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Effect of Strong Time-Varying Transmission
Distance on LEO Satellite-Terrestrial Deliveries

Yuanyuan Ma, Tiejun Lv, Senior Member, IEEE, Tingting Li, Gaofeng Pan,
Senior Member, IEEE, Yunfei Chen, Senior Member, IEEE, and Mohamed-Slim Alouini, Fellow, IEEE

Abstract—In this paper, we investigate the effect of the strong
time-varying transmission distance on the performance of the
low-earth orbit (LEO) satellite-terrestrial transmission (STT)
system. We propose a new analytical framework using finite-state
Markov channel (FSMC) model and time discretization method.
Moreover, to demonstrate the applications of the proposed
framework, the performances of two adaptive transmissions, rate-
adaptive transmission (RAT) and power-adaptive transmission
(PAT) schemes, are evaluated for the cases when the transmit
power or the transmission rate at the LEO satellite is fixed.
Closed-form expressions for the throughput, energy efficiency
(EE), and delay outage rate (DOR) of the considered systems
are derived and verified, which are capable of addressing the
capacity, energy efficiency, and outage rate performance of the
considered LEO STT scenarios with the proposed analytical
framework.

Index Terms—delay outage rate (DOR), energy efficiency (EE),
finite-state Markov channel (FSMC), low-earth orbit (LEO)
satellite, throughput, time variability.

I. INTRODUCTION

Satellite communication is becoming an important technol-
ogy in the beyond five-generation (B5G) and six-generation
(6G) systems to support the exponentially increasing data
requirement and variety of users across the world, since it
has been widely applied in mass broadcasting, navigation,
and disaster relief operations for its capability of seamless
connectivity and wide coverage [1]–[5].

Among various research topics, satellite-terrestrial trans-
mission (STT) system has attracted a significant amount of
attention on its performance analysis, such as capacity [6]–[9],
energy efficiency (EE) [10], [11], outage probability (OP) [9],
[12]–[14], and coverage probability (CP) [15]. Most of these
works have considered simple satellite-terrestrial systems, in
which the transmission between satellites and ground users is
direct without the assistance of ground relays. For instance,
the authors of [6] analyzed the system capacity of the forward
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link of a code-division multiple access system. The capacity
of mobile satellite systems was shown in [7] with the assis-
tance of adaptive power control for the attenuation caused
by fading. The authors of [10] studied the EE in satellite-
based internet of things system with a proposed network
coding hybrid automatic repeat request (HARQ) scheme. Ref.
[11] investigated the EE of the earth station in the rate-
splitting multiple access-based cognitive satellite-terrestrial
networks in the presence of multiple eavesdroppers. Closed-
form expressions for the average secrecy capacity and secure
outage probability of the multiuser downlink wiretap satellite
network were derived in [12]. The OP was investigated in
non-orthogonal multiple access (NOMA) based cooperative
STT system [9], [16], [17]. The OP of a broadcasting satellite
communication system and that of a cooperative satellite-
aerial-terrestrial system were studied in [13], [18]. The outage
performance and diversity gain of three HARQ schemes were
respectively studied in [14]. [15] derived the CP of a dual-hop
cooperative satellite-unmanned aerial vehicle communication
system. The aforementioned works considered the impacts of
the small-scale fading and/or the randomness of terrestrial
position on satellite-terrestrial transmissions. Some literatures
employed GEO satellite, in which the transmission distance
can be viewed as fixed. However, [9], [13] employed LEO
satellite, in which the impacts of time-varying transmission
distance was ignored.

Low-earth orbit (LEO) satellites normally orbit hundreds of
kilometers above the earth and LEO satellite communication
systems have recently gained great research interest due to
less power consumption, lower transmission delays, and higher
data rates, which are expected to be incorporated in future
wireless networks [19]–[23]. Similar to traditional terrestrial
wireless communication systems, they also suffer from two
types of channel fading, namely, small-scale fading and large-
scale fading. A shadowed Rice (SR) model [24]–[27] is widely
adopted for small-scale fading over LEO STT links, which
describes the statistical distribution of the channel gain be-
tween the LEO satellite and terrestrial terminals. Furthermore,
as pointed out in [28], a notable characteristic of large-scale
fading in LEO STT systems is time variability, due to the
high mobility of the LEO satellites. Specifically, the strong
time-varying transmission distance has a huge impact on the
large-scale fading. However, till now, few works have analyzed
the influence of strong time-varying transmission distance on
the performance of the LEO STT system.

On the other hand, network resources can be adaptively
allocated based on the varying channel conditions, for im-
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proved/optimal efficient resource configuration and manage-
ment [29]. Ref. [30] proposed a fully rate adaptive technique
for use at extremely high-frequency bands which experience a
high rate of change of rain fade levels. An energy-efficient
adaptive transmission scheme for the integrated satellite-
terrestrial network constraints has been proposed in [31]. Ref.
[32] proposed a cross-layer design with rate-adaptive trans-
mission for the broadcast channel of an interactive multibeam
broadband satellite system with a transparent architecture. Ref.
[33] investigated the distributed power control problem with
adaptive learning algorithm in downlink cognitive satellite-
terrestrial networks. Moreover, the authors of [34] analyzed the
channel capacity of a hybrid satellite-terrestrial network with
different adaptive transmission schemes including adaptive
transmit power and adaptive rate schemes.

