
1

An Integrated OTFS-NOMA Framework for
Multi-Beam LEO Systems: Reliability and Capacity

Analysis
Xiaohui Zhao, Lei Lei, Senior Member, IEEE, Zhiqiang Wei, Member, IEEE, Hai Fang, Wenjie Wang, Senior

Member, IEEE, Symeon Chatzinotas, Fellow, IEEE

Abstract—Multi-beam low earth orbit (LEO) satellite com-
munications, as an essential component for 6G systems, may
encounter challenges from severe Doppler shifts and co-channel
interference. This paper addresses a realistic problem in 6G-
LEO systems, that is, how to meet the high-reliability demands
of massive high-mobility terminals. We propose an integrated
framework to exploit the synergy of non-orthogonal multiple
access (NOMA) and orthogonal time frequency space (OTFS).
OTFS modulation is employed to achieve full time-frequency
diversity to combat Doppler shifts, while NOMA is used to
accommodate more access requests. Specifically, within each
beam, power domain superposition is applied to the delay-
Doppler domain, enabling multiple terminals to share delay-
Doppler grid resources. We analyze the performance of reliability,
outage probability and ergodic capacity. Notably, we derive a
novel closed-form expression to characterize the distribution
of multi-beam interference with varying beam gains. Theoret-
ical analysis and simulation results confirm that the proposed
framework achieves a substantially lower outage probability
compared to conventional OFDM schemes, with a system capacity
improvement exceeding 11.9%.

Index Terms—Low earth orbit satellite, OTFS, NOMA, per-
formance analysis, outage probability.

I. INTRODUCTION

H Igh-throughput low earth orbit (LEO) satellites have
emerged as an essential component for the future sixth

generation (6G) system [1]. In the coming years, we expect
the establishment of an integrated air-space-ground commu-
nication grid that will combine terrestrial cellular networks,
satellite networks, high-altitude platforms, unmanned aerial
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vehicles (UAVs), and ocean-based machine-type communica-
tion networks. A defining feature of these future communi-
cation scenarios will be high mobility. Concurrently, the 6G
communication framework has introduced enhanced perfor-
mance benchmarks across application scenarios and transmis-
sion metrics. As we prepare for the proliferation of high-
mobility environments, such as high-speed railways, vehicular
networks, and massive machine-type communications on high-
speed platforms, LEO satellites face several challenges. They
must ensure low transmission delays and maintain high data
rates in these dynamic settings [2].

The orthogonal frequency division multiplexing (OFD-
M) technology, due to its high spectral efficiency and low
transceiver complexity, has been widely deployed in cellular
networks, WiFi, and satellite communication systems [3].
However, OFDM has its inherent limitations in poor resistance
to carrier frequency offset, high peak-to-average power ratio,
and out-of-band power leakage, which make it unsuitable
for space-based information networks in emerging scenarios.
In general, low-speed terminals equipped with Doppler shift
(DS) estimators can use satellite ephemeris and their location
data to estimate and compensate for DSs caused by satellite
movement. However, this DS estimation process consumes
additional resources, which is challenging for resource-limited
devices. Moreover, for high-mobility terminals with rapidly
varying positions and unknown motion dynamics, tracking and
compensating for DSs, caused by relative high-speed move-
ment between the transmitter and receiver, becomes even more
difficult. This makes conventional waveforms less effective in
such scenarios.

To address the challenge of reliable data transmission in
high-mobility environments, the orthogonal time-frequency
space (OTFS) modulation is proposed to exploit the slow
channel variations in the delay-Doppler (DD) domain, provid-
ing robust resistance against the time-selective fading caused
by DSs [4]. The modulation symbols in the DD domain are
spread across the entire time-frequency (TF) domain, thereby
achieving diversity gain. Compared to conventional OFDM,
OTFS is more suitable for high-mobility scenarios, offering
enhanced performance in dynamic environments.

A. Related Works

In recent years, the majority of the OTFS works concentrat-
ed on channel estimation, signal detection, and multiple access
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techniques in terrestrial networks [5]–[10]. In [5], the Zak
transform of time domain signals was employed to derive the
implementation of OTFS, elucidating the inherent robustness
of DD domain modulation against Doppler shift induced by
the channel. Studies in [6] introduced a channel estimation
and symbol detection framework based on superimposed pi-
lots, where pilots are overlaid onto data symbols without
compromising spectral efficiency. Liu et al. [7] developed
an expectation-maximization variational Bayes algorithm for
estimating uplink channel parameters. Furthermore, [8]–[10]
cover the principles of OTFS modulation, transmitter and
receiver setup, and extending OTFS applications to integrated
sensing and communication. However, satellite communica-
tions face severe DSs, which OTFS is well-positioned to
address.

Research on the application of OTFS technology to LEO
satellite communication is still in its exploratory phase. In
[11], a review is presented discussing the feasibility and
advantages of applying OTFS to LEO satellite communica-
tion, along with detection schemes based on the DD do-
main and a set of promising research directions. In [12],
an OTFS-based joint channel estimation and data detection
algorithm was proposed, where variational Bayesian infer-
ence was employed to estimate the layered channel vector.
Meanwhlie, the unknown data symbols were leveraged to
provide additional measurement information, improving the
estimation and decoding performance. In response to large-
scale carrier frequency offset (CFO) in satellite systems, [13]
introduced an OTFS-based CFO estimator that inserts pilot
signals and maximum length sequences in the DD domain. In
[14], the downlink performance of LEO satellites operating at
millimeter-wave frequencies was evaluated. The results show
that OTFS exhibits high robustness to DSs in any channel.

In the integrated satellite-terrestrial network, the introduc-
tion of terrestrial or low-altitude relays can effectively enhance
the overall performance of communication systems. Hu et al.
[15] explored the security performance of the uplink in LEO
satellite augmented by UAV collaboration. OTFS is utilized
to mitigate the significant DSs caused by high mobility, and
the secure outage probability (OP) at the legitimate receiver is
derived. For the downlink communications, the study in [16]
investigates the use of UAV collaboration to compensate for
the path loss caused by long-distance transmission of OTFS
signals. The research derived a closed-form OP expression
and established conditions for UAV cooperation that ensure
a positive reliability gain. To extend communication coverage,
[17] proposed the introduction of a reconfigurable intelligent
surface in the space-air-ground system. It adjusts the phase
shifts of the reconfigurable intelligent surface based on statis-
tical channel state information in the DD domain, to maximize
the line-of-sight (LoS) power at the destination. However, the
introduction of relays naturally increases system overhead.
In particular, in scenarios with massive terminals, extensive
feedback information may overwhelm the relays.

