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manned aerial vehicle (UAV) communications, and high-
speed railway systems. Communications in high mobility sce-
narios suffer from severe channel Doppler spreads as well as
delay spread, which deteriorates the performance of the widely
adopted orthogonal frequency division multiplexing (OFDM)
modulation in the current 4G and 5G networks.

Recently, a new two-dimensional (2D) modulation scheme
referred to as orthogonal time frequency space (OTFS) modu-
lation was proposed, where the information symbols are mul-
tiplexed in the delay-Doppler (DD) domain rather than the
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time-frequency (TF) domain as in the traditional modulation
techniques. The DD domain multiplexing provides the possi-
bility to embrace the channel impairments and to provide the
benefits of delay- and Doppler-resilience. OTFS enjoys the
full time-frequency diversity of the channel, a key to provide
reliable communications. Since it was introduced in 2017,
OTFS has been recognized globally for its great potential to
achieve high-speed and high-reliable communications in a
high-mobility environment. While some initial works on the
concepts and the implementations of OTFS have been inves-
tigated, there are still several challenges and open problems
to be addressed.

In this special issue, we have invited seven active and
leading research groups who have been working on this topic
in the last few years to provide tutorials, surveys or technical
papers on various important issues facing OTFS system de-
signs, including efficient DD domain channel estimation, low
complexity OTFS signal detection, coded OTFS systems per-
formance evaluations, iterative receiver designs, multiple-an-
tenna OTFS systems designs, OTFS based multiple access
for satellite communications, etc. These papers provide an
overview of the latest OTF'S research and innovations as well
as their applications. Thereby, it is expected that these pa-
pers will motivate and inspire further work amongst research-
ers, engineers, and Ph.D students working on OTFS and re-
lated areas.

One of the challenges facing OTFS system design is how to
detect the transmitted symbols with a low complexity receiver.
In this special issue, three papers investigate OTFS receiver
designs, particularly on the signal detection and channel esti-
mations for OTFS systems. ZHANG Zhengquan et al. in the
paper entitled “A Survey on Low Complexity Detectors for OT-
FS Systems” provide a survey on low complexity OTFS detec-
tors and their related insights on future researches. OTFS de-
tector structures and classifications are compared and dis-
cussed. Motivated by the principles of OTFS detection algo-
rithms, the authors propose the design of hybrid OTFS and
OFDM detector in single user and multi-user systems.

The paper entitled “Signal Detection and Channel Estima-
tion in OTFS” by CHOCKALINGAM et al. presents an over-
view of the state-of-the-art approaches in the OTFS signal de-
tection and DD domain channel estimation. Three signal de-
tection methods (linear detection, approximate maximum a
posteriori detection, and deep neural network based detection)
and three DD channel estimations (separate pilot, embedded
pilot, and superimposed pilot) are discussed. The main chal-
lenges and future research directions are identified.

Considering that an efficient detector is paramount to har-
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vesting the time and frequency diversities promised by OTFS,
GUO Qinghua et al. in their paper “Message Passing Based
Detection for Orthogonal Time Frequency Space Modulation”
offer an overview of some recent message passing based OTFS
detectors, which can exploit the features of the OTFS channel
matrices, compare their performance, and shed some light on
potential research on the design of OTFS receivers.

While most of the existing OTFS work deals with uncoded
systems, this special issue has two papers contributing to the
design of coded OTFS systems. In the paper entitled “Perfor-
mance of LDPC Coded OTFS Systems over High Mobility
Channels” by ZHANG Chong et al., the performance of coded
OTFS systems with 5G LDPC codes and 5G OFDM frame
structure over high mobility channels is evaluated. Various it-
erative detection and decoding algorithms are proposed. The
effect of channel estimation error on the LDPC coded OTFS
system performance is discussed.

The work “Coded Orthogonal Time Frequency Space Modu-
lation” by LIU Mengmeng et al. analyses the performance of
the uncoded/coded OTFS system and compare them with
OFDM systems with different relative speeds, modulation
schemes and iterations. They show that the OTFS system has
the potential of full diversity gain and better robustness under
high mobility scenarios.

The paper “OTFS Enabled NOMA for MMTC Systems over
LEO Satellite” by MA Yiyan et al. suggests one potential ap-
plication of OTFS for the massive machine type communica-
tions (mMTC) in low earth orbit (LEO) satellite networks with
notable Doppler shifts. OTFS-NOMA schemes are described
for the systems. The challenges of applying OTFS and NOMA
into the LEO satellite mMTC systems and the potential tech-
nologies for the system are investigated.

Finally, in the work “Orthogonal Time Frequency Space
Modulation in Multiple-Antenna Systems” by WANG Dong et
al., the application of OTFS modulation in multiple-antenna
systems is investigated. Two classes of OTFS-based multiple-
antenna approaches for both the open-loop and the closed-
loop (with Tomlinson-Harashima precoding) systems are pro-
posed. Key challenges and opportunities for applying OTFS to
multiple-antenna systems are presented.

In summary, this special issue covers the state-of-the-art
OTFS technologies for channel estimation, detection, code de-
sign, iterative receiver development, and its applications for
LEO satellite and multiple-antenna systems. We thank all au-
thors, reviewers, editorial staff who have contributed to this is-
sue. It is our expectation that these papers will inspire further
research and development for future 6G and emerging wire-
less communications.
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Abstract: The newly emerging orthogonal time frequency space (OTFS) modulation can ob-
tain delay-Doppler diversity gain to significantly improve the system performance in high
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OTFS detectors and provide some insights on future researches. We firstly present the OTFS
system model and basic principles, followed by an overview of OTFS detector structures,
classifications and comparative discussion. We also survey the principles of OTFS detection
algorithms. Furthermore, we discuss the design of hybrid OTFES and orthogonal frequency di- Manuscript received: 2021-10-18
vision multiplexing (OFDM) detectors in single user and multi-user multi-waveform commu-
nication systems. Finally, we address the main challenges in designing low complexity OT-

FS detectors and identify some future research directions.
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1 Introduction

he new-generation mobile communication systems!'"
are the key enabler for the digital society in the next
ten years and are expected to satisfy the requirements
for high mobility applications such as vehicle-to-every-

thing (V2X) services” *, high-speed railway services ), as

This work is supported in part by the NSFC Project under Grant No.
61871334, in part by the open research fund of the State Key Laboratory
of Integrated Services Networks, Xidian University under Grant No.
ISN21-15, and in part by the Fundamental Research Funds for the Central
Universities, SWJTU under Grant No. 2682020CX79. FAN Pingzhi’ s work
is also supported by the NSFC project under Grant No. 61731017 and the
“111” project under Grant No. 111-2-14.

well as unmanned aerial vehicles (UAV), which require the
support of high mobility up to 500 - 1 000 km/h with accept-
able quality of service (QoS)" .

However, high mobility wireless communications suffer
from high Doppler spread, and the transmitted signals experi-
ence time-frequency doubly selective channel”. High Doppler
spread will result in very serious inter-carrier interference
(ICT), especially in orthogonal frequency division multiplexing
(OFDM) systems. Another challenge is to perform channel esti-
mation to obtain exact channel state information (CSI) of fast
time-variant channels, even to the extent that the reported CSI
is outdated. These challenges will seriously reduce the perfor-

mance of conventional OFDM systems. To tackle the challeng-
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es of high mobility, learning-based channel estimation, flexi-
ble subcarrier spacing and length of cyclic prefix (CP), double
demodulation reference signals (DMRS), i. e., front-loaded
DMRS and additional DMRS with configurable time-domain
density, have been studied. However, these methods still treat
high mobility as a negative factor, which results in very limit-
ed performance improvements of OFDM systems.

Recently, the orthogonal time frequency space (OTFS) mod-
ulation technology® * has been proposed for high mobility
wireless communications, and attracted increasing attention
due to its excellent performance. This new two-dimensional
(2D) modulation transforms high mobility into a positive factor
by introducing inverse symplectic finite Fourier transform (IS-
FFT)-based pre-processing before OFDM modulation and sym-
plectic finite Fourier transform (SFFT)-based post-processing
after OFDM demodulation. With ISFFT/SFFT transforms, de-
lay-Doppler (DD) domain is introduced in OTFS systems and
the modulated symbols are transmitted in DD domain rather
than time-frequency (TF) domain. The equivalent DD channel
exhibits excellent features of separability, stability, compact-
ness, and possible sparsity””, which enables OFTS systems to
obtain delay-Doppler diversity gain. Additionally, these excel-
lent features are also beneficial for performing channel estima-
tion under high mobility environments. OTFS modulation has
also been submitted to 3GPP as a candidate waveform for 5G
72 and is regarded as a promising waveform for
[13]

systems[
next-generation wireless communications

However, since each modulated symbol is spread to the
whole TF resource grid by ISFFT operation in OTFS systems,
the number of equivalent DD channel dimensions is larger
than that of OFDM systems, which dramatically increases the
complexity of signal detection. To address this challenge,
some efforts have been devoted to the research of low complex-
ity OTFS detector structures such as decision feedback equal-
izer (DFE)!'", iterative maximum ratio combining (MRC) detec-

[15-16]

tor , non-iterative joint TF- and DD-domain detector'”, it-

erative joint time- and DD-domain detector!™, non-iterative

MRC detector with compensation”’

[20-23

, learning-based detec-
tor | and separate low complexity OTFS detector™. Sever-
al OTFS detection algorithms, including linear minimum

125 - 29] )
, mes-

mean square error (MMSE) and zero-forcing (ZF)
sage passing (MP)™ *'and its variants like approximate mes-
sage passing (AMP)™ I MRC™ ' joint MP and MRC"",
hybrid maximum a posteriori (MAP) and parallel interference
cancellation (PIC)™, expectation propagation (EP)", varia-
tional Bayes (VB)™, and iterative least squares minimum re-
sidual (LSMR)™", have been studied.

In this paper, a comprehensive survey on OTFS detector
structures and detection algorithms is provided. We compare
the advantages and disadvantages of each OTFS detector
structure and detection algorithm, which can provide some in-
sights for future research. We also provide classifications for

OTFS detectors from different dimensions. Furthermore, we

O 4 | ZTE COMMUNICATIONS
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study a hybrid OFDM-OTFS multi-waveform detection frame-
work. Finally, we discuss some challenges for low complexity
OTFS detectors, and identify some future research directions.
The rest of the paper is organized as follows. A brief discus-
sion on the OTFS system model and the principles of OTFS
modulation are given in Section 2. In Section 3, a survey on
the state-of-the-art OTFS detector structures is provided,
while the research progress on OTFS detection algorithms is
given in Section 4. In Section 5, a hybrid OTFS-OFDM multi-
waveform detection framework is discussed briefly, while Sec-
tion 6 discusses the research challenges and identifies some
future research directions, followed with conclusions.

2 Basic Principles of OTFS Modulation

The OTFS system model is shown in Fig. 1, which includes
OTFS transmitter and receiver structures. Compared with
OFDM systems, OTFS systems add ISFFT-based transform
precoding before OFDM modulation at the transmitter side,
while SFFT-based post-processing is employed after OFDM
demodulation at the receiver side. From the perspective of sys-
tem structures, OTFS systems can be regarded as a type of pre-
coded OFDM systems and can be easily compatible with
OFDM systems. With the introduction of ISFFT/SFFT trans-
form, a new domain, i.e., DD domain, is introduced. As a re-
sult, there are three domains in OTFS systems: DD domain,
TF domain and time domain, while OFDM systems only have
TF and time domains.

Considering an OTFS system with an N X M DD resource
grid, at the OTFS transmitter side, the modulated symbols and
pilots are mapped to the DD resource elements. The signal car-
ried by the (k, ) -th DD resource element is denoted by
" [k,1] for k=0,1,..,N—1,0=0,1,..,M - 1. Then, the
symbols x””[ k,1]in the DD domain are converted to the sym-
bols x™[n,m] in the TF domain using the ISFFT as

X" [n,m = ISFFT (x""[ k,1]) S N L k1]

for n=0,1,....N - 1,m—0,1,..‘, - 1. Next,
"

x"" [n,m]in the TF domain is converted to the symbols in the

IFFT (x" [n,m]) =

SV =Dand  is  trans-

the signals

dime  domain
1 Nogm-t

signal as  x(1) =

v M ,;)yzox

mitted through the channel. At the OTFS receiver side, the re-

)= [ hizw)

7)™ " drdv. After OFDM demodulation (i.e., FFT trans-

form),

"In,mlg,(t—nT)

ceived signal in the time domain is y(¢

the symbols in the TF domain are denoted by
" n,m). Then, applying SFFT on y""[n,m ], the symbols in
the DD domain can be Y[k, =

N-1M-1 i ml
SFFT ((y™ Z ZyTF[n mle” m( - 4) Finally, the

n=0m=

transmitted symbols x” [k,l] can be recovered from y”"[ k,1]

through the OTFS detector.

obtained as

[n,m]) =
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As shown in the expression for
ISFFT, a DD symbol carried by a
DD resource element is spread to
all the
which enables OTFS systems to
full Further,
since the pilots inserted in DD do-

TF resource elements,

obtain diversity.
main are also spread to all the TF
resource elements, the equivalent
DD channels obtained by channel
estimation have the average chan-
nel gain. Due to delay and Dop-
pler spread, the received symbols
in DD domain are interfered with
the neighboring symbols. There-
fore, the main challenges for OT-
FS systems focus on the OTFS re-
ceiver, which needs to design
very low complexity detectors,
while the OTFS transmitter is rel-
atively simple, as it only needs to
add ISFFT operation
OFDM modulation.

before
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Detected symbols

Rx DD signals

DD-domain itera-
tive signal detec-
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ML:

DNN: deep neural network

maximum likelihood

MP: message passing

MRC: maximum ratio combining
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T T l (ML) i T T i detection l
Tterative joint time- and DD-domain Iterative joint TF- and DD-domain
signal detection detection
(e) ®
Rx DD Detected
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‘ ‘ ! )
Iterative joint time-, frequency- and DD-domain
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(@)
DD: delay-Doppler MMSE: minimum mean square error OTFS: orthogonal time frequency space
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A Figure 2. OTFS detector structures: (a) DD-domain non-iterative OTFS detector; (b) DD-domain itera-
tive OTFS detector; (c) non-iterative joint TF- and DD-domain OTFS detector; (d) joint non-iterative TF-
domain and iterative DD-domain OTFS detector; (e) iterative joint time- and DD-domain OTFS detector;
(f) iterative joint TF- and DD-main OTFS detector; (g) iterative joint time-, TF- and DD-main OTFS de-
tector; (h) learning-enabled OTFS detector

ZTE COMMUNICATIONS

December 2021

| 05

Vol. 19 No. 4



Special Topic
ZHANG Zhengquan, LIU Heng, WANG Qianli, FAN Pingzhi

- 35

domain iterative detector™ ), non-iterative joint TF- and DD-

{71 joint non-iterative TF-domain and iterative

[15 - 16]

domain detector

DD-domain detector
[18]

, iterative joint Time- and DD-do-

main detector' ', iterative joint TF- and DD-main detector,

20°21 - According to the number

and learning-enabled detector
of domains involved in detection processing, these OTFS de-
tectors can be divided into two categories: the single-domain
OTFS detector and joint multi-domain OTFS detector. With
the need of iteration, these OTFS detectors can be divided into
the non-iterative OTFS detector and iterative OTFS detector.
These OTFS detectors can also be divided into the convention-
al OTFS detector and learning-based OTFS detector. The de-
tailed classifications of OTFS detectors are shown in Fig. 3. A
summary of OTFS detectors is illustrated in Table 1.

The DD-domain non-iterative OTFS detector shown in Fig.
2(a) achieves signal detection in the DD domain by using non-
iterative detection algorithms like MMSE/ZF, spherical detec-
tion, maximum likelihood (ML) detection, etc., where MMSE/
ZF is popular and has also been adopted by 4G/5G systems
due to its low complexity, while spherical detection and ML
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—{ Non-iterative OTFS detector l

OTFS detector

*l Tterative OTES detector l
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—{ Conventional OTFS detector l

OTFS detector

*l Learning-based OTFS detector l
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Single domain OTFS de-
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DD: delay-Doppler  OTFS: orthogonal time frequency space  TF: time-frequency

A Figure 3. OTFS detector classifications: (a) non-iterative and itera-
tive OTFS detectors; (b) single domain and multi-domain OTFS detec-
tors; (c) conventional and learning-based OTFS detectors

VTable 1. Summary of OTFS detector structures

Advantage

Disadvantage

Detect Detector Struct
Ref. ctector crector Structure Domain Basic Idea
Structure Type
Refs.
[25] DD-domain non-itera- DD Adopting non-iterative detection algo-
- Single- tive OTFS detection domain  rithms (e.g., MMSE/ZF) in DD domain
[29] domain
Refs. OTES Adopting i ive d ion al
. . . ting iterative detection algo-
30] detector  pp-d terative DD ophng
(30) omam tledhive _ rithms, like MP/AMP and MRC etc., in
- OTFS detection domain DD d .
35] omain
oo |
Ref. on-iterative _]0%1’1 domain Joint TF- and DD- domain processing
[17] TF- and DD-domain 11y it non-iterative detection algorithms
OTFS detection il D) with non-iterative detection algorithms
domain
Refs. int non-iterati TF do-
€S fom r?on ! er'a e . €0 Employing TF MMSE equalizer to pro-
[15] TF-domain and itera- main and N - L.
and ]oinl. tive DD-domain OT- DD do- vide good Futlellvl[stzrdD?—(jomam itera-
[16] multi- FS detection main e clector
domain
OTFS
detector Time do-
Iterative joint time- lr,ne <o Joint processing of time and DD do-
. main and K . .
and DD-domain OT- mains to form a large iterative detec-
) DD do- i
FS detection ) tion loop.
main
Ref.
= TF d
o-
Iterative joint TF-
Py main and  Joint TF and DD domains that form a
and DD-main OTFS . . .
. DD do- large iterative detection loop.
detection .
main
Refs. Using machine learning techniques to
[20] Learning-based OT- DD do-  perform signal detection in DD domain
- FS detection main or estimate some parameters in conven-
[23] tional OTFS detector.

Signal detection is only performed in DD do-
main; Non-iterative signal detection algo-
rithms are relatively low complexity.

Iterative detection algorithms can achieve
better performance.

Joint multi-dimension processing can
achieve better detection performance; Joint
multi-dimension processing can relax the
processing requirements in DD domain.

Introducing non-iterative TF MMSE equaliz-
er can accelerate the convergence of DD-do-
main iterative MRC detector; iterative MRC
detector can fully merge separable taps to
obtain better performance.

Iterative joint time- and DD-domain detec-

tion can achieve better performance and

faster convergence by fully utilizing time-
and DD-domain information.

Iterative joint TF- and DD-domain detection
can achieve better performance and faster
convergence by fully utilizing TF- and DD-

domain information.

It is relatively simple to design learning-
based signal detection as a black box with-
out understanding expert knowledge of OT-
FS detection; better detection performance

is achieved.

Non-iterative signal detection algo-
rithms suffer from some performance

loss.

Iterative detection will increase the

complexity of algorithm design; the

convergence of algorithms should be
analyzed and ensured.

Joint multi-dimension processing in-
creases the complexity of designing
OTFS detector.

TF detection is needed to provide ini-
tial estimates; iteration processing in-
creases the complexity; need to add
null symbols to construct full channel

matrix.

Tterative joint time- and DD-domain
detection increases the complexity of
designing OTFS detector; a large
amount external information exchange
is inevitable.

Iterative joint TF- and DD-domain de-

tection increases the complexity of de-

signing OTFS detector; a large amount

external information exchange is inevi-
table.

Learning-based detection is un-ex-
plainable; more computing capability
is required; massive training and test-

ing datasets are necessary.

AMP: approximate message passing
OTFS: orthogonal time frequency space
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detection are very complex. In general, the DD-domain non-it-
erative signal detector adopts MMSE/ZF algorithms. Without
iteration operation, the computational complexity and process-
ing delay of MMSE/ZF are small, but at the cost of detection
performance loss.

The DD-domain iterative OTFS detector shown in Fig. 2(b)
also achieves signal detection in the DD domain, but uses iter-
ative detection algorithms like MP and its improved algo-
rithms, and the EP algorithm™. These algorithms iteratively
update information to achieve better detection performance.
However, the iteration operation brings some extra computa-
tional complexity. Additionally, the convergence of iterative
detection algorithms needs to be considered. In Ref. [39], the
iterative EP algorithm and its improvement named Approxi-
mate EP (AEP) were studied. They exhibit better bit error rate
(BER) performance than MMSE, MP, MRC rank and VB algo-
rithms.

The non-iterative joint TF- and DD-domain OTFS detector
shown in Fig. 2(c) can be considered as an improvement of the
DD-domain non-iterative OTFS detector, which utilizes both
TF- and DD-domain information to improve the detection per-
formance. In Ref. [17], a sliding window-assisted MMSE (SW-
MMSE) equalization in the TF domain was studied, and a DD
equalizer like decision feedback equalizer (DFE) was intro-
duced. The computation complexity of this non-iterative two-
stage equalizer is lower than conventional MMSE, and the
BER performance is also better than conventional MMSE.

The joint non-iterative TF-domain and iterative DD-domain
OTFS detector shown in Fig. 2(d) can be regarded as an im-
provement of the DD-domain iterative OTFS detector, in
which the non-iterative TF-domain equalizer provides good
initials for the iterative DD-domain OTFS detector to improve
its convergence performance. In Refs. [15] and [16], an itera-
tive MRC detector with initial estimates from the output of TF-
domain MMSE equalizer was studied, as shown in Fig. 4. The
results show that the iterative MRC detector with initial esti-
mates can achieve better BER performance than that without
TF-domain MMSE equalization, iterative MPA or MMSE. Con-
sidering spatial correlation at the receiver antennas, a sample-
based method to estimate such correlation and the optimized
combining weights for MRC from the estimated correlation ma-
trix were studied in Ref. [42].

The iterative joint time- and DD-domain OTFS detector
shown in Fig. 2(e) forms a large iteration loop among the time
domain and DD domain, which is expected to obtain better
performance and lower computational complexity by exploit-
ing time domain channel sparsity and DD domain symbol con-
stellation constraints. In Ref. [18], the iterative joint time- and
DD-domain signal detector was studied, which adopted an L-
MMSE estimator in the time domain and a symbol-by-symbol
detection in the DD domain. The results show that this itera-
tive joint time- and DD-domain signal detector could achieve
almost the same error performance as the maximum-likelihood
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sequence detection even in the presence of fractional Doppler
shifts, and the computational complexity associated with the
domain transformation was low.

The iterative joint TF- and DD-main OTFS detector shown
in Fig. 2(f) can be regarded as an improvement of non-iterative
joint TF- and DD-main signal detector. Similar as the iterative
joint time- and DD-domain OTFS detector shown in Fig. 2(e),
the iterative joint TF- and DD-main signal detector forms a
large iteration loop among the TF domain and DD domain,
which is expected to obtain better performance and faster con-
vergence by utilizing TF- and DD-domain information. Fur-
thermore, based on the OTFS detector shown in Fig. 2(f), an it-
erative joint time-, TF- and DD-main OTFS detector with time-
domain equalization is shown in Fig. 2(g).

The learning-enabled OTFS detector shown in Fig. 2(h) us-
es advanced machine learning method to improve detection
performance. In Ref. [20], to reduce the complexity of conven-
tional MP detector in OTFS systems, a damped generalized ap-
proximate message passing (GAMP) algorithm was studied
and deep learning (DL) was introduced to optimize damping
factors. Its BER performance can outperform the classical
GAMP algorithm and MP algorithm. In Ref. [21], a two-dimen-
sional convolutional neural network (2D-CNN) based detector
was studied to replace the conventional OTFS detector, and an
MP-based data augmentation (DA) tool was employed to en-
large the training features of the input dataset and mitigate the
effect of the channel variations to some degree, leading to im-
provement of the robustness and learning ability of the deep
neural network (DNN). This 2D-CNN based detector can
achieve superior performance compared with the MP detector
and similar performance as the MAP detector with a very low
complexity. In Ref. [22], a DD-domain symbol-level DDN de-

tector was studied, which could achieve similar BER perfor-

Received DD signals Y, .
DD channel information

Received TF Detector
signals ¥, Initial DD-domain | yput LLRs
—> R omain estimates MRC Rk
TF channel MMSE detection
matrix Hy, | equalization Detector input
LLRs >
. Deinter-
Interleaving leavi
eaving
Decoder
output ]
LLRs LDPc <
decoding | pyecoder
input LLRs

Infor-
> mation
bits

DD: delay-Doppler
LDPC: low density parity check
LLR: log-likelihood ratio

MMSE: minimum mean square error
MRC: maximum ratio combining

AFigure 4. Iterative MRC detector'™*'
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mance as the full DDN detector and ML detector in static mul-
tipath channel with Gaussian noise, while it achieved better
BER performance than the full DDN detector and ML detector
in static multipath channel with non-Gaussian noise. In Ref.
[23], a reservoir computing (RC) -based OTFS detector was
studied, in which one-shot online learning was sufficiently
flexible to cope with channel variations among different OTFS
frames and explicit CSI was not required.

4 OTFS Detection Algorithms

OTFS detection algorithms include linear MMSE/ZF, MP
and its improvements, MRC, MAP, EP, and VB algorithms. A
summary of these detection algorithms including their compu-
tational complexity and BER performance is presented in Ta-

ble 2.

4.1 Linear MMSE/ZF Detection Algorithm

Linear signal detection mainly includes MMSE and ZF,
while MMSE has been adopted by 4G/5G OFDM systems, due
to its low complexity. The detection matrices of classical
MMSE and ZF in OTFS systems are G, =(H"H +
o*I)"H" and G, =(H"H)"H", respectively. However,
when these classical MMSE and ZF detection algorithms are
used for OTFS systems directly, they suffer from very high
complexity O(M?*N?). This is because the number of dimen-
sions of equivalent DD channel matrix is MN X MN in OTFS

VTable 2. Summary of computational complexity and performance

Detection Algorithm Computational Com- Perfor-
Reference . .. .
Algorithm Characteristic plexity mance
Ref. [39] Classical Non-iterati O N?)
ef. MMSE on-iterative
Low ¢ lexi-
Ref.27] " P Nonditerative  O(MNlog (MN))

ty MMSE

lower-upper

Ref. [25] factorization Non-iterative O(MNlog(N))
-based MMSE UAMP>EP>
Refs. [31] . @ AEP
O(2YIMNS
and [32] e Ieretiie ( ) SMRC-rake
_ . o, o >VB

Ref. [33] MF-MP-PC Iterative O(IMN (27 +.5)) SMP

Ref. [34] GAMP Iterative O(2YIMNS) >Classical
O(IMNlog (MN)) MMSE

Ref. [35] UAMP Iterative =low com-
+O(2YIMN) loxi

plexity
Ref. [36] ICMP Tterative 0(2°IMNGS) MMSE
. O(IMN(L + log (N)))
Refs. [15] MRC-rake Iterative i
and [16] +O(MN (L + log(M)))
EP lterative O(IMN (2° + S))
Ref. [39] 7
AEP Iterative O(IMN (2° + 8))
Ref. [40] VB Tterative O(2YIMNS)

AEP: approximate expectation propagation ~ MMSE: minimum mean square error
EP: expectation propagation MP: message passing
GAMP: generalized approximate message MRC: maximum ratio combining
passing PC: probability clipping
ICMP: iterative combining message passing ~ UAMP: unitary approximate message passing
MF: matched filtering VB: variational Bayes
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systems, which results in MN X MN matrix inversion. To re-
duce the complexity of linear signal detection in OTFS sys-
tems, considering the sparsity and the block circulant nature
of equivalent DD channel, some low complexity linear signal
detection schemes have been studied.

In Ref. [27], the eigenvalues of G5 was computed from
the eigenvalues of DD channel matrix H, which can signifi-
cantly reduce the complexity. This MMSE with low complexity
is summarized as follows:

1) Compute the eigenvalues of each block of H, by comput-
ing DFTs of the first row of each circulant block;

2) Compute the eigenvalues of H;

3) Compute the eigenvalues of G4, by using the eigenval-
ues of H;

4) Compute Gy5y-

This idea was also adopted by Ref. [28] to study the detec-
tion in MIMO-OTFS systems. Unlike the SISO-OTFS channel,
the eigenvalue matrix D in MIMO-OTFS channel is not diago-
nal, however, the inverse of the D, constructed by the matrix
D can be performed block-wise by two steps: matrix partition-
ing and backtracking®.

The computational complexity of MMSE is mainly caused
by large matrix inversion. Considering the sparsity of equiva-
lent DD channel matrix and quasi-banded structure of matri-
ces in MMSE detection, a lower-upper (LU) factorization-
based low complexity MMSE detection algorithm was studied
for OTFS systems with reduced CP* and full CP*, in which
high complexity channel inversion is replaced by low complex-
ity LU factorization operation. Further, the final estimate sym-
bols step can be performed by Fast Fourier Transform (FFT).
Its detailed procedure is illustrated in Fig. 5.

There are some other low complexity MMSE/ZF detection
algorithms. For example, the one-tap MMSE detection algo-
rithm studied in Ref. [26] achieved low complexity detection
in pulse-shaped OTFS systems over doubly-dispersive chan-
nels, which only estimated the channel main diagonal and the
self-interference power instead of interference cancellation
and considered the power of the channel estimation error and
self-interference as additional tuning variance parameters.

4.2 MRC Detection Algorithm

The MRC detection algorithm extracts received multipath
components of the transmitted symbols in the delay-Doppler
grid and combines them by using MRC to improve the signal-
to-noise ratio (SNR) of the combined signal. The detailed
steps of MRC algorithm are shown as follows!"” '

1) Construct circulant matrix having element K, ,, accord-

m,l?
ing to the channel Doppler spread vector at each delay tap;
2) Construct matrix R by using a circulant matrix, where

_ H — .

R, = zle(,l,Kmu,sz”,zv m=0,1,..M-1,;
3) Construct the equations for the symbol vector estimates
b, by using the estimates of symbol vectors from previous iter-

ation;
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AFigure 5. LU factorization-based low complexity minimum-mean-square-error (MMSE) detection

4) Construct g, according to K, , ,, and b. ;

5) Perform MRC of the estimates and obtain the output of
the maximal ratio combiner, ¢, = R, - g,

6) Estimate all information symbol vectors by ML criterion;

7) Stop criteria by stopping iteration, when some conditions
are satisfing, e.g., the number of iterations is up to the maxi-

mum number of iterations.

4.3 MP Detection Algorithm and Its Improvements

The MP algorithm™ * uses graphical models to decom-
pose a hard problem into several easy sub-problems and itera-
tively solve them by passing messages between different types
of nodes. The detailed processing steps of an MP algorithm are
shown as follows":

1) Message passings from observation nodes to variable
nodes: Observation nodes compute the mean and variances of
Gaussian random variables and pass them to variables nodes;

2) Message passings from variable nodes to observation
nodes: Variable nodes update the probability mass function
(PMF) of the alphabet and pass them to observation;

3) Convergence indicator: The convergence indicator is
computed;

4) Update decision: The decision on the transmitted sym-
bols is updated, if needed;

5) Stopping criteria: The iteration is stopped when some
conditions are satisfing. Note that different stopping criteria
will affect convergence and the number of iterations.

Popular MPA detectors still suffer from high complexity
and high storage requirements, as well as error floor of BER
performance at high SNRs. To further improve the MPA detec-
tor, a matched-filtering based message passing detector with
probability clipping (MF-PC-MPD) for OTFS systems was
studied in Ref. [33]. MF-PC-MPD first performs matched fil-
tering on received OTFS signals, and then uses probability
clipping to redistribute the probability if the probability distri-
bution satisfies a certain condition, which makes the symbol
variance fluctuate within a certain range and close to each oth-
er; in this way, the Gaussianity is retained.

In Ref. [34], a Gaussian approximate message passing (GA-

1251

mating the ISI. This detec-
tor outperforms the classical
MP detector by at least 1.5 dB at a BER of 107, with the same
complexity order.

To overcome the performance loss of MP detector in the
case of rich scattering environments or fractional Doppler
shifts, a unitary approximate message passing (UAMP) detec-
tor was studied in Ref. [35]. Considering the equivalent DD
channel is a block circulant matrix with circulant blocks
which can be diagonalized using a 2D DFT matrix, the UAMP
detector performs unitary transform by using a unitary matrix
after receiving DD signals. As a result, the UAMP detector al-
lows more efficient implementation with the FFT algorithm,
and can achieve better BER performance than VB, MRC, MP,
and AMP algorithms.

In Ref. [36], fractionally spaced sampling (FSS) was intro-
duced to the OTFS receiver, which can be equivalent to a SI-
MO system, and then iterative combining message passing (IC-
MP) and turbo message passing (TMP) detectors were studied,
by exploiting the sparsity of DD channel and the channel di-
versity gain via FSS. The ICMP detector combines two receiv-
ing channels and then performs message passing iteratively
with the Gaussian approximation of the interference compo-
nents. Considering there are two receiving channels in the
FSS receiver, the TMP detector uses two individual MP equal-
izers with extrinsic log-likelihood ratios (LLRs) exchanging to
form a turbo receiver.

The MP detection algorithm is based on the factor graph be-
tween variable nodes and observation nodes, and is very effi-
cient for the sparse channel. However, its complexity will be
increased when there are a large number of paths such as
multi-antenna transmission. To overcome this challenge for
OTFS systems with multi-antennas, a joint MP and MRC de-
tection algorithm was studied in Ref. [37], which separated the
Doppler frequency offsets (DFOs) in the spatial domain with a
beamforming network to ensure the equivalent sparsity and ob-
tained the best diversity by employing MRC to combine all
beamforming branches. The main steps in each iteration of the
joint MP-MRC algorithm are: 1) Each observation node passes
the mean and variance of the interference terms to the con-
nected variable nodes; 2) Each variable node updates the
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PMF of alphabet symbols and then passes it back to the con-
nected observation nodes; 3) The joint convergence indicator
of all beamforming branches is calculated in the MRC fashion
after each iteration. Finally, when the convergence is satisfing,
the soft output of each transmitted symbol is computed, fol-
lowed with hard decision.

4.4 MAP Detection Algorithm

The MAP detection algorithm uses all received signals to es-
timate all transmitted symbols, which can be formulated as x =
argmax Pr (xly, H). Obviously, its complexity increases with

XE/\\"Xl

exponent in NM™. To reduce the complexity, a near-optimal
symbol-wise MAP detection algorithm was studied in Ref.
[38], and its detection rule is expressed as x(k,l)=

argmax Pr (x(k,0)ly, H).

x(kl) e A

4.5 EP Detection Algorithm

The OTFS system can be represented by a sparsely-connect-
ed factor graph where each variable node (VN) is connected to
factor nodes D. The main idea of EP algorithm™ is to use a
Gaussian distribution through distribution projection to ap-
proximate the sophisticated posterior distribution in the mes-
sage updating steps, which leads to the complicated belief
computation being replaced by means and variances computa-
tion. The detailed steps of EP algorithm are represented as fol-
lows"™:

1) Compute the joint distribution p (%, ¥ );

2) Compute the likelihood function p(y,lx ), );

3) Compute the means and variances passed from FNs and
VNs as uf‘[ >, and 11/"»[) s

4) Compute the means and variances passed from VNs and
FNs as u; _», and vi g

5) Compute the a posteriori LLR of each coded bit as ¢;

6) Stop criteria by stopping iteration, when some conditions
are satisfied.

Note that the main computational complexity of the EP algo-
rithm depends on the number of non-zero elements D of chan-
nel matrix. In case of rich scattering scenarios and fractional
Doppler shift, D is relatively large. To further reduce the com-
putational complexity, small channel coefficients can be ap-
proximated to a fixed value (e.g., the median value of these
small elements) during the message passing from FNs to VNs,

which is named channel coeffificients-aware approximate EP
(AEP) algorithm™,

4.6 VB Detection Algorithm

The optimal MAP detection algorithm suffers from very
high complexity, which increases exponentially with the size
of data symbol vector. To reduce the complexity of MAP algo-
rithm, a variational Bayes algorithm was studied in Ref. [40].
The main idea of VB algorithm is to find a distribution ¢(d)
from a tractable distribution family as an optimized approxima-
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tion of the a posteriori distribution p(dly). The detailed proce-
dures are shown as follows:

1) Formulate the approximation ¢ (d) as an optimal problem
by minimizing the Kullback-Leibler divergence;

2) Construct the approximation ¢(d) by mean filed approxi-
mation as ¢(d) = Hk_,‘]k,z(dk,l)- Note that in this form, all vari-

ables are mutually independent;

3) Transform p(dly) into a pairwise form;

4) Obtain the variational function in the optimization prob-
lem in Step 1, by substituting ¢(d) and p(dly) into the optimiza-
tion problem;

5) Find a stationary point of the variational function, by iter-
atively updating each local function ¢,,(d,,);

6) Approximate a posteriori distributions for all the data
symbols iteratively, resulting in the approximate marginals
q*k,l(dk.l);

7) Estimate the transmitted symbols by finding the maxi-
mum of marginal distribution ¢", (d,)-

S Hybrid OFDM-OTFS Multi-Waveform

Detector Structure

To satisfy the requirements for various scenarios and appli-
cations, mobile communication systems have evolved from sin-
gle waveform to multi-waveform systems. For example, in 4G
systems, high-spectrum efficiency CP-OFDM is adopted by
the downlink, while the uplink adopts single-carrier frequency
division multiple access (SC-FDMA) with a low peak to aver-
age power ratio (PAPR). In 5G systems, the downlink adopts
CP-OFDM, while CP-OFDM and discrete Fourier transform-
spread orthogonal frequency-division multiplexing (DFT-s-
OFDM) with low-PAPR are adopted by the uplink. In general,
when UE is in the cell center, UE can still obtain the expected
QoS with low transmit power, thus UE can adopt CP-OFDM
waveform with higher spectrum efficiency. When UE is at the
cell edge, UE should increase transmit power to obtain the ex-
pected QoS, which requires UE to adopt DFT-s-OFDM wave-
form with low PAPR. Since OFTS exhibits excellent perfor-
mance in high mobility environments, if OTFS is accepted by
future mobile communication systems (FMCS), its downlink
waveform will be CP-OFDM or OTFS, while its uplink wave-
form will be CP-OFDM, DFT-s-OFDM or OTFS. To determine
each user’ s uplink (UL)/downlink (DL) waveform, the base
station shall call UL and DL waveform decision algorithms
with the input of user mobility speed and user type. Further,
the base station also needs to dynamically switch user’s down-
link and uplink waveform type if some conditions are trig-
gered.

Fig. 6 shows the hybrid OFDM-OTFS multi-waveform detec-
tor structure, in which Fig. 6(a) is for single user OTFS sys-
tems and Fig. 6(b) is for multi-user OTFS systems. The base
station first determines the DL and UL waveform types accord-
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Fig. 7 shows the downlink wave-
form selection procedure, which
will select CP-OFDM or OTEFS ac-
cording to user’ s mobility speed.
Since OTFS does not show excel-
lent performance in low mobility,
the downlink adopts CP-OFDM
waveform when user’ s mobility
speed is lower than a certain
speed threshold, otherwise, the
downlink adopts OTFS waveform.

Fig. 8 shows the uplink wave-
form selection procedure, which
will select CP-OFDM, DFT-s-
OFDM or OTFS according to us-
er’ s mobility speed and user
type. Since UE has strict require-
ments for waveform’ s PAPR, the
uplink adopts DFT-s-OFDM with
low PAPR when UE is a cell edge
user (CEU). When UE is a cell
center user (CCU), the uplink
adopts CP-OFDM waveform if us-
er mobility speed is lower than a
certain speed threshold, other-
wise, the uplink adopts OTFS
waveform.

Considering  multi-user and
multi-waveform  communication
systems, the base station needs to
simultaneously process multiple
with  different
types, which requires to design

users waveform
multiple access for multi-wave-
form multi-user systems. Taking
downlink transmission for an ex-
ample, Fig. 9 shows two multiple

DL: downlink
ISFFT: inverse symplectic finite Fourier transform

UL: uplink

access schemes for downlink hy-
brid OFDM-OTFS multi-user sys-

AFigure 6. Hybrid OTFS-OFDM multi-waveform detector structure: (a) single user OTFS system; (b)

multi-user OTFS system

ing to certain algorithms with the input of user mobility speed
and user type. And then such waveform information is carried
by the RRCReconfiguration message and is configured to UE
through the air interface. As a result, the base station and UE
perform the same waveform processing. Comparing single user
hybrid OTFS-OFDM systems and multi-user hybrid OTFS-
OFDM systems, the main difference and difficulty are in the
base station. In multi-user hybrid OTFS-OFDM systems, since
the base station supports multi-user transmission and users
may adopt different waveforms, the base station should have
the capability of processing multiple waveform in parallel.

tems. In Fig. 9(a), the resource of
each user allocated in the TF do-
main is orthogonal and OTFS us-
ers’ resource in the DD domain is also orthogonal, which can
effectively avoid inter-user interference. In Fig. 9(b), the T-F
resource are firstly divided into two parts, in which one part is
for CP-OFDM users and the other part is for OTFS users.
Then, CP-OFDM users occupy different T-F resources; while
OTFS users are spread in the total T-F resources allocated to
all the OTFS users, each OTFS user is orthogonal in the DD
domain. Comparing the schemes shown in Figs. 9(a) and 9(b),
OTFS users in Fig. 9(a) suffer from less inter-user interfer-
ence, as they are orthogonal in both DD and T-F domains.
However, their diversity gain is also lower than that in Fig. 9
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(b), as diversity gain of OTFS modulation is positively related
with the number of resources. Obviously, the number of re-
sources allocated to each OTFS user in Fig. 9(a) is less than
that in Fig. 9(b). For UL multi-waveform multi-user systems,
they are similar as the downlink situation.

Fig. 10 shows the block error rate (BLER) performance of
two-user OTFS systems without inter-user interference (IUI)
and two-user hybrid OTFS-OFDM systems in fractional Dop-
pler channels, where the speed of User 1 is 500 km/h, while
the speed of User 2 is 10 km/h. In Fig. 10(a), both User 1 and
User 2 adopt OTFS modulation, while in Fig. 10(b), User 1
adopts OTFS modulation but User 2 adopts OFDM modula-
tion. The results show that the OTFS modulation cannot

]2 ZTE COMMUNICATIONS
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A Figure 9. Multiple access schemes for downlink hybrid OFDM-OTFS
systems in multi-user scenario: (a) hybrid orthogonal frequency divi-
sion multiple access (OFDMA) and orthogonal time frequency space
multiple access (OTFSMA) in both DD and TF domains; (b) hybrid
OFDMA and OTFSMA with overlap in the TF domain

achieve dramatic BLER performance gain in a low-speed sce-
nario while some BLER performance gain can be obtained in
a high-speed scenario. Therefore, it is suggested that low-com-
plexity OFDM modulation is used to low-speed users, while
high-speed users adopt OTFS modulation. Since different us-
ers with different speeds coexist in the base station, hybrid
OTFS and OFDM systems should be considered.

6 Main Challenges and Future Research Di-
rections

6.1 Main Challenges

6.1.1 Low Complexity OTFS Detection Algorithms

In OTFS systems, NM symbols in the DD domain are
spread to the TF domain by employing ISFFT transform,
which results in the large number of dimensions of the equiva-
lent DD channel. Furthermore, with the introduction of multi-
antenna transmission, the complexity of OTFS detection will
also increase dramatically. According to current research re-
sults, the minimum computational complexity of OTFS detec-
tor is O(MNlog (N)). Obviously, the computational complexi-
ty of OTFS detector is still far higher than that of OFDM detec-
tor. As a result, current OTFS detection algorithms cannot sat-
isfy the requirements for OTFS systems. Additionally, many
works assume that the DD channel matrix is block circulant
and sparse. However, as shown in some works, if there are
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rich scattering or a large number of paths such as MIMO-OT-
FS systems, the block circulant and sparsity will not be satisf-
ing. Furthermore, integer Doppler shifts are assumed in many
works, while the assumption of fractional Doppler shifts is
more reasonable in practical OTFS systems. However, fraction-
al Doppler shifts will increase computational complexity and
result in more serious inter-Doppler interference. Therefore,
the research on low complexity OTFS detection algorithm is a
great challenge.

