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ABSTRACT

OFDM with Index Modulation-Based
Alternative Waveform Designs for Future Wireless Systems
Omer Furkan Tugtekin
Master of Science in Electrical and Electronics Engineering
September 12, 2022

Orthogonal frequency division multiplexing with index modulation (OFDM-IM),
which transmits information bits through ordinary signal constellation symbols and
indices of active subcarriers, is a promising multicarrier transmission scheme and
has attracted the attention of researchers due to its several benefits such as flexi-
bility and simplicity. Nonetheless, OFDM-IM cannot satisfy many needs of future
wireless communication services such as, ultra-reliable low-latency communications
(URLLC) and enhanced mobile broadband (eMBB) since providing superior relia-
bility, high data rates, and low complexity is challenging due to its null subcarriers
and unsufficient error performance. Therefore, several novel waveforms have been
proposed by utilizing the flexible nature of the OFDM-IM to meet the diverse needs
of eMBB and URRLC services. In this thesis, two novel OFDM-IM based multi-
carrier transmission schemes have been proposed by utilizing the aforementioned
advantages of OFDM-IM.

Firstly, a novel transmission scheme named as coordinate interleaved OFDM
with power distribution IM (CI-OFDM-PIM), which applies coordinate interleaving
and power distribution in subcarriers to achieve a diversity gain that is equal to the
number of subcarriers in a subblock, is proposed. The average bit error probability
(ABEP) for the CI-OFDM-PIM was derived and the superior error performance of
the proposed scheme over benchmarks has been shown via computer simulations.

Next, a novel OFDM-IM based scheme called coordinate interleaved OFDM
with repeated in phase/quadrature IM (CI-OFDM-RIQIM), which provides superior
error performance and enhanced spectral efficiency due to its diversity order of two
and clever subcarrier activation pattern (SAP) detection mechanism, is proposed.
Furthermore, a log-likelihood ratio (LLR) based low-complexity detector is designed

for the proposed scheme. Theoretical analyses are performed and an upper bound
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on the bit error probability is derived. Comprehensive computer simulations under
perfect and imperfect channel state information (CSI), are conducted to compare the
proposed and reference schemes. It is shown that CI-OFDM-RIQIM shows superior
results and can be considered as a promising candidate for next generation wireless

communication systems.



OZETCE

Gelecegin Kablosuz Sistemleri igin Indis Modiilasyonlu OFDM Tabanl
Alternatif Dalga Formu Tasarimlari
Omer Furkan Tugtekin
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
12 Eyliil 2022

Klasik sinyal kiimesi sembolleri ve aktif alt tasiyicilarin indisleri aracihigiyla bilgi
bitlerini ileten indis modiilasyonlu dik frekans bélmeli gogullama (orthogonal fre-
quency division multiplexing with index modulation, OFDM-IM), umut verici bir
¢ok tasiyicili iletim semasidir ve esneklik ve basitlik gibi gesitli faydalar1 sayesinde
aragtirmacilarin dikkatini gekmistir. Bununla birlikte, OFDM-IM’in bos alt tagiyicilar
ve yetersiz hata performansindan dolay: iistiin giivenilirlik, yiiksek veri hizlari ve
diigiik karmagiklik saglayamamasi agir1 giivenilir diigiik gecikmeli iletigim (ultra-
reliable low-latency communications, URLLC) ve geligmig mobil genig bant (en-
hanced mobile broadband, eMBB) gibi gelecegin kablosuz iletigim hizmetlerinin
bircok ihtiyacini karsilayamamasina sebep olmaktadir. Bu nedenle, eMBB ve UR-
RLC hizmetlerinin gesitli ihtiyaclarimi karsilamak i¢cin OFDM-IM’in esnek dogasi
kullanilarak birgok 6zgiin dalga formu 6nerilmigtir. Bu tezde, OFDM-IM’in yukarida
bahsedilen avantajlarindan yararlanilarak iki 6zgiin OFDM-IM tabanl ¢ok tasiyicili
iletim semas1 Onerilmistir.

Ik olarak, bir alt bloktaki alt tasiyicilarin sayisina esit bir cesitlilik kazanci elde
etmek icin alt tasiyicilarda koordinat serpistirme ve giic dagitimi uygulayan giig
dagitim IM’li koordinat serpistirilmis OFDM (coordinate interleaved OFDM with
power distribution IM, CI-OFDM-PIM) olarak adlandirilan yeni bir iletim semasi
onerilmigtir. CI-OFDM-PIM i¢in ortalama bit hata olasihigi (average bit error rate,
ABEP) tiiretilmig ve 6nerilen semanin referanslarina kiyasen sahip oldugu tstiin
hata performans: bilgisayar simiilasyonlar1 araciligiyla gosterilmistir.

Sonrasinda ise iki olan cesitlilik mertebesi ve akilli alt tasiyic1 etkinlestirme pa-
terni (subcarrier activation pattern, SAP) algilama mekanizmasi sayesinde iistiin
hata performansi ve gelismig bant verimliligi saglayan, tekrarlanmig fazda/dik IM’li

koordinat serpistirilmis OFDM (coordinate interleaved OFDM with repeated in
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phase/quadrature IM, CI-OFDM-RIQIM) adi verilen yeni bir OFDM-IM tabanl
sema Onerilmigtir. Ayrica, Onerilen gsema igin bir logaritmik olasilik orani (log-
likelihood ratio, LLR) tabanh diigiik karmagiklikta alici tasarlanmigtir. Teorik anal-
izler yapildi ve bit hata olasihg (bit error rate, BER) igin bir iist simr tiiretildi.
Onerilen ve referans semalarn karsilagtirmak icin tam ve eksik kanal durum bilgisi
(channel state information, CSI) altinda kapsamli bilgisayar simiilasyonlar1 ytiriitildi.
CI-OFDM-RIQIM’in tistiin sonuglar gosterdigi ve yeni nesil kablosuz iletigim sistem-

leri i¢in umut verici bir aday olarak kabul edilebilecegi gosterilmistir.
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Chapter 1

INTRODUCTION

Wireless communication systems have a very important place in our lives since
both transmission and reception of data in a secured and wireless way is a must for
today’s technology. Accordingly, wireless technologies are widely used with many
state-of-the-art systems in an incorporated manner. Nonetheless, next generation
wireless communication standards require advanced features in order to meet the
various needs of applications in future networks. For example, advanced reliabil-
ity and higher data transmission rates are required by ultra-reliable low-latency
communications (URLLC) and enhanced mobile broadband (eMBB), respectively.
Furthermore, depending on the completely distinct needs of these networks and
their specific usage areas in the practical life, more sophisticated waveforms should
be designed. Since multicarrier transmission systems provide a robustness to both
interference and fading, they are widely utilized in waveform designs.

Orthogonal frequency division multiplexing (OFDM) is one of the most com-
monly used multicarrier transmission schemes and has been included in several com-
munication standards. Due to various advantages of OFDM such as robustness to
inter-symbol interference, simplicity and suitability, it is still commonly used in the
modern communication technologies. Moreover, a variety of studies have been pro-
posed in the literature to improve the performance of OFDM. In [Sasamori et al.,
2011], OFDM subcarriers are repetition coded to obtain a diversity gain, resulting
in enhanced error performance. However, it is challenging to obtain higher spectral
efficiencies with OFDM for frequency selective fading channels since information bits
are transmitted only by M-ary signal constellations.

Index modulation (IM), in which indices of the building blocks such as transmit
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antennas and subcarriers, are utilized for the tranmission of the additional informa-
tion bits, has attracted much attention in the literature [Basar, 2016]. Flexibility,
low complexity, and high spectral efficiency of IM, make it a great candidate for the
next generation communication systems. In OFDM with IM (OFDM-IM) [Basar
et al., 2013], IM is well employed in the OFDM by transmitting additional informa-

tion bits through the indices of the active subcarriers.