On the other hand, given the limited spectrum resources and
the massive access requirements, satellites with OTFS modu-
lation often prefer non-orthogonal multiple access (NOMA)
technologies to achieve efficient data access. To enable both

stationary and mobile terminals to multiplex TF resources, an
OTFS-NOMA scheme for terrestrial networks was proposed
in [18], and an efficient receiver was designed. Moreover,
by integrating the grant-free NOMA paradigm of satellites
with OTFS, Zhou et al. [19] proposed a two-stage successive
active terminal identification and channel estimation scheme
for multi-terminal transmission, to accommodate massive IoT
access. This scheme reduces long-term round-trip delays, and
mitigates the impact of DSs in satellite links. In LEO satellite
scenarios serving massive machine type communication, a
differential DS-based OTFS-tandem spreading multiple access
scheme was proposed in [20]. This scheme introduces a
differential Doppler resource allocation scheme that optimizes
coverage area and access point distribution, effectively mitigat-
ing data conflicts in massive uplink transmissions. However,
existing schemes have not yet considered the impact of inter-
beam interference, and the performance of OTFS combined
with multiple access requires further investigation.

B. Contributions

Overall, most recent LEO-OTFS works focus on single
beam scenarios [15]–[18], with limited analysis on multi-
beam configurations. In practice, fixed-beam antennas are
insufficient to meet the demands of 6G networks. The majority
of LEO satellites has transitioned to phased array multi-
beam antennas, which more effectively utilize spatiotemporal
resources, and enhance service quality. It is essential to inves-
tigate OTFS performance in such multi-beam configurations.
This paper investigates an integrated OTFS-NOMA framework
for multi-beam LEO downlink communication systems serving
massive high-mobility terminals. The contributions of this
paper are as follows:
• We propose an efficient OTFS-NOMA framework to

support reliable communications for high-mobility terminals.
In the framework, the served terminals in each time slot
share the full DD domain resources to enable significant
mitigation of DSs, while NOMA is introduced to support
massive terminals and enhance system capacity.
• We develop a downlink transmission model for OTFS-

NOMA signals, and derive closed-form expressions for the OP
and ergodic capacity. Specifically, we derive a new expression
to characterize the distribution of the sum of multi-beam
interference with different gains. This expression has a simple
finite-sum form, avoiding the complexity of special functions
and infinite series in conventional expressions. The expression
can be generalized for the analysis of most multi-beam LEO
scenarios.
•We provide a systematic evaluation to show how the trans-

mission signal-to-noise ratio, inter-beam interference, intra-
beam interference, DD domain parameters, and frequency off-
set estimation bias affect the performance of OP, bit error rate,
ergodic capacity for the proposed integrated OTFS-NOMA
framework in multi-beam LEO systems. The results show that
the proposed framework achieves a lower OP compared to the
comparison schemes, and increases system capacity by more
than 11.9%.
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II. SYSTEM MODEL

A. The Satellite-to-Ground Link Model

Consider a typical scenario of a multi-beam LEO downlink
communication system, serving massive high-mobility termi-
nals, as shown in Figure 1. The satellite is equipped with
multiple terminal link antennas in the Ku-band [11]. The ter-
minal link antennas consist of multiple phased arrays, which,
through a power-division network, generate U spot beams for
downlink communication, indexed as u = 1, 2, ..., U . Each
spot beam covers a distinct area on the ground, forming a cell,
and provides communication services to high-mobility ground
terminals equipped with single directional antenna. We assume
that the receiving antennas can effectively track and align with
the transmitted beams.

The long transmission distances and significant signal at-
tenuation associated with LEO satellites necessitate the use
of multiple transmit antennas to generate beams, thereby
enhancing transmission performance. Additionally, the high
relative speed between the satellite and the terminals induces
substantial DSs. OTFS modulation counters this by achieving
full TF diversity, modulating the signal in the DD domain.

Fig. 1. A multi-beam LEO scenario with high-mobility terminals.

Considering a TF dual-dispersive channel, the extension
function of DD domain is denoted by

h (τ, ν) =

L∑
p=1

hpδ (τ − τp) δ (ν − νp), (1)

where L denotes the number of propagation paths, p is its
index, and hp, τ and ν denote the channel gain, delay, and
DS, respectively.

Define the OTFS system transmission bandwidth as B =
M∆f , and the transmission duration as Ts = NT , where M
and N represent the number of discrete points in frequency
and time domain, respectively. Here, ∆f and T are the
frequency and time domain sampling interval, respectively,
which determine the maximum delay τmax < T and maximum
DS νmax < ∆f/2 that the system can support. The delay
and DS of the p-th path can be given by τp =

lp+l′p
M∆f and

νp =
kp+k′p
NT , where lp ∈ [0,M − 1] and kp ∈ [0, N − 1]

are the integer indexes of delay tap and DS tap, and l′p

and k′p are the corresponding non-integer multiple offsets.
Therefore, increasing M and N can improve the DD domain
resolution, and reduce the performance degradation caused
by the fractional DS and delay. However, it leads to adverse
effects such as higher system complexity and larger peak-to-
average power ratio.

Moreover, assuming that the satellite-to-ground channel
follows the shadowed rice (SR) distribution [21], the proba-
bility density function (PDF) of the channel fading amplitude
envelope from the i-th antenna to the j-th terminal is derived
as

fhj,i (x) = αj,ixe
−βj,ix2

1F1

(
ηj,i; 1; cj,ix

2
)
,∀x ≥ 0, (2)

where αj,i
∆
=
(

2bj,iηj,i
2bj,iηj,i+ωj,i

)ηj,i
/bj,i, βj,i

∆
= 1/2bj,i, cj,i

∆
=

ωj,i/ (2bj,i (2bj,iηj,i + ωj,i)), and 1F1 (.; .; .) is the Kummer
confluent hypergeometric function. The parameters ωj,i, 2bj,i
and ηj,i represent the average power of the LoS path com-
ponent, the average power of the non line-of-sight (NLoS)
path component and the Nakagami parameter, respectively,
for the satellite-to-ground channel of the transmit antenna i
to terminal j.

