver for 16-QAM and 4 x 4 QSFIM-GFDM receiver for 16-QAM are
on the order of 3.36 x 10'? and 3.37 x 10'°, respectively. By comparing these results
with the computational complexity of 4 x 4 SFDMIM-GFDM receiver for 4-QAM and
4 x 4 QSFDMIM-GFDM receiver for 4-QAM in Tables 4.16 and 4.17, respectively,
it 1s observed that these improvements are provided with increased computational

complexity.

4.5.4 Coded BER performance analysis

Fig. 4.17 shows the coded BER performances of the GFDM-FIM schemes for a 4 x
4 MIMO configuration with ML-SIC detection method using 4-QAM and a roll-off
factor of 0.1. For the channel code, the rate 1/3 convolutional code with generator

sequence g = [133,171,165] was chosen [90]. From Fig. 4.17, it is observed that
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Figure 4.17 : Coded BER performance of the convolutional coded GFDM-FIM
schemes using ML-SIC detection method for a 4 x 4 MIMO
configuration with 4-QAM and a roll-off factor of 0.1.
channel coding provides significant BER gains between 5.4 and 8.1 dB with respect to

uncoded schemes. Note that coded BER performances get worse with the increasing

spectral efficiency.

Fig. 4.18 compares the coded BER performances of the GFDM-FIM schemes using
ML-SIC detection method and a roll-off factor of 0.1 for 3.81 bits/s/Hz spectral
efficiency. Here, a 16-level QAM constellation, illustrated in Fig. 4.19 is employed
for 8-QAM DMIM operation. The DMIM constellations are defined as .74 =
{(=3+/)/V10, (=3 = j)/V10, (=1+ j)/V10, (=1 = j)/V10, (3+j)/v10, (3~
A/V10, (14 /)/v/10,(1 — j)/v10} and % = {(=3 +3,)/V10, (=3 -3)/V10,
(—1+43/)/V10, (=1 =3,)/v/10, (3+3j)/V10, (3 —3,)/V10, (1+3;)/V10,
(1 —3/)/+/10} for mapper A and mapper B, respectively. From Fig. 4.18, it is
observed that the BER performances of the GFDM-FIM schemes for a 4 x 4 MIMO
configuration are significantly better than that of the GFDM-FIM schemes for a 2 x 2
MIMO configuration independent of the modulation order. Therefore, it can be stated
that the coded BER performances of the GFDM-FIM schemes using ML-SIC detection

method are mainly determined by the number of receive antennas. Besides, it is
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Figure 4.18 : Coded BER performance of the convolutional coded GFDM-FIM

schemes using ML-SIC detection method and a roll-off factor of 0.1 for

3.81 bits/s/Hz spectral efficiency.
observed that the coded BER performances of the GFDM-FIM schemes become worse
with the increasing modulation order for the same number of receive antennas. Thus,
it can be stated that the modulation order is a secondary factor on the coded BER

performances of the GFDM-FIM schemes using the ML-SIC detection method.

4.6 Discussion

In this section, the obtained numerical results for BER performance, computational
complexity and spectral efficiency are discussed. Then, based on these results,
a recommendation table for selecting the proper GFDM-FIM scheme considering

performance criterion is given. The obtained numerical results are summarized below:

1. SM, IM, and SFIM schemes along with the QSM and DMIM variants are all
applicable with GFDM.

2. Suboptimal ZF-SDD and MMSE-JDD detection methods and near-optimum
ML-SIC detection method can be used with all proposed MIMO-GFDM applications.
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Figure 4.19 : An example of DMIM constellation design for Q4 and Qp with
Os=0p=38.

3. ML-SIC detection method provides significant BER performance gains with respect
to ZF-SDD and MMSE-JDD detection methods at the cost of increased computational
complexity. This significant performance improvements arise from the joint detection
and demodulation of spatial and frequency indices as well as QAM data symbols
in a near-optimal manner. Therefore, ML-SIC detection technique can provide an

interesting trade-off between complexity and BER performance.

4. BER performance of the ML-SIC detection method increases with increasing
number of receive antennas. The reason behind this improvement is the increased

diversity order of the ML-SIC detector with the number of receive antennas.