6.1.2 Decoupling Between MIMO-OTES Detector and Precoder

Current research on OTFS receivers mainly focuses on
SISO-OTFS systems, while just a few works study MIMO-OT-
FS systems. However, when extending SISO-OTFS detection
algorithms to MIMO-OTFS systems, it will face some new
problems. For example, when the MRC detector is used to MI-
MO-OTFS systems, it needs to obtain the precoding matrix.
However, when a non-codebook-based precoding scheme is
adopted, it is difficult for the OTFS receiver to obtain the pre-
coding matrix. That is, in order to match the detection algo-
rithms, some detectors require special design at the MIMO-
OTFS transmitter side. This strong coupling design between
the MIMO-OTEFS receiver and transmitter reduces the flexibili-
ty of MIMO-OTFS system design and processing. Therefore,
the research on MIMO-OTFS detectors and detection algo-
rithms, which is decoupled with the MIMO-OTFS transmitter,

is another challenge.

6.1.3 Multi-Waveform Hybrid OTFS Detector

OTFS modulation can obtain delay-Doppler diversity gain,
and thus it can achieve better performance than conventional
OFDM systems in high mobility scenarios. However, OTFS
modulation cannot obtain obvious performance gain in low mo-
bility scenarios. When users experience different scenarios, it
would be better to switch waveform to obtain better perfor-
mance. The coexistence of multiple waveforms, such as
OFDM and OTFS, requires that the receiver supports multi-

of current OTFS detection algo-
rithms has been reduced to
O(MNlog(N)), but it is still
much higher than the acceptable complexity in practical sys-
tems. Therefore, in the future, the first important work is to
study advanced low complexity OTFS detector structures and
detection algorithms. As for OTFS detector structures, even
though some single domain and joint multi-domain OTFS de-
tectors have been studied, there are still some novel OTFS de-
tector structures to be studied such as joint channel estimation
and detection. As for OTFS detection algorithms, some non-it-
erative and iterative detection algorithms have been studied,
but their computation complexities are still very high, up to
O(MNlog(N)). The properties of DD channel matrix together
with some simplified and approximated matrix operations
should be further exploited to develop novel OTFS detection
algorithms. Furthermore, iterative detection algorithms can
achieve better performance, but they are needed to further an-
alyze the convergence by employing some tools such as extrin-
sic information transfer (EXIT) chart and design efficient itera-
tion stopping schemes to reduce the number of iterations.

6.2.2 Learning-Based OTFS Detectors

Several OTFS detection algorithms have been studied, but
they reduce the computational complexity by exploiting the
block circulant and sparsity, as well as simplified and approxi-
mated mathematical methods. It will become more difficult to
find more low complexity OTFS detection algorithms. A learn-
ing-based method provides a new way for the OTFS detector,
which considers OTFS detection processing as a black box
and performs OTFS detection by deploying online learning
model trained offline. Currently, there are few research works
on learning-based OTFS detector, and thus many efforts are
needed to study learning models and performance verification.
Therefore, the learning-based OTFS detector is a future re-
search direction.

6.2.3 Unified Multi-Waveform Detector Design
If OTFS modulation is adopted, the downlink and uplink of
future mobile communication systems will be multi-waveform.
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However, there are few works to study the receiver design to
support coexistence of multiple waveform. To support multi-
waveform systems, the receiver should support signal detec-
tion of each waveform. A simple way is to deploy multiple sig-
nal detection modules and switch among these detection mod-
ules according to configured waveform type. However, this
way is inefficient and will increase the processing complexity.
A better way is to design a unified multi-waveform receiver,
which can flexibly and efficiently support signal detection of
different waveform. Therefore, unified multi-waveform receiv-
er design is another future research direction.

7 Conclusions

In this paper, the research works on low complexity OTFS
detectors have been surveyed comprehensively. Firstly, we
present the OTFS system model and basic principles. And
then, we focus on low complexity OTFS detector structures,
and give the categories and discussions of all surveyed OTFS
detector structures. According to different classification regu-
lations, two classifications of OTFS detectors are the single-do-
main OTFS detector and joint multi-domain OTFS detector;
the non-iterative OTFS detector and iterative OTFS detector.
As for their performance, the joint multi-domain OTFS detec-
tor is superior to the single-domain one, while the iterative OT-
FS detector is better than the non-iterative one. We also pro-
vide an overview on the principles of popular OTFS detection
algorithms, and discuss them in terms of complexity and per-
formance. Furthermore, considering the coexistence of multi-
ple waveforms such as OTFS and OFDM, we discuss the de-
sign for hybrid multi-waveform detectors in single user and
multi-user OTFS systems, and waveform switching procedures
and algorithms. Finally, we present main challenges for low
complexity OTFS detectors and identify some future research
directions.
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Abstract: Orthogonal time frequency space (OTFS) modulation is a recently proposed
modulation scheme that exhibits robust performance in high-Doppler environments. It is a
two-dimensional modulation scheme where information symbols are multiplexed in the de-
lay-Doppler (DD) domain. Also, the channel is viewed in the DD domain where the chan-
nel response is sparse and time-invariant for a long time. This simplifies channel estima-
tion in the DD domain. This paper presents an overview of the state-of-the-art approaches
in OTFS signal detection and DD channel estimation. We classify the signal detection ap-
proaches into three categories, namely, low-complexity linear detection, approximate max-
imum a posteriori (MAP) detection, and deep neural network (DNN) based detection. Simi-
larly, we classify the DD channel estimation approaches into three categories, namely,
separate pilot approach, embedded pilot approach, and superimposed pilot approach. We
compile and present an overview of some of the key algorithms under these categories and
illustrate their performance and complexity attributes.
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1 Introduction
ext-generation wireless systems are expected to sup-
port a variety of use cases with a wide range of per-
formance requirements. Interest in high-mobility
use cases involving high-speed trains, unmanned ve-
hicles/cars, drones, aeroplanes, etc. , is on the rise. Also, in
order to meet the growing bandwidth requirement, a wireless
spectrum in the mmWave frequency band is preferred. Com-
munication in such high-mobility and/or high carrier frequen-
cy scenarios has to deal with high Doppler shifts which are
common in such environments. Orthogonal frequency divi-
sion multiplexing (OFDM) is a widely used communication
waveform in the current generation of wireless systems. De-
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spite its popularity and adoption in current standards, OFDM
suffers from severe performance degradation in high-Doppler
scenarios. This is because of the increased loss of orthogo-
nality among subcarriers and the resulting inter-carrier inter-
ference (ICI).

Orthogonal time frequency space (OTFS) modulation is a
recently introduced 2-dimensional (2D) modulation". There
has been growing interest in this modulation recently, be-
cause of its superior performance compared with OFDM in
high-Doppler environments” °. In OTFS modulation, infor-
mation symbols are multiplexed in the delay-Doppler (DD)
domain. The symbols in the DD domain are converted to the
time domain and transmitted. At the receiver, the received



signal in the time domain is converted back to the DD do-
main where the information symbols are recovered. The DD
domain to time domain conversion and vice versa can be
done using two approaches. In the first approach, symbols
from the DD domain are mapped to the time domain in two
steps: DD to time-frequency (TF) domain conversion using
inverse symplectic finite Fourier transform (ISFFT), followed
by the TF domain to time domain conversion using Heisen-
berg transform'". The corresponding inverse transforms map
the received time-domain signal to the TF domain and then
to the DD domain (Wigner transform followed by SFFT). The
second approach is a direct one-step approach, where DD do-
main to time domain mapping is done using inverse Zak
transform”. At the receiver, the Zak transform maps the sig-
nal from the time domain directly to the DD domain. While
the first approach has been adopted in most of the studies re-
ported in the literature so far, the second approach is also
gaining popularity. While the first approach can be imple-
mented as an overlay on existing TF modulation schemes
(such as OFDM), the second approach has the benefit of re-
duced implementation complexity.

Since the introduction of OTFS in 2017, there has been a
spurt of research activities in OTFS leading to an increasing
volume of publications on OTFS” *'I, Some of the key areas
of focus in these works include DD signal representation in
OTFS, input-output relation in the DD domain in the form of
a linear vector channel model, framework for DD signal pro-
cessing, signal detection algorithms, techniques for DD chan-
nel estimation, characterization of the peak-to-average power
ratio (PAPR), the effect of practical pulse shapes, diversity
analysis of OTFS, the effect of oscillator phase noise and 1Q
imbalance, multi-antenna OTFS, space-time coding and pre-
coding in OTFS, multiuser OTFS on the uplink and down-
link, etc. Recognizing that efficient signal detection and
channel estimation techniques are crucial for the successful
realization of OTFS systems in practice, we focus on these
two key receiver functions in this paper.

We classify the OTFS signal detection approaches into
three broad categories. The first is the linear detection ap-
proach, where the focus is on exploiting the structure inher-
ent in the effective channel matrix for reducing complexity.
The second approach is based on approximations to maxi-
mum a posteriori (MAP) detection, which aim near-optimal
performance at reduced complexity. The last one is a recent
approach involving deep neural networks (DNN). We high-
light some of the algorithms in these categories reported in
the literature. In highlighting various detection algorithms,
perfect DD channel knowledge will be assumed at the re-
ceiver.

Similarly, we classify the DD channel estimation approach-
es into three categories. In the first approach, separate pilot
frames are employed for DD channel estimation. The channel
estimates obtained during the pilot frames are used for detec-
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tion during data frames. The second approach involves em-
bedding both pilot and data symbols in a frame. This further
improves the throughput but the interference between pilot
and data symbols needs to be taken into account by way of
providing guard symbols around pilot symbols and/or inter-
ference cancellation. The last approach is the superimposed
pilot approach, where pilot symbols are superimposed on da-
ta symbols. This further increases the throughput while de-
manding sophisticated signal processing (e. g., interference
cancellation) to perform joint channel estimation and detec-
tion. We present algorithms reported in the literature under
these categories.

The rest of this paper is organized as follows. Section 2 in-
troduces the OTFS system model. Section 3 presents the
state-of-the-art approaches and algorithms for OTFS signal
detection. Section 4 presents the approaches and algorithms
for DD channel estimation. Section 5 provides the conclu-

sions.

2 OTFS Modulation and System Model

2.1 OTFS Modulation

In OTFS modulation, MN information symbols are multi-
plexed onto an N X M DD grid, where N is the number of
Doppler bins and M is the number of delay bins, as shown in
Fig. 1. The information symbols, denoted by x[k,l],k =
0,....N - 1,1 =0,..,M - 1, come from a modulation alphabet
A (e.g., QAM/PSK). The NM symbols are transmitted over a
time duration of NT, occupying a bandwidth of MAf, where

1
Af = 1/T. The Doppler resolution is NT and the delay resolu-

Delay
M
L
I, T
> alk, [leA
=0, 1, .., M-1
k=0, 1, ..., N-1
2
1
1 3 N Doppler
1

A Figure 1. Multiplexing in delay-Doppler grid
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1
MAf
The symbols in the DD grid are mapped to a time-domain

tion is

signal x () for transmission. This can be done in two ways as
shown in Fig. 2. In a two-step approach, the DD signal is first
mapped to a time-frequency (TF) signal which is then
mapped to a time-domain signal. The DD-to-TF domain map-
ping is done using ISFFT and the TF-to-time domain map-
ping is done using Heisenberg transform. In a one-step ap-
proach, the DD signal is directly mapped to a time-domain
signal using inverse Zak transform. The corresponding in-
verse transforms are used at the receiver to demap the re-
ceived time-domain signal to the DD domain. In this paper,
we adopt the two-step approach which has been widely fol-
lowed in the literature so far.

2.2 OTFS System Model

In this subsection, we present the OTFS system model for
the two-step approach of DD-to-time domain conversion, as
shown in Fig. 2(a). The symbols x[ k,1] in the DD domain are
mapped to the TF domain using ISFFT, as

v _ 1 Nogu-d L jZW(%—%})
[n,m]—m;;x[ ) ]6 . (1)

This TF signal is transformed into a time-domain signal us-
ing Heisenberg transform, as

N-1M~-1

x(1) = 2 ZX[n,m]gm(L - nT)e’z“T"’Af(""T), 2
n=0m=0

where g, (t) defines the transmit pulse shape. The transmit-

ted signal is passed through the channel whose response in
the DD domain is given by

heo) = Spafs =)ol ) 0

where h,, 7,, and v, are the channel gain, delay, and Doppler
shift associated with the i-th path, respectively, and P is the
number of resolvable paths in the DD domain.

The received time domain signal y (¢) at the receiver is giv-

en by
y(1) = fvfrh('r,v)x(t - 7)e?™ " Vdrdy + 0 (1), )

where v(t) is the additive white Gaussian noise. Wigner
transform is applied to ¥ (¢) to transform it into a TF domain

signal, as

1. Refer to Ref. [11] for the detailed derivation.

alk. 1] ()

x(t)

Heisenberg
transform

alk, U ISFFT and | X[ m]
windowing

Inverse Zak
transform

Windowing Wigner

Mk, 1] and SFFT Y[n, m] transform

Zak
transform

One-step approach

¥(t) k1]

Two-step approach

ISFFT: inverse symplectic finite Fourier transform
SFFT: symplectic finite Fourier transform

A Figure 2. Orthogonal time frequency space (OTFS) modulation
scheme

Y[n’ m] = Ag”,y (t’f) t=nlf =mAf>
A (0) = [ (0 = )y ey, (5)
where g, (¢) defines the receive pulse shape. If g () and

g,. (1) satisfy the biorthogonality condition, the input-output
relation in the TF domain is given by Ref. [11]:

Y[n,m]ZH[n,m]X[n,m]+ V[n,m], (6)
where V[n, m] is noise in TF domain and H[n, m ] is
H[n,m]= f j h(T, )™ e 2 0 T gy, )
The TF signal Y[n,m] is transformed to the DD domain
signal y [k, 1] using SFFT, as
N- 1M1 ,j-zﬂ(if,"l)
y[k1]= ZZY[n,m]e N (8)
n=0m=0

The above DD domain signal at the output of the SFFT can
be derived to be of the form'

y[k1]= zp;hx[(k -B,) (- ai)M} + o[k 1], )

where h| = hie_jzm’r’, hs are i.i.d and are distributed as
CN(0,1/P) with uniform scattering profile, o; and B, are in-
tegers’ corresponding to indices of delay and Doppler, re-

i

spectively, for the i-th path, i.e., 7, & MAf and v, A T}’ and

v[k,1] is the additive white Gaussian noise. By vectorizing

the input-output relation in Eq. (9), we can write'""!

y = Hx + v, (10)

where x,y,0€ C"™*', the (k+ NI) -th entry of x,x,,, =

2. For the purpose of exposition of detection and channel estimation algorithms, integer Dopplers are considered in this paper. Refer to Ref. [11] for a similar system model for fractional

Dopplers. Also, refer to Ref. [13] for the MIMO-OTFS system model.
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x[k, 0],k =0,y N=1,=0,...M = 1 and x[k,1] € A. Simi-
larly, y,, v = v[k.1] and v, , y, = v[k, 1], k= 0,..N = 1,1 =
0,...M — 1, and H € C"" "™ is the effective channel matrix,
whose j-th row (j = k + NI), denoted by H[j], is given by

H[j1= (0= 0),.=0),) A(Gk=1).(1-0),) A(0k-
N - l)N,(l -M - I)M):| , where ﬁ(k, 1) denotes the (k,l)—th el-
ement of the N X M DD channel matrix, given by

b _ .
(k1) = {hi, fk=B.1=a, L‘E {1,2,...,P}'
0, otherwise (11)
It can be seen from the above that the effective channel
matrix H has only P non-zero entries in each row and col-
umn, i.e., there are only MNP non-zero elements in H. The
linear vector channel model in Eq. (10) is used for signal de-
tection/equalization and channel estimation in OTFS.

3 OTFS Signal Detection

In this section, we present some of the signal detection al-
gorithms proposed in the literature for OTFS modulation.
Based on the approaches used, these algorithms are catego-
rized into three groups, namely, 1) low-complexity linear de-
tection, 2) approximate MAP detection, and 3) neural net-
works based detection, as shown in Fig. 3. We present algo-
rithms under these categories in the following subsections,
assuming perfect knowledge of the DD channel matrix. Later,
in Section 4, we will present techniques/algorithms to esti-

mate the channel matrix.

3.1 Low-Complexity Linear Detection

Linear equalizers detect the transmitted symbols by apply-
ing a linear transformation to the received vector y followed
by mapping to a symbol in the modulation alphabet A which
is closest in terms of euclidean distance. The linear transfor-
mation matrix is represented by G and the mapping function
is represented by f (.). Therefore, the estimate of the transmit

vector x is given by
i=f(6y). (12)

The transformation matrix for linear minimum mean
squared error (LMMSE) equalization is given by

G = (H"H + 1) ' H", (13)
where o7 is the noise variance and the transformation matrix
for zero-forcing (ZF) equalization is given by

G, = (H"H)le". (14)

zl

These equalizers in the case of OTFS have a computation
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Signal detection

in OTFS

' !

Neural networks
based detection

Approximate MAP detection

* MP algorithm'"")

* Gaussian approximate
MP algorithmml

Low complexity

linear detection * Fully connect-

ed DNN archi-

: i/[‘l;[es];m,m 0 Varialiongg Bayes based tectures (full
. Line:ar Zp22 detection™! DNN, symbol
’ * Hybrid MAP and PIC de- DNN)™
tection!'®! * Convolutional
* MCMC sampling based neural network
detection® architecture!"”)

DNN: deep neural network
MAP: maximum a posteriori
MCMC: Markov chain Monte Carlo

MMSE: minimum mean squared error

MP: message passing

OTFS: orthogonal time frequency space
PIC: parallel interference cancellation
ZF: zero-forcing

A Figure 3. Signal detection approaches in OTFS

complexity of (9(M3N3). However, the structure of the chan-

nel matrix in the DD domain can be exploited to reduce the

complexity of these operations'” ),

3.1.1 Low-Complexity LMMSE Equalization

In the low-complexity linear minimum mean square error
(LMMSE) equalization™, the channel matrix H in Eq. (10)
has a block circulant structure with M circulant blocks denot-
ed by A, 1 = 0,1,....M = 1) of size N XN. Using this property
of the channel matrix, a low-complexity algorithm for imple-
menting LMMSE equalization has been proposed in Ref.
[22]. Let €,y denote the class of such block circulant matri-
ces. These matrices have the following exploitable properties.

* Any matrix H € ), can be unitarily diagonalizable as

H=(F,® FN)HA(FM ® F,). (15)

where A = diag{ A ,)\,,++,\;;y} such that N, is the i-th eigen-
value of H, F; is the DFT matrix of size M, and & is the Kro-
necker product operator.

* The matrix A can be written as

M-1
A= ;).ij, KA, (16)
where £, =diag {1, ®,...,0" "'} and © = "™, A, is N XN di-
agonal matrix with eigenvalues of N X N circulant block A,
on the diagonal.

e For A,B e CM,A/’ the matrices A", A”, AB = BA , c, A+
¢,B, z:ol ¢, A, (c, are all scalars) and A™" (if exists) are also
block circulant and belong to C), ,.

As H e C,,, using the above properties, we have the
LMMSE transformation matrix ... € Cy y. Thus, by substi-
tuting Eq. (15) in Eq. (13), we get
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Crme = (Fy @ F,) W(F, ® F), (17)

Immse

where ¥ is a diagonal matrix containing the eigenvalues of
Clmmse’ given by

* 7] *
V=(A"A+dl) A, (18)
N .
where ¥, = — 1= 1,2,...,MN. To reduce the com-
’)\i + 0’

plexity of computing (FM & F\) ¥, write y as an N XM ma-
trix ¥ such that vec (Y) = y. This gives

z= (FM X F‘W)y = vec(FNYFM). (19)

Now, compute g = ¥z and write ¢ as a N X M matrix Q
such that vec(Q) = ¢. Finally, compute the estimated x as

xA = Glmmsey = Uec(Fs‘[\:{QFM)’ (20)

which gives the exact LMMSE solution at a much less com-
putational complexity. The complexity of computing z in-
volving N-point DFT and M-point IDFT operations is
O(MNlogMN) and the complexity of computing ¢ is
O(MN). Again, the computation of % involves N-point
IDFT and M-point DFT operations with complexity
O(MNlogMN). Therefore, the overall complexity is
(Q(ZMNlogMN + MN) which is much small compared to
the (9(M3N3) complexity of conventional LMMSE detec-

tion using matrix inversion.

3.1.2 Low-Complexity LMMSE Equalization

As shown in Fig. 4, a low-complexity LMMSE equalization
method that takes advantage of the sparse and quasi-banded
nature of the OTFS demodulation matrices has been pro-

Low complexity LU
decomposition

U L

Y
U I 7' A

using back- using forward using sparse using FFT op-
ward substitu- substitution matrix-vector erations
tion for quasi- for quasi- multiplication
banded matrix banded matrix

¢x>

LU: lower-upper ~ FFT: fast Fourier transform

A Figure 4. Low complexity linear minimum mean squared error
(LMMSE) equalization'!
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posed in Ref. [23]. Here, a different representation of the sys-
tem is used. The transmit vector x in the DD domain is writ-
ten as an M X N matrix X such that vec(X) = x. Assume that
E[x(k,l)x*(k', l’)] =028(k - K,1 - I'). Using this represen-

tation, we obtain vector s as
s= vec(XFﬁ). (21)

This vector s can also be written in the form s = Ax, where
A =F\ ® I, is a unitary matrix. The received vector r at the
receiver is given by

r=Hs+n=HAx+n, (22)

T
MN x 1

,
where f = Y h T“A*, IT = circ{[010...0]
i=1

} is a circu-

MN -1

1
Lj2m— 27 . .
lant delay matrix, A = diag(l,e TN ¢ N )15 a diago-

nal Doppler matrix, and n is i.i.d Gaussian noise vector with
variance .. The detected symbol vector for this system mod-
el in Eq. (22) using LMMSE equalization is given by

i = (HA) {(ﬁA)(ﬁA) +;1} r. 23

(o2

Due to the unitary nature of A, the above equation reduces to

-1
2
i=A"HY {Erﬂ” + ""1} r
0_2

x

e (24)

This detected vector % is obtained in two steps. The first
step involves a calculation of 7 = H, r and the second step in-
volves the matched filter operation A”F to get £. Most com-
plexity is in the first step as it involves an inverse of ¥ =

2
|:ﬂﬁH + U"Ii' to obtain H, . This complexity is reduced by
o2 o

using a low-complexity LU decomposition of ¥**. With LU
decomposition of ¥, we can write Eq. (24) as

"

s=A"TH'U 'L 't
N—_— *

m

(25)

The computational complexity can be further reduced by
using the quasi-banded nature of lower triangular matrix L
and upper triangular matrix U. In Eq. (25), r, is computed
using the forward substitution method for quasi-banded
lower triangular matrix and r, is computed using backward
substitution method for quasi-banded upper triangular ma-
trix. The final computation of £ = A”H"r, is done by first
obtaining 7 = H"r,. This vector 7 is arranged in an M XN
matrix as



7(0) 7 (M) #(MN - N)
go| FO Fe F(MN - N + 1)
f(M.— 1) f(2M -1) ;(MN‘ ~1) (26)

Using the matrix Y, % is obtained using DFT operation as
%= vec(YFN). 27)

The main reduction in the complexity is in the computa-
tion of 7. All the steps involved in obtaining r, together have
a complexity of @(MN) and the final computation in Eq. (27)

MN
to obtain £ has a complexity of (9(2 logzN). On the whole,

this LMMSE equalization method has a complexity of just
MN
(9(210g2N + MN) compared to (9(M3N3) of the conven-

tional LMMSE equalization.

3.2 Approximate MAP Detection
From the vectorized representation y = Hx + v in Eq. (10),
the MAP decision rule for detection of x is given by

x = arg max Pr (xly, H). (28)

When the transmit symbol vectors are equally likely, the
decision rule for maximum-likelihood (ML) detection is

x = arg max Pr(ylx = a,H) Pr(x = a)=

arg max LPlr(ylz\c = a,H).

Ay (29)

Assuming the noise vector v to be i.i.d Gaussian, the opti-
mum decision rule is given by

~ . _ 2
% = arg min lly — HxllI". (30)

The complexity of the optimum detector grows exponential-
ly in MN because of the exhaustive enumeration/search in-
volved. Therefore, several suboptimum detection algorithms
have been proposed that are efficient with low complexity. In
the following, some of the popular low-complexity approximate
MAP algorithms for OTFS signal detection are presented.

3.2.1 Message Passing Algorithm

One of the popular detectors reported in the early OTFS
literature is an approximate MAP detector based on low-com-
plexity message passing!''. The key advantages of this detec-
tor are its linear complexity in MN and very good perfor-
mance. The message passing algorithm involves the computa-
tion of approximate a posteriori probability of the modulation
symbols by passing messages on a factor graph. The transmit-
ted vector x is represented by MN variable nodes and the re-
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ceived vector y is represented by MN check nodes in the
graph. As noted earlier in Section 2, H is sparse with only L
non-zero elements in any row or column (generally L < MN
and L = P for non-fractional delays and Dopplers).

Let Z (r) and 7 (c¢) denote the indices corresponding to non-
zero elements in the r-th row and c-th column, respectively,
such that ‘ I(r)’ = ‘ j(c)| = L for all rows and columns. In the
factor graph, each variable node x[c¢] has connections with L
check nodes y[r],r € J(c) and each check node y[r] has
connections with L variable nodes x[c],c € Z (r) as shown in

Fig. 5. The symbol-by-symbol decision rule is given by

1
#[c] = arg max 7Pr(y|x[c] = aj,H) ~

a €A ‘A|

arg max HPr(y[r]lx[c]:(Lj,H>. (1)
i red

This approximation is obtained assuming that the compo-
nents of vector y are independent for a given x[ ¢ | because of

the sparsity of H matrix. From the system model, we can write

y[r]=x[c]H[r,c]+ 2 x[e]H[r,e]+1;[r].

ceZ(r)e#c

A (32)

In the i-th iteration, the complete interference plus noise
term in Eq. (32) is modelled as a single Gaussian random

: O i 0 - o)
variable (/] with mean w;;] and variance (0',’0) .
1) Message from check node y[r] to variable node x[c]:
The check nodes pass mean and variance information to the

variable nodes, where

[A]|

D= 3 3 (a)at el 3

ceT(erci=]
2
+ 02,

(o) =
|4] |4
(34)

2 lp(ef; ])(a/»)‘aj’2| H|:r,e]|2 - ’Zpgf; ])(a/)ajH[r,e]
b=

eeZ(r)e*c\i=

and o is the variance of v[r].

)

P( €.

{el, [N eS}E T

A Figure 5. Message passing between variable nodes and check nodes
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2) Message from variable node x[c] to check node y[r]:
The variable nodes compute the probability mass function
and pass it to the check nodes. Each component of the proba-

bility mass function p( , 18 given by

Py (a)= A5 (a) + (1= 2)5( ,"(a). (35)

where

(a)=

ee

Pr(y[e]lx[c] = a]-,H) =

(c)e#r

3::.( )(e C’])

|A]

ee J(c)e*r
Zéo e.c.t) (36)

2

|yle]- n - H,a,
(o)’ ' (7)

g(i)(e,c,t) = exp

3) Compute convergence parameter 1" for some y > 0, as

() 1 MN
1 =y 21 max () > 1= ). (38)

and
)= T e

1A

R (o) (39)

4) If "r](i) < ’T](i_ Yforec = 1,2,.... MN, then update

#le] = arg max 9 (a)- (40)

5) Stop the iterations if any one of the following holds:
* The maximum limit set for the number of iterations has

reached;
e =1
o @ <" ~ ¢ for some small €, where n¢* = max .

Modified variants of this message passing algorithm have
also been proposed. For example, a low complexity variant
that exploits channel hardening through match filtering oper-
ation on y and message passing on the resulting system mod-
el is presented in Ref. [15]. Another variant in Ref. [17] is
presented below.

3.2.2 Gaussian Approximate Message Passing Algorithm

In this variant of message passing, the a posteriori proba-
bility of each transmitted symbol is assumed to be Gaussian
distributed instead of assuming the inter-symbol interference
to be Gaussian as done earlier''”. We have
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(9"") HPT( ) (41)

As the channel matrix is sparse, we get

Pr(y[r]lx) = Pr (y[r]lxz(r)), (42)

where %, contains the elements x[c],c € Z(r). The Gauss-

|

(43)

ian assumption is that

Pr (y [ r]lxI(r)) =

1 1
————€x - —\ylr —H X
Vamo p( z«#"” o

where H ) is a row vector containing the non-zero elements

in r-th row of H. This approach has been proposed in Ref.
[17] and the results presented show that this approach has su-
perior bit error rate (BER) performance with the same com-
plexity order.

3.2.3 Variational Bayes Detection

An iterative algorithm that approximates the optimal MAP
detection and has a faster convergence compared to the mes-
sage passing algorithm has been proposed in Ref. [20]. An
approximation of the a posteriori probability p(xly) is ob-
tained by using Kullback-Leibler (KL) divergence 2D(¢llp)
and the corresponding evidence lower bound (ELBO) is maxi-
mized iteratively using the variational Bayes approach. The
convergence is guaranteed because the ELBO maximization
problem is convexly resulting in a globally optimum solution.
In this way, the marginal distribution for each symbol is ob-
tained which is used for symbol-by-symbol MAP detection.
The approximate distribution ¢(x) is obtained by searching

over a family of distributions @ such that

q (x)=

arg max D(qllp) = arg max Eq[—ln g(x)+ lnp(xly)J . )
L

The ELBO is given by £ which is the expectation over x
having distribution ¢(x). In particular, when a family Q with
mutually independent variables is considered,

MN

q(x) = Hqi(x[i])‘ (45)

q(x[L]) is obtained iteratively ¢ =1,2,...,MN, and the
symbols are detected as
aﬁ[i]—argxr[rll]azxq ( [l]) (46)

In addition to having complexity lower than that of MAP
detection, this detection method has performance significant-
ly close to the performance of MAP detection.



3.2.4 Hybrid MAP and PIC Detection

Another approximation to the MAP detection using a parti-
tioning method based on path gains has been proposed in
Ref. [16]. The hybrid MAP-PIC algorithm is a combination of
both symbol-by-symbol MAP detection and message passing
algorithm. The received symbols are partitioned into two sub-
sets based on the path gains of the channel. On one part with
good path gains MAP detection is used, and on the remaining
part parallel interference cancellation (PIC) method is used.
Define the following sets: H? A {hl1<j<Pj=i},
Vi A{y[(k+B)y(l+ o) lIT<j<P), Xi)A{y[(k+
Bi =Byl +a, —a)ylll<j<Pj#i}, where P is the
number of channel paths and i is the path index. The P re-
ceived symbols that are associated with the transmitted sym-
bol x[k,1] are in set Y,,. Similarly, the P - 1 transmitted
symbols, other than x[k,1], corresponding to the received
symbol Y, [i] are in set X|). The path gains in HY are ar-
ranged in decreasing order such that |k, > > 1k P when
m < n. The set X{) is partitioned into two subsets by enumer-
ating different possible combinations of S (where S is the size
of the first subset with good path gains) as follows:

X BXOLNt<jssy, (47)

X A(XPLjIIS+1<j<P-1}, (48)

It is proposed to perform MAP detection on Xg’; and PIC
on Xyz The message passing algorithm that we discussed ear-
lier is a special case of Hybrid-MAP-PIC detection when S =
0. Results have shown that choosing S = P/2 gives good error
performance. A trade-off can be established between BER
performance and computation complexity by choosing a suit-
able value for S.

3.2.5 MCMC Sampling Based Detection

This detection algorithm proposed in Ref. [8] uses the Mar-
kov chain Monte Carlo (MCMC) sampling method to obtain
an approximate solution to Eq. (28). The joint probability dis-
tribution is given by

[y - Hs[

2

Pr(xly,H) = Pr(x],xz,...,xM\,ly,H) o< exp . 9)

The algorithm starts by initializing a random initial vector
=9 where t denotes the iteration number. The MN coordi-
nates of the x vector are updated in each iteration based on

the coordinates of the previous iteration as follows:
%D~ Pr (xl|x(2”),xg‘),...,xff2v,y, H),
2D~ Pr (lex(f),xg‘),...,xf‘zv,y, H) ,

2D ~ Pr (x3|x(l'),x(2’),xa’),...,xf(z\,,y, H), and
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x(fl; U~ Pr (xM/\elx(lf)a x(z[)a-na x({)w 1Y H) .

After updating over a certain number of iterations, the dis-
tribution obtained approximately converges to the distribu-
tion in Eq. (49). For a received vector, the symbol vector

2
which has minimum ML cost Hy - Hx H in all the iterations

is chosen as the detected symbol vector. A modification to
this has also been proposed to reduce the number of itera-
tions and also to overcome the phenomenon of stalling seen
in the Gibbs sampling method at high SNRs which limits the
BER performance. The modified joint distribution involves a
temperature parameter a chosen based on the operating SNR
and is given by

2
-H
Pr(xly,H) < exp H}’sz .

oo (50)

Alternately, the sampling can be randomized by updating
the parameters in each iteration using the conventional

1
m) and

obtaining samples from a uniform distribution with probabili-

Gibbs sampling method with probability ¢ (e.g., ¢ =

ty 1 = ¢. This randomized sampling has been shown to avoid

stalling problems and achieve good BER performance.

3.3 Neural Networks Based Detection

Apart from the detection methods based on conventional
approaches, detectors based on DNN have been proposed re-
cently. Two DNN approaches have been presented in Ref.
[18]. One approach is to use a single fully-connected DNN to
detect the signal vector. The detection problem is formulated
as a multi-class classification problem where each class cor-
responds to each vector in the transmitted signal set, en-
abling joint detection of the transmitted symbol vector. The
number of input neurons in the network is decided by the
size of the received vector (MN) and the number of output
neurons is decided by the size of the multi-dimensional mod-
ulation alphabet ( A |MN). This approach requires a large num-
ber of parameters to be learned and is computationally com-
plex because of the exponential growth in the number of out-
put neurons with the size of transmit symbol vector. The ar-
chitecture of this fully connected DNN is shown in Fig. 6.
The real and imaginary parts of the received vector y are giv-
en as input to the DNN. The activation function used in the
output layer is Softmax activation so that the output of each
output neuron gives the probability of the corresponding
transmitted signal vector and all these probabilities sum to
one. The detected symbol vector is the one that has maxi-
mum probability.

Another architecture that uses multiple DNNs is shown in
Fig. 7. In this approach, each symbol in the transmitted vec-
tor is detected by an individual DNN. In this way, each DNN

ZTE COMMUNICATIONS | 23
December 2021 Vol. 19 No. 4



Special Topic
Ashwitha NAIKOTI, Ananthanarayanan CHOCKALINGAM

Signal Detection and Channel Estimation in OTFS

2MN input neurons | A ‘moutput neurons

Max ind Index-to-
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AFigure 6. Full deep neural network (DNN) architecture for detection

| A |output neurons

Symbol Max Index to
DNN-1 : index > tdeu%a— >
Hidden layers selector ton sym- |
bol mapper

| A] output neurons

Symbol - Max Ir:g(eizlt;-
DNN-2 : index > T — —>x,
BFallan e selector bol mapper

| A | output neurons
Index to
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DNN: deep neural network

2MN input neurons

A Figure 7. Symbol DNN architecture for detection

has the number of output neurons growing linearly in the size
of modulation alphabet (A). Also, the number of DNNs
grows linearly with the size of the transmit symbol vector
(MN). This symbol-DNN architecture does symbol-by-symbol
detection at lower complexity and achieves BER perfor-
mance almost the same as that of full-DNN. Each DNN uses
Softmax activation in the output layer and obtains probabili-
ties corresponding to each symbol in A.

The training of the DNNs is done by pseudo-randomly gen-
erating a set of training examples x, which are known both at
the transmitter and the receiver. These training examples are
sent to the receiver through the channel. The transmitted sig-
nal vector x, and the corresponding received signal vector y
form the training pair at the receiver. The real and imaginary
parts of y are given as input to the DNNs. The DNN trained
in this manner learns the mapping from the received vector
to the corresponding symbol in the transmitted vector. Anoth-
er approach of using neural networks for signal detection has
been reported in Ref. [19], where the two-dimensional struc-
ture of the OTFS frame with data augmentation based pre-
processing is given as input to two-dimensional convolution-
al neural networks (CNN) for signal detection.

The benefits of using DNNs for signal detection can be
predominantly seen when there are deviations in the noise
model from the standard i.i.d. Gaussian model. In situations

2 4 | ZTE COMMUNICATIONS
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where there are deviations from the Gaussian as well as inde-
pendence assumptions in the standard noise model, DNN
based detection could outperform conventional ML detec-
tion. This is because ML detection is optimum only for the
standard i.i.d. Gaussian noise model and the DNNs have the
ability to learn the underlying deviations in the model.

3.4 Performance Results

In this subsection, we present the BER performance of
some of the detectors presented in the previous subsections,
assuming perfect DD channel knowledge at the receiver.
The system parameters considered are according to the
IEEE.802.11p standard for wireless access in vehicular en-
vironments (WAVE)®?. A carrier frequency of 5.9 GHz with
a subcarrier spacing of 0.156 MHz, a maximum speed of
220 km/h, and a multipath channel with P =5 paths are
considered. BPSK modulation alphabet is used with a frame
sizeof M =32 and N = 12.

Fig. 8 shows the BER performance of the linear detectors
including conventional MMSE/ZF detectors and low-com-
plexity MMSE/ZF detectors. It can be observed from Fig. 8
that the performance of the conventional MMSE detector and
the low-complexity MMSE detectors in Refs. [22] and [23]
are the same. However, the detectors in Refs. [22] and [23]
achieve this with significantly lower complexities compared
to the conventional MMSE detector complexity. This is illus-
trated in Fig. 9 where the computational complexities (in the
number of real operations) for these detectors are plotted.

The BER performance of the message passing detector in
Ref. [11] and the symbol-DNN based detector in Ref. [18]
are shown in Fig. 10. MMSE detection performance is also
shown for comparison. In this figure, a system with a carrier
frequency of 4 GHz, subcarrier spacing of 15 kHz, OTFS
frame size of M = N = 16, and a uniform power delay profile

10° T T T T T T T
/.=5.9 GHz, Af=0.156 MHz

M=32, N=12, P=8, BPSK

10"‘

107

BER

—Conv. ZF
*  Low comp. ZF™
Conv. MMSE
# Low comp. MMSE®
¢ Low comp. LMMSE"™
_, . L | | . . .
10 0 2 4 6 8 10 12 14 16
SNR/dB

SNR: signal-to-noise ratio

BER: bit error rate

BPSK: binary phase shift keying

LMMSE: linear minimum mean squared error
MMSE: minimum mean squared error

WAVE: wireless access in vehicu-
lar environments
ZF: zero forcing

A Figure 8. BER performance of linear OTFS detectors for IEEE
802.11p WAVE channel model



channel with P = 8 are considered. The delay-Doppler pro-
file considered is shown in Table 1. For the message passing
algorithm, a damping factor of A = 0.6 and maximum itera-
tions of 30 are used. For the symbol-DNN based detection,
the parameters of the neural network are shown in Table 2. It
can be seen from Fig. 10 that the symbol-DNN performs bet-
ter than the MMSE detector, and the message passing detec-
tor gives the best performance among them.

Next, the performance superiority of DNN-based detection
compared to ML detection in correlated noise is illustrated in

Fig. 11. This figure shows the BER performance of the ML

102k Conv. MMSE N=l12 ]
Low comp. MMSE"*
" —— Low comp. LMMSE™!
5 10°F 3
EE
T
s
= 10° £ 3
=
B
p
£ 10° 1
5
z
10° ;
102 1 1 1 L
50 100 150 200 250
M

LMMSE: linear minimum mean squared error - MMSE: minimum mean squared error

A Figure 9. Computational complexity of conventional MMSE and low-
complexity MMSE detectors

10° . . . ‘ " ‘
/=4 GHz, Af=15 kHz —— MMSE
bol-DNN!
M=16, N=16, P=8, BPSK Symbol DNN'Z
Message passing
107
==}
|
210
107k
107
0 2 4 6 8 100 12 14 16 18 20
SNR/dB
BER: bit error rate MMSE: minimum mean squared error
BPSK: binary phase shift keying ~ SNR: signal-to-noise ratio
DNN: deep neural network

A Figure 10. BER performance of MMSE, message passing, and sym-
bol-DNN based detectors

VTable 1. Delay-Doppler profile considered in Figure 10
Path (i) 1 2 3 4 5 6 7 8

t(ws) 0 416 832 1248 1664 208 2496  29.12

vi(ms) 0 0 9385 9385 9385 1875 1875 1875
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VTable 2. Parameters of symbol-DNN detector in Figure 10

Parameters Symbol-DNN
Number of input neurons 2MN =512
Number of output neurons 1Al=2
Number of hidden layers 1
Number of neurons in hidden layers 256
Hidden layer activation ReLU
Output layer activation Softmax
Optimization Adam

Loss function Binary cross entropy

Training SNR 10 dB
Number of training examples 50 000
Number of epochs 50

DNN: deep neural network  ReLU: Rectified Linear Unit ~ SNR: signal-to-noise ratio

10° . : ; : ;

107

107 k|
~
=
=)
L0 L /=4 GHz, A/=3.75 kilz
M=N=2, P=4, BPSK
n,’=2, n=2
10™*F |[——ML detection, i.i.d Gaussian
——ML detection, p=0.4
——Symbol-DNN'"™!, p=0.4
107 | | | . |
0 2 4 6 8 10 12
SNR/dB

ML: maximum likelihood
SNR: signal-to-noise ratio

BER: bit error rate
BPSK: binary phase shift keying
DNN: deep neural network

A Figure 11. BER performance of ML detection and symbol-DNN
based detection in 2x2 MIMO-OTFS with correlated noise

detector and symbol-DNN detector for a MIMO-OTFS system
when the noise is correlated. The correlated noise vector is
taken to be v, = N_ v, where v is the i.i.d Gaussian noise vec-
tor  and N, is the correlation matrix N, =
1 p pt o pi!
F_) 1 P , given by Ref. [53], where p

n, =1 n -2

p p" 1

is the correlation coefficient (0 < p < 1), n, is the number of
transmit antennas, and n, is the number of receive antennas.
The following system parameters are considered in Fig. 11:
carrier frequency of 4 GHz, subcarrier spacing of 3.75 kHz,
frame size of M = N = 2, uniform power delay profile chan-
nel with P =4, MIMO configuration with n, =n, = 2, and a
correlation coefficient p = 0.4. The symbol-DNN architecture
has an input layer with 16 nodes, one hidden layer with 32
nodes, and an output layer with 2 nodes. The hidden layer
has ReLlU activation and the output layer has Softmax activa-
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tion. The DNN is trained at an SNR of 8 dB for 60 epochs
with 50 000 training examples. It can be seen from Fig. 11
that the symbol-DNN based detector outperforms the ML de-
tector by almost 1 dB at BER of 107*. This is because the ML
detector is optimal only when the noise is i.i.d Gaussian and
is suboptimal in correlated noise. On the other hand, the sym-
bol-DNN based detector performs well as it effectively learns
the noise correlation leading to superior BER performance.

4 DD Channel Estimation

The task of channel estimation at the receiver is crucial
as signal detection operation requires the knowledge of the
channel state information. In OTFS, signal detection is car-
ried out in the DD domain. In the system model in Eq.
(10), knowledge of the DD channel matrix H is needed for
detection. In order to estimate H, x vector consisting of
known pilot symbols is sent. Given the knowledge of the pi-
lot symbol(s) in x and the observation vector ¥, channel es-
timation algorithms estimate H. For the purpose of exposi-
tion, we classify the channel estimation approaches into
three broad categories based on the OTFS frame pattern
used to transmit the pilot and data symbols. Fig. 12 shows
this classification consisting of 1) separate pilot approach,
2) embedded pilot approach, and 3) superimposed pilot ap-
proach. In the first approach, pilot frames consisting of on-
ly pilot symbols are used for channel estimation. The esti-
mated channel matrix obtained during the pilot frame is
used for detection during data frames. The second ap-
proach involves embedding both pilot and data symbols in
a frame. In the third approach, pilot symbols are superim-
posed on data symbols. Some of the channel estimation
techniques/algorithms employing these approaches are
presented in the following subsections.

4.1 Separate Pilot Approach
As mentioned earlier, in this approach, separate frames

DD channel estimation

in OTFS

v ‘

Separate pilot approach Embedded pilot
13 approach

Superimposed pilot
approach
* Impulses as pilots

« PN sequence as pi- * Threshold based esti- « Single pilot super-
lot!®! mation with guard imposition"*!

* Compressed sensing symbols” * Multiple pilots su-
based estimation'! * Sparse Bayesian perimposition*!

learning based esti-
mation without guard
symbols™!

DD: delay-Doppler
OTFS: orthogonal time frequency space

PN: pseudo-noise

A Figure 12. DD channel estimation approaches in OTFS
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are used for sending pilot symbols and data symbols. A pilot
frame consists of only pilot symbol(s). One pilot frame per
spatial coherence interval of the DD channel is sent. The
channel estimated during the pilot frame is used for the de-
tection of symbols in the data frames in that coherence inter-
val. In the following, we present three-channel estimation
methods using this approach.