B. The DD Domain Channel Model of the OTFS

For the OTFS system, its input-output relationship is ex-
pressed as

y [k, l] =

L∑
p=1

hpe
−j2πτpνpx

[
[k − kp]N , [l − lp]M

]
+ z [k, l],

(3)
where x, y, and z represent the modulation symbols, demod-
ulation symbols, and noise in the DD domain, respectively,
and [.]N denotes the modulo N operation. Its matrix form is
expressed as y = Hx+z. The DD domain equivalent channel
matrix H ∈ CMN×MN is denoted as

H = (FN ⊗Grx)

L∑
p=1

hpΞ
lpΦkp

(
FHN ⊗Gtx

)
, (4)

where Ξlp ∈ CMN×MN is the cyclic shift matrix, which
implements the multiplied matrix to loop lp times from top
to bottom in row. The matrix

Φkp = diag
([

1, ej2πkp/MN , ..., ej2πkp(MN−1)/MN
])

(5)

is the diagonal matrix containing MN roots. FN ∈ CN×N is
the N -point DFT matrix. Gtx and Grx are diagonal matrices,
with sampled transmitting pulse gtx (t) |t=mT/M and receiving
pulse grx (t) |t=mT/M as the main diagonal elements, respec-
tively.

To be specific, H is a block circulant matrix with circulant
blocks. For example, assuming N = 5 and M = 4, the channel
matrix of terminal q is shown in Figure (2a). The DD domain
equivalent channel can be regarded as N ×N blocks, each of
which is M ×M .

Based on the main block-diagonal, the degree of left or
right shift is determined by the integer DS of each path. For
example, the third path with k3 = 2 shifts the main block-
diagonal by two block lengths to the left, while the fourth path
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with k4 = −2 shifts the main diagonal by two block lengths to
the right. In addition, the delay parameter of each path causes
the rows in the sub-block to undergo the same permutation.
For the first path with l1 = 0, the non-zero elements of each
sub-blocks are placed in the main diagonal. However, for the
second path with l2 = 1, the last row of each sub-block loops
to the first row. On the other hand, the DD domain equivalent
channel with fractional DSs is shown in Figure (2b). It can
be seen that fractional DSs cause energy leakage into each
Doppler component. Most of the energy is concentrated in
the region of shift [kp]round, while the remaining energy is
dispersed to varying degrees within each block, where [.]round

is the nearest integer.
Fractional DSs will cause Doppler interference. The in-

terference intensity depends on the difference between the
fractional part and 0.5, i.e., the closer the fractional part
is to 0.5, the more energy is diffused, and vice versa, as
shown in Figure (2b), where the energy spread of the third
path is larger than that of the second path. In summary, the
OTFS waveform can be resolved in the DD domain when the
DS is an integer. However, due to the the limited Doppler
resolution in practical communication, it is easy to cause
Doppler interference. By increasing the signal duration, the
interference can be effectively reduced. The effect of fractional
DSs on OTFS is explained more in Section V below.

III. AN INTEGRATED OTFS-NOMA FRAMEWORK

In order to overcome the DSs, OTFS modulation is used to
resist the performance degradation. In addition, for the service
requests of the massive terminals, the NOMA technology is
introduced in each beam to increase the transmission rate.

Suppose there are Cu high-mobility terminals requesting
traffic service in the region covered by the u-th beam of LEO.
First, through the terminal selection algorithm [22], Ju termi-
nals in beam u are selected to form a group at the current time
slot. Next, the terminals within a group share the DD domain
resources, and the transmission complex baseband symbols
are superimposed in the M ×N DD domain grid, represented

as xu [k, l] =
Ju∑
j=1

√
ξjusju [k, l], where sju

(
E
[
|s|2
]

= 1
)

and ξju are the transmission symbols and the NOMA power
allocation coefficients of terminal j, respectively. Assume
that the total power is fully allocated to the terminals, i.e.,∑Ju
j=1 ξju = 1.
Subsequently, the symbols in DD domain are transformed

to TF domain by inverse symplectic finite Fourier transform,
which can be given by

Xu [κ, ι] =

√
Pu

NM

N−1∑
k=0

M−1∑
l=0

xu [k, l] ej2π(κkN −
ιl
M ), (6)

where Pu is the transmission power of the signal, 0 ≤ κ ≤
N − 1 and 0 ≤ ι ≤M − 1 are two-dimensional indexes in TF
domain. Utilizing the Heisenberg transform, Xu is converted
into a time-delay domain signal, and adding a cyclic prefix.
Through digital analog conversion, the continuous analog
signal is transmitted through antenna i, 1 6 i 6 Nu.

At the receiver, applying Wigner transform, the TF domain
sampling signal of q-th terminal in m-th beam is given by

Yqm [κ, ι] =

U∑
u=1

√
Gu

Nu∑
i=1

Hqm,iu [κ, ι]Xu [κ, ι] + Zqm [κ, ι] , (7)

where Gu
∆
= G (θm,u) is the beam gain [23, Eq. (3)], and θm,u

is the nadir angle between m-th beam coverage center position
and u-th beam center position with respect to the satellite.
Hqm,iu [κ, ι] is the TF domain equivalent channel from the i-
th transmit antenna in beam u to the q-th terminal’s receive
antenna in beam m. It can be obtained from the channel
response, which can be given by

Hqm,iu [κ, ι] =

∫ ∫
hqm,iu (τ, v) ej2π(vnT−τ(v+m∆f))dvdτ .

(8)
Zqm [κ, ι] is the complex Gaussian distributed noise at the
filter output. Finally, the symplectic finite Fourier transform is
applied to sampling signal to obtain the DD domain estimates
symbols, which is given by

yqm [k, l] =
1

NM

N−1∑
κ=0

M−1∑
ι=0

Yqm [κ, ι] e−j2π(κkN −
ιl
M ). (9)

According to the input-output relationship in the DD domain,
the matrix form of the signal model in the DD domain is as
follows,

yqm =

U∑
u=1

√
PuGu

Nu∑
i=1

Hqm,iuxu + zqm , (10)

where x,y, z ∈ CMN×1 are the sending symbols vector,
the receiving signals vector, and the noise vector in the DD
domain, respectively. The (k +Nl + 1)-th element of vector
xu is xu [k, l], and the same goes for y and z.