5. BER performance of the ML-SIC detection methods are slightly worse than their
OFDM counterparts with ML detection. This performance loss is due to nonorthogonal
subcarriers and the error propagation of the QR decomposition. Note that for this case,

GFDM provides significant spectral efficiency gains with respect to OFDM.

6. Enabling QSM operation provides significant spectral efficiency gains with a

negligible increase in detection complexity and slightly decreased BER performance.

88



On the other hand, QSM operation provides BER performance gains at the same

spectral efficiency with no additional complexity.

7. Increasing the roll-off factor of the pulse shaping filter slightly degrades the
performance of the GFDM-FIM schemes.

8. SFIM schemes provides BER performance gain at the cost of decreased spectral
efficiency. This BER performance gain is due to the improved Euclidean distance
spectrum of IM. Therefore SFIM scheme can provide an interesting trade-off between

spectral efficiency and BER performance.

9. Enabling DMIM operation provides significant spectral efficiency gains with an
increased detection complexity and slightly decreased BER performance. On the other
hand, DMIM operation improves the BER performance slightly at the same spectral

efficiency with additional complexity.

10. Thanks to using space and frequency indices together, proposed SFIM scheme
provides a multi-layer scheme, which reveals different BER performances and spectral
efficiencies. In this context, information bits transmitted through antenna indices has
an extra 2 dB BER performance gain in addition to SFIM BER gain. As a result, SFIM
scheme has a strong potential to support different use cases by using common space,

frequency and time resources at the same time.

11. Channel coding improves the BER performance of the GFDM-FIM scheme as

expected.

12.  The coded BER performances of the GFDM-FIM schemes using ML-SIC
detection method are mainly determined by the number of receive antennas. Besides,

the modulation order is the secondary factor on the coded BER performances of the

GFDM-FIM schemes using ML-SIC detection method.

In Table 4.18, the proposed MIMO-GFDM applications are sorted from the lowest to
the highest in terms of the computational complexity for a 4 x 4 MIMO configuration
with 4-QAM transmission. As stated earlier, ZF-SDD detection method has the lowest
complexity among the proposed detection methods, since QSM, IM, and DMIM
operations increase the computational complexity. Table 4.19 lists the proposed
MIMO-GFDM applications from the lowest transmit power to the highest transmit

power for a 4 x 4 MIMO configuration with 4-QAM transmission at a BER value of
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Table 4.18 : Computational complexities sorted from the lowest to the highest for a
4 x 4 MIMO configuration with 4-QAM.

Order Scheme & Detection Method

1 SM, ZE-SDD

2 QSM, ZF-SDD

3 SFIM, ZF-SDD

4 QSFIM, ZF-SDD

5 SFDMIM, ZF-SDD

6 QSFDMIM, ZF-SDD

7 SM, ML-SIC

8 QSM, ML-SIC

9 SFIM, ML-SIC

10 QSFIM, ML-SIC

11 SFDMIM, ML-SIC

12 QSFDMIM, ML-SIC
13 SM, MMSE-JDD

14 QSM, MMSE-JDD

15 SFIM, MMSE-JDD

16 QSFIM, MMSE-IDD
17 SFDMIM, MMSE-JDD
18 QSFDMIM, MMSE-JDD

10~4. 1t is observed that, SFIM scheme needs the lowest transmit power to reach
the desired BER value. In Table 4.20, the proposed MIMO-GFDM applications are
ranked from the highest to the lowest in terms of spectral efficiency for a 4 x 4 MIMO
configuration with 4-QAM transmission. According to these results, QSM-GFDM has
the highest spectral efficiency among the proposed schemes. According to Tables 4.18,
4.19 and 4.20, it is obvious that there is not any scheme, which has best performance
for all performance criterion at the same time. Therefore, performance criterion have to
be prioritized and the proper scheme must be selected considering the related criterion
among the proposed MIMO-GFDM schemes. In Table 4.21, based on the results in
Tables 4.18, 4.19 and 4.20, a recommendation table to select the proper MIMO-GFDM
scheme is given considering various emphasis of complexity, spectral efficiency and
transmit power criterion. Table 4.21 shows that GFDM-FIM has a strong potential
to engineer the space-frequency structure according to channel conditions and use
cases and provides a great flexibility, which can be easily tuned to address the required

performance criterion.
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Table 4.19 : Required transmit power sorted from the lowest to the highest to achieve
a BER value of 10~ for a 4 x 4 MIMO configuration with 4-QAM.