1.1 Contributions to the Literature

In this thesis, first, a novel scheme called coordinate interleaved OF DM with power
distribution IM (CI-OFDM-PIM), which provides an additional diversity gain over
OFDM-IM, is proposed. In this scheme, data symbols are first rotated and co-
ordinate interleaved, then distributed over two different subcarriers with high and
low power levels. Due to its clever subcarrier activation pattern (SAP) selection
strategy, coordinate interleaving, and power distribution, the proposed method can
provide a diversity gain which is equal to the subblock size. Since power distribution
method makes the repeated coordinate interleaved data symbols distinguishable by
multiplying them with two different power levels, transmitting information bits by
IM becomes possible. Moreover, the optimum power levels and rotation angles have
been obtained to maximize the minimum coding gain distance (MCGD). Transceiver
architecture for the proposed scheme is given and upper bound for the average bit
error probability (ABEP) is derived. It is demonstrated via computer simulations
that proposed scheme has better error performance than its benchmarks with a
diversity order of two.

Secondly, a novel OFDM-IM based transmission scheme named coordinate in-
terleaved OFDM with repeated in-phase/quadrature IM (CI-OFDM-RIQIM), which
provides additional diversity gain compared to conventional OFDM-IM, is proposed.
In this scheme, all subblocks are first divided into two clusters with equal sizes. The
real and imaginary parts from the first half of the data symbol vector are transmit-
ted over the active subcarriers in the first and second clusters, respectively. More-

over, the real and imaginary parts of the second half of the data symbol vector are
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transmitted over the active subcarriers in the second and first clusters, respectively.
Since the same SAPs are exploited to transmit the real and imaginary parts of data
symbols, information bits conveyed by IM are more preserved. Since the real and
imaginary parts of each data symbol are conveyed over two distinct subcarriers,
a diversity order of two is guaranteed in the proposed scheme. In addition, a low-
complexity log-likelihood ratio (LLR) based detector is provided for proposed scheme
and an upper bound for the ABEP is derived. Furthermore, a diversity analysis is
performed, and an optimum rotation angle selection strategy is presented. Error
performance comparisons between the proposed and benchmark schemes are pre-
sented through comprehensive computer simulations under perfect and imperfect
channel state information (CSI).

These aforementioned contributions are considered as two journal papers. CI-
OFDM-PIM has been published in the Institute of Electrical and FElectronics En-
gineers (IEEE) Communication Letters. CI-OFDM-RIQIM has been submitted to
IEEFE Transactions on Wireless Communications.

Notations: Bold, lowercase and capital letters stand for vectors and matrices,
respectively. ()%, (\)T, and diag(-) are used for Hermitian, transposition, and di-
agonalization operations, respectively. Iy.n refer to N x N identify matrix. The
determinant and rank of a matrix is represented by det(-) and rank(-), respectively.
X ~ CN(0,0%) denotes the distribution of a circularly symmetric complex Gaus-
sian random variable X with variance ¢%. Binomial coefficient is represented by
(1)- Il E{-}, and |-] are used for Euclidean norm, expectation, and floor function,

respectively.
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Chapter 2

ORTHOGONAL FREQUENCY DIVISION
MULTIPLEXING WITH INDEX MODULATION

In this chapter, system model and a literature review for OFDM-IM are pre-

sented, respectively.

2.1 System Model of OFDM-IM

OFDM-IM is based on an OFDM transmission system with /N number of subcarriers
as seen in Fig. 2.1. A total number of m bits enter the transmitter and those are
separated into G' blocks, where each group includes m/G = p = p; + po bits, to
form a subblock with length n = N/G. For the creation of (th subblock x., first

p1 = [log, ()] bits determine the indices of the active subcarriers as:

ic = [iC<1)7 T 7i§(k)]> (2.1)

where ic(a) € {1,2,--- ,n}, a =1,--- ,k, and k is the number of active subcarriers.

Secondly, modulated data symbols are determined by p, = klog, (M) bits as:

8¢ = [SC(1)7 e >SC(k)]> SC(O‘) €S (2'2)

where § is the M-ary signal constellation that is normalized to unity and M is
the modulation order. Then, x. is created by considering ir and s.. Finally, after
applying the same steps to all subblocks and concatenating them, whole OFDM

block is created as:

x = [x{x; - X¢] (2:3)
= [z(1) - z(N)]

Subsequently, the time domain signal is obtained by taking inverse fast Fourier

Transform (IFFT). After adding cyclic prefix (CP) with length L to the beginning of
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p1bits _ Index i 1) o X
g Selector ” d ”
P bits
Symbol s1 a(2) X(2)
- > Selector
P2 bits
. . : OFDM : . : CP
bit : : . :
s N Block R & —>
phtter Creator P/S
Pibits Index i
” Selector
P bits
Symbol s¢ z(N) X(N)
- > Selector ” 4 ”
P2 bits

Figure 2.1: Block diagram of the OFDM-IM transmitter.

the OFDM frame and employing parallel to serial (P/S) and digital/analog transfor-
mation, the time-domain OFDM signal is transmitted through a T-tap frequency-
selective Rayleigh fading channel whose elements follows circularly symmetric com-
plex Gaussian random variables with the CA/(0,1/T). At the receiver side, after
removing CP, FFT and deinterleaver are applied to obtain the frequency domain
signal. Consequently, the equivalent input-output equation for the (th subblock in

the frequency domain can be indicated as:
Ye = Xghg + ne, (24)

where X, = diag(x¢), y¢, he = [he, -+, hen], and ng = [ng1, -+ ,nen]* are the
transmitted signal, received signal vector, channel coefficients, and noise vector for
the corresponding (th subblock, respectively, where h, ~ CN(0,1), n. ~ CN (0, Ny),
e=1,---,N, and Ny is the noise variance.

The maximum-likelihood (ML) detection can be employed to detect the ¢*! sub-
block by utilizing the set X = {x1,Xa, -+ , X2 } which contains all possible subblock

realizations:

x¢ = arg min [y — Xche|”. (2.5)
X<€X
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Since information bits are more preserved against fading when they are trans-
mitted by IM rather than classical M-ary PSK/QAM modulation, OFDM-IM shows
superior error performance over the conventional OFDM. Moreover, OFDM-IM at-
tracts much attention in the literature due to its several advantages such as high

flexibility and implementation simplicity.

2.2 A Literature Review on OFDM-IM

OFDM-IM is a promising multicarrier transmission scheme and has attracted the at-
tention of researchers due to numerous benefits such as flexibility and simplicity. To
further enhance the flexibility, OFDM with generalized IM (OFDM-GIM), in which
the number of active subcarriers in a subblock is no longer fixed, is proposed in [Fan
et al., 2014]. In addition, the spectral efficiency of OFDM-IM has been improved by
OFDM with in-phase/quadrature IM (OFDM-IQ-IM) [Zheng et al., 2015] where IM
is performed on in-phase and quadrature components independently, doubling the
number of IM bits. Moreover, OFDM with subcarrier number modulation (OFDM-
SNM) is proposed in [Jaradat et al., 2018], where the number of the active subcarriers
in a subblock is determined by incoming data bits, resulting in an enhanced spec-
tral efficiency. Additionally, a block interleaver is employed in the subcarrier-level
in [Xiao et al., 2014] to improve the error performance of OFDM-IM. Furthermore,
many schemes have been proposed to address the diverse requirements of 5G services
such as improved reliability, higher spectral and energy efficiency, and low complex-
ity, by utilizing the flexibility of IM. For example, OFDM with hybrid number and
IM (OFDM-HNIM) [Jaradat et al., 2020] and sparse-encoded codebook IM (SE-
CBIM) [Arslan et al., 2020] are introduced to meet the requirements of different 5G
services such as massive machine type communications (mMTC) and ultra-reliable
low-latency communications (URLLC), respectively. Due to its simple and flexible
structure, OFDM-IM can be combined with several emerging wireless communi-
cation systems such as multiple-input multiple-output (MIMO) [Basar, 2016, Lu
et al., 2018, Chen and Zheng, 2018, Wang, 2021], non-orthogonal multiple access
(NOMA) [Tusha et al., 2020, Chen et al., 2020, Dogan et al., 2019, Arslan et al.,
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2020, Sahin and Arslan, 2020], joint radar communication [Sahin et al., 2021}, and

optical communication systems [Azim et al., 2020, Bagar and Panayirci, 2015].

