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ABSTRACT

Novel OTFS System Designs for 6G Communication Networks
Yusuf Islam Tek
Master of Science in Electrical and Electronics Engineering
September 19, 2023

Conventional modulation methods, though effective in many scenarios, encounter
difficulties when dealing with high-speed communication in dynamic environments.
The rapid movement of devices, along with the impacts of multipath propagation
and Doppler spread, can introduce complexities that degrade communication qual-
ity. To address these challenges, the orthogonal time frequency space (OTFS) wave-
form emerges as an innovative solution, bridging the gap between the demands of
next-generation communication technologies and the intricacies of high-speed data
exchange.

OTES represents a groundbreaking modulation technique that reimagines the
approach to communication within the time-frequency domain. Unlike traditional
methods, OTFS adopts a more comprehensive approach by simultaneously consid-
ering both time and frequency domains. However, there is still a need for the design
of more sophisticated OTFS-based modulation schemes to meet the rigid require-
ments of the 6G standard. In this thesis, three performance improvement methods
for OTFS are presented.

In Chapter 3, a deep learning (DL)-based technique named autoencoder (AE)-
based enhanced OTFS (AEE-OTFS) to improve the error performance of OTFS is
proposed. An AE structure is exploited to learn a set of high-dimensional symbols
and maximize the squared minimum Euclidean distance (SMED) between them.
Unlike complex doubly-dispersive channels, this AE is trained under the simpler
conditions of an additive white Gaussian noise (AWGN) channel. The encoder and
decoder of AE are then repurposed as the mapper and demapper blocks in a real-
time OTFS system. The approach also establishes a theoretical frame error rate
(FER) upper bound. Simulation results demonstrate that AEE-OTFS outperforms
conventional OTFS in terms of FER performance. The addition of a learned detector

(LD) significantly reduces decoding complexity. These findings suggest that AEE-
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OTEFS holds promise for certain 6G applications, particularly in high-mobility and
flexible scenarios.

In Chapter 4, a block-wise index modulation (IM) technique named joint delay-
Doppler IM-based OTFS (JDDIM-OTFS) is designed to enhance the error perfor-
mance of OTFS. In this chapter, a theoretical upper bound on the bit error rate
(BER) is also established. Computer simulations reveal that JDDIM-OTFS sur-
passes conventional OTFS, OTFS-IM, and delay-IM OTFS (DeIM-OTFS) systems
in terms of BER when combined with matched-filtered Gauss-Seidel (MFGS) de-
tector with a maximum likelihood detector (MFGS-ML) and MFGS with a greedy
detector (MFGS-GRD). The adoption of a Greedy detector within MFGS substan-
tially reduces decoding complexity. JDDIM-OTFS exhibits remarkable error per-
formance in scenarios characterized by high mobility and flexibility, making it an
exciting choice for specific 6G use cases.

Finally, in Chapter 5, for reducing the peak-to-average power ratio (PAPR)
of OTFS, a method is suggested that utilizing unitary transformations such as
Walsh-Hadamard transform (WHT), Zadoff-Chu transform (ZCT), and discrete co-
sine transform (DCT). The performance of this method is evaluated across various
frame sizes and compared to clipping and discrete Fourier transform-spread (DFT-s
OTFS) techniques. Additionally, the impact of this approach on BER performance
is assessed against other methods. Computer simulations demonstrate that this
proposed method significantly reduces PAPR while introducing a compromise of ap-
proximately 1.5 dB in error performance. The substantial PAPR reduction, coupled
with the absence of the need for receiver-side information, highlights the significance

of this approach.



OZETCE

6G Haberlesme Aglari i¢in Yeni OTFS Sistem Tasarimlari
Yusuf Islam Tek
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
19 Eyliil 2023

Geleneksel modiilasyon yontemleri, bircok senaryoda etkili olsa da, yiliksek hizh
iletisimde dinamik ortamlarla baga ¢gikmakta zorluklarla kargilagir. Alici ya da verici
ekipmanlarin hizli hareketi, ¢oklu yol yayilmasi ve Doppler yayilmasinin etkileri,
iletigim kalitesini diigiiren etkenlerden bazilaridir. Bu problemlere cevap olarak,
dikgen zaman frekans uzay:1 (orthogonal time frequency space, OTFS) dalga sekli,
gelecek nesil iletigim teknolojilerinin gereksinimleri ile yiiksek hizh veri aligveriginin
karmagikliklarinin iistesinden gelebilen yenilik¢i bir ¢oziim olarak ortaya ¢ikmigtir.

OTFS, zaman frekans alaninda iletigime yaklagimi yeniden tasarlayan devrim
niteliginde bir modiilasyon teknigidir. Geleneksel yontemlerin aksine, OTFS, hem
zaman hem de frekans alanlarini ayn1 anda kullanarak Doppler yayilmasina karsi
istiin performans gosterir. Ancak, 6G standardinin kat1 gereksinimlerini kargilamak
icin daha sofistike OTFS tabanli modiilasyon semalarinin tasarimina olan ihtiyag
hala devam etmektedir. Bu tezde, OTFS igin ti¢ performans iyilestirme y&ntemi
sunulmaktadir.

3. Bolimde, OTFS’in hata performansini iyilegtirmek i¢in derin 6grenmeye (deep
learning, DL) dayal otomatik kodlayici (autoencoder, AE) tabanl iyilegtirigmis
OTFS (AEE-OTFS) isimli yeni bir teknik Onerilmektedir. Bir AE yapisi, yiiksek
boyutlu sembollerin 6grenilmesi ve aralarmdaki en kiiciik Oklid mesafesini mak-
simize etmek icin kullanilmigtir. Karmasgik zamanla degisen kanallarin aksine, bu
AFE yapisi, toplanir beyaz Gauss giiriiltiisii (additive white Gaussian noise, AWGN)
kanalinin daha basit kosullar: altinda egitilmektedir. AE’1n kodlayicisi ve kod ¢oziiciisii
daha sonra gercek zamanli bir OTFS sisteminde sembol egleme ve sembol ¢ozme
bloklar1 olarak yeniden kullanilir. Caligmada ayni zamanda teorik bir paket hata
orani (frame error rate, FER) tist siir1 tiiretilmigtir. Simiilasyon sonuglari, AEE-
OTFS’in FER performansi agisindan geleneksel OTFS’i gectigini gostermektedir.

Ogrenilen bir dedektoriin (learned detector, LD) eklenmesi, kod ¢6zme karmagikhigini
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onemli oOl¢iide azaltir. Bu bulgular, AEE-OTFS’nin ozellikle ytiksek hareketlilik ve
esneklik senaryolarinda belirli 6G uygulamalar: i¢in umut vadettigini gostermektedir.

4. Bolimde, OTFS’nin hata performansin artirmak i¢in ortak gecikme-Doppler
indeks modiilasyonu tabanli OTFS (JDDIM-OTFS) teknigi tasarlanmigtir. Bu bo-
limde ayni zamanda bit hata orani (BER) ftizerine teorik bir iist smir da belir-
lenmigtir. Bilgisayar similasyonlari, JDDIM-OTFSnin, eslestirilmis filtreli Gauss-
Seidel (matched-filtered Gauss-Seidel, MFGS) dedektorii ile maksimum olabilir-
lik dedektorii (MFGS-ML) ve MFGS ile a¢ gozlii bir dedektér (MFGS-GRD) ile
birlegtirildiginde BER agisindan geleneksel OTFS, OTFS-IM ve gecikme-IM OTFS
(delay-IM, DeIM-OTFS) sistemlerini geride biraktigini gostermektedir. MFGS iginde
Ag Gozlii bir dedektoriin kullanilmasi kod ¢ozme karmagikligini 6nemli 6l¢iide azaltir.
JDDIM-OTEFS, yiiksek hareketlilik ve esneklikle karakterize edilen senaryolarda dik-
kate deger bir hata performansi sergileyerek, belirli 6G kullanim durumlari i¢in heye-
can verici bir se¢enek haline gelmektedir.