4.1.1 Impulse Based Channel Estimation
In this method, impulses in the DD domain are sent as pi-
lots'"”), i.e., the pilot symbol is given by

1, if (k1) = (k,.1,)

x [k,1]
1 0.V (k1) # (k,.L,). (51)
For this transmitted pilot, the received signal at the receiv-
eris
o k=K 1-1
k1R +
,ZMZO’C [.7] ( NT MAf)
1 k—Fk, 1-1,

okt =5y ( NT ’MAf)+v[k’l]' (52)

As the receiver knows the pilot locations k, and [, a priori,
k l
h, (NT’MAf) can be estimated using Eq. (52) and the esti-

mated channel matrix H can be obtained.

4.1.2 PN Pilot Based Estimation

Instead of impulses as pilots, this method uses PN se-
quence as a pilot™. The estimation is done in the discrete do-
main and the parameters to be estimated are delay tap 7,
Doppler shift v,, and channel fade coefficient h]. The input-
output relation for a P path channel in the time domain can
be obtained as

y@= Sha(e- ) ) =
S (= ) 4000, (53)

i=1

—j2mv,T;
where h] = e

Let H denote the vector space of complex-valued func-

N, = 1} with

tions on the set of finite integers Z, ={0,1,...,
)
an inner product defined as

<g1,g2> Z/ gl , 1.8, € H. 54)

A signal is transmitted which is given by

M-1

S, (1) = ZS[n mod N ]smc(WL— n),



where Se H,M =N, + (Wmax('r[)—‘ =2 N,. For some SeH
that is transmitted, the received sequence R[n ]is
»
R[n]Z;cxie((uin)S[n—Si]+v[n],nEZNP, (56)

2

It
where e(t) = e K 5,0, € Zy, a; € C, and v[n]e H. Eq.
(56) can be simplified as

R[n]=e(a)on)S[n—50]+v[n], (57)

such that (So,wo) € ZN,, X ZNW‘ The (SO,wO) pairs are estimat-

ed using the time-frequency shift problem. A matched filter
matrix for R and S is defined as

M(R,S)[8,0]=(R[n],e(wn)S[n - 5])=
L+e,if (80)= (8. ,)

€. il (8.0) % (85.w,). (58)
1 C+1
where | €}, | < and ‘EN < for some positive con-

VN, v,
stant C. Thus, compute M(R,S) and choose (50,w0) such
that M(R,S)[Bo,wo] ~ 1. Once 8, and w,, are estimated, h/,

7, and v, can be obtained.

4.1.3 Compressed Sensing Based Estimation

The channel estimation problem can be formulated as a
sparse signal recovery problem using compressed sensing
based methods like orthogonal matching pursuit (OMP) and
modified sub-space pursuit (MSP)®. The channel is estimat-
ed by sending a pilot matrix X, in the DD domain with i.i.d
Gaussian random sequences as pilots. The system model is

rewritten as
y, = X,h + v, (59)

such that X, e C"™ M and h e "™ have P non-zero ele-
ments. The channel estimation problem as a sparse signal re-
covery problem is given by

min||h||0 s.t Y, = Xph + v. (60)

OMP algorithm is used when the knowledge of the number
of paths P is available. Initialize K =0,8"=, and r° = ¥,
The following operations are performed in the ith iteration.
The indices of the highest correlated columns are obtained
as T' = arg max ‘ X:]r"’ : ’, and the support is updated as S* =
S'='' U T". The non-zero values corresponding to the support

N
; P .
are h = (X;) ¥,» where (.)' is the pseudo-inverse operator.
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Finally, the residue is updated as r' = y, = X;hS Stop the

iterations when Hr’H is less than a threshold € and obtain
2

the estimate as ﬂs = (X;) ;yp and izg =0.

When the knowledge of the number of channel paths P is
not known, the subspace pursuit algorithm is modified to esti-
mate the channel and the corresponding support using Algo-
rithm 1. y,, X, and € are given as input and h is obtained as
output.

Algorithm 1. MSP based channel estimation'™!

Inputs: v, X,e
Initialize: i = 1,r, = y

while (‘ ‘ r; ‘

- ri_,H > e)do

2 2

Initialize: ¢ = 0, h? =0, S? = {l?,...,l?} are indices of i
> b? = X;L?% ’io =y - Xsyb?

max. entries 0f| X'y

whilet <t do

max

t=1+1
Si =S U O, where 0! is a set of i indices corre-
sponding to the i max. entries of‘ X! |

ul = X1
i st

Si ={l},...,[}} are i entries from S; which leads to

i max. entries 0f| u;

[ +
bi_Xs;y
2 13
rr=y- ijbi
s
r,=r"
b
Si:Simax
=i+ 1

Output: Estimated channel is hy = X;y and iLF =0

4.2 Embedded Pilot Approach

In this approach, instead of allocating an entire OTFS
frame for pilot transmission, pilot symbols are transmitted in
the same frame as data symbols with guard symbols around
to prevent interference between pilot and data symbols. If no
guard symbols are provided, then more sophisticated algo-
rithms may be needed to handle the interference. In the fol-
lowing, we present two estimation algorithms for the embed-
ded pilot approach. The first algorithm is applicable when
guard symbols are provided. The second algorithm, based on
sparse Bayesian learning, is applicable for embedded frames
without guard symbols.

4.2.1 Embedded Pilot Based Estimation

In the embedded pilot based estimation™, let (kp,lp) be
the pilot location such that 0 <k, < N - land 0 </, <M -
1. Define o = max{«,} corresponding to the largest delay
and B = max { B;} corresponding to the largest Doppler. More
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precisely, it is better to choose (kp,lp) such that 0 </, — a <

llpslp+a<M— I, and O0<k, -28<k, <k, +2B<N -
The pilot, guard, and data symbols in an OTFS frame are

arranged as follows (see Fig. 13 for an example):

x[kl]=
x, k=k,l=1,
0 k,-28<k<k,+26,l, —as<l<l +a.
xl,[k,l] otherwise. (61)

At the receiver, the subgrid in y[ k.l ] used for channel esti-
L -B<k<hk +Bl <I<l +al
Within this subgrid, if’y[k,l]‘ = 7 for a detection threshold
7 >0, then h[k= k.l -1,]=y[ki]ix, and A[k k.l -

p? p?

mation is given by [k

lp] = 0 otherwise. If a path exists, then it must be seen in the

received frame as a scaled version of the pilot plus Gaussian
noise. It has been shown that choosing 7" = 30 gives good es-
timation where o’ is the noise variance. An extension to this
method has also been proposed in Ref. [27] considering the
fractional Doppler scenario. A method to select a threshold
value based on the receiver operating characteristics (ROC)
curve has been demonstrated in Ref. [32].

4.2.2 Sparse Bayesian Learning Based Estimation

In this method, the problem of channel estimation is con-
verted to a problem of sparse signal recovery by exploiting
the sparsity of the channel in the DD domain™". This method
does not require guard symbols and uses pilot SNR to be the
same as data SNR. This approach considers the case of frac-
tional Dopplers as well. The structure of the OTFS frame is
given by (see Fig. 14 for an example)

X, k,=28-0Q<k<k, +28+Q,l,-a<l<l +]
x[k,l] =

)

x,[k,1], otherwise

(62)
where &, and [/, are chosen to be N/2 and M/ 2, respectively,
and () is a parameter that approximates the effect of Doppler.

good when Q = 5. Further, [, is a parameter that obtains a
trade-off between the error performance and pilot overhead.
At the receiver, y[k,1]. ke[k, - Bk, +Bl.le[l.1, + 1]
are used for channel estimation. The system model for L =
(ZB + 20 + 1) X (a + 1) pilot symbols (xp[k,l]) is modified

as
y =(XOB)h +v=®h +w, (63)

where X € O™ *' h e "', and v € O™ *'. B is the phase
compensation matrix which is a block diagonal matrix with
the conjugate of the phase terms on the diagonal, and O is
Hadamard product operator. The noise in Eq. (63) is as-
sumed to be Gaussian with zero mean and variance 1/v,
Pr(v|v0)= ./V'(vl(),vall). The precision parameter v, is as-
sumed to be Gamma distributed with parameters a and b.
With this assumption, the distribution of the received vector
is given as Pr(yl@h,v(_)ll). By modelling the conjugate prior

as per the Bayesian estimation framework, we get

Pr(hlv) = V(0,A), (64)

L A
Pr(V; )\)ZHF(VI-H,Z), (65)

where A = diag(v) is the covariance matrix and v, is the
variance of h;. All the h,’s are identical with a Laplace sparse

prior distribution

1
Pr(h\) = Laplace 0,7 Li=1,2..L. 6)
N

The joint probability distribution of this model is written as
Pr (y,h,v,vo) = Pr(ylv) Pr(hlv) Pr(v) Pr (Vo) , (67)

and

Results in Ref. [27] show that the channel approximation is Pr(hly,v,vo) = ./\/(hI/L,Z), (68)
N-1[+|+[+|+]|+[+]+][+]|+]+]+ N-1|A[A|A|A[A[A|A[A[A|A|A N=1[+]+]+]+]+[+]+]+]+]+]+ N-1{a|a|a[a]alalalalalala
Fl+|F|F|F |+ |+ [+ |+ |+ AAAAAAAAAAA | F[+ |+ [+ +[+]+]+]+ AAAAAAAAAAA
k+2B|+|+[+[ofofofofo]+|+|+ kE+2B| Al A[ A A[A[AJAIA|A]A| A k+2p+Q|+|+|+[olololelel+|+|+| k+28+Q|a|a|a[A[alalalala|a|a
+|+|+|o|ofofo|o|+|+]|+ A|A|A[A[A|®|®|®|A|A|A tlt|t[a|E[=|a]o [ +]+][+ +B|A|AA|A[A|®[®|B|A|AIA
k [+ [+ +]ofo[=]ofo +[+]+ klala|alalale]ee]a]a]a k[+]+[+]ale]ala]a s+ ]+ "k [alalala[ale[e]e|alAla
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A Figure 13. Transmit and receive symbol pattern for embedded pilot
based channel estimation'””’
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A Figure 14. Transmit and receive symbol pattern for sparse Bayesian
learning based channel estimation”



-1
where p = v, 3®@"y and ¥ = (vod)T(I) + Ail) . The values

of vand v, are obtained by solving expectation maximization

(EM) algorithm as
(f),f}o) = arg max E{InPr (y, h,v, Vo) }, (69)
which gives

L+ a(3, + pd) -1

v, = N ,1=1,2,..,L, (70)

2a — 2 + MN

21,+v512(1—v;‘2ﬁ)+Hy—d’nHi (71)

VYo =

After obtaining w, the first P(ZQ + 1) largest values in p

are selected as h.

4.3 Superimposed Pilot Approach

In this approach, pilot symbols are superimposed on data
symbols in an OTFS frame. For example, each bin in the DD
grid has a data symbol and a pilot symbol superimposed on it
as shown in Fig. 15”7, Fig. 16 shows another example where
all bins have data symbols and only one among them has a
superimposed pilot symbol™®.

4.3.1 Superimposed Pilots Based Estimation in Ref. [35]

In this method of estimation, low-powered pilot symbols are
superimposed on the data symbols in the DD grid (Fig. 15).
The mutual interference between the pilot and the data sym-
bols is handled by optimum selection of pilot SNR and by
adopting an iterative approach that iterates between channel
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estimation and data detection. The system model considered is

y =Xh + v, (72)

where X € C"™*" h e C""', and v € C" *'. When the pilot
symbols are superimposed on the data symbols, the system
model is given by
y=Xh+Xh+v=Xh+v,,
\ﬁ/_/

b (73)

where X, corresponds to pilot symbols, X, corresponds to da-
ta symbols, and v, is the noise plus interference term having
meanp, =0, and covariance

.,
C = 262 4 621,
((;0”‘)0’i U”) " (74)

where o} = E[

2
x(,(k,l)‘ :|, o; is the variance of ith channel

coefficient, and o’ is the noise variance. Under these as-
sumptions, the MMSE estimate of the channel using superim-
posed pilots is given by

R -1
h, = (Xfc;llxp + c,;') X'c;ly, 75)

where C,, = diag(a%l,a,zlz,...,()'zp). Message passing algorithms
along with the MMSE estimated channel are used to detect
the data symbols X*. This is used as initialization of X, for
an iterative channel estimation algorithm which is more ro-
bust to the interference than the MMSE estimate. With this,
the system model in Eq. (73) can be rewritten as

MM|BH| B BB BB BB B|B|H
B EH| BB B|B|E|BH|B|H|H
BB BE|B|B|B|B| B|B|H|H
Hlp| B B|B|EBE|EHB| B|B|B
H|E Bl B|B|B|(B|B|#|H
H B D B E|B|B|EB|EB|H|B
B B BB 0@ B|8|HB|B

1|BH| B\ BB BB 8|(B|H|H

(|H|B| B BE|BH|BH| B B|B|B|H

0 1 M-1
O : pilot + : Data

4|+ |+ |+ |+ |+ ]|+ +
|+ |+ |+ |+ |+ ]+ ]+

4|+ + |+ +|+]|+ |+ |+

+l+ |+ |+ |+ ]|+|+ |+ ]|+
[+ |+ |+ |+ |B|+|+]|+]|+
+ |+ |+ |+ |+H]|+]+]|+
+ |+ |+ |+ |+|+]|+ |+ |+
+ |+ |+ [+ |+ [+ [+ ]|+ ]+
+ 4+ |+ |+ |+ [+ ]|+ ]+ ]|+
+ |+ |+ [+ |+ |+ [+ ]+ ]+

e
ol |+ |+|+|+]|+]|+|+]|+

D

O : Pilot + : Data

A Figure 15. Transmit symbol pattern in superimposed pilot scheme in
Ref. [35]

A Figure 16. Transmit symbol pattern in superimposed pilot scheme in
Ref. [36]
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y= (X, + XO)h+ (X, = XP)h+ 0= XL h+ £ (76)

Here, the data-aided pilot is given by Xi();l and the inter-

ference plus noise term is given by £, where
X0 =X, + X0, €0 =(X, - XP)h + . (77)

For the system model in Eq. (76), the MMSE channel esti-

(n)

mate in the n-th iteration A" is obtained using Eq. (75) as

H -1
Py — [(y -1 W) yo-1 L o
e ((X't/‘idl ) (ng ) XX/'J?“I " Ch )
w-0\" )
(X,z ) (ng) ¥, (78)

where Cé”) = E[ EEH")EE‘T)H] is given by

P
Cé:) = 2(;”;)(75[@1‘\' + Ly (79)

Thus, the expression in Eq. (78) gives the channel estimation
after n iterations.

4.3.2 Superimposed Pilot Based Estimation in Ref. [36]

A data-aided channel estimation that uses the whole OTFS
frame for data transmission scheme with one pilot symbol su-
perimposed on a data symbol in the (kp,lp) location of the
grid is reported in Ref. [36]. The allocation of symbols in the
DD grid is given by

x, +ay k1), k=Fk,l=1
x, [ k,1], otherwise ) (80)

x[k,l]z{

2

The energy of the pilot symbol is denoted by £, = ‘xp

and the average energy of the data symbol is denoted by E, =
2

E|:|x[k,l]| :| With this frame structure, the received signal

in the DD domain is given by

)= b (k=) (1-1) [+ 2y oleal g

where Z, , is the interference due to data symbols, given by

k+p !

Y x[K.0]h, [(k ~ ) (- 1’)M] )

H=k-pl'=l-a

1, =

The channel is initially estimated using a modified
threshold which incorporates the effect due to Z,,. Using
this estimated channel, the data symbols are detected by a
sum-product algorithm. The interference term can be sim-
plified as
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aB;

1, = Zha{(k -B) (- ai)M} e 5

where @, is the set of indices of the data symbols that con-
tribute to y[ k,1] such that‘ Qk,l‘ = P. From this, the energy of

the interference part is obtained as

£t|z,[)= Pl VE. s
When iE{‘hi 1= 1 we get B ‘Ikl‘z}: E.. Using the
i=1

interference energy, the threshold is obtained as

y=3(yN + E). (85)

If ’y[k,l]| = v, the estimates of the channel coefficients

can be obtained as

ﬁ{@—hh0—0J=y%”- (86)

P

The data symbols are detected using the estimated h, by
the decision rule:

&[k,1]= argx[lg[}]i?A Pr(x[k,l]ly). (87)

The marginal PDF is obtained by using a sum-product al-
gorithm. After detecting the data symbols, the interference
caused by them is cancelled and the resultant symbols are
given by

Flk1]= y k1] - ;;x[k’,z’]ﬁw[(k -1 -1,
(88)

These symbols would contain only the pilot information if
the interference was completely cancelled. However, due to
imperfect estimates, this method of channel estimation fol-
lowed by data detection and interference cancellation is per-
formed iteratively to obtain better estimates.

4.4 Performance Results

In this subsection, we present the performance of some of
the channel estimation methods presented in the previous
subsections. The OTFS system considered has a carrier fre-
quency of 4 GHz, a subcarrier spacing of 15 kHz, and a DD
grid with M = N =32. A multipath channel with P =35
paths, exponential power delay profile, and delay-Doppler
profile shown in Table 3 are considered. Fig. 17 shows the
mean squared error (MSE) performance as a function of pilot
SNR for 1) OMP, 2) impulse based estimation, and 3) embed-
ded pilot based estimation. A pilot frame with i.i.d Gaussian
random sequences occupying the entire DD grid is used for



VTable 3. Delay-Doppler profile for Figures 17 and 18

Path (i) 1 2 3 4 5
b 2z 3 4 S
Delay 7; MAf MAf MAf MAf MAf
1 2 3 4
Doppler v, 0 N NT N7 NP
10° T T T T r T T
—a— OMP™

k.
—e—Impulse based estimation'"”!
Lok —s%— Embedded pilot based estimation™”
£=4 GHz, Af=15 kHz
M=N=32, P=5

107

Mean squared error

L L L L I L L

15 20 25 30 35 40 45 50 55

Pilot SNR/dB

OMP: orthogonal matching pursuit ~ SNR: signal-to-noise ratio

A Figure 17. Mean squared error performance of delay-Doppler (DD)
channel estimation methods

OMP based channel estimation. A pilot frame with an im-
pulse at location (kl,,lp)= (15,15) and zeros elsewhere is

considered for impulse based channel estimation. An embed-
ded frame is used for embedded pilot based channel estima-

tion, with impulse as a pilot at location (kp,l],) =(15,15),

guard symbols in the locations 7 < k£ < 23,10 <[ < 20, and
data symbols elsewhere.

It can be seen from Fig. 17 that the OMP algorithm gives
the channel estimate with small MSE, which is in the order
of 107 for a pilot SNR of 15 dB. Impulse based channel esti-
mation scheme is simpler but its MSE is high. The MSE of
the embedded pilot based channel estimation is also high.
Fig. 18 shows the BER performance of these estimation meth-
ods using MMSE detection as a function of data SNR for a pi-
lot SNR of 20 dB. BPSK modulation is used. The BER perfor-
mance of OMP based channel estimation is close to the per-
formance using perfect channel knowledge. Impulse based
estimation performance is inferior compared to OMP perfor-
mance but is superior compared to that of embedded pilot
based estimation. Embedded pilot based estimation can be
used with high pilot SNRs to achieve good BER performance
and higher throughput.

S Conclusions
OTFS modulation is regarded as an attractive physical layer
waveform for future wireless systems. It has demonstrated ro-
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BER
S

3L
[.=4 GHz, Af=15 kHz

M=N=32, P=5, BPSK

104k MMSE detection, SNRI,=20 dB

Perfect CSI
[ | —&—omp
107 ¢ —6— Impulse based estimation"”! ~
—*— Embedded pilot based estimation'*’!
10’6 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20
SNR/dB
BER: bit error rate

BPSK: binary phase shift keying
CSI: channel state information

MMSE: minimum mean squared error
OMP: orthogonal matching pursuit
SNR: signal-to-noise ratio

A Figure 18. BER performance with estimated delay-Doppler (DD)
channel at pilot SNR of 20 dB

bust performance in high-Doppler scenarios which are expect-
ed in emerging standards. In this paper, we presented an over-
view of the state-of-the-art approaches in OTFS signal detec-
tion and DD channel estimation. We classified the detection
approaches as low-complexity linear approach, approximate
MAP approach, and DNN approach. Low complexities possi-
ble in the linear approach due to the structure of the channel
matrix make it attractive for practical implementations. The it-
erative MAP approach (e.g., message passing) is known for its
good performance at low complexities. DNN approach is
emerging with good promise particularly when there are model
deviations that are typical in practice. In the DD channel esti-
mation space, we highlighted approaches based on exclusive
pilot frames, embedded pilot frames, and superimposed pilot
frames. More research in OTFS transceiver designs using the
DNN approach can be pursued as future work.
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Abstract: The orthogonal time frequency space (OTFS) modulation has emerged as a promis-
ing modulation scheme for wireless communications in high-mobility scenarios. An efficient
detector is of paramount importance to harvesting the time and frequency diversities promised
by OTEFS. Recently, some message passing based detectors have been developed by exploiting
the features of the OTFS channel matrices. In this paper, we provide an overview of some re-
cent message passing based OTFS detectors, compare their performance, and shed some light
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1 Introduction
ecently the orthogonal time frequency space (OTFS)
modulation has attracted much attention due to its ca-
pability of achieving reliable communications in high

-9 OTFS is a two-dimensional

mobility scenarios
modulation scheme, and the information is modulated in the
delay Doppler (DD) domain, which is in contrast to the time
frequency (TF) domain modulation in the orthogonal frequen-
cy division multiplexing (OFDM). In OTFS, each symbol
spreads over the time and frequency domains through the two
dimensional (2D) inverse symplectic finite Fourier transform
(SFFT), leading to both time and frequency diversities'' >, It

has been shown that OTFS can significantly outperform

This work was supported by the National Natural Science Foundation of Chi-
na (61901417, U1804152, 61801434) and Science and Technology Re-
search Project of Henan Province (212102210556, 212102210566,
212400410179).
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OFDM in high mobility scenarios'.

To harvest the diversities promised by OTFS, the design of
a powerful detector is paramount. The optimal maximum a pos-
teriori (MAP) detector is impractical due to its complexity
growing exponentially with the length of the OTFS block. Re-
cently, significant efforts have been devoted to the design of
more efficient detectors. In Ref. [8], an effective channel ma-
trix in the DD domain was derived, based on which a low-com-
plexity two-stage detector was proposed. The first-order Neu-
mann series was used in Ref. [9] to approximately solve the
matrix inverse problem involved in the linear minimum mean
squared error (MMSE) estimation based detection. A detection
scheme was developed in Ref. [10], where the MMSE equaliza-
tion was used in the first iteration, followed by parallel inter-
ference cancellation with a soft-output sphere decoder in sub-
sequent iterations. A rectangular waveform was considered in
Ref. [11], where the sparsity and quasi banded structure of
channel matrices without fractional Doppler shifts were ex-
ploited to reduce the detection complexity. The linear equaliz-
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ers were extended to the multiple input and multiple output
(MIMO) -OTFS systems in Ref. [12]. A cross-domain method
was proposed in Ref. [13], where a conventional linear MMSE
estimator is adopted for equalization in the time domain and a
low-complexity symbol-by-symbol detection is utilized in the
DD domain. A low complexity iterative rake decision feedback
detector was proposed in Ref. [14], which extracts and coher-
ently combines the multiple copies of the symbols (due to mul-
tipath propagation) in the DD grid using maximal ratio com-
bining (MRC).

Another line of OTFS detector design is based on factor
graphs and message passing techniques"”*. When the num-
ber of channel paths is small, the effective channel matrix in
the DD domain is sparse, which allows efficient detection us-
ing the message passing algorithm (MPA)". An expectation
propagation (EP) algorithm was proposed in Ref. [16], where
EP is used for message update with Gaussian approximation.
A variational Bayes (VB) based detector was proposed in Ref.
[17] to achieve better convergence. Studying the matched fil-
tering processing, the authors in Ref. [18] proposed a message
passing detector, which is combined with a probability clip-
ping solution. The detectors in Refs. [2, 17, 19] take advan-
tage of the sparsity of the channel matrix in the DD domain,
and their complexity depends on the number of nonzero ele-
ments in each row of the channel matrix, which is denoted by
S. Without considering fractional Doppler shifts, S is equal to
the number of channel paths. In general, a wideband system
can provide sufficient delay resolution. The Doppler resolu-
tion depends on the time duration of the OTFS block. To fulfill
the low latency requirement in wireless communications, the
time duration of an OTFS block should be relatively small,
where it is necessary to consider fractional Doppler shifts™*".
In this case, the value of S can be significantly larger than the
number of channel paths. In the case of rich scattering envi-
ronments, the complexity of these detectors can be a concern
and the short loops in the corresponding system graph model
may result in significant performance. To overcome the above
issues, the design of OTFS detectors based approximate mes-
sage passing (AMP)®'~** was investigated in Ref. [25]. AMP
works well for independent and identically distributed (sub-)
Gaussian system transfer matrix, but it suffers from perfor-
mance loss or even diverges for a general system transfer ma-
trix”” !, Instead, the works in Refs. [25 - 26] resort to the
unitary AMP (UAMP)™ *1, which is a variant of AMP and
was formerly called UTAMP®". In UAMP, a unitary transfor-
mation of the original model is used, where the unitary matrix
for transformation can be the conjugate transpose of the left
singular matrix of the general system transfer matrix””" ob-
tained through singular value decomposition (SVD). It is
shown in Ref. [25] that UAMP is well suitable for OTFS due to
the structure of block circulant matrix with circulant block
(BCCB) of the DD domain channel matrices, where the 2D dis-

crete Fourier transform is used for the unitary transformation,

leading to very efficient implementation using the 2D fast Fou-
rier transform (FFT) algorithm. In addition, as the noise vari-
ance is normally unknown, the noise variance estimation is al-
so incorporated into the UAMP-based detector in Ref. [25].

In this paper, we provide an overview of the message pass-
ing based detectors, provide some comparison results, and dis-
cuss potential research on the design of message passing
based OTFS receivers. The notations used in this paper are as
follows. Boldface lower-case and upper-case letters denote
vectors and matrices, respectively. We use (+)” and (+)" to de-
note the conjugate transpose and the transpose, respectively.
The superscript * denotes the conjugate operation. We define
[-1, as the mod M operation. We use N («xlx,v, ) to denote the
probability density function of a complex Gaussian variable

with mean x and variance v . The notation <f(x)> w denotes
A ol

the expectation of the function f (x) with respect to the distri-
bution ¢(x). The relation f (x) = cg(x) for some positive con-
stant ¢ is written as f (x) o g(x). The notation ® represents
the Kronecker product, and @ - b and a - /b represent the com-
ponent-wise product and the division between vectors @ and b,
respectively. We use X = reshape,, (x) to denote that the vec-
tor x is reshaped as an M X N matrix X column by column,
where the length of x is MN, and use x = vec(X) to represent
vectorization of matrix X column by column. The notation
diag(a) represents a diagonal matrix with the elements of a as
its diagonal. We use IAF to denote the element-wise magni-
tude squared operation for matrix A. The notations 1 and O are
used to denote an all-ones vector and an all-zeros vector with
a proper length, respectively. The j-th entry of ¢ is denoted by
q;- The superscript ¢ of s' denotes the iteration index of the vari-

able s involved in an iterative algorithm.

2 System Model

The modulation and demodulation for OTFS are illustrated
in Fig. 1, which are implemented with the 2D inverse SFFT
(ISFFT) and SFFT at the transmitter and receiver, respective-
Iy""-**, Before the OTFS modulation, a (coded) bit sequence is
mapped to symbols x[k/l],k=0,..,N-1,1=0,...M -1 in
the DD domain, where x[£,l] € A = {a,...,a, }, |Al is the car-
dinality of A, [ and k denote the indices of the delay and Dop-
pler shifts, respectively, and N and M are the number of grids

k. ]

!

Delay-Doppler domain ;

alk, 1 +fn, m] Vin, m]

1 s(0) r(t) /]
[ISFFT Heisenberg Channel Wigner ‘ SFFT
7 transform h(z,v) transform :

Time-frequency domain

ISFFT: inverse symplectic finite Fourier transform
SFFT: symplectic finite Fourier transform

A Figure 1. Modulation and demodulation in an orthogonal time fre-
quency space (OTFS) system'”!
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of the DD plane. At the transmitter side, ISFFT is performed
to convert the DD domain symbols to signals in the time-fre-
quency (TF) domain.

tf[nm]_ z'\flzw 1

(L
kl]e s" M

(1)

After that, the signals X,f[ m,n] in the TF domain are con-

verted to a continuous-time waveform s(t) using the Heisen-

berg transform with a transmit waveform g, (1), i.e.,
N-1 M-1
)= 2 XX |

where Af is subcarrier spacing and T = 1/Af. Then the signal

nml)g,(t— n/T)ejzﬂ'mAf(t —al) , 2

s(t) is transmitted over a time-varying channel and the re-
ceived signal in the time domain is given as:

= [[h (zw)st = 2)eP™ D, 3)

where h(7,v) is the channel impulse response in the continu-

ous DD domain, and it can be expressed as'":
h(zp) = z:olhiﬁ(r - 7,)0(v - ), (4)

with 8(+) being the Dirac delta function, P being the num-
ber of channel paths, and h;, 7, and v, being the gain, delay
and Doppler shift associated with the i-th path, respective-
ly. The delay and Doppler-shift taps for the i-th path are giv-
en by

;= l; k, + K,
COMALTT TNT 5)

where [. and k, are the delay and Doppler indices of the i-th
path, and k;, €[ -1/2,1/2 ]is a fractional Doppler associat-
ed with the i-th path. In the above equation, MAf'is the system
bandwidth and NT is the duration of an OTFS block.

At the receiver, a receive waveform g, (¢) is used to trans-
form the received signal r(¢) to the TF domain, i.e.,

J‘g” t - t) _’277” -4 dt’7 (6)
which is then sampled at ¢ =nT and f = m4f, yielding
Y[n,m]. Then SFFT is applied to ¥ [n,m ] to generate the DD
domain signal y[ k], i.e.,

N-1M-1 nk ml

vkl 7221/ nm]e. N

n=0m=0 . (7)

Assuming that the transmitted waveform and the received
waveform satisfy the bi-orthogonal property'", in the DD do-
main we have the input-output relationship®.
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p-

y[ki]= 2 th( k—k +ecly

i=0c=-N,
—2m(—c - K;) Li(k; + K;)

1 ]— 2T
- L

—c— K

+wlkl]
1—e7 N , (8)

where N, < N is an integer, and w [ £,/ ] is the noise in the DD
domain. We can see that for each path, the transmitted signal
is circularly shifted, and scaled by a corresponding channel
gain. We arrange {x[k,/]} as a vector x € C"™ ', where the j-
th element «; is x[ k1] with j = kM + . Similarly, a vector
y € C"™*! can also be constructed based on y [ k.l ]. Then Eq.

(8) can be rewritten in a vector form as:

y = Hx + o, )

where H € C"™ "V i the effective channel matrix in the DD
omain, and @ denotes a white Gaussian noise with mean
d d @ denot hite G th 0

' (or precision €). The channel matrix H in Eq.
[25].

and variance €
(9) can be represented as

p-1 N

=3 Sy (e = k1) @0k,
i=0c=-N,
-j2m(=c - &;) Lk k)
1-e ’/ZWT]
N-NeTTH : (19)

where I, (—[q = k,] ) denotes an N X N matrix obtained by
circularly shifting the rows of the identity matrix by
-[q - k;]y,and I,(l,)is obtained similarly. Without fraction-
al Doppler, i.e., k; = 0, the channel matrix H is reduced to

P-1

i
= Z‘If\" (k) ® |:I.w(l.')hze]2ﬂMV} ()

3 Message Passing (MP) Based Detectors

Based on the model (9) in the DD domain, several detectors
have been proposed using the message passing techniques.

3.1 MP Detector in Ref. [2]

In model (9), the MN X MN DD domain complex channel
matrix H is sparse (especially in the case without fractional
Doppler shifts), which makes belief propagation suitable for im-
plementing the OTFS detectors. In Eq. (2), y and @ are length-
MN complex vectors with elements denoted by y[d ] and w | d |,
1 < d < MN, the element of H is denoted by H [d,c], 1 < d,c <
MN,x is a length-MN symbol vector with elements x[c¢] € A,
1 < ¢ < MN, and .4 denotes the modulation alphabet.

Thanks to the sparsity of H , the joint distribution of the ran-
dom variables in model (9) can be represented with a sparsely-
connected factor graph with MN variable nodes corresponding
to x and MN observation nodes corresponding to y. As shown in
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Fig. 2, each observation node y [ d ]is connected to a set of vari-
able nodes {x[e,],e, € Z(d)}, and similarly, each variable
node x[c] is connected to a set of observation nodes
yle],e, € J|c], where Z(d) and J(c) respectively denote
the sets of indexes of non-zero elements in the d-th row and c-th
—‘j(c)|=SandISSSS.Theproba-
bility mass function (PMF) p_, ={p,., (a)la; € A} represents

columns of H,

the messages from variable nodes x [ ¢ | to factor nodes y [ e_].
Based on the factor graph in Fig. 2, a message passing algo-
rithm was proposed in Ref. [2], and the detector is called MP
detector in this paper. The following is a brief derivation of the
message computations in the i-th iteration of the message com-
putations.
1) Messages passing from observation node y[d ] to vari-

able node x [ e, ]

The message is approximated to be Gaussian, and the mean
w), and variance (o}, )’are computed as

Mo, = Y Zp

ceJpe#ej=

(a)a;H [ d.e] 12)

e

(13)

(a))a;H [d.e]

D ZPNZ aPlH [de]lP - Zpt(,

ceTpere\j=

2) Messages passing from variable node x| ¢ | to observation
node y | e,]
The PMF p! , can be updated as

Pro (@)= A pp, (a)+ (1= A)'ﬁff,;](aj), (14)

where A €[0,1]1s the damping factor and

P (a1
ee J(c)e*e,
H s'(e.cy)
Q

ee J(c)e#e, zg ecJ
(15)

Pr(ylellx[c]= aj,H) =

=

with
ylel-ui, - Hieela,]

(0..)

' (e,c,k) = exp
(16)

After a certain number of iterations by repeating 1) and 2),
the decision on the transmitted symbol can be obtained, i.e.,

x[c]= argmin, EApi(a/.)7 c=1,..MN (17)

where

Hesey)
eEl_]I(( ig (e,cq)
. (18)

k=

The MP detector is summarized in Algorithm 1.

Algorithm 1. MPA detector in Ref. [2]

Input: y, H, Initialize: pf,]‘ﬁ\ =1/1All, ¢ = 1,..,MN,
e,e J(e),i=1

1: Repeat

2: Yd: update ,u,f,’(,v and (0';&)2 with Egs. (12) and (13)

3: Ye: update p, ;" with Eq. (14)

4:i=1+1

5: Until terminate

Output: The decision on transmitted symbols % [ ¢ J using

Eq. (17)

{e,,cz,...,e\} =1,

A Figure 2. Graph representation used to derive the message passing
(MP) detector in Ref. [2]

The MP algorithm shown above is an approximation to
loopy belief propagation since it approximates the interfer-
ence to be Gaussian to achieve lower complexity. The com-
plexity of the algorithm is @Q(MNSIAl) per iteration, which
depends on the sparsity of the channel, i.e., the value of S.
When S is small, the detector is very attractive because it
has low complexity and the detector delivers a good perfor-
mance as no short loops in the factor graph model. However,
in the case of rich-scatting environments and fractional Dop-
pler shifts, the value of S can be large, leading to a denser
factor graph model, which can affect the performance of the
MP detector and result in a significant increase in computa-
tional complexity.

3.2 VB Detector

The VB detector was proposed in Ref. [17] to guarantee the
convergence of the iterative detector, which can be implement-
ed with variational message passing. With model (9), the opti-
mal MAP detection can be formulated as:

x = argmax, p(xly). (19)

However, the complexity of solving the above optimization
problem increases exponentially with the size of x. VB is ad-
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opted to achieve low complexity approximate detection. In this
method, a distribution ¢(x) from a tractable distribution fami-
ly @ is found as an approximation to the a posteriori distribu-
tion p(xly). The trial distribution ¢(x) can be obtained by min-
imizing the Kullback-Leibler divergence D(qllp), i.e.,

q (x) = argmax D(qllp) =
7eQ
argmax B [ -Ing(x) + Inp(xly) ]
q€Q ¥ , (20)

where the expectation is taken over x according to the trial dis-
tribution ¢ (x).

To simplify the optimization problem, ¢(x) is assumed to be
fully factorized, i.e.,

q(x) = Hkﬂu (%) 1)

where ke[ON - 1], M e[0M - 1] and x,, denotes the
(kM + [)-th entry of x. With this assumption, ¢(x) can be up-

dated iteratively by maximizing L. Since the noise sample
and data Ykl are
@, ~CN (®,,; 0,€"), p(xly) can be rewritten as:

symbol  x,, independent, and

p(aly) = [T.p(e)p(ruly), (22)

where y,, = hj,;x + @, h,, denotes the equivalent channel
vector whose (kM + [)-th entry is h,,[ k.l ]. Then the distribu-

tion p(xly) can be further rewritten as:

p(xly) oc 1;[5;;,/ (%4,) ]};[lpi.l (%)

(23)
where
Pk,zlxk,zlz T My
gk,l(xk,l) = p(xkl)exp - 5
€ . (24)
Qi Xy X
(20 ) = exp( - e—z)’ (25)

with p, = 3 by (BDP 1, =23 R by k] y,]
and Q= ZR[th[k,l]h;l[k',l'] ] Substituting p(xly) in
Eq. (23) and ¢(x) into L yields

k.l

41y (%)
L=FE Inp, (2,20 ) = Y In————

2 (NP ETYE T
kil
B, -

(26)
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To find a stationary point of L, the partial derivations of £
with respect to all local functions ¢, (x,,), Yk, need to be ze-
ro. Take the latent variable x,; as an example. Setting the par-
tial derivation L/dq,,(x,,) to zero leads to:

z Qurin' s XXy
VT itor
- 2 + lngl:.l(xk,l) - 1“‘]2{.61 () +C=0

?

(27)

Eq\]f.l

— iter — 1 iter = 1 (3 nt .
where ¢, = H(/('.,'R(k.,)qu’,l' (%40) 7y (%) is obtained in
the (iter — 1)-th iteration and C denotes a constant.

Then, solving Eq. (27) for g, ,(x,,) results in the local distri-

bution, which can be expressed as:

iter

Qg () &y (2 Jexp| By | —

Xy X

;Qh,z,k NRTRT pk.l|xk‘j|2 — mydy,

0 ||<plx)exp| -
€ €

. (28)

where m,, = n,, - Z(khz')ﬂkj)gkalak’»/'qus‘;; [ K

It is noted that the variance of x,, is underestimated and on-
ly the noise variance is considered in Eq. (28). To fix the un-
derestimation, a practical solution is to repeat the above proce-
dure to approximate the a posteriori distribution for all the da-
ta symbols iteratively, resulting in the approximate marginal
¢4 (%,,), Ykl Then, the decision on the symbols can be made
by maximizing the approximate marginal distribution (]Z,z(xk.z)v
ie.,

921(,1 = argmax qZ.z(xk,z)

X A

: (29)
The complexity of the algorithm per iteration is O(MNSI.AI).

3.3 UAMP Detector

Leveraging the UAMP algorithm, the UAMP detector was
developed in Ref.[25], where the BCCB structure of the DD
domain channel matrix is exploited, leading to a highly effi-
cient OTFS detector with 2D FFT. It can be seen from Egs.
(10) and (11) that the DD domain channel matrix H has a BC-
CB structure. A useful property of the BCCB matrix H is that
it can be diagonalized using 2D Discrete Fourier Transform

matrix, i.e.,
H = F"AF, (30)

where F = F, @ F, with F and F, being respectively the
normalized N-point and M-point DFT matrices. In Eq. (30),
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matrix A is a diagonal matrix, i.e.,A = diag(d), and d is a
length-MN vector that can be computed using 2D FFT.

d = vec(FFT2(C)), 31

where FFT2(-) represents the 2D FFT operation, C =
reshapeM(H(:,l)) is an M X N matrix, and H (:,1) with length-
MN is the first column of matrix H.

The above property is exploited in the design of the UAMP
detector, leading to high computational efficiency while with
outstanding performance compared with the existing detectors.
Instead of using model (9) directly, the UAMP algorithm™ !
works with the unitary transform of the model. The channel
matrix H admits the diagonalization in Eq. (30), leading to the
following unitary transform of the OTFS system model:

r=AFx + o', (32)

where r = Fy, o' = Fo, and the noise @' has the same distri-
bution with @ as F is an unitary matrix. The precision of the
noise is still denoted by €, which needs to be estimated. De-
fine @ = AF and an auxiliary vector z = @x. Then we can fac-
torize the joint distribution of the unknown variables x,z,€ giv-

enr as

p(x.z.€lr) = p(e) plriz.e) p(zlx) p(x) =
p(©) [1p(r0) p(zw) T p(x) =

LU oy e TLA ) 33)
where indices ij € [1:MN ]. To facilitate the factor graph rep-
resentation of the factorization in Eq. (33), the relevant nota-
tions are listed in Table 1, which shows the correspondence
between the factor nodes and their associated distributions.
The factor graph representation for the factorization in Eq.
(33) is depicted in Fig. 3.

Following the UAMP algorithm, a UAMP based iterative de-
tector can be designed, which is summarized in Algorithm 2.
According to the derivation of (U)AMP using loopy belief prop-
agation, UAMP provides the message from variable node z; to
function node f,’ which is Gaussian and denoted by

T

m, Hﬁj(z_/) = ./\/(zjlpj,vpj). Here, the mean p; and the variance

v, are given in Lines 1 and 2 of the Algorithm in a vector
J

V Table 1. Factors, underlying distributions and functional forms asso-
ciated with Eq. (31)

Factor Distribution Function Form
1, p(rlze) Mzire)
1 p(z)) 8(z - @)
p(x) AN Y 8 (v, - a,)
i p(€) €’

A Figure 3. Factor graph representation of Eq. (31)

123

form. With the mean field rule™ at the function node f., we
J

can compute the message passed from function node f, to vari-
J

able node ¢, i.e.,

m, . (€) o exp{<105ff_,(rf|zf’é)>b(

T
z:
J

)} oc Eexp{ - €(|rj -

5 +0,)) o)

where b(z;) is the belief of z. It turns out that b(z) is also

Gaussian with its variance and mean given by
v, = 11w, + &) 2= (pm, + ) a5)

respectively, where € is the estimate of € in the last iteration.
They can be expressed in a vector form shown in Lines 3 and
4 in Algorithm 2. The estimate of € can be obtained based on
the belief b(€) at the variable node € shown in Fig. 3, i.e.,

MN

b(e) o= f.(€) _]:[mf;/ae (€)

And the estimate is given as

MN

&= [ eblerde = MN/;(nj —iP 4 Vzi)’ )

which can be rewritten in a vector form shown in Line 5 of the
algorithm. With the mean field rule at the function node f,
7

again, the message passed from the function node f, to the
J

variable node z; can be computed as:

my . ()% exp {< g, (52))

} o N (hlr,e")
b(e)

T (38)

Then the UAMP algorithm with known noise can be used as
if the true noise precision is €, leading to Lines 6 - 15 and
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Lines 1 - 2 of the Algorithm 2. In Lines 10 - 13, the Gaussian
message is combined with the discrete prior to obtain the
MMSE estimates of the symbols in terms of their posterior
means and variances. There is an extra operation in Line 14,
which averages the variances of x;. Thanks to the special form
of the unitary matrix F, 2D FFT is used in the implementa-
tions in Lines 2 and 9. It can be seen that the UAMP detector
does not require any matrix-vector products, the algorithm re-
quires only element-wise vector operations or scalar opera-
tions, except Lines 2 and 9, which are implemented with FFT.
So  the complexity of the UAMP detector is
O(MNlog (MN)) + O(MNIAl) per OTFS block per iteration,

which is independent of S.