2.2.1 OFDM-IM Based Multiple-mode Schemes

Due to its de-activated subcarriers, it is challenging for OFDM-IM to provide high
spectral efficiency. With this purpose, dual-mode aided OFDM (DM-OFDM) is
proposed in [Mao et al., 2016], where null subcarriers are modulated by a secondary
distinguishable constellation to transmit data symbols. The authors in [Mao et al.,
2016, extend the work in [Mao et al., 2016] to a generalized form by varying the
number of subcarriers modulated by the same mode. To further increase the num-
ber of bits transmitted by IM, multiple-mode OFDM-IM (MM-OFDM-IM), which
exploits multiple signal constellations and their full permutations to perform IM,
is proposed in [Wen et al., 2017]. MM-OFDM-IM is generalized in [Wen et al.,
2018], where the size of the constellations can be different from each other while the
number of bits transmitted via IM remains unchanged. Q-ary MM-OFDM-IM ( Q-
MM-OFDM-IM) is proposed in [Yarkin and Coon, 2020], where each subcarrier is
modulated by Q disjoint M-ary constellations repeatedly and a maximum-distance
separable (MDS) code is utilized in the indices of these constellations, resulting in a
higher number of index symbols. Furthermore, OFDM implementations with MDS
amplitude and phase modulation (MDS-APM) and MDS in-phase and quadrature
modulation (MDS-IQM) are given in [Yarkin and Coon, 2022]. Super-mode OFDM-
IM (SuM-OFDM-IM) [Dogukan and Basar, 2020], which jointly determines mode
activation patterns (MAPs) and subcarrier activation patterns (SAPs) is proposed to
further increase the number of information bits transmitted by IM. OFDM with set
partition modulation (OFDM-SPM), which differentiates subsets in a set partition
by distinguishable constellations to achieve better error performance, is proposed in
[Yarkin and Coon, 2020]. In addition, OFDM with transmit diversity (OFDM-TD),
where null subcarriers are activated to convey the same information with active
subcarriers by utilizing multiple constellations, is proposed in [Zheng and Chen,

2017]. Since all subcarriers are activated, these schemes can achieve higher spec-
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tral efficiency values compared to OFDM-IM. Therefore, they can be considered as
candidate schemes for future enhanced mobile broadband (eMBB) services such as

augmented /virtual reality (AR/VR).

2.2.2  Diversity Achieving OFDM-IM Based Schemes

To combat multi-path fading in wireless communication systems and provide bet-
ter reliability, numerous OFDM-IM-based schemes, which yield additional diversity
gain, are proposed in the literature. Repeated IM-OFDM (ReMO), which transmits
the same data symbol over the activated subcarriers to achieve a transmit diversity,
is proposed in [Van Luong et al., 2018]. Moreover, coded OFDM-IM is incorpo-
rated with a simple transmit diversity scheme to enhance the error performance of
OFDM-IM [Choi, 2017]. Coordinate interleaved OFDM-IM (CI-OFDM-IM) [Basar,
2015] transmits the real and imaginary parts of the data symbols over different sub-
carriers and provides a diversity order of two. Another novel scheme called OFDM
with power distribution IM (OFDM-PIM) that provides additional diversity gain
by conveying data symbols through two subcarriers with high and low power levels,
is introduced in [Dogukan and Basar, 2020]. In [Thanh et al., 2018], repeated IM-
OFDM with CI (RIM-OFDM-CI) is proposed, where data symbols from different
clusters are coordinate interleaved. Furthermore, the same indices of subcarriers
in both clusters are exploited to transmit the coordinate interleaved data symbols
resulting in improved detection of index bits. It has been demonstrated that RIM-
OFDM-CI provides a better error performance than OFDM-IM and CI-OFDM-IM
at the same spectral efficiency. In [Le et al., 2021}, the authors extend their work
in [Thanh et al., 2018] by optimizing the rotation angle for the signal constella-
tion with detailed theoretical analysis and developing low-complexity detectors to
reduce receiver complexity. A comparison for the aforementioned OFDM-IM based
schemes in terms of the ML detection complexity, BER performance, and spectral
efficiency, is given in the Table 2.1. Furthermore, a comprehensive survey about

OFDM-IM-based schemes is presented in [Mao et al., 2018].
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Table 2.1: Comparison of the OFDM-IM Based Schemes in terms of the ML Detec-
tion Complexity, BER Performance, and Spectral Efficiency

System ML Detection Complexity | BER Performance | Spectral Efficiency

OFDM-IM Medium Low Low
OFDM-GIM Medium Medium Low

OFDM-IQ-IM Medium Medium Medium

OFDM-SNM Medium Low Medium
OFDM-HNIM Medium Low Low
DM-OFDM High Medium High
MM-OFDM-IM High Medium High
SuM-OFDM-IM High High High
ReMO High High Low
CI-OFDM-IM High High Low

OFDM-PIM High High Medium
RIM-OFDM-CI High High Low
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Chapter 3

COORDINATE INTERLEAVED OFDM WITH POWER
DISTRIBUTION INDEX MODULATION

Despite the remarkable improvements in the literature, there is still an obvious
necessity for OFDM-IM-based waveform designs that can provide superior error
performance to provide needs of future wireless communication services such as
eMBB applications.

CI-OFDM-PIM is a novel OFDM-IM based transmission scheme which provides
a diversity gain that is equal to the subblock size due to its clever SAP selection
strategy, coordinate interleaving, and power distribution. Thus, since CI-OFDM-
PIM can provide a higher diversity order compared to the OFDM-IM based schemes,
it shows a superior BER performance.

In this chapter, the system model, performance analysis including optimization,

and simulations results of CI-OFDM-PIM are given, respectively.

3.1 System Model of CI-OFDM-PIM

CI-OFDM-PIM is based on an OFDM transmission system with S number of sub-
carriers as seen in Fig. 3.1. A total number of m bits enter the transmitter and
those are separated into G blocks, where each group includes m/G = p = p; + po
bits, to form a subblock with length N = S/G, where N is an even number and
greater than 2. Since the same process is applied to all subblocks, we present the
creation of gth subblock ¢,, g = [1,---,G]. For the sake of simplicity, we re-
move the subscript g. The block diagram for the generation of the gth subblock
is given in Fig. 3.2. Firstly, p; = (N/2)log,(M) bits determine the N/2 data
symbols x = [xq, - ,xN/Q]T € CN/?, where M is the modulation order. Constel-

lation rotation, which is a must to obtain a diversity gain and increase the cod-
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Figure 3.1: Transceiver architecture of CI-OFDM-PIM including single-symbol ML

detector.
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Figure 3.2: The block diagram of the creation of the gth subblock of CI-OFDM-

PIM.

ing gain, is a significant component of a coordinate interleaving-based transmission

schemes [Khan and Rajan, 2006]. The nth element of x is rotated with an angle 0,

n=1,2--- N/2, and the rotated data symbol vector is obtained as:

0

_ 6 6
X = [Ilej L wpe? y TN/2

= [j17f27"'7

9_5N/2]T

ej9N/2]T

(3.1)

After this, CI is applied to x? and coordinate interleaved data symbol vector is

obtained as:

S

SN/2-1

S1

59

N/2 |

Ty + )T,

Ty + )T

TR R E

| T o + TN

(3.2)
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Here, two power levels are specified as Py (high) and P, (low) for the subcarriers
with high and low power, respectively, where Py > Pp and Py + P;, = 2 since the
average power of a subcarrier is normalized to unity, i.e., F{c'c} = N. Then,
p2 = log,y(N) bits determine the SAP v = [vy,v9,- -+ ,on]T, v, € {1,--- N}, x =
1,2,--- ,N. Note that the method for creating SAPs and the reason for using only
N SAPs to convey bits are given as a remark in the following. The first half and
second half of v represent the indices of subcarriers with high power and low power
as vy = [v1, -+, unp)t and v = [Unj241, -+, UN]T, respectively. As aresult, a total
number of p = p; + p2 = (N/2)log, (M) + log,(NN) bits can be conveyed for each
subblock. After that, the coordinate interleaved data symbol vector is multiplied
with /Py and /Py, then high and low power data symbol vectors are obtained
as st = \/Pys and s = \/P;s, respectively. Finally, the entries of s and s are
placed into the target subblock ¢ with the entries of vy and vy, respectively. The
selection strategy of Py, Pr, and 8 = [0, - - - ,QN/Q]T is discussed in the Section III.