Son olarak, 5. bolimde, OTFS’in tepe-ortalama gii¢ oranin (peak-to-average
power ratio, PAPR) azaltmak igin Walsh-Hadamard déntigiimii (Walsh-Hadamard
transform, WHT), Zadoff-Chu déniigiimii (Zadoff-Chu transform, ZCT) ve ayrik
kosiniis déniigiimii (discrete cosine transform, DCT) gibi tinitersel dontigiimleri kul-
lanma Onerilmektedir. Bu yontemin farkli ¢erceve boyutlar: tizerindeki performansi
ve kirpma ve ayrik Fourier dontigimi-s (discree Fourier transform-spread OTF'S,
DFT-s OTFS) teknikleri ile kargilagtirilmasi yapilmaktadir. Ayrica, bu yaklagimin
BER performansina diger yontemlere gore etkisi degerlendirilir. Bilgisayar simii-
lasyonlari, bu 6nerilen yontemin PAPR’1 6nemli dl¢lide azalttigini gosterirken, hata
performansinda yaklagik olarak 1.5 dB’lik bir kayip yasandigini gostermektedir.
Yiiksek PAPR azaltmanin yam sira, alici tarafindaki bilgiye ihtiya¢ duyulmamasi

bu yaklagimi onemli bir yaklagim haline getirir.
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Chapter 1

INTRODUCTION

In the dynamic landscape of modern communication technologies, the advent
of next-generation communication systems is ushering in a transformative era of
connectivity. These systems are engineered to meet the surging demand for high-
speed, low-latency communication, addressing the ever-expanding array of applica-
tions that rely on seamless and reliable data exchange. The surge in data-driven
applications, driven by the proliferation of Internet-connected devices, streaming
services, and the Internet-of-Things (IoT), has necessitated communication tech-
nologies capable of delivering data at unprecedented speeds. This surge, along with
the proliferation of emerging technologies like autonomous vehicles, augmented re-
ality, and telemedicine, which are also being considered for sixth-generation (6G)
use cases, has fueled the demand for communication systems that can provide not
only fast data transfer but also low latency and robust connectivity.

Traditional modulation schemes, while well-suited to many scenarios, face chal-
lenges when confronted with high-speed communication in dynamic environments.
The high mobility of devices, coupled with the effects of multipath propagation
and Doppler spread, can introduce complexities that degrade the quality of com-
munication links. In response to these challenges, the orthogonal time frequency
space (OTFS) waveform [Hadani et al., 2017] emerges as a groundbreaking solution,
bridging the gap between the demands of next-generation communication technolo-
gies and the intricacies of high-speed data exchange.

OTFS is a revolutionary modulation technique that reimagines the way to ap-
proach communication in the time-frequency domain. Unlike traditional schemes

that rely solely on variations in amplitude, phase, or frequency, OTFS takes a more
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holistic approach by simultaneously considering both time and frequency domains.
By doing so, it introduces a unique spatial-temporal framework that enables com-
munication systems to thrive in the face of dynamic channel conditions.

In this thesis, by utilizing deep learning (DL), index modulation (IM), and the
unitary matrices, three novel solutions are presented in order to improve the perfor-

mance metrics of OTFS modulation.

1.1 Contributions

In the thesis, firstly, we propose an autoencoder (AE)-based scheme called A E-based
enhanced OTFS (AEE-OTFS) that models the mapper and learned demapper of
an OTFS system as the encoder and decoder of an AE, respectively. Here, the
AE is trained offline in an additive white Gaussian noise (AWGN) channel so that
the encoder of AE provides a set of n-dimensional (n-dim) symbols that maximize
squared minimum Euclidean distance (SMED) between them. Furthermore, the
decoder of AE enables low-complexity detection of n-dim symbols of the equalized
OTFS signal on the receiver side. Note that the modulator and demodulator blocks
can be learned using the OTFS framework under a doubly-dispersive channel rather
than an AWGN channel; however, this causes the AE structure to be more complex
and increases training time. We train our AE-based scheme over the AWGN channel,
which does not include the doubly-dispersive channel and signal-processing blocks of
the OTFS transceiver in the training process. Additionally, we derive a theoretical
upper bound for the frame error rate (FER).

Secondly, we propose a scheme called joint delay-Doppler index modulation (IM)-
based OTFS (JDDIM-OTFS) to combat doubly-dispersive channel effects and fur-
ther improve the error performance. Here, we use a zero-padded (ZP) OTFS system
to eliminate inter-block interference and have better error performance. We design
a block-wise IM scheme that activates delay or Doppler resource blocks. To fur-
ther improve the spectral efficiency (SE), we suggest using different constellations
on different active resource blocks. Moreover, we use a matched-filtered Gauss-

Seidel (MFGS) detector with a maximum likelihood detector (MFGS-ML) and a
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low-complex greedy detector (MFGS-GRD) to decode information bits. Also, we
derive a theoretical upper bound for JDDIM-OTFES to verify our results.

Finally, we suggest using unitary precoding matrices to reduce the peak-to-
average power ratio (PAPR) of OTFS modulation and investigate the effect of these
matrices. We apply the Zadoff-Chu transform (ZCT), Walsh-Hadamard transform
(WHT), and discrete cosine transform (DCT) to the time domain OTFS signal to
reduce the PAPR by exploiting the peak reduction properties of these transforms.
Computer simulation results show that, even though we obtain remarkable PAPR
performance gain, there is a slight bit error rate (BER) deterioration due to residual
interference from the time-varying channel.

The two of these contributions have been published in the Institute of Electrical
and Electronics Engineers (IEEE) journals and in an IEEE conference. AEE-OTFS
has been published in IEEE Communications Letters. PAPR reduction precoding
work has been presented at IEEE 2023 46th International Conference on Telecom-
munications and Signal Processing (TSP 2023). JDDIM-OTFS has been submitted
to IEEE.

Notations: a, a, and A stand for a scalar, a vector, and a matrix, respectively.
a(i) and A(i, j) represent i-th element of a and (i, j)-th elemenf of A, respectively.
Iy is the N x N identity matrix. A = diag([ao, ..., a]) denotes a diagonal matrix
with diagonal elements [ao, . .., ap]. C(n, k) is the binomial coefficient that chooses
k out of n. 0(-) and Q(-) refer to the Dirac delta function and the Gaussian tail
function, respectively. The superscripts ()T and (-)! state the transpose and the
Hermitian transpose operators, respectively. The operators ®, || - [, |-|, £{-} and
${-} represent the Kronecker product, Euclidean norm, the cardinality of a set,
the expectation, and the real part operators, respectively. (-) is the sample mean
operator for vectors. The determinant and the rank of a matrix are denoted by
det(-) and rank(-), respectively. The zero mean circular symmetric complex Gaussian
distribution with variance o2 is denoted by CA(0,0?). Finally, Fy refers to the N

point normalized DFT matrix.
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Chapter 2

ORTHOGONAL TIME FREQUENCY SPACE
MODULATION

OTFS modulation is an innovative modulation scheme that has garnered signif-
icant attention in the field of wireless communications. Unlike traditional modu-
lation techniques, OTFS operates in a domain where both time and frequency are
simultaneously manipulated to combat the challenges posed by time-varying chan-
nels [Hadani et al., 2017]. This modulation scheme exhibits remarkable resilience
in high-mobility environments, making it a promising candidate for next-generation
wireless communication systems. In this chapter, we will describe the system model
of OTFS modulation, and we will present a brief literature review of OTFS modu-

lation.

2.1 OTFS System Model

We consider an OTFS transmission system with a bandwidth of MAf and a to-
tal frame duration of NT, where M, N, Af and T are the number of subcarriers,
number of symbols, subcarrier spacing, and symbol duration, respectively. The
transceiver diagram is given in Fig. 2.1. First, the information bits are mapped
to M N delay-Doppler domain Q-ary symbols. Then, these symbols are placed into
delay-Doppler domain information symbol matrix X € CM*¥_ The delay-Doppler
domain information symbols are converted into time-frequency domain symbols by

performing inverse symplectic finite Fourier transform (ISFFT) as

2

] M-1
X (n,m) =

X (k, 1)e?> (% —57). (2.1)
0 =0

=
=
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/ - - - - - - - - - - - - - - - - - - -~
X(k,1) ISFFT X(n,m) Heisenberg  s(t) r(t) Wigner Y (n,m) SFFT Y(k,1)
| | Transform Transform
< _Time-Fre;quencmeain_ . / |
\ Delay-Doppler Domain _

Figure 2.1: Transceiver scheme of an OTFS system.

Next, time-frequency domain symbols are transformed into time-domain signal s(t)

by utilizing the Heisenberg transform and applying 2-D windowing as

E

)_( (1, M) gex(t — nT)e2mmASt=nT), (2.2)

m=0

||
MZ

Il
o

Later, s(t) is transmitted over a doubly-dispersive channel. The channel impulse
response of the doubly-dispersive channel is given by

P

h(t,v) = h(r,v) = Z hid(T — 1:)6(v — 1), (2.3)

i=1
where P is the number of propagation paths, h;, 7; and v; stand for the complex
channel gain, delay shift, and Doppler shift for the ith path, respectively.

At the receiver side, Wigner transform is employed to the received signal r(t) as

Y(n,m) = [/ gr (t — T)r(t)ej%”(t_ﬂdt} lr =T y=mAf- (2.4)

Then, in order to obtain delay-Doppler domain information symbols, the SFFT

transform is performed to Y as

Y (k1) =

2.2 A Brief Literature Survey on OTFS

OTF'S has attracted significant interest from researchers due to its robustness against
the time-varying channels. The researchers in [Surabhi et al., 2019a] show that

the asymptotic diversity order of the OTFS for high signal-to-noise (SNR) values
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is one. Then, in [Raviteja et al., 2020], the authors derive an upper bound on
the average BER and prove that the OTFS can achieve full effective diversity P
in the intermediate SNR region when the OTFS frame is sufficiently large. The
performance of OTFS on the static multipath channels is investigated in [Raviteja
et al., 2019]. In static multipath channel environments, the system architecture of
OTFS is analogous to asymmetric orthogonal frequency division multiplexing (A-
OFDM), a scheme introduced in [Zhang et al., 2007]. The comprehensive derivation
of OTFS with ZAK representation from first principles is presented in [Mohammed,
2021]. In [Li et al., 2021], based on conditional pairwise-error probability (PEP), a
performance upper bound of the coded OTFS system is studied. The researchers
show that the enhancement in coding performance for OTFS systems is influenced
by both the squared Euclidean distance among codeword pairs and the number of
independent resolvable paths within the channel.

