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Abstract: In 6G era, the space-air-ground integrated
networks (SAGIN) are expected to provide global cov-
erage and thus are required to support a wide range
of emerging applications in hostile environments with
high-mobility. In such scenarios, conventional orthog-
onal frequency division multiplexing (OFDM) modu-
lation, which has been widely deployed in the cellular
and Wi-Fi communications systems, will suffer from
performance degradation due to high Doppler shift. To
address this challenge, a new two-dimensional (2D)
modulation scheme referred to as orthogonal time fre-
quency space (OTFS) was proposed and has been rec-
ognized as an enabling technology for future high-
mobility scenarios. In particular, OTFS modulates in-
formation in the delay-Doppler (DD) domain rather
than the time-frequency (TF) domain for OFDM, pro-
viding the benefits of Doppler-resilience and delay-
resilience, low signaling latency, low peak-to-average
ratio (PAPR), and low-complexity implementation.
Recent researches also show that the direct interac-
tion of information and physical world in the DD do-
main makes OTFS an promising waveform for realiz-
ing integrated sensing and communications (ISAC). In
this article, we will present a comprehensive survey of
OTFS technology in 6G era, including the fundamen-
tals, recent advances, and future works. Our aim is
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that this article could provide valuable references for
all researchers working in the area of OTFS.
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I. INTRODUCTION

After years of research and development, the fifth-
generation (5G) wireless systems have been standard-
ized and commercialized recently globally[1]. Nowa-
days, both academia and industry have shifted their fo-
cus toward the development of sixth-generation (6G)
technologies [2]. Limited by the coverage and ca-
pacity of the traditional terrestrial wireless commu-
nications, the 5G system is not capable of support-
ing wireless access with high data rate and reliabil-
ity at any place on earth, which is one of the visions
of 6G wireless systems. The new network architec-
ture, i.e., space-air-ground integrated network (SA-
GIN) has been seen as the key enabler for 6G, sup-
porting seamless connectivity and high data rate trans-
mission [3]. The realization of SAGIN will involve
a wide range of emerging applications, e.g., mobile
communications on board Aircraft (MCA), low-earth-
orbit satellites (LEOS), self-driving autonomous cars,
in-vehicle infotainment, and unmanned aerial vehicles
(UAV) [4–6]. In the above use cases, a critical chal-
lenge is how to provide reliable communication in
high-mobility environments. For example, the relative
speeds for vehicle-to-vehicle (V2V) communications
will be up to 300 km/h. In high-speed railways (HSR)
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mobile service, the communication devices will have
speeds of up to 500 km/h. For MCA and LEO satellite
communications, the moving speeds of the user equip-
ments (UEs) will be even higher. As discussed in the
6G vision paper by You. et.al, high-mobility is still a
bottleneck of the traditional wireless systems because
of severe Doppler spread effect caused by the relative
motion between transceivers. In addition, ultra-high
data rate requirements push mobile providers to uti-
lize higher frequency bands, such as millimeter wave
(mmWave) bands, where a huge chunk of the spectrum
is available [7, 8]. In the mmWave frequency band,
even a small speed of UE will lead to a high Doppler
shift.

The well-known orthogonal frequency division mul-
tiplexing (OFDM) technology, which has been widely
used in 4G and 5G eras, can efficiently tackle the inter-
symbol interference (ISI) induced by the time disper-
sion (due to multipath effect) by adopting the cyclic
prefix (CP) [9]. However, it will fail to support ef-
ficient and reliable communications in doubly selec-
tive channels, where additional frequency dispersion
is caused by Doppler shifts. This can be explained by
the fact that high Doppler shift will result in a very
short channel coherence time, which destroys the or-
thogonality between sub-carriers of OFDM and leads
to inter-carrier interference (ICI). Against this back-
ground, designing new modulation techniques and
waveforms, as well as the corresponding transceiver
architectures, to achieve high-speed and ultra-reliable
communications in hostile environments becomes ur-
gent and paramount for future mobile systems [10].

The orthogonal time-frequency space (OTFS) tech-
nique, which modulates data in the delay-Doppler
(DD) domain rather than the conventional time-
frequency (TF) domain, was initially proposed for
high-mobility wireless applications and has been rec-
ognized globally as a ground-breaking technology
and an enabler for future wireless communications
[11, 12]. Although the term “OTFS” was first intro-
duced in 2017, preliminary research on channel char-
acteristics in the DD domain can be traced back to
1960s [13]. Relying on the DD domain signal rep-
resentation, OTFS provides a novel framework for in-
vestigating the interaction between information sym-
bols and wireless channels, which allows the bene-
fits of strong Doppler-resilience and delay-resilience
against highly dynamic and complex environments

[14]. More importantly, the unitary transformation
from the DD domain to the TF domain spread each
information symbol to the whole TF domain. Thus,
DD domain symbol is capable of experiencing the full
TF channel, offering the full time-frequency diversity
with appropriate receiver design, which is the key to
provide reliable communications [15]. In addition, the
DD domain channel exhibits desired properties, such
as sparsity and stability, which can be leveraged for ac-
curate channel estimation with a low training overhead
as well as low-complexity signal detection. Moreover,
OTFS enjoys more appealing advantages over OFDM,
such as a lower peak-to-average power ratio (PAPR),
a reduced signaling overhead owing to the reduced
cyclic prefix frame structure, and the enhanced robust-
ness against synchronization errors, which makes it as
an excellent enabler for hostile wireless applications
in 6G era [16].

Moreover, it is well agreed that the sensing capabil-
ity, in addition to communications, will play a more
significant role than ever before in 6G era. Hence,
there is a new trend to integrate both functionalities
by jointly designing the waveforms and transceiver ar-
chitectures, namely integrated sensing and communi-
cation (ISAC). As for radio sensing, it relies on range
measurements for positioning the target and the esti-
mation of the target speed. In theory, the range is
readily converted from the signal propagation delay
while the speed can be obtained by giving the observed
Doppler shift. Obviously, sensing inherently relates
to the acquisition of delay and Doppler parameters,
which perfectly aligns with OTFS using DD domain
for communication purpose. As discussed in [14], the
DD communication channel also reveals the underly-
ing physical propagation environments. Therefore, al-
though the original purpose for developing OTFS is
to support high-mobility applications, the characteri-
zation of channel in the DD domain pave the way to
approach the physical world. OTFS has been widely
acknowledged as a promising waveform for realizing
ISAC by providing a novel framework to unify both
functionalities in the same DD domain [17].

Considering quite a few benefits provided by OTFS,
the interests from both the industry and academia have
been tremendously increased since 2017. In 2021, a
special issue on OTFS was published in ZTE Com-
munications [18], which has attracted several contri-
butions. As for the overview paper, there has been one
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published recently in IEEE Internet of Things Journal,
which, however, focused on the application of OTFS
in IoT networks [19]. In this article, we aim to present
a comprehensive survey of OTFS technology in 6G
era, including the historical views, fundamentals, re-
cent advances, and future works. We hope this article
will help all researchers, especially for those new in
this area to have a panorama of OTFS.