The DD domain estimated symbol is given by

yqm =
√
PmGm

Nm∑
i=1

Hqm,im
√
ξqmsqm︸ ︷︷ ︸

the desired signal

+
√
PmGm

Nm∑
i=1

Jm∑
j=q+1

Hqm,im
√
ξjmsjm︸ ︷︷ ︸

intra−beam interference

+

U∑
u=1
u6=m

√
PuGu

Nu∑
i=1

Hqm,iu

Ju∑
j=1

√
ξjusju

︸ ︷︷ ︸
inter−beam interference

+zqm ,

(11)

where s ∈ CMN×1 is the symbol vector transmitted to the
terminal. The first term is the desired information of terminal
q in beam m. The second term is the intra-beam interference
caused by other terminal signals in beam m. To be specific,
assuming that the terminal’s NOMA coefficients are arranged
as ξ1 > · · · > ξJm in beam m, based on perfect successive
interference cancellation, the estimates symbols of terminal q
is only interfered by signals from J − q terminals instead of
J . The third term is the inter-beam interference caused by
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(a) The channel parameters lp = {0, 1, 2, 3}, kp = {0, 1, 2,−2}. (b) The channel parameters lp = {0, 1, 2, 3}, kp =
{0, 1.125, 2.312,−2.851}.

Fig. 2. The DD domain equivalent channel with (a) integer DSs, and (b) fractional DSs.

signals from other beams to beam m. The last term is the
complex Gaussian noise in the DD domain, which follows the
distribution CN

(
0, σ2

qm
)
.

Due to the block-cyclic structure of H, the inter-symbol
interference still exists at the receiver, as is also evident
from (3). Therefore, equalization techniques are required at
the receiver to mitigate inter-symbol interference. We apply
the frequency domain zero-forcing linear equalizer to process
the received signal in the DD domain. This process can be
represented as the multiplication of the signal matrix and the
equalization matrix Qqm,m, which can be given by

Qqm,myqm =
√
PmGm

√
ξqmsqm +

√
PmGm

Jm∑
j=q+1

√
ξjmsjm

+Qqm,m

U∑
u=1
u6=m

√
PuGu

Nu∑
i=1

Hqm,iu

Ju∑
j=1

√
ξjusju

+Qqm,mzqm

, (12)

where Qqm,m =
(
FHN ⊗ FM

)
A−1
qm,m

(
FN ⊗ FHM

)
,(

FN ⊗ FHM
)
yqm represents the transformation of the received

signal from the DD domain to the TF domain. As a result, the
channel matrix at the terminal can be diagonalized, resulting
in a diagonal matrix Aqm,m, where the (κM + ι+ 1)-th

diagonal element is Aκ,ιqm,m =
N−1∑
k=0

M−1∑
l=0

al,1k,qm,me
j2π( lιM−

kκ
N ),

al,1k,qm,m is the (kM + l + 1)-th row and the first column
of the matrix

∑Nm
i=1 Hqm,im . Additionally,

(
FN ⊗ FHM

)
is a

unitary matrix, i.e.,
(
FN ⊗ FHM

)−1
=
(
FHN ⊗ FM

)
.

Furthermore, in order to obtain the signal-to-interference-
and-noise ratio (SINR) of the equalized signal, the covariance
matrices of the inter-beam interference term and noise term
need to be calculated. For the inter-beam interference term,
the covariance matrix is given by (13), at the top of next
page. Here, both Aqm,u and Aqm,m are diagonal matrices.
Therefore, Ccov is a block-circulant matrix whose eigenvalues

Iibi can be given by its trace, i.e.,

Iibi = 1
MN

Tr

A−2
qm,m

 U∑
u=1
u6=m

PuGuAqm,u

2
= 1

MN

N−1∑
κ′=0

M−1∑
ι′=0

∣∣∣∣Nm∑
i=1

Aκ
′,ι′

qm,im

∣∣∣∣−2

∣∣∣∣∣∣∣
U∑

u=1
u6=m

PuGu

Nu∑
i=1

Aκ
′,ι′

qm,iu

∣∣∣∣∣∣∣
2

︸ ︷︷ ︸
∆
=Ψ(κ′,ι′)

,

(14)
where Tr {.} is the trace of the matrix. Similarly, the eigen-
values In of the covariance matrix of the noise term can also
be given by

In =
1

MN
Tr
{
A−1
qm,mA−Hqm,m

}
=

ε

MN

N−1∑
κ′=0

M−1∑
ι′=0

∣∣∣∣∣
Nm∑
i=1

Aκ
′,ι′

qm,im

∣∣∣∣∣
−2

︸ ︷︷ ︸
∆
=Ξ(κ′,ι′)

, (15)

where ε = σ2
qm . Therefore, the SINR of decoding the estimat-

ed symbol sqm [k, l] is given by

SINRqm =
PmGmξqm

PmGm
Jm∑

j=q+1

ξjm + Iibi + In

. (16)

IV. PERFORMANCE ANALYSIS
A. Outage Probability Analysis

The OP is defined as the probability that the data rate is
less than a certain threshold γ, such that

P (γ)
∆
= Pr {R ≤ γ} . (17)

Therefore, the OP of terminal q in beam m is given by

P (γqm) = Pr


N−1∑
κ′=0

M−1∑
ι′=0

Ξ
(
κ′, ι′

) (
Ψ
(
κ′, ι′

)
+ ε
)︸ ︷︷ ︸

∆
=χ

≥ ςqm

 ,

(18)
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Ccov =

E

(FH
N ⊗ FM

)
A−1
qm,m

(
FN ⊗ FHM

) U∑
u=1
u6=m

PuGuHqm,u

 U∑
u=1
u6=m

PuGuHqm,u

H (
FH
N ⊗ FM

)
A−H
qm,m

(
FN ⊗ FH

M

)
=
(
FH
N ⊗ FM

)
A−1
qm,m

U∑
u=1
u6=m

PuGuAqm,u

 U∑
u=1
u6=m

PuGuAqm,u

H

A−H
qm,m

(
FN ⊗ FH

M

) (13)

where

ςqm =

MNPmGm

(
Jm∑
j=q

ξjm − 2γqm
Jm∑

j=q+1

ξjm

)
2γqm − 1

. (19)

Obviously, the OP is always one when ςqm is less than zero.
Therefore, the power allocation coefficients should be set to
satisfy

∑Jm
j=q ξjm > 2γqm

∑Jm
j=q+1 ξjm for successful NOMA

implement. At the same time, when the threshold γ increases,
ς in (18) will decrease, so the OP will increase while χ remains
constant, which is the same as the actual law in engineering.