In order to reach the next-generation communications systems requirements,
many studies have been presented in the literature to improve the error perfor-
mance or reduce the decoding complexity of the OTFS system by exploiting DL.
Deep neural network (DNN) based techniques have been presented for signal detec-
tion in [Naikoti and Chockalingam, 2021, Xu et al., 2020]. Additionally, in [Liu et al.,
2023], the authors introduced an intelligent DNN-based precoding method that can
maintain high reliability without the need for instantaneous Channel State Informa-
tion (CSI). The researchers in [Zhou et al., 2022] propose a neural network-based
supervised learning framework utilizing reservoir computing for OTFS equalization.
This introduced method for OTFS is expected to result in an improved trade-off
between processing complexity and equalization performance. A performance im-
provement scheme based on AE is presented in [Park et al., 2023]. The authors
utilize the AE architecture by dividing the OTFS frame into subframes since the
whole OTFS frame is hard to use in AE.

IM is among the popular modulation techniques due to the energy and SE it
provides. Classic IM is first proposed in [Liang et al., 2020] for OTFS. In this work,
the index bits are conveyed by activating or deactivating the delay-Doppler domain

resource elements. Dual-mode and multiple-mode OTFS-IM schemes with a low-
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complex detector have been proposed in [Zhao et al., 2021] and [Ren et al., 2022],
respectively. Furthermore, in [Feng et al., 2022], the authors proposed a scheme in
which additional information bits are carried through the grid index of the OTFS
block in in-phase and quadrature dimensions. Besides, a scheme that transmits
selected indices with double subblocks and different symbols is proposed in [Ren
et al., 2021]. Moreover, in [Qian et al., 2023|, the authors introduced an innovative
block-wise IM scheme for OTFS, where a set of delay/Doppler resource bins are
activated simultaneously. In order to decode information bits in those blocks more
efficiently, the authors have also proposed two message-passing algorithm-based low-
complex detectors. Also, a diversity enhancing and PAPR reduction scheme that
uses IM is proposed in [Francis et al., 2021].

PAPR reduction techniques have been extensively studied for other modulation
schemes, such as OFDM, and many of these techniques have been successfully ap-
plied in practical systems [Han and Lee, 2005]. However, for OTFS, the literature
is not rich on PAPR reduction techniques. The PAPR analysis of OTFS has been
studied in [Surabhi et al., 2019b], and in [Wei et al., 2022], the parameters that
affect the PAPR have been examined. In [Gao and Zheng, 2020], a pilot-supported
iterative clipping-based PAPR reduction method has been proposed. The aim is
to take advantage of the available space in the guard area by incorporating dither
signals, which can help decrease the PAPR. Also, in [Bitra et al., 2022a, Naveen and
Sudha, 2020, Bitra et al., 2022b], p-law, A-law, and nonlinear companding-based
PAPR reduction techniques have been proposed. While clipping and companding
techniques improve the PAPR performance, they can lead to a degradation in the
BER performance due to signal distortion [Tek et al., 2020]. Moreover, in [Wu
et al., 2021] and [Hossain et al., 2020], the performance is improved by employ-
ing the delay-Doppler domain discrete Fourier transform-spread (DFT-s) precoding
method. Furthermore, in [Su et al., 2022], a symbol-precoding-based PAPR re-
duction scheme has been proposed. The objective is to create an ideal precoding
matrix that reduces the fluctuation in instantaneous power while ensuring that reli-
able communication data transmission is not compromised. The authors in [Siimer

et al., 2022], propose a peak-reducing technique by exploiting the properties of the
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OTFS frame. In this method, the time domain OTFS signal is divided into sub-
blocks, and complex constants are added to the subblocks to reduce peak values.
The authors in [Liu et al., 2021] introduce a method for PAPR reduction utilizing
a deep neural network technique known as autoencoder. The trained encoder and
decoder components of the autoencoder serve to lower the PAPR and reconstruct

the signal, respectively.
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Chapter 3

AUTOENCODER-BASED ENHANCED ORTHOGONAL
TIME FREQUENCY SPACE MODULATION

It is well known that OTFS provides superior performance in doubly-dispersive
channels. Since it spreads information symbols across the entire delay-Doppler plane,
OTFS can achieve full diversity. However, reliability still needs to be improved in
OTFS systems to meet the stringent demands of future communication systems.
To address this issue, we propose an AEE-OTFS modulation scheme. By training
an AE under an AWGN channel, a feasible mapper and demapper are learned to
improve the error performance and decrease the detection complexity of the OTFS
system. The learned mapper is used to map incoming bits into high-dimensional
symbols while the learned demapper recovers the information bits in the delay-
Doppler domain.

In this chapter, the system model, performance analysis, and simulation results

of AEE-OTFS are given.

3.1 System Model of AEE-OTFS

In this section, first, we describe the transceiver scheme of the proposed AEE-OTFS
system, and then, we explain the details of the proposed AE-based neural network

(NN).

3.1.1  Transmission of AEE-OTFS

We consider an AEE-OTFS transmission system with N symbols and M subcarriers,
where its block diagram is given in Fig. 3.1. In this OTFS-based scheme, Af
and T' = 1/Af represent subcarrier spacing and symbol duration, respectively. A

total number of b bits enter the system. These bits are then split into G groups,
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Figure 3.1: Transceiver scheme of AEE-OTFS system.

each including p = b/G = log,(]X|) bits, where X is the set of all possible n-dim
symbols. For the gth group, p bits are mapped into an n-dim symbol, x, € C"*!,
g =1,2,--- G, where x, € X. The steps of this mapper are discussed in the
sequel. All selected n-dim symbols are concatenated as x = [x],x;,- -+ ,x5|T and
x is provided to the OTF'S block creator and overall delay-Doppler domain OTFS
frame is obtained as X € CM*N_ In the next step, X is converted to the time-

frequency domain by using ISFFT, and after, using the Heisenberg transform with

pulse-shaping waveform g, (t), time-domain transmit signal is obtained as
S = G, F,(FyXFY) = G, XFY, (3.1)

where Gy = diag[g(0), gix (T/M), ..., gix((M — 1)T/M)] € C¥*M_ For transmis-
sion, a column-wise vectorization is applied to S € CM*¥ and the transmit vector
s € CMNx1 g transmitted over the time-varying channel. Before transmission, a CP
is added to s in order to prevent inter-symbol interference (ISI). The time-varying
channel with response is represented by h(1,v) = Zil hié(T—1;)0(v —v;), where P
is the number of propagation paths, h;, 7; and v; stand for the complex channel gain,
delay shift, and Doppler shift for the ith path, respectively. At the receiver, after
discarding CP, the received time domain signal can be expressed as r = Hs + w,
where w € CMN*1 i5 a vector of zero mean AWGN samples with CA/(0, NoILyn), No
is the noise variance, and H € CMN*MN g the time domain channel matrix given

by

P
H=> hIT"Akts (3.2)

i=1
where IT = circ{[0,1,...,0]T} € RMN*MN ig the cyclic-shift matrix and A =

diag[1, e 2m/MN = 2mj(MN=D)/MN] ¢ CMNXMN yepresents the diagonal Doppler
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shift matrix. We define the fading parameters for the ith path as h; ~ CN(0,1/P),

l;
MAJ>

v; = % where [;, k; and k; represent delay taps, Doppler taps, and

T =
fractional Doppler shift, respectively. We assume that [; and k; are integers and
there is no fractional Doppler shift, x; = 0.

After the signal is received, r is de-vectorized and converted to a matrix R with
the size of M x N. Then, the delay-Doppler domain received signal Y is obtained
by applying Wigner transform and SFFT to R and it can be expressed as:

Y = F,(F,GR)Fy = G, RFy. (3.3)
Moreover, by combining (3.1) and (3.3), the vectorization of Y can be given as:
y = (Fy ® Go)H(FY @ G )x + W = Hegx + W, (3.4)

where Heg € CMN*MN g the effective delay-Doppler domain channel matrix and w
is the noise in delay-Doppler domain. In case of rectangular waveforms (i.e., G =
I,/), W has the same statistical properties of w. By exploiting the minimum mean
square error (MMSE) equalizer, the delay-Doppler domain data symbols equalized

are obtained as
% = Hit (HegHi + Nolyw) 'y = [X], -+, %" (3.5)

Finally, the gth equalized group (f(g) is input to the LD or maximum-likelihood
(ML) detector to decode the information bits. The above process is performed for

each group.