Remark (SAP Creation): The minimum distance of a set Z of codewords with
length N, is defined as d = min,, ,yez » 22, d(21, 22), Where d(z1, 22) represents the
Hamming distance between z; and z,. In a @-ary block code of length N, and
minimum distance d, the number Ag(NV,, d) indicates the maximum number of pos-
sible codewords. Here, Singleton bound states that Ag(N.,d) < Q™-=4*1 [Singleton,
1964]. In the proposed method, all possible SAPs can be considered as codewords in
a N-ary block code of length N. To provide a diversity order of N, d should be se-
lected as N; hence, a total QVe=4t! = NN-N+1 — N number of SAPs can be utilized
for the transmission of index bits according to the Singleton bound. There are a total
number of 2P2 = N possible SAPs. The first SAP is given as (v); = [1,2,--- ,N|T
and pth SAP (v), can be obtained by circularly shifting (v); with  — 1 elements.

For simplicity, we provide an example below for the creation of a subblock.
Ezample: Assume that N =4, ps = [00], s = [s1 s9]T, and all possible SAPs can be
obtained as in Table 3.1. There are N = 4 possible v = [v,Vvi]T vectors and the

Hamming distance between each v pair is N = 4. According to incoming ps = [0 0]

bits, vy = [1,2]T and v, = [3,4]T. With these parameters, the example subblock is
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Table 3.1: The subcarrier indices according to incoming ps bits for N = 4.

ps bits | vL | vi c’
[00] | [1,2] | [3,4] | [sf's8 st s%]
01] | [4,1] | [2,3] | [s5's{sEst]
[10] | [3,4] | [1,2] | [s7sysi'sy]
[11] | [2,3] | [4,1] | [s5si'sy s]]
created as:
c = [sy,s5,s7,55]", (3.3)

where s? = \/Pgs, and s = \/Pps, represent the coordinate interleaved data
symbols with high and low power, respectively, and a = 1, 2.

By following the same steps for all subblocks, the whole OFDM frame is gen-
erated. Then, a block-type interleaver is applied as in [Bagar, 2015]. After taking
inverse fast Fourier transform (IFFT) and inserting cyclic prefix (CP) with length
Scp, the time-domain signal is obtained and transmitted over T-tap frequency selec-
tive Rayleigh fading channel whose elements follow CA/(0,1/T) distribution. At the
receiver side, after removing CP, FFT and deinterleaver are applied to obtain the
frequency domain signal. The equivalent input-output equation for the gth subblock

in the frequency domain can be indicated as:
Yo = Cghy + wy, (3.4)

where y,, hy = [hg1,- -+, hyn]T, and wy, = [wy1, - ,w, n|T are the received signal
vector, channel coefficients, and noise vector for the corresponding gth subblock,
respectively, where h. ~ CN(0,1), w. ~ CN(0,Np), ¢ = 1,--- /N, and C, =
diag(c,). We define the signal-to-noise (SNR) ratio as I' = E, /Ny, where E}, = (S +
Scp)/m is the average bit energy. In order to detect the gth subblock, the maximum-

likelihood (ML) rule can be applied by employing the set {cy,ca,- -+, cor } € C which
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consists of all possible subblock realizations:
¢, = argmin|ly, — Cyh, | (3.5)
cyeC

The number of metrics calculated in (3.5) is NM™/2 and therefore, the ML
detector becomes significantly complicated for high values of N and M. The number
of metrics calculated for detection can be reduced by exploiting single-symbol ML
decoding property of coordinate interleaved orthogonal designs (CIODs) as in [Basar,

2015]. For the gth subblock, (3.4) may be rewritten without losing generality as

follows:
(71 C1 hy Wy
= + (3.6)
YN cn | | hw WN
For each realization of (v), = ([viVvi]),, p=1,---, N, N equivalent channel

models can be obtained for each pair of (x,,x3) by the ML detector as:

va;a—l hi(}—l 0 O 0 0 _h£20(—1 0 0 x(DéH,R) wi{?a—l
y1€2a_1 h/lI}QQ—l O O 0 O }Lim—l 0 O xéH7I) 1{2()—1
Yl 0 —hl, 0 0 hE 0 0 0 2R wl
(L)
Your | _ | O R0 0 AL, 0 0 0 M wl
yf;ﬁq 0 0 hfmq 0 0 0 0 _hizﬁq x,(BH,R) wURQﬁ 1
(H.I)
yT{zﬁ—l 0 0 hiw—l 0 O O O hfiﬁ—i xﬂ w7€2/3—1
vk, 0 0 0 —hl, 0 0 K0 z wh
I R I (L,1) I
[ vh, ], L0 0 0 AR 0 B N £l I
(3.7)
where x, = [zl 22", v € {a, 8}. We can rewrite (3.7) as:
(¥e)u =(He)uXe + (We),
=[(He1)u (Heo)u]Xe + (We)y, (3.8)

where £ = 1,2,--- ,N/4, a = 2§ — 1 and 8 = 2¢. Since the columns of (Izlg)u are

orthogonal, single symbol ML decoding can be applied and for each (v),, realization,
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the ML decoder computes the following metrics as:

N/4
A) = 37 (min (9, — (Hep)ul* + min | (5), — (Heo),sl?). (39)
e=1

where X, = [x,(YH’R)x(yH’I)ng’R)x(VL’I)]T. Here, firstly, activated SAP (v); is determined

by using /1 = argminA(u). Then, data symbols are decoded by using the following
m

rules:

Fo = min||(¥e)s — (He)p%al?

Lo

Tp = min [|(¢)a - (He2)a%s]*. (3.10)
The same process is performed to detect SAPs, (v)z,, -+, (V)u,, and data sym-
bols, X1, -+ ,Xg, of all subblocks, X = 21, ,Zn/2|". Thanks to single-symbol ML

detection, the number of metrics calculated for decoding decreases from NMN/? to

(N/2)NM.

3.2 Performance Analysis and Optimization

In this section, we obtain an upper bound on the BER of CI-OFDM-PIM system
under the assumption of ML detection. As in [Basar et al., 2013], ABEP of CI-
OFDM-PIM can be obtained as:

A

1 N
P, = T ZP(C — Ce(C, C), (3.11)
c.c
where ¢(C, C) is the number of erroneous bits when C is transmitted; however, C is
incorrectly detected and P(C — C) is the pairwise error event for the corresponding

pairwise event and given by

P(C 5 €) ~ 1/4 1/12

~ det(Ty + (1/3)D)  det(Ly + (1/4)D)’ (3.12)

where D = (C — C)¥(C — C) is the N x N difference matrix.
In order to investigate the diversity order of CI-OFDM-PIM, two cases are con-

sidered: (1) detecting index bits erroneously and (2) detecting single or multiple

data symbols under the condition of detecting index bits correctly. For case (1),
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Figure 3.3: MCGD variation with respect to P and 6 for 4-QAM and 8-QAM
constellations, respectively.

assume that p, = [00], v = [1,2,3,4]T, bits are transmitted; nonetheless, [01] bits,
v =[4,1,2,3]", are decoded incorrectly from Table 3.1. As seen from this example,
the Hamming distance between v and v is NV = 4. This result is valid for all other
pairwise (v, V) events and it can be concluded that the diversity order is always 4
for case (1). For case (2), assume that ¢ with data symbols (Z1, Z), is transmitted,
and ¢ with (Z1,Z»), is decoded erroneously with a single symbol error (To — ).