Algorithm 2. UAMP detector for OTFS

Unitary transform:r = Fy = AFx + o with F = F, ® F,,.
Calculated d with Eq. (29), and define vector A = d-d".
Initializes™' = 0,£=0,e” = 1, = 1, and ¢ = 0.
Input: y, H

Repeat

Ly, =v.A

2:p=d - Ve(:(FFTZ(reshapeM(59’))) -y s

3iv. = 1Ly, + &)

4iz=v, - (p./l/p + @’r)

s:e =N (|lr - 2|} + 17v,)

6:v, = 1/(v, + 1/ "1)

T:s' = v, -(r—ﬁ)

8w, = A"v [(MN)

9:q =z" + quec(IFFTZ(reshapeM(d . s”)))

10: Vji€,, = exp( - V;1|Ola - qjlz)

11: Vj:ﬁj,(t = f/,(l/zjj“: ]fj,(l

12: Vj:a?j-” =YY" «

a=1%aPija
. Lot 1A1 _AL+]2
13: Vi, =30 B e, = &
1 .
JU S MN ¢+ 1
14: v _7MNZ":‘V'3
15:t=t+1

Until terminated
Output: the estimate of x i.e., x

Compared with the UAMP detector, the MP and VB de-
tectors have a complexity of O(MNSIAl) per OTFS block
per iteration, which can be considerably higher than that of
the UAMP detector in the case of rich scattering environ-
ments and when fractional Doppler shifts have to be consid-
ered (leading to a large S). Moreover, the UAMP detector
can deliver much better performance when the number of
paths is relatively large. In particular, the UAMP detector
with estimated noise precision can significantly outperform
other detectors with perfect noise precision. We note that,
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the OTFS detector can be implemented directly with the
AMP algorithm. However, due to the deviation of the chan-
nel matrix from the i.i.d. Gaussian matrix, the AMP detec-
tor may perform poorly.

4 Turbo Processing in Coded Systems

It is well known that joint decoding and detection can bring
significant system performance improvement, and it can be re-
alized in a way that the detector and decoder exchange infor-
mation iteratively, i.e., the turbo processing™ *'. The OTFS
detectors can be incorporated into a turbo receiver by endow-
ing the OTFS detectors with the capabilities of taking the out-
put log-likelihood ratios (LLRs) of the decoder as (soft) input
and producing (soft) output in the form of extrinsic LLRs of
the coded bits, i.e., the so-called soft input soft output (SISO)
detector.

A typical turbo system is shown in Fig. 4, where IT and IT™'
represent interleaver and de-interleaver, respectively. The in-
formation bits are encoded and interleaved before symbol map-
ping, where each symbol x; € A ={a,....a},} in the DD do-
main is mapped from a sub-sequence of the coded bit se-

1 loglAl

quence, which is denoted by ¢ = [cj,...,c

; ] Each a,corre-

sponds to a length-.A4logl|. Al binary sequence, which is denoted
by {al,...,afgw}. Based on the LLRs provided by the SISO de-

coder and the output of the OTFS demodulator as shown in
Fig. 4, the task of the SISO OTFS detector is to compute the
extrinsic LLR for each coded bit, i.e.,

P(c!

P(c!

Olr)

L(¢!)=1In |
(<) 11r) , (39)

7

e )
B
—_
\QQ
~

where L*(c]) is the output extrinsic LLR of the decoder in the
last iteration. The extrinsic LLR L (c]) is passed to the decod-
er. The extrinsic LLR L‘(¢/) can be expressed in terms of ex-

. . . 32] -
trinsic mean and variance of the symbols[ I ie.,

lo, — mfl2 ) ,
Y exp () TP (o = o)
L(J( q) | @, e AD U; q #q
(c;)=1n
) o, = m'P o
D exp (- ) 1P (¢ =af)
a, EA"/ 1}/. T *4q . (40)

where m; and v} are the extrinsic mean and variance of x;, and
./4((,) and ./43 represent the subsets of all a, corresponding to
¢/ =0 and ¢/ = 1, respectively. The extrinsic variance and

mean are defined in Ref. [32].

v, = (1] - 1/1Jj)_1,m; =v; (m} v} — m;/v)), 41)

where m; and v; are the a priori mean and variance of x; calcu-
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lated based on the output LLRs of the SISO decoder”™ and my
and v} are a posteriori mean and variance of .

Taking the UAMP detector as an example, we show the
incorporation of the OTFS detector into a turbo receiver. Ac-
cording to the derivation of the UAMP algorithm, we can
find that ¢ and v, consist of the extrinsic means and varianc-
es of the symbols in x as they are the messages passed from
the observation side and do not contain the immediate a pri-
ori information about x. Hence we have m; = ¢; and v; = v,.
Then Eq. (40) can be readily used to compute the extrinsic
LLRs of the coded bits. With the LLRs provided by the
SISO decoder, one can compute the probability p(x; = «,)
for each % which is no longer the “non-informative prior ”
in Algorithm 2. Therefore, §;, in Line 7 of the algorithm is
changed to

£, =p(x = a)exp(-v,'la, = q,P). (42)

In addition, the iteration of the UAMP detector can be com-
bined with the iteration between the SISO decoder and detec-
tor, which leads to a single loop iteration (i.e., inner iterations
are not required).

The computational complexity of the detectors is summa-
rized in Table 2. In the above discussion, we focus on the bi-
orthogonal waveform. The detectors can be extended to OTFS
systems with other waveforms, such as the simple rectangular

25
waveform'™'.

S Simulation Results
In this section, we compare the performance of the mes-

sage passing based detectors. The low complexity MRC de-
tector in Ref. [14] is also included. We set M = 256 and N =

VTable 2. Computational complexity of various detectors per iteration

Detectors Complexity
MP detector O(MNSIAl
VB detector O(MNSIAl)

UAMP detector O(MNlog (MN)) + O(MNIAl)

MP: message passing  UAMP: unitary approximate message passing
VB: variational Bayes

32, i.e., there are 32 time slots and 256 subcarriers in the
TF domain. Both quadrature phase shift keying (QPSK)

modulation and 16-quadrature amplitude modulation
(QAM) are considered. The carrier frequency is 3 GHz, and
the subcarrier spacing is 2 kHz. The speed of the mobile us-
er is set to v = 135km/h, leading to a maximum Doppler fre-
e = 0. We assume that the maximum
=14. The Doppler index of the i-th path is
uniformly drawn from the set [ -k .k

] excluding the first path

quency shift index k
delay index is [

max

and the delay in-

max ?" " max ]

dex is in the range of [1,/, .
(l, = 0). We assume that the fractional Doppler «; is uni-
formly distributed within [ =1/2,1/2 ], and the channel coeffi-
cients h; are independently drawn from a complex Gaussian
distribution with mean 0 and variance nl’, where the normal-
ized power delay profile n' = exp(—ali)/ziexp(—ali) with
a being 0 or 0.1. The maximum number of iterations is set
to 15 for all iterative detectors. We note that, all detectors
except the MRC detector require the noise variance. The
UAMP detector performs noise precision estimation, while
the other detectors (except the MRC detector) including the
AMP detector assume perfect noise precision. We evaluate
the performance of the detectors in a variety of scenarios in-
cluding the bi-orthogonal and rectangular waveforms with
integer or fractional Doppler shifts, and QPSK or 16-QAM
for modulations. In addition, both uncoded and coded sys-
tems are evaluated.

Fig. 5 shows the BER performance of various detectors
in the case of the bi-orthogonal waveform with different
numbers of paths, where we assume no fractional Doppler
shifts, i.e., S=P. We also assume a =0, and QPSK is
used. From this figure, we can see that, the MP detector
performs well when P = 6, but with the increase of P, its
performance becomes worse. The VB detector has a similar
trend. The MRC detector performs similarly to the MP and
VB detectors when P=6 and delivers better performance
than the MP and VB detectors with larger P. The AMP and
UAMP detectors perform well, where we can see that they
enjoy the diversity gain and achieve better performance
with the increase of P. In all cases, the UAMP based detec-
tor delivers the best performance and significantly outper-
forms other detectors.

With the rectangular waveform and factional Doppler shifts,
we compare the bit error ratio (BER) performance of the AMP,
UAMP and MRC detectors in Fig. 6, where the number of
paths P =9 and a = 0.1 is used for the power delay profile.
Both QPSK and 16-QAM are considered. Due to the deviation
of the channel matrix from the i.i.d. (sub-) Gaussian matrix,
AMP exhibits performance loss, leading to significantly worse
performance compared with the UAMP detector. Thanks to the
robustness of UAMP against a general matrix, UAMP performs
well. We can see that the MRC detector performs better than
the AMP detector. The UAMP detector performs the best and
the gaps between other detectors with the UAMP detector be-
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AFigure 6. BER performance of detectors with the rectangular wave-
form and fractional Doppler shifts (results are based on Ref. [25])

AFigure 5. BER performance of detectors with bi-orthogonal waveform and integer Doppler shifts (results are based on Ref. [25])

come larger in the case of higher order modulation 16-QAM,
compared with QPSK.

We then evaluate the performance of the detectors in a cod-
ed OTFS system, where the turbo receiver in Fig. 4 is em-
ployed. The number of paths P=14, and a rectangular wave-
form is used. In Fig. 7(a), we show the performance of the un-
coded system with the AMP and UAMP detectors. In Fig. 7(b),
we use a rate-1/2 convolutional code with a generator [ 5,7 ¢
followed by a random interleaver and QPSK modulation. The
length of the codeword is MN. The BCJR algorithm is used for
the SISO decoder. We can find that the performance gaps be-
tween the AMP detector and the UAMP detector become larg-
er in the coded system. The turbo receiver can achieve much

better performance (about 3.5 — 4 dB at the BER of 107
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AFigure 7. BER performance comparison of coded and uncoded system with rectangular waveform (part of the results is based on Ref. [25])
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thanks to the joint processing of decoding and detection. In
Fig. 7(c), we investigate the performance of the system with a
more powerful LDPC. The 8 192 information bits are coded at
rate R=1/2 by an irregular LDPC code with an average column
weight of 3, then the coded bits are randomly interleaved and
mapped. As expected, the system performance is improved
considerably when the LDPC is used. From Fig. 7(c), we can
see that the use of the LDPC code can improve the perfor-
mance of the UAMP based detector significantly and the per-
formance gap between AMP and UAMP increases when the
LDPC is used.

6 Conclusions and Potential Future Work

In this paper, we review and compare the recently pro-
posed message passing based OTFS detectors, which ex-
ploit the structures of the OTFS channel matrices, such as
sparsity and BCCB. According to the results, the MP and
VB detectors are more suitable in the scenarios that the
number of paths is relatively small and the modulation or-
der is low, where they deliver good performance while with
relatively low complexity. The UAMP detector seems very
promising especially in the case of rich-scattering environ-
ments and/or when fractional Doppler shifts have to be con-
sidered, where the UAMP detector is attractive in both com-
putational complexity and performance. The results also
show that the OTFS system with a turbo receiver can pro-
vide significant performance gain.

The message passing techniques seem promising in the de-
sign of OTFS receivers. In this paper, we assume the OTFS
channel matrix is known, which however has to be estimated
for practical applications. Message passing based OTFS chan-
nel estimation has been investigated in the literature, such as
the work in Ref. [33]. With the message passing techniques,
channel estimation and detection can be integrated for joint
channel estimation and detection, which is expected to lead to
superior system performance and/or significant reduction of
the training overhead. This is because the data symbols can be
used to serve as a virtual training sequence and the guard
band between the training symbols and data symbols is not
necessary.

It has been shown that joint decoding and detection based
on a turbo receiver can significantly improve the system per-
formance. The system performance can be potentially further
improved by optimizing the error control codes. This requires
fast and accurate performance prediction of the iterative re-
ceiver, so that the error control codes, e.g., LDPC, can be opti-
mized.

The message passing techniques could be used to imple-
ment sophisticated receivers in more complex systems, such
as multi-user OTFS systems, grant-free multiple access with
OTFS, multiple-output-multiple-input (MIMO)-OTFS, integrat-
ed sensing and communication with OTFS.
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Abstract: The upcoming 6G wireless networks have to provide reliable communications in
high-mobility scenarios at high carrier frequencies. However, high-mobility or high carrier
frequencies will bring severe inter-carrier interference (ICI) to conventional orthogonal fre-
quency-division multiplexing (OFDM) modulation. Orthogonal time frequency space (OTFS)
modulation is a recently developing multi-carrier transmission scheme for wireless commu-
nications in high-mobility environments. This paper evaluates the performance of coded OT-
FS systems. In particular, we consider 5G low density parity check (LDPC) codes for OTFS
systems based on 5G OFDM frame structures over high mobility channels. We show the per-
formance of the OTFS systems with 5G LDPC codes when sum-product detection algorithm
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1 Introduction
uture wireless networks are expected to provide high-
speed and ultra-reliable communication' " for a num-
ber of emerging wireless applications, such as the milli-
meter wave (mmWave) ", low-earth-orbit satellites
(LEOSs)™., high-speed trains”, and unmanned aerial vehicles
(UAVs)". In practice, one of the challenges for these systems
is that wireless communication for high mobility is always ac-
companied by severe Doppler spread. While orthogonal fre-
quency division multiplexing (OFDM) currently deployed in
Long Term Evolution (LTE) and 5G systems can achieve high
spectral efficiency for time-varying frequency selective chan-
nels, it suffers from heavy performance degradation in high
Doppler conditions due to severe Doppler spread. Therefore,
new modulation and signal processing techniques that are

This paper was partially supported by National Key R&D Program of Chi-
na (No. 2020YFB1807802) the National Science Fund for Distinguished
Young Scholars (No. 61901453), and Jiangsu Provincial Key Research
and Development Program (No. BE2021013-2).

ZHOU Yiging is the corresponding author.

more robust to time-varying channels are required to meet the
challenging requirements of high mobility communications.
Recently, the orthogonal time frequency space (OTFS) mod-
ulation proposed in Refs. [11 - 12] has drawn a lot of attention
due to its advantages over OFDM in high Doppler channels
where each transmitted data symbol can exploit the channel’ s
delay and Doppler variations. OTFS is a two-dimensional (2D)
modulation scheme, where the information symbols are modu-
lated into the 2D delay-Doppler (DD) domain rather than into
the time-frequency (TF) domain as the classic OFDM modula-
tion. Thus, the time-varying channel in the TF domain can be
transformed into a 2D quasi-time-invariant channel in the DD
domain, where attractive properties, such as separability, sta-
bility, and compactness, can be exploited"?. With the applica-
tion of inverse symplectic finite Fourier transform (ISFFT) in
OTFS, symbols in the DD domain can be transformed to the
TF domain, in which each symbol in the DD domain spans the
whole bandwidth and time duration of the transmission frame.
Therefore, the OTFS modulation can offer the potential of ex-
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ploiting the full diversity. However, modulating information
symbols into the DD domain makes conventional receiver
technologies cannot be applied directly, which in turn re-
quires advanced channel coding, signal estimation and detec-
tion methods for OTFS to achieve the potential full diversity
and reliable error performance.

Accurately estimating the channel parameters in OTFS sys-
tems is a challenging but vital requirement for reliable detec-
tion. A simple channel estimation algorithm for OTFS is to em-
bed the pilot signals in the DD domain™ ' to obtain DD
channel responses of each transmitting path. This method has
low complexity and signal overhead. But it suffers from perfor-
mance degradation for channels with fractional Doppler. In
Ref. [15], the authors proposed a channel estimation method
based on pseudo-noise (PN) to estimate the Doppler frequency
of each transmitting path, which has high computational com-
plexity to estimate the fractional Doppler. Using deep learning
algorithms to assist in the channel estimation has recently
been proposed as a potential technology to get more accurate
estimation parameters. For example, in Ref. [16], two deep
learning assisted algorithms were proposed to facilitate chan-
nel estimation for massive machine-type communication,
which could potentially be applied to OTFS channel estima-
tion to deal with fractional Doppler.

Many existing studies focus on signal detection for OTFS
modulation. In Ref. [17], the authors gave an iterative detec-
tion based on the message passing (MP) algorithm. However,
the MP detection treats the interference from other informa-
tion symbols as a Gaussian variable to reduce the detection
complexity, which may fail to converge and result in perfor-
mance degradation. To solve this problem, the authors in Refs.
[18 - 19] explored the approximate message passing algo-
rithm. They proposed a detection algorithm by covariance pro-
cessing to obtain better BER performance in Ref. [18] and a
convergence guaranteed receiver based on the variational
Bayes framework in Ref. [19]. An OTFS detection approach
based on approximate message passing (AMP) with a unitary
AMP transformation (UAMP) was developed in Ref. [20],
which enjoys the structure of the channel matrix and allows ef-
ficient implementation. Inspired by the connection between
the orthogonality and message passing, the authors in Ref.
[21] proposed a novel cross domain iterative detection algo-
rithm for OTFS modulation, where the extrinsic information is
passed between the time domain and DD domain via the corre-
sponding unitary transformations. This algorithm has low com-
putational complexity and can achieve almost the same error
performance as the maximum-likelihood sequence detection
even in the presence of fractional Doppler shifts.

Most papers focus on the basic principle or key algorithms for
the estimation or detection of OTFS systems, while little attention
has been paid to coded OTFS systems. The authors in Ref. [22] an-
alyzed coded OTFS performance, but they only considered classi-
cal codes, ignoring modern coding technologies like LDPC, Turbo,
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or Polar codes for OTFS systems, which are important to achieve
high reliability and channel capacity. Therefore, we are going to
evaluate modern LDPC coded OTFS performance in this work.

In this paper, we first provide a brief overview of the funda-
mental concepts of OTFS. Then we consider 5G LDPC codes
for OTFS systems over high mobility channels. As OTFS can
be built on the top of the OFDM frame structure, we also con-
sider the 5G OFDM frame structure in our evaluations. The ef-
fect of channel estimation errors on the LDPC coded OTFS
system performance is evaluated as well. The rest of this arti-
cle is organized as follows. Section 2 introduces related knowl-
edge of OTFS including the basic conceptions, system model,
OTFS modulation/demodulation, and the channel input-output
relationship. In Section 3, we provide an overview of the error
performance analysis for OTFS systems. In Section 4, we pres-
ent the details of the performance evaluation of OTFS systems
with 5G LDPC codes. Section 5 concludes the paper.

2 OTFS System

In this section, we first present an OTFS system model.
Then, we briefly review the input-output relations for the OT-
FS systems"' ="',

2.1 OTFS System Model

An OTFS modulation is a 2D modulation, which modulates
information in the DD domain before transforming signals to
TF and time domains. The time-frequency signal plane is dis-
cretized to a grid by sampling time and frequency axes at inter-
vals T (s) and Af (Hz), respectively, i.e.,

A ={(nT.mAf).n = 0,...N = Lim = 0,...M — 1}. ()

For some integers N,M > 0, where T = 1/Af, N and M are
the numbers of time and frequency grids, respectively. There-
fore, we can obtain that an OTFS frame is transmitted with du-
= NT and occupies a bandwidth B, . = MAf.
Accordingly, let us define the delay-Doppler plane as,

ration Tframe frame

r=l Lo N-t1i=0m-1l,
NT* MAf 2

1 1
—— and — represent the quantization steps of the de-
MAf NT

lay and Doppler frequency, respectively. They are also called

where

delay and Doppler resolution.

Let a set A = {al,...,ao} denote the constellation alphabet
with sized @ and a set of NM modulated symbols
Xgse-sXpyr — 1 € A to be transmitted by OTFS. The OTFS modula-
tion firstly maps symbols x,...,xy, _ ;to DD plane I'. Here, we
use x[k,l],k =0,.,N = 1,l = 0,...,M - 1 to represent the base-
band modulated symbols to be transmitted in DD plane, where k&
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denotes Doppler index and [ denotes delay index.

Then, the signal in DD plane I' is transformed to TF plane
A, whereby the symbols in DD domain x[k,l],k =0,..,N -
1,l=0,.,M -1 are mapped into TF domain X[n,m],n =
0,..,N—-1m=0,...M — 1, where n denotes the time index
and m denotes the frequency index. Such mapping of x[ k.l ] to
X[ n,m] can be realized by ISFFT"'.

X[nm]=ISFFT (x[kl]) =

1 M-l nk ””)

x[k,l]ejzw(?iﬁ .
VNM i=o0i=0 (3)

Next, a multi-carrier modulator, such as OFDM, is used to
transform the samples X[n,m] at each time slot to a continu-
ous time waveform s(t) with a pulse shaping g, (¢) as the trans-

mitted pulse. Such a transformation can be realized by dis-

crete Heisenberg transform'"),

M-1N-1

S0)= 3 3 X [nm] oDy (1), "
m=0n=0

The cross-ambiguity function between the transmitted pulse

shaping g, (¢) and the received pulse shaping g (1) is given by'"

A, (tf)= jg; (t' = 1) g, (t)e?™ " Vdr' (5)

Here, we only discuss OTFS modulation/demodulation prin-
ciples without channel effects. Let r(t) denote the received
signal. At the receiver, a match filter is applied to compute the

cross-ambiguity function Agmr([)(tf) as
Y (1f) = Ag”_r(,)(t,f) A fgf;(z’ —1)r(¢) e 0gy. ©)

By sampling Y (t ) as  Y[nm]=Y (sz)lt CATS = mAp

Y[n,m],n =0,.,N—-1m=0,...M — 1 can be obtained.
Then, by transforming TF plane A signal ¥ [n,m ] back to

DD plane I signal y [ £,/ | with symplectic finite Fourier trans-

form (SFFT), symbols in DD domain can be recovered as'""

y[ki]=SFFT(Y[nm]) =
1 Ao ju-n _jz,,.(ﬁ_‘i
Y|nmle N

vV NM ”Z:),Zto [ ] . (7)

nk ml)

2.2 Input-Output Relations of OTFS Signal

In this subsection, we present the channel model and the in-
put-output relations between the transmitter and the receiv-
e’ We assume that only a few reflectors are moving within
one OTFS frame duration in practice, and only a small number
of channel taps are associated with Doppler shift. Therefore,
the channel response of the DD domain is sparse compared

with the whole DD plane. Considering a channel with P inde-
pendent distinguishable paths, the channel response can be
represented as

= ®)

where h;, 7, and v; denote the channel coefficient, delay and
Doppler shift associated with the i-th path, respectively. With-
out considering additive white Gaussian noise (AWGN), the

relation of 5(¢) and r(z) is given by!"”!

r(t) = Hh(T,V)HZWV("’)s (t = 7)drdv. 9)

[17]

The relation of X [ n,m Jand ¥ [ n,m ]in TF domain is given by

n M-1
Y[n,m]= 2 ZH,W[n',m']X[n',m'] =
n'=n-1m"=0

M-1

Z Hn,m[n’m,]X[n7m’] +

’ 4
m' =0,m" #m

H,, [nm]X[nm]+

n,m

M-1

2 H . [ n

Lm'|X[n - 1,m'],

7o i (10)
in which

H,,[n'm']=

[a(ea)a, . (0= n)T = 2.(m = ) A7 = v) P
)27 SN =) g0 (1)

The second term in Eq. (10) is the samples X [ n,m'] at dif-
ferent frequencies m’ # m, which can be seen as the interfer-
ence to the current sample X [n,m ] in the same time slot n.
On the other hand, the third term in Eq. (10) accumulates the
interference from the samples X[n — 1,m’] in the previous
time slot n — 1. Hence, we call the second and third terms as
the inter-carrier interference (ICI) and inter-symbol interfer-
ence (ISI), respectively. It is clear that since the delay spread
and Doppler spread, there are severe ICI and ISI in the TF
domain.

The relation of x[k,] and y[k/] in DD domain is given
byl17J

3 ﬁ hieﬁ"(w")(”\‘")ai(k,z,q)xﬂk —k, + q:|‘w,[l - z,(u, W

%Bi(q), I, <l<M

[k—ky +q}
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el

e =1

Bi(‘]) =

_277( )
vl Il
and e N J-1.

In Eq. (12), h, denotes the channel coefficient and N, is the
number of neighboring transmitted signals in the Doppler do-
main, where 0 < N; < N. The [, and k, are the delay and

Doppler indices corresponding to the i-th path, respectively,
and we have
! k, + K,

T,
i

T. =

Tmag VT UNT (13)

1 1
Note that the term ) <k, < £y denotes the fractional Dop-

pler shifts which correspond to the fractional shifts from the
nearest Doppler indices'"”. For wideband systems, the typical
value of the sampling time in the delay domain is usually suffi-
ciently small. Therefore, the impact of fractional delays in typi-
cal wide-band systems can be neglected®. Here, we have
k. <k + kK, <k, wherek _, is the maximum Doppler in-

s = ’_NTVmax-‘“ﬂ'
From Eq. (12), we can see that the received signal y [ £,/ ]is

dex satisfying k

max

»
a linear combination of S = ZZNL- + 1 transmitted signals.

i=1
The signal corresponding to ¢ = 0, x|: [E=Fk,1y[0=1] M]

contributes the most, and all the other 2NV, signals can be seen
as interference. Such interference is due to the transmitted sig-

nals neighboring x|: [k=Fk,1y[1-1.] M:| in the Doppler do-
main caused by fractional Doppler and we refer to this interfer-
ence as inter-Doppler interference (IDI). In the TF domain,
the delay spread and Doppler spread cause severe ICI and ISI
as the second and the third terms in Eq. (10), which are hard
to distinguish in the received signals. However, in the DD do-

-1,
5 :
T

main, they mainly affect the phase shifts as e

k, +x,
i i

N

Now, let us represent the DD domain input-output relation
x A vec(X)e A"™  and
y & vec(Y) e A" denote the vector forms of the transmitted

in a vector form. Let
symbols X and the received symbols ¥ in DD domain, respec-
tively. According to Eq. (9), we have

y=H g x+w, (14)

where w is the corresponding noise vector and H ; of size MN X
MN is the effective channel matrix in the DD domain. Assuming
that both g, (¢) and g, (¢) are rectangular pulses, with a reduced

CP frame format, the effective channel matrix H g is given by

H, = 2}1 (Fy®1,) mn A(k"' ””L)(F;,‘ ® I,), s)
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where Il is the permutation matrix (forward cyclic shift), i.e.,

o o - 0 O
R 0
I = 1 0 E s
0 - 0
0 0 L0 dyy (16)
and A is a diagonal matrix,
0 M-
A= diag (& W STW0 ST, (17)

3 Error Performance Analysis

In this section, we discuss the error performance of the un-
coded and coded OTFS systems, respectively. We assume that
ideal channel state information (CSI) is available at the receiver.

3.1 Uncoded OTFS System Performance
According to Ref. [26], Eq. (14) can be rewritten as

y=®_,(x)h +w, (18)

where @_, (x) is referred to as the equivalent code-word ma-

trix and it is a concatenated matrix of size M/N X P construct-
ed by the column vector 5, i.e.,

@, (x) =[5 Fopn Fpx ], (19)

and & is given by

b, + K!)

2 a(F, ® 1,0

i

(Fy ®I,)1<i<P 20)

In Eq. (18), h is the channel coefficient vector of size P X 1,
T
i.e., h = [h],hz,...,hp] , where the elements in h are assumed to

be independently and identically distributed complex Gaussian
random variables. Besides, we assume a uniform power delay
and Doppler profile of the channel so that the channel coeffi-
cient h; has mean u and variance 1/2 P per real dimension for
1 <7< P and is independent from the delay and Doppler indi-
ces™. In particular, we note that if u = 0, h, follows the Ray-
leigh distribution, which will be considered as a special case in
the error performance analysis and code design.

Based on Eq. (18), for a given channel realization, we de-
fine the conditional Euclidean distance d? (x,x') between a

h.ry

pair of code-words x and ' (x # x') as

dl%,ry (x’xl) = dl%;r.u (6) é ”¢‘r,v(e)h’“2 = hHQr,V (e)h’ (21)

where e = x — x’ is the corresponding code-word difference
H
(error) sequence and .QT,V(e)=((Pw(e)) (d)w(e)) is re-

ferred to as the code-word difference matrix. Here we have
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H He H= H— H—
e g, ke e 2,56 e 2 =pe
H;—tH)—v Hm=H =~ .
€ ‘_,2,_,16 e =,=,e

Q2 (e)=

v

He H—= H—~H=~
e"ELE e - e"EpEpel  (22)

Note that the code-word difference matrix £2(e) is positive
P. Let us de-

note by {111,1;2,...,1)1,} the eigenvectors of (2(e) and

semidefinite Hermitian with a rank r, where r <

{A,,/\z,...,)t } the corresponding nonnegative real eigenvalues

sorted in the descendlng order, where A; > 0 for 1 < i < r and

A; =0 for r + 1<i<P. Thus, the condltlonal pairwise-error
probablhty (PEP)[27 **is upper-bounded by

E -2
—TN();A,.\h

Pr (x,x'lh,r,l/) < exp

)’ (23)

where E_is the average symbol energy and h, = h, - v,, for 1 <

i <r. It can be shown that {El,ﬁz,...,flr} are independent com-

plex Gaussian random variables with mean u; = E[h]- v, and

1/2 P variance per real dimension. It has been defined in the
previous work™ ¥ that the rank of £2(e) is the diversity gain
of the uncoded OTFS system. Specifically, it has been shown in
Ref. [30] that the diversity gain of uncoded OTFS modulation
systems can be one but the full diversity can be obtained by
suitable precoding schemes. Furthermore, Ref. [26] has shown
that the full diversity can be achieved almost surely for the case
of P = 2 when the frame size is sufficiently large, even for un-
coded OTFS modulation systems.

3.2 Coded OTEFS System Performance

Based on the previous analysis, Ref. [22] gave the error per-
formance of the coded OTFS systems. With the assumptions of
the wide-sense stationary-uncorrelated scattering (WSSUS) chan-
nel and Rayleigh fading, Eq. (23) can be further simplified as

E

AN, P|

H/\ (24)

1

s

4N,

Pr(xa'lzp) < (H/\ /P)

and it is approximated by
di(e)|”
P , " ~ E
(') ( S

Based on Eq. (25), we note that the unconditional PEP for
OTFS modulation only depends on dj(e), the rank of £2(e),

and the number of independent resolvable paths P, and is inde-

4N, (25)

1 It contains efficient bandwidth and guard band in the 5G frame structure.

pendent of the specific distribution of delay and Doppler indi-
ces. The power of the signal-to noise ratio (SNR) is referred to
as the diversity gain, and the term d3 (e) /P is referred to as the
coding gain, which characterizes the approximate improvement
of coded OTFS systems over the uncoded counterpart with the
same diversity gain, i.e., the same exponent —r*”. Considering
the total diversity, there exists a fundamental trade-off between
the diversity gain and the coding gain. Based on the previous
work?*® %1 we can notice that the diversity gain depends on
the number of independent resolvable paths P. When P (the
rank of £2(e)) is small, the diversity gain is small. It is crucial
for OTFS systems that using an optimized channel code can
greatly improve the error performance. For a large value of P
and a reasonably high SNR, the unconditional PEP of OTFS

systems can be approximately upper-bounded” by

Pr(x.x') < ex e
) <00 = 06| .

Form Eq. (26), we can notice that the channel with a large
number of diversity paths approaches an AWGN model™,
which indicates that it is reasonable to use coding gain approx-
imation for AWGN channels for evaluating the coding gain of
OTFS systems with a large P. A preliminary guideline for the
code design of the OTFS systems is to maximize the minimum
value of di.(e) among all pairs of code-words of the code. Note
that, the error performance of coded OTFS systems still de-
pends on the channel parameters, which is widely observed in

the system design for fading channels™.

4 Evaluation of Coded OTFS with 5G LD-
PC Codes

In this section, we provide the performance evaluation of
the coded OTFS with 5G LDPC codes. Without loss of general-
ity, we consider the sum-product algorithm (SPA)®Y or mes-
sage passing algorithm for detection, where the details can be
found in Refs. [17, 32]. In specific, we consider 5 MHz chan-
nelbandwidth' and 15 kHz sub-carrier for a time slot. Fol-
lowed by a 5G frame structure, 5 MHz channel bandwidth con-
tains 4.5 MHz efficient bandwidth with 300 sub-carriers and a
time slot contains 14 OFDM symbols™, where N = 14 and
M = 300. In all simulations, we consider the Rayleigh fading
case. If not otherwise specified, we only consider the integer
delay and Doppler case and set the maximum delay index as
=4. For

. =4 and the maximum Doppler index as £,
each channel realization, we randomly select the delay and

Doppler indices according to the uniform distribution, so that
we have -k <k, <k, and0</[ <!

max v, max 7; max*

We first present

the performance for uncoded OTFS systems with SPA detec-
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tion. Then, we discuss the performance of coded OTFS sys-
tems with 5G LDPC codes.

4.1 Uncoded OTFS System via SPA Detection

In Fig. 1, it shows the receiver of the uncoded OTFS system
via the iterative SPA detection. The SPA detector needs to it-
erate the soft information between the detector and the demod-
ulator.

The block-error-rate (BLER) performance of the uncoded OT-
FS systems with P = 4 is shown in Fig. 2. Here, we compare
the BLER performance under different iterations. In Fig. 2,
“ite X n” means n iterations in the iterative detections. It can
be observed that SPA detection can achieve better performance
with iterations. For BPSK modulation, increasing the iteration
number over two does not provide much improvement. The
same phenomenon for QPSK modulation is observed for over
four iterations. We notice that there is a trade-off between the
numbers of iterations and BLER performance. For higher order
modulation, we need more iterations for better performance.

4.2 Coded OTFS System via SPA Detection

Here, we provide performance evaluation of coded OTFS
based on 5G LDPC codes™". The decoder uses the sum-prod-
uct decoding algorithm with a floating value, and the maxi-
mum decoding iteration number is 50. We show the coded OT-
FS performance for various modulation and different code
lengths.

Fig. 3 shows the receiver of the coded OTFS system via iter-
ative SPA detection. We firstly only consider iterative detec-
tion in the coded OTF'S system. The received symbols after the
OTFS demodulation will be put into the SPA detector. The
SPA detector gives soft bit messages corresponding to the re-
ceived symbols to the demodulator. Soft bit messages after de-
modulation will back to the SPA detector via the detection iter-
ation loop. After several iterations, soft bit messages will be
sent to the decoder for decoding. Compared with Fig. 1, Fig. 3
adds the function of coding and decoding.

Fig. 4 shows the BLER performance of the OTFS systems
with P = 4. We list the parameters of the codes we use in Ta-
ble 1. Here, K is the information bit length and R is the code
rate. We can observe that for the BPSK modulation, increasing
the iteration number does not provide much improvement. For
the QPSK modulation, two iterations can obtain better perfor-
mance. For 16QAM modulation, four iterations can obtain
larger performance gain. We notice that there exists an opti-
mal iteration number for different modulations.

Next, we only consider the decoding iteration shown in Fig. 5,
where we can notice that the detection iteration loop is replaced
by decoding iteration loop. Here, the soft bit messages after de-
modulation will be straightly sent to the decoder. After decod-
ing, the soft bit messages will be passed to the SPA detector via
the decoding iteration loop.

We compare the BLER performance with iterative detection
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LTV OTFS SPA
channel deMod A detector

DeMod ——>

Detection iteration

LTV: linear time variant
OTEFS: orthogonal time frequency space

SPA: sum-product algorithm

A Figure 1. An illustration of uncoded OTFS system via iterative SPA
detection

Uncoded OTFS with SPA detection (N=14, M=300)

10°4 © O
]O—I t=
E —6— BPSK itex1
= == BPSK itex2
BPSK itex4
102+ | ——BPSKitex8
=@ QPSK itex1
= QPSK itex2
QPSK itex4
s OPSK itex8
107 L I I I L L

0 2 4 6 8 10 12 14 16 18 20
(E,/N,y/dB
QPSK: quadrature phase shift keying
SPA: sum-product algorithm

BLER: block-error-rate
BPSK: binary phase shift keying
OTEFS: orthogonal time frequency space

AFigure 2. BLER performance of the uncoded OTFS systems with P=4

LTV »| OTFS SPA

channel deMod x: detector DeMod ; DeCod

Detection iteration

LTV: linear time variant SPA: sum-product algorithm

OTFS: orthogonal time frequency space

AFigure 3. An illustration of coded OTFS system via iterative SPA detection

only and with iterative detection-decoding in Figs. 6 and 7. For
the BPSK modulation in Fig. 6, the performances are similar.

For the QPSK modulation in Fig. 7, we notice that the per-
formance of the iterative detection is better than that of the it-
erative detection-decoding.

Here, conducting two and four iterative detections outper-
forms the iterative decoding at BLER 1072, with about 0.8 dB
and 0.6 dB more gain, respectively. We can notice here that
conducting iterative detections can improve the performance
more than only iterating between decoding and detection.

Now, we consider the hybrid iterative decoding and detec-
tion. In Fig. 8, we have two iteration links. For detection iter-
ation loop (we call it the inner iterative layer), we do SPA de-
tection and demodulation as shown in Fig. 3. For decoding it-
eration loop (we call it the outer iterative layer), we do decod-
ing and SPA detection as shown in Fig. 5. After several inner
iterations, the demodulator sends the soft bit messages to the
decoder for decoding, and after decoding, the soft bit messag-
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AFigure 4. BLER performance of the coded OTFS systems
VTable 1. Parameters of LDPC codes

Information Bits K Code Rate R Modulation
2100 12 BPSK
4200 172 QPSK
8400 12 16QAM

BPSK: binary phase shift keying
QAM: quadrature amplitude modulation

QPSK: quadrature phase shift keying
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channel deMod

LTV: linear time variant SPA: sum-product algorithm

OTFS: orthogonal time frequency space

AFigure 5. Illustration of coded OTFS system via decoding iteration

es will be sent back to the SPA detector via the outer itera-
tive layer. Here, “ite2 X 2” means doing two decoding itera-
tions and in each decoding iteration there are two detection
iterations. In Fig. 9, we can observe that for the BPSK modu-
lation, doing hybrid iterative decoding and detection cannot
obtain much gain. For the QPSK modulation, the perfor-
mance of “ite2 X 2”7 hybrid iteration can approach the per-
formance of doing 8 iterative detections. For I6QQAM modula-
tion, the performance of “ite 2 X 2” hybrid iterative decoding
and detection is similar to the performance of doing 8 itera-
tive detections.

Consequently, we have some observations for coded OTFS
systems as follows. For the iterative SPA detection, the opti-
mal iterative numbers depend on the modulation order. Higher
order modulation needs a higher number of iterations. Only it-
erating between decoding and detection does not improve the
performance much. Hybrid iterative decoding and detection
can achieve better performance, especially for higher order

Coded OTFS with BPSK (N=14, M=300)
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modulations.

4.3 Effect of Channel Estimation on Coded OTFS System
Furthermore, we consider the OTFS performance with the
channel estimation, where the DD domain channel estimation
is employed!*. In Fig. 10, we compare the performances of un-
coded OTFS and coded OTFS system with the channel estima-
tion. Here, we only consider the QPSK modulation with SPA
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detection, where the iteration number is 2. “Pilot 30 dB”
means the SNR of the pilot is 30 dB. We can see from the fig-
ure that the channel estimation has more impact on the perfor-
mance of the uncoded system than that of the coded OTFS sys-
tem. For example, the performance gap between “Pilot 30 dB”
and “Pilot 40 dB” of the uncoded OTFS system is about 2 dB.
For the coded OTFS system, the performance gap between “pi-
lot 30 dB” and “pilot 40 dB” is about 1 dB. In other words,
the channel codes reduce the effect of channel estimation on
the system. However, the performance of the coded OTFS sys-
tem shows an error floor below BLER at 1072 particularly at
high SNR due to the channel estimation error.

S Conclusions

OTFS has great potential in providing reliable communica-
tions for next generation wireless communication systems. In
this paper, we gave a brief overview of the fundamental con-
cept of OTFS and presented the coded OTFS performance
based on 5G LDPC codes. We showed the BLER performance
of uncoded OTFS system and coded OTFS system over high
mobility channels, and discussed three different coded OTFS
schemes with iterative detection and decoding. We also evalu-
ated the impact of channel estimation on the performance of

coded OTFS systems.
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1 Introduction
he 5G network has achieved the peak rate of 10 — 20
Gbit/s, which is more than ten times that of 4G Long
Term Evolution (LTE) cellular networks. Some new
scenarios with high mobility have emerged in 5G/B5G,
such as V2X (vehicle-to-vehicle—V2V and vehicle-to-infra-
structure—V2I) with the terminal speed up to 300 km/h, high
speed train (HST) with the maximum speed up to 500 km/h
and unmanned aerial vehicle (UAV). In these cases, the high-
er Doppler spread will be induced. In addition, a higher data
rate is required, which is considered to be solved by using a
higher frequency band, such as a millimeter wave band or
even a terahertz band. Both high mobility and high frequency

This work was supported in part by the National Natural Science Founda-
tion of China under Grant No. 61771364, and by the National Key R&D Pro-
gram of China under Grant No. 2020YEB1807104.
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will lead to large Doppler shifts, yielding the large frequency
dispersion. Although orthogonal frequency division multiplex-
ing (OFDM) modulation is used in 4G and 5G, it has good ro-
bustness only in time-invariant channels and is very sensitive
to carrier frequency offsets. However, the channel is time-
varying in high Doppler scenarios. The orthogonality of sub-
carriers in an OFDM symbol is seriously damaged so that the
channel estimation is no longer accurate, which will lead to se-
vere inter-carrier interference (ICI) and the disappearance of
the near-capacity advantage.

To deal with communication scenarios with high Doppler
shifts, a novel two-dimensional (2D) modulation scheme
called orthogonal time frequency space (OTFS) modulation
was proposed by R. HADANTI et al. in 2017, whose pioneering
works!" " introduced the principle of OTFS modulation and
demonstrated its significant performance on OFDM modula-
tion in channels with high Doppler or at high frequencies.
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Compared with the OFDM modulation, OTFS modulation has
the potential of full diversity gain and better robustness, which
can effectively deal with the impact of high Doppler shifts. One
more advantage of OTFS is that it can be implemented as pre-
and post-processing blocks applied to a time-frequency signal-
ing scheme, such as OFDM”. Furthermore, an implementation
scheme of OTFS modulation based on the OFDM has been pro-
posed in Ref. [6], which greatly reduces the complexity of im-
plementation. In Ref. [7], the vector form of concise and elegant
input-output relationship of the OFDM-based OTFS system has
also been derived by utilizing the properties of the Kronecker
product in matrices and vectors, which is also suitable for gen-
eral time-varying channels with arbitrary Doppler and window-
ing functions. It is worth mentioning that this representation is
very popular in subsequent research work.

As for the significant advantage of achieving the full diversi-
ty, the detailed formal analysis on the diversity order of OTFS
in doubly-dispersive channels has been presented in Ref. [8],
which points out that the full diversity in the delay-Doppler
(DD) domain can be extracted by using the phase rotation meth-
od. In addition, when the OTFS frame is long enough, even the
uncoded OTFS modulation system can obtain almost full diver-
sity in the case of path number P = 2. In order to make full
use of full diversity, effective equalization is needed, which de-
pends on the accurate channel estimation. A well-known chan-
nel estimation scheme for OTFS has been proposed in Ref. [10],
in which pilots, protection symbols, and data symbols are clev-
erly arranged on the delay Doppler grid plane to effectively
avoid the interference between pilots and data symbols at the re-
ceiver and enable the channel estimation and data detection to
be performed in the same OTFS frame with the minimum over-

“11] s
18 very

head. However, the performance of such algorithms'"
sensitive to the availability of protection space. In fact, more ad-
vanced channel estimation methods based on compressed sens-
ing"™, orthogonal matching pursuit (OMP)!"* ™' or sparse Bayes-
ian learning"” algorithms have been proposed, which take ad-
vantage of the channel sparsity in the DD domain. However, the
channel in the DD domain may not always be sparse, especially
in the case of fractional Doppler”™. An effective solution is to en-
hance channel sparsity by applying time-frequency (TF) domain
windows, such as Dolph-Chebyshev (DC) window"’. In addi-
tion, advanced detection algorithms are also an important part
of OTFS to achieve potential full diversity gain!'”. A message
passing algorithm (MPA) based on the maximum a posteriori
probability (MAP) detection criterion has been introduced in
Ref. [5], which processes the interference from other informa-
tion symbols as Gaussian variables to reduce the detection com-
plexity. However, due to the short period of the probabilistic
graphical model, the proposed MPA may not converge, result-
ing in performance degradation. In order to solve this problem,
a convergence protection receiver based on variable Bayes (VB)
framework has been presented in Ref. [18], which utilizes the
relative entropy to approximate the optimal detection of the cor-

responding a posteriori distribution to realize the MPA on a sim-
ple graphical model. In addition, a hybrid detection scheme has
been demonstrated in Ref. [19], which takes the MAP and the
parallel interference cancellation (PIC) into account and
achieves a good trade-off between the error performance and de-
tection complexity.