However, the study of large-scale fading with LEO satellite
usually fails to disregard the strong time variability [9], [13],
and the investigation of the small-scale fading always ignore
the practicability brought by quantification or relationship
between different states [27]. Motivated by these observations,
we propose a new analytical framework to study the influences
of the strong time variability on the LEO STT link, coming
from the large-scale fading and the small-scale fading in time
domain and amplitude domain with time discretization method
and the adopted FSMC model. The throughput, EE, and
delay outage rate (DOR) of the considered LEO STT system
are analyzed, while considering two adaptive transmission
schemes, rate-adaptive transmission (RAT) and power-adaptive
transmission (PAT). The main contributions of this paper are
summarized as follows:

• We propose a new analytical framework to accurately
analyze the performances of LEO STT systems, in which
the large-scale fading (or the path-loss) shows strong
time-varying properties. Specifically, the time discretiza-
tion method is employed to model the effect of time-
varying path-loss over STT links, and the FSMC method
is adopted to study the effect of the small-scale fading
over LEO STT links.

• Closed-form expressions for the throughput, EE, and
DOR of the considered system are derived and verified.

• The performances of two adaptive transmission schemes,
RAT and PAT schemes, in the LEO STT system are
demonstrated and compared.

The remainder of this paper is organized as follows. The
considered LEO STT system and performance metrics are
introduced in Section II and III, respectively. The performance
analysis with RAT and PAT schemes are respectively analyzed
in Sections IV and V. In Section VI, numerical results are
presented to show the performances with two adaptive trans-
mission schemes. Finally, Section VII concludes the paper.

II. SYSTEM MODEL

The LEO STT system considered in this work is presented
in Fig. 1. All of the LEO satellites have the same orbit height
denoted as H . Although multi-beam satellite systems have
high spectrum efficiency [35], the intractable inter-beam inter-
ference will be induced. For simplification of the analysis, the

Re

H

Fig. 1: Adopted LEO STT system model: Several LEO satel-
lites circling the earth make up an annular covering belt which
afford uninterrupted service for the terrestrial terminal

single-beam satellite antennas are adopted in the considered
STT system. The radius of the earth is Re. The terrestrial
terminal is denoted as T, and the LEO satellite is denoted as
S. Assume that the overlapping areas of different satellites
sharing the same frequency resources are small enough to
ignore inter-satellite interferences1.

Let x(t) be the information bit transmitted by S in time
slot t. Consider a frequency nonselective fading channel with
additive white Gaussian noise z (t). The received signal at T
in time slot t can be written as

y (t) =
√
PT (t) /dρTS(t)hTS (t)x (t) + z (t) , (1)

where dTS(t) is the distance between S and T, ρ is the
path-loss factor, dρTS(t) is the large-scale fading, PT(t) is the
transmit power at S, hTS(t) is the small-scale fading channel
gain between T and S.

The received signal to noise ratio (SNR) at T is

γ(t) =
PT(t)

σ2

|hTS(t)|2

dρTS(t)
, (2)

where σ2 is the average power of z (t), the power gain
|hTS(t)|2 is from the small-scale fading and the pass loss
dρTS(t) is from large-scale fading/path-loss.

A. Channel Model

In this work, we consider the impacts of two types of chan-
nel fading in LEO STT system: the small-scale and large-scale
fading. The SR model [24], [25] is adopted to describe the

1If the overlapping areas are large so that the inter-satellite interference
cannot be ignored, the interference mitigation technique in [36] for spectral
coexistence between LEO satellites can be employed to remove the interfer-
ences.
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small-scale fading, which has been proved to be an accurate,
practical and applicable tool to evaluate the performance of the
satellite propagation environments in various frequency bands.
Without loss of generality, the probability density function
(PDF) of the power gain, G (t) = |hTS (t) |2, for the LEO
STT links in SR fading is given as [24]

fG(y, t) = α(t) exp(−β(t)y)1F1 (m(t); 1; δ(t)y) , y ≥ 0,
(3)

where α(t) =
(

2b0(t)m(t)
2b(t)m(t)+Ω(t)

)m(t)

/(2b0(t)), β(t) = 1
2b0(t)

,

and δ(t) = Ω(t)
2b0(t)(2b0(t)m(t)+Ω(t)) , Ω(t) and 2b0(t) are are

the average power of the line of sight (LOS) and multi-path
components at time t, respectively, m(t) is the fading severity
parameter, and 1F1 (·; ·; ·) is the confluent hypergeometric
function of the first kind [37, Eq. (9.21)].

Expanding 1F1 (·; ·; ·) in (3) by using [37, Eq. (9.210.1)],
the PDF of G (t) can be presented as

fG (x, t) = α(t)

m(t)−1∑
k=0

ς (k , t)xk exp (− (β(t)− δ(t))x) ,

(4)

where ς (k , t) =
(−1)k(1−m(t))kδ(t)

k

(k!)2 and (w)k =

w (w + 1) · · · (w + k − 1) is the Pochhammer symbol [37].
By substituting (4) into FG,t (x) =

∫ x

0
fG (y, t) dy, the

cumulative distribution function (CDF) of G (t) is obtained
as

FG (x, t) =1− α(t)

m(t)−1∑
k=0

ς (k , t)
k∑

p=0

k!

p!
xp

× exp(− (β(t)− δ(t))x)

(β(t)− δ(t))
k+1−p

. (5)

B. Finite-State Markov Channel (FSMC) Model

Here we adopt the FSMC model [38] to study the effect of
the small-scale fading over LEO STT links. To the randomness
of the small-scale fading of the LEO STT link, we partition
the channel gain between T and S, hTS, into K regions, hk ∈
[µk−1, µi), i = 1, 2, · · · ,K, where the region boundaries, µi,
denoting small fading amplitude partition thresholds, are set to
the minimum channel gain value required to achieve a target
bit error rate (BER) value [39], with µ0 = 0 and µK = ∞.
The number of FSMC states is K. The FSMC is said to be
in state S = k if the channel gain hTS falls in the region
hk ∈ [µk−1, µk).