II. OTFS PRINCIPLES

2.1 Wireless Channels in Delay Doppler (DD)
Domain

Before discussing OTFS, we first consider the wire-
less channels, which play a fundamental role in wire-
less communications. The time and frequency do-
main is well acknowledged for channel representation
thanks to the success of OFDM in the currently de-
ployed communication systems. Based on the Fourier
transformation from time domain (TD) to frequency
domain (FD), the frequency-selective fading channel
can be converted to independent FD sub-channels,
which motivates the data symbol multiplexing in FD
and the implementation of OFDM. In fact, this can
be explained by that the eigenvalues of the frequency-
selective fading channel are the corresponding channel
frequency responses. However, the existence of eigen-
value decomposition of communication channel in FD
only holds for static or quasi-static channel conditions.
As for the time-selective fading channel or doubly-
selective channel with Doppler shift, OFDM may fail
to work since the FD sub-channels are no longer in-
dependent. Naturally, we will ask whether there exist
another domain where the eigenvalue decomposition
of doubly-selective channel exist. Unfortunately, the
answer is no.

For the purpose of designing a new signaling wave-
form, how to combat the channel fading is essential.
By revisiting the channel fading, we summarize that
the time and frequency-selective fading are the conse-
quences of wireless transmission with respect to the
delay and Doppler shifts. Therefore, it is possible to
adopt the delay and Doppler parameters for channel
representation, instead of the commonly used time-
frequency (TF) parameters. In Bello’s pioneering pa-
per [13], he provided the mathematical fundamentals
of randomly linear time-variant channels. Both the

Figure 1. Time-delay domain effective channel

wide-sense stationary (WSS) channel and the uncorre-
lated scattering (US) channel were introduced, which
are shown to be time-frequency duals. Then, spe-
cific focus is given to WSSUS channels, whose scat-
ter function can be fully characterized by using time
and frequency variables or delay and Doppler vari-
ables. In fact, the physical attributes of the channel
remain roughly unchanged during the signal transmis-
sion, resulting in a time-invariant DD domain channel,
compared to its time-varying TF domain counterpart.
In addition to time invariance, the DD channel repre-
sentation is inherently sparse, since it is determined by
the number of scatterers during the signaling transmis-
sion. Relying on this property, the work of [20] con-
siders the DD domain-based channel in oceanic acous-
tic environments. It utilizes the DD-spread function
for time-varying channel representation and develops
a channel estimation algorithm. The proposed ap-
proach can capture both the acoustic channel structure
and its dynamics without explicit dynamic channel
modeling. Besides the theoretical analysis, Molisch
et.al have conducted experiments in 60GHz vehicle-
to-infrastructure communication channels in a street
crossing scenario in an urban environment and showed
that the DD channels are indeed sparse under the con-
sidered communication scenarios [21].

For ease of exposition, in Fig. 1 - 3 we illustrate the
channel representations in the time-delay domain, TF
domain, and DD domain. Observed from Fig. 1 - 3,
several attractive benefits are enjoyed by DD domain
channel representation, which are summarized as fol-
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Figure 2. Time frequency domain effective channel

Figure 3. Delay Doppler domain effective channel

lows
• Stability: The DD domain channel can be seen

as a ‘snapshot’ of the real wireless environment.
Therefore, only burst changes of propagation path
lengths and moving speeds will cause variations
of the DD parameters, leading to much slower
channel fluctuations.

• Sparsity: The common wireless propagation en-
vironment has only a limited number of moving
scatterers/reflectors, exhibiting a sparse channel
response in the DD domain.

• Separability: Conventionally, the paths with the
same delay are not separable as the signal arrives
at the receiver simultaneously. Nevertheless, with
the aid of Doppler information, we can separate
different paths and thus enjoy full TF diversity.

• Compactness: All channel responses only appear
in a DD domain region bounded by the maximum
delay and Doppler, which are associated with the
maximum range distance and moving speed in the
wireless environments, regardless of OTFS frame
size.

The DD channel representation has successfully con-
nected the physical and the ‘digital’ worlds, which mo-
tives the development of OTFS.

2.2 OTFS Concepts

The term Orthogonal Time Frequency Space (OTFS)
was first introduced in 2017 in a conference paper
by Hadani et.al [11]. This paper commenced from
the DD domain signal representation point of view
and compares the performance of OTFS to the clas-
sic OFDM modulation. The merits of OTFS, includ-
ing its conceptual connection with Radar, new cou-
pling relationship between information and channels,
robustness against interference, and linear scaling of
spectral efficiency with respect to the number of anten-
nas are revealed. Later in the white paper by Cohere
Technologies [22], the authors reveal its connections
to conventional modulation waveforms, such as time
division multiple access (TDMA), OFDM, and code
division multiple access (CDMA).

The main idea of OTFS is to multiplex the transmit-
ted data symbols in the DD domain. Fig. 4 depicts
the original implementation block diagram of OTFS.
Firstly, the information bits are mapped to data sym-
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Figure 4. Block diagram of OTFS implementation: a) OFDM-based two-step conversion; b) Zak transform-based one-step
conversion.

bols and each symbol will occupy a DD grid with de-
lay index l and Doppler index k. The size of a DD
grid depends on the available bandwidth and signal
time duration. Secondly, the inverse symplectic fi-
nite Fourier transform (ISFFT) is performed to convert
the DD signal to the TF domain. Then, conventional
multi-carrier modulators, e.g., OFDM, transforms the
signal into the time domain. After traveling through
the wireless channel, the time domain received sig-
nal is converted to the TF domain using a multi-carrier
demodulator and finally is transformed to the DD do-
main via SFFT. In [23], the authors derived a discrete-
time formulation of an OTFS system based on OFDM
transceiver architecture. The authors further studied
simplified modulator and demodulator structures to
provide deeper insights into OTFS systems. Instead
of the commonly used Fourier transform, the work
[24] further designed an OTFS system design using
the discrete fractional Fourier Transform (FrFT)-based
OFDM system. The FrFT technique helps to achieve a
better performance and a lower PAPR compared to the
conventional OTFS system at the same order of com-
plexity. All the above OTFS system implementations
adopted a two-step domain transformation, i.e. from
DD to TF and to the time domain at the transmitter side
and vice versa for the receiver, which is mainly due
to the compatibility requirement with OFDM technol-
ogy.

Considering the intrinsic connection between time
domain and DD domain signals via the sophisticated
Zak transformation (ZT), the OTFS signal can be di-
rectly converted to time domain while bypassing the
TF processing. In [25], the authors introduced the
discrete ZT (DZT) approach to implement OTFS. Af-

ter reviewing the properties of DZT, the connections
between OTFS and conventional OFDM were inves-
tigated. In particular, the overlay between the pulse
shaping OFDM and OTFS for both rectangular and
non-rectangular pulses are investigated. Then, a sim-
ple implementation of OTFS is proposed by leverag-
ing DZT, and a concise input-output relationship in
the presence of practical wireless channels is also de-
rived. Another work by Saif Mohammed provided an
interesting interpolation of OTFS based on ZT [26].
This paper rigorously derived an orthonormal basis
of approximately time and bandwidth-limited signals
which are also localized in the DD domain. Further-
more, Saif showed that irrespective of the amount of
Doppler shift, the received DD domain basis signals
are localized in the DD domain w.r.t the DD resolu-
tion. Finally, this paper verifies that the degree of lo-
calization of the DD domain basis signals is inversely
related to bandwidth and time duration of the trans-
mit signal. Compared to the two-step DD-TF-TD do-
main conversion, using Zak transformation was shown
to have a lower implementation complexity [27, 15].

