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Abstract—Large low earth orbit (LEO) mega-constellation
systems have been designed and deployed as a global backbone
to provide ubiquitous connectivity across the world. However,
due to the high traffic load/congestion arising from the required
numerous information relay/forwarding nodes, it is a challenge
for LEO mega-constellation systems to set up long-distance
connections between two remote terrestrial users for real-time
communications, which requires strict low latency. Other than
inter-LEO satellite links (ILSL), introducing third-party relays,
such as terrestrial, aerial, and satellite relays, is an alternative
way to improve the latency performance for wide-area deliveries
of real-time traffic. However, the reliability of the transmitted
signal will unavoidably degrade, because of the increased pathloss attributed to long-distance relaying transmissions. Then,
to reveal the principle that the third-party relays affect the
latency and reliability, in this work, an LEO satellite-terrestrial
communication scenario is considered, in which two remote
terrestrial users communicate with each other via an LEO megaconstellation system. Analysis models are built up to investigate
the end-to-end time delay and outage performance while considering different ILSL, terrestrial, aerial, and satellite relayassisted transmission scenarios. More specifically, by applying
geometrical probability theory, exact/approximated closed-form
analytical expressions have been derived for average time delay
and outage probability under each case, while considering the
randomness of the positions of the two terrestrial users and
the relays. Finally, numerical results are presented to validate
the proposed analytical models, as well as to compare the three
relay assistance strategies in terms of time delay and outage
probability.
Index Terms—Aerial relay, geometrical probability, intersatellite link, low earth orbit satellite, outage probability, satellite
relay, satellite-terrestrial communication, terrestrial relay.

I. I NTRODUCTION
The concept of building up large low earth orbit (LEO)
constellation systems to provide global coverage and access
is not a novel idea and can be traced back to the last
century. For example, the Iridium satellite constellation was
developed as a stand-alone network by Motorola in the 1990s.
However, unfortunately, this great attempt of commercializing
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the LEO constellation system failed, not only because of its
technological limitations and design stifled adoption but also
because the relatively advanced designs and expensive cost
and usage were beyond the practical needs and affordability
of most consumers at that time [1].
Recently, deploying smaller and less expensive satellites
has become the main trend of the space industry, which
profits from the maturation of modern design, possessing,
and manufacturing technologies for miniaturizing hardware
components. Hence, the commercialization of LEO megaconstellation systems is motivated by the increased burden of
information transmission, flexible network access, and universal connectivity, e.g., the urgent demand for the data transmission arising from the Internet of things [2]–[5]. Therefore,
to date, there exist several LEO mega-constellation systems
plans, which have been designed and deployed to provide highbandwidth, low-latency, and seamless Internet access services
across the earth, e.g., SpaceX, OneWeb, Telesat, Amazon’s
Project Kuiper, etc.
The main idea of large LEO constellations is to deploy LEO
satellites over various orbital planes with the same number
of satellites. For example, in Nov. 2018 SpaceX revised the
Starlink plan with the Federal Communications Commission
(FCC) by lowering the number of orbital planes to 24 (fewer
than the original 32 planes) and increasing the number of
satellites per plane from 50 to 66 to keep the total number
of satellites roughly the same as its original design (1584 to
1600) while keeping the orbital inclination of 53◦ [6]. In Aug.
2019, SpaceX proposed an updated Starlink plan by enlarging
the number of orbital planes to 72 and decreasing the number
of satellites per plane to 22 while keeping the altitude of the
satellites 550 km, the orbital inclination of 53◦ , and the total
number of satellites as same as its previous design, 1584 [7].
Compared to traditional geostationary earth orbit (GEO) and
medium Earth orbit (MEO) satellites, LEO mega-constellation
systems can provide relatively low-latency communication
services by taking advantage of low propagation delays arising
from their low orbit. On the other hand, small footprints also
arise for the LEO satellite from its low orbit. Therefore, it
is a challenge for LEO mega-constellation systems to set
up long-distance connections between two remote terrestrial
users, which may be thousands of kilometers or further away
from each other. Because frequent information relaying and
forwarding are required among LEO satellites to realize longdistance end-to-end (e2e) information transmission, resulting
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in high traffic load, and possibly even traffic congestion at
some of the LEO satellites. Consequently, under such cases,
low e2e latency may not be promised from the perspective
of the entire LEO mega-constellation system, due to large
forward delay including the time consumed on queuing and
signal processing at each over each inter LEO satellite link
(ILSL) [8]. Generally, there are two kinds of technical approaches to overcome such inherent drawbacks of LEO megaconstellation systems: 1) searching for optimal routing for
the long-distance transmissions in LEO mega-constellation;
2) finding a third-party way, like terrestrial/aerial/satellite
relay transmissions, to avoid numerous ILSL transmissions.
Next, we will respectively introduce the two methods in the
following.
To understand and tackle the aforementioned inherent latency problem with LEO mega-constellation systems, some
works have been proposed in recent decades [9]–[15], most
of which focused on designing optimal routing schemes to
realize optimal latency performance [9]–[13].
Other than these aforementioned works focusing on seeking
optimal routing schemes or other methods in the upper layers to improve the latency performance of the long-distance
transmissions over the LEO mega-constellation, there have
been some alternative ways to find breakthroughs for better
latency performance, namely, resorting to third-party relays
(like terrestrial/aerial/satellite relays) to cut down the number
of the forwarding hops of the long-distance transmissions and
further to reduce the consumed overhead1 . Since combinations
of different layers of satellites, such as LEO, MEO, and
GEO satellites, can yield better performance than these layers
individually [16], multilayered satellite network (MLSN) has
also been explored [17]–[19], where cooperation between LEO
and GEO satellites was utilized. For example, the authors of
[17] proposed two-layered satellite networks for minimizing
the total packet delivery delay. Akyildiz et al. proposed a
multilayered routing algorithm based on delay [18]. The
authors of [19] proposed a MLSN model by envisioning a
method to distribute the flow of packets between the two
layers of the considered MLSN for minimizing the packet
delivery delay of the network. Moreover, in [20] optimal
routing issues were studied in a multilayered terrestrial-high
altitude platform (HAP)-satellite network while promising the
e2e delay according to the connection constraints in terms of
max-delay and max-cell delay variation. Terrestrial relays have
also been considered for LEO mega-constellation systems to
improve the e2e time delay for long-distance transmissions
[21].
So far, numerous works have been carried out to investigate and improve the latency performance of LEO
constellation/mega-constellation systems from the perspectives
of routing, network architecture, resource allocation, etc. Also,
third-party relays, like terrestrial (e.g., ground repeater stations) [21], aerial (e.g., HAP and unmanned aerial vehicle)
[20], and space relays (e.g., MEO/GEO satellites) [16]–[19],
1 The overhead mentioned here means the additional resource that is
required to route the target information data to the destination in the LEO
Mega-constellation systems, such as the bandwidth, energy, memory, time,
etc.