This pair (c,¢) is given as:
c = [(@' +jz)", (25 + jan)", (@1 + jwa)" (@ + je) "]
¢ = [(@ + )", (& +j3)", (@ + j2a) ", (35 + j31) "] (3.13)

As seen from (3.13), only one symbol error causes changes over all subcarriers
that resulting a diversity order of r = N = 4, where r = rank(D). Consequently,
when non-zero and different rotation angles [0y, - ,6n/2] are selected, we provide
minqé(r) = 4 which demonstrates that the diversity order of the proposed system
is 4. By induction, the extension of cases (1) and (2) is valid for any value of N;
hence, a diversity order of /N is always provided.

The rotation angles @ and power levels (Py, Pp) affect the non-zero eigenvalues
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of D being A\¢, ( =1,2,--- , N, and as a consequence the ABEP. For simplicity, we
define a single power level P, 0 < P < 1, and rotation angle 6, where Py = 2 — P,
P;, = P, and 6, is calculated with respect to 6 as discussed in the sequel for n =
1,---,N/2. We consider the worst case pairwise error probability (PEP) events to

obtain the optimum # and P values as:
(eoptv Popt) = arg %%Xémin' (314)

Here, dmin = ming ¢ Hévzl A¢ is the MCGD, which is a significant parameter for the
minimization of (3.12). Due to a joint search over all possible P and 6,, values is
not practically feasible, we propose a heuristic and near-optimal solution to find 0,y
and P, as follows. Since quadrature amplitude modulation (QAM) constellation
repeats itself every 90°, we divide 90° into N/2 parts. In this case, we define the
nth rotation angle as 6,, = 6 + 180(n — 1)/N, 0 < 8 < 90/N, n=1,--- ,N/2. For
example, as seen from Fig. 3.3, (Oopt, Popt) can be obtained by exhaustive search
as (8.5°,0.45) and (8°,0.40) for 4-QAM and 8-QAM, respectively, when N = 4.
Here, the step sizes for (Oopt, Popt) are (0.5,0.05). For higher values of M and N,
carrying out an exhaustive search over all possible (C,C) pairs is not practical.
In this case, O, is evaluated for C € {C'} and C € {C!, C?}, where C' =
diag([s, s, st sZ]T) and C? = diag([sh, sk, s, sl]T) are baseline worst case error
events for N = 4. Here, two PEP events are considered: i) (C' — C!): correct SAP
with single erroneous data symbol, ii) (C! — C?): detecting SAP as N/2 circularly

shifted version of it with correct or erroneous data symbols.

3.3 Simulation Results and Comparisons

In this section, simulation results are demonstrated to compare CI-OFDM-PIM
with benchmark schemes, given that the system parameters are S = 128, Scp = 16
and T' = 10 tap Rayleigh fading channel whose elements are independent identically
distributed (i.i.d.) complex Gaussian distributed random variables. For convenience,
we will refer to ”OFDM-IM (N, v)” as OFDM-IM scheme with v out of N subcarriers
are active, ”’DM-OFDM (N, v)” as DM-OFDM scheme where v out of N subcarriers
exploits the primary M-ary PSK(or QAM) constellations, ”SuM-OFDM-IM (M,
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Figure 3.4: Error performance comparison of CI-OFDM-PIM with benchmark
schemes when N =4 and M = 4 for a spectral efficiency of 1.5 bps/Hz.

Q)" as SuM-OFDM-IM scheme with ¢ symbols included in each M mode, ”CI-
OFDM-IM (N, v)” as CI-OFDM-IM scheme with v out of N subcarriers are active,
"OFDM-PIM (N, P)” as OFDM-PIM scheme with N subcarriers and optimum
power of P, ”RC-OFDM (n)” as RC-OFDM scheme with a repetition rate of n and
"CI-OFDM-PIM (N)” is the proposed CI-OFDM-PIM scheme with N subblock
length. Optimum angle and power level for the CI-OFDM-PIM is determined based
on the selection strategy discussed in the Section III.

As seen in the Fig. 3.4, theoretical BER curve, which is obtained by (3.11),
acts as an upper bound for CI-OFDM-PIM. Furthermore, CI-OFDM-PIM provides
approximately 6 dB gain over CI-OFDM-IM and OFDM-PIM due to its higher
diversity gain at a BER value of 107 when N = 4, M = 4, and the spectral
efficiency is 1.5 bps/Hz.

In Fig. 3.5, the error performance of CI-OFDM-PIM is compared with classical
OFDM, OFDM-IM, DM-OFDM, SuM-OFDM-IM, CI-OFDM-IM, OFDM-PIM, and
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Figure 3.5: Error performance comparison of CI-OFDM-PIM with benchmark
schemes.

RC-OFDM by using the ML detector. As seen from Fig. 3.5, CI-OFDM-PIM
outperforms the other schemes in terms of error performance. At a BER value of
10~?, CI-OFDM-PIM achieves approximately 6 dB gain over the closest rivals, which
are CI-OFDM-IM, OFDM-PIM, RC-OFDM, and SuM-OFDM-IM.

Moreover, the error performance gap between CI-OFDM-PIM and the schemes
with diversity order of 2 further extends as the SNR value increases thanks to its

higher BER vs SNR slope caused by diversity order of 4.
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Chapter 4

COORDINATE INTERLEAVED OFDM WITH
REPEATED IN-PHASE/QUADRATURE INDEX
MODULATION

OFDM-IM attracts much attention in the literature due to its several advantages
such as high flexibility and implementation simplicity. Nonetheless, OFDM-IM can-
not satisfy needs of future wireless communication services such as, superior relia-
bility, high data rates, and low complexity. Thus, waveform designs which enhance
the error performance and the spectral efficiency of OFDM-IM, should be designed.

CI-OFDM-RIQIM which is a novel OFDM-IM based system, provides a superior
error performance and enhanced spectral efficiency compared to OFDM-IM due
to its diversity order of two and clever SAP detection mechanism. Therefore, CI-
OFDM-RIQIM is capable of providing a remarkable gain over OFDM-IM based
tranmission schemes.

In this chapter, the system model including a low complexity LLR detector,
performance analysis, and simulations results of CI-OFDM-RIQIM are presented,

respectively.

4.1 System Model of CI-OFDM-RIQIM

CI-OFDM-RIQIM is an OFDM-based transmission system including a total number
of N subcarriers. As seen from Fig. 4.1, a total number of B bits enter the
system and these bits are then split into G groups of b bits, b = B/G. Each
group of b bits is exploited to create an CI-OFDM-RIQIM subblock with size Ng =
Nr/G, where N is an even number and greater than 2. Moreover, each subblock
is divided into two clusters of length No = Ng/2. It is sufficient to investigate

the formation of the £™ subblock s, since the same processes are performed to
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constitute each subblock, where {& = 1,---,G. For the creation of s¢, b bits are
separated into two groups with by and b, bits. Firstly, by = 2K log, M bits determine
the ™ data symbol vector x¢ = [z¢1, -, Tear)’, Ten € MO, k= 1,--- 2K,
where K and M? are the number of active subcarriers in a cluster and M-ary
constellation rotated by an angle 6, respectively. Note that constellation rotation
is a must to harvest diversity in CI-based schemes [Khan and Rajan, 2006]. Then,
X¢ is split into two parts: X¢ = [ze1, -, Ze x| and X7 = [Te oy, , Teak], Xe =
[(x¢)", (x¢)T]" and the real and imaginary parts of these vectors are obtained as
x% = xél’%) + jxél’j) and xg = xég’m) + jx?’j). Secondly, by using combinatorial
method or a look-up table [Basar et al., 2013], the A*" subcarrier activation pattern
(SAP), ip = [igy,- - it g)", i3 €{1,--- ,N}, k=1,--- | K, is selected by by/2 =
llog, (7€) ] bits, where A = 1,2. Here, a total number of by = 2|log, ()] bits

are transmitted via the selected SAPs (i%, 12) Subsequently, the entries of x(:f)
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and x(29)

are inserted into the first cluster ¢ = [cg,,- -+, ¢ y.] with the entries of
i; and i, respectively. Moreover, the entries of x* and x(ID are inserted into
the second cluster ¢ = [¢f, -+ ,cZ y,] with the entries of if and i, respectively.
Then, the £ subblock is obtained as s¢ = [(cg)", (c)T]" = [s¢1, -+, se.ng] T, where
Sequ € {0, MO 5 MED MY, p=1,---,Ng, M@ and M@ are the real and
imaginary parts of the rotated constellation M?, respectively. Additionally, M
is a MZ2-ary constellation whose each element is in the form of 2" + jx3, where