2.3 OTFS Fundamentals and Performance
Limits

As a new modulation waveform in the DD domain,
several pieces of research focus on the fundamental
performance of OTFS from different points of view.
The work of [28] examined the performance of OTFS,
especially the amount of achievable diversity over fad-
ing channels. As one of the benefits of OTFS, the
separability of channel paths in the Doppler domain
provides the potentials of achieving full TF diversity.
Then, the work [29] showed that the asymptotic di-
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versity order of OTFS modulation is one. However,
the potential for a higher order diversity is witnessed
before the diversity one regime takes over in the fi-
nite signal-to-noise ratio (SNR) regime. Furthermore,
a simple phase rotation scheme for OTFS was pro-
posed using transcendental numbers, based on which
OTFS transmission is guaranteed to achieve the full
diversity [29]. The paper by Raviteja et.al proved
that the full effective diversity, i.e., the slope of the
majority of pairwise error probability (PEP) curves
rather than the minimum one, can be achieved by using
OTFS modulation with practical shaping pulses [30].
The authors drew a conclusion that OTFS practically
achieves full effective diversity with sufficiently large
signal constellations. Previous works mostly assumed
ideal pulse shaping for diversity analysis. The authors
of [31] studied the practicability of previous diversity
schemes in the rectangular pulse-based OTFS systems
and developed a diversity achieving scheme. To do
so, the information symbols were divided into two half
frames along the Doppler domain, which share identi-
cal equivalent channels.

The high peak-to-average ratio (PAPR) issue is vital
for communication systems with power constraints or
nonlinear High-Power-Amplifier (HPA). For OFDM
modulation, the PAPR is proportional to the number
of sub-carriers, which may become very high due to
the large number of sub-carriers [32]. However, as dis-
cussed in [33], the PAPR for OTFS is proportional to
the number of Doppler bins/time slots, which is much
smaller than the OFDM counterpart. Nevertheless,
there is still a demand to further decrease the PAPR
in OTFS system. In [34], the asymptotic expression
of the PAPR distribution was derived, based on the as-
sumption of the infinity-approaching number of data
symbols in the DD domain. It was also shown that
the derived analytical PAPR expression can be also
extended to the case of a bandlimited pulse, by em-
ploying the properties of the hi-squared process. The
authors of [35] analyzed the PAPR of the OTFS signal-
ing and proposed a new concept of DFT-spread OTFS,
which can efficiently reduce the PAPR. The main idea
of the DFT-spread OTFS is to average the energy of a
single subcarrier. Simulation results have shown sig-
nificant BER performance gain in HPA nonlinear con-
ditions. Later, the authors from Xidian Uni. proposed
an iterative clipping and filtering (ICF) framework for
PAPR reduction. Based on the proposed framework, it

is capable of striking a good trade-off between PAPR
and BER performance [36]. An autoencoder (AE)
architecture-based PAPR reduction method was devel-
oped [37], where the encoder part is trained for reduc-
ing the PAPR while the decoder part is used for signal
reconstruction. To achieve precise control of peak-to-
average power ratio (PAPR) and BER performance, a
recent work [38] proposed a nonlinear corrective ac-
tive constellation expansion method in OTFS wave-
form. Different from the linear clipping and filtering
process, nonlinear compressed clipping noise is con-
sidered with a flexible curvature control coefficient,
providing the capability of striking a trade-off between
PAPR and BER performances.

As for generalized performance analysis, the au-
thors of [39] showed the performance gain of OTFS in
static multi-path channels. From the capacity perspec-
tive, the authors of [40] studied the pragmatic capacity
of both OTFS and OFDM in the presence of sparse
channels. The pragmatic capacity is defined as the
achievable rate of the channel induced by the signal
constellation and the detector soft-output. In partic-
ular, this paper demonstrated that OTFS outperforms
OFDM over static channels under practical channel es-
timation and detection approaches while OTFS enjoys
a more robust performance than OFDM over high-
mobility channels. To provide the guidelines of code
design in OTFS system, [41] investigated the error per-
formance of coded OTFS systems. Although the di-
versity gain of OTFS systems improves with the num-
ber of resolvable paths in the DD domain, the cod-
ing gain declines. Rule-of-thumb code design crite-
rion was provided in this paper, which is increasing
the Euclidean distance between codeword pairs. The
performance of OTFS system with antenna selection at
the transmitter and the receiver was analyzed in [42]
and [43], respectively, which showed that the phase
rotation is a necessity to extract full diversity. More-
over, it is able to predict the diversity orders through
the rank of the different matrices. The in-phase and
quadrature (IQ) imbalance will also impact the perfor-
mance of communications systems. To this end, [44]
investigated the performance of OTFS transmission in
the presence of IQ impairment. Mirror-Doppler inter-
ference (MDI), which only appears in the Doppler do-
main was derived to illustrate the physical effect of
the IQ mismatched transmitter. An interesting con-
clusion is that IQ imbalance is critical to the diversity
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gain of OTFS system but does not lead to a BER error
floor. In addition to IQ imbalance, the work [45] fur-
ther considered impairments such as carrier frequency
offset (CFO) and direct current (DC) offset. The DD
input-output model under these impairments was first
derived, based on which the impairment parameters
were estimated in the DD domain while were com-
pensated in the time domain.

III. TRANSCEIVER DESIGN FOR OTFS
SYSTEM

Since OTFS was first introduced, the design of the
transmitter and receiver has become a popular research
topic. In this section, we will overview the recent ad-
vances on the topic of transceiver design for OTFS
[46].

3.1 Transmitter Precoding Design

The choice of shaping pulse affects the performance
of OTFS system. The ideal pulse, which was used in
most works, can satisfy the bi-orthogonality property
but can not be realized in practice. The paper [47]
analyzed the input–output relation of OTFS system
for arbitrary pulse-shaping waveforms using a block-
circulant matrix decomposition. The out-of-band radi-
ation and BER performance with different waveforms
were also compared. The work of [48] developed a
multi-carrier modulation scheme based on practical
pulse shaping and named the waveform as orthogonal
delay-Doppler division multiplexing (ODDM), which
also relies on the DD grids for data transmission.

Alternative to directly designing the shaping pulse
in the time domain, one can design the window func-
tion in the TF domain. The work by Wei et. al investi-
gated the impacts of window functions for OTFS mod-
ulation [49]. The TX window can be interpreted as a
power allocation in the TF domain while employing
an RX window causes a colored noise. When chan-
nel state information (CSI) is available at both the TX
and RX, an optimal TX window can be designed to
minimize the detection performance. When CSI is not
available at the TX, a proper window design, such as
Dolph-Chebyshev (DC) window, in the TF domain can
enhance the channel sparsity when the Doppler/delay
resolution is insufficient [50]. A similar work consid-
ered frequency domain precoding was devised in [51].

In this paper, the authors proposed an adaptive trans-
mission scheme with frequency domain precoding that
is composed of the eigenvalues of the channel matrix
to improve the MMSE detection performance. As a
further step, the lower and upper bounds for the diver-
sity performance of the adaptive transmission scheme
were derived. Considering the precoding in the DD
domain, the work of [52] developed a precoder by op-
timally allocating the power to each DD domain grid.
Based on the closed-form BER expression, a lower
BER is achieved with designed precoders.