Order

Scheme & Detection Method

00NN N BN

e e e e e e e R )
00NN N kW= O

SFIM, ML-SIC
QSFIM, ML-SIC

SM, ML-SIC
SFDMIM, ML-SIC
QSFDMIM, ML-SIC
QSM, ML-SIC

SFIM, MMSE-JDD
QSFIM, MMSE-JDD
SM, MMSE-JDD
SFDMIM, MMSE-JDD
QSFDMIM, MMSE-JDD
QSM, MMSE-JDD
SFIM, ZF-SDD
QSFIM, ZF-SDD

SM, ZF-SDD
SFDMIM, ZF-SDD
QSFDMIM, ZF-SDD
QSM, ZF-SDD

Table 4.20 : Spectral efficiencies sorted from the highest to the lowest for a 4 x 4
MIMO configuration with 4-QAM.

Order Scheme

1 QSM

2 SM

3 QSFDMIM
4 SFDMIM

5 QSFIM

6 SFIM
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5. SPATIAL MULTIPLEXING GENERALIZED FREQUENCY DIVISION
MULTIPLEXING WITH INDEX MODULATION

5.1 SMX-GFDM-IM Transmitter

In this study, a GFDM-based SMX system with 7 transmit and R receive antennas is
considered. The block diagram of the SMX-GFDM-IM transmitter is given in Fig.
5.1. A GFDM block consists of K subcarriers each carrying M timeslots on it, where
N = KM is the total number of samples in a GFDM block. According to Fig. 5.1, a total
of pT information bits are taken from the input and divided into 7" groups with p bits.
These p bits are mapped by GFDM-IM mappers in each branch of the transmitter as
shown in Fig. 5.2. In this mapping operation, information bits are used to determine the
active subcarriers positions as well as Q-ary modulation symbols and GFDM-IM block
d; = 1[di00:--drk-1,0.d1015-- - drk—1,15---,dr k—1.M—1), Where d; i, (n) € {0,.7},
fork=0,1,...,.K—1,m=0,1,... M—1,t=1,2,...,T and . denotes Q-ary signal

constellation with Q elements, is obtained.

According to Fig. 5.2, in each branch of the transmitter, IM bit splitter takes p
bits from the input and splits these p bits into L groups each containing p; bits
and L groups each containing p, bits to be mapped into GFDM-IM subblocks d =
[d! (1),d' (2),....d (w)]", where d! (y) € {0,.7}, for y=1,2,...,u, [ = 1,2,....L
and u = N /L. First, p;-bit sequences are processed by the index selectors to determine
the active subcarrier positions by a selection rule. For each GFDM-IM subblock /
of ¢-th transmit antenna, only v out of u available subcarriers are chosen as active,
where the chosen subcarrier indices are denoted by il = [if (1),i(2),...,i! (v)}T,
i' (y) € {1,2,...,u}, for y=1,2,...,v, and the remaining u — v subcarriers are set
to zero. Therefore, if has ¢ = 2P possible realizations and p; can be defined as
|log, (C(u,v))|. Meanwhile, p,-bit sequences are mapped by Q-ary mappers to create
the modulated symbols vector s, = [s/ (1),s!(2),...,s/ (v)}T, where s! (y) € .7, for
y=12,...,v,l=1,2,...,L. For each GFDM-IM subblock di, pq = vlog,(Q) bits are

conveyed by v elements of sf whose corresponding subcarrier indices given by if.
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Figure 5.2 : GFDM-IM mappers at each branch of the transmitter.

After that, in each branch of the transmitter, GFDM-IM block creator constructs the
GFDM-IM subblocks d! by using s} and i, for all / first and then concatenates these
L IM subblocks to obtain the GFDM-IM block d;. At this point, a block interleaver
with size L x u is employed for d; to obtain uncorrelated channels and the interleaved
data vector Et is obtained. Then, Et is modulated using a GFDM modulator and the
resulting GFDM transmit signal of z-th transmit antenna is given by
K—1M~-1 _
x(n) =Y Y drm8em(n), (5.1)

k=0 m=0

where n € {0,...,N — 1} is the sampling index and

k
S1nl0) = (1=K )ox0 ( 27 ) 52)

is the pulse shaping filter circularly shifted to the m-th timeslot and modulated to the
k-th subcarrier. Equation 5.1 can be reformulated as x; = A&; [2]. Here, Aisan N x N