First, the PDF of random variables (RVs) Ξ and Ψ are
analyzed separately. For notational convenience, the qm-th, i-
th, and κ′, ι′ indexes are dropped. Since the RV Aiu follows
the SR distribution, i.e., Aiu ∼ SR (biu , ωiu , ηiu). Define
RV X ′u ,

∑Nu
i=1Aiu to be the sum of Nu non-i.i.d. SR

distributions RVs. Due to satellite channel characteristics,
the signals of Nu transmitting antennas pass through ap-
proximately the same channel. Therefore, Nu RVs can be
represented linearly with each other. For example, suppose
A1u ∼ SR (b1u , ω1u , η1u), A2u = kA1u , k > 0, and A2u ∼
SR

(
b2u = k2b1u , ω2u = k2ω1u , η2u = η1u

)
. See Appendix A

for the proof. This conclusion shows the relationship of
linearly dependent SR distributions. When A2u is scaled k
times based on A1u , the average power of LOS and NLOS
path component of A2u are scaled k2 times compared to that
of A1u , while the fading parameters remain the same.

Furthermore, the sum of Nu dependent SR distributions is
still the SR distribution, and the PDF of X ′u can be given by

fX′u (x) = f|h|
(
x|b̄u, ω̄u, η̄u

)
, (20)

where b̄u =
Nu∑
i=1

biu , ω̄u =
Nu∑
i=1

ωiu and η̄u = ηiu ,∀i. In

addition, confluent hypergeometric function can be expressed
as a sum of finite terms by [24, Eq. (9)], i.e., 1F1

(
η, 1, cx2

)
=

η−1∑
k=0

ck(η−1)!

(η−1−k)!(k!)2x2kecx
2

, where η is a strictly positive integer.

Therefore, utilizing the derivative method of the distribution
function, the PDF of Ξ can be given by

fΞ (x) =
1

2
x−

3
2 fXm

(
1√
x

)
=

1

2

ηm−1∑
k0=0

αmξm (k0)x−k0−2e−(βm−cm)x−1

,

(21)

where ξm (k0) =
ck0
m (ηm−1)!

(ηm−1−k0)!(k0!)2 is the coefficient.

For interference signals from $ (∆
= U − 1) beams, define

Yu , ρuX
′
u, where ρu = PuGu, u 6= m. The PDF

representation of Yu is fYu (x) = 1
ρu
fX′u

(
x
ρu

)
. Let RV

Z
∆
= Y1 + Y2 + . . . Y$ be the sum of $ i.i.d. RVs Yu. The

PDF of Z can be given in closed formulation by

fZ (x) =

η1−1∑
k1=0

...

η$−1∑
k$=0

Θ ($)

2k2−1∑
r2=0

...

2k$−1∑
r$=0

Ω ($)

bΛ2/2c∑
v2=0

...

bΛ$/2c∑
v$=0

Φ ($)xΛ$+2k$−2v$+1e−θ$x
2

,

(22)
where the parameters are defined as follows,

Θ ($) =

$∏
i=1

αiξi (ki) ρ
−2ki−2
i ,

Ω ($) =

$∏
j=2

(
2kj + 1
rj

)
(−1)

rj ,

Φ ($) =

$∏
g=2

√
πΛg!µ

Λg−2vg
g (θg−1 + µg)

vg−Λg− 1
2

4vg (Λg − 2vg)!vg!
,

and µg =
βg−cg
ρ2
g

, Λg =

(
2
g−1∑
i=1

ki − vi
)

+ rg + g − 1,

θg = µg −
µ2
g

θg−1+µg
. The power exponent parameter θg

iterates continuously as $ increases, assuming its initial value
θ1 = µ1. When $ = 1, (22) degenerates into fY1

. See
Appendix B for the proof. This closed-form expression is new
in the analysis of multiple beams, although it has multiple
summation terms, most of it has constant values and the
independent variables have a simple structure.

Following this line of reasoning, the PDF of Ψ + ε is

obtained as fΨ+ε (y) =
fZ(
√
y−ε)

2
√
y−ε , which can be further

written as

fΨ+ε (y) =

η1−1∑
k1=0

...

η$−1∑
k$=0

Θ ($)

2k2−1∑
r2=0

...

2k$−1∑
r$=0

Ω ($)

bΛ2/2c∑
v2=0

...

bΛ$/2c∑
v$=0

Φ ($)

2
(y − ε)

Λ$+2k$−2v$
2 e−θ$(y−ε).

(23)

The PDF of χ can be given by (24), at the top of next page,
where Wa,b (.) is Whittaker’s W hypergeometric function. See
Appendix C for the proof. Considering the distribution of the
sum of MN times of RVs χ, it is very tricky. Therefore, the
method of moment matching is employed to calculate the PDF.
Now, derive the n-th order moment of χ, which can given by
(25), at the top of next page, where k0 > n+ r0 + k$ + 1.
See Appendix D for the proof.
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fχ (z) =

ηm−1∑
k0=0

αmξm (k0)

η1−1∑
k1=0

...

η$−1∑
k$=0

Θ ($)

2k2−1∑
r2=0

...

2k$−1∑
r$=0

Ω ($)

bΛ2/2c∑
v2=0

...

bΛ$/2c∑
v$=0

Φ ($)
ε

Λ$+2k$+2k0−2v$+2
4

4zk0+2

Γ
(

1
2Λ$ + k$ − v$ + 1

)
(
βm−cm

z + θ$

)Λ$+2k$+2k0−2v$+6
4

e−
( βm−cmz

+θ$)ε
2 +θ$εW 2k0−Λ$−2k$+2v$+2

4 ,− 2k0+Λ$+2k$−2v$+4
4

((
βm − cm

z
+ θ$

)
ε

)
(24)

Eχ [zn] =

ηm−1∑
k0=1

αmξm (k0)

η1−1∑
k1=0

...

η$−1∑
k$=0

Θ ($)

2k2−1∑
r2=0

...