Channel coding is also one of the effective methods to ensure
diversity gain and achieve reliable communications. However,
most of the research work analyzes the performance of the un-
coded OTFS modulation system. In Ref. [20], the BER perfor-
mance of the coded OTFS system has been analyzed in detail.
The derivation of pairwise-error probability (PEP) and its upper
bounds have demonstrated a very interesting trade-off between
the coding gain and diversity gain of the coded OTFS system.
Moreover, a channel coding design criterion is derived, that is,
maximizing the minimum Euclidean distance between all code-
word pairs. This criterion is very similar to the channel coding
design in the additive white Gaussian noise (AWGN) channel.
However, the OTFS modulation experiences a time-varying
channel with both time dispersion and frequency dispersion.
Thus, both the inter-symbol interference (ISI) and ICI will be
generated, which depend on the delay 7z, Doppler v of the chan-
nel and the cross-ambiguity function of pulses at the transmitter
and receiver. The assumed ideal pulse-shaping waveforms!"”
that satisfy the bi-orthogonality condition in both time and fre-
quency do not exist in practical applications. Therefore, ISI and
ICI are inevitable in the actual OTFS system. Obviously, it is
necessary to consider the properties of OTFS and characteris-
tics of the DD domain channel to design the channel code suit-
able for the OTFS system.

In this paper, we consider the coded OTFS modulation and
describe it in detail. Then, recent work about the coded OT-
FS system analysis is summarized. On this basis, the upper
bound on the unconditional PEP of the coded OTFS system
is further supplemented. In addition, the joint iterative strate-
gy of detection and decoding is also considered to improve
the system performance. According to the considered itera-
tive system, the coding design scheme of the OTFS system is
discussed. Finally, we analyze the performance of the coded/
uncoded OTFS and OFDM systems with different relative
speeds, modulation schemes and iterations. Simulation re-
sults show that OTFS systems have significant robustness
compared with OFDM.

2 Principle and System Model

2.1 Relationship Between Time-Frequency Domain and
Delay-Doppler Domain

In Ref. [4], the authors proposed that the OTFS modulation

can be viewed as a time-frequency spreading scheme, which

was based on the Fourier duality relation between the time-fre-

quency plane and the delay-Doppler plane, resulting in a sim-
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ple pre-processing step over an arbitrary multicarrier modula-
tion (such as OFDM). In view of the importance of the trans-
form between the DD domain and the TF domain, we will re-
view this relationship in this subsection.

The grid in the TF domain and the corresponding reciprocal
grid in the DD domain are shown in Fig. 1, with the size of
M x N. According to Fig. 1, the TF grid can be represented as:

A ={(nT.mAf),n = 0.N = Lm = 0,..M = 1} (1)

where T is the sampling interval along the time axis, Af is the
sampling interval along the frequency axis, and N and M are
the corresponding numbers of sampling points on the TF
plane. According to the principle of the time-frequency modu-
lation explicated in Ref. [1], the transmitted packet can be re-
garded as a burst one with a total duration of NT seconds and
a total bandwidth of MAf Hz. Then, the modulated sym-
bols XTF[m,n], m=0,1,.M-1,n=0,1,..,N — 1 are trans-
mitted over the burst packet in the TF domain.
The reciprocal delay-Doppler grid is represented as:

k [
el = 0N - L= 0, -
NT’ MAf —
1 1 o
where —— and —— represent the sampling intervals along the
NT " Mar

Doppler axis and the delay axis, respectively.

The mapping between signals in the TF domain and DD do-
main depends on two-dimensional symplectic finite Fourier
transform (2D SFFT) pairs, which can be exemplified as:

h(ew) = [H(ef) e Pidr ()

H(tf) = ﬂh (z.v) ) drdy i )

where h(z,v) and H(t,f) are the responses of linear time-vary-
ing (LTV) wireless channels in the DD domain and TF domain,

Delay (7)
et
!
SA/W'l
S 2D SFFT
3 —_—>
=
g 2D ISFFT
<
1
0 1
01 N-1 Time(t)
r 0

N-1 Doppler (v)

1001
NT
ISFET: inverse symplectic finite Fourier transform
SFFT: symplectic finite Fourier transform

A Figure 1. Grids in time frequency (TF) plane and delay-Doppler (DD)
plane
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respectively. Without loss of generality, the DD domain repre-
sentation of an LTV wireless channel can be expressed as:

(c)=3 (
h(zyw)= ) h,6|z - 7,)6(v — v,

Zhole-c)alr-r) 5
where 8( - ) denotes the Dirac delta function, P is the number
of resolvable paths, and h;, 7; and v, are the channel coeffi-
cient, delay and Doppler shift of the i-th path respectively.
Here, 7, and v, are defined as:

r = l; k; + K,
COMALYET TNT ©6)

In Eq. (6), [, represents the index of the delay with integer val-
ues, k; represents the index of the Doppler shift with integer
values, and k; € (=0.5,0.5] is the real number, indicating the
fractional shift from the nearest Doppler index k;, which is al-
so called fractional Doppler”.

Specifically, the 2D SFFT pairs can be realized by simple
discrete Fourier transform (DFT) pairs or fast Fourier trans-
form (FFT) pairs. For example, in view of the DFT, the inverse
symplectic finite Fourier transform (ISFFT) can be regarded
as the M-point DFT along the delay axis and the N-point in-
verse DFT (IDFT) along the Doppler axis for the two-dimen-
sional signal with the size of M X N in the DD domain, result-
ing in the corresponding TF domain signal.

2.2 Coded OTFS System Model

Fig. 2 shows the proposed coded OTFS system model in this
paper. Suppose that the information bit sequence u of length K
is encoded using a forward error correction (FEC) code, result-
ing in the codeword ¢ of length N _. After interleaving, the in-
terleaved sequence v is then mapped to an M-ary signal con-
stellation A, such as M-ary phase shift keying (MPSK) or M-
ary quadrature amplitude modulation (MQAM), and the modu-
lated symbol vector x,,, of length MN is arranged as a two-di-
mensional signal matrix x,, € A" *" in the DD domain, where
M is the number of the sub-carriers, and N is the number of

time slots for each OTFS symbol. The element x[Lk] of the
%, represents the modulated signals in the [-th Delay and -

{Heisenberg transform

u c
% Encoder }—>

-~ L, L, § Wigner transform
“ 3 . - Yo Yor 0
Decoder Deinterleaver Detector SFFT i FFT 2.0
Ly 0L
iInterleavert---=

FFT: fast Fourier transform LTV: linear time-varying
SFFT: symplectic finite

Fourier transform

IFFT: inverse fast Fourier transform
ISFFT: inverse symplectic finite Fourier transform

A Figure 2. Proposed model of coded OTFS system



th Doppler grid, for [ € {0,1,...,M — 1} and k € {0,1,....N - 1}.
Then the symbol X [m,n ] in the m-th frequency and n-th time
grid is obtained by the ISFFT, which is given as:

M-1N-1 . (ﬂ ml]

X[man]= SFFT(x[14]) = —— 3 3 x[14]¢ ¥

VNM i=o0i=0 ) (7)
for m=0,1,...M - 1,n=0,1,...N — 1. The two-dimensional

signal matrix in the TF domaln is denoted by X, € C"*".

'3 explained that the composition of the

The early literature
ISFFT and the windowing function in the TF domain are re-
ferred to as the OTFS transform. The window operations of the
transmitter and receiver affect the cross-symbol interference
of the effective impulse response!'. The window design has the
potential to increase the effective channel sparsity in the DD
domain, which is conducive to the channel estimation, as de-
scribed in Refs. [6] and [7]. Furthermore, the influence of the
design of the TF domain window on improving the perfor-
mance of the channel estimation and data detection is dis-
cussed in Ref. [16]. Here, the rectangular window is consid-
ered.

The transmitted signal in the time domain is obtained from
the TF domain symbols X[m,n ] using the Heisenberg trans-
form parameterized by the pulse shaping filter g, (1), which

can be written as:

M-1N-1

s(1) = z EX m.n g, (t = nT) @2 (0= ) ®
m=0n=0

This can be regarded as a general form of the OFDM modula-
tion”!. Moreover, OTFS modulation can be implemented as a
cascade of a pre-coder (ISFFT) and a traditional OFDM modu-
lator'®, as shown in Fig. 2.

Assume that the channel is the LTV channel described in
Eq. (5), the received signal can be expressed as:

r(t) = Hh (z0)s(t - 7) S drdy + w(t) ) )

where w(t) is the additive white Gaussian noise with zero
mean and one-sided power spectral density of V.

At the receiver, r(¢) is subject to the Wigner transform to ob-
tain the received symbols ¥ [ m,n ] in the TF domain, given by

Y[man]= [r(0)gs (i = nT)e a0 Mg; (10)

where g, (t) is the pulse shaping filter at the receiver. Eq. (10)

can be further written as"":

M~-1N-1

mn]—zzH"m m'n' | X[m' ']+ w[m.n]

=0 . (1D

where u_;[m,n] is the noise sample in the TF domain, and
H,,[m';n'] is the channel impulse response in the TF do-

main, i.e.,
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H, [m'n]= ﬂh(r,v)AgM”((m -m')Af = v,(n - n)T -
T) e;'z-n(u +m'A)((n = n'T) - r)e,'zwn’TdeV (12)

In Eq. (12), 4, (z,v) is referred to as the cross-ambiguity

function, which represents the interference between symbols

in the DD domain caused by the channel dispersion™, and
can be expressed as:
A, o (20)= [ei (= D) g, ()™ ar (13)

The received symbols in the DD domain are given as:

y[Lk]= SFFT(Y[mn]) =
— > 3 vlma] P )
> AR ,
V' NM n=0:=0 e v , (14)
for [=0,1,..M - 1,k =0,1,...N = 1, where w[l,k] is the

noise sample in the DD domain. Upon the received symbols

y[Lk], a signal detection algorithm is then performed. In ad-
dition, a joint iterative strategy between detection and decod-
ing can also be considered.

It is generally known that the MAP detection is optimum for
OTFS systems. However, the complexity of the MAP detection
increases exponentially with the block size of each OTFS
frame. As a compromise of the MAP detection, a lot of litera-
ture has studied the massage passing detection algorithm
based on the factor graph, which can effectively reduce the de-
tection complexity, such as Ref. [5]. For the coded system, the
iterative signal processing of the detector and the decoder is
usually considered at the receiver, as shown in Fig. 2. Corre-
spondingly, soft decision detection algorithms should be adopt-
ed, such as MP, unitary approximate MP (UAMP), vector AMP
(VAMP), sum-product algorithm (SPA) and other message
passing algorithms. With Log-Likelihood Ratios (LLRs), the

message L, ,, passed from the detector to the decoder is calcu-
lated as:
Le det (x/k = a/) = L(l])]) det (xl.k = aj) - L(z,del (xl,/r = a’/) =
P (xlk = q; DD)
11’1 a det xlk = a_f) ’
P(xlk = 0‘ nn) (15)
where L, ., and L, represent the a posteriori LLRs and
the priori LLRs of the detector, respectively; P( - ) denotes

|Al, and the
binary vector (signal label) corresponding to «; can be ex-

the priori symbol probabilities, a; € A,j = 1,...,

pressed as v;. Similarly, the extrinsic LLRs of the decoder
L, . are also obtained by subtracting priori LLRs L
the a posteriori LLRs L ,and L
trinsic LLRs of the detector. The iterative process between

from

a,dec

appdec «.dec 18 updated by the ex-

the detector and the decoder can be described as follows.
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Algorithm 1. Algorithm of the iterative process between the
detector and the decoder

1: Initialization: Set the number of joint iterations 1 = 0, the

maximum number of joint iterations 7, the maximum

det
max?

the maximum number

=0

number of detection iterations 7
of decoding iterations 7", and the priori LLRs L

max? a,det

2: whilen <7, do

Perform detection until ' is satisfied.

4:  Calculate the a posteriori LLRs L,
LLRs of the detector L, ,, (xl,k = aj) forallj = 1,...| A,
k=0,-N-10=0,..M -1

5:  Convert the symbol form of L, ., (x,qk = aj) into the bit
form L, . (¢).i = 0.1,..N, = 1

W

and the extrinsic

6: Deinterleave the extrinsic LLRs L, ., (ci), resulting in

L;dct (ci)

7: SetL, 4. (cl.) =1

e, det

(c;)i=0.1...N, -1
: Perform decoding until ™ is satisfied
9:  Calculate the a posteriori LLRs L, ..

LLRs of the decoder L, ,,, (cl-) fori = 0,1,..,N, = 1

10: ifyp <n,, then

and the extrinsic

11:  Interleave the extrinsic LLRs L, .. (ci), resulting in

L. e (ci)

12: Convert the bit form of L] ..
L;.dec (xl.k = aj)

13: SetL, ., (xl.k = aj.) =L (x,’k = aj)

14: end if

15: n=m+1

16: end while

17: Make decisions of ¢, according to the a posteriori LLRs
Ly iee fori=0,1,...K - 1

(cl.) into the symbol form

2.3 Vectorization Representation of the System
With respect to the vectorization, the following definitions

are given, x,, = vec(x,m) e A" %, = vec (XTF) e C"!,
Yop = VEC(YTF) e A™ ' and  y,, = VCC(YUU) e C"!,
where vec( - ) denotes the vectorized version of the 2D matrix
formed by stacking the columns of the one into a single column
vector. Besides, the N-point DFT matrix and its inverse are rep-
resented by F and F} respectively and are assumed to be nor-
malized so that F F{ = I,. According to the introduction of
the coded OTFS system in the above subsection, the relation-
ship between the symbol matrix X, € C"*" in the TF domain
and x,,, € C"*"in the DD domain can be described as:

Xopp = FyxppFy - (16)

The vectorized form can be expressed as:
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Xy = vec(X”«) = (Ff ® Fm)xuu . (17)

Considering that the pulse shaping filter g, (¢) is the rectan-

gular form, the output of the Heisenberg transform is given by
S=FiX, =x,,F (18)

where S e C"*" represents the transmitted signal matrix in
the time domain. Vectorize S by stacking each column of S in-
to a vector, we have

s =vec(S) = (Fil & IM)xDD, (19)

At the receiver, the received signal expressed by Eq. (9) in
discrete form is

2hi(n-1)

r(n) = ghie MN s([n - l"]m) + w(n)7 (20)

where [ -+ ] = indicates mod MN operation, r(n), s(n) and

w(n) are the corresponding discrete forms of r(¢), s(¢) and

MN

w(t), respectively. Thus, the received signal can be written in

the vector form as
r:HTs+w. (21)

In the above formula, H, is an MN X MN matrix, given by
Ref. [10],

)
=S hrat)
T ; i , (22)

where IT is the permutation matrix (forward cyclic shift), and

A(k) is the diagonal matrix, as shown below.

0 0 1
II = : o
0 cee 1 0 MN x MN, (23)
1 0 0
Al 2] O™ ’

2k, (MN - 1)

0 0 e M MN x MN. (24)

The received signal vector r is devectorized into an M X N
matrix R. Then, the Wigner transform and SFFT can be suc-
cessive to obtain the received signal matrix Y, with the size
M x N in the DD domain as follows:

Yy, = F;Z(FMR) Fy=RF, (25)
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The vector form can be obtained by

y= VeC(YD[)) = (FN ® IM)’, (26)

Substituting Egs. (19) and (21) with Eq. (26), we can get the
vector form of the input-output relation in the DD domain as
follows:

y= (F;v ® IM)HT(Fg ® IM)xDD +tw=
Hoyxy + @)

The vectorized forms of each operation are simple and more
vivid, which contribute to understanding the OTFS modulation
more clearly and they are widely used in the research of the
OTFS modulation.

3 Error Performance of the Coded OTFS
System

3.1 Error Performance Analysis

PEP is commonly used in communication systems for analyz-
ing the error performance of the system. In Ref. [8], the achiev-
able diversity order of the OTFS system is analyzed based on
the PEP under the maximum likelihood (ML) detection. Similar-
ly, the PEP under the ML detection is also used to analyze the
error performance of OTFS modulation in Ref. [21]. On this ba-
sis, the effective diversity (ED) is introduced from the perspec-
tive of PEPY. In Ref. [20], the conditional PEP and the uncondi-
tional PEP are utilized to analyze the error performance of cod-
ed OTFS systems. And an approximate upper bound on the un-
conditional PEP for small P is derived by:

Pr(x,, — £5) < (d2(e)/P)

4N0) , (28)

where e A x,,, — %,, is the codeword difference vector, d;(e) =
e"e is the squared Euclidean distance between x,, and %),
and r is the rank of the positive semidefinite Hermite matrix
£(e) given by Eq. (18)*. In Eq. (28), the exponent r and the
term d;.(e) /P are regarded as the diversity gain and the coding
gain, respectively. According to the early works, e.g. Refs. [1]
and [8], OTFS can achieve full diversity, whose order is the
number of the separable multipath P. When the channel code is
given, the term d7,(e) is also fixed. Thus, as described in Corol-
lary 1 in Ref. [20], the diversity gain increases and the coding
gain decreases with the increase of P, which reveals an interest-
ing trade-off between them. In addition, an approximate upper
bound on the unconditional PEP for large P is also given by

16N,

E§
Pr(xnn — AEDD) < exp( - ——d;(e)

(29)

which only depends on the signal to noise ratio (SNR) and
d}(e), and demonstrates that channels with a large number of
resolvable paths approach an AWGN model.

More detailed derivation and illustration can be found in
Ref. [20]. It should be noted that the upper bound on the un-
conditional PEP shown in Egs. (28) and (29) are approximate.
Referring to the appendix A in Ref. [22], the upper bound on
the unconditional PEP has a more accurate display.

Note that £2(e) is also a Gram matrix® corresponding to

{u,,uz,...,up},
A A (F,\ ® IM) HI‘A(kL)(Fg ® IM). According to the appen-

dix A in Ref. [22] , the determinant of Gram matrix £2(e) can
be calculated by

det(2(e)) = GD({ul,uz,...,u,,, 1})”1113”2 <

GD ({u1 sUpseeeslp _ 1}) H up HZ

S
vectors where u, & He, and

Tl = TTe"e = ()" o

where @, is the orthogonal projection of u; onto the orthogonal

complement of span (ul,uz,...,u.j_1 . Besides, the maximum

value of the rank of the matrix £2(e) is the number of resolv-
able paths P. In particular, when matrix £2(e) is full-rank, we
have r = P. Then the upper bound on the unconditional PEP
of the coded OTFS system can be rewritten as

dz(e))”

Pr(xm, HJEDD)S( P £

s

4N,

3D
Furthermore, the equality holds if £ (e) is a diagonal matrix.

3.2 Design Issues of Channel Codes for OTFS Systems

In Ref. [20], the code design criterion for the coded OTFS is
given based on the PEP analysis, which is to maximize the
minimum squared Euclidean distance of all possible codeword
pairs. Simulation results show the performance of the coded
OTFS system under convolutional codes with different mini-
mum squared Euclidean distances and verify the proposed
code design criterion. At present, most channel codes are de-
signed for AWGN channels. In Ref. [20], authors also reveal
that the channel with a large number of diversity paths ap-
proaches an AWGN channel when the number of resolvable
paths P is large enough. In this case, some good channel
codes can be used in the OTFS system. However, the increase
of P will bring about large ISI, making signal detection more
complicated. Therefore, it is necessary to design channel
codes according to the characteristics of the OTFS modula-
tion. In particular, the joint iteration between decoding and de-
tection is needed, when the channel conditions are poor. In a
word, the design of the channel coding scheme is still an inter-
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esting challenge.

A simple and direct method to analyze coded OTFS systems
is to use the extrinsic information transfer (EXIT) chart™",
which is commonly used to aid the construction of good itera-
tively-decoded error-correcting codes. EXIT charts are espe-
cially popular in the analysis of low-density parity-check (LD-
PC) codes and Turbo codes. In the most works of coded
OFDM systems, the tool, EXIT chart, is also commonly uti-
lized to optimize the performance of iterative decoding, and
parameters of the corresponding channel coding scheme and
detection, such as Refs. [25 - 26].

Another possible method is to learn from the code construc-
tion method under ISI channels. In general, ISI channels can

B or a factor graph®®.

be conveniently represented by a trellis
Codes such as Turbo codes and LDPC codes can also be repre-
sented by a trellis or a factor graph. Note this, the channel fac-
tor graph and the code factor graph are considered together to
obtain the joint channel/code graph in Ref. [29]. The limits of
the performance of LDPC codes over binary linear ISI chan-
nels are also studied in Ref. [29]. With the use of density evo-
lution, the noise tolerance threshold is calculated. This may
provide some reference for the design of coded OTFS system,
because the received signals with ISI can also be represented

by a trellis or a factor graph.

4 Numerical Results

Numerical results of the considered coded OTFS system
are provided in this section. The 5G LDPC code is used,
whose code rate and length of information sequence are R =
1/2 and K = 1 024, respectively. Without loss of generality,
quadrature phase shift keying (QPSK) and 16QAM are cho-
sen as the traditional modulation schemes, whose corre-
sponding OTFS frame sizes are M X N = 64 X 16 and M X
N = 32 X 16, respectively. In all simulations, the LTV chan-
nel with path number P = 4 is used, where the path gain fol-
lows the Rayleigh distribution with respect to the exponen-
tial power delay profile. For the DD domain channel, the in-
dices of delay and Doppler shifts are integers. Moreover, ac-
cording to 4G LTE and 5G NR, the carrier frequency and
subcarrier interval are selected as 4 GHz and 15 kHz, re-
spectively. Thus, we consider the maximum delay index
=1,2,3,
corresponding to the cases in which relative speeds are
around 275 km/h, 500 km/h, and 750 km/h, respectively. It
should be noted that the delay and Doppler shift indices are
generated uniformly at random. At the receiver, the near-op-

L =5 and the maximum Doppler shift index &

max

timal symbol-by-symbol MAP detection algorithm'”' is used,
unless otherwise specified. In order to accelerate the itera-
tive convergence between the detector and the decoder, the
offset min-sum algorithm (MSA) with an offset factor of 0.5
is adopted by the decoder. The maximum iteration number
of the detection is 10, while that of the decoding is 50.
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Fig. 3 shows the frame error rate (FER) performances of the
uncoded OTFS and OFDM systems with 16QAM and different
relative speeds, such as 275 km/h, 500 km/h and 750 km/h.
For a fair comparison, we also apply the near-optimal symbol-
by-symbol MAP detection!" for OFDM systems, which is de-
signed to exploit all the interference (including both ISI and
ICI). Unless otherwise specified, this detection algorithm will
be used in subsequent simulations of uncoded/coded OFDM
systems. As shown in Fig. 3, we first observe that both uncod-
ed OTFS and OFDM systems have good robustness at different
relative speeds. This is because the channel coherence time

(T, =1/f,=0.981,0.539,0.360 ms corresponding to relative

speeds of 275 km/h, 500 km/h and 750 km/h, respectively) is
longer than the OFDM symbol time (T, = 1/Af= 0.067 ms).

The channel variation is slow at considered relative speeds,
and the interference between adjacent subcarriers demon-
strates similar property. It is also assumed that the channel
state information is perfectly known to the receiver. Thus, with
the use of the near-optimal symbol-by-symbol MAP detection,
all the ISI and ICI can be effectively cancelled. Furthermore,
the error performances for OFDM transmission with consid-
ered relative speeds are similar. On the other hand, for OTFS
transmission, different Doppler shifts caused by different rela-
tive speeds do not change the 2D convolution nature of the sig-
nal-channel interaction in the DD domain. Therefore, OTFS is
insensitive to Doppler effects. In addition, we notice that the
OTFS system has a better error performance than the corre-
sponding OFDM system. Moreover, the slope of the FER curve
for the OTFS system is greatly higher than that for the OFDM
system, which indicates that OTFS enjoys a larger diversity ad-

10° @

107

FER

107

4 —*—Uncoded OTFS, 275 km/h
107 £ |—&—Uncoded OTFS, 500 km/h
—©&—Uncoded OTFS, 750 km/h
— % —Uncoded OFDM, 275 km/h
— & —Uncoded OFDM, 500 km/h
— & —Uncoded OFDM, 750 km/h

0 5 10 15 20 25

107

(E,/N,)/dB
FER: frame error rate
OFDM: orthogonal frequency division multiplexing
OTFS: orthogonal time frequency space

A Figure 3. FER performance of uncoded OTFS and OFDM systems with
16QAM, where relative speeds are 275 km/h, 500 km/h, and 750 km/h re-
spectively



Coded Orthogonal Time Frequency Space Modulation

Special Topic

LIU Mengmeng, LI Shuangyang, ZHANG Chungiong, WANG Boyu, BAI Baoming

vantage. Those observations align with the findings in Refs.
[5] and [20].

The FER performances of the coded OTFS and OFDM sys-
tems without the joint iteration are also shown in Fig. 4, where
the relative speeds are 275 km/h, 500 km/h, and 750 km/h, re-
spectively. The 16QAM modulated symbols are considered in
the simulation. Similar to Fig. 3, we observe that the FER per-
formances of both coded OTFS and OFDM systems do not
change much with different relative speeds, thanks to the near-
optimal MAP detection. Furthermore, compared with uncoded
cases, both coded OTFS and OFDM systems enjoy an im-
proved error performance. In addition, we also notice that the
error performance of the coded OTFS is much better than that
of the coded OFDM. However, it can be noticed that the cod-
ing improvement for the OFDM system is more significant
compared with that of the OTFS system. Moreover, the FER
curve of the coded OFDM system shares almost the same
slope as that of the coded OTFS system. This is because OTFS
has the potential to achieve the full channel diversity and con-
sequently, channel coding cannot improve the diversity perfor-
mance very much for OTFS systems. In contrast, OFDM sys-
tems rely deeply on the channel coding to achieve the larger
diversity gain. Those observations are also consistent with the
analysis in Ref. [20].

The FER performance of the coded OTFS system with dif-
ferent joint detection and decoding iterations is compared in
Fig. 5, as well as the uncoded OTFS system. The modulation
type is QPSK and the relative speed is 500 km/h in the simula-
tion. We can obviously observe that the channel coding signifi-
cantly improves the error performance. In addition, we notice
that the iterations between the detector and decoder do not im-

10" &
1071 -
1072F
=1
=
=
107F
107*F |{—=—Uncoded OTFS 1
—&—Coded OTFS, iter=0
Coded OTFS, iter=1
—#*—Coded OTFS, iter=2
109 I I L I I . | T I
0 2 4 6 8 10 12 14 16 18 20
(E,/N,)/dB
FER: frame error rate  OTFS: orthogonal time frequency space

10° 8 T . P

107"

107

FER

~ ¥ Uncoded OTFS, 275 km/h
—#—Coded OTFS, 275 km/h
—8&—Coded OTFS, 500 km/h
107 | | —&—Coded OTFS, 750 km/h
—-%-—Uncoded OFDM, 275 km/h
— % —Coded OFDM, 275 km/h
— 8 —Coded OFDM, 500 km/h
— & —Coded OFDM, 750 km/h

0 5 10 15 20 25
(E,/N)/dB

107

FER: frame error rate
OFDM: orthogonal frequency division multiplexing
OTFS: orthogonal time frequency space

A Figure 4. FER performance of coded OTFS and OFDM systems with
16QAM, where relative speeds are 275 km/h, 500 km/h, and 750 km/h
respectively

AFigure 5. FER performance of coded OTFS system with different iter-
ations between detection and decoding, where QPSK and relative speed
500 km/h are considered

prove the error performance very much. This is because the
near-optimal symbol-by-symbol MAP detection algorithm
used in the coded OTFS system exploits all possible interfer-
ence patterns, and therefore the a priori information from
channel decoding cannot improve the extrinsic information
from the near-optimal detection for decoding. Consequently,
the iterations between the detector and decoder cannot im-
prove the error performance very much.

5 Conclusions

In this paper, the coded OTFS system is introduced and the
existing research work of the coded OTFS is summarized.
Based on this, the upper bound on unconditional PEP for the
coded OTFS system is supplemented, and the design issues of
the channel coding scheme are discussed. Furthermore, the
performance of the uncoded OTFS and OFDM systems is ana-
lyzed, as well as that of 5G LDPC coded systems. Simulation
results show that the performance of the OTFS system signifi-
cantly outperforms that of OFDM system under different
speeds, modulation schemes and iterations, whether coded or
uncoded.
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Abstract: As a complement of terrestrial networks, non-terrestrial networks (NTN) have ad-
vantages of wide-area coverage and service continuity. The NTN is potential to play an impor-
tant role in the 5G new radio (NR) and beyond. To enable the massive machine type communi-
cations (mMTC), the low earth orbit (LEO) satellite is preferred due to its lower transmission
delay and path loss. However, the LEO satellite may generate notable Doppler shifts to de-
grade the system performance. Recently, orthogonal time frequency space (OTFS) modulation
has been proposed. It provides the opportunity to allocate delay Doppler (DD) domain resourc- DOI: 10.12142/ZTECOM 202104007
es, which is promising for mitigating the effect of high mobility. Besides, as the LEO satellite https://kns.cnki.net/kems/detail/34.1294.
TN.20211126.0933.002.html, published
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constellation systems such as Starlink are thriving, the space spectrum resources have become
increasingly scarce. Therefore, non-orthogonal multiple access (NOMA) is considered as a
candidate technology to realize mMTC with limited spectrum resources. In this paper, the ap-
plication of OTFS enabled NOMA for mMTC over the LEO satellite is investigated. The LEO
satellite based mMTC system and the OTFS-NOMA schemes are described. Subsequently, the
challenges of applying OTFS and NOMA into LEO satellite mMTC systems are discussed. Fi-
nally, the potential technologies for the systems are investigated.
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1 Introduction

1.1 Non-Terrestrial Networks
Nowadays, non-terrestrial networks (NTN) are playing an
important role in human society, especially in navigation,
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ground monitoring and communications services. It regains at-
tention recently in both academia and industry, advertised by
several companies’ plans of launching thousands of satellites
in the low earth orbit (LEO), such as OneWeb and SpaceX.
The NTN refers to the segment of network that uses air-borne
or space-borne vehicles as relay nodes or base stations (BS)
for transmission'". In a typical NTN, it features the following
elements: the satellite-gateway that connects the NTN to the
public network, satellites or unmanned aerial systems (UAS),
and user equipment.

There are kinds of available orbits for space-borne vehicles,
including the high elliptical orbit (HEO) (400 - 50 000 km),
geostationary earth orbit (GEO) (35 786 km), medium earth or-
bit (MEO) (7 000 - 25 000 km), and LEO (300 - 1 500 km).
Different orbits exhibit different coverage and transmission
characteristics, which determine the types of services on them.
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The non-GEO (NGSO) satellites refer to LEO and MEO satel-
lites, whose orbital periods vary between 1.5 and 10 h. The
UAS has an altitude range of 8 - 50 km and keeps a fixed posi-
tion in terms of elevation with respect to a given earth point'"l,

1.2 MMTC System over LEO Satellite

In the 5G new radio (NR) system, massive machine type
communications (mnMTC) are introduced for Internet of Things
(IoT). 5G NR considers the IoT communications with low ener-
gy consumption, low data rate, burst transmissions and mas-
sive connections. In the beyond 5G (B5G) and 6G networks,
IoT communications will take a larger proportion”. However,
it is unavoidable that the required large-scale deployment of
5G or 6G BSs in the future could generate greater overhead
compared with short-term revenue. Furthermore, terrestrial
networks (TN) are hard to be deployed due to the geographical
environment and cost in unmanned areas whereas loT commu-
nication services are required. However, the NTN is not re-
stricted by geographical environment and can still work in un-
manned and geological disaster areas. Therefore, the NTN is
considered to be involved as a complement of TN to construct
an air-space-ground integrated network for the sake of the su-
periority of cost, coverage and massive connections" . Ref.
[3] demonstrates that Release 17 will study the feasibility of
adapting narrowband NB-lIoT to support NTN. Additionally,
potential modifications of NB-IoT at physical and higher layer
aspects to support NTN are investigated”. For example, the
transmission bandwidth can be reduced to improve uplink sig-
nal to noise ratio (SNR) and to realize transmission under lim-
ited power of devices, based on which it is possible to support
low data rate GEO satellite communication using the 23 dBm
device power class. Besides, directional antenna can also be
equipped by mMTC devices to obtain transmission gain.
Among the candidate orbits, path loss and transmission delay
of LEO communications are smaller than those of MEO and
GEO, so LEO is more competitive for connection of terrestrial
power-constrained mMTC devices.

The 3GPP" suggests that the connectivity of mMTC is 10°
devices/km®. Since the typical beam footprint size of an LEO
satellite is 100 = 1 000 km"", there could be 10® - 10° devices
inside. Though the TN could coordinate with NTN for mMTC
connection, heavy control signal overhead in the grant-based
multiple access (MA) technologies will be generated due to
the massive concurrent devices. Besides, the scarce frequency
resources are different to be allocated to the massive loT de-
vices orthogonally”. Researchers have tried to introduce non-
orthogonal multiple access (NOMA) into satellite frame-
work'® ®. The related works focus on improving system spec-
trum efficiency and show the feasibility of applying NOMA in-
to NTN. Moreover, the reliable access of massive devices af-
fected by power limitation and Doppler shift remains to be a
challenging topic.

On the other hand, the LEO satellite rotates at a high speed
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and the Doppler shift effect is obvious. The Doppler character-
ization of LEO satellites was investigated in Ref. [9], as a func-
tion of the maximum elevation angular and satellite position.
For instance, the normalized Doppler of the satellite with cir-
cular orbit altitude 1 000 km and inclination 53° is around
107 for a terminal located at (39° N,77° W), which varies at
the rate 0.1 ppm/s approximately. Since the severe Doppler
shift could introduce inter carrier interference (ICI) to degrade
the transmission performance, various Doppler estimation
schemes have been proposed'’ ', In general, the Doppler es-
timators are based on either geometric information or pream-
ble data. For the device capable of tracking satellites based on
ephemeris, such as the ground gateway, the Doppler shift can
be estimated and compensated according to the obtained Dop-
pler shift curve and its own position information. However,
Doppler estimation at mMTC devices could raise complexity
and consume extra energy'”!. Thus, the coexistence of Doppler
shift at the user side needs to be considered, which could be
handled at the gateway.

1.3 Combining OTFS and NOMA for MMTC System
over LEO Satellite

Taking the effect of scarce spectrum and notable Doppler
shift into account, the mMTC over LEO satellite prefers the NO-
MA technologies which are robust to multiple Doppler shift. Un-
der such vision, the classic orthogonal frequency division multi-
ple (OFDM) framework is no longer suitable for the system due
to the vulnerability to Doppler shift. In Ref. [15], the adaptabili-
ty of NB-IoT technologies for NTN communications was investi-
gated, which mitigated the effect of Doppler shift by user group-
ing geographically. Then the maximum differential Doppler
shift of users in the same group is limited to a tolerable range of
NB-IoT, which is 950 Hz. Subsequently, the gateway compen-
sates the common Doppler shift component of users in each us-
er group. By doing so, NB-IoT is practical for IoT communica-
tions over the LEO satellite. However, this scheme is not gener-
al for the NOMA technologies, since the inter carrier interfer-
ence (ICI) remains to be unprocessed. It will limit the system
user capacity and improves the complexity of the ground gate-
way, especially for the schemes where concurrency is larger
than NB-IoT. Recently, orthogonal time frequency space (OT-
FS) modulation has been proposed. OTFS is a chance to utilize
the Doppler diversity to realize the NOMA system robustness
against multiple users” Doppler shift. In what follows, the appli-
cation of OTFS enabled NOMA for mMTC over LEO satellite is
investigated. Specifically, the system architecture is described.
Adaptability research of OTFS-NOMA for mMTC over LEO sat-
ellite is discussed. Moreover, the potential technologies for the
system are listed.

2 System Description
According to the 3GPP NTN standard"!, there are three
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parts in the mMTC system over the LEO satellite, including
ground massive devices, the satellite and the ground gateway
(Fig. 1). The link between the LEO satellite and mMTC devic-
es refers to the service link while that between the LEO satel-
lite and ground gateway refers to feeder link. In the system,
the satellite could work in a transparent or regenerative mode.
In the transparent mode, the satellite performs frequency carri-
er changing, filtering and amplifying merely. For the regenera-
tive payload, the satellite performs signal digital processing
additionally, including demodulation/re-modulation, decoding/
re-encoding, etc. Due to the difficulty of air interface protocol
application on the satellite, the transparent mode of the satel-
lite is supposed in this paper. Besides, this paper concentrates
on the uplink access procedure, which refers to the link from
the devices to the ground gateway. The interaction between
the LEO satellite and mMTC devices during uplink access de-
pends on the utilized MA technologies. For example, four-step
random access channel (RACH) enhancements for NTN are in-
vestigated in Ref. [1] considering the long transmission delay.
After receiving mMTC devices’ data, the LEO satellite would
forward it to the ground gateway, where user identification and
data recovery are performed.

As introduced before, LEO could generate a notable Dop-
pler shift to degrade the symbol performance. In the feeder
link, it is assumed that the link is available all the time. Thus,
the gateway could always track the satellite and compensate
the Doppler shift inside. In the service link, the Doppler shift
is determined by the LEO satellite altitude, the maximum and
minimum elevation angles of the devices, etc. Hence, the OT-
FS enabled NOMA for mMTC over the LEO satellite could be
designed based on devices’ geographic locations.

Current MA technologies for NTN enabled communications
can be divided into the grant-based and grant-free. The grant-
based MA technologies include time division multiple access
(TDMA), frequency division multiple access (FDMA), code di-
vision multiple access (CDMA), physical random access chan-
nel (PRACH) in 5G-NR, etc. For example, FDMA and TDMA
are applied in the Thuraya, AceS and Iridium satellite sys-
tems; CDMA is adopted by the Odyssey and Glonass systems.
In the 3GPP 5G NR-NTN R16, PRACH formats and preamble

. 1 .
sequences in Rel-15 are reused for random access!". Besides,
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several options are provided for pre-compensating the timing
and frequency offset at the device side. In general, the grant-
based MA have several rounds of interactions before data
transmission between devices and the satellite, which are de-
signed for device access and contention resolution. In addi-
tion, each device occupies certain specific resources indepen-
dently. In the grant-free category, there are ALOHA, conten-
tion resolution diversity slotted ALOHA (CRDSA), etc. Devic-
es in such grant-free MA systems do not require the satellite
to perform dynamic scheduling authorization, but transmit da-
ta independently and obtain resources by competition. To re-
duce the control signal overhead, this paper adopts the grant-
free access mode for the mMTC over LEO satellite.

3 OTFS-NOMA for LEO Satellite MMTC
System

3.1 NOMA Schemes for LEO Satellite MMTC System

Up to now, multiple NOMA schemes have been proposed
for the mMTC system over the LEO satellite!® "'
results demonstrate that the satellite communication systems

|, Simulation

can benefit from the application of non-orthogonal transmis-
sion schemes in terms of capacity and user fairness. However,
the related studies rarely considered the Doppler effect and di-
rectly assumed perfect/imperfect channel satellite information
(CSI) in the system. As introduced before, the coexistence of
multiple Doppler shifts during the uplink transmission needs
to be considered in the system due to the users’ power limita-
tion. Thus, OTFS is considered to be involved in such systems.

OTFS-NOMA was first proposed in Ref. [17], which consid-
ered a scenario where there was only one user with high mobil-
ity. In the mMTC system over the LEO satellite, the model in
Ref. [17] could suffer more severe interference and the corre-
sponding performance need to be evaluated. Meanwhile, there
are OTFS enabled code or space domain NOMA schemes,
such as OTFS-SCMA in Ref. [18] and OTFS-tandem spread-
ing multiple access (TSMA) in Ref. [19]. The applicability and
improvement of different OTFS-NOMA schemes in the LEO

satellite system requires further research.

3.2 OTFS Modulation

OTFS modulation designs the transceiver in the delay Dop-
pler (DD) domain™. Note that the channel impulse response
(CIR) of the double-selective channel is time varying in the
time frequency (TF) domain. In the DD domain, the CIR re-
flects the scattering environment, which can be regarded as
time-invariant during a transmission frame. Besides, CIR in
the DD domain is sparse due to the limited number of scatters.
The channel equalization is simplified as a result. In the TF
domain, different Doppler shifts of users occupying the same
TF resource block are difficult to be equalized in the grant-

free NOMA mode. Meanwhile, the effect of Doppler shifts is
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considered as interference in the TF domain, and its informa-
tion entropy is not utilized. Now in the OTFS, transmission
can be scheduled considering the users’ Doppler shift charac-
teristic, and the Doppler diversity could bring additional per-
formance gain. In the DD domain, the transceiver input-output
relationship depends on the DD resource granularity and ad-
opted waveform types”'. If the waveforms ideally satisfy the
bio-orthogonal property and the DD resource granularity is
able to locate the CIR exactly, the output will be expressed as:

ylk,1l]= 2hie_ﬂﬂmxﬁk B k”lv ’[l - lr'}w} (1)

i

where x and y refer to the input and output in the DD domain
respectively, P denotes the number of multipath, h; refers to

the channel fading, 7, and v, are the values of delay and Dop-
pler shift of the i-th path, [ * ]\ =mod(+,N). In the TF do-

main, it is assumed that the system occupies the time domain
resource with NT and the frequency domain resource with
MAY, where N denotes the number of time intervals T and M
denotes the number of subcarrier intervals Af = 1/T. Then the
scattered  Doppler obtained  as

domain resource is

M -1
L e|0, ,0=0,1,..,M = 1, and the scattered delay
MAf MAf

domain resource is

NT NT

Therein, the maximum Doppler and delay values are assumed

k N-1
— € {0,}1: =0,1,...,N — 1,

to be less than Af and T respectively. Additionally, suppose
that 7, and v, are dividable by =N and L, then k, = v,NT
' ! NT MAf o
and [, = 7,MAf are obtained. Eq. (1) illustrates that based on
the bio-orthogonal transceiver waveforms, y is the superposi-
tion of the faded x, which is two-dimension cyclically shifted
by the corresponding DD CIR. Under the non-delicate DD re-
source granularity or the practical waveforms such as the rect-
angular waveform, there are additional ICI and inter symbol
interference (ISI) in the output.

As for the OTFS receiver, the data detection and channel
estimation scheme should be able to reverse the two-dimen-
sional cyclic shift in Eq. (2). In terms of data detection, a be-
spoke optimal maximum a posteriori (MAP) detector was pro-
posed in Ref. [21]. Such kind of detector is designed based on
the sparsity of the DD domain channel matrix H € C*">* ",
and is with excessive complexity. Therefore, researchers have
focused on complexity reduction of the MAP detector™. A
variational Bayes (VB) OTFS detector was proposed in Ref.
[23]. In such a detector, the distributions of OTFS symbols are
constructed adaptively according to corresponding interfer-
ence patterns to make the OTFS detection converge rapidly.
Besides, Ref. [24] proposed a detector named cross-domain it-
erative detection (CDID). In this detector, a linear minimum
mean squared error (L-MMSE) estimator is adopted for equal-
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ization in the time domain and low-complexity symbol-by-sym-
bol detection is utilized in the DD domain. Both VB and CDID
based detectors are shown to be with close-to-optimal perfor-
mance, where the computational complexity is reduced”.
There are other potent schemes such as the combination of hy-
brid MAP and PIC detection proposed in Ref. [25].

In terms of channel estimation, OTFS modulation outper-
forms the schemes designed in the TF domain, due to the DD
domain channel sparsity and quasi-stationarity™., When the
channel sparsity is damaged (e.g., there are fractional Doppler
shifts), the requirement of larger guard space would result in
heavy training overhead. The solution to enhancing the chan-
nel sparsity has been proposed by TF domain window design-
ing®. Specifically, a Dolph-Chebyshev (DC) window is ap-
plied in the transceiver of OTFS to suppress the channel
spreading. Tt is demonstrated that better channel estimation
accuracy is obtained by the DC windowing compared with the
conventional rectangular window. Moreover, coded OTFS can
be used to improve the system performance®.

In the mMTC system over the LEO satellite, the satellite-
land channel is different from that in terrestrial communica-
tions. In terms of large-scale fading, there are obvious atmo-
spheric absorption, rain attenuation, cloud attenuation and
scintillation in the satellite-land channel, which should be
considered in the link budget. In terms of the small-scale fad-
ing, the LOS probability of the satellite-land channel is higher
in the urban, suburban and rural scenarios!"!. Additionally, the
additive white Gaussian noise (AWGN) channel can be as-
sumed in the open area, such as the devices on boats or air-
crafts. Therefore, the DD domain CIR is sparser than that in
the terrestrial communication, and the DD domain input/out-
put relationship under the ideal pulses is written as:

y[k’l]=heff2‘rrvrx|:[k_ky]N,[l—l,]M:i' (2)

It should be noted that k, and /_ are mainly related to the de-
vices’ geographical position. Thus, the unique Doppler shift
and delay values of difficult users can be regarded as a novel
orthogonal space. It provides opportunity to schedule the sys-
tem transmission from the perspective of devices’ geography
to mitigate multi-user interference (MUI). As a result, the pre-
compensation of Doppler shift at devices could be omitted.