It is assumed that at time index l, the state of the channel
is sk = k, k ∈ {0, · · · ,K − 1}. The channel state is the
output of a Markov chain. The steady-state probability of each
FSMC state is derived by integrating the PDF of G (t), over
the corresponding region as

H

 Track of Sub-Satellite Point

R

dP

dTS

S

T

PO

Fig. 2: Coverage area of the LEO Satellite

πk(t) =

∫ µ2
k

µ2
k−1

fG(x, t)dx

=

{
FG

(
µ2
k, t
)
− FG

(
µ2
k−1, t

)
, k = 1, · · · ,K − 1;

1− FG

(
µ2
k−1, t

)
, k = K

,

(6)

where fhTS
(x, t) is the the analytical PDF of the channel

fading envelope. For stationary Markov models, the stationary
state probability vector is denoted as π = [π1(t), · · · , πK(t)].

C. Time Discretization

The strong time-varying transmission distance exhibits a
nonnegligible effect on the path-loss because of the orbiting
of the LEO satellite. To describe the time-varying property
of the LEO STT channel, we need to partition the service
time of S into time slots. Then, the influence of the strong
time variability of the path-loss on the LEO STT link can be
elaborated via employing the time discretization method. For
clarity, we present the coverage area of one satellite in Fig. 2,
in which the coverage area of S is a circle with a radius R.

To facilitate the following analysis, we denote the sub-
satellite point on earth as O, the track of sub-satellite point as
TR−O, the projection point of T on TR−O as P, the distance
between T and TR−O as dP, and the distance between T and
S as dTS. We use dP to describe the location of T. Moreover,
it is also assumed that dP is fixed when T is in the coverage
area of each LEO satellite, or T is fixed. The distance between
S and T is calculated in Appendix A.

When the terminal is in the service area of the LEO satellite,
the channel gain and distance between T and S vary with
the time. The time when T is within the coverage area of
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each LEO satellite is denoted as Ts. We define the slot
duration as Tslot. Then, the total duration can be divided
into N slots as N = Ts

Tslot
, where N is an integer. In

each slot, we assume the channel gain |hTS| belongs to one

hk

△
∈ [µk−1, µk), k ∈ {1, · · · ,K}. Similarly, dTS[n] is

denoted as the distance between S and T in the n-th time
slot and dTS[n] ∈ [min {dTS (t)} ,max {dTS (t)}], in which
(n− 1)Tslot ≤ t ≤ nTslot.

Considering the time-varying property of the LEO STT
channel and practicability of the considered LEO STT system
simultaneously, we know the large-scale fading and the small-
scale fading of the LEO STT system all vary in time and am-
plitude domains, and can be presented with time discretization
method and the adopted FSMC model. Next, the throughput,
EE and DOR of the considered LEO STT system will be
analyzed with FSMC model and time discretization method.

III. THROUGHPUT, EE AND DOR
Using the channel gain discretization in the FSMC model

and time discretization to describe the time variability of the
path-loss, the throughput and EE of the considered system are

R̄ =
1

N

N∑
n=1

K∑
k=1

πk,nRk,n, (7)

and

ηEE =

∑N
n=1

∑K
k=1 πk,nRk,n∑N

n=1

∑K
k=1 πk,nPk,n

, (8)

respectively, where πk,n, Rk,n and Pk,n are the stationary
state probability, the data rate, and the transmit power of S,
respectively, when T is in the n-th time slot and the channel
gain is hk, in which πk,n = 1

Tslot

∫ nTslot

(n−1)Tslot
πk(t).

DOR is defined as the probability that the time duration
required to successfully deliver a certain amount of data D
over a wireless channel is greater than a threshold, denoted by
Tth. Given that Tth can be related to the latency requirement
of the data, the DOR metric simultaneously characterizes the
reliability and latency performances of transmission. DOR can
be expressed as

DOR = Pr {DT > Tth} . (9)

The delivery time of a small data packet D arriving at the
time t is denoted by DT(t). According to the Markov model
for the fading channel where channel gain can only move to
the neighboring intervals, hTS (t) enters region h2 after the
waiting period and rate R2,mt is used to complete the data
transmission, where

mt =

⌈
TW + t

Tslot

⌉
MODN (10)

indicating the time slot index after the waiting period and
mt = 1, 2, · · · , N . In other words, mt indicates the large-
scale fading with time slot index. Hence, we have

DT(t) =

{
D

Rk,mt
, k = 2, · · · ,K;

TW + D
Rk,mt

, k = 1
, (11)

in which TW is the waiting period when the data packet arrives
at time t. We adopt the Markov channel model [38], [40] and
assume that, when a small data packet arrives at time t , the
channel gain stays in h1 for an exponentially distributed period
of time with PDF

fTW(t) =
1

λ
exp

(
− t

λ

)
, (12)

in which λ is the average of TW. In other words, λ is the
average time period over which h(t) stays below a given
threshold µ1 per unit time.