2k$−1∑
r$=0

Ω ($)

bΛ2/2c∑
v2=0

...

bΛ$/2c∑
v$=0

Φ ($)
eθ$ε

4
Γ

(
1

2
Λ$ + k$ − v$ + 1

)
k0−n∑
r0=0

(
k0 − n
r0

)
(−θ)r0εn+0.5Λ$+k$−v$+r0+1 Γ (2k0 − n− r0 + 1) Γ (k0 + v$ − 0.5Λ$ − n− r0 − k$ − 1)

(βm − cm)
1+k0−nΓ (k0 − n− r0)

(25)

Therefore, the OP of the q-th terminal in the mth beam
of OTFS-based downlink non-orthogonal multiple access for
high-throughput satellites is given by

Pr {Rqm 6 γqm} = 1−Φ

(
ςqm − Eχ (z)

Eχ (z2)− E2
χ (z)

)
, (26)

where Φ (.) is the cumulative distribution function of the
standard normally distributed RV.

B. Ergodic Capacity Analysis

The capacity analysis is an important indicator of wire-
less communication systems, which can guide the maximum
achievable rate. The ergodic capacity is defined as the statisti-
cal mean of the instantaneous mutual information between the
source and the target terminal (in bits per second per hertz).
Under the statistical channel state information condition, the
ergodic capacity of the q-th terminal in the m-th beam is
defined as

C̄qm = E [log2 (1 + SINRqm)]

=

∞∫
0

log2 (1 + x) fSINRqm (x) dx
. (27)

Obviously, the exact analytic expression of (27) is not
resolvable. For the convenience of representation, the SINRqm

is equivalent to the RV D. Therefore, the Taylor series
expansion of the logarithmic function log2 (1 +D) around the
mean E [D] of RV D is utilized, retaining its second-order
form. A closed-form approximate ergodic capacity expression
is obtained, which can be given by

C̄qm ≈
ln (1 + E [D])

ln (2)
−

E
[
D2
]
− E2 [D]

2 ln (2) (1 + E [D])
2 . (28)

In order to solve (28), we need to derive the closed-form
expression for the moment of D. Similar to the derivation of
(25), insert the PDF of D into the generalized n-th moment

function to obtain (29), at the top of next page, where

O = −

(
PmGm

Jm∑
j=q+1

ξjm + Eχ [z]

)2

2
(
Eχ [z2]− E2

χ [z]
) . (30)

See Appendix E for the proof. Setting n = 1 and n = 2 in
E [Dn] to obtain the first and second statistical moments of
D, respectively, which are substituted into (28) to obtain the
ergodic capacity C̄qm . Therefore, for all terminals within the
LEO satellite coverage, the system ergodic capacity C̄ can be
given by

C̄ =

Nu∑
u=1

Ju∑
j=1

C̄ju . (31)

V. PERFORMANCE EVALUATION

This section presents numerical results to validate the accu-
racy of the theoretical analysis, demonstrating the impact of
key parameters on the outage probability and ergodic capacity
performance, as well as the communication performance in
the presence of frequency offset estimation errors.

Considering the OP performance evaluation of the OTFS-
NOMA in three LEO channel with heavy shadow (HS),
average shadow (AS), and light shadow (LS) fading. We simu-
late a Ku-band multi-beam satellite downlink communication
system, serving an area that includes massive high-mobility
terminals, with relative DSs ranging from 372-387 kHz [25].
Each beam selects two or three terminals out of Cu terminals
to form a NOMA group, and the DD domain dimension
M = 1024, N = 14. Table I summarizes the main parameters
used in the simulation.

Figure 3 compares the OP of terminals using OTFS signal
or OFDM signal in different LEO downlink channel scenarios.
Setting a fixed number of beams U = 3, and each beam
is generated by 4 transmitting antennas, i.e., Nu = 4. In
one time slot, each beam selects three terminals to form a
NOMA group as an example. Firstly, with the deterioration of
satellite-ground channel fading, the transmitted signal suffers
more severe damage, and the OP of both transmission schemes
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E [Dn] =
1√
2nπ

(PmGmξqm)
n−2(

Eχ
[
z2
]
− E2

χ [z]
) 1−n

2 ((1 + (−1)
n
)
√
Eχ [z2]− E2

χ [z]Γ

(
3− n

2

)

1F1

[
n

2
− 1,

1

2
, O

]
−
√

2 (−1 + (−1)
n
)

PmGm Jm∑
j=q+1

ξjm + Eχ [z]

Γ
(

2− n

2

)
1
F1

[
n

2
− 1,

1

2
, O

]
)

(29)

TABLE I
SYSTEM PARAMETER CONFIGURATION

Parameter Value
Satellite orbital altitude 800 km
Satellite antenna gain 30 dB
Terminal antenna gain 0 ∼ 5 dB
3dB-beam width of the beam 0.5◦

Carrier frequency 15 GHz
System bandwidth 20 MHz
Satellite transmit power 40 dBW/MHz
Terminal speed 100 ∼ 300 km/h
Number of beams U 10
Effective nadir angle θm,u 0 ∼ 20◦

Heavy shadowing η, b, ω 1, 0.063, 0.0007
Average shadowing η, b, ω 5, 0.251, 0.279
Light shadowing η, b, ω 10, 0.158, 1.29

increases. Secondly, under three fading conditions, the OP of
OTFS is lower than that of OFDM in the same transmit signal-
to-noise ratio (SNR). The reason is that the OTFS modulation
spreads the symbol to the whole TF domain instead of one
OFDM symbol, and the full TF diversity is obtained. As shown
in the Figure 3, the channel conditions of terminal 1 are worse
than those of other terminals, because the power assigned to
terminal 1 is the largest, the OP becomes the lowest. In the
actual system, the power allocation needs to be optimally set
according to the actual demand.

Fig. 3. OP performance comparison among OTFS-NOMA and OFDM-
NOMA in different fading conditions.

Figure 4 illustrates the impact of the number of active
beams on the OP of the terminals. The fixed satellite-to-
ground channel is AS channel. As an example, a NOMA group
contains two terminals. It can be seen that with the number
of co-frequency beams increases, the terminal is subjected
to more co-frequency interference, and the OP increases,
which is also consistent with the rule described in Eq. (26).

Specifically, the OP when activating 6 beams is slightly higher
than when activating 3 beams, but significantly lower than
when activating 10 beams. This is because with 10 beams, the
leakage from the main lobe or the first side lobe of the newly
activated adjacent beams, which are targeting the terminal,
significantly increases the OP. Therefore, scheduling adjacent
beams in a time slot should be avoided as much as possible. In
addition, the performance of OTFS is better than the OFDM
scheme in different number of active beams.