3.1.2 AFE-Based Mapper and Demapper

In this section, we present the proposed mapper and demapper for OTFS systems.

In the AEE-OTFS method, we exploit the AE technique to model the mapper
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and demapper as two different DNNs. Here, the LM and LD are considered the
encoder and decoder of an AE-based system, respectively. Since the OTFS sys-
tem already provides a full diversity [Raviteja et al., 2020], to enhance the error
performance of any OTFS system, one can increase the SMED, which is given by
dZs = ming s, [|X — X,||?, where x¢ is the (th n-dim symbol, { = 1,---,|X].
Here, our proposed AE-based system is trained under an AWGN channel and learns
a set of n-dim symbols (X') that maximizes the SMED.

As seen from Fig. 3.2, firstly, a total number of p bits are converted into a decimal
number m, m € {my,--- ,mjx|}. Then, m is encoded as a one-hot vector v € RIXIx1
whose only single element is one where the others are all zeros. Then, v is passed
through single or multiple dense layers to obtain a transmit vector v, € R?*1,
This encoding process can be expressed as a function Ve, = fao,,.(V), where Qg is
the parameter set of dense layers of encoder NN. Then, we utilize a normalization
layer to satisfy emergy constraints, i.e., |[Vene||*> = m. Moreover, v, is converted
into a complex vector x € C™*!, where the first and second halves of v, represent
the real and imaginary parts of x, respectively. After that, x is transmitted over an
AWGN channel and u = x+w is obtained, where w is the vector of AWGN samples
whose elements follow the distribution CA/(0, Ny) and Nj is the noise variance. The
training signal-to-noise ratio (SNR) is p = 1/Ny. At the demapper side, u is first
converted into a real-valued vector with dimensions 2n x 1 by separating the real and
imaginary parts and then concatenating them. After that, it is passed through single

[T This process can be represented

or multiple dense layers to obtain vge. € R
as a function vge. = fa,.. (1), Qqec is the parameter set of dense layers of decoder
NN. The softmax function is used for the output layer of decoder NN to output a
probability vector m = [y, g, - , M X|]T, where the pth element of m denotes
the probability of message m, being transmitted. The index of the transmitted
message is determined as i = argmax (m,), and j is converted into bits.

To train the AE model ofﬂq;ét7.é,|:;% of randomly generated bits and noise vec-
tors are used. We employ the categorical cross-entropy loss function and adaptive

moment estimation (Adam) optimizer. Once the training stage of AE is performed,



Chapter 3: Autoencoder-Based Enhanced Orthogonal Time Frequency Space Modulation
13

the learned mapper and demapper can be implemented in the AEE-OTFS scheme
as in Fig. 3.1. As seen in Fig. 3.2, the learned mapper takes p bits as input and
outputs the n-dim symbol, whereas the learned demapper takes the complex symbol

vector as input and outputs p bits.

3.2 Performance Analysis

In this section, for the AEE-OTFS, we obtain an upper bound on the FER by using
ML detector.
According to (3.4), under the assumption of rectangular pulses, the received

signal can be expressed as

14
y = hi(Fy @ )T AR (FY @ Ty)x + W

=1

= ®(x)h + W, (3.6)

where h = [hy, hy, ..., hp]t € CP*! is the channel gain vector, and ®(x) € CMNV*xP
is a concatenated matrix given by ®(x) = [¥1x, ¥yx,...,¥Upx] and ¥; 2 (Fy ®
Iy )T AR (FE @ 1y).

We assume that perfect CSI is available at the receiver. When x is transmitted

and erroneously detected X, the corresponding conditional PEP can be expressed as

Plx s 5l — 0 ( (@) ;]\‘[I(:(X)h)HQ) 0 ( @) (3.7)

where © = h''IT'(%)h, ['(X) = @()‘()H — ®(X),Xx = x — X. By exploiting the approxi-

mation of Q(x) [Basar et al., 2013], we can express the unconditional PEP (UPEP)

P(x — %) 2 Bp{(1/12)e” ™5 + (1/4)e%0 ). (3.8)

Under the assumption h ~ CA(0, %Ip), the UPEP can be written as

o 1/12 1/4
PO N = I+ oT®) | det(3r + AT) (3'9)

where a = 1/4Ny and = 1/3N,. As I'(X) is a Hermitian matrix, the ith nonzero

eigenvalue of I'(X) can be described as \;,i € {1,...,r}, where r = rank(I'(X)). As
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mentioned in [Li et al., 2021], the coding gain depends on \; values and there is a
relation between ); and the SMED of X as >, \; = Pd2,..

Using the above analysis, we can express the average FER of the AEE-OTFS as
follows

P~ ﬁZZP(X—n&). (3.10)

X X#X
3.3 Simulation Results And Comparisons

In this section, the FER performance of the AEE-OTFS scheme is evaluated via
computer simulations. In all simulations, we define SNR as v = 1/Ny and assume
that CSI is available at the receiver and the carrier frequency is f. = 4 GHz. Each
delay path in all simulations except theoretical results has a single Doppler shift gen-
erated with Jakes’ model v; = vpax cos (0;), where vp,ay corresponds to the maximum
Doppler shift depending on the receiver speed and 6; is uniformly distributed over
[—7, m]. The receiver speed is taken as 506 km /h, which corresponds to V. = 1875
kHz. For the encoder and decoder NNs of the proposed AE, we consider one input,
one hidden, and one output layer. For training, hyperparameters are selected such
that SMED is maximized by exploiting a manual search method. The number of
hidden units is selected as 128. Epoch, batch size, and learning rate are selected as
103, 512, and 0.0001, respectively, and varying p values have been exploited. ML
detector is used for conventional OTFS system while LD is used for AEE-OTFS.

In Fig. 3.3, we compare computer simulation results for SE values of 1 and 2
bits/s/Hz with the upper bound FER curves obtained by (3.10). In these simula-
tions, an ML detector is used and the selected system parameters are M = N = 2,
n = 2, subcarrier spacing Af = 3.75 kHz, and P = 2 with delay-Doppler profile
(l;, ki) = [(0,0)(1,1)], ¢ = 1,2. As seen from Fig. 3.3, it is shown that theoretical
upper bounds and computer simulation results coincide with each other in the high
SNR region.

In Fig. 3.4(a), error performance results are presented for different training SNR
p values. The system parameters are specified as M = N =4, n =4, and Af = 3.75
kHz. For the channel, we consider P = 4 taps with the maximum delay tap defined
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Figure 3.3: Average FER performance of AEE-OTFS scheme for SE values of 1 and
2 bits/s/Hz and p =5 dB.

Table 3.1: SMED comparison of conventional PSK and AEE-OTFS.

AEE-OTFS
PSK
n=2|n=3 | n=4|n=>5
1 bits/s/Hz | 4 | 5.2277 | 5.6127 | 6.4352 | 7.0640
2 bits/s/Hz | 2 | 2.2550 | 2.3858 | 2.5767 | 2.6803

as Imax = 3, and the delay profile is given as I; = [0,1,2,3]. Note that BPSK and
QPSK modulations are implemented for the conventional OTFS system to achieve
1 and 2 bits/s/Hz SE values. As seen from Fig. 3.4(a), the optimum training SNR
p value can be selected as 5 dB. Additionally, at a FER value of 1072, AEE-OTFS
provides a 2.6 dB gain over the classical OTFS for a SE value of 1 bits/s/Hz.

In Fig. 3.4(b), the FER performance of AEE-OTF'S is compared to conventional
OTFS system for varying block sizes n. The simulation parameters are the same

as those used in Fig. 3.4(a). Note that the SE value equals 1.875 bits/s/Hz for
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Figure 3.4: FER performance comparison of AEE-OTFS scheme using LD for (a)
varying p with n =4 and (b) varying n with p =5 dB.

n = 3 and n = 5 since the frame size (M x N = 16) is not an integer multiple
of 3 and 5. Therefore, we apply zero-padding for n = 3 and n = 5. As seen from
Fig. 3.4(b), the AEE-OTFS outperforms the conventional OTFS for all values of
n. Moreover, AEE-OTFS with n = 5 performs better than other parameters. The
superiority of the AEE-OTFS technique over OTFS in terms of error performance
can be explained by the greater SMED values offered by the proposed method, as
shown in Table 3.1.

In Fig. 3.5, the FER performance of AEE-OTFS is compared to OFDM and
OTFS systems for a larger frame size, M = N = 32. Extended Vehicular A (EVA)
channel model [ETSI TS 136 104 V14.3.0, 2017] is used. The subcarrier spacing
Af is 15 kHz. As seen from Fig. 3.5, at a FER value of 1072, AEE-OTFS approx-
imately provides 2.8 and 1.9 dB gains over classical OTFS for 1 and 2 bits/s/Hz,
respectively. Similarly, LD provides the same FER performance as that of ML
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Table 3.2: The Complexity Comparison of Different Detectors for Different Frame

Sizes and Block Sizes.