have also been introduced to avoid delivering information
over numerous hops in LEO satellite systems for two remote
terrestrial users. However, though high traffic load or traffic
congestion can be averted to improve the latency performance
by introducing the third-party relays, the reliability of the
e2e transmissions, e.g., the outage performance, may degrade
due to the increased signal fading attributed to the path-loss.
Because, when terrestrial/aerial/satellite relay is employed in
LEO mega-constellation systems, the transmission distance
over these relay links is much longer than those over ILSLs.
Therefore, to offer accurate design guidelines and to realize
efficient operations in practice, it is necessary to grasp the principle that third-party relays affect the latency and reliability
of the e2e transmissions in LEO mega-constellation systems.
To the best of our knowledge, there have been no works
proposed to clarify which kind of relays is better for longdistance transmissions in LEO mega-constellation systems in
terms of either latency or reliability, as well as to understand
how the randomness of the positions of terrestrial users and
the terrestrial/aerial/satellite relay on the latency and reliability
of the e2e transmissions in LEO mega-constellation systems
with the aforementioned third-party relays2 .
To fulfill the aforementioned blanks, in this paper, an
LEO mega-constellation communication scenario is considered, which consists of a terrestrial source-destination pair,
multiple LEO satellites, a ground relay, an aerial relay, and
a relay satellite with a higher orbit compared to the LEO
satellites. By applying geometrical probability theory, which
has been adopted in [22], [27], [28], to characterize the
statistical characteristics of the distributions of these network
elements, and then the impacts of the randomness of the
positions of terrestrial users and relays on the time delay and
outage performance are analyzed.
The main contributions of this paper are summarized as
follows:
1. Analysis models are set up to study the time delay
and outage performance of inter-LEO satellite transmissions, satellite-terrestrial transmissions, terrestrial relay assisted
transmissions, aerial relay assisted transmissions, and satellite
relay assisted transmissions, respectively.
2. The statistical characteristics of the distance between
LEO satellite and terrestrial/aerial/satellite relay are characterized by deriving the corresponding probability density function
(PDF).
3. By considering the impacts of the randomness of the
positions of various kinds of relays and terrestrial terminals,
the e2e time delay and outage probability (OP) of the con2 The randomness of the positions of these nodes (terrestrial users and the
relays) can reflect the impacts of the motions of these terminals because
the direct result arising from the motions of satellites, relay candidates, and
terrestrial terminals is the variations of the positions of these nodes.
Differing from the works [23]–[25] on communication protocols (like media
access control, routing protocols, etc.) which normally adopt random process
theory such as Markov process/chain to model the motion process of the
terminals slot by slot, the transmission sequence in the timeline will not be
considered in this study as statistical average analysis method is employed to
offer the central tendency of the system performance.
Moreover, in practice, the location information of relays can be obtained by
using Global Positioning System or other position methods [26] for system
operations.
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sidered LEO satellite-terrestrial delivery with different kinds
of relays and inter-LEO satellite transmissions are studied and
compared.
The presented analytical models can serve as useful guides
during the system design and performance optimization, as
some insightful guidelines can be obtained via these analytical
models and numerical results given in Section VIII.
The rest of this paper is organized as follows. In Section II,
the considered LEO satellite-terrestrial communication system
is described. In Sections III, IV, V, VI, and VII, the delay and
outage performance are studied for inter-LEO satellite transmissions, satellite-terrestrial transmissions, terrestrial relay assisted transmissions, aerial relay assisted transmissions, and
satellite relay assisted transmissions, respectively. In Section
VIII, numerical results are presented and discussed. Finally,
the paper is concluded with some remarks in Section IX.
Table I presents the main notions adopted in the following
parts of this work.
II. S YSTEM M ODEL
In this work, as presented in Fig. 1, an LEO megaconstellation communication scenario is considered, which
consists of a terrestrial source-destination (S-D) pair, K (K >
2) LEO satellites, 1 ≤ p < q ≤ K, a ground relay (G), an
aerial relay (A), and a relay satellite (S0 ) with higher orbit
compared to the LEO satellites. More specifically, S and D
can communicate with each other via the inter-LEO-satellite
link according to the original design of the LEO satellite
communication system3 .
Moreover, there exist some candidate cooperative links via
G, A, or S0 , which can offer some more choices for the
data transmission between S and D to achieve better latency
or reliability performance. Thus, in the following, we will
analyze and compare the delay and outage performance of the
transmissions over inter-LEO-satellite links and each cooperative link, respectively, to clearly show when it is worthwhile
to resort to cooperative links compared to inter-LEO-satellite
links and which kind of cooperative links is the best candidate
for the end-to-end (e2e) transmission between S and D.
Then, it is easy to obtain the received SNR over
the link between nodes i and j (where i, j ∈ W =
{S, D, G, A, Sk |0 ≤ k ≤ K }) in Fig. 1 as

2

Variable
K
γij
hij
Pi
PLEO
σ2
dij
n
e2e
τint
τre2e
e2e
Pout,int
e2e
Pout,r

τi,j
τ̄i,j
i,j
Pout
N
H
H0,min

HA
HS
HS,min /HS,max
Amin /Amax
RE
θ
c
γth
rS /rD
ωS /ωD
L
LA
LS
RS
m
Ω
2b

2

λij
Pi |hij |
γij = 2 n = n ,
σ dij
dij
2

TABLE I: Notions

(1)
2

Op /Oq

where λij = Pi |hij | /σ 2 = λ̄i |hij | , |hij | is the power

Ap /Aq

3 Normally, in practical LEO satellite systems LEO satellites are designed
to be able to communicate with the neighboring visible LEO satellites.
However, due to the main inherent properties of the LEO mega-constellation
systems, e.g., rapidly-varying network topology, the distances of these visible
inter-satellite links are time-varying, and then it is hard to get the accurate
values of these distances along with the numerous hops of the long-distance
transmissions for analysis and comparison purposes. In this work, we assume
that the K (K > 2) LEO satellites belong to the same plane to simplify
the following analysis. The case that the K (K > 2) LEO satellites come
from different planes can also be analyzed by using the technical roadmap
proposed in this study.

Up /Uq
T
TA
TS
GF SO
PG , QG ,
PA1 , QA1 ,
PS1 , QS1

The definition
The number of LEO satellites
The received SNR over the link between nodes i and j
The channel gain between nodes i and j
The transmit power at node i
The transmit power at all LEO satellites
The average power of the additive white Gaussian noise
The distance over the link between
nodes i and j
The path-loss factor
The e2e time delay over ISL
The e2e time delay over relay links
The e2e OP over ISL
The e2e OP over relay links
The transmission delay over the link
between nodes i and j
The average transmission delay over
the link between nodes i and j
The OP over the link between nodes i and j
The number of the LEO satellites in each orbital plane
The height of LEO satellites from the ground
The minimum orbit height of the relay satellite
The vertical distance between the LEO
satellite and the aerial relay
The distance of Sp and Up or Sq and Uq
The minmum/maximum value of HS
The minmum/maximum height of the aerial relay
The radius of the earth
The included angle between the lines
connecting E and any two neighboring LEO satellites
The transmission speed of the radio wave
The predefined threshold
The distance between the centre of the
coverage area of the satellite and S/D
The angle between line OS1 /OSK and the horizon
The radius of the coverage area of the LEO
satellite (S1 /SK )
The radius of the coverage area of the LEO
satellite (S1 /SK ) with the same height of the aerial relay
The radius of the coverage space of the LEO satellite
The radius of the coverage area of the LEO
satellite (S1 /SK ) with the same height of the aerial relay
The fading severity parameter of SR channel
The average power of the LOS components
over SR channel
The average power of the multi-path components
over SR channel
The original of the coverage area of
the satellite Sp /Sq
The original of the coverage area of the satellite
Sp /Sq with the same height of the aerial relay
The original of the coverage area of the satellite
Sp /Sq with the same height of the satellite relay
The distance between Op and Oq
The distance between Ap and Aq
The distance between Up and Uq
The e2e signal power gain over the FSO channel
from the transmitter to the receiver
Parameters for Chebyshev-Gauss quadrature
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Fig. 1: System model.

gain attributed to the small-scale fading4 , λ̄i = Pi /σ 2 is the
transmit SNR at node i, Pi and σ 2 are the transmit power at i
and the average power of the additive white Gaussian noise at
all nodes, respectively, dij is the distance over the link between
i and j, n is the path-loss factor, which is assumed to be the
same for all links in Fig. 1 as all these links belong to LoS
propagation scenarios.
In the following, we will adopt the e2e time delay and OP
to quantitatively evaluate the latency and reliability quality of
the e2e transmission between S and D, which are defined as5




S,S1
SK ,D
e2e
Pout,int
=1 − 1 − Pout
1 − Pout


Y
k,k+1
×
1 − Pout

(4)

k∈{1≤k<K}





Sp ,r
S,S1
SK ,D
e2e
Pout,r
=1 − 1 − Pout
1 − Pout
1 − Pout




Y
r,S
k,k+1
1 − Pout
,
× 1 − Pout q
k∈{1≤k<p}∪{q≤k<K}

(5)
e2e
τint
= τS,S1 + τSK ,D +

X

(τp,p+1 + p )

(2)

p∈{1≤p<K}

X

τre2e =τS,S1 + τSK ,D +

(τk,k+1 + k )

k∈{1≤k<p}∪{q≤k<K}

+ r + τSp ,r + τr,q

where r ∈ R = {A, G, S0 }, τi,j (where i, j ∈ W) denotes
the transmission delay over the link between nodes i and
j, i (where i ∈ W) denotes the forwarding delay (like
modulation/demodulation, coding/decoding, queuing, etc.) at
i,j
node i, Pout
(where i, j ∈ W) is the OP over the link between
nodes i and j.