3.3 Combining NOMA with OTFS for MMTC over LEO
Satellite

To embed NOMA into OTFS framework for mMTC over the
LEO satellite, a novel transceiver could be designed. In terms
of the transmitter, the main concern is to design the resource
allocation scheme adapting to the DD domain channel charac-
teristics. In terms of the receiver, equalization technologies
need to be considered for the grant-free transmission. Further-
more, strategies to scale up the system capacity, such as mas-
sive multiple input multiple output (MIMO) and access point
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(AP) assistant communications, could be involved in. For the
code domain grant-free OTFS-NOMA schemes, data spreading
and interleaving are able to reverse two-dimension cyclic shift
of the DD domain, like those shown in OTFS-TSMA™'.

TSMA is a code domain NOMA scheme, which innovates
on transceiver design and data settings. At the TSMA transmit-
ter, users’ data are segmented and encoded to generate redun-
dant segments. Subsequently, each user is allocated with a
unique tandem spreading codeword, considering the indexes
of the spreading sequences utilized by each segment. Then the
segments are tandemly spread according to the codeword.
Therein, the tandem spreading codebook C is designed accord-
ing to the maximum distance separable (MDS) code, which
maximizes the user capacity under the limitation of the num-
ber of colliding segments. At the TSMA receiver, the superpo-
sition of active users’ data is separated by orthogonal correla-
tion detection on each segment according to C. Then the ac-
tive users set and corresponding data are obtained. Subse-
quently, the colliding segments inside are deleted and the re-
dundant segments are used for segment decoding. Therefore,
TSMA scales up the user capacity by tandem spreading, en-
sures transmission reliability by orthogonal spreading se-
quences and sacrifices data rate.

As shown in Fig. 2, novel data interleaving and correspond-

Special Topic
MA Yiyan, MA Guoyu, WANG Ning, ZHONG Zhangdui, Al Bo

ing data recovery strategies are proposed for OTFS-TSMA.
The chip-level data interleaving/de-interleaving procedures
are demonstrated in Fig. 3. It shows that based on the inter-
leaving/de-interleaving strategies, the two-dimension cyclic
shift of DD domain resources is transformed into cyclic shifts
of Doppler domain elements, segments, systems and chips.
Additionally, OTFS-TSMA

spreading sequences, namely discrete Fourier transform (DFT)

adopts the cyclic orthogonal
sequences, whose orthogonality is maintained by the interleav-
ing/de-interleaving strategies. At the OTFS-TSMA receiver,
the segment-level cyclic shift is recovered during user identifi-
cation, the symbol-level cyclic shift is recovered after de-
spreading, phase rotation caused by the chip level cyclic shift
is recovered before channel equalization, and Doppler diversi-
ty brought by the Doppler elements level cyclic shift is uti-
lized during data combination. Therefore, two-dimension cy-
clic convolution of the DD domain is de-solved from the per-
spective of data design. Besides, OTFS-TSMA cleverly com-
bines the multiple access characteristics of TSMA and the ro-
bustness of OTFS to dual selective channels. It could be in-
volved into OTFS-NOMA enabled mMTC over the LEO satel-
lite and inspire other OTFS-NOMA schemes of the code do-
main. Additionally, to make full use of DD domain resources,
the schemes need to consider users’ geometry positions.

Transmitter
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Therefore, users with certain longitude and latitude values are
scheduled to transmit during certain time slots according to
their DD domain CIR characteristics.

For the power domain OTFS-NOMA, MUI brought by the
DD domain channel could be mitigated by resource, rate and
power allocation policies. In Ref. [17], users with high mobil-
ity are served in the DD domain and those with low mobility
are serviced in the TF domain. Inspired by Ref. [17], both
the TF and DD domains could be utilized for mMTC over the
LEO satellite. For example, two users with the same Doppler
shift and delay values (symmetrical with the sub satellite tra-
jectory) could be serviced in two domains respectively. Be-
sides, the users could be scheduled according to the channel
conditions, whereas adaptive-rate transmission or fixed-rate
transmission could be considered depending on the NOMA
users’ ability. Furthermore, power allocation schemes could
be designed to facilitate the implementation of successful
success interference cancellation (SIC), according to the us-
ers’ QoS requirements and channel conditions. Note that the
power domain OTFS-NOMA schemes rarely consider the up-
link channel estimation, which always assume perfect CSI at
transceiver. They perform better in system design in terms of
communication capacity and transmission fairness. On the
fast-varying satellite-ground channel, the performance of
power domain OTFS-NOMA under imperfect CSI remains to
be studied. Furthermore, in terms of the grant-free OTFS-NO-
MA design for mMTC systems over the LEO satellite, data
colliding caused by non-cooperative transmission would ef-
fect user identification and data recovery. A classic grant-
free OTFS-NOMA scheme utilizes the sparsity of devices™,
which is the idea from compressive sensing based multi-user
detection (CSMUD). Therein, each user is provided with a
preamble sequence known to the receiver, and the sequences
are used for user identification and channel equalization
based on compressed sensing. Nextly, the data could be di-
vided by SIC. There is also another way to design the grant-
free OTFS-NOMA in the time domain using the idea of ALO-
HA. Overall, the performance degradation brought by non-co-
operative transmission in the grant-free OTFS-NOMA mode
can be compensated by additional design in space, code,
power, time or frequency domains.

3.4 Challenges of Combining OTFS and NOMA for
MMTC over LEO Satellite

Firstly, the effect of a notable Doppler shift and heteroge-
neous delay is challenging for the system design. In the OTFS
modulation, the DD domain resource plane requires that the
subcarrier interval should be larger than the maximum Dop-
pler shift, and the time interval should be larger than the maxi-
mum delay. Therefore, the required time and frequency re-
sources are dozens of times that of similar services on ground
communications, due to the normalized Doppler shift at 24
ppm and the propagation delay at 25.77 ms. It seems difficult
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to realize the system design with the rare space spectrum at
sub-6G which is preferred for mMTC. Therefore, the Doppler
and delay processing schemes need to be designed for OTFS-
NOMA in the grant-free mode. For example, the system could
concentrate on the differential values of the Doppler shift and
delay, rather than the absolute values. In addition, the flexible
configuration and mobility of the satellite system will bring dif-
ferent delay and Doppler characteristics. It also puts forward
requirements for the flexibility of Doppler and delay process-
ing schemes.

Secondly, the performance of OTFS-NOMA under rectangu-
lar pulses and fractional Doppler shift needs to be investigat-
ed. The DD domain input/output relationship in this scenario

is written as:

ylk L]~
Zhe a(k,l,q)x|:[k k4] J[i- z,]Ml 5
where
i.3( ) I <Il<M
N q T
Ol(k,l,q) = [k—k,,ﬂ,}
Le@-1) v o<i<i
N )
and
smle-w) _ g
Blg)="p
LY (5)

Egs. (3) = (5) illustrate that ICI and ISI are introduced.
Therefore, the system capacity and transmission reliability
performance of OTFS-NOMA remain to be investigated. Be-
sides, the OTFS-NOMA transmitter can be re-designed consid-
ering the geometry position of signal x and the LEO satellite,
which determines £, and [_, where the unknown quantity is on-
ly h. The novel resource allocation scheme can be proposed
correspondingly.

Thirdly, the retransmission, beamforming and handover
strategies remain to be studied. Due to propagation fading, the
retransmission strategy for massive devices needs to be de-
signed. It is constrained by the short transmission window,
limited devices power and overall throughput. In addition,
since the massive terrestrial devices need to be served by the
earth-fixed beams, beamforming of the LEO satellite should
be investigated. It could expand the system user capacity in
the meantime. Besides, owing to the high mobility of the LEO
satellite, a handover proposal for reliable communications is
required.
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3.5 Potential Technologies for OTFS Enabled NOMA for
MMTC over LEO Satellite

In addition to the technologies for OTFS modulation and
NOMA, some additional technologies are still needed by the
mMTC over LEO satellite to achieve reliable access and com-
munications.

Since the cost of cyclic pilot (CP) could be huge under the
large delay and the Doppler shift is notable, frequency and
time advance at devices can be adopted. Therein, the propaga-
tion delay and Doppler shift could be formulated by the loca-
tion information and the LEO ephemeris. If the devices do not
support such kind of calculation, certain value of Doppler
shift and time advance could be initialized in the devices.
Thereafter, the LEO satellite concentrates on the differential
Doppler shift and delay, which is much smaller than the abso-
lute value.

To tackle with the differential Doppler shift and delay, user
grouping based on geography is a potential solution. It is able
to limit the differential values of the users’ Doppler shift and
delay in a certain interval. Subsequently, the interference
could be mitigated and the resources required by the OTFS
could be reduced. Besides, resource allocation and data map-
ping schemes of OTFS could be designed correspondingly. In
order to realize grouping and seamless convergence of the mas-
sive devices in the earth-fixed beams, beamforming strategies
are required. They can also be combined with spectrum shar-
ing technologies, such as the cognitive radio, to increase the
spectrum resources efficiency.

In the wide area application of mMTC over the LEO satel-
lite, handover strategies need to be considered to enable the
constant service. Firstly, the spot beam handover, which
switches the connection to a difficult spot-beam, could be re-
searched to achieve the maximum system throughput. Second-
ly, fast inter-satellite handover could be investigated to con-
nect the worldwide mMTC devices, under the high mobility of
the LEO satellite. Therein, the design of LEO satellite cancel-
lations is required.

In addition to mMTC over the LEO satellite, the air network
consisting of the high-altitude platforms (HAPs) and un-
manned aerial vehicles (UAVs) could complement the NTN.
In detail, the HAPs are with lower mobility and smaller com-
munication coverage properties. Therefore, heterogeneous ar-
chitecture can be adopted according to the service require-
ment. Additionally, the mobility management and routing algo-
rithms need to be considered.

4 Conclusions

In this paper, we investigate the OTFS enabled NOMA for
mMTC systems over the LEO satellite. The architecture and
scenarios of the LEO satellite enabled mMTC systems are de-
scribed. The MA schemes in the current NTN are also listed.
Under the contradiction between the massive access and scarce
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spectrum, the NOMA technology is introduced in the system.
Moreover, in the grant-free access system, OTFS is introduced
to tackle with the notable Doppler shift by Doppler diversity,
rather than pre-compensation. The designs and challenges of
applying OTFS and NOMA into mMTC systems over the LEO
satellite are then analyzed. In the end, the potential technolo-
gies and further studies of the system are suggested.
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1 Introduction
ecently, the orthogonal time frequency space (OTFS)
modulation has been proposed to deal with the severe
inter-carrier interference problem caused by the Dop-
pler effect in the high-speed mobility scenario'l. In
the OTFS system, the modulation symbols are multiplexed in
the delay-Doppler domain instead of the time-frequency do-
main, which provides an alternative representation of a time-
varying channel geometry modeling of the transmission

2. However, the two-dimensional convolution of the in-

paths
put-output relation in the OTFS system makes the equaliza-

tion involved. The OTFS equalization schemes have been ex-
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tensively studied” . In Ref. [3], a message-passing (MP) al-
gorithm was developed for joint interference cancellation and
symbol detection. In Ref. [4], the authors proposed a cross
domain iterative detection algorithm to enhance the error per-
formance of OTFS modulation.

By utilizing the mathematical least-square minimum residu-
al algorithm, the authors in Ref. [5] proposed a low-complexity
equalizer and a block-wise interference eliminator.

The aforementioned OTFS schemes focus on the single-in-
put and single-output system. By exploiting the multiple an-
tenna techniques, the reliability and/or the spectral efficiency
can be improved in the OTFS multiple-antenna system. Simi-
lar to the orthogonal frequency division multiplexing (OFDM)
multiple-antenna system, the transmission schemes in the OT-
FS multiple-antenna system can be categorized into two class-
es: open-loop and closed-loop. The main difference is that the

channel state information (CSI) reported to the transmitter is
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required in the closed-loop system whereas it is not necessary
for the open-loop system. In the literature of the open-loop OT-
FS, the authors in Ref. [6] proposed a low-complexity linear
equalizer by utilizing the block circulant property of the equiv-
alent channel. In Ref. [7], the quasi-banded sparse structure
of the equalization matrix was used to design a low-complexity
linear equalization scheme in the delay-Doppler domain. How-
ever, the transmission schemes in Refs. [6] and [7] only con-
sider the equalization at the receiver without designing the
transmitter, the spatial diversity of which is not fully exploit-
ed. Then, several papers studied the spatial diversity schemes
in OTFS multiple-antenna systems, which can be harnessed
by the space-time coding scheme® '". In Ref. [11], a space-
time coding scheme with cyclic delay diversity was presented.
By assuming that the delay-Doppler channel is invariant in
the two consecutive OTFS frames, a space-time code using the
Alamouti code structure is proposed in the open-loop sys-
tem"”. However, the channel varies drastically in the two con-
secutive OTFS frames under the high-speed scenarios, which
degrades the bit error ratio (BER) performance. In the closed-
loop transmission, the feedback of the channel information is
required, which further improves the throughput of the OTFS
multiple-antenna system. The authors in Ref. [13] proposed a
Tomlinson-Harashima precoding (THP) scheme in the delay-
time domain. In Ref. [14], an uplink-aided high mobility down-
link channel estimation scheme for the massive multiple-input
and multiple-output (MIMO) -OTFS systems was proposed.
The expectation-maximization-based variational Bayesian
framework was adopted to recover the uplink channel parame-
ters including the angle, the delay, the Doppler frequency,
and the channel gain for each physical scattering path. Then,
in Ref. [15], the authors designed an effective path scheduling
algorithm to map different users to the delay-Doppler domain
grids without inter-user interference in the same OTFS block.
The authors in Ref. [16] proposed a maximal ratio combining
(MRC) precoding scheme in the multi-user massive MIMO-
OTFS system. However, the previous work mainly focuses on
the ideal pulse shaping for the transmission design whereas
the problem of its application with the practical pulses, such
as the rectangular pulse shaping, is not fully addressed.

In this paper, we investigate the transmission schemes in
the open-loop and closed-loop OTFS multiple-antenna sys-
tems. We preclude the assumption that the channel states in
the two consecutive frames are invariant. Both the ideal pulse
shaping and the rectangular pulse shaping are studied. The
main contributions of this paper are summarized as follows:

* We design a transmit diversity approach within one OTFS
frame duration in the open-loop systems. The guards are care-
fully allocated to avoid sub-frames interfering with each other
and to ensure the two sub-frames can be regarded as passing
the identical channel in the delay-Doppler domain.

* We then design a scheme with the rectangular pulse shap-
ing. In addition to the guards in the ideal pulse shaping, we
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place the guards at the last [ symbols along the delay domain

in the rectangular pulse shaping. Then, the channel of each sub-
frame in the equivalent transmission model is identical.

* We further indicate that the linear precoding in the time-
frequency domain can be alternatively expressed in the delay-
Doppler domain. By deriving the equivalent transmission mod-
el in the OTFS system, the THP-based schemes in the delay-

Doppler domain under the zero-forcing (ZF) and minimum
mean square error (MMSE) criterion are designed.

2 Open-Loop System

In the open-loop system, the channel information is not re-
quired at the transmitter, which is suitable for the transmis-
sion in the high-speed scenarios. In contrast to the two-frame

! we introduce the transmit diversi-

block fading assumption”
ty approach within one OTFS frame duration by appropriately
allocating information symbols, guards, and pilots with the ide-

al pulse shaping and rectangular pulse shaping.

2.1 Spatial Diversity Approach

In this paper, we consider the wide-sense non-stationary
channel with the Jakes’
sense stationary channel. The amplitude and the phase shift of

formula, different from the wide-

each path are different in the two consecutive frames, which
causes the delay-Doppler channel changes. The traditional
space-time coding is applied on two-time slots by assuming
the invariant channel, which is not practical in the non-station-
ary channel. Then, how to design a transmit diversity within
one frame duration is a challenge in the OTFS system. Consid-
ering a scenario that the transmitter is equipped with two an-
tennas and the receiver is equipped with a single antenna, we
propose a spatial diversity scheme within one frame by allocat-
ing information symbols, guards, and pilots. The positions of
information symbols and guards are the same for each transmit
antenna, which is shown in Fig. 1. Information symbols,
guards, and pilots are appropriately allocated in one OTFS
frame. In addition to the guards allocated in the ideal pulse
shaping, we place the guards at the last [, symbols along the
delay domain in the rectangular pulse shaping. Then, the
channel of each sub-frame in the equivalent transmission mod-
el is identical.

Firstly, we divide the resource units of a frame into two sub-
frames along the Doppler domain. Symbols in the first sub-
expressed as
x[ bk, ky e{3,5+

1}, respectively. Then, the received signal of each

frame and the second sub-frame are
x[ Lk ]k €{0,1,....5 -1} and
1,...N -

sub-frame can be obtained as:

2al k
p
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A Figure 1. Ideal and rectangular pulse shaping

where y [ [,k ] and y [, k,] represent the received signal of the
first and the second sub-frame, respectively; h, denotes the
channel response of the p-th path; [, and k, are the delay and
Doppler indices of the p-th path. For the first sub-frame sig-
1},and k, e{ -k »....0,1,...k
we can obtain [k -k ], e[0,5-1+k JU[N-k N~

max ?

nal, since k, €{0,1,...,5 -

l]l{iX}’
mas ]
1]. From Eq. (1), we can see that the received signal of the
first sub-frame is interfered by symbols of the second sub-
frame when [k - k], > % - 1. In order to avoid the interfer-
ence with the first sub-frame, the guards are placed at the in-
terference symbols in the second sub-frame, i.e., x[Lk]=
0,/={0,1,...M - 1},ke G, g ={[5.5-1+
ko JU[N -k, .N - 1]} Moreover, interference symbols in

the first frame are similar to the above analysis. Overall, the al-

where

max?

location of the information symbols can be obtained as
x[LEk],L={0,1,...M -1}, ke G, UG, where g, =
{[0,k, —11U[%—-Fk__,5— 1]}). Therefore, two sub-frames

max max 2

are not interfered with each other, and the equivalent channel
of each sub-frame is identical. Furthermore, by considering
the channel estimation in the delay-Doppler domain, pilots
and guards should be carefully placed to protect the pilots
from interference with other information symbols at the receiv-
er. In order to utilize guard patterns introduced in this section,
we allocate the pilots and the guards to the last 3/, + 2 sym-
bol positions along the delay domain. The allocation of the pi-
lots and the corresponding guards for the i-th antenna is given

by:

Xo» k=kyl=M-il, -1,
x| Lk]= kol
zZ 5, kg =2k, <k<ky+2k M-il -1<I<M-1,

)

where b, =5 — landie{1,2}.

Next, we introduce the transmit pattern. By deploying the
Alamouti code structure, the transmit vectors at the first anten-
na and the second antenna are obtained as %, =
[x],%;] € C" and x, =[x3,%,] € C"Y, where %, = Px,’,
%, =—Px,", and P is the permutation matrix. Then, the re-
ceived signal can be obtained as

y, =Hx + Hyx, +v,, (3)

g =_H1£Z +H25§T * vy, “)

where y, and y, are received signals at the first and the sec-
ond sub-frame, respectively; H, and H, are the equivalent
channels for the first and second sub-frame, respectively.
From the block circulant property of H, and H,, an alternative
representation of Egs. (3) and (4) are expressed as

- T

iz X, X 1H h, Uy, 5)
where h, € C"™? and h, € C""” denote the first column of H,
and H,; X, and X, are the equivalent code words for the trans-
mit vectors %, and x,, respectively. By applying the maximal
ratio combining receiver, the received signal of the two frames
can be split apart as y, = Hx, + 9, and ¥, = H,x, + v,,
where H = H,"H, + H,H,". Therefore, x, and x, are not in-
terfered with each other, then the maximal likelihood (ML) de-
tector or MMSE detector can be applied to decode %, and x,,
respectively. However, the computational complexity of the de-
tectors is high since the non-linear iterations is involved in the
ML receiver and the inverse operation of a high-dimensional
matrix is applied in the MMSE receiver. By exploiting the ma-
trix transformation and matrix decomposition, the computation-
al complexity of the detector can be reduced to O (I, MN),

max

which is lower than the conventional MMSE receiver O (M’N°).

2.2 Modified Approach with Rectangular Pulse Shaping
In this section, the transmission scheme in the rectangular
pulse shaping is considered. We introduce the allocation of in-
formation symbols with the rectangular pulse shaping and de-
sign the corresponding transmitting and receiving structure.
The allocation of the information symbols is based on the in-
put-output relation with rectangular pulse shaping, which is

given by
P-1 2k,
7[1,%] = ZO h,e? ap(z,k)x[[l - l,,]M,[k - kpu *
o[ Lk ] ef1.2), ©)
where
SR
(Xp(l,k): e Nzt ’ lfl<lp
2 ifl>1,. (7)

Eq. (7) is the phase shift caused by the rectangular pulse
shaping. The two sub-frames do not interfere with each other
by allocating the guards introduced in Section 2.1. However,
the equivalent channel of each sub-frame is different due to
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the phase shift. From Eq. (7), we can see that the phase shift
of x[[,k] is related to [,k when [ <[, but only related to [
when [ > [,. Then, the guards are placed at the last [, sym-
bols along the delay domain, i.e., x[Lk]=0,l=[M -
LM = 11,k €{0,1,...,N} to keep the phase shift of each
sub-frame identical. The allocation of information symbols,
guards, and pilots in the OTFS frame is shown in Fig. 1. For
the channel estimation, the position of pilots and guards is
similar to that of the ideal pulse shaping in Eq. (2). Then, we
also adopt the transmit code word of the Alamouti code struc-
ture in Section 2.1. However, the permutation matrix P should
be redesigned to keep the guards not being permuted. The
transmit vectors at the first antenna and the second antenna
% =[x,%,] e CV

Vi . = *
[%5,%5,]" € C", respectively, where x,, = —Px,,~ and x,,

are  obtained  as and %, =

—Px,,". Then, the received signal can be expressed as:

i :{ H, H, }Fm}+[wi
5’2* Pﬁz*P _Pﬁl*P X1 52* 9

where y, = Py,; ¥, and ¥, are received signals of the first sub-

®)

frame and the second sub-frame, respectively; H, and H, are
equivalent channels for x,, and x,,, respectively. Then, the
MMSE receiver or the MP receiver can be adopted to decode
%,, and x,,. In summary, the transmitting and receiving pro-
cess with rectangular pulse shaping is shown in Fig. 2. More-
over, the proposed diversity scheme in this section can be ex-
tended to the multiple-antenna scenarios by employing the
structure similar to Jafarkhani code, which is a quasi-orthogo-
nal space-time block coding introduced in Ref. [19].

3 Closed-Loop System

In the closed-loop system, the transmitter dynamically var-
ies the precoding matrix based on the CSI report such as the
precoding matrix index, the rank indicator, and the channel
quality indicator. However, the precoding problem in the
closed-loop OTFS multiple-antenna system is not fully ad-
dressed. In this section, we observe the equivalence of the lin-
ear precoding between the delay-Doppler and the time-fre-
Then, THP (DD-THP)

schemes are introduced under the ZF or the MMSE criterion.
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A Figure 2. Proposed diversity approach with rectangular pulse shaping
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Finally, we provide an overview of other closed-loop transmis-
sion schemes in the OTFS multiple-antenna systems.

3.1 Linear Precoding in Delay-Doppler Domain

In this section, the linear precoding in the time-frequency
and the equivalent representation in the delay-Doppler do-
main are provided. We recall that in the MIMO-OFDM sys-
tem, the linear codebook is selected to map symbols in the
time-frequency domain to the transmit antennas. In contrast,
symbols in the OTFS system are multiplexed in the delay-Dop-
pler domain, then the precoding can be deployed in the delay-
Doppler domain or the time-frequency domain. We observe
that the precoding in the time-frequency domain can be alter-
natively represented in the delay-Doppler domain, which is
shown as an example in the following. Considering a scenario
that the transmitter is equipped with /N, antennas and the re-
ceiver is equipped with N, antennas, we denote W, =
diag {W,,W,,...,W,,} as the codebook in the time-frequency
domain, where W,,i=1,2,...,MN is the codebook on each
subcarrier. Then, the equivalent precoding in the delay-Dop-
pler domain W, is given by

W =((Fy ® F,)® IN‘)_IWTF((F VO FR) L) g

where F and F, are the discrete Fourier transform matrices
with N-point and M-point, respectively; The operator @ de-
notes the Kronecker product. By the equivalent representation
in Eq. (9), the precoding process can be carried out in the de-
lay-Doppler domain instead of the time-frequency domain
since the channel estimation in the delay-Doppler domain is
more stable than that in the time-frequency domain, especially
in high-speed scenarios.

3.2 DD-THP Approach

THP is a well-known non-linear precoding scheme, which
can also be adopted in the closed-loop OTFS multiple-antenna
system. In this subsection, we introduce the DD-THP schemes
in the delay-Doppler domain.

In the OTFS multiple-antenna system, the vector form of in-
put-output relationship in the delay-Doppler domain is ex-
pressed as

y = Hx + v, (10)

where H is the equivalent channel matrix in the delay-Doppler
domain; x € C"™ is the vector form of the transmit symbols
in the delay-Doppler domain; y € "™ is the received sym-
bol in the delay-Doppler domain; v € C""™ is the vector form
of the zero mean circularly symmetric complex Gaussian noise
at the receiver.

The equivalent channel matrix H is fed back to the transmit-
ter for the precoding. A block diagram of applying THP in the
OTFS multiple-antenna system is shown in Fig. 3. For the ZF-

DD-THP approach, the conjugate transpose of the equivalent
channel matrix H" is decomposed into a unitary matrix and an
upper triangular matrix, i.e., H" = QR. Then, the forward and
feedback filters are given by F = QG, B = R"G, respectively,

where G = diag {r}", 75 e ri!yn) and 7,75ty v are the di-

agonal elements of R". In addition, 8 is introduced to normal-
ize the power of transmitted signals. The received signal is giv-
en by

y=HFB'l(s+a)+v. (11)

Alternatively, the MMSE criterion can also be employed in
the THP approach, which is called MMSE-DD-THP. We de-
fine

2

n

H,=H'\HH" + LZI
g, ). (12)

Similarly, H, is decomposed into a unitary matrix and an up-
per triangular matrix, i.e., H, = QR. We can obtain F = QG
and B = R"G. Moreover, there are several approaches to fur-
ther improvement of the MMSE-DD-THP. In Ref. [16], the au-
thors rearranged the precoding order of symbols by consider-
ing the channel conditions. Furthermore, the linear Wiener
transmit filter was adopted to obtain the optimizations after or-
dering the symbols"”. In Ref. [18], a block-wise fashion and
the Tx-Rx matrices were jointly optimized to minimize the
MSE. However, it is noted that the computation complexity of
DD-THP schemes is high due to the non-linear processing,
which may limit the implementation of the DD-THP schemes

in practice.

3.3 Other Precoding Approaches

The linear precoding is a widely used precoding technique
in the cellular system. The advantage of the linear precoding
over the THP is that the former has low computational com-
plexity. The linear precoding is studied in the MIMO-OTFS
system!* ' By exploiting the reciprocity of the uplink chan-

|

FH/;

Power constant

ﬁ ISFFT H IFET

Channel

Modulo operation

ZF/MMSE-THP

Noise —>(D

< Mod (+) |< SFFT FFT

MMSE: minimum mean square error
OTFS: orthogonal time frequency space
THP: Tomlinson-Harashima precoding

FFT: fast Fourier transform
IFFT: inverse fast Fourier transform
ISFFT: inverse symplectic finite Fou-

rier transform ZF: zero-forcing

A Figure 3. Block diagram of applying THP in OTFS multiple-antenna
system
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nel and downlink channel, the authors in Ref. [14] proposed
an uplink-aided transmission scheme in the MIMO-OTEFS sys-
tem. Since there are few scatterers between the transmitter
and the user, and the angular spread of transmitted signals is
small in the high-speed scenarios where the received signals
occupy only a small part of the channel in the whole angle do-
main. The channel of the MIMO-OTFS system in the angle do-
main is sparse. By exploiting the reciprocity of wireless chan-
nels, the angle-delay-Doppler channel is estimated through
the uplink channel estimation"”. Then, based on the estimat-
ed angular direction of each user, each beamforming vector is
formed to avoid multi-user interference in the downlink. In
Ref. [16], an MRC precoder was proposed in the multi-user
massive MIMO-OTFS system. The transmitter precodes the
symbols by multiplying the Hermitian of the equivalent chan-
nels. Although the computational complexity of the precoding
is low in Ref. [16], the interference among users is not com-
pletely eliminated, which degrades the BER performance.

4 Simulation Results

In this section, we evaluate the BER performance of the
transmission schemes in the open-loop and the closed-loop
MIMO-OTFS systems. The rectangular pulse shaping and the
MMSE detector are employed in the simulation. The default
setup of the simulation is listed in Table 1. We adopt the
tapped-delay-line-A (TDL-A) channel model. The Doppler
shift corresponding to the i-th tap is generated by Jakes’ for-
mula.

We evaluate the BER performance of our proposed open-
loop scheme and the existing works in Fig. 4. We set the num-
ber of the receive antennas as one, and the number of the car-
riers is M = 32. In Fig. 4, the proposed diversity transmission
scheme outperforms the Naive Tx Div. and the scheme in Ref.
[12] at the speed of 500 km/h. The fundamental reason can be
summarized into the two aspects: 1) the diversity gain and the
coding gain can be obtained by using the proposed code word
structure. That is the reason why the diversity scheme outper-
forms the Naive Tx Div. scheme; 2) The proposed scheme is
achieved within one frame duration by precluding the two-
frame block fading assumption. However, the scheme in Ref.
[12] is implemented over the duration of the two consecutive
frames where the channel state varies rapidly in the high-
speed scenario, which leads to the poor BER performance. In

VTable 1. Setup of simulation parameters

Parameters Values
Number of OTFS symbols 14
Number of subcarriers 16, 64
Carrier frequency 4 GHz
Subcarrier spacing 15 KHz
Number of transmit antennas 2

Pulse shaping Rectangular

OTFS: orthogonal time frequency space
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comparison, the BER performance of the scheme in Ref. [12]
becomes slightly better than the proposed scheme when the ve-
locity reduces to 120 km/h. This is because: 1) the channel
varies slowly at the speed of 120 km/h, which can be approxi-
mately regarded as the same; 2) the equivalent code word in
Ref. [12] can achieve much coding gain since the orthogonality
of the code word. In addition, the larger Doppler diversity can
be achieved at the speed of 500 km/h over 120 km/h, which re-
sults in the better BER performance than that of 120 km/h.

In Fig. 5, we compare the BER performance of the ZF-DD-
THP, the MMSE-DD-THP and the MMSE-THP with an order-
ing matrix. The number of the receive antennas is 2, and the

10° T : : , .

107 & E

O

107

BER

=—0— 500 km/h, Naive Tx Div.
1074~ ® 120 km/h, Naive Tx Div.
—P— 500 km/h, Prop.

= P +120 km/h, Prop.

—0— 500 km/h"?

=06 120 km/h™

6 8 10 12 14 16

SNR/dB

BER: bit error ratio
Naive Tx Div. : scheme that each antenna
transmits the same symbols

Prop. : proposed diversity transmis-
sion scheme
SNR: signal-noise ratio

A Figure 4. Evaluated BER performance for diversity approaches in
OTEFS system
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= @ 120 km/h, Improved MMSE-THP
107 |=—+— 500 km/h, MMSE-THP
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BER: bit error ratio

Improved MMSE-THP: scheme that considers the channel condition in MMSE-THP

MMSE: minimum mean square error

MMSE-THP: scheme that adopts THP by MMSE criteria

SNR: signal-noise ratio

THP: Tomlinson-Harashima precoding

ZF: zero-forcing
A Figure 5. Evaluated BER performance for the delay-Doppler (DD)-
THP approaches in OTFS system
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number of the carriers is set as M = 16. Benchmarks are shown
as follows: 1) MMSE: each antenna transmits different symbols
and uses MMSE equalization in the OTFS system; 2) ZF-THP:
the transmission scheme based on ZF-DD-THP; 3) MMSE-
THP: the transmission scheme based on MMSE-DD-THP; 4)
Improved MMSE-THP: the transmission scheme based on the
MMSE-THP considering the channel condition. We can see
that compared with the ZF-DD-THP, the MMSE-DD-THP has a
performance gain of about 4 - 5 dB at the same BER level. By
considering the ordering matrix to encode the symbols in an op-
timized precoding order, the improved MMSE-THP can further
improve the performance of MMSE-DD-THP.

5 Challenges and Opportunities

OTFS confronts many challenges when combined with the
multiple-antenna system in the high-speed scenarios. In this sec-
tion, we introduce challenges and opportunities in the open-loop
and the closed-loop MIMO-OTFS transmission system.

5.1 Feedback in Closed-Loop Transmission

The equivalent channel with the dimension of N MN X
N,MN in the delay-Doppler domain is required to feed back to
the transmitter in the DD-THP OTFS system, which causes a
high-feedback overhead. Since the fast time-varying of the
high-speed scenarios, the feedback of channel information
may not match the current channel state, which results in the
precoder mismatch to the current channel state. Therefore,
how to reduce the feedback overhead and improve the real-
time property of the precoder to match the current channel is
inevitable in the closed-loop transmission systems. By observ-
ing the law of channel changes, one possible solution is to
adopt a reliable channel prediction method by the previous
channel estimation. Another approach is to design a codebook
set to match the delay-Doppler channel, which is similar to
the feedback pattern to OFDM closed-loop networks. In this
way, the receiver selects a codebook to match the estimated
channel and feeds back to the transmitter by a specific indica-
tor. Then, each feedback become less.

5.2 Low-Complexity Precoding and Receiving Approaches

Due to the two-dimensional convolution in the delay-Dop-
pler domain, the size of the precoding and the equalization ma-
trices are large which results in the high computational com-
plexity. Moreover, the linear receiver such as the MMSE re-
ceiver also leads to a high complexity due to the inverse opera-
tion of a high-dimensional matrix. Therefore, how to reduce
the complexity of the precoding and equalization schemes is a
big challenge in the OTFS multiple-antenna system. The study
of the variational Bayes can be utilized to be the detector in
the OTFS multiple-antenna systems.

5.3 Channel Estimation in MIMO-OTFS

The channel estimation with the fractional Doppler and the

fractional delay is a more practical problem in the future re-
search. Furthermore, in the aspect of the Doppler spectrum,
most of the existing works focus on the channel estimation of
the discrete-Doppler-spread (also known as limit-Doppler-

! However, when the propagation environ-

spread) scenarios
ment involves many scattering objects, the Doppler shift of
transmit paths are infinite and the Doppler spectrum is contin-
uous, which is treated as the continuous-Doppler-spread chan-
nel. How to reduce the overhead of the channel estimation in
the meantime improve the accuracy in these practical channel
models is a big challenge. In Ref. [21], a low-dimensional sub-
space is constructed to characterize the variation of the equiva-
lent channel responses in the continuous-Doppler-spread
channel, which is modeled by a sum of the projection coeffi-
cients and the basis functions.

6 Conclusions

In this paper, we introduce both the open-loop and the
closed-loop multi-antenna approaches for the OTFS with the
ideal and the rectangular pulse shaping. In the open-loop de-
sign, the main contribution is that the transmit diversity ap-
proaches resembling space-time coding are provided, which
take the practical issues into account, i.e., the rectangular
pulse shaping and the rapidly time-varying channel. For the
closed-loop design, we suggest to adopt the Tomlinson-Ha-
rashima precoding in the delay-Doppler domain since we have
developed the relation between the precoding matrix in the
time-frequency domain and that in the delay-Doppler domain.
The reason why we recommend precoding in the delay-Dop-
pler domain is that the channel in the delay-Doppler domain
varies more slowly within a frame in contrast to that in the
time-frequency domain. In the end, we discuss challenges and
opportunities of the OTFS multiple-antenna system, which can
be further investigated in future.
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1 Introduction
he development of mobile communication technology
has greatly improved the informatization level of all in-
dustries in the whole society. However, due to factors
such as space and quantity, 5G communication net-
works are currently deployed in limited areas. Satellites are

M especial-

an ideal choice for wide coverage communications
ly for areas where ground transmission towers cannot be de-
ployed (oceans, mountains, islands, etc. ) and for scenarios of
disaster relief and emergency response. Building 5G and sat-
ellite converged communication network (5G SCCN) has be-
come an important direction for future network development,
deeply combining the excellent access capabilities and mobili-
ty of 5G networks with the extensive coverage capabilities of
satellite networks, and giving play to the respective advantag-
es of the networks to achieve global wide-area full coverage
and seamless high-speed interconnection. However, the satel-
lite network has the characteristics of environmental open-
ness, time-varying topology, and limited computing resources,
bringing 5G and satellite networks more complex security
challenges; meanwhile, 5G SCCN will carry more critical and
urgent communication services for industries, individuals, and
public affairs, which makes it particularly important to ensure

the security of 5G SCCN.

A wave of satellite Internet constellation construction is un-
derway around the world. At present, at least 15 companies
around the world have announced low-orbit communication
satellite plans, and many have carried out research and prac-
tice related to 5G and satellite converged networks™™. In 2017,
the European Union funded the Satellite and Terrestrial Net-
work for 5G (SaT5G) alliance to promote solutions that inte-
grate satellite communications with 5G, software-defined net-
working/network functions virtualization SDN/NFV, and other
technologies” *. In 2018, the European Space Agency (ESA)
launched the ALIX project to promote the standardization of
5G satellite components and its interfaces with other net-
works®. In 2019, Telesat verified that low-orbit satellites pro-
vided effective solutions to 5G base station relays'®. In April
2021, the China Satellite Network Group was established. It
plans to provide satellite communication services including
5G satellite converged networks to ground and air terminals.
In July 2021, Beijing University of Posts and Telecommunica-
tions completed a low-orbit satellite and 5G private network
integration test between two cities.

The academia has researched on early development of satel-
lite communications” *. In recent years, institutions and univer-
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sities have gradually carried out technical research on satellite-

10" and its security, such

terrestrial converged communications
as dual access through satellite and ground base stations, 5G
New Radio (NR) and satellite network convergence, and satellite
networks and 5G core network heterogeneous convergence. In
the security aspect, the National Digital Switching System Engi-
neering & Technological R&D Center has researched on satel-
lite communication security"® ', The Ph.D. thesis “Research
on Security Protocol of Broadband Satellite Network” improves
security protocols such as IP Security (IPSec) and Internet key
exchange (IKE) for satellite communications”,

Standard organizations such as International Telecommuni-
cation Union (ITU) and the 3rd Generation Partnership Proj-
ect (3GPP) proposed that satellite networks can be used as ex-

. . 19-24 . .
tensions of terrestrial networks! ! and research in this area

has been carried out. Among them, ITU-R M.[NGAT_SAT]"”
defines and discusses the key technical issues, service charac-
teristics, network structure, and deployment scenarios regard-
ing satellite networks integration into 5G networks. 3GPP’ s
research on 5G and satellite converged networks is mainly car-
ried out in two projects, TR 38.811%" and TR 22.822%',
Among them, “Study on Using Satellite Access in 5G”
(TR22.822) analyzes the functional requirement of 5G satel-
lites and introduces 12 functional requirements and their cor-
responding usage scenarios. While “Study on NR to Support
Non-Terrestrial Networks” (TR 38.811) proposes three func-
tions of satellite communications for 5G networks. It serves as
a supplementary coverage for terrestrial 5G networks, pro-
vides continuous communications for high-speed mobile carri-
ers, and uses new services such as satellite multicast and
broadcast. The project also introduces service characteristics,
network structures, deployment scenarios, and non-ground-
based network channel models of 5G and satellite converged
networks and proposes a variety of non-terrestrial network ar-
chitecture options.

However, although 3GPP defines the network form of 5G
SCCN, its security issues have not been considered. At pres-
ent, there is also a lack of technical requirements in this area,
and standards are also absent. This paper intends to analyze
and discuss the security requirements and key security tech-
nologies of 5G SCCN. On the one hand, it is a reference for fu-
ture research on 5G and satellite converged network security
technology, standard promotion, and industrialization; On the
other hand, based on the concept of “security-synchronized
design”, it is hoped that the security design can provide a ref-
erence for 5G SCCN design.

2 Security Challenges and Requirements
2.1 Security Challenges

5G SCCN has different network characteristics from terres-
trial 5G networks. These characteristics are mainly derived
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from satellite networks. Meanwhile, the cross-network and
cross-domain integration of 5G and satellite networks, and the
introduction of 5G diversified services will jointly constitute
new features of the converged network, making 5G SCCN face
new security challenges.

1) Borderless security issues are caused by the open net-
work environment.

Different from the terrestrial network, the satellite network
nodes are exposed and channels are open, and the satellite
node runs in the exposed space orbit for a long time. Thus,
new threats emerge. For example, the inter-satellite and satel-
lite-to-ground wireless communication links are more suscepti-
ble to the adverse natural environment and malicious users;
network nodes are more susceptible to forgery and hijacking;
communication links are more susceptible to human interfer-
ence, eavesdropping, replay attack, and wireless resource oc-
cupation. Therefore, higher risks of confidentiality, integrity,
availability and reliability of the network are posed.

2) Dynamic changes in network topology lead to changes in
security policies.

The 5G SCCN includes satellite nodes and ground nodes.
Satellite nodes are always in high-speed operation and may
frequently join or exit the network. This makes the network to-
pology change dynamically, and the communication objects
change as a consequence, which leads to network security
function switching and security strategy migration, such as the
update and synchronization of the original authentication poli-
cy, or the renegotiation of the original IPSec/transport layer se-
curity (TLS) tunnel.

3) Heterogeneous interconnection causes security applica-
bility issues.

5G and satellite converged communications are based on
different forms of physical resources and present a “chimney-
like” development model. Different satellite systems are rela-
tively independent and dedicated, lacking a unified network
protocol specification. This may also make the mature security
protocols applicable to terrestrial networks while inapplicable
to satellite networks. In addition, the heterogeneous intercon-
nection and long-distance communication of the 5G SCCN
make it more difficult to protect data in transmission, and the
risk of user data being stolen, tampered with, and damaged in-
creases.

4) Insufficient security computing power is caused by low
on-board processing capability.

Satellites usually use aerospace-grade chips to cope with
the complexity and harshness of the space environment. In or-
der to improve the reliability of the chip, it is necessary to re-
duce the density of computing units on the chip, and strictly
control the amount of computing of the software carried by the
satellite, which makes the computing power of the satellite far
lower than that of the ground communication node. Therefore,
satellite nodes are more susceptible to availability attacks
from asymmetric computing power, such as distributed denial
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of service (DDoS) attacks. Meanwhile, some traditional compu-
tationally intensive encryption algorithms cannot run on satel-
lites. All these make the security of satellite nodes face great-
er challenges, and therefore, it is necessary to research on a
new type of 5G security architecture and security technology
suitable for satellite networks.

2.2 Security Requirements

Based on the above analysis of the 5G SCCN characteristics
and security challenges, four security requirements can be
summarized: identity authentication, lightweight communica-
tion security, enhanced availability protection, and fine-
grained resource sharing and isolation.

1) Universal identity authenticity needs

Terrestrial communication networks usually adopt physical
isolation or physical dedicated lines. Network nodes are usual-
ly in the same physical or logical trust domain, and there is a
default trust relationship among network nodes. However, the
5G SCCN conducts ultra-long distance communication in an
open space environment, and the satellite network has a time-
varying topology, which makes the communication objects
highly dynamic. Therefore, ensuring the authenticity of com-
munication nodes, especially the authenticity of network
equipment, is a key requirement for 5G SCCN. Through the
access authentication of the terminal and the authentication
between the network nodes, a communication system with an
open external environment and trustworthy internal communi-
cation can be established.

2) Lightweight communication security requirements

In the 5G SCCN, the service link, inter-satellite link, and
feeder link all use wireless links for communication, making it
more vulnerable to eavesdropping, tampering, and replay at-
tacks. Therefore, the confidentiality and integrity protection of
the transmitted data is especially necessary. On the other
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hand, due to the limited processing resources on the satellite,
it is necessary to avoid running computationally intensive en-
cryption algorithms on the satellite as much as possible. The
5G SCCN consequently needs to design and adopt lightweight
communication security architecture and technology to ensure
the security of communication data while avoiding excessive
computational burden on the satellite network.

3) Enhanced availability protection requirements

Availability attacks on existing networks will still exist in
5G SCCN, such as DDoS attacks and signaling storms. Consid-
ering the openness of the satellite network environment, lower
processing capacity, and high value of the services, the securi-
ty risks are severer. Therefore, more systematic and efficient
technical measures need to be adopted to ensure the availabili-
ty of functions and services on satellite nodes.