AEE-OTFS, ML | AEE-OTFS, LD
OTFS, ML
n=2 n=4 |[n=2| n=4
M =N =16 13.9 86.4 173.2 1.39 2.8
M =N =232 59.4 322.18 | 641.24 2.95 5.9
1008
101 F
x
L
LL
| =— : 1bits/s/Hz M
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I \
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Figure 3.5: FER performance comparison of AEE-OTFS scheme for M = N = 32
with n =4, SE values of 1 and 2 bits/s/Hz, and p = 5 dB.

detector. To investigate the decoding complexity of AEE-OTFS and OTFS, we cal-

culated runtime in milliseconds. As seen from Table II, although AEE-OTFS with

ML detector is more complex than classical OTFS with ML, it provides better error

performance. Additionally, LD reduces the complexity significantly compared to the

ML detector. Another important finding is that the complexity of AEE-OTFS with
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Figure 3.6: FER performance comparison of AEE-OTFS scheme using LD with
conventional OTFS for M = N = 16 with n = 4, SE value of 2 bits/s/Hz, p = 5
dB, and Af = 15 kHz under imperfect CSI.

LD is considerably less than classical OTFS with ML detector. Also, note that for
larger n values, the number of n-dim symbols |X| increases. Consequently, decoding
complexity also increases.

In Fig. 3.6, we investigate the error performance of AEE-OTFS under imperfect
CSI and compare it with the conventional OTFS. As in [Raviteja et al., 2018], h;
is exploited instead of h; to model the channel estimation error, where hi = h; + €,
i=1,---,P, and € ~ CN(0,02). As seen from Fig. 3.6, AEE-OTFS outperforms
the classical OTFS regarding error performance for different values of 2. As a

result, the proposed scheme is more robust to channel estimation errors compared

to the classical OTF'S.
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Chapter 4

JOINT DELAY-DOPPLER INDEX MODULATION FOR
ORTHOGONAL TIME FREQUENCY SPACE
MODULATION

Spreading information symbols across the entire delay-Doppler plane enables
OTEFS to achieve full diversity. Nevertheless, there is a need for enhanced reliability
in OTF'S systems to satisfy the rigorous requirements of forthcoming communication
systems. To address this issue, we propose a scheme called JDDIM-OTFS. This
scheme activates delay or Doppler resource elements in a subframe, and in order
to obtain higher SE, we use different constellations for each active resource block.
Furthermore, we utilize a low-complex detector with the help of a greedy approach.

In this chapter, the system model, performance analysis, and simulation results

of JDDIM-OTFS are given.

4.1 System Model of JDDIM-OTFS

In this section, we describe the transceiver scheme of the proposed JDDIM-OTFS
system and the modified MFGS detector.

4.1.1  Transmission of JDDIM-OTFS

We consider a ZP-based JDDIM-OTFS transmission system with a bandwidth of
MAf and a total frame duration of NT', where M, N, Af, and T are the num-
ber of subcarriers, number of symbols, subcarrier spacing, and symbol duration,
respectively. The transceiver diagram is given in Fig. 4.1. We describe the L,
as the length of ZP; hence, the number of data subcarriers is Mg = M — L.
Dissimilar to delay-IM (DeIM-OTFS)/Doppler-IM (DoIM-OTFS) schemes [Qian
et al., 2023], our proposed JDDIM-OTFS scheme activates delay or Doppler re-
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Figure 4.1: Transceiver scheme of JDDIM-OTFS system.

source blocks in a subframe as seen in Fig. 4.3. Furthermore, we choose different
constellations for transmission through an activated resource block. The JDDIM-
OTFS frame consists of G subframes, where G = MqN/n. We denote a subframe as
W9 = [w{,..., wi]T € C"", where w € C'*" is the p-th row of Wy, o =1,...,n,
and g = 1,...,G. Assume a total number of b bits enter the system. Each subframe
has k active resource blocks, and p = b/G bits are processed in a subframe. These
p information bits are divided into four parts:

1) p1 = log, (2) = 1 bit decides the dimension of the resource blocks, where
2 is the number of dimensions (delay and Doppler dimensions). A subframe can
contain only delay dimensional (i.e., active resource elements are in the columns of
the subframe) or Doppler dimensional (i.e., active resource elements are in the rows
of the subframe) resource blocks.

2) ps = |log, (C(n, k))| bits are used to determine active resource block indices
79 = {if,...,i{} for i} € [1,...,n] and B = 1,..., k. Each subframe has only nk
resource elements, and there are C(n, k) possible index combinations.

3) For each activated resource block, the p; = k|log, (n.)] bits select the con-
stellation indices C9 = {c{,...,cl} for ¢ € [1,...,n] and k = 1,...,k, where
ne is the number of different constellations and constellation sets are given as
M ={Mj,..., M, }. Some example constellations can be seen in Fig. 4.2.

4) Lastly, the py = nklog, (Q) bits are mapped to the corresponding constellation
symbols, where () is the modulation order. In order to map bits to symbols, the p,
bits are arranged into a k x nlog, (Q) bit matrix. The bits in the p-th row of this

matrix belong to p-th active resource block and are mapped with Mg, p=1,... k.
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L qp]t € C" where qf €

After mapping, symbols are placed in k active resource blocks of g-th subframe as

Wi = q“;’). The remaining resource elements in the WY are set to zero. According to
%

the dimension bit, the structure of the subframe is determined. If the dimension bit

is 0, a transpose operation is performed to WY in order to make it delay dimensional,

otherwise, for dimension bit 1, W9 is used without a change. The example subframe

structures are illustrated in Fig. 4.3. The total number of transmitted bits with

a JDDIM-OTFS frame is given by Gp = G(p1 + p2 + ps + ps4). The SE of the
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Figure 4.4: A exemplary JDDIM-OTFS data frame.

JDDIM-OTFS system can be calculated as p/n? bits/s/Hz.

After generating subframes as {W',..., W}, the delay-Doppler domain data
signal X4 € CMa*N g obtained by placing subframes into the grid. Then, the 0 Lup
guard samples are inserted below the X4 and the delay-Doppler domain transmit
signal X € CM*¥ is obtained as X = [Xq4 ONxLZp]T.

For transmission, the time-domain transmit signal S can be obtained by con-
verting X into the time-frequency domain by implementing ISFFT and performing
the Heisenberg transform assuming ideal pulses (i.e., Gy = Iy/), as given in the

following equation
S = G, FY,(FuXFY) = I, XF§ = XF}. (4.1)

In the next step, time-domain transmit vector s € CM¥*1 is obtained by ap-
plying column-wise vectorization to S, and a cyclic prefix is added to s in order to
avoid inter-symbol interference. Then, s is obtained at the receiver over a doubly-
dispersive channel. The channel impulse response of the doubly-dispersive channel is
given by h(r,v) = Zf; hié(T — 1;)0(v — v;), where P is the number of propagation
paths, h;, 7; and v; stand for the complex channel gain, delay shift, and Doppler
shift for the ith path, respectively.

At the receiver, after removing CP, the received time domain signal can be
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expressed as r = Hs + w, where w € CMV*! is a vector of zero mean AWGN
samples with CN(0, NoIpsn), Np is the noise variance, and H € CMV*MN g the

time domain channel matrix given by

P
H=> nIl"A", (4.2)

i=1
where IT is the forward cyclic shift matrix and A = diag[z°, 2, ... MV~ €
CMNxMN with » & ¢=2m/MN yepresents the diagonal Doppler shift matrix. We

define the fading parameters for the ith path as h; ~ CN(0,1/P), l; = ;MAf and
ki = v;NT where [; and k; represent delay taps and Doppler taps, respectively.
After the signal is received, r is sent to the MFGS detector to decode the corre-

sponding information bits.

4.1.2  Iterative MFGS Detector

In this section, we explain the MFGS detector combined with the ML and greedy
detectors. As mentioned in [Thaj et al., 2021], thanks to time domain ZP, time
domain inter-block interference is averted. Thus, the time domain input-output

relation can be split and independently processed block-wise as
r,=H,s,+w, n=0,...,N -1, (4.3)

where H,, € CM*M and w, € CM*! are the time domain channel matrix and the
zero mean AWGN samples for 7-th symbol.

In this detector, the iterations use match-filtered channel blocks R, = Han.
After performing the match-filtering procedure, the input-output relation in (4.3)

can be expressed as
zy = Rysy + Wy, (4.4)

_ygH _ pqH = _ pH - - -
where R,, = H;'H,, z,, = H;'r, and w,, = H'w,,. The aim of the iterative MFGS de-
tector is to find the least squares solution § = min ||z, —R,s,]||? of the M-dimensional
linear system of equations in (4.4). Consider matrices D, and L,,, where D, contains

the elements along the main diagonal of R,, and L, contains the elements in the
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lower triangular portion of R,, excluding the diagonal. The each iteration step of

the MFGS method to estimate s, is expressed as

8 = —T,807Y 4+ b, (4.5)
T, = (D, + Ln)ing’ b, = (D, + Ln)ilzna (4.6)

where T, represents the GS iteration matrix and éff) stands for the estimated time
domain samples of n-th symbol block of S. The delay-Doppler domain information

symbols in the ¢-th iteration are given as

X =p(X®), XO =8ORy, (4.7)
where S®) = [é(()i), - ,é%)] and D(-) is the decision making function. In a conven-

tional MFGS detector, D(-) replaces all estimated information symbols with the
nearest QAM/PSK symbol. However, we do not replace the nearest QAM/PSK
symbols in this study. Instead, we split X@ into subframes as {Wl, o ,WG} and

we replace them with detected subframes by using an ML or greedy detector.