(3)

4 Differing from terrestrial propagation scenarios, there exist no multi-path
components over the interlinks among the satellites and the links between
satellites and HAP. Thus, we set |hij |2 = 1 for these two kinds of
aforementioned links in the following analysis.
5 In this work, a regenerative forwarding scheme, namely, decode-andforward (DF) relay scheme, is considered at each relay node, i ∈ W,
by exploiting the enhanced the enhanced onboard processing capabilities.
Though the DF relay scheme exhibits worse latency performance compared
to transparent forwarding relay schemes, like the amplify-and-forward (AF)
relay scheme, the DF relay scheme can avoid noise/interference amplification
problems along with the AF relay scheme to offer better e2e bit/packet error
performance for long-distance ILSL transmission with numerous hops, as well
as to provide a better comparable case to better show the purpose of this work:
latency versus reliability transmission performance.

III. I NTER LEO S ATELLITE T RANSMISSIONS
In this section, we investigate the delay and outage performance for inter-LEO satellite transmissions without any kind
of relays, as shown in Fig. 2, where H is the height of LEO
satellites from the ground, E denotes the center of the earth,
RE is the radius of the earth, and θ is the included angle
between the lines connecting E and any two neighboring LEO
satellites.
Clearly, it is observed from Fig. 2 that two neighbors of
any LEO satellite, namely, the next one ahead on the same
orbital plane, and the one behind on that orbital plane, always
remain in the same locations. In other words, the transmission
distance between any two neighboring LEO satellites is fixed
when the LEO satellite constellation is designed.
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Therefore, the total transmission delay for inter-LEO satellite transmissions from S1 to SK (shown in Fig. 1) can be
given as
X
X
dSk Sk+1
τk,k+1 =
c
k∈{1≤k<K}

k∈{1≤k<K}

=

2(K − 1)(RE + H)
θ
sin .
c
2

(10)

B. Outage Performance
In this work, OP is defined as the probability that the
received SNR is lower than a predefined threshold of SNR.
Then, OP over the link between i and j (i, j ∈ W) can be
written as
i,j
Pout
= Pr {γij ≤ γth } ,

Fig. 2: Inter LEO satellite transmissions.

(11)

6

Here, we assume that there are N (0 < K < N ) LEO
satellites in each orbital plane. Then, we can have θ = 2π/N .
By applying the knowledge of the elementary geometry, one
can easily achieve the distance between two neighboring LEO
satellites in the same plane as

where γth is the predefined threshold .
Therefore, the e2e OP for inter-LEO satellite transmissions
from S1 to SK (shown in Fig. 1) can be derived as
e2e
Pint,LEO
=1−

Y



k,k+1
1 − Pout



k∈{1≤k<K}

)!
1
Pk
≤ γth
=1−
1 − Pr
σ 2 dnSk Sk+1
k∈{1≤k<K}


K−1
PLEO
−n θ
= 1 − 1 − Pr
κ
sin
≤
γ
,
th
σ2
2
(12)
(

Y

dSp Sp+1 = 2(RE + H) sin

θ
π
= 2(RE + H) sin ,
2
N

(6)

where 1 ≤ p < N . Also, it is easy to expand our proposed
analysis method/model to more general case that all these LEO
satellites orbit in different planes by changing the value of
dSp Sp+1 to the one under such cases.
Similarly, the distance from the centre of the terrestrial
coverage area of two neighboring LEO satellites can be
calculated as
dgs
Sp Sp+1 =

2πRE
.
N

(7)

During the inter-LEO satellite transmissions, there are no
multi-path components over intersatellite channels in the open
outer space. Because there is no reflection, shadowing, diffraction, and scattering yield multi-path propagation. Thus, this
obstacle-free channel of free space only includes the effect of
the transmission distance which follows the free-space pathloss model. In other words, the received SNR over intersatellite
links can be written as
γij =

Pi 1
,
σ 2 dnij

(8)

IV. S ATELLITE -T ERRESTRIAL T RANSMISSIONS

where i, j ∈ S = {Sk |0 ≤ k ≤ K }.
A. Transmission Delay
It is easy to obtain the transmission delay between nodes i
and j (where i, j ∈ W) as
τij =

dij
,
c

where c is the transmission speed of the radio wave.

where we assume that all LEO satellites share a same transmit
power, PLEO , as a same transmission distance is observed
from Fig. 1 for inter neighboring LEO satellite communications, and κ = 2n (K−1)n1(RE +H)n .
Observing Eq. (12), one can see that, unlike the traditional
terrestrial wireless communication systems, the e2e OP for
inter-LEO satellite transmissions has nothing to do with the
small-scale fading of the wireless channel and the transmission
distance between any two neighboring LEO satellites. This
observation can be traced to the following two facts: 1) The
propagation characteristic of RF signal in outer space, namely, no multi-path prorogation; 2) The transmission distance
between any two neighboring LEO satellites is fixed once the
number of satellites per plane is designed.
Thus, the e2e OP for inter-LEO satellite transmissions for a
designed LEO mega-constellation system mainly depends on
the available transmit power at each LEO satellite.

(9)

In this section, the analysis model for the transmissions
between the LEO satellite (S1 /SK ) and the terrestrial terminals
(S/D) will be set up, and then the transmission delay and
outage performance will be studied while considering the
randomness of the positions of the terrestrial terminals.
For tractability purposes, as depicted in Fig. 3, in this work
we treat the coverage area of the LEO satellite (S1 /SK ) as a
6 In this work, we assume that the outage threshold at the terrestrial terminal
and the LEO satellite is a same one for simplification.
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Without loss of generality, the PDF of the power gain, |hij |
(where (i, j) ∈ {(S,S1 ) , (SK , D)})7 , for satellite-terrestrial
links in SR fading is given as [29]
f|hij |2 (x) = α exp (−βx) 1 F1 (m; 1; δx) , x ≥ 0,

(15)

m .

1
Ω
2bm
(2b), β = 2b
, and δ = 2b(2bm+Ω)
,
where α = 2bm+Ω
Ω and 2b are the average power of the LOS and multi-path
components, respectively. m is the fading severity parameter8 ,
and 1 F1 (·; ·; ·) is the confluent hypergeometric function of the
first kind.
Then, it is easy to obtain the received SNR over satelliteλ
terrestrial links in Fig. 3 as γij = dnij , where (i, j) ∈
ij
{(S,S1 ) , (SK , D)}.
By variable substitution and applying Kummer’s transform,
the PDF and CDF of λij can be presented as

Fig. 3: Satellite-terrestrial transmissions.

circle with radius L, where O is located at the centre of the
circle. Terrestrial terminal (S/D) is uniformly distributed in the
coverage area of S1 /SK . Therefore, the PDF of the distance
between the centre of the coverage area of the satellite and
2x
S/D, rS /rD , can be obtained as f (x) = L
2 , 0 ≤ x ≤ L.
As shown in Fig. 3, ωS /ωD is the angle between line
OS1 /OSK and the horizon, which is decided by the beam direction of the satellite and the range of which is (0, π/2]. Then,
one can easily have dOS1 = H/ sin ωS , dOSK = H/ sin ωD ,
and
s