4) Fine-grained resource sharing and isolation requirements

The 5G SCCN will provide differentiated network services
for public users, industry users and special users on shared
network infrastructure. Therefore, it is necessary to isolate
shared resources securely and effectively to prevent side-chan-
nel attacks and threats from spreading. Limited satellite net-
work resources put forward higher requirements on the granu-
larity of resource sharing, and more refined network resource
management technologies are required.

3 Network Security Architecture

3.1 Service Architecture

3GPP TR 38.811 defines two typical 5G and satellite con-
verged network modes (excluding relay nodes), as shown in
Fig. 1. In mode 1, 5G RAN is still deployed on the ground,
and the satellite network is used as a transparent forwarding
channel for the 5G access network; In mode 2, 5G radio ac-
cess network (RAN) is deployed on the satellite and connected

Transparent (bent-pipe)

satellite/HAPS

_‘“
& NR via
frequency /2

NR via
frequency f'1 .
\Z }2 Gateway
P o < 0 - 5G RAN
—— o : -
- b -
5G CN
(a) Mode 1

CN: core network ~ HAPS: high altitude platform station

NGe: next generation control-plane

Non—transparent (on board processor)
satellite/HAPS

-‘- 5G RAN
& NGc¢/NGu over
frequency /2

NR via

frequency f'1 ,}(

‘ \Z —4 Gateway

>, — -
~- - v

5G CN

(b) Mode 2

NGu: next generation user-plane ~ NR: New Radio ~ RAN: radio access network

A Figure 1. Typical access network mode of 5G and satellite integration (Source: 3GPP TR 38.811)
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to the ground core network through non-terrestrial networks
(NTN) gateway.

Fig. 2(a) shows NTN featuring access network serving user
equipment (UE), based on a satellite/aerial with bent pipe pay-
load and gNB on the ground (satellite hub or gateway level).
Fig. 2(b) shows NTN featuring an access network serving UE,
based on a satellite/aerial with gNB on board.

In contrast, Mode 2 is easier to inherit the existing 5G ac-
cess technologies, including air interface scheduling technolo-
gy, mobile handover technology, terminal secure access tech-
nology, etc., and it is also easier to achieve the goal of mobile
terminal access everywhere with one device, which has better
industrialization foundation and better serviceability. There-
fore, the follow-up technical research herein mainly focuses
on the second service model, which is about the gNB on board
the satellite network.

Fig. 3 shows the service architecture in Mode 2 of 3GPP TR
38.811. A mobile phone terminal accesses Internet services
through a 5G SCCN. From left to right, the terminal UE locat-
ed on the ground or in the air communicates with the base sta-
tion NR on the low-orbit satellite. The inter-satellite link is
routed to the ground satellite gateway station, then reaches the
core network, and finally accesses Internet services.

In the vertical dimension, the entire service model can be
abstracted into four levels, from bottom to top including the
network infrastructure layer, the network transmission layer,

-‘- NGe &
= NGu NG6
UE = oNB NGC
Uu network
(a) Mode 1
-!-
< NGe &
NGu NG6 Data
UE o oNB NGC
(b) Mode 2

NGu: next generation user-plane
NTN: non-terrestrial networks
UE: user equipment

Uu: user to network interface

gNB: next generation

Node-B NG6: next generation 6th interface
NGC: next generation core network

NGe: next generation control-plane

AFigure 2. Network logical view of two modes

the network function layer, and the network application layer.
The network transmission layer and the network function layer
realize respectively the forwarding of IP packets and the com-
munication of the mobile network. At the network transmis-
sion layer, assuming that satellites and satellite gateways have
basic routing functions and follow the basic IP routing proto-
col to realize the transmission and forwarding of messages on
inter-satellite links and the satellite-to-ground links, and at
the network function layer, assuming that the base station is
on the satellite, a 5G communication network is therefore
formed consisting of network functions such as the terminal,
the on-board base station and the terrestrial core network,
which has the basic features and capabilities of a 5G network.

Through the service architecture, we can decompose the ca-
pabilities of each communication facility, and thus map more
clearly the requirements and capabilities of the traditional 5G
network and bearer network to the NTN network. For example,
the NGe&NGu port in the 5G network is composed of inter-sat-
ellite links, feeder links, and the ground bearer network be-
tween satellite gateways and the core network in the NTN net-
work. As another example, because the satellite has the capabil-
ity of a base station at the network functional layer, the UE’ s
access guarantee can be enhanced with the help of existing 5G
access technologies to a large extent.

3.2 Security Architecture

Due to the openness, mobility, and low power consumption
of satellite links, the offensive and defensive situations of 5G
SCCN and terrestrial 5G networks are quite different. But
many similar technologies can be used and referenced. As
shown in Fig. 4, based on the service architecture, the security
of the 5G SCCN is analyzed layer by layer, focusing on the
three types of security attributes of availability, authenticity,
and communication security (confidentiality, integrity, and
communication isolation) for key communication nodes and in-
terfaces.

In the 5G SCCN, in addition to the general security attri-
butes and technologies of the 5G network, it is important to
consider the security issues caused by the characteristics of
the satellite network and its integration with the 5G network.
Given the different service characteristics and security attri-
butes of each layer, the required security technologies are also
different.

At the infrastructure layer, considering

Network application

Network function

:} Uu' TN ] NC(&NGu
e

the difficulty of upgrading and maintaining

the equipment on the satellite, it is neces-

Network transmission |

l Router H Router F—*{ Router F—*{ Rnulcr

sary to establish an active immune mecha-

Network infrastructurei Inter-satellite

nism for the satellite node through the trust-

DN: data network NGe: next generation control-plane
NGC: next generation core network NGu: next generation user-plane

- Servlre lmk F eeder hnk f
link w : /‘C,(;e\\
e b o e
Terminal Satellite Satellite NTN gateway Core network  Data network

NR: New Radio

UE: user equipment

ed boot to resist attacks from unknown
threats to ensure the authenticity of a single
node. The infrastructure protection method

for other nodes is similar to that of the 5G

Uu: user to network
interface

A Figure 3. Typical network logic view of the integration of base stations and satellites
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network. In the radio frequency part, con-
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AFigure 4. 5G satellite converged communication network (SCCN) security architecture

sidering the power asymmetry between the satellite and the
ground attacker, the availability of satellite nodes needs to be
paid more attention.

At the network transmission layer, in order to ensure the
confidentiality and integrity of the information transmission of
the inter-satellite link and the back-haul network, the bearer
network communication security technology is needed to be in
place. Considering the limited resources of satellite networks,
lightweight attack detection methods can be used to defend
against DDoS attacks on satellite networks. In addition, with
the slice isolation technology of the bearer network, the satel-
lite network-related traffic is isolated from other 5G network
traffic to avoid mutual influence.

At the network function layer, to reduce the burden on the
on-board base station, on-demand air interface signaling en-
cryption and decryption and user plane confidentiality and in-
tegrity protection functions are considered. To ensure that the
satellite access network and related core network resources
are not affected by other 5G services, end-to-end slice isola-
tion from the RAN to the core network should be adopted. Re-
garding the malicious directed call attack that may exist in the
case of the asymmetry of space and ground resources, the anti-
UE random access technology should be adopted to ensure the
regular access of legitimate users. In addition, in order to en-
sure the legitimate access of mass terminals and dynamic
nodes, it is necessary to perform two-way authentication on
the terminals and the network nodes.

At the network application layer, in order to protect the con-
fidentiality and integrity of application layer data, end-to-end
encryption technology is used between the terminal and the
application service. To reduce the processing burden of the
satellite, the satellite nodes can implement transparent trans-
mission.

The specific security technologies are referred to in Table 1.

4.1 Identity Authentication

Due to the openness and the time-vary-
ing topology of the 5G SCCN, it is neces-
sary to verify the authenticity of the communication node. In
addition to the terminal access authorization in the traditional
5G network, the 5G SCCN also needs to authenticate the net-
work nodes. Communications among network nodes should
take identity authentication as a prerequisite, and ensure the
security and independence of the 5G SCCN system by en-
abling the identity authentication process. Meanwhile, technol-
ogies such as trusted boot and trusted environment can also be
used to further ensure the authenticity of hardware devices
and their running software.

4.1.1 Terminal Access Authentication

In the 5G SCCN, due to the openness of the service link
and the diversity of access terminals, the trusted communica-
tion of the service link has received much attention. 3GPP de-
fines a complete user access system for 5G networks. Based
on the 5G unified authentication architecture (5G-AKA or
EAP-AKA’), the terminal and the service network are mutual-
ly authenticated to ensure mutual trust between users and the
network. The 5G SCCN can follow this set of access authenti-
cation frameworks to ensure the trusted access of wireless ter-
minals and solve the problem of pseudo base stations, pseudo
terminals, and pseudo networks. Meanwhile, 5G SCCN also
needs to enhance 5G access authentication for new network
features. For example, for the weak processing capabilities of
satellite nodes and new multicast services, group authentica-
tion and lightweight authentication methods™' need to be con-
sidered; The topology of the satellite network is time-varying,
and it is necessary to enhance the switching capability of the
Xn ports between the base stations.

4.1.2 Authentication of Network Nodes
Authentication of network nodes is a key feature that distin-
guishes 5G SCCN from terrestrial 5G networks. In the commu-
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VTable 1. Catalogue of security protection technology

Network Layer Security Attributes

Categories of Security Technology

Sub-Categories of Security Technology

Network application layer Communication security

Data communication security User data communication security

Authenticity

Terminal access authentication

Identity authenticity
Authentication between network nodes

Availability

Network function layer

Anti-DDoS attack

Network availability
Anti-UE random access attack

Communication security

RAN slice isolation

Network resource sharing
Core network slice isolation

Data communication security Network function communication security

Network resource sharing Bearer network slice isolation

Communication security

Data communication security Bearer network communication security

Network transmission layer
Availability

Network availability Anti-DDoS attack

Authenticity

Identity authenticity Authentication between network nodes

Availability

Network availability Anti-wireless communication interference

Infrastructure layer
Authenticity

Identity authenticity Trusted boot of satellite nodes

DDoS: distributed denial of service  UE: user equipment  RAN: radio access network
nication of each layer of the 5G SCCN, whether the communi-
cation is between network functions (such as between NR and
5G core network elements) or between transmission nodes
(such as on-board routing and forwarding), the authentication
of the network node is required as a precondition to prevent at-
tackers from impersonating legitimate network functions to ac-
cess the 5G network, or impersonating legitimate transmission
nodes to establish routing adjacencies with legitimate satel-
lites, thereby stealing or tampering with user data and routing
information in the network.

There are two typical authentication methods. One is to use
SDN-like technology. The communication forwarding node
uniformly authenticates the management node, and the token
for network communication is obtained after the authentica-
tion is passed. Since there may be blind spots in communica-
tion, this method has higher requirements on the topology of
the management network. The other way is to carry out mutual
authentication between communication nodes. This way has a
relatively high technical maturity. For example, two-way au-
thentication between network function nodes can be per-
formed based on the IKE protocol, and the authentication
function in the dynamic routing protocol can be enabled to im-
plement identity authentication between routing and transmis-
sion nodes. However, in this way, the overhead brought to the
satellite node and the system complexity introduced by the dy-
namic switching of communication objects need to be consid-
ered.

4.1.3 Trusted Boot of Satellite Nodes

Satellite nodes run in the space orbit for a long time, mak-
ing upgrades and maintenance difficult. Software and hard-
ware vulnerabilities are difficult to update in time, and the
nodes are more vulnerable to attacks from unknown threats.
Therefore, the satellite nodes need stronger self-immunity. Sat-
ellite nodes need to be reinforced under the principle of the
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least privilege, such as shutting down unnecessary processes
and ports. Meanwhile, with trusted computing technology,
there forms a trusted chain of level-by-level verification to en-
sure the operation of satellite nodes through digital signature
and integrity verification technology. Based on trusted execu-
tion environment (TEE) storage device identity fingerprints,
combined with technologies such as authentication and remote
certification, the authenticity of the 5G SCCN communication
system can be further assured.

4.2 Data Communication Security

Due to the openness of the 5G SCCN, the confidentiality
and integrity protection of the transmitted data has become
particularly important. However, the cryptographic computing
used for data confidentiality and integrity protection requires
a large amount of computing power, which contradicts the low
processing capabilities of satellites. Therefore, the confidenti-
ality and integrity protection of the 5G SCCN needs to be con-
sidered systematically, especially to avoid enhancing the over-
head of satellite nodes greatly. This section discusses the com-
munication security protection technology of critical data such
as 5G signaling, IP routing, and user data in the 5G SCCN,
and proposes a framework solution that can effectively avoid
the impact on satellite computing resources caused by confi-
dentiality and integrity requirements.

4.2.1 Bearer Network Communication Security

On the ground network, if a section of the bearer network is
in an insecure or untrustworthy environment, it is usually rec-
ommended to protect its confidentiality and integrity. On the
satellite network, although the inter-satellite and satellite-to-
ground links use wireless communications, considering the
limited processing capabilities of the satellite nodes, we do
not recommend this kind of protection. Confidentiality and in-
tegrity protection in 5G SCCN communication requires refined
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design. For the data transmitted in the network, including 5G
signaling and user data, it is recommended that the network
function layer and application layer be resolved. This part will
be discussed in subsequent sections. The network transmis-
sion layer should focus on ensuring the confidentiality and in-
tegrity of the routing information exchanged in the network. If
each network node in the 5G SCCN has undergone strict au-
thentication, whether it is necessary to protect the confidential-
ity and integrity of routing information requires further re-
search. If considering the bit error rate of wireless transmis-
sion, cyclic redundancy check (CRC) may be more suitable for
satellite communications than MD5.

4.2.2 Network Function Communication Security

This section focuses on the security of signaling communi-
cations between 5G network functions, and the security of us-
er data communication carried by the 5G network is discussed
in the next section. In order to ensure the security of 5G air in-
terface communication and UE access signaling, 3GPP has
standardized the confidentiality and integrity protection of ra-
dio resource control (RRC) signaling between UE and NR,
and non-access stratum (NAS) signaling between UE and
5GC. In order to enhance the communication security of the
5G SCCN, it is recommended to enable transmission protec-
tion for RRC and NAS signaling. However, the opening of the
confidentiality and integrity of RRC signaling means that the
load on the on-board base station will increase significantly.

In view of the limited computing resources of satellites, con-
fidentiality and integrity computing on the satellite should be
avoided. As shown in Fig. 5, we recommend the Control and
User Plane Separation technology, to adopt the deployment
method of distributed unit-centralized unit (DU-CU) separa-
tion. Among them, the DU is deployed on the satellite, and the
CU is deployed on the ground. The phys-

function layer, and network application layer. In traditional
network protection, the idea of in-depth multi-level protection
is usually adopted, that is, each system and each protocol lay-
er is protected independently. When the internal system is
protected, the assumption that the external system has been
protected cannot be made. This may result in the network
transmission layer, network function layer, and network appli-
cation layer protecting the confidentiality and integrity of user
data on their own. However, in satellite communications, this
idea cannot be fully applied, instead, the principles of mini-
malism and optimality should be adopted.

To solve the contradiction between the security protection
of data communication and the weak processing capability of
satellite nodes, we can use the idea of “transmitting on-satel-
lite, processing off-satellite” and place the encryption, decryp-
tion and integrity check of high computing costs on the ground
node for processing. The satellite is mainly responsible for the
forwarding of encrypted user plane data to achieve a balance
between performance and security. The higher layer the en-
cryption is applied to, the closer to the end-to-end encryption
and the higher level of the security is achieved. Based on this
idea, we propose two security solutions to data communica-
tion, which are discussed below.

1) Solution 1: UE-DN’s end-to-end security

Users and providers of 5G SCCN usually belong to different
trust subjects, especially for some high security level services.
Network users do not fully trust the protection mechanism of
the network provider, and tend to provide end-to-end data en-
cryption by themselves. Performing user data confidentiality
and integrity protection between the UE and the Internet can
effectively prevent user data from being eavesdropped and
tampered with. At the same time, security functions such as

ical layer, media access control (MAC)

layer, and radio link control (RLC) layer

Confidcnlial‘ily‘and integrity protection of NAS signaling

with high real-time requirements are
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encryption, decryption, and integrity verification are per-
formed on the terminal and the ground network. The satellite
node does not participate in cryptographic computing but only
performs transparent forwarding, which

user data transmission protection and the weak processing ca-
pability of satellite nodes, so that the satellite nodes can avoid
heavy cryptographic computing. Solution 1 realizes end-to-end

greatly saves the computing power of
the satellite node.

However, end-to-end encryption also
introduces additional problems, such as
illegal interception, and the inability of

Regulator

Lawful interception

End-to-end confidentiality

the TP Multimedia Subsystem (IMS) net-
work to recognize voice over Long-Term
Evolution (VoLTE) or guarantee the
voice quality. The trusted third-party

S =

key management server (KMS) or the de-
ployment of encryption and decryption
agents in the core network can help
solve the problem of legal interception
of encrypted communications and the
problem of VoLTE voice recognition af-
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VTable 2. Comparison of on-board security solutions without user plane encryption

Solution Advantages Disadvantages
Solution 1 1) End-to-end encryption 1) The legal interception function is affected
Solution . . . . . . . Lo
2) The intermediate network cannot obtain data and the level of privacy and security are high 2) VoLTE service quality is affected
) 1) Segmented encryption easy for security supervision . X ) . . )
Solution 2 ) Seg 1 : YEmy It is possible for the network provider to obtain confidential user data

2) IMS service is not affected

IMS: IP multimedia subsystem VoLTE: voice over Long-Term Evolution
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encryption and integrity protection from terminal to service.
Although it achieves higher security and privacy, it has a cer-
tain impact on legal monitoring and VoLTE services. While
Solution 2 uses segmented encryption and decryption and in-
tegrity protection, posing requirements for network deploy-
ment.

The two solutions are not contradictory and can be used in
combination. For general services, Solution 2 is recommend-
ed; for high confidential services, Solutions 1 and 2 can be
activated simultaneously, so that critical data can be double
protected.

4.3 Network Availability

Availability attacks on existing networks will still exist in
5G SCCN, such as electromagnetic interference, DDoS attacks
and signaling storms. Considering the openness of the satellite
network environment, lower processing capacity, and high val-
ue of the services carried, the security situation is severer.

In addition to the impact of unconscious group behavior on
key resources, it is also necessary to combine the characteris-
tics of SG SCCN global coverage, focusing on the possibility of
satellites suffering from availability attacks over the sea or in
the air and enhancing the protection of signaling resources at
each protocol layer. At present, the industry’s protection mea-
sures for the availability of satellite networks are not yet sys-
tematic or effective, and research needs to be strengthened.

4.3.1 Anti-DDoS Attack

Although identity authentication can make the network re-
ject a large number of unauthorized communications, there are
still a certain number of protocol interactions without authenti-
cation, or authentication itself can also cause DDoS attacks.

DDoS attacks on the user plane can be effectively prevent-
ed by strengthening access authentication and single-ses-
sion traffic rate limit. DDoS attacks on the control plane can
use conventional security defense mechanisms, such as pro-
hibiting Internet control message protocol (ICMP) packets
and broadcast packets, adding access control list (ACL) fil-
tering, and adding black and white lists. At the same time,
there are still DDoS first-packet attacks on the control
plane. A single-packet authorization mechanism can be con-
sidered. Meanwhile, special modules and cryptographic
chips can be used on the user plane to reduce the consump-
tion of CPU resources.

Considering the limitations of satellite network resources
and complex defense strategies, new challenges have been
posed to satellite resources. We can consider lightweight
DDoS attack detection methods, such as self-organizing map
(SOM)™! and support vector machine (SVM)-SOM®" technolo-
gies, building an unsupervised artificial neural network
trained by traffic characteristics to detect DDoS attacks, or
combining LSTM deep learning models and SVM technolo-

28 - 29

gies™ *' to perform DDoS detection in spatial networks.
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4.3.2 Anti-UE Random Access Attacks

Random competitive access of 5G NR may cause a signal-
ing storm. For example, a base station malfunctions due to
mass activities or large-area calls caused by disasters, which
can usually be avoided by speed limiting. However, misuse of
random access resources or malicious competition access,
such as using a UE simulator to make a directional analog call
to a specific satellite, will also make the satellite fail to access
real and effective calls. Due to the asymmetry of space-ground
computing resources, the possibility of such problems erupt-
ing in insecure areas also exists.

In order to avoid the aforementioned UE random access at-
tack, the response message can be scrambled. For example,
the satellite base station response message can be scrambled,
so that the attacker cannot decode it correctly and no longer
sends the radio resource request message to avoid occupying

resources.

4.3.3 Anti-Wireless Communication Interference

In the sea and sky environment, frequency band suppres-
sion attacks may occur. Since the ground transmission power
can be several times that of the satellite, the attacker can
track and aim the communication satellite and launch strong
interference signals to the satellite, including blocking inter-
ference and noise interference, which greatly deteriorates the
signal-to-noise ratio of the wireless channel. Meanwhile, the
5G frequency band is public, and it is easier for attackers to
implement targeted frequency band suppression instead of full
frequency band suppression, which will further increase the ef-
fectiveness of the attack. Using spot beam and line beam an-
tenna technology to dynamically allocate wireless channels, in-
creasing frequency band guard bands, improving filtering ac-
curacy, and adopting frequency shift can cope with wireless

communication interference to a certain extent.

4.4 Network Resource Sharing

Satellite resources are costly and space is limited, so limit-
ed satellite resources must be shared among multiple services.
5G SCCN resource sharing can refer to 5G network slicing
technology. On the one hand, through the exploration of 5G in
the field of Industrial Internet, 5G end-to-end network slicing
technology has gradually matured, which provides a good foun-
dation for the feasibility of 5G SCCN resource sharing. On the
other hand, the existing 5G network slicing technology shares
too large a granularity of resources and is not suitable for di-
rect application on the 5G SCCN. 5G SCCN slicing requires
more refined network resource management technology. Mean-
while, the network slicing technology of 5G SCCN also needs
to be adaptively designed for other features such as the time-
varying topology of satellite communication and network het-
erogeneity.

The end-to-end security isolation mechanism for network
slicing includes RAN slice security isolation, bearer network
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slice security isolation, and core net-
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The core technology of RAN slice iso-
lation is the isolation of wireless spec-
trum resources, which divides the wireless spectrum into dif-
ferent resource blocks from the time domain, frequency do-
main, and space domain dimensions for air interface communi-
cation. This technology can still be applied in 5G SCCN. Ac-
cording to the requirements of different application scenarios,
the use of resource pool reservation and allocation can realize
the isolation of the wireless channel for the terminal to access
the satellite. Limited by satellite resources, 5G SCCN slicing
is likely to be service-oriented rather than industry-oriented.

4.4.2 Bearer Network Slice Isolation

The bearer network in the 5G SCCN includes the backhaul
network and the middle-haul network, which will cover both
the on-board link and the ground link. Currently, bearer net-
work isolation mechanisms include logical virtual local area
network (VLAN) isolation, and the Ethernet fragmentation
technology (such as FlexE) to achieve physical isolation at the
time slot level. Although FlexE has better security, the granu-
larity of 5 Gbit/s is obviously not suitable for applications on
satellite links.

Considering that the movement of satellites causes the net-
work topology to dynamically change, the corresponding net-
work slicing also needs to be dynamically adjusted. Although
the satellite behavior can be predicted based on the ephemeris
information, and the resources of the 5G SCCN bearer network
can be planned and deployed in advance, this is still a compli-
cated technical problem. In addition, issues such as the granu-
larity of scheduling between on-board bearer network slicing
and terrestrial bearer network slicing, protocol compatibility,
and resource docking are also to be studied.

4.4.3 Core Network Slice Isolation

The core network in 5G SCCN is located on the ground, so it
can inherit the existing 5G core network slicing technology.
This part is relatively mature. Physical isolation can be used to
allocate relatively independent physical resources to the slices
with higher security requirements. A logical isolation solution
can also be used to manage and orchestrate networks and net-
work functions with the help of the virtualization technology.
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AFigure 8. Schematic diagram of 5G satellite converged communication network (SCCN) slice isolation

5 Conclusions

The 5G network is expected to achieve wide-area coverage
and integrated space-ground communications by converging
with satellite networks. However, due to the characteristics of
openness, dynamics, and low power consumption of satellite
networks, 5G SCCN is faced with new security challenges.
Based on the network mode proposed by 3GPP TR38.811, this
paper conducts a comprehensive analysis from the three di-
mensions of network structure, network layering and security
attributes, and constructs the security architecture of the 5G
SCCN, so that readers can get an overall and specific under-
standing of the 5G SCCN from a security perspective.

By analyzing the security attributes of each layer and seg-
ment of the 5G SCCN, four key security technologies can be
summarized, namely, strict identity authentication, lightweight
data communication security, enhanced network availability,
and fine-grained resource sharing and isolation. Based on strict
identity authentication, building a relatively independent and
trustworthy communication system in an open environment is a
key feature that distinguishes the 5G SCCN from the traditional
5G network. Based on the principle of “forwarding on-satellite,
processing off-satellite” and NR’ s CU-DU separate deploy-
ment, a lightweight communication security assurance for 5G
SCCN can be provided. This is also a reference for the network
design that this paper put forward from a security perspective.
Based on new radio and signaling protection technologies, the
availability of 5G SCCN services over the sea and in the air is
enhanced; Based on the refined network resource management
technology, fine-grained resource sharing and isolation for 5G
SCCN applications is provided.

All in all, the 5G SCCN can inherit the existing security
mechanisms and technologies of 5G networks and IP bearer net-
works to a large extent. There is no need to start anew for its se-
curity or design a completely different set of security architec-
ture and protocol, but it should also be seen that the new net-
work after integrating is faced with huge challenges. It is neces-
sary to systematically design the network security architecture.
Meanwhile, it is also necessary to fully consider the network se-
curity requirements at the architecture design phase.
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Abstract: Traffic identification becomes more important, yet more challenging as related
encryption techniques are rapidly developing nowadays. Unlike recent deep learning
methods that apply image processing to solve such encrypted traffic problems, in this pa-
per, we propose a method named Payload Encoding Representation from Transformer
(PERT) to perform automatic traffic feature extraction using a state-of-the-art dynamic
word embedding technique. By implementing traffic classification experiments on a pub-
lic encrypted traffic data set and our captured Android HTTPS traffic, we prove the pro-
posed method can achieve an obvious better effectiveness than other compared baselines.
To the best of our knowledge, this is the first time the encrypted traffic classification with
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1 Introduction
raffic classification, a task to identify certain catego-
ries of network traffic, is crucial for Internet services
providers (ISP) to track the source of network traffic
and to further ensure their quality of service (QoS).
Also, traffic classification is widely applied in some specific
missions, like malware traffic identification and network at-
tack detection. However, this is a challenge since network
traffic nowadays is more likely to be hidden with several en-
cryption techniques, making detection hard with a traditional
approach.

Typically, there are the following widely applied traffic clas-
sification methods: 1) The port-based method, which simply
identifies traffic data using specific port numbers, is suscepti-
ble to the port number changing and port disguise. 2) Deep
packet inspection (DPI), a method which aims to locate pat-
terns and keywords from traffic packets, is not suitable for
identifying encrypted traffic because it heavily relies on unen-
crypted information. 3) The machine learning (ML) -based
method focuses on using manually designed traffic statistical
features to fit a machine learning model for categorization'". 4)
The deep learning (DL)-based method is an extension of the

ML-based approach where neural networks are applied for au-
tomatic traffic feature extraction.

Although encrypted traffic packets are hard to identify, an
encrypted traffic flow (a flow is a consecutive sequence of
packets with the same source IP, source port, destination IP,
destination port and protocol) is still analyzable because the
first few packets of a flow may contain visible information like
handshake details”™. In this way, the ML-based and DL-based
methods are considered ideal for encrypted traffic classifica-
tion since they both extract common features from the traffic
data. In fact, the ML-based and DL-based methods share the
same concept that traffic flows could be vectorized for super-
vised training according to their feature extraction strategy.

Rather than extracting hand-designed features from the traf-
fic as the ML-based method does, the DL-based method uses a
neural network to perform representation learning (RL) for the
traffic bytes which allow it to avoid complex feature engineer-
ing. It provides an end-to-end solution for encrypted traffic
classification where the direct relationship between raw traffic
data and its categories is learned. The classification effect of a
DL-based method is highly related to its capacity of represen-
tation learning.

© International Telecommunication Union, 2020. This paper was presented at Kaleidoscope 2020—Industry-Driven Digital Transformation and published in the proceedings of this con-

ference (https://www.itu.int/pub/T-PROC-KALEI-2020). The opinions expressed in this paper are those of the paper authors and do not necessarily reflect the views of the International
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In this paper, we propose a new DL-based solution named
Payload Encoding Representations from Transformers
(PERT) in which a dynamic word embedding technique
called the Bidirectional Encoder Representations from Trans-
formers (BERT)" is applied during the traffic representation
learning phrase. Our work is inspired from the great improve-
ments in the natural language processing (NLP) domain that
dynamic word embedding brings. We believe that computer
communication protocols and natural language have some
common characteristics. According to this point, we shall
prove that such a strong embedding technique can also be ap-
plied to encode traffic payload bytes and provide substantial
enhancement while addressing the encrypted traffic classifi-
cation task.

2 Related Work

We shall introduce some related traffic identification works
that involve the DL domain, and further categorize them into
two major groups.

1) For feature-engineering: Basically, these methods still
use hand-designed features but utilize the DL as a measure of
feature processing. For example, JAVAID et al. proposed an
approach using the deep belief network (DBN) to make a fea-
ture selection before the ML classification”. HOCHST et al.
introduced the auto-encoder network to perform dimension re-
duction for the manually extracted flow features”. REZAEI et
al. applied a similar pre-training strategy as we do'®. What is
different is that this work introduced neural networks to recon-
struct time series features. Its pre-training plays a role of re-
processing the hand-designed features. Ours instead, is to per-
form a representation learning for the raw traffic.

2) For representation learning: These works apply DL to
learn the encoding representation from raw traffic bytes with-
out manual feature-engineering. These works are also consid-
ered as end-to-end implements of traffic classification. WANG
et al. proposed this encrypted traffic classification framework
for the first time”’. They transformed payload data to grayscale
images and applied convolutional neural networks (CNN) to
perform image processing. Afterward, the emergence of a se-
ries of CNN-based works, such as Ref. [8], proved the validity
of such an end-to-end classification. LOPEZ-MARTIN et al.
further discussed a possible combination for traffic identifica-
tion where the CNN was still used for representation learning,
but a long short-term memory (LSTM) network was introduced
to learn the flow behaviors®. It inspired the hierarchical spa-
tial-temporal features-based (HAST) models which obtained a
state-of-the-art result in the intrusion detection domain.

Nevertheless, for end-to-end encrypted traffic classification
nowadays, CNN is still the mainstream whereas the NLP-relat-
ed network only works as an supplement to do jobs such as
capturing flow information. We can hardly find a full-NLP
scheme similar to ours, let alone one which applies current dy-
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namic word embedding techniques.

3 Model Architecture

3.1 Payload Tokenization

According to Ref. [2], the payload bytes of a packet are like-
ly to expose some visible information, especially for the first
few packets of a traffic flow. Thus, most DL-based methods
use this byte data to construct traffic images as the inputs of a
CNN model. This is because the byte data is ideal for generat-
ing pixel images as its value ranges from 0 to 255, which is
just fit for a grayscale image. Rather than applying such an im-
age processing strategy, we treat the payload bytes of a packet
as a language-like string for introducing NLP processing.

However, the range of byte value is rather small considering
the size of a common NLP vocabulary. To extend the vocab
size of traffic bytes, we introduce a tokenization which takes
pairs of bytes (with a value range of 0 to 65 535) as basic char-
acter units to generate bigram strings (Fig. 1). Afterward, the
NLP related encoding methods can be directly applied to the
tokenized traffic bytes. Thus, the encrypted traffic identifica-
tion is transformed to an NLP classification task.

3.2 Representation Learning

While performing representation learning in an NLP task,
the word embedding is widely utilized. Recently, a break-
through was made in this research area as the dynamic word
embedding technique overcame the drawback that the tradi-
tional word embedding methods such as the Word2Vec!"'" are
only capable of mapping words to unchangeable vectors. By
contrast, vectors trained by dynamic word embedding can be
adjusted according to its context inputs, making it more power-
ful to learn detailed contextual information. This is just what
we need for extracting complex contextual features from the

16]01|03
11122] aa Grleyscale
image
bb | 00| 00
Image transforming Image
(CNN-based) processing
Raw payload
1601031122aabb
Bigram tokenization NLP
(PERT) processing

Bigram string

[1601, 0103, 0311,
1122, 22aa, aabb]

CNN: convolutional neural network
NLP: natural language processing
PERT: Payload Encoding Representations from Transformers

A Figure 1. Comparison of raw payload processing between CNN-based
methods and PERT
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encrypted traffic data.

Current popular dynamic word embedding methods such as
BERT could be considered as a stack of a certain type of en-
coding layers. Each encoder takes the outputs of its former lay-
er as inputs and further learns a more abstract representation.
In another word, word embedding will be dynamically adjust-
ed while passing through its next encoding layer.

In our work, we take the tokenized payload string [w,,
W,, ..., w,] as our original inputs. The first group of word em-
bedding vectors [x,, x,, ..., x,] at the bottom of the network is
randomly initialized. After N times of dynamic encoding, we
obtain the final word embedding outputs [h",, h",, ..., "] that
imply extremely abstract contextual information of the original
payload.

The illustration of our representation learning is shown in Fig. 2.

Earlier dynamic word embedding called the Embeddings
from Language Models (Elmo)"” uses the bidirectional LSTM
as its encoder unit, which is not suitable for large-scale train-
ing since the LSTM has a bad support for parallel calcula-
tions. To solve this problem, the LSTM was replaced with a
self-attention encoder that was firstly applied in the transform-
er model, and this embedding model was named BERT.
This is what we also use for encoding the encrypted payload as
shown in Fig. 3. Taking our first embedding vectors [x,, x,, ...,
x,] as examples, there are several steps of the transformer en-
coding as follows.

1) Linear projections: Each embedding vector x; will be pro-
jected to three vectors using linear transformations:

Dynamic work embedding

R B B

1 i k

[ | |
{ Encoding layer N }

R, .

{ Encoding layer 2 J
k!, k', k',

{ Encoding layer 1 J

o]

{ [1601, 0103, 0311, 1122, 22aa, aabb, ...] }

Tokenized payload

Encoder from transformer

e S

3 :

I

Multi-head Multi-head Multi-head
attention attention attention
Masking Masking Masking
(optional) (optional) (optional)

ﬁ

ko] v

Linear

FNN: feedforward neural network

A Figure 2. Representation learning network for payload data using the
dynamic word embedding architecture
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A Figure 3. Detail of the encoding layer

K, = WXx,
Q; = Woxi
V.= W'x,. 1)

where WX, W¢ and W" are the three groups of linear parameters.

2) Self-attention and optional masking: The purpose of linear
projections is to generate the inputs for the self-attention mecha-
nism. Generally speaking, self-attention is to figure the compati-
bility between each input x, and all the other inputs x, - x, via a
similarity function, and further to calculate a weighted sum for
x, which implies its overall contextual information. In detail, our
self-attention is calculated as follows:

T
Qin

Ja,

_ k
att, = zj:] 7 X Vj. 2)

The similarity between x; and x; is figured by a scaled dot-
product operator, where d, is the dimension of K, and Z is the
normalization factor. It should be noticed that not every input
vector is needed for self-attention calculation. An optional
masking strategy that randomly ignores a few inputs while gen-
erating attention vectors is allowed to avoid the over-fitting.

3) Multi-head attention: In order to grant encoders the abili-
ty of reaching more contextual information, the transformer en-
coding applies a multi-head attention mechanism. Specifical-
ly, linear projections will be done for M times for each %, to
generate multiple attention vectors [att,,, att,,, ..., att,,|. Af-
terward, a concatenation operator is utilized to obtain the final
attention vector:
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att; = att,,Dait, , D Dait,, . 3)

4) Feed-forward network (FFN): A fully-connected network
is used to provide the output of current encoder. For x,, it is as
follows:

h;, = max(O,Wlatti + bl) + b, (4)

where W, b,, W, and b, are the full-connection parameters and
max(0, x) is a Rectified Linear Unit (ReL.U) activation function.

Finally, we get the dynamic embedding h; which is encoded
from x,. It can be further encoded by the next encoding layer
or be directly used in downward tasks. Similar to the naming
of BERT, we name our encoding network as the PERT consid-
ering the application of a transformer encoder.

3.3 Packet-Level Pre-Training

A key factor that makes BERT and its extensive models
continuously achieve state-of-the-art results among a wide
range of NLP tasks is their “pre-training + fine-tuning” strate-
gy. To the best of our knowledge, our work is the first to intro-
duce such a strategy to an end-to-end encrypted traffic classifi-
cation architecture. To perform pre-training is to initialize the
encoding network and to give it the ability of contextual infor-
mation extraction before it is applied to downward tasks. The
unsupervised language model (LM) is widely used for word em-
bedding pre-training"?. BERT,
masked LM which hides several words from the original string

specifically, proposes a
with a unique symbol ‘unk’, and uses the rest of the words to
predict those hidden ones.

To demonstrate the procedure of the masked LM, we give a

Cunk . funk

masked traffic bigram string as w = [w,, ...
w,| and a list msk = [i, i, ..., i, ] which indicates the position
of bigram units that are masked. After the encoding, for each
embedding vector h; that is encoded from the i-th position of
the original input, a full connection is followed:

"tanh (Wh, + b)

o.=W

i

+b, %)

where tanh is an activation function like the Relu. The size of
.l is the vocab size V1. It
stores all the likelihoods about what the corresponding traffic

the output vector o; = [Oi,l’ ey O
bigram is at the i-th position.

In the end, the masked LM uses partial outputs {o, iemsk} to
perform a large softmax classification with the class number of
vocab size. The objective is to maximize the predicted probabili-
ties of all the masked bigrams, which can be simply written as:

argmax‘,z:ffmkP(wiloi,0)7 (6)

where 6 represents the parameters of the entire network.
The LM is considered as a powerful initialization approach
for the encoding network using large-scale unlabeled data, yet
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it is very time-consuming. Even if we want to perform a flow-
level classification for encrypted traffic, we argue that the pre-
training should be packet-level considering the possible calcu-
lation costs. Particularly, we collect raw traffic packets from
the Internet despite their sources and extract their payload
bytes to generate an unsupervised data set. Then, the extract-
ed payload bytes are tokenized as bigram strings and are uti-
lized to perform a PERT pre-training. After the training con-
verges, we save the adjusted encoding network.

3.4 Flow-Level Classification

While implementing a certain task like classification, the
pre-trained encoding network will be totally reused and be fur-
ther adjusted to learn the real relationship between the inputs
and a specific task objective. This is the concept of “fine-tun-
ing”, where a network is trained based on a proper initializa-
tion to achieve a boosted effect in downward tasks.

Fig. 4 shows our encrypted traffic classification framework.
Below are the detailed descriptions:

1) Packets extraction: While classifying an encrypted traffic
flow, only the first M packets (3 for example in Fig. 4) need to
be used. The bigram tokenization is performed for payload
bytes in each packet to generate a list of tokenized payload
strings [str,, str,, ..., str,].

2) Encoding for packets: Before classification, the encoding
network of the classifier with the pre-trained counterpart is ini-
tialized. As the encoding network is packet-level, each to-
kenized string will be individually transported to the encoders.
According to Ref. [3], while carrying out a classification with
BERT, a unique token ‘cls’ should be added at the beginning
of the input as the classification mark. For the i-th packet, its
tokenized string will be modified as str,” = [cls, w,,, w,,, ...,
w,,]. After encoding, a series of embedding vectors [h", .
k... ..., K", ] is outputted, yet only the k", ;¢ will be picked as
the further classification input. We simply represent hNi,CLS as
emb,. In order to make use of all of the information extracted
from the first M packets, we apply a concatenation to merge
the encoded packets:

emb = emb D emb,D... Demb,,. ()

3) Final classification: In the end, a softmax classification
layer is used to learn the probability distribution of the input
flows among possible traffic classes. The objective of the flow-
level classification can be written as:

feRy,,
argmax, P (ylemb(f).0). ®)
where R, represents the flow-level training set. Given a flow

sample f, y, represents its true label (class) and emb(f) indicates
its concatenated embedding. P is the conditional probability
that the softmax layer provides. In a manner of speaking, the ob-
jective is to maximize the probability that each encoded flow
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Pre-training network Classification network

traffic data set, to make our classification
evaluations more persuasive. However, this

Masked language ’ Softmax classifier

‘ data set only marks where its encrypted traf-

model A

fic data is captured from and whether the

’ Embedding concatenation

‘ capturing is through a VPN session or not,

A

which means a further labeling should be

Embedding* performed. The ISCX data set is utilized in
’ Embedding, ‘ ’ Embedding, ‘ ’ Embedding, .
. several works yet the results are rather differ-
I ent even when the same model is ap-
s N s N

Encoding network Encoding network

Encoder N Encoder N

plied” ¥, This is mainly due to how the raw
data is processed and labeled. Because
WANG et al.” have provided their pre-pro-
cessing and labeling procedures in their
github®, we follow this open source project to
process the raw ISCX data set and label it
with 12 classes.

3) Android application data set: We find

Initialize
. J . J
—

the ISCX data set is not entirely encrypted

Payload string*

’ Payload string, ‘ ’ Payload string,

’ Payload string,

as it also contains data of some unencrypted

I
]

protocols like Domain Name System (DNS).

|

Packet*

[ Flow* ’ Packet, H Packet, ‘ ’ Packet,

To make a better evaluation, in this work, we
manually capture traffic samples from 100

Unlabeled training set

(packet-level)

(flow-level)

Classification training set

Android applications via the Android devic-
es and network sniffer tool-kit. All the cap-

A Figure 4. Flow-level encrypted traffic classification initialized with a packet-level pre-training

sample is predicted as its corresponding category. The flow-lev-
el information is involved in the final softmax classifier, and
thus will be used to fine-tune the packet-level encoding net-
work during the back propagation. The main point of such a
fine-tuning strategy is to separate the learning of the packets re-
lationship from the time-consuming pre-training procedures.

4 Experiments
4.1 Experiment Settings

4.1.1 Data Sets

1) Unlabeled traffic data set: The data set is utilized for the
pre-training of our PERT encoding network. To generate this
data set, we capture a large amount of raw traffic data from dif-
ferent sources using different devices through a network sniff-
er. Typically, there is no special requirement for the unlabeled
traffic data except you should make sure your collected sam-
ples can cover the mainstream protocols, as many as possible.

2) Information Security Centre of Excellence (ISCX) data
set: We chose ISCX2016 VPN-nonVPN', a popular encrypted

1 https://www.unb.ca/cic/datasets/vpn.htm
2 https://github.com/echowei/DeepTraffic
3 https://huggingface.co/transformers/

4 https://pytorch.org
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tured data belong to the top activated appli-
cations of the Chinese Android app markets.
Afterward, we exclusively pick the HTTPS

flows to ensure only the encrypted data remain.

4.1.2 Parameters

1) Pre-training: First of all, to perform the packet-level
PERT pre-training for our unlabeled traffic data, we introduce
public Python library transfomers® which provide implements
of the original BERT model and several recently published
modified models. In practice, we chose the optimized BERT
implement named A Lite BERT (ALBERT)", which is more
efficient and less resource-consuming. However, even to be
properly optimized, current BERT pre-training is very costly
when we use 4 Nvidia Tesla P100 GPU cards.

Table 1 shows the settings of our pre-training and the corre-
sponding description of each parameter. Such settings refer to
what common NLP works with BERT encoding use. After suffi-
cient training, the encoding network is saved as a Pytorch* for-
mat which can be reused in our classification networks. Also,

VTable 1. Pre-training parameter settings

Parameter Value Description
hidden_size 768  Vector size of the encoding outputs (embedding vectors)
num_hidden_layers 12 Number of encoders used in the encoding network
. Number of attention heads used in the multi-head at-
num_attention_heads 12 . .
tention mechanism
intermediate_size 3072 Size of the hidden vectors in FNN networks
input_length 128 Amount of tokenized bigrams used in a single packet
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all of our other networks are implemented using the Pytorch.

2) Classification: The encoding network used at the classifi-
cation stage strictly shares the same structure with the pre-
trained one. Other settings of the classification layers are
shown in Table 2. As fine-tuning the encoding network in a
classification task is relatively inexpensive, a single GPU
card will be just enough.

4.1.3 Baselines

Below are the baseline classification methods we use for
comparison:

1) ML-based: We refer to Ref. [16] to implement our ML-
based method using the decision tree classifier (named ML-1).
However, it only contains basic flow-statistical features that
we consider as not the most optimized ML-based method.
Thus, based on ML-1, we further add some time series fea-
tures as the source ports, destination ports, directions, packet
lengths and arrival time intervals of the first 10 packets in a
flow to generate the ML-2 model.