MFGS-ML Detector

The ML detector compares W9 with all possible C' = 2P subframe realizations. It
selects the subframe that is most probable to have been transmitted based on the

received signal, and for the next iteration step, X @ is obtained by placing selected

subframes and ZP parts into the grid.

MFGS-GRD Detector

In this greedy detector approach, first, we detect the active resource blocks and
the direction of related resource blocks by considering the total energy of each row
and column. Afterward, we determine the QAM /PSK symbols independently in the
active resource blocks and replace them with the nearest symbols. The details are

as follows.

Step 1: Let us define ©®7 = [©Y ©¢ ] and ®Y = [©Y ,...,07 | are the total

ry? o ~r c1? C

energy vector of each row and column of the g-th received subframe W9, respectively.
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®Y and ©Y can be calculated as follows

07 = [Wia, )P, (4.8)
p=1

0 = > [W9(u,a), (4.9)
p=1

where « =1,... ., nandg=1,...,G.

Step 2: In order to decide whether the subframe is delay dimensional or Doppler
dimensional, the norms of @Y and @Y are compared. If ||@Y] > ||@Y||, the subframe
is delay dimensional otherwise, the subframe is Doppler dimensional. After, by
considering the dimension of the subframe, the set of active resource block indices
79 = {i4,...,1%} can be detected by finding the indices of k elements of ®; or O
with highest energy:.

Step 3: Let Q7 = [§,... ,q7]T € C*™ be the received information symbols in
W9. The received information symbols in the active resource blocks are replaced

individually with the nearest QAM/PSK symbols, considering all M, as

Qg(v,g) < argmin ||Qg(v,§) - S(t)¢||2, (4.10)
S(t)yp My

wherev=1,....k,¢=1,...,n,t=1,....,Q and ¢ =1,... nc.

Step 4: Afterward, WY is recreated by placing symbols of Qg according to I9
and decided dimension similar to what is explained in Section II.

Step 5: For the next iteration step, X @ is obtained by placing recreated sub-
frames and ZP parts into the grid.

After using ML or greedy detector, X (@ is converted into the time domain back

in order to update the time domain estimate for use in the subsequent iteration.
80+ (1 — w)89 + wvec(XDFy), (4.11)

where w is the relaxation parameter. X0 — Oa/«n 18 chosen for the initial

estimate.

4.2 Detector Complexity

As indicated in [Thaj and Viterbo, 2020], the number of complex multiplications for
initial computations of R,, b, and T, is O(NML), where L represents the count
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of distinct delay taps and is usually considerably smaller than P. In this work,
the initial computation complexity is still same. In terms of the complexity per
iteration, a conventional MFGS detector has NM?2+N2My+N MyQ. In an iteration,
every subframe has to be checked and replaced. In the case of using an MFGS-ML
detector, there are C' possible subframe realizations and G subframe. As a result,
the complexity becomes NM? + N2My + GCn?. For the MFGS-GRD detector,

2

there are n* energy calculation operations and nk information symbol detections.

Consequently, the complexity becomes NM? + N?My + Gn(n + Qn.k).

4.3 Performance Analysis

In this section, for the JDDIM-OTFS, we obtain an upper bound on the bit error
rate (BER) by using ML detection.

The received signal in the delay-Doppler domain can be expressed as

y =Hgx+w
P
y = hi(ly @ Fy)(PII"AMP) (I @ Fi)x + W

i=1

— &(x)h + W, (4.12)

where h = [hy, hy, ..., hp]t € CP*! is the vector of channel coefficients, P is the
row-column interleaver matrix [Thaj et al., 2021], x is the columns-wise vectorized

version of X, w = (I); ® F)(PTw) is the delay-Doppler domain noise samples

and ®(x) € CMV*P is a concatenated matrix given by

P (x) = [Ux, Uox, ..., Upx|, (4.13)
N

U, & (I, @ Fy)(PTIT"ANP) (I, @ FY). (4.14)

We assume that perfect CSI is available at the receiver. Let us define the error
vector as X = x — X when x is transmitted and erroneously detected X. We can

express the conditional Euclidean distance 0z of this event as

6z = ||®(X)h|* = h"'OQh, (4.15)



Chapter 4: Joint Delay-Doppler Index Modulation for Orthogonal Time Frequency Space
Modulation 27

where Q = ®(x)1®(X). We can express the unconditional PEP (UPEP) as
P(x = %) = P(|ly — ®(®)h|”* < [ly — ®(x)h[*) . (4.16)

After some mathematical simplifications and rearrangements, (4.16) can be further

simplified, and we can rewrite it as

Px—%)=P (%{chb(x)h} > w> : (4.17)

From (4.17), it can be seen that R{W'®(%)h} follows Gaussian distribution
with zero mean and a variance of ||®(X)h||Ny/2. Hence, considering (4.15) and
by exploiting the Chernoff bound, [Sui et al., 2023], the CPEP of (4.17) can be

represented as

P(x = %) = Q ( O > <l (4.18)

As Q is a Hermitian matrix, the ith nonzero eigenvalue of €2 can be described
as A;,i € {1,...,7} and the eigenvectors of Q can be given as {vy,...,v,} where

r = rank(€). Using the above analysis, the CPEP can be further upper-bounded as

1 iy Ailhal?
P(x — %) < 5 eXP (—%). (4.19)

As mentioned in [Sui et al., 2023], |h;| are Rician distributed. By averaging
(4.19) with respect to |h;|, we can rewrite the UPEP as

GiXi

~ 1 4PN
Px—=%<-||——ep|——""">], 4.20
=% 2U1+ 4 ( 1+—4$;v0> 20

where (; represents the Rician factor. Assuming ¢; = 0, |h,| follows the Rayleigh

distribution. Therefore, we can rearrange (4.20) as follows

1
P(x =» %) < — - (4.21)
Hiil 1 + 4P]ZV0
Ultimately, utilizing the approach of union bounding, an approximate expression

for the BER of JDDIM-OTFS can be formulated as

P~ % S Plx — R)e(x, %) (4.22)

X X#x

where e(x,X) is the difference in number of information bits between x and X.



Chapter 4: Joint Delay-Doppler Index Modulation for Orthogonal Time Frequency Space

Modulation 28
100 \ T T T T T T
RN — — —1.25bps/Hz, Theo. (Upper-bound)
(_ —O©— 1.25bps/Hz, Simulation
14 2.25bps/Hz, Theo. (Upper-bound)
10 ¢ —O— 2.25bps/Hz, Simulation E
102 £ 1
o
L
o0
103 F 1
10 £ .
10°°
0 5 10 15 20 25 30

SNR (dB)

Figure 4.5: Average BER performance of JDDIM-OTFS scheme for SE values of
1.25 and 2.25 bits/s/Hz.

4.4 Simulation Results And Comparisons

In this section, the BER performance of the JDDIM-OTFS scheme is evaluated
via computer simulations. In all simulations, we define SNR as v = 1/N; and
assume that CSI is available at the receiver and the carrier frequency is f. = 4
GHz. Each delay path in all simulations except theoretical results has a single
Doppler shift generated with Jakes’ model v; = vyay cos (0;), where vy, corresponds
to the maximum Doppler shift depending on the receiver speed and 6; is uniformly
distributed over [—m, 7]. The receiver speed is taken as 506 km /h, which corresponds
t0 Vpax = 1875 kHz.

In Fig. 4.5, we compare computer simulation results for SE values of 1.25 and
2.25 bits/s/Hz with the upper bound BER curves obtained by (4.22). In these

simulations, an ML detector is used and the selected system parameters are M =
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Figure 4.6: BER performance comparison of the JDDIM-OTFS scheme for (a) dif-

ferent subframe structures and (b) for ML and Greedy detectors.

4, Mg =N =2, n=2k=1n, =2, BPSK, subcarrier spacing Af = 3.75 kHz,
and P = 2 with delay-Doppler profile (I;, k;) = [(0,0)(1,1)]. Fig. 4.5 demonstrates
that the theoretical upper limits align with the computer simulation outcomes in
the high SNR region.