2
H
2
dij = rl +
− 2rl H cot ωl ,
(13)
sin ωl
where (i, j, l) ∈ {(S,S1 , S) , (SK , D, D)}, and H is the orbit
height of the LEO satellite.
Therefore, one can obtain the PDF of dij as
r
2

H cot ωl + x2 + H 2 cot2 ωl − sinHωl
2x
r
,
fdij (x) = 2 ·

2
L
H
2
x2 + H 2 cot ωl − sin ωl
(14)
where
(i, j, l) ∈ {(S,S1 , S) , (SK , D, D)}, and H ≤ x ≤
p
2
H + L2 .
Observing the complexity of Eq. (14), for tractability purpose, in the reminder of this work we only focus on the
cases that the projection of the LEO satellites is the the
centre of their coverage areas. Under this case, ωS = π/2
and ωDp= π/2, and then we can further achieve the PDF of
dij = H 2 + rl2 (where (i, j,
pl) ∈ {(S, S1 , S) , (SK , D, D)})
as fdij (x) = L22 x, H ≤ x ≤ H 2 + L2 .
Furthermore, in this work, the shadowed-Rician (SR) model
is adopted to describe the statistical distribution of the satellite
link between the LEO satellite and the terrestrial terminal,
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, e.g., the
UHF-band, L-band, S-band, Ku-band, and Ka-band [29].

fλij (x) = α

m−1
X
k=0



ς (k) k
β−δ
x
x
exp
−
λ̄i
λ̄k+1
i

(16)

and

−(k+1−p)
k
ς (k) X k! β − δ
λ̄i
λ̄k+1 p=0 p!
k=0 i


β−δ
x ,
(17)
× xp exp −
λ̄i

Fλij (x) =1 − α

m−1
X

(−1)k (1−m) δ k

k
respectively, where ς (k) =
and (t)k =
(k!)2
t (t + 1) · · · (t + k − 1) is the Pochhammer symbol [30].

A. Transmission Delay
Applying Eq. (9), the average transmission delay between
i and j (where (i, j) ∈ {(S, S1 ) , (SK , D)}) can be calculated
as
√
H
Z2 +L2

τ̄ij =
H

=

2
cL2

x
· fdij (x) dx
c

√
H
Z2 +L2

x2 dx

H

i
3
2 h 2
2 2
3
=
H
+
L
−
H
.
3cL2

(18)

7 With channel reciprocal properties, in this work S-S channel is also
0
assumed to follow SR fading.
8 When m = 0, it denotes the case without LOS; when 0 < m < ∞, it
stands for the case of both small-scale fading and LOS; when m = ∞, it
represents the LOS case.
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Theorem 1. As presented in Fig. 4, assuming that the distance
between the originals of two circles with equal radius, L, is
l (L ≤ T ≤ 2L), and a node, G, is uniformly distributed in
the intersection of the two circles, the PDF of the distance
between G and Op /Oq (namely, dOp G /dOq G shown in Fig. 4)
can be written as
T 2 − L2 + x2
2x
· arccos
,
(22)
fdOp /qG (x) =
Sin
2T x
√

T
− T2 4L2 − T 2
where T − L ≤ x ≤ L, Sin = 2L2 cos−1 2L
is the area of the intersection of the two circles.
Proof: Please refer to Appendix I.

Fig. 4: Terrestrial relay assisted transmissions

B. Outage Performance
Using Eq. (11), the OP over the link between i and j (where
(i, j) ∈ {(S, S1 ) , (SK , D)}) can be written as
i,j
Pout
= Pr {γij ≤ γth }
)
(
λij
≤ γth
= Pr
dnij
m−1
X


−(k+1−p)
k
ς (k) X p k! β − δ
=1−α
γth
p!
λ̄i
λ̄k+1 p=0
k=0 i


β−δ
γth dnij ,
× dnp
(19)
ij exp −
λ̄i
where γth is the predefined threshold9 .
Considering the randomness of the position of the terrestrial
terminals, OP can be further calculated as Eq. (20), shownon
n
2
2 2
H
+L
,
the top of this page, where Ymax,i = γth (β−δ)
λ̄i
R x a−1
n
H
,
and
γ
(a,
x)
=
Ymin,i = γth (β−δ)
t
exp
(−t)
dt
is
0
λ̄i
the lower incomplete gamma function.
V. T ERRESTRIAL R ELAY A SSISTED T RANSMISSIONS
In this section, we will investigate the transmission quality
while the data transmission between S and D is carried out
via terrestrial cooperative Sp -G-Sq link shown in Fig. 1.
Obviously, G can assist the transmission between Sp and
Sq , only when G locates in the intersection of the coverage
areas of Sp and Sq , as presented in Fig. 4. Because it requires
G to be able to bi-directionally communicate with Sp and Sq
simultaneously to set up the cooperative Sp -G-Sq link.
As suggested in Fig. 4, the coverage areas of Sp and Sq are
treated as circles with equal radius L, and original Op and Oq ,
respectively. The distance between Op and Oq is denoted as
T.
Furthermore, as observed from Fig. 4, if there exists terrestrial relay for Sp and Sq , the area of the intersection of the
coverage areas of Sp and Sq should not be 0. Thus, we can
have
L < T ≤ 2L.

Similar to the previous section, for tractability purpose, we
consider the cases that the projection of the LEO satellites is
the the centre of their coverage areas. Then, by using Theorem
1, the PDF of the square of the distance between G and Sp /Sq ,
d2Sp G = H 2 + d2Op G /d2GSq = H 2 + d2Oq G , can be derived as
fd2S

p/q

(23)

2

2x
T 2 − L2 − H 2 + x2
√
· arccos
,
(24)
Sin
2T x2 − H 2
q
√
2
where (T − L) + H 2 = Zmin ≤ x ≤ Zmax = L2 + H 2 .
Moreover, it is easy to obtain the received SNR over
λ
λ
satellite-terrestrial relay links in Fig. 1 as γij = dnij = d2ij ,
ij
ij
where (i, j) ∈ {(Sp , G) , (G, Sq )}, and the path-loss factor is
set as 2 for LoS propagation scenarios.
Obviously, the PDF and CDF of λij (i ∈ {Sp , G}) can be
obtained as Eqs. (16) and (17), respectively.
fdSp/q G (x) =

A. Transmission Delay
By adopting Eqs. (11) and (24), and employing ChebyshevGauss quadrature, the average transmission delay for terrestrial
relay assisted transmissions can be derived as
2
τ̄ij =
cSin

ZZmax

x2 arccos

T 2 − L2 − H 2 + x2
√
dx
2T x2 − H 2

Zmin

2
Zmax − Zmin
=
·
cSin
2

Z1

2

(a1 t + a2 )
−1

2

T 2 − L2 − H 2 + (a1 t + a2 )
q
× arccos
dt
2
2T (a1 t + a2 ) − H 2
PG
q
X
2
≈ AT R
wi 1 − ε2i (a1 εi + a2 )

(21)

i=1
2

× arccos
where AT R =

this work, we assume that the outage threshold at the terrestrial terminal
and the LEO satellite is the same one for simplification.