For multi-user and multi-antenna case, research on
transmit precoding design for OTFS system has just
commenced. In [53], a multi-user precoder at the base
station (BS) and a corresponding low complexity de-
tector at the user side were proposed. Relying on the
proposed precoder and detector, it is capable of sep-
arating the demodulation of different OTFS symbols
at the UT. The complexity of the proposed precoder
only increases with the number of BS antennas and
the number of users. Two low-complexity precoding
algorithms for MU MIMO-OTFS were developed in
[54], where the high-dimensional matrix inversion is
done by adopting the Woodbury matrix identity, a.k.a,
matrix inversion lemma. With the aid of the proposed
precoding algorithm, the performance of the consid-
ered system was robust to different user speeds. A
recent work on air-to-ground (A2G) communications
developed a low-complexity hybrid precoding algo-
rithm with rectangular waveforms for mmWave-OTFS
system [55]. The DD domain signal transmission pro-
cess was first established, followed by the derivation
of the DD domain channel matrix. Finally, the low-
complexity hybrid precoding algorithm was proposed
by adopting a matrix approximation-based strategy.

3.2 Delay-Doppler Channel Estimation

Accurate channel acquisition and estimation are crit-
ical for reliably detecting the transmitted data sym-
bols. By leveraging the fact that the received DD sym-
bols can be represented by two-dimensional (2D) cir-
culant convolution of the transmitted symbols and ef-
fective DD channel, the authors of [56] proposed a
pseudo-random noise (PN) pilot-based channel esti-
mation scheme in 2018. To improve the channel esti-
mation accuracy, the paper [57] proposed a pilot-aided
DD domain channel estimation scheme, where a sin-
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gle pilot impulse with guard around it is inserted in the
DD domain. A threshold-based method was employed
to estimate the channel with both integer and fractional
Doppler shifts. The extension of the proposed scheme
to MIMO and multi-user cases was also discussed. As
for the estimation problem, Cramér-Rao lower bound
(CRLB) serves as a benchmark. In [58], the authors
formulated an exact expression of the discrete-time
system model for non-ideal pulse-shaping OTFS sys-
tem and derived the CRLB of OTFS channel estima-
tion in different cases. Considering the leakage issue
which reduces the measurement precision, [59] pro-
posed a new channel estimation scheme that exploits
smoothness regularization in the TF domain to sup-
press the leakage in the DD domain.

Since the DD channel reflects the actual wire-
less propagation geometry, some sparse estimation
techniques based on compressive sensing have been
adopted for capturing the channel sparsity. In [60],
a structured orthogonal matching pursuit algorithm-
based channel estimation scheme for massive MIMO-
OTFS systems was proposed by exploiting the nor-
mal sparsity along the delay dimension, block sparsity
along the Doppler dimension, and burst sparsity along
the angle dimension. Numerical results have shown a
superior channel estimation performance achieved by
the proposed scheme. In [61], the authors adopted the
expectation maximization-based variational Bayesian
(EM-VB) framework for recovering the uplink DD
channel. Relying on the slow time variance of the DD
channel, the authors further exploited the delay and
Doppler reciprocity between the uplink and the down-
link and reconstruct the associated downlink chan-
nel parameters. The work of [62] formulated the
DD channel estimation as a structured signal recov-
ery problem. With a factor graph representation of the
problem, a message passing algorithm was developed
to estimate the channel gains and fractional Doppler
shifts jointly. The effectiveness of the proposed al-
gorithm is verified by comparing the estimation er-
ror with the derived CRLB. This paper showed that
the proposed algorithm is able to work with multiple
pilot symbols to achieve significant PAPR reduction.
Based on [62], Li et.al adopted the hidden Markov
model (HDD) as the prior of the hyper-parameter and
developed a message passing-based channel estima-
tion scheme [63]. The authors of [64] proposed block
sparse Bayesian learning (SBL) with block reorgani-

zation (BSBL-BR) method to recover the channel in-
formation. Compared to the classic BSBL method,
the proposed algorithm iteratively updated the size of
non-sparse blocks, leading to better channel estima-
tion accuracy. To accurately determine the fractional
Doppler shift/delay caused by insufficient signal dura-
tion/bandwidth, [65] proposed an off-grid channel es-
timation scheme for OTFS systems, which estimates
the original DD domain channel response rather than
the effective DD domain channel response as com-
monly adopted in the literature. Two problems, i.e.,
one-dimensional (1D) and two-dimensional (2D) off-
grid sparse signal recovery problems were formulated
and solved by SBL-based algorithms. The on-grid de-
lay and Doppler shifts were jointly determined by the
entry indices with significant values in the recovered
sparse vector. Then, the corresponding off-grid delay
and Doppler shifts were modeled as hyper-parameters
in the proposed SBL framework, which can be esti-
mated via the expectation-maximization method. To
tackle the non-Gaussian noise in some complex envi-
ronments, the authors of [66] developed a deep resid-
ual learning framework for OTFS channel estimation,
which is proven to efficiently estimate the DD channel
with arbitrary measurement noise.

Conventionally, the guard space inserted in the DD
domain which avoids the interference between data
symbols and pilot is utilized to guarantee the chan-
nel estimation accuracy. However, the size of guard
space depends on the maximum delay and Doppler in-
dices, which undoubtedly deteriorate the spectral effi-
ciency. To this end, the pilot design has also attracted
many interests. A new pilot pattern without guard
space was proposed in [67], where all pilots share the
same power as the data symbols. The SBL framework
was utilized, based on which a hierarchical Laplace
prior was adopted to construct the sparse signal model.
The EM algorithm was then employed to update the
prior parameters as well as to estimate the channel
gains. The work [68] intentionally transmits the pi-
lots in the TF domain, which did not require the guard
space in the DD domain, hence increasing the spectral
efficiency. Another work [69] commenced from the
OTFS modulation and investigated the TF pilot pattern
design problem, aiming at minimizing the estimation
mean squared error (MSE). The 2D exhaustive pilot
location search problem was decoupled into two one-
dimensional (1D) problems to reduce the complexity.
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Fei et. al proposed a pilot pattern that had a lower
proportion of guard symbols [70]. A particle swarm
optimization (PSO)-based algorithm was developed
for optimizing the OTFS pilot sequence. Finally, in-
terference cancellation scheme is adopted to tackle the
pilot contamination issue. Researchers from South-
east University proposed a deterministic pilot design
based on the OTFS input-output relationship, which
can save both pilot overhead and memory consump-
tion. In [71], the authors designed a set of transform
domain basis functions to span a low-dimensional sub-
space for modeling the OTFS channel and proposed a
corner-inserted pilot pattern. Then the channel infor-
mation can be acquired by estimating a few projec-
tion coefficients of equivalent channel responses. Re-
cently, two papers [72] and [73] considered a novel
pilot-data superimposed frame pattern, which in the-
ory can use the whole frame for data transmission. It-
erative channel estimation and data detection protocol
was developed to mitigate the interference between pi-
lot and data and to preserve the estimation accuracy.

3.3 OTFS Detection Design

In order to achieve the full TF diversity promised by
the wireless channel, OTFS modulation generally re-
quires higher detection complexity than the conven-
tional OFDM modulation. This detection complexity
increase relates to the separability of the DD domain
channel, where the DD domain received signal can
be viewed as the superposition of power-attenuated,
phase-rotated, and delay- and Doppler-shifted DD do-
main transmitted signals with respect to each resolv-
able path’s physical attributes of the underlying wire-
less channel. Consequently, the effective channel ma-
trix for OTFS modulation will have at least P non-zero
entries in each row and column, even with integer de-
lay and Doppler shifts [74]. The maximum-likelihood
detection corresponding to such a channel matrix will
require a detection complexity that grows exponen-
tially with the number of resolvable paths [75], which
is not desirable in practical applications. Therefore,
OTFS detection is a widely studied topic and is of im-
portance for the practical realization of OTFS systems.