Fig. 4. OP performance comparison among OTFS-NOMA and OFDM-
NOMA in different number of active beams.

Figure 5 compares the spectral efficiency of OTFS and
OFDM with different number of terminals, with the horizontal
axis is the transmit SNR, and the vertical axis is the normalized
ergodic capacity. Maintain a constant total amount of satellite
resources, including transmission power and DD domain re-
sources. Different numbers of terminals share all communica-
tion resources. For instance, a single terminal can exclusively
utilize all the resources, achieving the maximum efficiency. In
cases with two or three terminals, the inevitable introduction of
interference between terminals lowers efficiency, but it enables
more access. The slope of each curve increases as the transmit
SNR increases. In addition, compared to the OFDM scheme,
the proposed framework improves performance by 16.9%,
14.3%, and 11.9% respectively when the number of terminals
is J = 1, 2, 3 with SNR = 10.

Figure 6 further illustrates the combined impact of different
numbers of active beams on OP and EC under LS channel.
Specifically, subfigure (6a) shows the OP of the terminals in
beam m, while subfigure (6b) shows the system EC. Use the
algorithm in [22] to select three terminals in beam m. Set
the fixed terminal power coefficient ξj , SNR = 16 dB. As
shown in (6a), the OP for terminals gradually increases with
the number of active beams, which is due to the introduction
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Fig. 5. The ergodic capacity comparison among OTFS-NOMA and OFDM-
NOMA in different number of terminals.

of more co-frequency interference. The gentle slope indicates
that the activated beams cause less interference to the beam
m, whereas the steep slope indicates that beams closer to
the beam m have been activated. Notably, OTFS-NOMA
consistently outperforms OFDM in terms of OP under these
conditions. Meanwhile, the increase in the number of activated
beams allows for more terminal access, thereby providing
greater system capacity, as shown in (6b). Obviously, under
the premise of meeting the requirement of terminal OP, the
OTFS-NOMA framework supports more terminals access, and
has a larger system capacity.

Figure 7 shows the effect of Doppler grid length N on
the OP of terminals. Set fixed SNR = 13 dB. As observed,
when the parameter N increases, the OP for terminals utilizing
the OTFS-NOMA framework gradually decreases, while the
OP for terminals employing OFDM remains constant. This
is beacause the full TF diversity gain offered by OTFS.
As N increases, more gain is achieved. In contrast, OFDM
cannot exploit the benefits beyond the scope of a single
OFDM symbol. However, a larger N also corresponds to a
longer frame duration, which makes it more challenging to
track channel variations, thereby degrading channel estimation
performance, and increasing complexity. Therefore, we need
to consider the trade-off between the Doppler grid length N
and implementability for practical applications.

Due to the fractional DS on OTFS in actual communication,
the deviation is introduced into equalization, leading to inter-
symbol interference. Figure 8 shows the impact of frequency
offset estimation bias on the bit error rate (BER) of terminals,
where (8a) shows the deviation present in LOS path, and (8b)
shows the deviation present in NLOS path. Set N = 14
and the subcarrier interval to ∆f = 15 kHz. In (8a), the
BER performance deteriorates rapidly with the increase of
LOS path deviation, because the deviation causes signal severe
distortion, and destroys orthogonality. When the deviation of
the LOS path reaches ∆f

2N , the BER performance of both
schemes gradually approaches 0.5. In contrast, the degradation
of the proposed framework is slower. Compared to the LOS
path, the NLOS path has lower power, and its deviation causes

(a) The OP of terminals in beam m with SNR = 16 dB.

(b) The system EC with SNR = 16 dB.

Fig. 6. Comparison OP and EC performance between the the proposed
framework and OFDM for different U .

less interference on the signal, as shown in (8b). As the devi-
ation of the NLOS path increases, the BER of both schemes
rises to a fixed value, and exhibits damped oscillations. This
phenomenon is caused by the interference pattern described in
Chapter II.B. Specifically, the proposed OTFS-NOMA exhibits
better BER performance compared to OFDM in different SNR.
Additionally, to mitigate the performance degradation caused
by estimation bias in practice, one can increase N to obtain
greater diversity gain, while also improving Doppler resolution
to reduce estimation bias.

VI. CONCLUSION

This paper investigates the reliability performance of an
integrated OTFS-NOMA framework in multi-beam satellite
downlink communication. First, we establish the signal trans-
mission model of the proposed framework. Secondly, we
derive a closed-form expression for the outage probability and
ergodic capacity based on OTFS-NOMA transmission. Specif-
ically, we derive a new expression to describe multi-beam
interference with different beam gains. Unlike the complex
conventional expressions, this new expression takes a simple
finite sum form. Finally, we conduct performance evaluation
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Fig. 7. The OP of terminals under different Doppler grid lengths N .

(a) The frequency offset estimation bias of LOS path, J = 1.

(b) The frequency offset estimation bias of NLOS path, J = 2.

Fig. 8. The BER comparison among OTFS-NOMA and OFDM-NOMA in
different frequency offset estimation bias.

of the proposed framework, considering factors such as trans-
mission SNR, the number of active beams, the number of
terminals, DD domain configurations, and the frequency offset
estimation bias. In satellite-to-ground transmission scenarios
with severe DSs, our proposed framework significantly reduces

the outage probability and increases system capacity by over
11.9% compared to the OFDM scheme. At the same time, we
provide guidance for addressing the trade-offs among reliabil-
ity improvements, capacity enhancements, and complexity in
practical scenarios, which are determined by modulation size,
beam scheduling, and terminal scheduling.

APPENDIX A
PROOF THE CORRELATION OF THE SR

DISTRIBUTION Aiu

Given that two RVs are correlated, i.e, A2 = kA1, k > 0.
By combining (2), the PDF of A2 can be given by

fA2 (x|b2, ω2, η2) =
1

k
fA1

(x
k

)
=

x

k2b1

(
2k2b1η1

2k2b1η1 + k2ω1

)η1

e
− x2

2k2b1 1F1

(
η1; 1;

k2ω1x
2

2k2b1 (2k2b1η1 + k2ω1)

)
, fA1

(
x|k2b1, k

2ω1, η1

)
.