GFDM modulation matrix given by

A= [g0,07 cee 7gK71,07g0717 e 8K—1,15--- 7gK71,M71] ) (53)

where g, = [gkm 0),...,8km(N— 1)]T is a vector constructed with pulse shaping
filter samples. Finally, in order to make the convolution with the channel
circular, a CP with length Ncp is added to x; and the resulting vector X, =
X (N —Ncp+1 :N)T,XtT}T is sent over a frequency-selective Rayleigh fading

channel.
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5.2 SMX-GFDM-IM Receiver

The block diagram of the SMX-GFDM-IM receiver is given in Fig. 5.3. After the
removal of CP, based on the assumption that perfect synchronization is ensured, CP is
longer than the channel delay spread (Ncyp) and the wireless channel remains constant

within one GFDM-IM block, the overall received signal is given by

Y1 Hi ;A --- Hi7A d, Wi
= : : N B ol B (5.4)
YR Hg A -+ HgrA| |dy WR

where y, = [y,(0),y,(1),...,y,(N — 1)]T is the vector of the received signals at
the r-th receive antenna, H,;, for r =1,...,R, t = 1,...,T, is the N x N circular
convolution matrix constructed from the channel impulse response coefficients
between the 7-th transmit antenna and the r-th receive antenna given by h,; =
[y (0), s (1), ... by (Nen — 1), where h,, () follows €.4(0,1) distribution, w, is
an N x 1 vector of additive white Gaussian noise (AWGN) samples with elements

distributed as €4 (0,52). Equation 5.4 can be rewritten in a more compact form as
y = Hd +w, (5.5)

where the dimensions of vy, ﬁ, d and w are NR x 1, NRxNT, NT x1 and NR x 1,

respectively.

5.2.1 Maximum Likelihood (ML) detection of SMX-GFDM-IM

In GFDM, each subcarrier is filtered individually using a prototype filter. While
this filtering operation reduces OOB emission, it causes non-orthogonality and ICI.
Therefore, frequency domain decoupling of GFDM subcarriers cannot be possible and
the ML solution d can be expressed as

d = argmin Hy—ﬁaﬂz (5.6)

de{0,.7}

From equation 5.6, it is obvious that a straightforward solution to ML detection of
SMX-GFDM-IM scheme is extremely complex. Therefore, low complexity solutions

are needed.
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Figure 5.3 : Block diagram of the SMX-GFDM-IM receiver.

5.2.2 MMSE detection of SMX-GFDM-IM

As a suboptimal but less complex alternative to extremely complex brute-force ML
detection of SMX-GFDM-IM, MMSE-based detection can be considered. Based on

the system model in equation 5.5, MMSE detection can be performed by

7
v/} ~yr~ -1
:@ﬁH+ﬁQ Ay, (5.7)
Zr
T
where z, = Z}T,Z?T,...,ZILT} ,fort:1,2,...,Tandzf,f0rl:1,2,...,L,isau><1

vector. Then, the MMSE solution (if for /[-th GFDM-IM subblock of #-th transmit
antenna is given by

(iﬁ = argmin Hzﬁ—df”z. (5.8)
de{0,7}

After this point, detected GFDM-IM subblocks are concatenated to construct the
estimated GFDM-IM blocks d, for each transmit antenna and GFDM-IM demappers

retrieve the original information bits in each branch of the receiver.
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5.2.3 Near-ML detection of SMX-GFDM-IM

In [24], a combination of SD and SIC has been proposed for SMX-GFDM system
utilizing QR decomposition and it has been reported that the proposed method achieves
near-ML performance in the high SNR regimes. In Chapter 4, this method has been
adapted for GFDM-based space and frequency IM schemes. QR decomposition-based
near-ML detection is also applicable for SMX-GFDM-IM system. The MMSE-QRD

[85] of His given as

{ HP ] =QR= [Ql} R, (5.9)

oyt Q>

where Q is an (NT +NR) x NT unitary matrix which is partitioned into NR x NT
matrix Q; and N7 x NT matrix Qz, R is an NT x NT upper triangular matrix, P
permutes the columns of H prior to decomposition in order to realize deinterleaving.