In Fig. 4.6(a), error performance results of JDDIM-OTFS are presented for dif-
ferent subframe parameters (n, k,n.), and in Fig. 4.6(b), MFGS-ML detector and
MFGS-GRD detector are compared. In these simulations, M = 8 My = 4, N = 8,
subcarrier spacing Af = 15 kHz, and P = 4 with delay profile [; = [0,1,2,3] are
selected as simulation parameters. As seen from Fig. 4.6(a), the (4, 1,2) scheme
performs the best error performance. Furthermore, it can also be seen from the
figure that while the k is increased, the BER performance degrades. This can be

comprehended as the detection of data symbols and active resource block indices be-
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Figure 4.7: BER performance comparison of JDDIM-OTFS scheme using ML and
Greedy detectors with other schemes for a SE 1.25bps/Hz value.

comes more demanding when aiming for higher SE due to the presence of significant
interference. When Fig. 4.6(b) is examined, it can be seen that even though the
MFGS-GRD detector has low complexity, the MFGS-ML detector exhibits better
error performance than the MFGS-GRD detector and there is approximately 1 dB
difference between them.

In Fig. 4.7, the BER performance of JDDIM-OTFS is compared to conventional
OTFS, OTFS-IM, and DeIM-OTFS for 1.25 bits/s/Hz. The simulation parameters
are selected as M = 16, My = 12, N = 16. EVA model is used for channel delay
profile. For the JDDIM-OTFS(n, k, n.) scheme, the selected parameters are (2,1, 2),
and BPSK modulation is used to reach 1.25 bits/s/Hz. We observe that the JDDIM-
OTEFS with MFGS-ML and MFGS-GRD detectors outperform all other schemes. At
a BER level 1075, JDDIM-OTFS with MFGS-ML provides 2.1, 1.5, and 0.9 dB gain
over OTFS, OTFS-IM, and DeIM-OTFS, respectively. When JDDIM-OTFS with
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Figure 4.8: BER performance comparison of JDDIM-OTFS scheme using ML and
Greedy detectors with other schemes for a SE 2.25bps/Hz value.

MFGS-GRD detector is examined, we can see a 0.7 dB difference between the MFGS-
ML detector. Also, JDDIM-OTFS with MFGS-GRD detector provides 1.4, 0.8, and
0.2 dB gain over OTFS, OTFS-IM, and DeIM-OTFS, respectively. Both MFGS-ML
and MFGS-GRD detectors provide a 25% higher SE as well as performance gain.
In Fig. 4.8, the BER performance of JDDIM-OTFS is compared to conventional
OTFS, OTFS-IM, and DeIM-OTFS for 2.25 bits/s/Hz. The frame size and the
channel delay profile are the same as those used in Fig. 4.7. For the JDDIM-
OTFS(n, k, n.) scheme, the selected parameters are (2, 1,2), and 8-PSK modulation
is used to reach 2.25 bits/s/Hz. It is observed from Fig. 4.8 that the JDDIM-
OTFS with MFGS-ML detector surpasses all alternative schemes in performance.
At a BER level 1075, JDDIM-OTFS with MFGS-ML provides 1.66, 1.1, and 0.6 dB
gain over OTFS, OTFS-IM, and DeIM-OTFS, respectively. When JDDIM-OTFS
with MFGS-GRD detector is examined, we can see that the MFGS-GRD detector
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Figure 4.9: BER performance comparison of JDDIM-OTFS(2,1,2), BPSK scheme
and conventional OTFS, BPSK under imperfect CSI for M = 16, My = 12, N = 16.

exhibits nearly identical performance as DeIM-OTFS. Similar to the findings in
the previous simulation results, both MFGS-ML and MFGS-GRD detectors yield a
12.5% increase in SE along with performance improvement.

In Fig. 4.9, we examine the error characteristics of JDDIM-OTFS when sub-
jected to imperfect CST and make a comparison with conventional OTFS. As in [Tek
et al., 2023], we utilize h; instead of h; to represent the channel estimation error,
where h; = h;+€,i=1,---, P, and e ~ CN(0,02). As seen from Fig. 4.9, JDDIM-
OTFS demonstrates superior error performance compared to classical OTFS across
various values of o2. Consequently, the proposed scheme exhibits greater resilience
to channel estimation errors when compared to OTFS since the dimension bits and

active resource block indices can still be recovered under imperfect CSI.
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Chapter 5

PAPR REDUCTION PRECODING FOR ORTHOGONAL
TIME FREQUENCY SPACE MODULATION

OTFS modulation is a promising technique for efficient data transmission in
wireless communication systems, particularly in high-mobility scenarios. However,
as in other multicarrier schemes, OTFS has one major drawback, high peak-to-
average power ratio (PAPR), which can lead to signal distortion and performance
degradation. There are various techniques to reduce the PAPR for multicarrier
systems. One of these techniques is precoding. In multicarrier systems, precoders
such as the Zadoff-Chu transform (ZCT), Walsh-Hadamard transform (WHT), and
discrete cosine transform (DCT) were used for PAPR reduction. However, the effect
of these precoders on OTFS has not been investigated yet for PAPR reduction. In
this work, we propose these precoders to reduce the high PAPR of OTFS modulation.
Computer simulation results show that using these transforms as precoder in OTFS
leads to significant PAPR reduction with a small error performance compromise.

In this chapter, the system model, precoding matrices, and simulation results of

the proposed scheme are given.

5.1 System Model of Proposed Scheme

In this section, we introduce the proposed system model, the generation of the

precoder matrices, and the PAPR expression of the OTFS signal.

5.1.1  Transmission of Proposed Scheme

We consider an OTFS system model has a bandwidth of MAf Hz and a total
frame duration of NT seconds, where M, N are the number of subcarriers and the

symbols, respectively, and Af = 1/T is the subcarrier spacing. Fig. 5.1 shows
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Figure 5.1: Transceiver scheme of the proposed OTF'S system.

the proposed OTFS system model. Let us define x € CM¥*! a5 the modulated
information symbols. Then, the elements of x are placed in the two-dimensional
delay-Doppler grid X € CM*¥_ X is converted to the time-frequency domain by
using ISFFT, and after, using the Heisenberg transform with rectangular pulses,

time-domain transmit signal matrix S € CM*N can be expressed as
S = Fi,(FuXF}) = XFY, (5.1)

where F; is the normalized M-point discrete Fourier transform (DFT) matrix and
()" states Hermitian transpose operator. In the next step, the precoder is applied

to the time domain signal S

S = SP, (5.2)

CN*N is the uni-

where S € CM*V is the precoded time domain matrix and P €
tary precoding matrix. For transmission, S is column-wise vectorized by the vec(+)
operator and the transmission signal s € CMV*! is obtained and transmitted over

the time-varying channel
s = vec(S). (5.3)

Before transmission, a CP is added to s in order to prevent ISI. The time-varying

channel response is represented by

P

h(r,v) =Y hid(r —7)5(v — vy), (5.4)

i=1
where P is the number of propagation paths, h;, 7; and v; stand for the complex
channel gain, delay shift and Doppler shift for the ith path, respectively.

At the receiver, after discarding CP, the received time domain signal r € CMVx1

can be expressed as

r=Hs+w, (5.5)
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where w € CMN*1 is vector of zero mean AWGN samples with CA (0, NoIpsy), No is
the noise variance, and H € CMV*M¥ g the time domain channel matrix [Gao and

Zheng, 2020]. After receiving, the signal is equalized with minimum mean square

error (MMSE) equalizer
f = HY(HH" + NoIy) 'r. (5.6)
After exploiting the MMSE equalizer, the equalized data T is de-vectorized to size

M x N by vecy/ (-) operator

A

R = vec; v (F). (5.7)
Then, deprecoding process is applied to R
R = RP", (5.8)

where R € CM*N_ After that, the delay-Doppler domain received signal Y is

obtained by applying Wigner transform and SFFT to R and it can be expressed as
Y = F!,(Fy,R)Fy = RFy. (5.9)

Finally, with the help of a detector, the delay-Doppler domain information symbol

vector X can be obtained by detecting symbols in vec(Y).

5.1.2 PAPR of the OTFS Signal

On the transmitter side, the PAPR of OTFS system can be expressed as [Surabhi
et al., 2019b]

_ max |s(t)|’]
PAPR = o oo (5.10)

where F{-} corresponds to expectation operator. For a rectangular pulsed OTFS

system, the maximum PAPR can be given as [Surabhi et al., 2019b]

. Nmaxi{|z[i][?}
PO

wherei = 0,..., M N —1 and x[7] is the delay-Doppler domain symbols. When (5.11)

(5.11)

is examined, the maximum PAPR of the OTFS signal increases linearly based on
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the number of symbols N. Furthermore, as PAPR is a random variable, it is possible
to use the complementary cumulative distribution function (CCDF) to describe the
statistical features of PAPR. Given the reference level v > 0, the possibility of the
PAPR being higher than the reference value is determined by CCDF, and it can be

described as
CCDF(y) = Pr(PAPR > ), (5.12)

where Pr(+) represents the probability function.

5.2 Precoding Matrices

In this section, we present the generation steps of the precoding matrices. Note that

all precoding matrices must be normalized to keep the signal power same.