As discussed in a previous review paper on OTFS
detector [76], the message passing algorithm (MPA)
proposed in [77] is commonly adopted for OTFS de-
tection. To achieve a reduced detection complex-

ity, Gaussian approximation is applied to the DD do-
main intersymbol interference (ISI) [78]. Further-
more, damping was introduced in the message pass-
ing to improve the convergence. Extensive numerical
results were provided in [77], which verify the effec-
tiveness of the proposed MPA. Similarly, a Gaussian
approximation-assisted MPA was introduced in [79].
In contrast to the MPA in [77], the Gaussian approx-
imation in this work was applied to the transmitted
symbols rather than the interference. Numerical re-
sults showed that the proposed MPA can achieve a
roughly 1.5 dB signal-to-noise ratio (SNR) gain com-
pared to the MPA in [77]. An extension of the MPA,
namely, the hybrid maximum a posteriori (MAP) and
parallel interference cancellation (PIC) detection was
proposed in [75], where Gaussian approximation was
only applied to part of the DD domain ISI depending
on the corresponding path attenuation. As a result, this
algorithm shows a better error performance compared
to the MPA in [77] at the cost of a higher detection
complexity. A variational Bayes framework for OTFS
detection was introduced in [80]. Particularly, an ap-
proximation of the joint distribution of OTFS symbols
is derived according to the relative entropy. Further-
more, the marginal distribution of a single OTFS sym-
bol is derived based on calculating the variational cal-
culus. Numerical results have demonstrated a better
error performance and a superior convergence perfor-
mance than the MPA in [77].

Approximated message passing (AMP) is a special
type of MPA that generally enjoys a lower complex-
ity. The OTFS detection based on AMP was also stud-
ied. A unitary approximate message passing (UAMP)-
based OTFS detector was proposed in [81]. This de-
tector is suitable when the number of resolvable paths
is large or the fractional Doppler shifts have to be con-
sidered. Thanks to the superior performance UAMP,
this detector can achieve a promising error perfor-
mance with an efficient implementation. Furthermore,
a UAMP-based OTFS detector operating in the time
domain appeared in [82], where the time domain ef-
fective channel matrix is partitioned into several small
sub-matrices connecting through a factor graph. Thus,
the UAMP was applied to handle the estimation within
sub-matrices, whose results are iteratively updated ac-
cording to the factor graph. Numerical results have
shown this detector could achieve a promising error
performance with practical rectangular pulses.
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Other than the MPA-type of detectors, conven-
tional detection methods, such as minimum mean
square error (MMSE) detection are also widely ap-
plied in OTFS. The low-complexity implementation of
MMSE detection for OTFS transmission was investi-
gated in [83] and [84]. Both of the studies showed that
the MMSE detection can be implemented with a log-
linear order of complexity by investigating the prop-
erties of the effective channel matrix, such as sparsity
and quasi-banded. A simple two-stage equalizer for
OTFS transmission was introduced in [85]. Specifi-
cally, a sliding window-assisted MMSE equalizer was
first proposed to mitigate the inter-carrier interference
(ICI) in the TF domain, and then a simple DD domain
equalizer was proposed to eliminate the residual in-
terference from the sliding window-assisted MMSE.
Numerical results verified the superior error perfor-
mance of this two-stage equalizer in comparison to
the conventional MMSE detection. A time domain
MMSE and successive interference cancellation (SIC)
combined detection was proposed for coded cyclic
prefix (CP)-based OTFS in [86]. Numerical results
have demonstrated that OTFS transmissions are insen-
sitive to synchronization errors under this detection. In
the work of [87], the authors introduced interleavers
at both transmitter and receiver sides, which gives a
sparse matrix form and QR decomposition (QRD) can
be readily implemented. Then, the cross-symbol in-
terference was eliminated via SIC. It was shown in the
simulations that the QRD-based SIC detectors outper-
form the non-SIC detectors.

In fact, many existing OTFS detection studies ex-
ploited the properties of OTFS effective channel matri-
ces in different domains. These properties offer simple
and insightful designs for OTFS detection. An itera-
tive OTFS detector was proposed under the framework
of expectation propagation (EP) algorithm in [88]. In
particular, a channel-coefficients-aware scheme was
employed during the message passing procedures,
which could bundle multiple graph edges into one
edge on the factor graph according to the channel co-
efficients. Numerical results have shown the proposed
detector could achieve a good trade-off between per-
formance and complexity. In [89], an efficient block
equalizer for OTFS detection was proposed accord-
ing to EP. In particular, the authors consider the de-
composition of the DD domain effective channel ma-
trix according to the symbol interval, which results in

superimposed diagonal-times-doubly circulant matri-
ces. This decomposition reduces the complexity for
equalization but does not degrade much about the error
performance. A block-wise OTFS detector was pro-
posed in [90] by arranging the DD domain transmit-
ted symbols into a block-by-block manner according
to the number of delay bins. Based on this symbol ar-
rangement, a least squares minimum residual (LSMR)
based channel equalizer was introduced to retrieve the
transmitted symbols, which guarantees a quick con-
vergence between the symbol detection and the inter-
ference cancellation by leveraging the channel spar-
sity. In [91], a fractionally spaced sampling receiver
was devised, where the channel input-output relation-
ship with rectangular pulses and oversampling was de-
rived. Based on the derived relationship, two equaliza-
tion algorithms, namely the iterative combining mes-
sage passing and the turbo message passing, are in-
troduced. Numerical results have shown that the pro-
posed fractionally spaced sampling receiver can ob-
tain a robust error performance with imperfect channel
state information. In [92], a low-complexity iterative
Rake decision feedback equalizer was proposed for
zero-padded OTFS. This equalizer was motivated by
the maximal ratio combining (MRC) technology and
it can be applied either in DD domain or time domain.
A Gauss-Seidel-based over-relaxation parameter was
also introduced to improve the convergence and er-
ror performances. The multichannel decision feed-
back equalizer (DFE) was proposed in [93], where the
spatial diversity was exploited when the channel is ex-
periencing deep fade. Furthermore, an improved pro-
portionate normalized least mean squares algorithm
was employed for data detection with fast conver-
gence. In [94], a low-complexity matched filtering-
based message passing detector was proposed, which
aims to reduce the high complexity due to the matrix
inversion in conventional detection methods. In partic-
ular, the probability clipping was adopted in the pro-
posed detector, which can significantly improve the
error floor performance at the high SNRs. A cross
domain iterative detection for OTFS was proposed
in [95], which is suitable for both the integer and frac-
tional Doppler cases. The key innovation of this de-
tection is that basic estimation/detection approaches
are applied to both the time domain and DD domain
and the extrinsic information from two domains is it-
eratively updated according to the unitary transforma-
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tion. Error performance is analyzed based on the de-
rived state evolution, which shows that this detection
can approach the performance of the optimal MAP de-
tection.