2% e MO and 23 € M@, Hence, the number of bits transmitted by the &%
CI-OFDM-RIQIM subblock is expressed as:

b= 2Klog2M+2{log2 (%)J (4.1)
Finally, by concatenating all subblocks, the overall transmitted OFDM symbol is
obtained as sp = [s,- -+ ,s&]T. Note that in this scheme, CI is not directly applied
to the data symbols as in [Basar, 2015]; however, after placing the data symbols into
the subblock, a number of data symbols might be coordinate interleaved.

For better illustration, we provide a mapping example for the creation of all
subblocks with specified parameters. Since the same processes are applied for each
subblock, we remove the subscript £ here. Assuming No = 4, K = 2, Ng = 8, all
possible subblocks are presented in Table 4.1.

After forming the overall OFDM symbol by repeating the same procedure for all
subblocks, a block-type interleaver is employed as in [Bagar, 2015]. The time domain
signal is acquired by taking inverse fast Fourier Transform (IFFT). After adding
cyclic prefix (CP) with length L to the beginning of the OFDM frame and employing
parallel to serial (P/S) and digital/analog transformation, the time-domain OFDM
signal is transmitted through a T-tap frequency-selective Rayleigh fading channel

with channel impulse response (CIR) coefficients
hy = [hr(1) - he(T)]", (4.2)

where hr(B),5 = 1,---,T follows circularly symmetric complex Gaussian random
variables with the CN(0,1/T).
At the receiver part, to obtain the signal in the frequency domain, first the CP

is removed, and then FFT and deinterleaving are exploited. Finally, the equivalent
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Table 4.1: All CI-OFDM-RIQIM Subblock Realizations For No =4 And K = 2.

First Second | 2*(iY)T | 2*(i%)T Subblock (sT)

by/2 Dbits | by/2 bits 51 So S5 S4 S5 86 S7 S8
{00} {00} [13] 3] | af +j23 0 T3+ ja] 0 3 + jad 0 T} + jad 0
foo} | {o1} | [13 | [24] a j3 a3 jzi Ji ) j3 a3
{00} {10} [13] [14] | a2+ ja3 0 R jad 3 + jad 0 jas T}
{00} {11} [13] 23] 2y jag o3 + ja] 0 jai 3 T} + ja3 0
{01} {00} [24] 13 ja3 P ja3 a5 3 jad 3 jr3
{01} {01} [24] [24] 0 2+ jad 0 3+ ja] 0 a} + ja] 0 ] + ja3
{01} {10} [24] [14] ja3 o} 0 3+ jag e jai 0 o} + jay
{01} {11} [24] 23] 0 P + jay jzi Ty 0 a} + ja] xy ja3
{10} {00} [14] 3] |2+ ja3 0 jal 3 o3 + jai 0 o ja3
oy | oy | ng | e | @ | 4 0 |@+ad| g | & 0 |ad+iod
{10} {10} [14] 14] |2+ jad 0 0 P + gz | 2} + jzi 0 0 3 + jz3
oy | 0y | ng | gy | & | i@ | @ | & | i | @ | & | i
(1 | 00 | 23| 03 | ga | @ || o @ | gl |aead| o
gy | on | Ry | 4| o |@emd| & | s | 0 |@+sd] 8 | o
{11y | {10} | 23 | [14] ja3 af a3 j3 3 ji J3 g
{11} {11} 23] 23] 0 2P+ jad | 23 + ja] 0 0 a2} + jad 0 3 + ja3

input-output relationship corresponding to £ in the frequency domain can be given

by
yg = Sghg + 1’157 (43)

where S, = diag(s¢), ye¢, he, and ng represent the transmitted signal, received
signal vector, channel coefficients, and noise samples vector corresponding to the &%
subblock, respectively. The distributions of the elements of ng and hg are CN (0, Ny)
and CN (0, 1), respectively, where N is the noise variance.

The maximum-likelihood (ML) detection can be performed to detect the £ sub-
block by utilizing the set S = {s1,82, -, S} which contains all possible subblock

realizations:
¢ — arg min|lye — Sehe® (4.4)
S¢ €S

Since the ML detector searches for all possible of SAPs and data symbols in a
exhaustive manner, it becomes unfeasible to exploit this detector for higher values of
Ng, K, and M. Thus, we also present an LLR-based detector for CI-OFDM-RIQIM

to reduce the detection complexity.
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4.1.1  Low-Complexity LLR Detector for CI-OFDM-RIQIM

The proposed LLR detector aims to detect the CI-OFDM-RIQIM symbol subblock-
by-subblock. For simplicity, we remove the subscript &.

The inputs of Algorithm 1 are given as follows:

e New received signal vector that is equalized by zero-forcing (ZF) equalizer:

y: [glv'” JgNs]Ta g,u:y,u/h,uvﬂ:lf" 7NS-

e Four different constellation sets: M; = {M@™ M*} My = {MED M},
Mz = {MOI M}, and My = {ME@ M’} where M* and M’ are the M>-
ary constellations whose elements are in the form of zJ' + jz3 and 23 + jz7,

respectively, (z1,25) € MC.
e A set including all legal SAPs: Z = {iy, -+ ,ig/2}
e Noise variance: Nj.
The major steps of Algorithm 1 are discussed as follows:

1. The log-likelihood (LL) value of the ¢'® subcarrier being a symbol from the

constellation set M; and being null, is calculated at lines 3 and 4, respectively.

2. The LL value of the (c+ N¢)™ subcarrier being a symbol from the constellation

set My and being null, is calculated at lines 5 and 6, respectively.

3. The LL value of the c*" subcarrier being a symbol from the constellation set

M3 and being null, is calculated at lines 7 and 8, respectively.

4. The LL value of the (c+ N¢g)™ subcarrier being a symbol from the constellation

set My and being null, is calculated at lines 9 and 10, respectively.

5. The calculated LL values are combined between lines (11-14). Note that
Ax(x,c) is the element located in the y*® row and ¢*® column of the matrix

Ay, A =1,2.
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Algorithm 1 Low-Complexity LLR-Based SAP Detector for CI-OFDM-RIQIM
Input: y, No, My, Mo, M3, My, T

Output: i2

1: for c=1 to N¢ do

2 for y =1 to M? 4+ M do

B A%y = RO - Mo

L . G

o Ay = EEEE P (NG + o) - Ma()l?
6 Aoy = ——‘ SR (Ne + o)

7 Ay = ‘hNO‘ | I(e) = Ms(x)?

8 Aglz - _M| 7( )|2

9 ARy = ~ PG R (NG + ) — Ma (I
10: A?; o) = M\_m(]\fc +¢)|?

11: Ai(x,c) = Al 1y — Al o) + ALy — Alog)
12: Ai(x,¢) = Ai(x, ) +log(K) — log(N¢ — K)
13: As(x;c) = A(1 1) A(1,2) + A?;,U - Aé,z)
14: As(x,c) = As(x, ¢) +log(K) —log(Ne — K)
15: end for

16: 2 =A(1,0)

17 Ey = As(L,0)

18: for y = 2 to M? + M do

19: 1 = log(1 + exp(—(Z1 — As(x; 9)]))
20: 2 = log(1 + exp(—|E2 — Az(x, 0)]))
21: 71 = max(Z1, A1(x,¢)) + 1
22: Ty = max(Za, Az(x, ) + 12
23: = =1
24: =0 =15
25: end for
26: Q(c) =51
27: Qs(c) = By
28: end for

29: for =1 to 2"2/2 do

30 QU(B) =32, Q(Zs(k))
3L 5(B) = 22, 2(Zp(k))
32: end for

33: il = Ty

34: 12 = Tpax(ay)
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6. The joint LLR value corresponding to the c' subcarrier of cluster 1 and 2 is

calculated between lines (16-27).