Here we introduce second-order statistics, the level crossing
rate (LCR), which is the rate at which the envelope crosses
a certain threshold, and the envelope average fade duration
(AFD), which is the length of the time that the envelope stays
below a given threshold. From (12), λ is AFD and it can be
expressed as

λ =
1

NR(µ1)

∫ µ1
2

0

fG(y)dy =
π1

NR(µ1)
, (13)

in which NR(µ1) is LCR, the rate at which the envelope of
h(t) crosses a certain threshold µ1.

In this paper, we consider the small-scale fading as the
slowly varying LOS and non isotropic scattering correlation
model. We denote f scatter

max and fLOS
max as the maximum Doppler

frequency of the scattering component and the maximum
Doppler frequency of the LOS component. Empirical ob-
servations have shown that the rate of change of the LOS
component (several Hertz), is significantly less than that of
the scattering component (several hundred Hertz) [41], which
means fLOS

max /f
scatter
max ≪1. Thus, [24] gives LCR NR(rth) as

NR(rth) =
1√

2πΓ (m)

(
2b0m

2b0m+Ω

)m
√

b0b2 − b21
b0

rth
b0

× exp

(
−µ2

k

b0

) ∞∑
n=0

(
1
2

)
n
(−1)

n

n!
[ξn (rth) + ξn+1 (rth)] ,

(14)

where (x)n = x (x+ 1) · · · (x+ n− 1), (x)0 = 1, b1 =

b02πf
scatter
max cos(ϕ̄)I1(κ)/I0(κ), b2 = b02π

2f scatter2

max [I0(κ) +
cos(ϕ̄)I2(κ)]/I0(κ), , ϕ̄ ∈ [−π , π) is the mean direction of
the angle of arrival (AOA) in the horizontal plane, and κ is the
width control parameter of the AOA [42], I0(·) is the modified
Bessel function of zeroth order and

ξn (rth) =
Γ (n+m)

2nn!

[
b21

b0 (b0b2 − b21)

]2(
2b0Ω

2b0m+Ω

)n

× 1F1

(
n+m,n+ 1,

Ωrth
2

2b0 (2b0m+Ω)

)
, (15)

in which 1F1 (·; ·; ·) is the confluent hypergeometric function
of the first kind [37, Eq. (9.21)].

To comprehensively reflect the time-varying property of the
LEO STT channel, in the following two sections we will
demonstrate the performances of two adaptive transmission
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schemes, RAT and PAT for the cases when the transmit power
or the transmission rate at the LEO satellite is fixed. Closed-
form expressions for the throughput, EE, and DOR of the
considered LEO STT system will be derived in each adap-
tive transmission scheme. Besides, we assumed that Doppler
frequency shift, caused by the mobility of the satellite, can
be estimated perfectly and mitigated by the mature prec-
ompensation method [27], [43]. Moreover, we assume that
the channel is perfectly estimated with pilot signals [44] at
the terrestrial terminal and known to the terrestrial terminal,
through a noiseless feedback channel. It means that the LEO
satellite has full channel state information (CSI) to implement
adaptive transmission2. The impact of imperfect CSI is out of
the scope of this work and the reader interested in this issue
can refer to Refs. [46], [47] for further information.

IV. RATE-ADAPTIVE TRANSMISSION (RAT)
We now consider a practical discrete-rate adaptive trans-

mission with AMC [39] where the transmit power at S is
fixed. In the following analysis, closed-form expressions for
the throughput, EE, and DOR of the considered LEO STT
system are derived.

A. Throughput

To ensure high transmission reliability, we assume that no
transmission occurs when γ < γmin. The delivery time of a
small data packet and the data rate with AMC depends on the
received SNR.

According to the aforementioned model, the range of the
received SNR is divided into K regions in each time slot
similar to the channel gain. The region boundaries are set to
the minimum SNR value required by the selected modulation
and coding scheme to achieve a target BER value BERtar

[39]. To achieve the throughput, we set

µ1 = σ

√
γmind

ρ
max

PT
. (16)

When the channel gain falls in the region hk and T is in the
n-th time slot, the lower and upper bounds of received SNR
are

γL
k,n =

{
0, k = 1;
PT

σ2

µ2
k−1

dρ
TS[n]

, k = 2, · · · ,K
, (17)

and

γU
k,n =

{
0, k = 1;
PT

σ2

µ2
k

dρ
TS[n−1]

, k = 2, · · · ,K
, (18)

respectively.
The lower and upper bounds of data rate are

RRAT,L
k,n = B log2

(
1 + γL

k,n

)
, (19)

2 Due to the propagation delay between the LEO satellite and the terrestrial
terminal, we can obtain the outdated CSI in practice [45]. It is obvious that
the propagation delay in LEO STT is relatively short compared to the slot
duration used in time discretization. According to the FSMC model and the
lower and upper bounds of the received SNR based on the region boundaries
of CSI, the outdated CSI can be regarded as instantaneous CSI with acceptable
error.

and
RRAT,U

k,n = B log2
(
1 + γU

k,n

)
, (20)

respectively, in which n = 1, · · · , N . Based on (6) and time
discretization method, the probability of using RRAT

k,n is given
by

πk,n = Pr {hTS ∈ hk}
= FG

(
µ2
k, t
)
− FG

(
µ2
k−1, t

)
, (21)

where FG (µk, t) is expressed as (3) with non-integer m(t)
and (5) with integer m(t).

Based on (7), the lower and upper bounds of the average
throughput with RAT scheme are

R̄L
1 =

1

N

N∑
n=1

K∑
k=1

πk,nR
RAT,L
k,n , (22)

and

R̄U
1 =

1

N

N∑
n=1

K∑
k=1

πk,nR
RAT,U
k,n , (23)

respectively.