The aforementioned studies are focusing on the
single-input single-output (SISO) OTFS transmis-
sions. However, the detection for multiple-input
multiple-output (MIMO)-OTFS transmissions is more
challenging. A time-space domain channel equalizer
was proposed in [96] for MIMO-OTFS detection. Re-
lying on the least squares minimum residual algo-
rithm, this detection algorithm can effectively remove
the channel distortion on data symbols. Furthermore,
this detection algorithm can be implemented in a re-
cursive manner, where a fast convergence is guaran-
teed thanks to the sparsity of the MIMO-OTFS chan-
nel matrix. An improved MRC detector was proposed
for MIMO-OTFS in [97], whose main idea was to lin-
early combine the received signals from different di-
versity branches (propagation paths and receive anten-
nas). Optimized combing weights were derived. The
proposed detector with optimized weights shows a bet-
ter error performance than the existing detectors for
MIMO-OTFS. The error performances of both zero-
forcing (ZF) and MMSE were investigated in [98].
In particular, the signal-to-interference-plus-noise ra-
tio (SINR) was derived by considering reasonable ap-
proximation based on the Taylor expansion, which
was then used to provide an accurate estimation on
the bit error rate (BER). A generalized spatial mod-
ulation assisted MIMO-OTFS was developed in [99],
where only part of the transmit antennas are activated
to alleviate ICI. A generalized AMP (GAMP) detec-
tion algorithm was also introduced to detect the sig-
nal, which results in a better error performance than
the conventional MMSE detection.

Recent advances in machine learning have also mo-
tivated studies for learning-assisted OTFS detection.
A two-dimensional convolutional neural network was
introduced in [100] to facilitate OTFS detection. In
particular, the data augmentation technique was con-
sidered in this work by leveraging the MPA in [77].
This detection can achieve an improved error perfor-
mance compared to the MPA, which approaches the
optimal MAP detection with low complexity. This
work has then been extended to the MIMO case
in [101]. A neural network-based supervised learn-
ing framework for OTFS equalization was proposed

in [102]. Utilizing reservoir computing, the result-
ing one-shot online learning is sufficiently flexible to
cope with channel variations among different OTFS
frames. The main benefit of this framework is that the
proposed scheme does not rely on the knowledge of
explicit channel state information. Moreover, a better
trade-off between the processing complexity and the
equalization performance is achieved for OTFS mod-
ulation compared to its neural network-based counter-
parts for OFDM.

3.4 Multiple Access Designs for OTFS

The multiple access design is an important subject
in practical communication systems. In conventional
OFDM transmissions, different users are generally
separated by different subcarriers, which is commonly
known as the orthogonal frequency division multiple
access (OFDMA). However, the success of OFDMA
relies deeply on the orthogonality among different
subcarriers, which may not hold in the presence of
Doppler spread. In light of this, multiple access using
OTFS is important, as it can provide a robust perfor-
mance against the severe Doppler spread. A unique
feature of multiple access in OTFS is the presence of
non-negligible multi-user interference (MUI), which
is the result of the convolution nature of DD domain
channel. Therefore, many recent studies have focused
on the multiple access design for OTFS.

A straightforward solution to the DD domain MUI
may be the application of guard spaces around each
user according to the maximum delay and Doppler
shifts. However, this approach generally decreases the
data rate due to the increased overhead. In [103], the
achievable rates for uplink OTFS-based multiple ac-
cess without the application of guard space were eval-
uated and compared with the OFDMA over the high-
mobility channels. It was shown in that the OTFS-
based multiple access could enjoy a slightly higher
achievable rate than OFDMA under the SIC detec-
tion, thanks to the channel hardening effect brought
by the DD domain communication. As an extension
of [103], Chong et. al provided a detailed outage anal-
ysis for OTFS-based multiple access in [104], which
showed that OTFS-based multiple access achieves an
improved outage performance than OFDMA. A spe-
cial resource allocation scheme was proposed in [105],
which ensures the corresponding TF domain signals
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of different users are not overlapped with each other.
Consequently, the MUI is eliminated in the TF do-
main, resulting in an improved error performance.
In [106], a new path division multiple access was pro-
posed. By leveraging the beamforming technique, a
path scheduling algorithm was introduced to properly
assign angle-domain resources for different users such
that the observation regions for different users do not
overlap over the angle-delay-Doppler domain. Nu-
merical results have demonstrated that the proposed
scheme can achieve almost the same error perfor-
mance as the interference-free case.

Other than the research line focusing on eliminat-
ing the MUI, many multiple access designs for OTFS
not only embrace the MUI, but also intentionally place
the users’ data in a non-orthogonal manner to achieve
further achievable rate improvement. In [107], an
OTFS-based non-orthogonal multiple access (NOMA)
scheme was introduced, which assigns the user’s data
to either the DD domain or the TF domain according
to their mobility. Sophisticated detection algorithms
were also developed to facilitate symbol detection, and
their results aligned with the analytical derivations. An
OTFS-based sparse code multiple access (SCMA) was
developed in [108], where a two phases receiver was
also proposed for signal detection. Numerical results
have demonstrated a better diversity performance over
conventional multiple access schemes based on OTFS.

The related research topics for multiple access us-
ing OTFS are of importance in practice. Two AMP-
based detectors were introduced in [109] for signal de-
tection of coded OTFS-NOMA, namely, the orthogo-
nal AMP with linear MMSE (for stationary user) and
the Gaussian AMP with EP (for mobile user). Con-
vergence analysis for these two detectors was con-
ducted using the extrinsic information transfer (EXIT)
chart, and the advantages of these two detectors over
the conventional receiver were verified by numeri-
cal results. A robust beamforming design was intro-
duced to facilitate the application of OTFS-NOMA
in [110]. Particularly, the beamforming problem was
formulated to maximize the low-mobility users’ data
rate while maintaining the targeted data rate of the
high-mobility user. Numerical results demonstrated
that a significant performance gain can be obtained
by the proposed beamforming design in comparison
to the random beamforming technology. The OTFS-
NOMA detection using MMSE and SIC was consid-

ered in [111], where low-density parity check (LDPC)
codes were applied to facilitate the SIC detection.
Both system-level and link-level simulations were
developed and compared against the existing multi-
ple access schemes. Numerical results demonstrated
that the NOMA-OTFS could provide a higher achiev-
able rate than the orthogonal multiple access schemes
based on OTFS. The channel estimation for OTFS-
SCMA was studied in [112]. Particularly, the channel
estimation was developed based on the convolutional
sparse coding approach by leveraging the embedded
pilot scheme. It was shown that the proposed scheme
can maintain a minimal overhead requirement equiv-
alent to a single user without degrading the estima-
tion performance. A novel random access preamble
waveform for OTFS-based uplink multiple access was
proposed in [113], which can efficiently eliminate the
round-trip propagation delay between the user and the
BS. Numerical results have shown that the proposed
preamble waveform enjoys a better timing error prob-
ability than the currently deployed counterpart in 4G
systems in the presence of Doppler spread. The user
diversity for the OTFS-based random access system
was studied in [114]. The key idea of this work is to
assign the available radio resources to the user with the
largest number of channel taps, which results in en-
hanced channel diversity. Extensive numerical results
have demonstrated that the proposed scheme outper-
forms the conventional OTFS-based random access in
terms of the BER.

