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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⁃
es, which is promising for mitigating the effect of high mobility. Besides, as the LEO satellite
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,

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[1]. 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[1].
1.2 MMTC System over LEO Satellite
In the 5G new radio (NR) system, massive machine type

communications (mMTC) 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[2]. 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 IoT 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[1–3]. Ref.
[3] demonstrates that Release 17 will study the feasibility of
adapting narrowband NB-IoT to support NTN. Additionally,
potential modifications of NB-IoT at physical and higher layer
aspects to support NTN are investigated[3]. 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[4] suggests that the connectivity of mMTC is 106

devices/km2. Since the typical beam footprint size of an LEO
satellite is 100–1 000 km[1], there could be 108–109 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 IoT de⁃
vices orthogonally[5]. Researchers have tried to introduce non-
orthogonal multiple access (NOMA) into satellite frame⁃
work[6–8]. 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

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
10-5 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[10–14]. 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[15]. 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[1], 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
sequences in Rel-15 are reused for random access[1]. Besides,

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[6, 7, 16]. Simulation
results demonstrate that the satellite communication systems
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[20]. 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

LEO: low earth orbit mMTC: massive machine type communications
▲Figure 1. MMTC system over LEO satellite
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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[21]. 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:
y [ k, l ] =∑

i = 1

P

hi e
- j2πνiτi x é

ë
êéëk - kνiùû N , éël - lτiùûM

ù

û
ú , (1)

where x and y refer to the input and output in the DD domain
respectively, P denotes the number of multipath, hi refers tothe channel fading, τi and νi are the values of delay and Dop⁃pler shift of the i-th path, [ • ]N = 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
MΔf, where N denotes the number of time intervals T and M
denotes the number of subcarrier intervals Δf = 1/T. Then the
scattered Doppler domain resource is obtained as
l

MΔf ∈
é
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MΔf
ù
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úú , l = 0,1,...,M - 1, and the scattered delay

domain resource is k
NT
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ù
û
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Therein, the maximum Doppler and delay values are assumed
to be less than Δf and T respectively. Additionally, suppose
that τi and νi are dividable by 1

NT
and 1

MΔf , then kνi = νiNT
and lτi = τiMΔf 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 ∈ CNM × NM,
and is with excessive complexity. Therefore, researchers have
focused on complexity reduction of the MAP detector[22]. 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⁃

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[22].
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[22]. 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[26]. Specifically, a Dolph-Chebyshev (DC) window is ap⁃
plied in the transceiver of OTFS to suppress the channel
spreading. It 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[27].
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[1]. 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 ] = he- j2πντ x é

ë
ê[ k - kν ]

N
,[ l - lτ ]

M

ù
û
ú . (2)

It should be noted that kν and lτ 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[19].
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⁃

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 adopts the cyclic orthogonal
spreading sequences, namely discrete Fourier transform (DFT)
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.

▲Figure 2. Orthogonal time frequency space (OTFS)-tandem spreading multiple access (TSMA) transmission diagram in Ref. [19]
CP: cyclic pilot FA: false alarm ISFFT: inverse symplectic finite Fourier transform SFFT: symplectic finite Fourier transform

DD: delay Doppler
▲Figure 3. Resource allocation and data interleaving demonstration of orthogonal time frequency space (OTFS)-tandem spreading multiple access
(TSMA) in Ref. [19]
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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[28],
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

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:
y [ k, l ] ≈

∑
q = -N'

N'
he

j2π ( )l - lτ
M ( )kν + κν

N
α (k, l, q ) x é

ë
ê[ k - kν + q ]

N
,[ l - lτ ]

M

ù
û
ú, (3)
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í

î

ï
ï
ï
ï

1
N
β (q ) lτ ≤ l < M

1
N
( )β (q ) - 1 e- j2π

é
ë

ù
ûk - kν + q N

N 0 ≤ l < lτ , (4)
and

β (q ) = e- j2π ( )-q - κν - 1
e
- j 2π
N ( )-q - κν - 1. (5)

Eqs. (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 kν and lτ, 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

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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