B. EE

First, we will analyze the average power consumption P̄1

with RAT. As no transmission occurs when γ < γmin to ensure
high transmission reliability, the transmit power at the LEO
satellite is zero when γ < γmin and is PT when γ > γmin.
Let PRAT

k,n be the transmit power of S when T in the n-th time
slot and the channel gain stays as hk, k ∈ {1, · · · ,K}.

PRAT
k,n =

{
0, γ < γmin;

PT, else
. (24)

Combining (16) and (24), PRAT
k,n can be simplified as

PRAT
k,n =

{
0, k = 1;

PT, k = 2, · · · ,K
. (25)

The average power consumption with RAT scheme is

P̄1 =
1

N

N∑
n=1

K∑
k=1

πk,nP
RAT
k,n . (26)

Based on (8), the lower and upper bounds of EE with RAT
scheme are

ηLEERAT
=

∑N
n=1

∑K
k=1 πk,nR

RAT,L
k,n∑N

n=1

∑K
k=1 πk,nPRAT

k,n

, (27)

and

ηUEERAT
=

∑N
n=1

∑K
k=1 πk,nR

RAT,U
k,n∑N

n=1

∑K
k=1 πk,nPRAT

k,n

, (28)

respectively.
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C. DOR

The delivery time of a small data packet D arriving at the
time t is denoted by DTR(t). Based on (11), the probability
mass function (PMF) of Pr {DTR(t)} can be written as

Pr

{
DTR(t) =

D

RRAT
k,mt

}
= πk,mt , k = 2, · · · ,K, (29)

and

Pr

{
DTR(t) = TW +

D

RRAT
2,mt

}
= π1,mt . (30)

Therefore, the CDF of DTR(t), denoted by FDTR(t)(s), can
be derived as

FDTR(t)(s) =π1,mt Pr

{
TW +

D

RRAT
2,mt

< s

}

+
K∑

k=2

πk,mtU

(
s− D

RRAT
k,mt

)
, (31)

where U(·) denotes the unit step function. When the data
packet arrives at the time t, the DOR with RAT scheme is
denoted by DORR(t), which can be calculated as

DORR(t) = Pr {DTR > Tth}
= 1− FDTR(t)(Tth)

= 1− π1,mt

1− exp

−
Tth − D

RRAT
2,mt

λ


× U

(
Tth − D

RRAT
2,mt

)
−

K∑
k=2

πk,mtU

(
Tth − D

RRAT
k,mt

)
,

(32)

where mt is described in (10) and

λ =
FG

(
σ2 γmind

ρ
max

PT

)
NR

(
σ
√

γmind
ρ
max

PT

) . (33)

Theorem 1. A closed-form expression for the average DOR
with RAT scheme DORR of the LEO satellite system is given
by (34), shown on the top of next page.

Proof: See Appendix B.

V. POWER-ADAPTIVE TRANSMISSION (PAT)

The PAT scheme, one has PT < Pmax, where Pmax is the
maximum transmit power at the LEO satellite, the data rate
is fixed and the transmit power at S varies. If the fixed data
rate is Rfix, when the channel gain is so small that the LEO
STT link between T and S cannot afford reliable transmission,
the reliable date rate is zero. In the following analysis, the
throughput, EE, and DOR of PAT will be derived.

A. Throughput and EE

Similar to the RAT scheme, the total service duration of
S is divided into N slots. In the n-th time slot, the distance
between T and S is defined dTS[n] = max {dTS (t)}, in which(

(n−1)Tslot

N

)
≤ t ≤

(
nTslot

N

)
. PPAT

k,n is denoted as the transmit
power at S when T in the n-th time slot and the channel gain
stays into hk, k ∈ {1, · · · ,K}.

PPAT
k,n =

{
0, Pinstan > Pmax;

Pinstan, else
, (35)

in which

Pinstan =
σ2dρTS[n]

µ2
k−1

(
2

Rfix
B − 1

)
. (36)

When Pinstan > Pmax, uk−1 < σ

√(
2

Rfix
B −1

)
dρ
TS[n]

Pmax
. To

get a simpler partition of channel gain, we set

u1 = σ

√√√√(2Rfix
B − 1

)
dρmax

Pmax
. (37)

When T is in the n-th time slot and the channel gain stays
into hk, the transmit power at S and the data rate used are

PPAT
k,n =


0, k = 1;
σ2dρ

TS[n]

u2
k−1

(
2

Rfix
B − 1

)
, upper, k = 2, · · · ,K;

σ2dρ
TS[n]

u2
k

(
2

Rfix
B − 1

)
, lower, k = 2, · · · ,K;

,

(38)
and

RPAT
k,n =

{
0, k = 1;

Rfix, k = 2, · · · ,K
. (39)

The average power of S under PAT scheme is

P̄2 =
1

N

N∑
n=1

K∑
k=1

πk,nP
PAT
k,n . (40)

Based on (7), the average throughput with certain require-
ments of QoS Pmax is

R̄2 =
1

N

N∑
n=1

K∑
k=2

πk,nR
PAT
k,n . (41)

Substituting (40) and (41) into (8), EE can be derived as

ηEEPAT =

∑N
n=1

∑K
k=2 πk,nR

PAT
k,n∑N

n=1

∑K
k=1 πk,nPPAT

k,n

, (42)

which indicates the lower and upper bound with upper and
lower bound of PPAT

k,n in (38).
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DORR = 1− 1

N

N∑
n=1

M∑
k=2

πk,nU

Tth − D

B log2

(
1 + PT

σ2

µ2
k−1

dρ
TS[n]