IV. OTFS-ENABLED INTEGRATED SENS-
ING AND COMMUNICATION

Environment sensing, in addition to efficient com-
munications, is also highly demanded in the 6G era.
Although for simplicity, researches on radar sensing
and communication were on two parallel streams and
separate frequency bands were allocated for different
functionalities, the underutilization of the system re-
sources is not sustainable for the development of long-
term wireless networks. To this end, there is a recent
trend to develop the integrated sensing and communi-
cation (ISAC) system, which allows the reuse of the
same frequency resources, signal processing frame-
work, and hardware architectures for both functional-
ities [115, 116]. With the aid of ISAC technology, the
resource efficiency as well as the system throughput
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can be improved [117, 118].
To realize ISAC, pioneering works considered the

adoption of OFDM signaling, which offers satisfac-
tory performance for both sensing and communica-
tions. Note that the sensing-related applications in-
herently focus on the delay and Doppler parameters
representing the range and velocity characteristics of
moving targets, which perfectly aligns with OTFS. In
contrast to OFDM-based ISAC systems, OTFS-ISAC
systems provide a direct relation between the transmit-
ted signals and the channel response in one unified DD
domain for both functionalities, in addition to their re-
silience to delay and Doppler spreads. For this reason,
OTFS has been regarded as a promising signal wave-
form for fully unleashing the potential of ISAC sys-
tems. The work [119] compared the radar sensing per-
formance of OTFS and OFDM waveforms, showing
that OTFS achieves a more accurate velocity estima-
tion. G. Caire et.al were the first in the literature to
analyze the OTFS-based sensing and communication
performances [120]. Maximum likelihood estimator
and Cramér-Rao lower bound for range and velocity
estimation were derived. The results showed that for
the dual-functional sensing and communications use
cases, OTFS signaling can provide as accurate param-
eter estimation as the dedicated radar waveforms, e.g.,
FMCW. Moreover, OTFS performs better than OFDM
in terms of channel capacity and overhead cost. The
work of [121] derived a new OTFS radar signal model
by taking into account the ISI and ICI. Benefiting from
the new signal model, both ICI and ISI phenomena
can be turned into an advantage to surpass the max-
imum radar unambiguous detection limits. The au-
thors of [122] presented a framework of OTFS-based
ISAC systems in vehicular networks. By adopting
the slow time-variation of OTFS channel, the delay
and Doppler shifts obtained from the sensing echoes
can be used for inferring the communications channel,
which is also characterized by delays and Dopplers.
Consequently, a new data frame structure was de-
signed which can make full use of the delay/Doppler
grids and the overhead for channel estimation was re-
duced. An iterative receiver was proposed to recur-
sively update the channel information and detect data
symbols. K. Wu et. al considered OTFS-based ISAC
systems in industrial Internet-of-Things (IIoT) [123].
Using a series of waveform pre-processing, the impact
of communication data symbols was removed in the

TF domain. A high-accuracy and off-grid method was
then proposed for estimating range and velocity, which
experiences a very low complexity dominated by two-
dimensional DFT. Further SINR analysis was derived
for the proposed algorithm. Extensive simulations val-
idated the near-optimal sensing performance and high
energy efficiency of OTFS in IIoT applications. A
recent work on this topic by Li et. al developed a
spatial spread OTFS (SS-OTFS)-based ISAC frame-
work [124]. With spatial spreading/de-spreading en-
abled discretized angular domain, insightful effective
models for communications and radar sensing can be
derived. In particular, three use cases, i.e., beam track-
ing, power allocation, and angle estimation are studied
with a special structure of sensing matrix. The most
important conclusion in this paper is that the power al-
location should be designed leaning toward sensing in
a practical SS-OTFS-based ISAC system.

Relying on the same DD domain for both communi-
cations and sensing, OTFS offers additional promising
benefits for ISAC systems, which has been discussed
in [17] and is summarized as follows,

• As both communications and sensing signals are
represented in the DD domain, one can write the
acquired sensing echo and the received commu-
nications OTFS signal in concise form as y =

Hx + n, where H and x denote the channel and
transmitted signal, respectively. For sensing, the
transmitted signal is known and the goal is to in-
fer sensing channel. While for communications,
the data symbols are to be detected given the CSI.
The sensing performance is characterized by the
ambiguity function and the CRB while the com-
munication performance is evaluated in terms of
the channel capacity and BER. Obviously, the op-
timal signal design for communication and sens-
ing may not be the same. The OTFS waveform
enables us to formulate the signal design prob-
lem in the same DD domain. For example, in a
communication-centric scenario, we aim to max-
imize the channel capacity, while maintaining a
desired sensing performance.

• The OTFS channel model reflects the underly-
ing geometry of the wireless propagation environ-
ment. After channel estimation, the estimated de-
lays and Doppler shifts can be converted to range
distances and speeds. Given a temporal sequence
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of estimated delays corresponding to the i-th path,
the location of the i-th reflector can be obtained
via an estimator. If the reflector is also a mov-
ing target, Bayesian estimators such as extended
Kalman filtering (EKF) can be used to exploit the
state transition information. By combining the
sensing information gleaned from the reflected
echoes at the BS and OTFS channel estimation,
we can construct a more precise image of the en-
vironment.

V. EMERGING OTFS APPLICATIONS

Due to the benefits of low-complexity implementation,
sparse channel representation, and high resilience to
large delays and Doppler spreads, OTFS is attractive
for several emerging applications.

Aiming for huge and unregulated bandwidth in fu-
ture wireless systems, the optical spectrum is of signif-
icant interest since it is not affected by existing elec-
tromagnetic interference. For visible light commu-
nication (VLC), the data symbols are transmitted us-
ing light-emitting diodes (LED) by adapting the lu-
minous intensity. At the receiver side, the photodi-
ode acquires the signal and converts it to an electrical
one. VLC channel is generally assumed to be static
and multi-path propagation. As discussed in Sec III,
OTFS is also a good choice for static multi-path chan-
nels due to its capability of exploiting full TF diver-
sity. The paper [125] considered a single LED sys-
tem and showed that OTFS-based VLC can outper-
form its OFDM-based counterpart. The work of [126]
proposed a direct current biased optical OTFS (DCO-
OTFS) based full-duplex relay-assisted VLC system.
With the benefits of two-dimensional domain multi-
plexing, OTFS can reduce the number of cyclic pre-
fix than OFDM modulation, which enhances the spec-
tral efficiency of VLC. This is the first work applying
OTFS into a VLC system with frequency domain re-
laying, which provides guidelines for the system de-
sign of an OTFS-based VLC system. The work of
[127] proposed a new orthogonal time-frequency mul-
tiplexing (OTFM) scheme for DC-biased VLC based
on OTFS modulation and designed a 2D Hermitian
symmetry in the DC-biased optical system to gener-
ate the real-valued signal. Numerical results demon-
strated its superiority over the OFDM scheme.

In underwater environments, acoustic waves instead

of radio signals are usually utilized for communica-
tions purposes. The low signal propagation speed of
acoustic waves results in severe delay and Doppler
spreads for underwater acoustic (UWA) communica-
tions. The delay could spread up to hundreds of mil-
liseconds while the Doppler shift is also very large.
Moreover, the multi-path environment is complex due
to numerous reflectors from the sea surface and sea
floor. In contrast to the OFDM scheme, OTFS tech-
nique can benefit from the DD channel representa-
tion and enable efficient channel estimation/detection.
The paper [128] first time considered the application
of OTFS in UWA communications and provide the
detailed OTFS-based UWA communications model.
Simulation results show that the OTFS-based scheme
has shown significant performance gain compared to
OFDM system under time-varying UWA channels.
Jing et.al proposed a two-dimensional adaptive multi-
channel decision feedback equalization (2D DFE) to
utilize the spatial gain and achieve good performance
[129].

Index modulation (IM) technique, which considers
innovative ways to convey information has emerged as
a promising technology for next-generation wireless
networks due to the advantages of energy efficiency
and hardware simplicity [130]. A new transmission
scheme, namely OTFS with dual-mode index modula-
tion (OTFS-DM-IM) was proposed in [131] to balance
the reliability and spectral efficiency. The BER perfor-
mance of the proposed transmission scheme was ana-
lyzed, which showed the performance advantage over
classic OTFS systems. In [132], OTFS with in-phase
and quadrature index modulation was proposed to fur-
ther increase the spectral efficiency. In particular, the
additional information bits were embedded in the grid
index along in-phase and quadrature dimensions. The
maximum PAPR was derived to evaluate the perfor-
mance.