Then, multiplying the received signals with Q{I yields
y=Ql'y=Rd- 5, Q}d+Q}'w. (5.10)

Here, first term is the useful signal, second and third terms are the remaining
interference that can not be removed by the SIC and channel noise, respectively.

Ignoring the interference yields
y=0Qlly=Rd+w, (5.11)

where w = Q;'w. At this point, with the help of the upper triangular structure of
R, starting from the last GFDM-IM subblock of last transmit antenna, the near-ML

solution (if for /-th GFDM-IM subblock of ¢-th transmit antenna is given by

A X . 2
df = argmin ||y} — Ridj||", (5.12)
dc{0,.7}

where ')75 is a u x 1 vector constructed from the last u elements of y, Ri 1S a u X u upper
triangular matrix constructed from the last u rows and columns of R and d/ is a u x 1

vector. After that, the interference originated from dﬁ 1s obtained as

¥ =R ,d, (5.13)
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where the subscripts u and : denote the last # and all elements (column/rows) of the

subscripted object, respectively, and canceled:
y<y-¥h (5.14)
Then, the system size is reduced by u which is shown as
Yy« Vi, R< Ry, (5.15)

where the subscript iz denote the all but the last u elements of the subscripted object,
and detection operation continues to the next GFDM-IM subblock until all subblocks
are detected. After this point, original information bits are retrieved as explained in

Section 5.2.2.

5.3 Complexity Analysis

Computational complexities of SMX-GFDM-IM receivers with MMSE, MMSE-QRD
and ML detectors are analyzed in terms of number of complex multiplications (CMs)
performed in total and presented in Tables 5.1, 5.2 and 5.3, respectively. Here, ®;.;
and W, are used for J x I matrices, ¢;x; and Yy, stand for J x 1 vectors. The
complexity orders in terms of total number of CMs are presented in Table 5.4. From
Table 5.4, it is observed that SMX-GFDM-IM receiver with ML detector has the
highest computational complexity and the computational complexity of MMSE and

MMSE-QRD detection-based receivers are approximately the same.

5.4 Numerical Analysis and Discussion

In this section, uncoded and coded BER performances of the SMX-GFDM-IM
schemes are evaluated by Monte Carlo simulations for Rayleigh multi-path fading
channels with EPA channel model [89]. RC with a roll-off factor (a) of 0.5 is chosen
as a pulse shape for the GFDM prototype filter. The SNR is defined as SNR = E;/Nj.

System parameters are shown in Table 5.5.

Figs. 5.4 and 5.5 compare the uncoded BER performances of the SMX-GFDM-IM
schemes with SMX-OFDM and SMX-GFDM schemes for 2 x 2 and 4 x 4 MIMO
configurations, respectively, using BPSK transmission. In order to select the active
subcarrier indices, the look-up table in Table 5.6 is used. From Fig. 5.4, for a 2 x 2

MIMO configuration and at a BER value of 104, it is observed that the
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Table 5.4 : Summary of the computational complexity of three different receiver

structures.
Receiver Complexity (CMs)
MMSE ~ 0 (N*(T?+2T°R))
MMSE-QRD ~ 0 (N°(2T7 +2T°R))
ML (cQ")TN/U)((N*TRv/u) +NT)

Table 5.5 : System parameters used for numerical analysis.

Description Parameter Value
Number of subcarriers K 128
Number of subsymbols M 5
Pulse shaping filter g RC
Roll-off factor a 0.5
Length of cyclic prefix Ncp 32
Number of channel taps for EPA channel Nch 7

SMX-GFDM-IM scheme with MMSE-QRD detection achieves 4.5 dB better
BER performance than SMX-OFDM and SMX-GFDM schemes with MMSE-QRD
detection. = The performance improvement of SMX-GFDM-IM scheme with
MMSE-QRD detection with respect to SMX schemes arises from the coding gain
due to enhanced distance spectrum of IM. On the other hand, for SMX-GFDM-IM
scheme, MMSE-QRD detection method provides 3.5 dB better BER performance
than MMSE detection. The performance improvement of MMSE-QRD detection
method with respect to MMSE method is the result of the joint MIMO detection,
GFDM and IM demodulation of the active subcarrier indices and the data symbols
in a near-optimal manner. In Fig. 5.5, for a 4 x 4 MIMO configuration,
while BER performance gain of the SMX-GFDM-IM scheme with MMSE-QRD
detection with respect to SMX-OFDM and SMX-GFDM schemes with MMSE-QRD
detection is approximately the same with BPSK transmission, BER performance
gain of the SMX-GFDM-IM scheme with MMSE-QRD detection with respect to
SMX-GFDM-IM scheme with MMSE detection is increased to 6 dB. The reason
behind this improvement is the increased diversity order of the MMSE-QRD detector
with the number of receive antennas. Table 5.7 shows the number of CMs required
to implement the configurations given in Figs. 5.4 and 5.5. From Table 5.7,
it is observed that SMX-GFDM-IM receiver with ML detection has infeasible