)


− 1

N

N∑
mt=1

π1,mt

1− exp

− 1

λ

Tth − D

B log2

(
1 + γmind

ρ
max

dρ
TS[mt]

)
U

Tth − D

B log2

(
1 + γmind

ρ
max

dρ
TS[mt]

)
 (34)

B. DOR

We assume that when a small data packet under PAT scheme
arrives at the time t, the channel gain stays as h1 for an
exponentially distributed period with the same PDF as the
RAT scheme given by (12). The waiting period is denoted
as TW. The delivery time of a small data packet arriving at
the time t with PAT scheme is denoted by DTP(t). Because
the considered channel gain can only move to the neighboring
intervals, hTS (t) enters region h2 after the waiting period
and rate Rfix is used to complete the data transmission. The
delivery time of a small data packet DTP(t) is TW + D

Rfix

when the channel gain stays in h1, and D
Rfix

if the channel
gain stays in other regions.

DTP(t) =

{
D

Rfix
, k = 1;

TW + D
Rfix

, k = 2, · · · ,K
, (43)

whose PMF can be written as

Pr

{
DTP(t) =

D

Rfix

}
= 1− π1(t), (44)

and

Pr

{
DTP(t) = TW +

D

Rfix

}
= π1(t). (45)

Therefore, the CDF of DTP, denoted by FDTP(t)(s), can
be derived as

FDTP(t)(s) =
1

N

N∑
n=1

[
π1,n Pr

{
TW +

D

Rfix
< s

}

+

K∑
k=2

πk,nU
(
s− D

Rfix

)]
, (46)

where U(·) denotes the unit step function.
Finally, the DOR with PAT scheme when the data arrives

in the n-th time slot is denoted by DORP [n], which can be
calculated as

DORP(t) = Pr {DTP > Tth}

= 1− 1

N

N∑
n=1

{
π1,n

[
1− exp

(
−
Tth − D

Rfix

λ

)]

×U
(
Tth − D

Rfix

)
−

M∑
k=2

πk,nU
(
Tth − D

Rfix

)}
, (47)

TABLE I: NOTATION SUMMARY

Symbol Definition
R̄ throughput

ηEE energy efficiency
DOR delay outage rate
R̄L

1 lower bound of throughput with RAT scheme
R̄U

1 upper bound of throughput with RAT scheme
ηLEERAT

lower bound of EE with RAT scheme
ηUEERAT

upper bound of EE with RAT scheme
DORR DOR with RAT scheme
R̄2 throughput with PAT scheme

ηEEPAT
EE with PAT scheme

DORP DOR with PAT scheme

TABLE II: Values of the Simulation Parameters

Parameter Value
m 10.1
Ω 0.825
b 0.126

BW 60MHz
σ2 −66 dBm
γmin 0 dB
ϕ̄ 1.55
κ 24.2
Tth 0− 1ms
D 500Kbits
Re 6371 km
Tslot 1 sec

where

λ =

FG

σ2

(
2

Rfix
B −1

)
dρ
max

Pmax


NR

σ

√(
2

Rfix
B −1

)
dρ
max

Pmax


. (48)

Then, the DOR with PAT scheme when the terminal is in
the service area of the LEO satellite is shown on the top of
next page in (49).

To get a clear understanding of the aforementioned metrics
of the considered LEO STT system, we put the definitions of
main variables related to throughput, EE, DOR in Table I.

VI. NUMERICAL RESULTS AND DISSCUSSION

In this section, numerical results and discussion will be
provided to study the performances of the considered LEO
STT system. The simulation methodology is the proposed an-
alytical framework while the analytical results of throughput,
EE and DOR with RAT and PAT schemes are obtained from
Eqs. (22-23), Eqs. (27-28), Eq. (34) and Eq. (41), Eq. (42),
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DORP =
1

Ts

∫ Ts

0

DORP (t) dt

= 1− 1

N

N∑
n=1

{
π1,n

[
1− exp

(
−
Tth − D

Rfix

λ

)]
+

M∑
k=2

πk,n

}
U
(
Tth − D

Rfix

)

=

1, Tth < D
Rfix

;

1
N

∑N
n=1 π1,n exp

(
−

Tth− D
Rfix

λ

)
, Tth ≥ D

Rfix
.

(49)

Eq. (49), and the simulation results are obtained with Monte-
Carlo simulation. The simulation parameters are listed in Table
II and each plot is realized over 10000 channel realizations.
Besides, the analytical method based on the randomly located
terrestrial terminals [48] is regarded as the benchmark.

Figs. 3, 4, and 5 describe the throughput, EE, and DOR
of the RAT scheme, respectively. In Fig. 3, we illustrate the
relationship between the throughput of RAT and the orbit
height of S for various transmit powers at the LEO satellite.
The throughput increases as PT increases or H decreases,
due to a larger average channel gain between S and T and a
larger received SNR at T. Moreover, the simulation results fall
between the upper and lower bounds. Furthermore, compared
to the results with randomly located terrestrial terminals, the
throughput obtained from our proposed analytical framework
is superior to the benchmark, which proves the superiority of
the proposed analytical framework.