(A.1)

APPENDIX B
PROOF FOR EQUATION (22)

Since Z ∆
= Y1 + Y2 + . . . Y$, which means the transmitted

signal envelope of $ beams is superimposed at the receiver of
terminal q. First, substitute fX′u into fYu (x) = 1

ρu
fX′u

(
x
ρu

)
to obtain the PDF of the RV Y , which can given by

fYu (x) =

ηu−1∑
ku=0

αu

ρ2ku+2
u

ξu (ku)x2ku+1e
− βu−cu

ρ2u
x2

. (A.2)

To obtain the PDF of Z, utilizing the convolution theory, we
first derive the PDF of sum of two i.i.d. RVs, denoted by

fY1+Y2 (z) =

∞∫
−∞

fY1 (x) fY2 (z − x) dx, z ≥ 0. (A.3)

In order to simplify the independent variables of the first term
in the convolution, ρn is normalized, i.e. ρu =

[
1, ρ2

ρ1
, . . . ρ$ρ1

]
.

Substitute (A.3) into (A.2), utilizing the binomial expansion
and [26, Eq. (3.462.2)], the integral is solved as

fY1+Y2
(z) =

η1−1∑
k1=0

η2−1∑
k2=0

α1α2

ρ2k2+2
2

ξ1 (k1) ξ2 (k2)

2k2+1∑
r2=0

(
2k2 + 1
r2

)
(−1)

r2

bΛ2/2c∑
v2=0

√
πΛ2!µ2

Λ2−2v2(µ1 + µ2)
v2−Λ2− 1

2

4v2 (Λ2 − 2v2)!v2!

z2k2+2k1−2v2+2e
−
(
µ1µ2
µ1+µ2

)
z2

,

(A.4)
where Λ2 = 2k1 + r2 + 1, µ1 = β1−c1

ρ2
1

and µ2 = β2−c2
ρ2

2
.

Similarly, calculate the PDF of the sum of three i.i.d. RVs,
which is given by (A.5), at the top of next page, where Λ3 =
2k2 +2k1−2v2 +r3 +2, µ3 = β3−c3

ρ2
3

. By repeating the $−1

times convolution operation, the closed formulation expression
of PDF for $ RVs can be obtained, as shown in (22).
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fY1+Y2+Y3 (z) =

η1−1∑
k1=0

η2−1∑
k2=0

η3−1∑
k3=0

α1α2α3

ρ2k2+2
2 ρ2k3+2

3

ξ1 (k1) ξ2 (k2) ξ3 (k3)

2k2+1∑
r2=0

2k3+1∑
r3=0

(−1)r2+r3

(
2k2 + 1
r2

)(
2k3 + 1
r3

)
bΛ2/2c∑
v2=0

bΛ3/2c∑
v3=0

πΛ2!Λ3!µ2
Λ2−2v2µ3

Λ3−2v3(µ1 + µ2)v2−Λ2− 1
2

(
µ1µ2
µ1+µ2

+ µ3

)v3−Λ3− 1
2

4v2+v3 (Λ2 − 2v2)! (Λ3 − 2v3)!v2!v3!
z2k3+2k2+2k1−2v3−2v2+3e

−
(

µ1µ2µ3
µ1µ2+µ1µ3+µ2µ3

)
z2

(A.5)

APPENDIX C
PROOF FOR EQUATION (24)

Solve the PDF of RV χ by integrating the product of Ξ and
Ψ + ε, represented as

fχ (z) =

∞∫
0

1

y
fΞ

(
z

y

)
fΨ+ε (y) dy. (A.6)

By substituting (21) and (23) into (A.6), we can obtain
fχ (z) =

1

4

ηm−1∑
k0=1

αmξm (k0)

η1−1∑
k1=0

...

η$−1∑
k$=0

Θ ($)

2k2−1∑
r2=0

...

2k$−1∑
r$=0

Ω ($)

bΛ2/2c∑
v2=0

...

bΛ$/2c∑
v$=0

Φ ($) z−k0−2eθ$ε

∞∫
ε

yk0+1(y − ε)
Λ$+2k$−2v$

2 e−( βm−cmz
+θ$)ydy

.

(A.7)
The integral part is solved by [26, Eq. (3.383.4)], and after
necessary mathematical transformation, (24) is obtained.

APPENDIX D
PROOF FOR EQUATION (25)

For the nth moment of a RV χ, it is defined as

Eχ [zn] =

∞∫
0

znfχ (z) dz. (A.8)

By substituting (24) into (A.8), we need to solve the integral
term, which can be given by

∞∫
0

(
βm−cm

z + θ$

)−Λ$+2k$+2k0−2v$+6
4

W 2k0−Λ$−2k$+2v$+2
4 ,− 2k0+Λ$+2k$−2v$+4

4

e−
( βm−cmz

+θ$)ε
2

z2−n+k0

((
βm−cm

z + θ$

)
ε
)
dz

(A.9)

Next, replace the variable with
(
βm−cm

z + θ$

)
ε → t ,

utilizing [26, Eq. (7.621.11)] and the binomial expansion, we
can obtain

k0−n∑
r0=0

(
k0 − n
r0

)
(−θ)r0(βm − cm)

n−k0−1

ε
4n+4r0+Λ$+2k$−2k0−2v$+2

4 Γ (2k0 − n− r0 + 1)

Γ (k0 − n− r0 − 0.5Λ$ − k$ + v$ − 1)

Γ (k0 − n− r0)
, k0 > n+ r0

.

(A.10)
The equation (25) is obtained after sorting.

APPENDIX E
PROOF FOR EQUATION (29)

Since (25) obtains the distribution characteristics of
N−1∑
κ′=0

M−1∑
ι′=0

χ (κ′, ι′) using moment matching. Therefore, the n-

th moment of D can be expressed as

E [Dn] =

∞∫
−∞

xnfD (x) dx, (A.11)

where fD (.) is the PDF of D. Utilizing Jacobian transfor-
mations and mathematical transformations, the function is
denoted by

fD (x) =
PmGmξqm

x2

√
2π
(
Eχ [z2]− E2

χ [z1]
)

exp

−
(
PmGmξqm

x
− PmGm

Jm∑
j=q+1

ξjm − Eχ
[
z1
])2

2
(
Eχ [z2]− E2

χ [z1]
)


.

(A.12)
By substituting (A.12) in (A.11), and solve the integral, (29)
is obtained after sorting.
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