2) CNN: The two types of CNN models are the 1D-CNN and
the 2D-CNN, provided by Ref. [7]. They both use the first 784
bytes of a traffic flow to perform the classification.

3) HAST: The two HAST models proposed by Ref. [10] are the
state-of-art end-to-end methods for intrusion detection. HAST-I
uses the first 784 bytes of a flow for direct representation learn-
ing. HAST-II, however, only performs packet-level encoding. It
further introduces an LSTM to merge the encoded packets.

During the evaluation, we randomly chose 90% of samples
from the data set as the training set, and the remaining 10%
for validation. Then, three widely used classification metrics
are applied:

TP
TP + FP’
TP
TP + FN’
2x P xR
P+R 9)

Precision(P) =
Recall(R) =

F1 - score(F1) =

Take a class y, as an example, the TP, is the number of sam-
ples correctly classified as y,, FP, is the number of samples
mistakenly classified as y,, F'N, is the number of samples mis-
takenly classified as nor-y,. As for the overall evaluation for all
classes, we use the average values of those metrics.

4.2 Overall Analysis
1) Results on ISCX Data Set

VTable 2. Classification parameter settings

Parameter Value Description
alternative
packet_num (Sdb;r(?:f:i[) The number of the first packets in a selected flow
softmax_hidden 768 Size of the hidden vectors in the softmax layer
dropout 0.5 The dropout rate of the softmax layer

HE Hongye, YANG Zhiguo, CHEN Xiangning

This group of experiments are used to discuss the classifica-
tion based on the consistent data settings of Ref. [7]. As we
can see in Table 3, our flow-level PERT classification
achieves the best classification results where the precision
reaches 93.27% and the recall reaches 93.22%. It proves
PERT is a power representation learning method for encrypted
traffic classification.

As for other models, using the same manner of data prepro-
cessing, the CNN classification results are pretty close to what
is provided by Ref. [7]. The CNN methods obviously obtain
higher precision and recall than the ML-1 that is implemented
based on Ref. [15]. However, the ML-1 can still be improved.
When the time series features are added, the precision of the
ML-2 classification can exceed 89% which is much better
than what the basic CNN methods get. In other words, the ba-
sic CNN methods actually have no absolute advantage while
classifying the ISCX data set.

HAST-I achieves better results than typical CNN models
yet HAST-II with an LSTM works relatively worse. In fact, we
think using the first few bytes of a flow to perform a direct
deep learning (like HAST-I and CNN-1D) is considered better
than merging the packet-level encoded vectors, since the rep-
resentation learning can directly capture flow-level informa-
tion. However, the encoding costs on a long string are not af-
fordable for complex dynamic word embedding. At the current
stage, the “packet-level encoding + flow-level merging” is the
best option for our PERT classification.

2) Results on Android Data Set

These experiments are based on full HTTPS traffic to evalu-
ate the actual encrypted traffic classification ability of each
method. As all the data here are HTTPS flows, in comparison
with the ISCX data set whose data cover several traffic proto-
cols, it is harder to distinctly locate different flow behaviors
among the chosen applications. Consequently, the ML-based
methods that strongly rely on flow statistics features work ex-
tremely weakly. Even when enhanced by time series features,
the ML-2 still obtains a worse result than basic DL methods.
As for the original ML-1, we find it is entirely not capable of
addressing this 100-class HTTPS classification that we ignore

VTable 3. Classification results (ISCX data set)

Model Precision Recall F1
ML-1""! 0.819 4 0.813 6 0.816 4
ML-2 0.890 1 0.889 6 0.889 8
CNN-1D"! 0.861 6 0.860 5 0.861 0
CNN-2D" 0.842 5 0.8420 0.8422
HAST-1"" 0.8757 0.8729 0.8742
HAST-11"" 0.850 2 0.8427 0.840 9
PERT 0.9327 0.9322 0.9323

CNN: convolutional neural network

HAST: hierarchical spatial-temporal features-based model
ISCX: Information Security Centre of Excellence

ML: machine learning

PERT: Payload Encoding Representation from Transformer

ZTE COMMUNICATIONS | 95
December 2021 Vol. 19 No. 4



Research Paper

Payload Encoding Representation from Transformer for Encrypted Traffic Classification

HE Hongye, YANG Zhiguo, CHEN Xiangning

its result in Table 4.

The results on the Android data set demonstrate that the
DL-based methods are more suitable for processing full en-
crypted traffic data. More importantly, PERT again shows its
superiority as it introduces a more powerful representation
learning strategy. Its F1-score on the 100-class encrypted traf-
fic classification exceeds 90% whereas the HAST can only
achieve a result of 81.67%.

4.3 Discussion: Selection of the Packet Number

In a flow-level classification model, the increase in the use
of packets will cause significant costs. This is particularly true
when the representation learning is applied to traffic packets.

We perform PERT classification multiple times on the two
data sets with different settings of the “packet_num” and the
results are shown in Fig. 5. As we can see, at the beginning,
the classification result on each data set is greatly improved
with more packets used. However such increase is slight after
the continuous adding of packets. For example, the F1-score
is shown to reach 91.35% while classifying the Android data
set with 20 packets. However, this result is merely boosted by
1.28% in comparison with using five packets, so it is not rec-
ommended considering the costs of PERT encoding for so
many packets and such minor further improvements.

We point out that using 5 = 10 packets for our PERT classi-
fication will be sufficient. Similar conclusions can be also
found in other flow-level classification research works such as

Refs. [9] and [10].

4.4 Discussion: Merging of Encoded Packets

A major difference between our PERT classification and the
most flow-level DL-based methods such as HAST-II is how the
encoded packets are merged. HAST-II constructs a 2-layer
LSTM after encoding the packet data whereas we simply apply
a concatenation. To make a comparison between these two ap-
proaches, we modify our PERT model and the HAST-II model.

Firstly, we refer to HAST-II and construct the PERT_Istm
model by using a 2-layer LSTM to follow our PERT encoded
packets. Then, we remove the LSTM layer from HAST-II and
further generate the HAST _con by concatenating the HAST

VTable 4. Classification results (Android data set)

Model Precision Recall F1

ML-1" / / /
ML-2 0.735 1 0.733 5 0.732 1
CNN-1D" 0.770 9 0.768 3 0.766 8
CNN-2D"! 0.768 4 0.765 9 0.764 3
HAST-11"! 0.820 1 0.8185 0.8167
HAST-I1"" 0.792 4 0.7813 0.782 6
PERT 0.904 2 0.900 3 0.900 7

CNN: convolutional neural network

HAST: hierarchical spatial-temporal features-based model
ML: machine learning

PERT: Payload Encoding Representation from Transformer
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A Figure 5. Selection of the packet number for PERT classification

encoded packets to fit an ordinary softmax classifier, just as
our original PERT model does. For all the compared methods,
we consistently select 5 packets for classification based on our
former discussion.

We perform validation every training epoch for each classi-
fication experiment and record corresponding F1-scores for
evaluation. As illustrated in Fig. 6, we cannot actually tell
which merging approach is better for classification accuracy.
Whether using the concatenation or the LSTM approach for
merging, it does not have a major influence on the final classi-
fication results.

However, using different merging approaches will have an
obvious impact on the converging speed of the classification
training. In Fig. 6, it always takes less training rounds before
the model converges while introducing the concatenation
merging. We believe the LSTM is not a satisfactory option for
merging the encoded packets as applying a simple concatena-
tion can reach a very close classification result, yet it is much
faster.

S Conclusions

After a thorough analysis of the possibility of applying the
full-NLP scheme for encrypted traffic classification, we point
out that the byte data of raw traffic packets can be transformed
to character strings by proper tokenization. Based on this, we
propose a new method named PERT to encode the encrypted
traffic data and to serve as an automatic traffic feature extrac-
tor. In addition, we discuss the pre-training strategy of dynam-
ic word embedding in a condition of the flow-level encrypted
traffic classification. In accordance with a series of experi-
ments on the public ISCX data set and Android HTTPS traffic,
our proposed classification framework can provide significant-
ly better results than current DL-based methods and tradition-
al ML-based methods.
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Al-Based Optimization of Handover Strategy in Non-

Terrestrial Networks

Abstract: Complicated radio resource management, e.g., handover condition, will trouble
the user in non-terrestrial networks due to the impact of high mobility and hierarchical
layouts which co-exist with terrestrial networks or various platforms at different altitudes.
It is necessary to optimize the handover strategy to reduce the signaling overhead and im-
prove the service continuity. In this paper, a new handover strategy is proposed based on
the convolutional neural network. Firstly, the handover process is modeled as a directed
graph. Suppose a user knows its future signal strength, then he/she can search for the best
handover strategy based on the graph. Secondly, a convolutional neural network is used to
extract the underlying regularity of the best handover strategies of different users, based
on which any user can make near-optimal handover decisions according to its historical
signal strength. Numerical simulation shows that the proposed handover strategy can effi-
ciently reduce the handover number while ensuring the signal strength.
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1 Introduction
he non-terrestrial network (NTN) has been regarded as
a supplement to the 5G terrestrial mobile network
since it provid global coverage and service continu-
1. Compared with terrestrial networks, the hando-
ver in NTN is more frequent and complex. In this paper, a

ity!

handover optimization method is proposed and applied to a
typical NTN scenario, i. e., a low earth orbit (LEO) satellite
network. A LEO is an orbit around the earth with an altitude
between 500 km and 2 000 km'", Compared with geostation-
ary earth orbit satellites, the LEO satellites have much lower
path-loss and propagation delay. Therefore, the third genera-
tion partnership project (3GPP) NTN study item has regarded
the LEO satellites as the key to providing global broadband In-
ternet access. Suppose the orbit is circular, the satellite will
move around the earth at a constant velocity which is inverse-
ly proportional to the square root of the orbit altitude. Be-

© International Telecommunication Union, 2020.

cause of the low altitude, the LEO satellites have a high speed
with respect to the earth, and terrestrial user equipment (UE)
needs to frequently switch to new beams to keep connectivity.
In order to ensure the quality of the Internet service, the opti-
mization for NTN handover strategy needs to be carefully in-
vestigated.

Previous studies generally make handover decisions based
on one or more predefined criteria. The most commonly used
criteria include the elevation angle®™, remaining service time'’
and the number of free channels'®, which correspond to the
signal strength, handover number and satellite burden, respec-
tively. But these methods cannot get an overall optimization.
In Ref. [5], an overall optimization method is proposed by
modeling the handover process by a directed graph. Each sat-
ellite is denoted by a node, then the best handover strategy is
obtained by searching the shortest path. However, in Ref. [5]
each satellite node is invariable during the handover process.

This paper was presented at Kaleidoscope 2020 - Industry-Driven Digital Transformation and published in the proceedings of this conference (https://www.itu.int/pub/T-PROC-KALEI-

2020). The opinions expressed in this paper are those of the paper authors and do not necessarily reflect the views of the International Telecommunication Union or of its membership.
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UE needs to perform handover as soon as entering the cover-
age of another beam and cannot choose an appropriate time.
Besides, the UE needs to predict its coverage condition in a fu-
ture time to construct the graph, which may bring unexpected
error and is beyond the capability of standard 5G UE.

In recent years, some artificial intelligence (Al) tech-
niques have been applied to search for overall optimization
on handover. The most often used technique is Q-learn-
ing® *. which is typical model-free reinforcement learning
(RL). In Q-learning, some properties of UE are defined as its
state, and the handover operation is defined as its action. Nu-
merical simulation is used to iteratively train the Q-table (the
reward of each action for each state) until its convergence.
Then the UE can decide whether to perform handover accord-
ing to its state. Furthermore, the Q-table can be replaced by
a neural network for an infinite number of states. In Ref. [8],
the handover in a LEO scenario is optimized by Q-learning.
The state of UE is composed by its position, accessible satel-
lites and whether handover is processed in this time slot. In
each time slot, the UE is required to know its state and will
choose a satellite for handover, which is a really strong re-
quirement for ordinary UE. Besides RL, a recursive neural
network (RNN) can also be used for handover optimization.
Refs. [9] and [10] apply RNN for handover optimization in
terrestrial millimeter wave mobile systems and vehicular net-
works, respectively. However, in a LEO scenario, the beam
switch is fast, and the signal series of one beam may be too
short for the RNN to make decisions.

In practical terms, a handover strategy with a low require-
ment for UE capability is desired to reduce the handover num-
ber while ensuring the reference signal received power (RSRP).
In this paper, a convolutional neural network (CNN) based han-
dover strategy optimization is proposed. Firstly, an amount of
UE is randomly generated within the coverage of a satellite. The
RSRP series of UE is generated based on the channel model in
Ref. [1] and the simulation assumption in Ref. [11]. Secondly,
the graph-based method in Ref. [5] is improved by setting each
satellite in different time slots as different nodes. The improved
method is used to find the best handover strategies for each
piece of UE. Thirdly, the internal relation between the histori-
cal RSRP series and the best handover decision is extracted by
a customized CNN. Since standard 5G UE needs to periodically
measure the RSRP of the serving cell and adjacent cells, the
UE can perform a sub-optimal handover strategy based on the
historical measurements. The main contributions of this paper
are summarized as follows.

* This paper proposes a novel directed graph model for the
handover process. In this model, each beam in different time
slots is viewed as different nodes, and the weight of an edge is
determined by the RSRP and the beam identities of the two
corresponding nodes. Suppose the beam coverage and the
RSRP of UE are predictable, the best handover strategy for
the UE can be found based on the model.

* A CNN is constructed based on the classical LeNet-5"
for handover optimization. The results of the directed graph
model are used to train the parameters of the CNN. Using the
trained CNN, any UE in the LEO network can perform subop-
timal handover based on its historical RSRP.

The rest of this paper is organized as follows. Section 2 de-
scribes the LEO network model and the motivation of hando-
ver optimization. In Section 3, a novel directed graph-based
model is proposed for the handover process. A CNN structure
is constructed and the results of the directed graph model are
used to train the CNN. The effectiveness of the CNN is numer-
ically evaluated in Section 4. Finally, Section 5 concludes this

paper.

2 Background

2.1 System Model

A typical LEO satellite network consists of several circular
orbits, and each orbit contains several evenly spaced satel-
lites. This paper considers the scenario in Fig. 1 where each
hexagon denotes the coverage of a satellite. Referred to the as-
sumptions!"' " used in 3GPP NTN study item, each satellite
is assumed to have 37 beams that form the hexagon coverage.
The UE is assumed to locate within a hexagon in the initial
time, and the satellites in the three adjacent orbits are consid-
ered to evaluate the RSRPs on the UE. During the flight of the
satellites, a piece of UE needs to periodically measure the
RSRPs of different beams and make handover decisions.

The beam layout in Fig. 1 decides the center of the 37
beams'"”. Suppose the satellite is above a plane, then the di-
ameter of the nadir beam on the plane can be computed based
on the 3 dB angle. It is easy to compute the other 36 beam cen-
ters on the plane according to Fig. 1. Then the bore-sight di-
rections of the 37 beams can be determined. The angles be-
tween co-orbital satellites and adjacent orbits are also calcu-

Satellite
move

Nadir beam

UE: user equipment

A Figure 1. Illustration of system model
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lated to fulfill the coverage shown in Fig. 1.

2.2 Motivation

In 3GPP simulation assumption Set-1
altitude of 600 km has a beam diameter of 50 km and a veloci-
ty of 7.56 km/s. Therefore, a piece of UE can only connect to

" a satellite with an

one beam in 6.6 s at most. Because of the noise and the over-
lapping of different beams, the handover will happen more of-
ten. In addition, because of the long propagation time, each
handover procedure needs a longer time and will consume
more time-frequency resources. Therefore in a LEO network,
the handover has a time lag and causes a large signaling over-
head. To reduce the overhead and improve service continuity,
the handover strategy needs to be optimized for the following
targets.

¢ Predict the handover decision to compensate the time lag.

* Reduce the handover caused by noises, including shadow
fading, multipath fading, and white Gaussian noise.

* Identify and suppress the handover in this situation. As
shown in Fig. 2, a piece of UE near the beam edge may have a
short serving time for some beams.

In this paper, an overall handover optimization is obtained
in the directed graph model for each piece of UE. The com-
mon features of the optimized strategies for different UE are
extracted using CNN to fulfill the targets without strong re-
quirements for UE capability.

3 Handover Strategy Optimization Based on
CNN

In a LEO satellite network, the satellites fly along predeter-
mined circular orbits, so the change of the RSRP has strong
regularity. The regularity can be used to improve the handover
decision. Specifically, in each time slot, the previous NRSRP
values of UE form a series, and some kinds of RSRP series im-
ply that the UE should start handover. In this section, those
kinds of RSRP series are found in two steps. First, the RSRP

UE near beam edge

UE: user equipment

of each UE during a long period is measured and recorded. A
directed graph model is proposed to search for the best hando-
ver decision in every time slot. Then the handover decision is
regarded as the label for the previous N RSRP values of that
time slot to be trained by the CNN. The proposed CNN can ef-
ficiently extract the common regularity of handover decisions
for different UE.

3.1 A Novel Directed Graph Based Model

The directed graph based model in Ref. [5] is designed to
search the optimal handover strategy. However, the UE needs
to start handover as soon as entering the coverage of the next
satellite, which means it cannot choose a more appropriate
handover time. This section proposes an improved directed
graph based model to solve the problem.

3.1.1 Referenced Model in Ref. [5]

In Ref. [5], every satellite is modeled as a node. If the begin-
ning or end of the coverage of one satellite is between another
satellite’ s coverage period, then there exists a directed edge be-
tween the two satellites, which means that a piece of UE can
perform a handover between the two satellites. The weight of
the edge is determined by the chosen criteria in the two satel-
lites. For example, suppose only the criterion “handover num-
ber” is considered, then the weight of every edge should be set
to 1. If other criteria such as “number of free channel” and “el-
evation angle” are considered, the weight can be set according
to the two criteria of the target satellite. The Dijkstra’s shortest
path algorithm can be used to search the path with the smallest
or largest weight. By choosing appropriate criteria, the resulting
path becomes the overall optimal handover strategy.

An example of satellite coverage time and the corresponding
directed graph in the referenced model are shown in Fig. 3.
Node 0 denotes the initial time and other nodes denote four sat-
ellites. In this model, the node and the edge weight are invari-
able during the handover process. The weights of the edges
cannot reflect the change process of the elevation angles or
other criteria of the satellites. The UE can only assume that
the handover happens as soon as it enters the coverage of an-
other satellite.

3.1.2 Proposed Model
By considering the variation of satellites during the hando-
ver process, a novel model can be constructed to generate

()
(OO0

Satellite 4
Satellite 2 &—@
o ——o

Satellite 1 Satellite 3
*—e

AFigure 2. An example of UE near beam edge
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more reasonable optimization for handover. The basic idea is
to regard a beam in different time slots as different nodes. As
shown in Fig. 4, we assume that in each time slot the serving
beam of UE is one of the K strongest beams. The beam,, de-
notes the K-th strongest beam in the T-th time slot. Every two
nodes in adjacent time slots are connected by an edge, which
means that the handover between them is possible.

Similar to Ref. [5], the weights of the edges can be set ac-
cording to different criteria for overall optimization. For the
sake of simplicity, this paper only considers the RSRP
strength and handover number. Then the weight of the edge
from beam,,,, to beam,,, can be defined as

w XRSRP,,, —w,xhandoverFlag, (1)

where RSRP,,,, denote the RSRP value of beam,,,,,and han-
doverFlag = 1 if beam,,, and beam,,,, are two different beams.
When the signal-to-noise ratio is small, the channel capacity
is proportional to the signal strength.

Therefore w,XRSRP,,,, in Eq. (1) denotes the benefit of con-
necting beam, ., in T -th time slot, where w,is a predeter-
mined parameter. Similarly, the parameter w, is chosen accord-
ing to the degree of the negative impact of one handover. By
using the Dijkstra’ s shortest path algorithm, we can find the
longest path from the first time slot to the last time slot, which
is actually the optimal handover strategy for this UE.

3.2 CNN Based Optimization for Handover

RSRP is defined as the linear average over the power of the
resource elements that carry some predefined reference sig-
nals. Assume UE can predict the RSRP of different beams for
a long period, then the method in Section 3.1.2 can be used to
find the optimal handover strategy. However, in most cases,
UE only knows its historical RSRP. Standard 5G UE needs to
measure the RSRPs of detectable cells and handover to the
strongest cell if its RSRP minus a predetermined threshold is
larger than the serving RSRP. In this way, the information hid-

=
3
@

)
)
0

Beam,

AFigure 4. Directed graph in the proposed model

den in the historical RSRP is ignored. Actually, at least in the
LEO scenario, the historical RSRP can help UE to make sub-
optimal handover decisions. The series of historical RSRPs of
the strongest K beams in each time slot forms a two-dimension-
al matrix. A customized CNN is used to optimize the handover
decision based on the matrix in this section.

CNN is an effective tool to elicit information from two-di-
mensional data. It has been widely used to extract features
from images. A classical CNN consists of one or more convolu-
tional layers, pooling layers, and fully-connected layers. The
features of the input data are extracted layer by layer, and are
summarized in the last fully-connected layer to generate the fi-
nal output. Compared with the fully-connected layer, the con-
volutional layer takes advantage of the strong local spatial cor-
relation in natural images and only has a few parameters to be
trained. It is worth mentioning that the matrix of RSRP also
has the “local spatial correlation”, i.e., the cooperation of the
RSRP values in adjacent time slots and the RSRP values of
the nearest 3 or 4 beams are more likely to contain informa-
tion for handover decisions. Therefore it is suitable to apply
CNN to the problem of handover.

Intuitively, the RSRP series in the LEO network has strong
regularity, so a relatively simple neural network structure
should be chosen to reduce the training time and prevent over-
fitting. The LeNet-5"" is firstly designed for character recogni-
tion and is a relatively simple modern CNN structure. The de-
fault input of LeNet-5 is a matrix of the size of 32X32. Howev-
er, in the LEO network model presented in Section 2.1, the
number of detectable beams for one piece of UE is generally
smaller than 32. Therefore the size of the input data needs to
be reduced. Actually, in the simulation, the number of consid-
ered beams in each time slot is set to be 10. The length of a
time slot is set to be 0.5 sand the RSRP values in the previous
10-time slots are used to form the input. Then the input of the
CNN is a matrix of the size of 10x10. In LeNet-5, two convolu-
tional layers are used. The two convolution kernels both have
the size of 5X5. Besides, two pooling layers are used to reduce
the number of trained parameters. Because of the reduced in-
put size, some layers in LeNet-5 need to be customized. First,
one convolution kernel is reduced to the size of 3X3. Then the
pooling layers are deleted since the number of parameters is
not large. The structure of the resulting CNN is presented in
Fig. 5. The output of size 10corresponds to the 10 kinds of
handover decisions, i. e., one of the 10strongest beams is
which the UE will connect in the next time slot.

The data preprocessing and the training procedure consist
of four steps as follows.

1) For every piece of UE, generate the RSRP values of differ-
ent satellites in every time slot. If one satellite is invisible or its
signal is too weak to detect, the RSRP values are regarded as 0.

2) Compute the best handover strategy for every UE based
on the proposed directed graph-based method in Section 3.1.2.

3) For every UE in every time slot, the previous 10 RSRP
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time slot is set to be 0.5 s, and about 140-
Outputs time slots are considered in the whole simu-
10 lation. The optimal handover strategy for
each UE is generated by using the directed
graph-based model in Section 3.1.2.

In the graph-based model, the two param-
eters w,and w, form a trade-off between
RSRP strength and handover number and
need to be predetermined. In this section,
w, is fixed and different w, is evaluated to
show the change of handover number and

Fully
connected

A Figure 5. CNN structure for handover optimization

values of the 10 strongest beams are used to form 10X10 input
data. The best handover decision generated in the previous
step is regarded as the corresponding label.

4) The input data and the corresponding labels from differ-
ent UE are used to train the CNN in Fig. 5. After some ep-
ochs, the testing accuracy will converge.

The trained CNN can be used to make suboptimal handover
decisions for new UE. In each time slot, the UE extracts the
historical RSRP values of the 10 strongest beams as the input
of the trained CNN. The output contains 10 values and the in-
dex of the largest value is regarded as the serving beam in the
next time slot. It is worth noting that the handover decision is
actually a prediction for the next time slot, so the time lag in
the handover procedure can be compensated.

4 Simulation

The proposed methods are numerically evaluated in this
section. The simulation parameters are mainly referred to as
the parameter Set-1 in Ref. [11]. Some important parameters
are shown in Table 1.

As described in Section 2.1, the LEO network in simulation
consists of three orbits. Each satellite has 37 beams which
form a hexagon. Some points are randomly generated within
one hexagon in the UV plane. The projection of the points on
the earth is calculated as the positions of the UE.

4.1 Optimal Handover Strategy Based on Directed
Graph Model
With the constructed LEO network, the RSRP values for

each UE are calculated in each time slot. The length of a one-

VTable 1. Simulation parameters

Parameter Value
Orbit altitude 600 km
Simulation scenario Rural
Carrier frequency 2 GHz

Antenna type Bessel antenna
Antenna aperture 2m

EIRP 34 dBW/MHz

average RSRP strength. Because of the
large path loss, the received power of the
strongest beam in one resource element is near 107" W. There-
fore, the w,in Eq. (1)is set to be 10", which means that the
benefit of accessing the strongest beam in one-time slot is
around 1. Meanwhile, the value of w,is set to be 0, 0.5, 1, 2,
and 5. When w, =0, the UE will always connect to the stron-
gest beam. As shown in Figs. 6 and 7, with the increase of w,,
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the handover number and average RSRP will both decrease.

4.2 Performance of CNN in Handover Optimization

Three methods for handover optimization are compared in
this section. The first method assumes the UE can predict its
RSRP and make handover decisions based on the directed
graph model. The second method means that the UE uses the
trained CNN to make handover decisions. The CNN is trained
by the results of the directed graph model with w, =1. In the
third method, the UE is always served by the strongest beam.

Compared with the “strongest beam” method, the CNN can
largely reduce the number of handovers without a requirement
for UE capability. Figs. 8 and 9 show that the handover num-
ber of more than 70% of the UE is reduced by more than 1/4,
while the average RSRP is only reduced by 3%.

— Directed graph model
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A Figure 8. Cumulative distribution function of handover number for
different handover optimization methods
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AFigure 9. Average RSRP during simulation for different handover op-
timization methods

5 Conclusions

This paper proposes a CNN-based handover optimization
method for the LEO satellite network. The CNN structure is
customized based on LeNet-5 and is used to extract the hid-
den information in the historical RSRP. In order to produce
the training data for CNN, a novel directed graph-based model
is proposed to find the optimal handover strategy when the UE
knows its future RSRP. After the training, the CNN can be
used to find a suboptimal handover decision based on its his-
torical RSRP. In the simulation, the CNN is verified to be ef-
fective in handover optimization. The number of handovers is
significantly reduced while the average RSRP is only reduced
by 3%.

The optimization of handover in satellite communication is
relatively simple because of the strong regulation of the move-
ment of satellites. But the deep learning-based method can al-
so be used in more complex scenarios. In order to extract the
hidden regulation, a more advanced neural network structure
may be needed, such as the attention-based neural network.
The deep Q-learning is also worth investigating for a dynami-
cally changing environment.
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Abstract: The further integration of telecommunications and industry has been consider-
able and is expected to bring significant benefits to society and economics in 6G. It also
forms some evolution trends for next-generation communication systems, including further
rises in machine-type communications (MTC), uplink-dominated systems, and decentral-
ized structures. However, the existing access protocols are not friendly to these trends.
This paper analyzes the problems of existing access protocols and provides novel access
technologies to solve them. These technologies include contention-based non-orthogonal
multiple access (NOMA), data features, enhanced pilot design and successive interference
cancellation (SIC) of diversity. With these key enablers, truly grant-free access can be re-
alized, and some potential modifications of protocols are then analyzed. Finally, this paper
uses massive and critical scenarios in digital transformations to show the great necessity
of introducing novel access technologies into future communication protocols.
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1 Introduction
he targets of communications vary from connecting hu-
mans to connecting everything, and digital transforma-
tions are expected to penetrate many scenarios in
6G" . Digital transformations are expected to bring
significant benefits to society. Meanwhile, digital transforma-
tions raise many new requirements, as well as set the course
for future communication protocols.

To support seamless and handy digital services, there are
some trends in future communications, including further evo-
lution from human-oriented communications to machine-type
communications (MTC), from the downlink-dominated to up-
link-dominated, and from centralization to decentralization.
This paper focuses on the truly grant-free, or contention-based
grant-free, technologies and protocols, which are crucial to ful-
filling ultra-low latency and ubiquitous connectivity for future
communications. In current 5G standards, the grant-free defi-
nition is not truly yet as it requires extra pre-configuration of
grants.

Novel access technologies are required to replace the exist-
ing ones for realizing these trends, and this paper introduces

four key enablers: the contention-based non-orthogonal multi-
ple access (NOMA), the prior knowledge of data, the enhanced
pilot design, and the joint use of diversity and successive inter-
ference cancellation (SIC). NOMA was first proposed in Ref.
[4], and it usually requires accurate power control and resource
allocation. As a comparison, the contention-based NOMA has
no such requirements and achieves a higher flexibility. The pri-
or knowledge of data can be used to improve transmission per-
formance. Data-only transmission was proposed in Ref. [5],
which is able to remove pilot overheads. Apart from the data-on-
ly scheme, a pilot is still crucial to the full use of a large receiv-
ing antenna array where the spatial combining search space is
huge. Therefore, the pilot should be well designed to gain a

67 Moreover, the

good detection and estimation performance
joint use of diversity and SIC® can deal with the fluctuation of
loading as it is random in contention-based transmissions. This
strategy is able to average the loading in different slots via itera-
tive detection and cancellation.

With these key enablers, users are able to transmit packets
without building radio resource control (RRC) connections.
That is to say, a connection-free transmission can be achieved,

© International Telecommunication Union, 2020. This paper was presented at Kaleidoscope 2020 - Industry-Driven Digital Transformation and published in the proceedings of this con-

ference (https://www.itu.int/pub/T-PROC-KALEI-2020). The opinions expressed in this paper are those of the paper authors and do not necessarily reflect the views of the International
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and the transmission no longer relies on RRC connections.
This great enhancement simplifies the transmission proce-
dures a lot, as well as reduces the overheads and latency for
building RRC connections. It also leads to some possible mod-
ifications of protocols in the future, which are also analyzed in
this paper.

The motivation of this paper is to discuss the importance of
truly grant-free technology for future communications, summa-
rize key enablers for it, and suggest some protocol evolution
considerations. The rest of this paper is organized as follows.
Section 2 introduces the main trends of future radio access
networks and analyzes the problems of existing access proto-
cols. In Section 3, some novel access technologies are provid-
ed to solve the problems. Section 4 briefly introduces the im-
pact of these technologies on future protocols. In Section 5,
two important scenarios are discussed to show the advantages
of the proposed schemes. Section 6 concludes this paper and
provides some future research directions.

2 Three Main Trends

In this section, three main trends of future networks are in-
troduced. The problems of existing access protocols are ana-
lyzed under these trends.

2.1 Further Rises in MTC

The first trend is that the main participants of communica-
tions vary from humans to machines. Although massive ma-
chine-type communication (mMTC) is included in 5G, more
massive and critical MTC will develop and be in demand to-
wards 2030 and beyond'. Unlike human communications, the
potential users can be massive and the reliability requirement
can be very high. However, the classical random access proto-
col requires a handshaking procedure, which is not suitable
for the high-efficiency transmissions of massive potential us-
ers or low-latency transmissions of high-mobility networks.

2.2 Uplink-Dominated System

The second trend is that the overall performance is becom-
ing dominated by uplink instead of downlink transmissions.
For many MTC applications, uplink is the main bottleneck.
Moreover, in massive multiple input multiple output (MIMO)
systems, time division duplex (TDD) is much easier to realize;
it uses uplink-downlink reciprocity to obtain downlink chan-
nel information. Direct downlink channel estimation is very in-
efficient as the overheads of downlink pilots increase with the
antenna number of the base station (BS)"". Therefore, the pilot
in the uplink becomes very important for obtaining the chan-
nel information and effectively using the capability of massive
antennas of the BS. In the current protocol, the uplink pilot or
demodulation reference signal (DMRS) is orthogonal among
users. It limits the number of pilots and is not suitable for con-
tention-based transmission.
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2.3 Decentralized Structure

The last trend is from centralization to decentralization.
This trend has many aspects, including the distributed anten-
na or cell-free design for ubiquitous connectivity, device-to-
device transmission not relying on the central controller, and
decentralized information management and control, e. g. the
blockchain'". Although network centralization has brought us
many good aspects like easy management and global control,
the costs should not be neglected, including coverage, latency
and privacy risk. These costs greatly limit the performance
and credibility of networks.

3 Novel Access Technologies

This section analyzes four novel access technologies as
shown in Fig. 1. The basic idea and advantages of these tech-
nologies are discussed.

3.1 Contention-Based NOMA

NOMA is a very effective technology to increase spectrum
efficiency when there is a near-far effect. Due to the complexi-
ty limitation, a non-orthogonal power domain has not been ful-
ly utilized especially for the uplink in current protocols. NO-
MA still acts as an important role in the future, as the com-
plexity limitation is expected to be solved by advanced algo-
rithms and powerful hardware in the future.

It is complex and inefficient to implement accurate power
control and resource allocation when there are massive users
or the latency requirement is high. Therefore, a scheme allow-
ing users to transmit freely is in high demand. To acquire this
convenience for end devices, the transmission itself is inevita-
ble to be non-orthogonal. In this case, extra sensing and local
power control can be required to utilize the power domain"?,
but it is not suitable for low-cost and low-power devices. To
support a more flexible transmission not relying on any sens-
ing and power control, a joint use of power domain, code do-
main and spatial domain should be considered as in Fig. 1(a).

3.2 Data Features

To get rid of pilots or reduce the pilot overheads, data fea-
tures should be used. There are two mainstream ways to real-
ize this. One is to utilize the prior knowledge and statistical in-

131 "e.g. the constellation shape, correlation

formation of data
matrix, constant modulus, etc. This method is compatible with
existing protocols, and the modification to existing standards
is relatively small. The other is a data-driven method that uses
deep learning (DL). The end-to-end auto-encoder is one impor-
tant application of DL at the physical (PHY) layer, and Ref.
[14] shows that pilot-free transmission can also be realized by
an auto-encoder.

During the exploitation of data features, novel waveform po-

15-16] 1y: . .
: . Discrete Fourier transform spreading or-

tentially arises
thogonal frequency division multiplexing (DFT-s-OFDM)

plays an important role in 5G for its low peak to average power
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ratio (PAPR). However, it makes the data feature hard to use.
One solution is real Fourier related transform spreading
OFDM (RFRT-s-OFDM)'™". As shown in Fig. 1(b), this novel
waveform can maintain the data feature. Channel equalization
and time/frequency offset correction can be conducted using
the data features in RFRT-s-OFDM as shown in Fig. 1(b),
while the low PAPR advantage is kept.

3.3 Enhanced Pilot Design

To support mMTC and massive MIMO, novel pilot designs
are proposed to support more users and reduce allocation over-
heads as shown in Fig. 1(c). One mainstream research area is
non-orthogonal pilots based on compressed sensing (CS) %
The sparsity of user activities, multiple paths and angles of ar-
rival can be used to increase the performance of user detec-
tion and channel estimation. However, a CS-based non-orthog-
onal pilot scheme leads to large computational complexity
when the pilot pool is large or the receiving antenna array is
large. Also, the inter-cell interference and time/frequency off-
set problems are hard to solve.

The other research direction is the special non-orthogonal
pilot design with partial orthogonality. To be specific, multi-pi-
lot” is proposed which consists of multiple pilots. Multiple or-
thogonal pilots are usually employed, although multiple non-
orthogonal pilots also work. The detection of every orthogonal
pilot is very simple, and the detection complexity is reduced a
lot compared with general non-orthogonal pilot design. More-
over, an orthogonal pilot has been used and verified during a
long period, and many existing engineering methods can be
used to ensure the performance of multi-pilot use.

3.4 SIC of Diversity

The joint use of diversity and SIC was first proposed in Ref.
[17], and then some novel schemes have improved the perfor-
mance by optimizing a bipartite graph of Fig. 1(d). The joint
use allows users to transmit multiple replica packets at any
time slot, and SIC of packets is used after demodulating any
packet in each round. This strategy was designed for satellite
communications where the round-trip time is very long. The
achievable loading of this strategy is approaching 1 with the
cost of replicas. This method greatly reduces the transmission
delay and increases transmission efficiency. It is also named
modern random access, which is seen as one potential next-
generation random access protocol’.

Unlike satellite communications, the channel gain of differ-
ent users varies a lot in widely-used terrestrial communica-
tions. Therefore, the near-far effect becomes a practical factor
that requires consideration. NOMA is able to utilize the near-
far effect to separate different users. The combination of NO-
MA and multiuser diversity with SIC requires a joint design of
the medium access control (MAC) and PHY layers. An exam-
ple was shown in Ref. [18] which jointly uses the code domain

NOMA and diversity with SIC.

4 Impacts on Protocols

With the novel access technologies, the transmission proce-
dure can be simplified a lot, which deeply affects the future
protocols.

4.1 RRC Idle/Inactive
With the key enablers in Section 3, connection-free trans-
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mission becomes possible which enables high-efficiency and
instant MTC without any connection establishment. That is to
say, the transmission can be realized in an idle or inactive
RRC state. These enablers can also evolve around the random
access protocols with a much higher successful rate and lower
latency especially in dense environment, i.e., they are benefi-
cial for RRC connection establishment. A related standardiza-
tion work is the two-step random access channel (RACH)".
However, it only acts as a substitution of the four-step RACH,
and the collision problem has not been studied as orthogonal
multiple access and orthogonal pilots are still in use. In regard
to collisions, the protocols relating to multiple access and pilot
sequences are expected to evolve.

4.2 Uplink and Sidelink NOMA

As mentioned before, the non-orthogonal domain has not
been well utilized in 5G. Actually, the discussion of uplink
NOMA has not reached a consensus in 5G standards™. One
reason is that the performance and complexity comparison is
not enough to decide a winner among different uplink NOMA
schemes. The demands of mMTC should be further analyzed,
and some crucial key performance indicators should be espe-
cially emphasized. The contention-based grant-free feature™'!
is a potential scheme in the future as it is exceedingly friendly
to low-cost and low-power MTC devices. Moreover, contention-
based NOMA is also a potential standardization direction for
sidelink (SL) without central control, e. g., LTE-V SL

mode 4%,

4.3 Comprehensive Synchronization

The connection-free transmission brings some synchroniza-
tion (SYNC) challenges. In the current protocols, synchroniza-
tion is realized by the SYNC signal and measured time ad-
vance (TA) from BS™!. TA is hard to be obtained in connec-
tion-free transmissions, so a comprehensive SYNC is required.
Some possible modifications can be based on the information
of the UE status (e.g., position and speed), BS position, SYNC
signals of multiple BSes, etc. Moreover, an overall framework
is required to jointly use all the prior knowledge relating to

SYNC which can be obtained by the end device.

5 Case Studies

Two representative cases of both massive and critical MTC
are shown in this section. The advantages of novel access tech-
nologies show that they may play important roles in future
standards.

5.1 Case Study of MMTC

This case study is for mMTC, and a Poisson arrival model
is used with an average arrival rate of A. NOMA provides a
large gain when there is a near-far effect, e.g., a near and
strong user can reuse the channel used by a far and weak us-
er, which greatly improves the spectrum efficiency. There-
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fore, the near-far effect is included in comparison. As shown
in Fig. 2, the outage performances of two different contention-
based grant-free NOMA schemes'*'* are compared. As men-
tioned before, power domain NOMA with a contention-based
feature requires extra sensing of channel gain and power con-
trol according to estimated channel gain. The aim is to make
the receive power belong to some predetermined power lev-
els. It results in an extremely high transmission power, and
Ref. [12] provides sub-channel selection and distance-based
methods to solve it. As a comparison, code domain NOMA™®!
is just required to randomly select the spread code and can
work without power control.

The simulation results show that code domain NOMA per-
forms better than power domain. For a target outage rate of
0.1, the achievable arrival rate of power domain NOMA is less
than 1 while that of code domain NOMA is greater than 2. Al-
so, when combined with the SIC of the diversity strategy, the
achievable arrival rates at the outage of 107 are 2.4 and 3.4
for the power domain and code domain NOMA. In this compar-
ison, power domain NOMA plus SIC of diversity achieves a
lower error floor because perfect sensing and power control
are assumed. The outage performance of code domain NOMA
is bounded by a corresponding orthogonal multiple access
(OMA) transmission of perfect scheduling. As the near-far ef-
fect is utilized, code domain NOMA plus SIC of diversity
achieves an arrival rate greater than 3 with the outage perfor-
mance very close to the OMA bound.

5.2 Case Study of V2V
This case study is for vehicle-to-vehicle (V2V) communica-
tions without central control. V2V communications should be

Outage probability

le-03 --®=- PD-NOMA, perfect sensing and power control

- | --®- PD-NOMA+CRDSSA, perfect sensing and power control

1 | —®— CD-NOMA, no sensing or power control

—#— CD-NOMA+CRDSSA, no sensing or power control

=== 0OMA bound of CD-NOMA

le-04 T T T T T T T
1 2 3 4

CD: code domain

CRDSSA: Collision-Resolution Diversity Spreading Slotted ALOHA
NOMA: non-orthogonal multiple access

OMA: orthogonal multiple access

PD: power domain

A Figure 2. Outage comparison of contention-based NOMA and their
combination with SIC of diversity



extremely reliable for safety, and V2V without central control
is especially important due to the robustness in a non-cellular
domain and ultra-low latency requirement. In LTE-V, sensing-
based semi-persistent scheduling (SPS)*? is employed, and ev-
ery user sensing the spectrum resources randomly selects idle
resources in a given period. A sensing-based method is also
studied and a potential candidate in 5G V2V is chosen™. The
problem of a sensing-based method is that it is not friendly to
multiple antennas, and the reliability is relatively low in ultra-
dense environments. To solve these problems, Ref. [25] pro-
poses a novel distributed antenna deployment and full-duplex
contention-based NOMA transceiver scheme which jointly use
power, code and spatial domains to achieve V2V communica-
tions with ultra-low latency and high reliability in ultra-dense
scenarios. The block error rate (BLER) comparison is shown
in Fig. 3. The channel model is based on LTE-V standards,
and 1 500 and 700 vehicles are dropped in the urban and free-
way scenarios defined in Ref. [10], respectively.

In Fig. 3, three protocol-defined scenarios are all consid-
ered, including urban non-line-of-sight (UN), urban line-of-
sight (UL) and freeway line-of-sight (FL). In this comparison,
the full-duplex NOMA scheme achieves a much higher reli-
ability than the method in the current protocol. Also, the over-
heads of the full-duplex NOMA scheme are reduced only 1/5,
which means a much more frequent transmission of 250 pack-
ets per second (pps) can be supposed, which helps to reduce
the end-to-end latency once the information is generated. In
this case, NOMA turns the near-far effect into advantages, and
achieves a high spectrum efficiency and ultra-high reliability
of near vehicles.

14
0.13
0.013 F,s”’
- 0.001
= ]
=2 4
0.00014
71 =@ = Sensing-SPS, 50 pps, UN
le-05< —®= Sensing-SPS, 50 pps, UL
3] W | —# = Sensing-SPS, 50 pps, FL
] / =8— NOMA-+full duplex, 250 pps, UN
le-065 .
] #— NOMA-+full duplex, 250 pps, UL
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BLER: block error rate
FL: freeway line-of-sight UL: urban line-of-sight
NOMA: non-orthogonal multiple access UN: urban non-line-of-sight

SPS: sensing-based semi-persistent scheduling

A Figure 3. BLER comparison of sensing-based SPS in current proto-
cols and full-duplex contention-based NOMA using novel access technol-
ogies
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6 Conclusions

To fulfill digital transformations, it is necessary to make
some great modifications in current protocols. One crucial as-
pect is to enhance the access protocols as it is a bottleneck of
seamless and instant digital services. This paper provides sev-
eral novel access technologies, and potential impacts on proto-
cols are also briefly analyzed. Moreover, some typical use cas-
es are shown to verify the necessity of these modifications of
future protocols. The standardization process of novel access
technologies to boost digital transformations requires a much
wider application to make it more urgent, more careful consid-
erations given to privacy and security, and a joint work of in-
dustry and academics to refine technologies.
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