5.2.1 Zadoff-Chu Transform Matrix

Zadoff-Chu sequences belong to a category of polyphase sequences that exhibit opti-
mal correlation characteristics. These sequences possess perfect periodic autocorre-
lation and a constant amplitude. Perfect periodic autocorrelation property ensures
that the energy of the precoded signal is not concentrated at specific time instances,
leading to a reduction in the peak points of the signal in the time domain. A

(CK><1

Zadoft-Chu sequence z € can be defined as

j2nr (k2 .
e x (gtak) K is even

Ak =4 , (5.13)
Al K s odd

where k£ = 0,..., K — 1, r is the root index relatively prime to K and the ¢ is any
integer [Baig and Jeoti, 2010]. For the ZCT precoding matrix Zy € CV*V the
value of K must be chosen as N? when generating the ZC sequence. To obtain Zy,

z is reshaped as
ZnIm,l] = zlm + IN], (5.14)

where m=1=0,...,N — 1.
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5.2.2  Walsh-Hadamard Transform Matrix

A WHT matrix has mutually orthogonal row vectors and orthogonal column vectors.
The concept behind this is to utilize the orthogonal rows or columns to minimize the
autocorrelation of the input sequence without the need to transmit any additional
information to the receiver. Thus, WHT may reduce the occurrence of high peaks
comparing the original system. A WHT matrix W, is a 2™ x 2™ real-valued matrix,
and let us define Wy = 1. For m > 0, recursively we can express W, as [Shete

et al., 2016]

Wm—l Wm—l
W,, = . (5.15)
W,..1 —W,

For m > 1, W,, can also defined as
W, =W ® Wmfla (516)

where ® states the Kronecker product. The 2™ = N condition must be satisfied to

obtain the WH'T precoding matrix.

5.2.8 Discrete Cosine Transform Matriz

DCT is known for its ability to decorrelate the input signal, which means it reduces
the dependencies between the neighboring samples of the input signal. This decor-
relation spreads the energy more evenly across the time domain samples, leading to
a reduction in the peak points of the signal. DCT precoding matrix Cy € RV*V

can be generated as [Sun et al., 2008]

4

m=0,0<]<N-1

Cn[m,l] = (5.17)

L
VN’
1<m<N-1
2 m(2l+1)m - - ’
\/;COS N
\ 0<I<N-1

5.3 Simulation Results And Comparisons

In this section, the PAPR and BER performances of conventional OTFS and the

proposed system are examined and compared. In all computer simulations, we
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Figure 5.2: Magnitudes of (a) classical OTFS, (b) WHT precoded OTFS, (c) ZCT
precoded OTFS, and (d) DCT precoded OTFS; for N = 32, M = 64.

consider the OTF'S system with various frame sizes. The carrier frequency is 4 GHz,
Af is set to 15 kHz, and information bits are modulated with 4-QAM modulation.
We use a channel with P = 5 paths with a uniform power delay profile, and the
delay profile is 7, = [0,2.08,4.164,6.246, 8.328] us, ¢ = 1,--- , P, where each path
has a single Doppler shift generated with Jakes” model v; = vy« cos (6;), where v ax
corresponds to the maximum Doppler shift depending on the receiver speed and 6; is
uniformly distributed over [—m, 7]. The receiver speed is taken as 506 km/h, which
corresponds to vy = 1875 kHz. We assume that CSI is available at the receiver.
We select ¢ = 7 and r = 1 for ZCT precoding. All simulations are performed in
MATLAB.

The magnitudes of classical OTFS signal and precoded schemes are given in Fig.

5.2. Since precoding matrices are unitary, the average power is same. However, as
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Figure 5.3: CCDF of the PAPR for M = 64 and N = 16, 32, 64.

we can see from the figure, precoded schemes have smaller peak points. Therefore,
precoded schemes exhibit reduced PAPR levels.

In Fig. 5.3, the CCDF of the PAPR is examined for varying N for the classical
OTFS and WHT, ZCT, and DCT precoded OTFS. The frame size is chosen as
M =64 and N = 16, 32,64. For CCDF = 10~ level, in the case of N = 16, WHT,
ZCT, and DCT precoders provide approximately 3.5 dB, 6.55 dB, and 3.15 dB
PAPR gains, respectively. When N = 32, WHT, ZCT, and DCT precoders provide
approximately 2.35 dB, 4.45 dB, and 3.7 dB PAPR gains, respectively. Finally, for
N = 64, WHT, ZCT, and DCT precoders provide approximately 1.4 dB, 3.6 dB,
and 3.4 dB PAPR gains, respectively. From the figure, while all precoded OTFS
systems show better PAPR performance than classical OTFS, the ZCT precoding
has the best PAPR performance among precoders for all N. Furthermore, PAPR

performance decreases for all systems when N is increased.
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Figure 5.4: PAPR performance comparison for proposed and different PAPR reduc-
tion schemes while N = 32, M = 64.

Fig. 5.4 shows the PAPR performances of the classical OTFS, proposed method,
clipping in [Tek et al., 2020] and DFT-s OTFS in [Wu et al., 2021]. For the DFT-s
OTFS and clipping method, we choose the parameters used in the related studies
as L = 16 and 8 = 0.7, respectively. When Fig. 5.4 is examined for CCDF = 1074,
WHT precoding has a 2.3 dB gain, ZCT precoding has a 4.4 dB gain, and DCT
precoding has a 3.57 dB gain. DFT-s OTF'S and clipping method have 3.8 dB and
3 dB gain, respectively.

Finally, Fig. 5.5 compares the BER performance of the classical OTFS, pro-
posed precoders, clipping technique, and DFT-s OTFS technique. For the DFT-s
OTES system, 16-QAM modulation is used to achieve the same SE as other systems.
From the results, we can see that the precoding schemes cause small performance

degradation and show similar BER performances. For the BER level of 107, there
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Figure 5.5: BER performance comparison for proposed and different PAPR reduc-
tion schemes while N = 32, M = 64.

are 1.2, 1.4, and 1.6 dB differences between classical OTFS and WHT, ZCT, and
DCT precoders, respectively. The reason for this degradation can be explained by
the fact that a little ISI remains after the MMSE equalizer. The performance of
delay-Doppler domain symbols depends on the average of all symbols in the time-
frequency domain [Tie et al., 2022]. Since we apply deprecoding in the time domain,
and due to residual ISI, the BER performance is affected. Even though clipping and
DFT-s OTFS methods have similar PAPR performances with precoding schemes,
their BER performances are worse than the classical OTFS and the precoded OTFS

schemes.



Chapter 6: Conclusions 42

Chapter 6

CONCLUSIONS

In this thesis, by utilizing DL, index modulation IM, and the unitary matrices,
three different solutions are presented in order to improve the performance metrics
of OTFS modulation.

First, an AE-based scheme to improve the error performance of OTFS by learning
a set of n-dim symbols and maximizing the SMED between them is proposed. Using
an AWGN channel instead of a doubly-dispersive channel provides a simple AE
structure to be trained. The encoder and decoder of AE are used as the mapper and
demapper blocks of a real-time OTFS system after training them under the AWGN
channel. Moreover, a theoretical FER upper bound has been derived. Computer
simulation results show that, in terms of the FER performance, AEE-OTF'S performs
better than the conventional OTFS system. In addition, LD significantly reduces
the decoding complexity. We conclude that the proposed AEE-OTFS scheme can
be a candidate for certain 6G use cases thanks to its outstanding error performance
in the presence of high mobility and flexibility.

Secondly, a block-wise IM scheme called JDDIM-OTFS aimed at enhancing the
error performance of OTFS is introduced. Furthermore, a theoretical upper bound
on the BER is derived. Computer simulations demonstrated that JDDIM-OTFS
outperforms conventional OTFS, OTFS-IM, and DeIM-OTFS systems in terms of
BER performance when coupled with MFGS-ML and MFGS-GRD detectors. Addi-
tionally, using a Greedy detector in MFGS significantly reduces decoding complex-
ity. The proposed JDDIM-OTFS scheme exhibits exceptional error performance in
scenarios with high mobility and flexibility, which can make it a viable option for
specific 6G use cases.

Lastly, using WHT, ZCT, and DCT unitary transformations to reduce the high

PAPR values of OTFS is proposed, and their performances are investigated. The
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PAPR performance of the proposed method has been investigated for different frame
sizes and compared with clipping and DFT-s OTFS methods. In addition, the BER
performance of the proposed method has also been examined and compared with
other mentioned methods. Computer simulation results show that the proposed
method provides significant PAPR gains while compromising the error performance
by about 1.5 dB. Remarkable PAPR gains and no need for side information on the
receiver make the proposed method significant.

Considering the needs of next-generation communication systems, OTFS is seen
as the most important waveform candidate. Its superior performance in the double-
dispersive channel makes it suitable for 6G scenarios. However, rapidly developing
technology and reliable data transfer needed in high-speed scenarios require superior
waveforms in terms of performance metrics. In this thesis study, three novel methods
that improve the error performance and PAPR performance of OTFS have been
presented to meet this need. Simulation studies show that the proposed methods

can easily find a place in next-generation communication systems.
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