7. The LLR values are combined according to the legal SAPs between lines (29-
32). Note that Z(k) represents the k™ element of the 3" SAP.

~
0

8. The detected SAPs (i, i%) are provided between lines (33-34). Note that the

function maX(Q ) gives the index of the maximum value of Q.

After obtaining (il, i2), the equivalent model as in [Bagar, 2015] is exploited to
detect the k" data symbol corresponding to the A" half of the data symbol vector

x* as follows:

iy = min [y — Hyl2" 27717, (4.5)
xeMP

where y7 and Iuig are given in (4.6) and (4.7), repectively for A = 1, 2.

Y@k
A _ y? (i (k) L6
Yk yR(i* (k) + Ne) (4.6)
| y? ((Mk) + No) |
WG (k) 0 | I 0 W (i2(k))]
1 — h7 (i (k) A 0 T — A 0 h% (12 (k))
0 ~h? (i (k) + Ne) h®(i2(k) + N¢) 0
|0 h%(il(k) + No) | | h(i2(k) + No) 0 |
(4.7)

4.2 Performance Analysis

In this section, we derive the theoretical upper bound of the bit error probability
(BEP) for the proposed schemes. In addition, we analyze the diversity order of the
proposed schemes. Furthermore, an optimization strategy on the 6 value is given to

minimize the BER, resulting in superior error performance.
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4.2.1 Theoretical Upper Bound on BEP

In this subsection, an upper bound for the BEP of the proposed schemes is derived
by employing ML detection. By utilizing (4.4), the conditional pairwise error prob-
ability (CPEP) which can be defined as the probability of erroneously detecting S

while transmitting S conditioned on h, is expressed as:

P(S - $|h) = Q <\/§H(S—S)hu2>. (4.8)

2 2
e—2z%/3 e—T7/2

1 “5— into consideration, the

Then, by taking the approximation of Q(z) ~
unconditioned PEP (UPEP) can be derived as in [Bagar et al., 2013]:

P(S — S) = Eu{P(S — S|h)}
1/4 1/12

2 + , 4.9
det(Ing + 1 A)  det(Ing + p2A) (4.9)

where ¢1 = 1/3Ny, ¢ = 1/4Ny, and A = (S — S)H(S —S) is the N, x N, difference
matrix. Then, the BER of the CI-OFDM-RIQIM can be upper bounded by:

P < % zsj %:ms 5 8)e(S, ), (4.10)

where e(S, S) is the number of faulty bits when S is transmitted, but erroneously

A

detected as S.

4.2.2  Diversity Analysis

In this subsection, we investigate the diversity order of CI-OFDM-RIQIM by con-
sidering two cases: (a) erroneous detection of index bits while data symbols are
correctly decoded and (b) erroneous detection of single or multiple data symbols
while index bits are correctly decoded. For case (a), assume that subblock s with
the parameters (i')T = [1,3] and (i*)" = [1, 3] is transmitted; however, subblock §
with the parameters (i')T = [1,3] and (i%)T = [1,4] is erroneously decoded for the

given parameters No = 4 and K = 2 while data symbols are correctly decoded.
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This error event can be expressed as:

s— 8= [ +j23, 0,23 + jai, 0l + jui, 0,23 + jad, 0]

— [27' + j23, 0,23, jaj|ad + jx7, 0, ja3, 7). (4.11)

This specific example is the worst case event and provides a diversity order
of I' = 2, where I' = rank(A). For case (b), assume that subblock s with data
symbols (xy, x9, x3,14), is transmitted; however, subblock § with a single symbol
error (21, 9, T3,74), is erroneously decoded while indices (i')T = [1, 3] and (i?)T =

[1,3] are correctly detected, No = 4, and K = 2. This error event can be stated as:

s = § = [0+ ja3, 0,23 + jad, 0]z + jad, 0,27 + ja3, 0]

— [i"if +jx§, 0, x? +jxi, 0|x3m +j:i“?, O,xf —i—jxg, 0]. (4.12)

As seen from (4.12), even erroneous detection of a single data symbol causes
changes over two separated subcarriers and; thus, a diversity order of I' = 2 is
guaranteed. Eventually, the proposed schemes ensure ming g(I') = 2, which proves
that the diversity order of CI-OFDM-RIQIM and is 2.

Moreover, total numbers of error events that have a rank value of I' = 2, 3,4,5,6,7
and 8, are presented in Fig. 4.3 to give further insight about the performance of the
proposed scheme for Ng = 8 at a spectral efficiency of 1.25 bps/Hz. As it can be
concluded from from Fig. 4.3, CI-OFDM-RIQIM provides more error events with
I' = 8 compared to RIM-OFDM-CI and CI-OFDM-IM, resulting in superior error

performance.

4.2.83  Optimization

In this subsection, we find the optimum 6 value which minimizes the BER by search-
ing 0 values from 1° to 89°. with increments of 1°. Note that since quadrature am-
plitude modulation (QQAM) constellation repeats itself every 90°, we do not examine
beyond this angle. The angle that provides the lowest BER at a selected SNR value,
is selected as the optimum angle for the system. For example, as seen in Fig. 4.4,

with the given parameters N, = 4 and K = 2, the optimum 6 for CI-OFDM-RIQIM
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I C1-OFDM-RIQIM
6 | RIM-OFDM-CI
[ 1CI-OFDM-IM

Total Number of Error Events

Figure 4.3: Total number of error events with I' = 2,--- |8 for CI-OFDM-RIQM
and benchmark schemes.

system is obtained as 63° and 22° for 4-QAM and 8-QAM, respectively, when SNR
is fixed to 15 dB. Moreover, we use the proposed LLR detectors to find an optimum
rotation angle for higher modulation orders since it is not feasible to determine the
optimum angle by employing ML detection. For instance, 6 is obtained as 72° and

18° for 16-QAM and 64-QAM, respectively as seen from Fig. 4.5.

4.3 Simulation Results And Comparisons

In this section, CI-OFDM-RIQIM is compared with various OFDM-IM based refer-
ence schemes via computer simulations, given that all simulations are realized with
the system parameters of Np = 128, L = 16, and 7' = 10 tap Rayleigh fading chan-
nel. For the sake of simplicity, we will define "OFDM-IM (Ng,K,M)”, ”OFDM-1Q-
IM (Ng,K,M)”, ?CI-OFDM-IM (Ng,K,M)”, and "ReMO (Ng,K,M)” as OFDM-
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Figure 4.4: Optimum rotation angle search for 4-QAM and 8-QAM using ML de-
tector when SNR is fixed to 15 dB.
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Figure 4.5: Optimum rotation angle search for 16-QAM and 64-QAM using LLR
detector, when SNR is fixed to 15 dB.
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Figure 4.6: Error performance of CI-OFDM-RIQIM for the cases where ML and
LLR detectors are utilized at a spectral efficiency of 1.25 bps/Hz.

IM, OFDM-1Q-IM, CI-OFDM-IM, and ReMO schemes, respectively, where K out
of Ng subcarriers are activated in one subblock and M is the modulation order.
Moreover, we will refer to "RIM-OFDM-CI (N¢g,K,M)” and ”CI-OFDM-RIQIM
(Ne, K, M)” as RIM-OFDM-CI and CI-OFDM-RIQIM schemes, respectively, where
K subcarriers are active in one cluster with size Ng while M is the modulation
order. Note that optimum rotation angles for simulations of the proposed schemes
have been determined based on the optimization strategy explained in Section III.