T 2 − L2 − H 2 + x
1
√
,
· arccos
Sin
2T x − H 2

where (T − L) + H 2 = Ymin ≤ x ≤ Ymax = L2 + H 2 .
distance between G and Sp /Sq , dSp G =
qThus, the PDF of the q
H 2 + d2Op G /dGSq = H 2 + d2Oq G , can be derived as

To characterize the statistics of the distance between G and
Sp and Sq , we will first derive the PDF of the square of
dOp G /dOq G .
9 In

(x) =
G

wi =

π
PG ,

and

T 2 − L2 − H 2 + (a1 εi + a2 )
q
,
2
2T (a1 εi + a2 ) − H 2

Zmax −Zmin
Zmax −Zmin
,
cSin  , a1 =
2
2i−1
εi = cos 2PG π .

a2 =

(25)

Zmax +Zmin
,
2
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i,j
Pout
=1−

√
H
Z2 +L2

α

k=0

H

2α
=1− 2
L
=1−

m−1
X

m−1
X
k=0

−(k+1−p)

k
ς (k) X p k! β − δ
γth
p!
λ̄i
λ̄k+1
i
p=0
m−1
X

2α
2

n
nL2 γth


−(k+1−p)


k
β−δ
ς (k) X p k! β − δ
np
n
γ
x
exp
−
γ
x
· fdij (x) dx
th
th
p!
λ̄i
λ̄i
λ̄k+1
i
p=0

k=0

Similar to Part B in last section, considering the randomness
of the position of the terrestrial relay and using Eq. (23), the
OP between i and j (where (i, j) ∈ {(Sp , G) , (G, Sq )}) for
terrestrial relay assisted transmissions can be derived as

−(k+1−p)
m−1
k
α X ς (k) X p k! β − δ
i,j
Pout
=1−
γ
th
Sin
p!
λ̄i
λ̄k+1 p=0
k=0 i
·
Ymin


T 2 − L2 − H 2 + y
β−δ
p
γth y arccos
dy.
y exp −
λ̄i
2T y − H 2


(26)
Observing the integral involved in last equation, it is impossible to derive a closed-form analytical solution for such
a complicated integral. Thus, by employing Chebyshev-Gauss
quadrature, the approximated OP for terrestrial relay assisted
transmissions can be obtained as Eq. (27), shown on top of
min
min
, a3 = Ymax −Y
,
next page, where BT R = Sαin · Ymax−Y
2
2

a4 =

Ymax +Ymin
,
2

υGi = cos

2i−1
2QG π



β−δ
n
exp −
γth x dx
λ̄i

H

2

B. Outage Performance

p

x

np+1





−(k+ n +1)  
k
2
2
ς (k) X k! β − δ
γ
p
+
,
Y
−
γ
p
+
,
Y
max,i
min,i
p!
n
n
λ̄i
λ̄k+1
i
p=0

Fig. 5: Aerial relay assisted transmissions

YZmax

√
H
Z2 +L2

, and uGi =

π
QG .

VI. A ERIAL R ELAY A SSISTED T RANSMISSIONS
In this section, we will study the time delay and outage
performance when aerial relay-assisted transmissions are considered to replace ISLs in Fig. 1.

(20)

As observed in Fig. 5, only the aerial relay, which is
distributed in the intersection space of the coverage spaces
of LEO satellites Sp and Sq (the green-colored space shown
in Fig. 5), can serve as the relay to replace the inter-satellite
transmissions between LEO satellites Sp and Sq . Furthermore,
in this work, it is assumed that A is uniformly distributed in
the green-colored space shown in Fig. 5 to study the impact
of the randomness of its position on the performance of aerial
relay assisted transmissions.
In practice, A operates in a fixed height range due to its
design or physical limitations. In this work, we assume that
the height of A ranges from Amin to Amax , where 0 < Amin <
Amax . Then, one can easily have H − Amax ≤ HA ≤ H −
Amin .
To characterise the statistical characteristics of the distances
between A and Sp /Sq (namely, dSp A /dSq A shown in Fig. 5),
two circles with centre Ap and Aq , and radius LA , which are
parallel with the ground coverage areas of Sp and Sq , namely,
the two circles with centre Op and Oq , and radius L. Then,
one can see that A is uniformly distributed in the intersection
area of the two circles with centre Ap and Aq , and radius LA .
Observing Fig. 5, one can derive LA as
HA
L,
(28)
LA =
H
max
min
where H−A
L ≤ LA ≤ H−A
L.
H
H
We denote the distance between Ap and Aq is TA (LA <
TA ≤ 2LA ). As depicted in Fig. 5, by using the elementary
knowledge of geometry, one can easily obtain

TA = T + (H − HA ) cot ωOp + cot ωOq ,
(29)
where ωOp and ωOq are the angle between line Sp Op /Sq Oq
and the horizon, which is decided by the beam direction of
the satellite and the range of which is (0, π/2].
Theorem 2. As presented in Fig. 5, assuming that A is
uniformly distributed in the intersection of the circles with
centre Ap and Aq , and radius LA , the PDF of the distance
between A and Sp /Sq can be written as
2
2x
T 2 − L2A − HA
+ x2
p
· arccos A
, (30)
2
Sin,A
2TA x2 − HA
q
q
2 + d2
2 + d2
HA
HA
where dSp A =
Ap A , dASq =
Aq A ,


p
TA
Sin,A
=
2L2A cos−1 2L
− T2A 4L2A − TA2 , and
A
q
p
2
2 =W
2.
(TA − LA ) + HA
L2A + HA
min ≤ x ≤ Wmax =

fdSp/q A (x) =
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i,j
Pout

= 1 − BT R

m−1
X
k=0

1



−(k+1−p) Z

k
γth (β − δ)
ς (k) X p k! β − δ
p
(a3 t + a4 ) exp −
γth
(a3 t + a4 )
p!
λ̄i
λ̄i
λ̄k+1
i
p=0
−1

2

2

2

T − L − H + a3 t + a4
√
dt
2T a3 t + a4 − H 2
−(k+1−p) X



QG
m−1
k
q
X ς (k) X
γth (β − δ)
p
p k! β − δ
2 (a υ
≈ 1 − BT R
u
1
−
υ
+
a
)
exp
−
(a
υ
+
a
)
γ
Gi
3
Gi
4
3
Gi
4
Gi
th
p!
λ̄i
λ̄i
λ̄k+1 p=0
i=1
k=0 i
× arccos

× arccos

T 2 − L2 − H 2 + a3 υGi + a4
√
2T a3 υGi + a4 − H 2

(27)

Proof: Please refer to the Appendix II.

B. Outage Performance

Moreover, it is easy to obtain the received SNR over
λ
λ
satellite-aerial relay links in Fig. 5 as γij = dnij = d2ij , where
ij
ij
(i, j) ∈ {(Sp , A) , (A, Sq )}, and the path-loss factor is set as
2 for LoS propagation scenarios.
A. Transmission Delay
By using Eqs. (11) and (30), and employing ChebyshevGauss quadrature, the average transmission delay for aerial
relay assisted transmissions can be derived as
W
Zmax

2
τ̄ij =
cSin,A

x2 arccos

Wmin

=

Wmax − Wmin
·
cSin,A

2
TA2 − L2A − HA
+ x2
p
dx
2
2TA x2 − HA

Z1

TZmax

·
Tmin

2

2

i=1
2

Wmax +Wmin
,
2



(32)

−1

2
TA2 − L2A − HA
+ (a5 εAi + a6 )
q
,
2
2
2TA (a5 εAi + a6 ) − HA

Wmax −Wmin
, a5
cSin,A
π
wAi = PA1 , and εAi =

where AAR1 =


2
+y
T 2 − L2A − HA
β−δ
p
γth y arccos A
dy.
y exp −
2
λ̄i
2TA y − HA
p

(a5 t + a6 )

2
+ (a5 t + a6 )
T 2 − L2A − HA
q
dt
× arccos A
2
2
2TA (a5 t + a6 ) − HA
PA1
q
X
2
= AAR1
wAi 1 − ε2Ai (a5 εAi + a6 )

× arccos

In this work, we also consider SR fading to model the channel gain between i and j (where (i, j) ∈ {(Sp , A) , (A, Sq )}),
because SR channel model can cover LoS propagation scenarios by setting m = 0 in Eq. (16).
Similar to Part B in last section, considering the randomness of the position of the aerial relay and using Eq. (11)
in Appendix II, the OP between i and j (where (i, j) ∈
{(Sp , A) , (A, Sq )}) for aerial relay assisted transmissions can
be derived as

−(k+1−p)
m−1
k
α X ς (k) X p k! β − δ
i,j
γth
Pout = 1 −
Sin,A
p!
λ̄i
λ̄k+1 p=0
k=0 i

=

Wmax −Wmin
,
2 
2i−1
2PA1 π .