computational complexity as expected and the BER performance improvement of the
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Table 5.6 : A look-up table example for u = 4,v =2 and p; = 2.

Bits Indices subblocks

[0 0] (1,2} [sy s¢ 0 0]
[0 1] {2,3} [0 sy s¢ O]T
10 {34} [0 0 s s
[11] {1,4) [s;, 0 0 s¢]"

—¥— SMX-GFDM, MMSE-QRD, 1.91 bits/s/Hz
—+&— SMX-OFDM, MMSE-QRD, 1.60 bits/s/Hz
—©— SMX-GFDM-IM, MMSE, 1.91 bits/s/Hz

—<— SMX-GFDM-IM, MMSE-QRD, 1.91 bits/s/Hz E

BER

0 5 10 15 20 25 30 35 40 45 50
SNR
Figure 5.4 : Uncoded BER performance of MMSE and MMSE-QRD detection
methods for 2 x 2 SMX and SMX-IM schemes using BPSK
transmission.
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MMSE-QRD detector with respect to MMSE detector is provided with negligible

increase in computational complexity.

In GFDM, a single CP is used for entire block consisting K subcarriers with M
timeslots on each of it. Therefore, GFDM provides a higher spectral efficiency with
respect to OFDM due to reduced overhead of CP. For the configurations in Figs.
5.4 and 5.5, GFDM schemes provide 19% spectral efficiency with respect to OFDM
schemes. Here, the spectral efficiency of SMX-IM schemes is given by p/ (N + Ncp),
and the spectral efficiency of SMX schemes is given by Nlog,(Q)/ (N + Ncp).

Fig. 5.6 shows the OOB emission comparison of SMX and SMX-IM schemes using
RC pulse shaping filter with a roll-off factor of 0.5 for BPSK transmission. From Fig.
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Figure 5.5 : Uncoded BER performance of MMSE and MMSE-QRD detection
methods for 4 x 4 SMX and SMX-IM schemes using BPSK
transmission.
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Figure 5.6 : OOB emission comparison of SMX and SMX-IM schemes using RC
pulse shaping filter with a roll-off factor 0.5 for BPSK transmission.
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Table 5.7 : The total number of CMs for SMX-GFDM-IM receivers using BPSK.

Ant. Config. MMSE MMSE-QRD ML
2%x2 6.31 x 10° 8.40 x 10° 3.64 x 10787
4 x4 5.04 x 1010 6.72 x 1010 2.95 x 101162

Table 5.8 : A look-up table example for u =4,v =3 and p; = 2.

Bits Indices subblocks

00  {1,23}  [sy s ss 0]
01 {1,2,4}  [sy sz O s5]
10 {1,3,4}  [sy O s¢ s3]
1] {2,3,4) [0 sy s¢ s5]

5.6, it is observed that GFDM schemes provides 6 dB OOB emission suppression
with respect to OFDM scheme due to pulse shaping of each subcarrier with RC
filter. Note that, there is not any difference on OOB emission of SMX-GFDM and
SMX-GFDM-IM schemes as expected.

Figs. 5.7 and 5.8 show the uncoded BER performance of the SMX-GFDM-IM schemes
along with the SMX-OFDM and SMX-GFDM schemes for 2 x 2 and 4 x 4 MIMO
configurations, respectively, using 4-QAM transmission. Here, the active subcarrier
indices are determined using the look-up table in Table 5.8. From Figs. 5.7 and
5.8, it is observed that the BER performance gain of the SMX-GFDM-IM schemes
with MMSE-QRD detection with respect to other schemes are decreased compared to
the gains in BPSK transmission. The reason behind this decrease is the decrease of
the p;/p, ratio from 1 to 0.33. On the other hand, the number of CMs required to
implement the configurations given in Figs. 5.7 and 5.8 are given in Table 5.9. From
Table 5.9, it is observed that ML detector has the highest computational complexity as
in the BPSK case and the computational complexity of MMSE-QRD detector is higher

than the computational complexity of MMSE detector with a negligible level.