Fig. 4 presents the EE performance of RAT for different
orbit heights of the LEO satellite. Similar to the throughput
performance in Fig. 3, EE decreases when PT decreases or
the orbit height of the LEO satellite increases, beacause low
data rate reduces EE. The transmit power at the LEO satellite
exhibits a positive effect on the EE performance. When the
transmit power at the LEO satellite is small, the variation of
EE with different orbit heights is small, and is large when
the transmit power at the LEO satellite increases. This means
that, when the height of the LEO satellite is relatively low,
the improvement arising from increasing the transmit power at
the LEO satellite is more conspicuous, due to a more sensible
enhancement on the data rate compared to the average power
consumption. It indicates that increasing the transmit power
at the LEO satellite is an effective way to enhance EE when
the LEO satellite works on a lower orbit height. Furthermore,
similar to Fig. 3, simulation results fall between the upper and
lower bounds and is superior to the benchmark.

In Fig. 5, the DOR performance of RAT over the LEO
STT link is presented. The analytical results match closely
with simulation and DOR is zero when Tth is too small
which means the LEO STT link cannot support a very small
delay transmission. The DOR declines with the increased
transmit power at the LEO satellite or Tth. Increasing the
transmit power at the LEO satellite leads to higher received
SNR at the terrestrial terminal and larger average throughput
which decreases DOR. Moreover, the system is more tolerant
to transmission delay and exhibits better DOR performance
with smaller Tth. Furthermore, compared to the results with
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Fig. 3: Throughput of RAT under different orbit height.
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Fig. 4: EE of RAT under different orbit height.

randomly located terrestrial terminals, the DOR obtained from
our proposed analytical framework is lower than that from
benchmark, which proves the superiority of the proposed
analytical framework.

Figs. 6, 7, and 8 describe the throughput, EE, and DOR
performance of the PAT scheme, respectively. From Fig. 6,
we could see that the lower bound of the throughput matches
closely with the simulation results with PT is 36, 39 and
42 dBW, which means the higher the fix data rate is, the
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Fig. 5: Delay outage rate of RAT under different Tth.
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Fig. 6: Throughput of PAT under different fix data rate.

larger throughput is. When PT is 27, 30, and 33 dBW,
there exists a gap between the lower bound and simulation
results of the throughput, which is acceptable. At first, the
throughput increases and then decreases with increasing fixed
transmission rate. This is because, when the transmit power
at the LEO satellite is relatively small, it may not afford
adequate power to support a higher fixed transmission rate
and reduce the throughput with higher fixed transmission
rate. Obviously, the throughput obtained from our proposed
analytical framework is superior to the benchmark. Moreover,
compared Figs. 4 and 7, one can conclude that the PAT scheme
is easier to get better EE performance with similar constraints
because the PAT scheme can avoid invalid transmit power at
the LEO satellite.

In Fig. 7, we describe the relationship between the EE
performance of the PAT scheme and fixed data rate in case
of various transmit power at the LEO satellite. The transmit
power at the LEO satellite shows a positive impact on the
EE when the fixed data rate is relatively small and shows
a negative impact on the EE when the fixed data rate is
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Fig. 7: EE of PAT under different fix data rate.

relatively large. This is because larger transmit power at the
LEO satellite means a better received SNR at the terrestrial
terminal but a larger power consumption. When the transmit
power at the LEO satellite is relatively large and the fixed date
rate is relatively small, the average throughput can compensate
for the power consumption and exhibit a positive impact on
the EE performance. Thus, the influence of the fixed data rate
reflects the effective utilization of the transmit power at the
LEO satellite which decreases EE. When the fixed data rate is
too great or too small, the transmit power at the LEO satellite
cannot be fully utilized and result in the decline of EE. Similar
to Fig. 4, simulation results fall between the upper and lower
bounds and is superior to the benchmark. Compared Figs. 3
and 6, one can conclude that the RAT scheme is easier to
realize high throughput with similar constraints because the
RAT scheme can use CSI more effectively.

In Fig. 8, the DOR performance of PAT over the LEO STT
link is presented. DOR equals 1 when Tth = 0, which means
that the LEO STT link cannot afford zero delay transmission.
The larger the maximum transmit power at the LEO satellite
is, the smaller the DOR obtained by the PAT scheme is.
This is easy to understand that the maximum transmit power
at the LEO satellite can lead to a stabilized received SNR
with fix data rate and then improve the DOR performance.
DOR decreases with increasing Tth. Moreover, the upper and
lower bounds show first steep and then more stationary slope,
this is because that we adopt the channel gain discretization
and time discretization. DOR performance can give hints to
researchers to design systems considering both reliability and
latency, because absolute reliability and ultra-low delay cannot
be satisfied at the same time, but a trade-off can be arrived to
get relatively high reliability and acceptable delay with exiting
constrains. At the same time, simulation results fall between
the upper and lower bounds and is superior to the benchmark,
which is capable of the DOR analysis. Comparing Figs. 5 and
8, we can see that, with relatively large transmit power at the
LEO satellite, the RAT scheme can offer a lower DOR with
larger Tth and PAT scheme can realize a lower DOR with
smaller Tth. This is because the CSI is more effectively used
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Fig. 8: Delay outage rate of PAT under different maximum
transmit power at the LEO satellite.

with larger Tth for the RAT scheme and higher data rate is
more reliably afforded with lower Tth for the PAT scheme.