(31)

a6 =

cos
As A is uniformly distributed in the green-colored space
shown in Fig. 5, by considering the randomness of HA which
is uniformly distributed in the region [H − Amax , H − Amin ],
one can finally derive the average transmission delay for aerial
relay assisted transmissions. However, as AAR1 , a5 , and a6 are
functions of HA , one can imagine that the final approximated
analytical expression for the average transmission delay, which
is obtained by using the Chebyshev-Gauss quadrature to deal
with the randomness of HA , will be very complicated. Then,
in this work, we will discuss the impact of the randomness
of HA on the average transmission via simulations in Section
VIII, instead of presenting such a complicated expression.

Similar to the derivation of Eq. (27), by employing
Chebyshev-Gauss quadrature, the approximated OP for aerial
relay assisted transmissions can be obtained as Eq. (33), shown
α
min
on top of next page, where BAR1 = Sin,A
· Tmax −T
,
2


Tmax −Tmin
Tmax +Tmin
2i−1
a7 =
, a8 =
, υAi = cos 2QA1 π , and
2
2
π
uAi = QA1 .
Then, considering the randomness of HA , the OP for aerial
relay-assisted transmissions can be finally approximated. However, we can see that Tmax , Tmin , a7 , and a8 are functions of
HA , thus the final approximated analytical expression for the
OP, which is obtained by using Chebyshev-Gauss quadrature
to deal with the randomness of HA , will be too complicated.
Then, in this work, we will investigate the impact of the
randomness of HA on the OP via simulations in Section VIII,
in place of presenting such a complicated expression.
VII. S ATELLITE R ELAY A SSISTED T RANSMISSIONS
In this section, the time delay and outage performance of
satellite relay-assisted transmissions will be studied, respectively.
As depicted in Fig. 6, only the relay satellite, which is located in the intersection of the coverage space of LEO satellite
Sp and Sq (namely, the intersection of the two hemispheres
with centre Sp and Sq , and radius LS ), can serve as the relay
satellite between Sp and Sq .
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i,j
Pout

= 1 − BAR1

m−1
X
k=0

TA2



−(k+1−p) Z1

k
γth (β − δ)
ς (k) X p k! β − δ
p
(a7 t + a8 ) exp −
γth
(a7 t + a8 )
p!
λ̄i
λ̄i
λ̄k+1
i
p=0
2
HA

−
+ a7 t + a8
dt
2
a7 t + a8 − HA


−(k+1−p) Q

k
m−1
q
A1
X
X ς (k) X
γth (β − δ)
p
p k! β − δ
2
uAi 1 − υAi (a7 υAi + a8 ) exp −
≈ 1 − BAR1
γth
(a7 υAi + a8 )
p!
λ̄i
λ̄i
λ̄k+1 p=0
i=1
k=0 i
× arccos

× arccos

−

−1

L2A

2TA

p

2
TA2 − L2A − HA
+ a7 υAi + a8
p
2
2TA a7 υAi + a8 − HA

(33)

HS,min is decided by the orbit height of S0 , which is constant
in a specific practical system.
Observing Fig. 2 and using θ = π/N , TS can be calculated
as
(q − p)θ
2
(q − p)π
= 2(RE + H) sin
.
2N

TS = 2(RE + H) sin

Fig. 6: The distribution of satellite relay

To characterise the statistical characteristics of the distances
between S0 and Sp /Sq (namely, dSp S0 /dSq S0 shown in Fig. 6),
two circles with centre Up and Uq , and radius RS , which are
parallel with the the two circles with Sp and Sq , and radius
LS ). Then, one can see that S0 is uniformly distributed in the
intersection area of the two circles with centre Up and Uq ,
and radius RS .
Practically, the orbit height of S0 is much higher than the
one of LEO satellites. Then, in this work, we assume that the
orbit height of S0 , H0,min > H, where H0,min the minimum
orbit height of the relay satellite, e.g., normally, GEO satellites
orbit at 35,786 km from the earth and MEO satellites operate
in the space between the two most popular orbital regimes
(namely, LEO and GEO oribis), while the orbit height of
LEO satellites ranges from 160 to 2000 km. Therefore, to
facilitate the following modeling and analysis, in this work,
it is assumed that the interface between the lower side of the
distributed space of S0 and the intersection of the coverage
space of LEO satellite Sp and Sq is a plane, which is parallel
to the plane consisting of the two circles with Sp and Sq , and
radius LS , as presented in Fig. 6. So, the distribution space
of S0 is the green-colored space in Fig. 6. Furthermore, in
this work, it is assumed that S0 is uniformly distributed in the
green-colored space shown in Fig. 6 to study the impact of
the randomness of its position on the performance of satellite
relay assisted transmissions.
In this section, we also denote HS,min as the distance
between the bottom of the distribution space of S0 and the
plane consisting two circles with with Sp and Sq , and radius
LS . Then, let HS (HS,min ≤ HS ≤ HS,max ) be the distance of
Sp and Up or Sq and Uq , and TS be the distance between Sp
and Sq , or Up and Uq . Furthermore, as observed from Fig. 6,

(34)

By using the knowledge of the elementary geometry, the
maximum value of HS , HS,max , and RS can be obtained as
s
 2
TS
HS,max = L2S −
2
r
(q − p)π
= L2S − (RE + H)2 sin2
(35)
2N
and
RS =

q
L2S − HS2 ,

(36)

respectively.
Theorem 3. As presented in Fig. 6, assuming that S0 is
uniformly distributed in the intersection of the circles with
centre Up and Uq , and radius RS , the PDF of the distance
between S0 and Sp /Sq can be derived as
fdSp/q S0 (x) =

2x
T 2 − RS2 − HS2 + x2
p
· arccos S
Sin,S
2TS x2 − HS2

2x
T 2 − L2 + x2
· arccos S p S
,
(37)
Sin,S
2TS x2 − HS2
q
q
=
HS2 + d2sp S0 , dSq S0 =
HS2 + d2Sq S0 ,


p
TS
2RS2 cos−1 2R
− T2S 4RS2 − TS2 , and
S
=

where dSp S0

Sin,S
=
q
2
HS2 + (TS − LS ) = Mmin ≤ x ≤ Mmax = LS .
Proof: The proof of Theorem 3 is similar to that of
Theorem 2 given in Appendix II.
A. Transmission Delay
By using Eqs. (11) and (37) and employing ChebyshevGauss quadrature, the average transmission delay for satellite
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relay assisted transmissions can be derived as
2
τ̄ij =
cSin,S

M
Zmax

x2 arccos

Mmin

Mmax − Mmin
=
cSin,S

1) RF Transmission over Inter Satellite Relay Links: When
RF transmission techniques are adopted for inter satellite relay
links, free-space transmissions are obtained, as there is no
multi-path transmission with no reflections, diffraction, and
scattering. Then, the OP under this case can be derived as

TS2 − L2S + x2
p
dx
2TS x2 − HS2

Z1

i,j
Pout
= Pr {γij ≤ γth }
)
(
λ̄i
≤ γth
= Pr
d2ij
s

2

(a9 t + a10 )
−1

2

T 2 − L2 + (a9 t + a10 )
× arccos S q S
dt
2
2TS (a9 t + a10 ) − HS2
PS1
q
X
2
≈ ASR1
wSi 1 − ε2Si (a9 εSi + a10 )

= 1 − FdSp/q S0 

i=1

× arccos

TS2
2TS

+ (a9 εSi + a10 )

2

,

(38)

=

Mmax −Mmin
,
2
2i−1
2PS1 π .