Fig. 5.9 compares the coded BER performance of the SMX-GFDM-IM scheme
with SMX-OFDM and SMX-GFDM schemes for 4 x 4 MIMO configuration using

Table 5.9 : The total number of CMs for SMX-GFDM-IM receivers using 4-QAM.

Ant. Config. MMSE MMSE-QRD ML
2x2 6.31 x 10° 8.40 x 10° 1.14 x 10873
4x4 5.04 x 1010 6.72 x 1010 1.92 x 101933

106



100 T T T T T T T T T
—X¥— SMX-GFDM, MMSE-QRD, 3.81 bits/s/Hz
—+H— SMX-OFDM, MMSE-QRD, 3.20 bits/s/Hz
—S— SMX-GFDM-IM, MMSE, 3.81 bits/s/Hz
101 E —<— SMX-GFDM-IM, MMSE-QRD, 3.81 bits/s/Hz | -
107 3
x N
L
m
10° ¢ 3
10 F 3
10-5 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50
SNR
Figure 5.7 : Uncoded BER performance of MMSE and MMSE-QRD detection
methods for 2 x 2 SMX and SMX-IM schemes using 4-QAM
transmission.
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Figure 5.8 : Uncoded BER performance of MMSE and MMSE-QRD detection
methods for 4 x 4 SMX and SMX-IM schemes using 4-QAM
transmission.
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Figure 5.9 : Coded BER performance of 4 x 4 SMX and SMX-IM schemes using
16-QAM transmission.

16-QAM transmission. For the channel code, the rate 1/3 convolutional code with
generator sequence g = [133,171,165] is chosen [90]. In order to select the active
subcarrier indices, the look-up table in Table 5.8 is used. From Fig. 5.9, at a BER
value of 1074, it is observed that the SMX-GFDM-IM scheme achieves 2.5 dB better
BER performance than SMX-OFDM and SMX-GFDM schemes. Here, since the
Ppi/ pq ratio is decreased to 0.16, BER performance improvement of the IM scheme is
decreased with respect to BPSK and 4-QAM schemes. Therefore, it can be stated that
the BER improvements of the IM scheme is directly proportional with the amount of
information bits conveyed by the indices of the transmit entities as expected. Besides,
considering Figs. 5.5, 5.8 and 5.9, it is observed that channel coding improves the BER
performance of the SMX-GFDM-IM scheme. Note that, for the system configuration
given in Fig. 5.9, while spectral efficiency of SMX-GFDM-IM scheme is slightly
lower than SMX-GFDM scheme due to unused subcarriers, it has still higher spectral
efficiency with respect to SMX-OFDM scheme due to reduced overhead of CP.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, the combination of MIMO and IM techniques with GFDM has been
investigated and innovative novel transceiver structures, optimized in terms of energy,
spectral and computational efficiency, have been introduced in order to fulfill the

diverse requirements of future wireless networks.

In the first stage of the thesis, a GFDM-IM scheme, which uses flexible IM numerology
along with the near-optimum detector, is proposed to improve OOB emission,
error performance and computational complexity of the GFDM scheme. As a first
attempt in the literature, the GFDM-IM system model is constructed and sparse
IM numerology is applied to the edge GFDM subsymbols to jointly optimize OOB
emission, spectral efficiency and latency of the GFDM scheme. Besides, in order
to enhance the error performance and reduce the computational complexity of the
scheme, a ML-SIC based near-optimum detector is developed for the SISO GFDM
scheme considering the flexible IM numerology, and its theoretical error performance
is analyzed. Furthermore, a new system model, which enables multi-layer transmission
through IM-bits and QAM-bits, is presented. Thanks to this system model, the
proposed scheme provides different error performances and spectral efficiencies for
QAM and IM bits, and further benefits from enhanced distance spectrum of IM.
The BLER, OOB emission and computational complexity of the proposed GFDM-IM
scheme are evaluated via computer simulations. According to obtained simulation
and theoretical results, it is observed that the proposed GFDM-IM scheme achieves
better BLER performance than the plain GFDM-IM, OFDM-IM, GFDM and OFDM
schemes at the same spectral efficiency. In addition, ML-SIC technique provides 34%

less complexity with respect to classical MMSE detector.