VII. CONCLUSION

Taking the strong time-varying transmission distance into
account, we propose a new analytical framework of using
FSMC model and time discretization method, and evaluate
the performance of the considered LEO STT system. On one
hand, the FSMC model is adopted to analyze the effect of
the small-scale fading which is described as the SR channel
model over LEO STT links. On the other hand, the time
discretization method is employed to reflect the large-scale
fading, because the transmission distance over LEO STT links
strongly changes as the LEO satellite flies fast in its orbit.
To demonstrate the applications of the proposed framework,
we investigate the capacity, energy efficiency, and outage rate
performance of the considered LEO STT scenarios with RAT
and PAT schemes. Closed-form expressions for throughput,
EE, and DOR of the considered LEO STT scenarios with the
proposed framework are derived and verified. Furthermore, we
would extend the proposed analytical framework to scenarios
with relays or with outdated CSI in our future work.

APPENDIX A
DISTANCE BETWEEN S AND T

As depicted in Figs. 9 and 10, the distance between T and
S is

dTS =
√
d2P + d2OP +H2. (50)

As S moves with a certain speed vsat, the speed of sub-
satellite point v = vsat · Re

Re+H , where Re is the radius of
the earth and H is the LEO satellites’ orbital altitude. The
total service duration that the terminal is within the satellite
coverage is denoted as Ts =

2d△
v . As depicted in Fig. 9, d△

is fixed and is defined by the annular covering belt, where

Fig. 9: Distance between the LEO satellite and the terrestrial
terminal at different time

the continuous coverage area is determined by the coverage
of all the LEO satellites circling the earth with the same orbit
height. For a given LEO satellite belt, the service duration is
fixed if T is in the coverage area, regardless of the distance
between T and S.

Next we analyze the time-varying distance between T and
S. As sub-satellite point moves with a certain speed v, the
distance between P and O is

dOP (t) = |d△ − vt| , (51)

where 0 ≤ t ≤ Ts and 0 ≤ dOP ≤ d△.
Then, the distance between T and S is obtained as

dTS (t) =

√
|d△ − vt|2 + d2P +H2. (52)

When T is just within the coverage area of the S and is on
the boundary of the coverage area, dTS (0) = dTS (Ts) =√
H2 +R2, where R is the coverage area radius of LEO

satellite.
When the satellite is right above the terminal and T is on

the track of sub-satellite point, dTS

(
Ts

2

)
= H .

Considering all the terminals within the continuous service
of S, the range of dTS is

H ≤ dTS ≤
√
H2 +R2. (53)

The maximum of the distance between T and S is defined as
dTS−max and can be given as

dTS−max =
√
H2 +R2. (54)

When T is fixed and the location of T is described as dP,
the distance between S and T is√

d2P +H2 ≤ dTS ≤
√
d△

2 + d2P +H2, (55)

which is smallest when S moves to the projection point of T
on the track of sub-satellite point as depicted in Fig. 9-a and
9-c and is largest when T is on the edge of the coverage area
of S. To summarize, the range of dTS is expressed in (53)
considering all the terminals randomly located in the service
area of S, and the range of dTS is presented in (55) when T
is fixed and the location of T is described as dP.
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Fig. 10: Distance between the LEO satellite and the terrestrial terminal at a different time under the service of the LEO satellite.
We assume that the LEO satellite moves from left to right. In (a) and (c), the terrestrial terminal is just in the coverage area
of the LEO satellite and is on the boundary of the coverage area. The LEO STT link is just set in (a). As the satellite moves
with a certain speed, the LEO STT link is valid like in (b) and is invalid when the satellite depart from the location like in (c).

DORR =
1

Ts

∫ Ts

0

DORR (t) dt

=
1

Ts

∫ Ts

0

1−
N∑

mt=1

π1,mt

N

1− exp

−
Tth − D

RRAT
2,mt

λ

U

(
Tth − D

RRAT
2,mt

)
− 1

N

N∑
mt=1

K∑
k=2

πk,mtU

(
Tth − D

RRAT
k,mt

) dt

(56)

APPENDIX B
PROOF OF THEOREM 1

Based on (32), the average DOR with RAT scheme, denoted
by DORR, can be given as (56), shown on the top of next
page.

The result of the first integral term in (56) is 1. The arriving
time of the data packet is uniformly distributed, and all of
the waiting period is subjected to the same distribution, so
mt =

⌈
t+TW

Tslot

⌉
MODN is uniformly distributed in the N

time slot. In other words, we have

Pr {mt = n} =
1

N
, n = 1, · · · , N. (57)

By using (10), the second integral term in (56) is

I1 =
1

N

N∑
mt=1

π1,mt

1− exp

−
Tth − D

RRAT
2,mt

λ


× U

(
Tth − D

RRAT
2,mt

)
, (58)

in which

RRAT
2,mt

= B log2 (1 + γ2,mt)

= B log2

(
1 +

PT

σ2

µ2
1

dρTS[mt]

)
= B log2

(
1 +

γmind
ρ
max

dρTS[mt]

)
. (59)

Thus, the second integral term in (56) is

I1 =
1

N

N∑
mt=1

π1,mtU

Tth − D

B log2

(
1 + γmind

ρ
max

dρ
TS[mt]

)


×

1− exp

− 1

λ

Tth − D

B log2

(
1 + γmind

ρ
max

dρ
TS[mt]

)
 .

(60)

We partition the service time of each satellite with equal
intervals, and the satellite moves with steady speed. Thus, the
third integral term in (56) is

1

T

∫ T

0

1

N

N∑
mt=1

K∑
k=2

πk,mtU

(
Tth − D

RRAT
k,mt

)
dt

=
1

N

N∑
n=1

M∑
k=2

πk,nU

Tth − D

B log2

(
1 + PT

σ2

µ2
k−1

dρ
TS[n]

)
 .

(61)

Combining (56), (60) and (61), the proof of Theorem 1 is
completed.
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