a10 =

FdSp/q S0 (x) =

2

Zx
x · arccos

Sin,S
Mmin



cos
As S0 is uniformly distributed in the green-colored space
shown in Fig. 6, by considering the randomness of HS which is
uniformly distributed in the region [HS,min , HS,max ], one can
finally derive the average transmission delay for satellite relay
assisted transmissions. However, we can see that Mmin , ASR1 ,
a9 , and a10 are functions of HS , thus the final approximated
analytical expression for the average transmission delay, which
is obtained by using Chebyshev-Gauss quadrature to treat the
randomness of HS , will be too complicated. Then, in this
work, we will investigate the impact of the randomness of HS
on the average transmission delay via simulations in Section
VIII, in place of presenting such a complicated expression.
B. Outage Performance
In this subsection, outage analysis will be given for intersatellite relay links while RF and FSO communication techniques are considered, respectively.
Besides traditional RF communication techniques, FSO has
been proved and applied as a promising technique to set up
inter-satellite relay links, due to its inherent merits, e.g., high
bandwidth, high data rate, small size, etc. In the following, we
will present the analysis models for the outage performance
over the inter-satellite relay links between S0 and Sp /Sq ,
while considering RF and FSO communication techniques,
respectively.
Then, it is easy to obtain the received SNR over inter
satellite relay links in Fig. 6 as [31]–[33]

 λ̄i G4F SO , When FSO technique is adopted;
dij
γij =
,
 dλ̄2i ,
When RF technique is adopted
ij

(39)
where GF SO is the e2e signal power gain over the FSO channel from the transmitter to the receiver, (i, j) ∈
{(Sp , S0 ) , (S0 , Sq )}, and the path-loss factor is set as 2 for
RF transmissions in LoS propagation scenarios.

(40)

where FdSp/q S0 (x) is the CDF of dSp S0 /dSq S0 .
Using Eq. (37), the CDF of dSp S0 /dSq S0 can be derived as

2

(a9 εSi + a10 ) − HS2

Mmax −Mmin
, a9
cSin,S
π
wSi = PS1 , and εSi =

where ASR1 =
Mmax +Mmin
,
2

−
q

L2S


λ̄i 
,
γth

x − Mmin
=
Sin,S

TS2 − L2S + x2
p
dx
2TS x2 − HS2

Z1
(c1 t + c2 )
−1
2

TS2 − L2S + (c1 t + c2 )
q
dt
2
2TS (c1 t + c2 ) − HS2
QS1
q
x − Mmin X
2 (c τ + c )
≈
δSi 1 − τSi
1 Si
2
Sin,S i=1
× arccos

2

× arccos

TS2 − L2S + (c1 τSi + c2 )
q
,
2
2TS (c1 τSi + c2 ) − HS2

(41)

min
min
where c1 = x−M
, c2 = x+M
, δSi = QπS1 , and τSi =
2

 2
2i−1
cos 2Q
π .
S1
Considering the randomness of of HS , the CDF of
dSp S0 /dSq S0 can be further achieved. However, it is easy to
see that Mmin , Sin,S , c1 , and c4 are functions of HS , thus the
final approximated analytical expression for the OP, which is
obtained by using Chebyshev-Gauss quadrature to treat the
randomness of HS , will be too complicated. Then, in this
paper, we will investigate the impact of the randomness of
HS on the OP via simulations in Section VIII, rather than
presenting such a complicated expression.
Then, using Eq. (41) into Eq. (40), one can finally achieve
the OP for the case of adopting RF transmissions for intersatellite relay links.
2) FSO Transmission over Inter Satellite Relay Links: If
FSO transmission techniques are adopted for inter-satellite
relay delivery, GF SO , the e2e signal power gain over the FSO
channel from the transmitter to the receiver, can be written as
[31]–[33]
 4
λ
2 2 2 2 2
,
(42)
GF SO = ηT2 ηR
GT GR LT LR
4π

where ηT and ηR are the efficiencies of the transmitter and
the receiver optics, GT and GR are the gains of transmitting
and receiving telescopes, respectively, λ is the wavelength, and

1536-1233 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: KAUST. Downloaded on April 20,2022 at 05:24:33 UTC from IEEE Xplore. Restrictions apply.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMC.2022.3168081, IEEE
Transactions on Mobile Computing
12

LT and LR are the pointing loss factor at the transmitter and
receiver, respectively.
Thus, the OP under this case can be derived as
(
)
λ̄i GF SO
i,j
Pout = Pr
≤ γth
d4ij
= 1 − FdSp/q S0 (Λ) ,

0.0106

0.0104

10-1

0.0102

(43)

19.9

20

20.1

10-2

 14

F SO
where Λ = λ̄i Gγth
.
Substituting Eq. (41) in Eq. (43), the OP of adopting FSO
transmissions for inter satellite relay links can be derived as
i,j
Pout
≈1−

100

QS1
q
Λ − Mmin X
2 (c τ + c )
δSi 1 − τSi
3 Si
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10-3

10-4
0

5

10

15

20

25

30

35

40

2

T 2 − L2 + (c3 τSi + c4 )
× arccos S q S
,
2
2TS (c3 τSi + c4 ) − HS2

(44)

Fig. 7: OP of satellite-to-terrestrial transmission link

min
min
where c3 = Λ−M
and c4 = Λ+M
.
2
2
Similarly, the impact of the randomness of HS on the OP
will be studied via simulations in Section VIII.

100

VIII. N UMERICAL R ESULTS

10-1

In this section, numerical results will be provided to study
the performance of the considered system, as well as to verify
the proposed analytical models. In the following, we use PS
instead of PSk (0 ≤ k ≤ K) for simplification, and path-loss
factors for all links are set as 2. Unless otherwise explicitly
specified, the parameters are set as H = 550 km, N = 25,
K = 15, p = 8, q = 11, RE = 6371 km, L = 100 km,
T = 110 km, Amax = 10 km, m = 2, b = Ω = 15 dB,
ωl = 80◦ (l ∈ {S, D, Ok |0 ≤ k ≤ K }), γth = 0 dB, ηT =
ηR = 0.95, λ = 1.55 × 10−6 , GT = GR = 5.03 × 1011 ,
LT = LR = 0.0145, PS = 25 dBW, i = 50 ms (where
i ∈ {G, A, Sk |0 ≤ k ≤ K }), and σ 2 = −64 dBm.
Furthermore, we run 1 × 106 times of the realizations of
the considered system and 1 × 106 trials of Monte-Carlo
simulations, to model the randomness of the positions of
terrestrial terminals and terrestrial/aerial/satellite relays, and
channel gains over each link. In other words, the channel
gains are randomly generated during each trial of MonteCarlo simulation and the positions of terrestrial terminals
and the three types of relays are uniformly selected in their
corresponding distribution space during each realization of the
considered system. Therefore, under the Monte-Carlo method,
all presented results in the following are statistical mean
values.
A. Outage Performance
In this subsection, the outage performance of the links
between satellites and terrestrial terminal, and terrestrial/aerial/satellite relay links will be investigated versus the
transmit power at the satellite, respectively, while considering
the randomness of the positions of the terrestrial terminal,
and terrestrial/aerial/satellite relay. Moreover, in this work,
we only consider the transmission process from the satellite
to terrestrial terminal, and terrestrial/aerial/satellite relay to
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Fig. 8: OP of terrestrial relay link

demonstrate the impacts of the randomness of the positions
of these nodes on the outage performance, and the outage
performance of the transmission over the inverse direction can
be easily studied via the same analysis method, due to the
reciprocity of the wireless channels.
In Fig. 7, the outage performance over the satellite-toterrestrial link is presented for various kinds of L. One can see
that the OP with small L outperforms that with large L, which
suggests that the large coverage area of the satellite leads
to degraded outage performance. Because a large L means a
large transmission distance between the satellite and terrestrial
terminal, and then results in large path loss. Furthermore, we
can also observe that the impact of L on the OP is very slight
since the orbit height of the satellite plays a major role in the
path loss, the value of which here we consider is 550 km.
Fig. 8 presents the outage performance over terrestrial relay
link while considering various T and QG = 200. Obviously,
similar to L in Fig. 7, T , the distance between the centers
of the satellites’ coverage area, also exhibits a weak effect
on the outage performance. Furthermore, T shows a negative
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influence on the OP, which can be explained by the fact that
a large T represents a large transmission distance and large
path loss in return.
In Fig. 9, we study the outage performance over the aerial
relay link for different Amax . Here, we set HA = H−Amax for
simplification and QA1 = 300. As shown in Fig. 9, it is clear
that large Amax shows a positive impact on the OP, because
a large Amax means a short transmission distance for aerial
relay link. Also, similar to the previous two figures, the impact
of Amax on the outage performance is not strong, which can
be explained by a similar reason.
In Figs. 10 and 11, the outage performance over satellite
relay links is investigated for RF and FSO, while QS1 = 500
and 200, respectively. In detail, Fig. 10 shows that, when PS
is larger than 31 dBW, LS show an obvious negative impact
on the OP and opposite observation can be achieved when PS
is less than 31 dBW. In Fig. 11, HS exhibits a negative effect
on the OP, which becomes very slight when PS is larger than
40.5 dBW.
Furthermore, as presented in Figs. 7-11, the OP can be
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Fig. 12: The transmission delay over satellite-to-terrestrial
transmission link