As a continuation of the first stage, an FIM framework, which combines GFDM
with space and frequency IM schemes, has been proposed and novel transmitter
and receiver schemes for MIMO-GFDM applications have been presented in the

second stage. The proposed framework has an FIM transmitter, which is capable
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of generating six different SFIM schemes using single transmitter structure. For the
receiver part, a near-optimum detection scheme, which is based on ML detection
with SIC, has been proposed. The FIM receiver provides different levels of BER
performances and computational complexities by the proposed ML-SIC detection
scheme and the ZF-SDD and MMSE-JDD detection schemes. Thanks to the proposed
FIM transmitter and receiver structures, transmission scheme and the detection method
can be determined according to desired level of complexity, transmit power and
spectral efficiency of the use cases. Besides, switching between different IM schemes
according to channel conditions can be possible using a single transceiver structure.
Furthermore, FIM framework provides a multi-layer scheme by means of different
levels of BER performances and spectral efficiencies and enables to support different
use cases by using common space, frequency and time resources at the same time. It
has been shown that GFDM-FIM has a strong potential to engineer the space-frequency
structure according to channel conditions and use cases as well as it provides a great

flexibility, which can be easily tuned to address the required performance criterion.

In the third stage, SMX and IM techniques have been combined with GFDM in
order to provide higher data rates while benefiting energy efficiency of the IM.
At the transmitter side, each transmit antenna transmits its own GFDM-IM block,
and at the receiver side, GFDM-IM blocks are detected and demodulated using a
novel MMSE-QRD-based near-optimum detector. We have investigated the error
performance, OOB emission, spectral efficiency and computational complexity of
the proposed scheme via computer simulations. It has been demonstrated that the
proposed SMX-GFDM-IM scheme achieves better error performance with respect to
classical SMX-OFDM and SMX-GFDM schemes and has a lower OOB emission and
better spectral efficiency advantages with respect to SMX-OFDM scheme because of

digitally pulse shaping of each subcarrier and reduced overhead of cyclic prefix.

Although radically new PHY technologies and modulation formats have been explored
to fulfill the challenges of 5G wireless networks, it was decided that none of
the waveform alternatives were able to address all the requirements at the same
time, thus, an expanded version of OFDM with multiple numerologies has been
selected as fundamental PHY signal structure for Release 15, which is the first

5G specification of 3GPP. However, considering the diverse applications of future
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wireless networks, there is a paradigm shift from orthogonal to non-orthogonal
structures in terms of both waveform and multiple access schemes. As a first attempt
to benefit from non-orthogonal schemes, non-orthogonal multiple access (NOMA)
has been studying under the scope of the Release 16 specification of 3GPP. For
the waveform side, potential support of non-orthogonal waveform would come into
question for later releases of 3GPP to evolve and expand the wireless communication
ecosystem due to attractive properties of non-orthogonal waveforms such as low OOB
emission and tolerance to time and frequency synchronization errors. Amongst these
non-orthogonal waveforms, as mentioned earlier, GFDM comes into prominence by
providing advantages in terms of OOB emission, spectral efficiency and latency due
to digitally pulse shaping of each subcarrier, reduced overhead of cyclic prefix and
block-based structure, respectively. By integrating GFDM with promising MIMO
and IM techniques in a skilled framework released in this thesis, GFDM has been
gained significant advantages in terms of spectral and energy efficiency, thus, it can be

considered a promising PHY layer technique for future wireless networks.

Throughout this thesis, it is assumed that perfect synchronization is ensured,
wireless channel remains constant within one GFDM-IM block and the channel state
information is perfectly known at the receiver. As a future work, performance analysis
of integration of GFDM with MIMO and IM techniques under highly time-varying
channels with imperfect synchronization and incomplete channel state information
can be studied. Furthermore, optimum detection techniques with low computational
complexity exploiting the block circularity of the GFDM modulation matrix can be

examined.

The studies conducted in this thesis have been published as two international journal
papers and three international conference papers. In addition, one US patent
application and one international journal paper were submitted. The proposed
techniques in this thesis have recently attracted significant attention from the

researchers and these mentioned papers got more than thirty citations in two years.
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