As shown in Fig. 4.6, theoretical BER curve that are acquired by (4.10), is an
accurate upper bound for CI-OFDM-RIQIM. In addition, as seen in Fig. 4.6, the
proposed LLR detector for CI-OFDM-RIQIM have considerable close error perfor-
mance compared to the BER performance obtained by ML detector while having
reduced complexity.

As seen from Fig. 4.7, CI-OFDM-RIQIM provides superior error performance
compared to the benchmark schemes at a spectral efficiency of 1 bps/Hz. CI-OFDM-
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Figure 4.7: Error performance comparison of CI-OFDM-RIQIM with benchmark
schemes at a spectral efficiency of 1 bps/Hz.

RIQIM has approximately 3 dB, 5 dB and 17 dB SNR gain over RIM-OFDM-CI,
CI-OFDM-IM, and OFDM-IM, respectively, although less number of subcarriers are
activated in one cluster due to the increased number of transmitted IM bits.

In Fig. 4.8, the error performance of CI-OFDM-RIQIM and reference schemes is
investigated at a spectral efficiency of 1.25 bps/Hz. It is observed that CI-OFDM-
RIQIM outperforms all benchmark schemes in terms of error performance. Further-
more, CI-OFDM-RIQIM provides almost a 4 dB gain over the nearest benchmark
while utilizing a lower modulation order due to the doubled number of IM bits.

Fig. 4.9 shows an error performance comparison between the proposed and
benchmark schemes, where the subblock size is four. It can be deduced from Fig. 4.9
that, CI-OFDM-RIQIM show slightly better error performance compared to RIM-
OFDM-CI and CI-OFDM-IM while its spectral efficiency value is 14.3% higher.

In Fig. 4.10, CI-OFDM-RIQIM and the benchmark schemes are compared in
terms of BER performance when spectral efficiency is 2.75 bps/Hz, Ng = 8, and LLR

detectors are employed in all simulations. As seen from Fig. 4.10, approximately a 5
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Figure 4.8: Error performance comparison of CI-OFDM-RIQIM with benchmark
schemes at a spectral efficiency of 1.25 bps/Hz.
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Figure 4.9: Error performance comparison of CI-OFDM-RIQIM with benchmark
schemes.
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Figure 4.10: Error performance comparison of CI-OFDM-RIQIM with benchmark
schemes when at a spectral efficiency of 2.75 bps/Hz by utilizing LLR detectors.

dB gain over RIM-OFDM-CI and CI-OFDM-IM is provided by CI-OFDM-RIQIM at
a BER value of 107°. Furthermore, the same spectral efficiency is obtained by lower
modulation order in CI-OFDM-RIQIM, resulting in enhanced error performance.

Error performance of CI-OFDM-RIQIM for varying cluster sizes are investigated
using LLR detectors in Fig. 4.11 where the spectral efficiency is 2.5 bps/Hz. As
N¢ increases, higher rank values are obtained more frequently and this explains the
reason why CI-OFDM-RIQIM with higher subblock size outperforms other cases as
seen from Fig. 4.11.

While previous simulation results assume perfect CSI, the error performance
of the proposed and existing schemes which also provide diversity order of two, is
compared under the imperfect CSI conditions, in Fig. 4.12. For this, ML detection
is performed by estimating H = diag{hy, - - - , hx, } instead of the true H in (4.3) to

decode the transmitted signal as in [Van Luong et al., 2018]. It is assumed that
H=H+E, (4.13)
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Figure 4.11: Error performance comparison of CI-OFDM-RIQIM for varying pa-
rameters at a spectral efficiency of 2.5 bps/Hz.

where E = diag{ey, - ,eny} denotes the matrix of channel estimation errors,
whose elements follow e, ~ CN(0,¢?), « = 1,---, Ng, and €? is the error variance
where €2 € [0,1). Then, elements of the H satisfies ho ~ CA(0,1 — €2). Therefore,

we obtain
Bo = ho + €4 (4.14)

for each sub-channel. Moreover, simulations in Fig. 4.12 are realized under the fixed
CSI conditions with €2 = 0.05 and €2 = 0.01. As observed from Fig. 4.12, proposed
scheme still outperforms the reference schemes. For example, at a BER value of
1072 and €2 = 0.01, CI-OFDM-RIQIM provides approximately 1 dB and 3 dB SNR
gain over RIM-OFDM-CI and CI-OFDM-IM, respectively.
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Figure 4.12: Error performance comparison of CI-OFDM-RIQIM with benchmark
schemes under the imperfect CSI conditions for the parameters of €2 = 0.05 and
€2 = 0.01.

4.3.1 Complexity Analysis

In Table 4.2, an analysis in terms of the complexity order of the low complexity LLR-
based detectors of the proposed and benchmark schemes is given. As seen from Table
4.2, detection complexity of the CI-OFDM-RIQIM increasing exponentially.

To further investigate the complexity comparison between the proposed and ref-
erence schemes, we provide a numerical example. For a fair comparison, parameters
in Fig. 4.8 are considered. Since the spectral efficiency and the subblock sizes are
equal for all schemes, the total number of complex multiplications (CMs) per sub-
carrier is 128 for all schemes when ML detector is employed. As it can be deduced
from Table 4.2, the total number of CMs per subcarrier is dramatically reduced by
proposed LLR detector. For example, a total number of 16 CMs per subcarrier is
sufficient for spectral efficiencies of 2 and 2.75 dB. Besides, we obtain an interest-

ing trade-off between our proposed and benchmark schemes in terms of complexity
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Table 4.2: Complexity Comparison of LLR Detectors.

System Complexity Order
OFDM-IM O(M)
CI-OFDM-IM O(M?)
RIM-OFDM-CI O(M?)
CI-OFDM-RIQIM O(M?)

and error performance. Although, CI-OFDM-RIQIM is the third complex system
for these spesific parameters, it provides superior error performance compared to

benchmark schemes as seen from Fig. 4.10.
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Chapter 5

CONCLUSION

In this thesis, we have proposed two novel OFDM-IM based multicarrier trans-
mission scheme to meet the diverse needs of next generation communication services.

First, a novel OFDM-IM based transmission scheme called CI-OFDM-PIM is
proposed. CI-OFDM-PIM provides remarkable error performance by benefiting from
CI and power distribution. CI-OFDM-PIM outperforms its benchmarks with a
diversity order of 2 such as CI-OFDM-IM, OFDM-PIM and RC-OFDM by 6 dB
gain due to its superior diversity gain which is equal to the number of subcarriers
in each subblock. CI-OFDM-PIM can have a great potential for next generation
wireless networks thanks to its advantages such as outstanding BER, performance
and high diversity gain.

Secondly, another novel diversity achieving OFDM-IM based transmission scheme
called CI-OFDM-RIQIM, which first divides all subblocks into two clusters and
transmits real and imaginary parts of the data symbols over the active subcarriers
in these clusters, is proposed. Moreover, an LLR-based detector have been designed
for the proposed scheme to reduce the overall system complexity. Finally, the error
performance of the proposed scheme have been investigated by computer simula-
tions. We conclude that CI-OFDM-RIQIM noticeably outperforms the reference
schemes since data bits conveyed by IM are increased. In addition, designed LLR
detector noticeably reduces the detection complexity while still providing superior
error performances. Eventually, additional diversity gain, remarkable error perfor-
mance, and higher spectral efficiency make the CI-OFDM-RIQIM based schemes
appropriate candidates for next generation communication services.

In conclusion, our proposed schemes can be considered as proper multicarrier
transmission techniques for future wireless communication systems. However, these

schemes can be further extended by employing other decoding/encoding techniques,
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enhancing spectral efficiency, and improving reliability. In addition, proposed meth-
ods can be enriched by real time experiments and practical implementations. More-
over, the generalization of CI-OFDM-PIM for varying number of data symbols and
investigation of achievable rate performance are left for our future studies. On the
other hand, real time applications for CI-OFDM-RIQIM are considered as future
work.

We hope that the schemes that we have proposed through this thesis might help
the researchers working on waveform designs for next generation wireless communi-

cation systems.
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