improved while the transmit power at the satellite increases,
because a large PS means a large transmit SNR.
B. Latency Performance
In this subsection, we will investigate the latency performance for the links between the satellite and terrestrial
terminal, and terrestrial/aerial/satellite relay.
As shown in Fig. 12, the radius of the coverage area of the
satellite exhibits a negative impact on the transmission delay.
Because a large T represents a large transmission distance,
leading to a long transmission time.
Fig. 13 presents the transmission delay for terrestrial relay
link, while PG = 50. Clearly, T plays a negative role on the
transmission delay, as a large T incurs a large transmission
distance.
An interesting finding can be obtained that L in Fig. 15
and T in Fig. 13 both show a very weak influence on the
transmission delay, which also be uncovered by the reasons
given for the observations in Figs. 7 and 8.

1536-1233 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
Authorized licensed use limited to: KAUST. Downloaded on April 20,2022 at 05:24:33 UTC from IEEE Xplore. Restrictions apply.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TMC.2022.3168081, IEEE
Transactions on Mobile Computing
14

10-3

6.7

5
4.5

10-3

6.6

4
6.5
3.5
10-3

6.4

3
3.52

6.3
2.5

3.51

6.2

3.5
1.048

2
0.5

1.05

1.052

1.054
106

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

6.1
1.6

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

106

Fig. 13: The transmission delay over terrestrial relay link
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Fig. 15: The transmission delay over satellite relay link
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Fig. 14: The transmission delay over aerial relay link

In Fig. 14, we investigate the transmission delay for various
Amax , while PA1 = 50. It is observed that Amax shows an
oppositive impact on the transmission like it does in Fig. 9.
This finding can also be demonstrated by the same explanation
given for Fig. 9.
The transmission delay over satellite relay link is presented
in Fig. 15, while PS1 = 200. We can easily see that the
transmission delay with a large LS is worse than that with a
small LS , since large LS leads to large transmission distance.
Moreover, as given in Figs. 12-15, the higher the orbit
height is, the larger the transmission delay achieves, due to
the increased transmission distance.
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C. E2e Performance
In this subsection, we will study the e2e outage and latency
performance of the considered system while three different
relays are considered for comparison purpose, where m = 16
for aerial relay links, PSk = 35 dBW, PA = 15 dBW, PG = 61
dBW, LS = 2500 km, and HS = 1600 km.

Fig. 17: The e2e OP v.s. H.

As shown in Fig. 16, the e2e time delay over the intersatellite link is the largest one among the four considered
cases, because of the frequent forwarding behaviors at the LEO
satellites. Though the satellite relay can save the forwarding
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links. The reason for this observation is that the increment
of the transmission distance of satellite relay links is much
larger compared to those of terrestrial and aerial relay links
while q − p increases.
To study the impact of the forwarding delay at each node, in
Fig. 20 we plot the e2e time delay of inter LEO satellite link
and the considered three kinds of relay links under different
cases of A , S0 , and G . It can be seen that A , S0 , and
G show strong negative effects on the e2e time delay, and
the optimal relay link in term of the e2e time delay strongly
depends on the forwarding delay.
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Fig. 19: The e2e OP v.s. q − p.

delay at the LEO satellites, the transmission delay is still
larger than that over two other relay links, due to its long
transmission distance. Also, we can see that aerial and satellite
relay links show similar e2e time delay performance, as the
transmission distances over these kinds of relay links are much
shorter than those over two other links.
Moreover, Fig. 17 presents the e2e OP versus the orbit
height of the LEO satellite, H, for the four relay links. In
the low H region (H < 800 km), the OP of the aerial relay
link outperforms the three other ones, and while H > 800 km,
the OP of the satellite relay link exhibits the worst e2e outage
performance among the four ones. Because the transmission
distance of the relay link tightly depends on the orbit height
of the LEO satellite. One can also easily observe from Figs.
16 and 17 that the e2e delay and OP for the four relay link
degrade while H enlarges, because of the increased path loss.
In Fig. 18, q − p shows a strong impact on the e2e
delay of terrestrial, aerial, and satellite relay links. Because
q − p denotes the number of inter-satellite hops which can
be reduced by introducing relay links. Moreover, in Fig. 19
q −p exhibits a weak influence on the e2e OP of terrestrial and
aerial relay links but strong impacts on that of satellite relay

IX. C ONCLUSION
In this paper, by considering an LEO mega-constellation
system, we first studied the outage and transmission delay
over the links between the LEO satellite and terrestrial terminal, and terrestrial/aerial/satellite relay, while considering
the randomness of the positions of the terrestrial terminal,
and terrestrial/aerial/satellite relay. These proposed analytical
models are verified by simulation and numerical results and
one can see that the computational complexity of the proposed
models only depends on the times of summations as suggested
by the proposed analytical expressions given in Section III-VII,
which is quite acceptable.
Some insightful conclusions can be obtained as follows.
1. The size of the coverage area of the LEO satellites,
namely, the radius of the coverage area on the ground, exhibits
a weak negative impact on both outage and transmission delay
performance;
2. The size of the intersection coverage area/space of two
LEO satellites, which can be inversely represented by T in
Fig. 4, TA in Fig. 5, and TS in Fig. 6, shows a slight negative
influence on both outage and transmission delay performance;
3. The orbit height of the LEO satellites shows negative
impacts on outage and transmission delay performance for
terrestrial and aerial relay links, and the height of aerial relay
shows a positive influence on both outage and transmission
delay performance because of the shortened transmission
distance;
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4. The e2e time delay can be improved by introducing
terrestrial/aerial/satellite relay, which can greatly save the
forwarding delay at each LEO satellite;
5. In piratical, when relay link should be introduced to LEO
mega-constellation systems and which kind of relay links is
the optimal one depend on the details of the system setting,
e.g., the forwarding delay, the orbit height of LEO/relay
satellite, the height of aerial relay, and the distance between
two neighboring LEO satellites, etc.
Therefore, for practical LEO mega-constellation systems,
choosing which kind of relays and how to place them depends
on the real application scenarios and requirements, as each
kind of relays unavoidably suffers its inherent limitations and
possesses unique merits simultaneously. For example, terrestrial relay suffers the worst small-scale fading but has a continual
power supply; though there is no small-scale fading over
aerial/satellite relay links, the stable and sustainable power
supply is a tough problem; the long transmission distance and
high mobile speed will bring huge challenges to satellite relay
link.
Moreover, one can see that we carry out the analysis by
using the classic analysis method for wireless communication
systems, which ignores the timeline. In future works, we
will study the delivery process with the consideration of the
transmission sequence of the information bits/packets via the
analysis methods adopted for upper layers (like random theory
for the medium access control layer). Thus, the impacts of the
moving speed and direction of the nodes (terrestrial terminals,
satellites, and relays) and the transmission/queuing time will
be directly modeled and demonstrated.
Finally, the adopted analysis method and technical road-map
in this work can serve as a useful reference for the researchers
who work in analyzing other networks, e.g., Internet of Things,
Power Grids, etc.
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