As for the realization of SAGIN, there has been
no single paper discussing the OTFS-based SAGIN.
Nevertheless, several contributions have considered
the applications of OTFS in LEO, UAV, and vehic-
ular networks. Considering the bottleneck of sup-
porting large areas and high mobility speed using
the current technological regime, [133] studied OTFS
modulation under the parameters of LTE-based terres-
trial broadcast. Simulation results regarding OTFS
system under the numerologies of terrestrial broad-
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cast published in R14 were also provided. In [134],
the authors proposed a joint channel estimation and
data detection method for OTFS-based LEO satellite
communications. The ’to-be-detected’ data symbols
served as the virtual pilots, which helps to improve
the channel estimation accuracy. In [135], the au-
thors derived the expression of security outage prob-
ability (SOP) at the legitimate receiver in a closed-
form, where the summed pdf of the shadowed-Rician
distributed terms was found through moment match-
ing. The work of [136] considered UAV-based coop-
erative transmission for compensating the large path-
loss caused by long-distance satellite communications.
The conclusion was drawn that OTFS significantly
outperforms the OFDM scheme, which can strike a
trade-off between reliability improvement and imple-
mentation complexity determined by modulation size.
In [137], the authors proposed a localization method
based on UAVs. In particular, a fully standards-
compliant OTFS-modulated physical random access
channel PRACH transmission and reception scheme
to perform time-of-arrival (ToA) measurements. In
high-speed railway communications, the environment
varies frequently, imposing challenges for reliable
communications. In [138], the authors jointly de-
signed tandem spreading multiple access (TSMA) and
OTFS for high-speed railway communications. The
principle of OTFS-TSMA transceiver was presented,
where OTFS and TSMA were improved respectively.

For cellular systems on millimeter-wave and ter-
ahertz spectrum, the authors from Samsung pro-
posed compressed sensing-based OTFS transmission,
where a multi-dimensional sparse vector compression
scheme converts a non-sparse transmit vector to a
sparse one [139]. Then, DD domain spreading was
applied by using only a few TF grids. The proposed
algorithm outperforms the existing works using only
10 - 40% of frequency resources compared to conven-
tional schemes.

VI. RESEARCH CHALLENGES AND FU-
TURE WORKS

In the above, we have reviewed the literature of
OTFS, including the basic concepts, fundamental per-
formance, transmitter, and receiver design, DD sig-
nal processing-enabled ISAC, and emerging applica-
tions. However, as a new waveform technology, sev-

eral aspects of OTFS modulation have not been well
addressed by the research community yet. Here, we
summarize some open problems as follows,

6.1 Low Latency OTFS Transmission

Despite the advantages of combating channel fluctu-
ations, OTFS may suffer from a higher detection la-
tency than OFDM due to block-based data detection.
On the other hand, the quasi-static and sparse DD
channel can significantly reduce the overhead cost as
well as the computational complexity. Therefore, the
overall latency of OTFS and OFDM still needs fur-
ther study. The performance comparison of OTFS and
OFDM in terms of communications latency is an in-
teresting topic. Moreover, although OTFS utilizes a
full block for data transmission, the received samples
in the time domain actually contain all transmitted in-
formation bits. To this end, AI-based detection frame-
work may exploit the correlation between consecutive
received samples and detect the OTFS symbols with
lower latency.

6.2 Insufficient Doppler/delay Resolutions

To partially tackle the latency issue as discussed in the
previous subsection, we can limit the signal duration,
which however, imposes fractional Doppler effect due
to the insufficient resolution of Doppler. As for the
delay, fractional delay also appears if the bandwidth is
narrow. Various approaches were proposed to address
the DD channel estimation in the presence of frac-
tional delay/Doppler, such as adding window function
and off-gird estimation. However, how to reliably de-
tect the data symbols in the use case is a critical issue.
The commonly used MPA detector may suffer from
performance degradation because of the dense factor
graph. New detection schemes that are robust to frac-
tional Doppler/delay are of great interest.

6.3 Multi-user and Multi-antenna OTFS

Since OTFS was first proposed, how to serve mul-
tiple users has always been of great interest. Sev-
eral research works have tried to address this issue, as
overviewed in Sec. III of this article. However, a fun-
damental issue that which domain the users should be
multiplexed is yet not clear. The 2D circular convolu-
tion of transmitted symbols and effective channels in
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the DD domain results in a special IUI pattern. There-
fore, we may design the DD domain user multiplexing
scheme from the perspective of minimum inter-user
interference. Moreover, MIMO systems can be ex-
ploited to achieve a higher achievable rate. However,
the joint signaling optimization in delay, Doppler, and
spatial domains is very complicated. Moreover, taking
into account the multi-user case, a general and con-
cise MU MIMO-OTFS model is expected and under
research.

6.4 Cross Layer Design

The future high-mobility wireless applications not
only involve fast time fluctuations but also dynamic
network topology. Therefore, in addition to the physi-
cal layer technique, cross-layer joint design including
both physical and network layers is an interesting but
challenging task. The network topology information
may help the OTFS waveform and transceiver design.
What’s more, to fulfill some communications require-
ments, it is possible to further optimize the network
topology depending on the wireless environment.

6.5 Delay Doppler Channel Exploitation for
ISAC

As discussed in [122], the delay and Doppler param-
eters associated with the sensing channel were reused
for OTFS communication channel prediction, where
all targets of interest are identical to the communica-
tion users. However, this is not always the case. De-
pending on the scenario, only part of the targets in
the area of coverage may be UEs. Therefore, a fun-
damental question is how much information we can
glean from the sensing channel for inferring the com-
munications channel. As a first step, we need to char-
acterize the similarity between the OTFS communi-
cation and sensing channels. A natural choice is to
use the cross-correlation matrix, where the entries of
the cross-correlation matrix reflect the correlation be-
tween the sensing targets and the communication re-
flectors corresponding to different paths. Although
OTFS modulation offers the opportunity to connect
two channels in the same DD domain, new analysis
tools and frameworks are still to be developed to fur-
ther study the exploitation of the sensing channel in
OTFS-ISAC systems.

6.6 OTFS-aided RIS/Backscatter Communi-
cations

RIS/backscatter communications has drawn much at-
tention for simultaneously supporting active primary
transmission and possible passive information trans-
mission. Specifically, their key idea is to modify and
reflect the original signals to save low hardware costs
and energy consumption. OFDM-aided RIS/backscat-
ter communications has been intensively investigated
in the literature but is not suitable for future time-
varying wireless scenarios. Naturally, doing research
on OTFS-aided RIS/backscatter communications is of
great potentials but has not been well studied yet.

VII. CONCLUSIONS

OTFS has been seen as a promising enabler for future
wireless systems, especially in high-mobility environ-
ments. This article provides a comprehensive survey
of OTFS technology in the 6G era. In particular, we
commenced from the background of DD domain chan-
nel representation. Then the fundamentals and perfor-
mance limits related to OTFS were discussed. As the
most important part, we detailed introduce the up-to-
date research progress on the transmitter and receiver
design. The OTFS-based ISAC system was later pre-
sented. Finally, we summarized several emerging ap-
plications of OTFS and open research problems. Our
hope is that this survey paper will help researchers
from both industry and academia to have a better un-
derstanding of OTFS and to promote research in this
area.
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