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Abstract—As an integral component of space-air-ground inte-
grated networks (SAGINs), the low Earth orbit (LEO) satel-
lite networks have displayed immense potential in providing
ubiquitous connectivity and broadband mobile communication.
However, the intrinsic dynamics of LEO satellites poses unprece-
dented challenges in network management, multi-dimensional
resource scheduling, and service delivery. In this paper, we
study the service function chain (SFC) orchestration in dynamic
LEO satellite networks, with the aim of achieving flexible and
efficient service provision. Considering the service requirements
and the load fairness of LEO satellite networks, we formulate
the SFC deployment problem as an integer nonlinear program-
ming (INLP) problem. We then introduce a load-aware SFC
orchestration algorithm to improve serving capacity and load
fairness. Additionally, we address the issue of SFC migration in
dynamic LEO satellite networks to ensure service continuity. To
minimize the service interruption and network resource wastes,
a Tabu search (TS)-based approach is presented to optimize
the virtual network function (VNF) migration. Simulation re-
sults demonstrate that our proposed approaches outperform the
benchmark by a substantial margin in terms of load fairness,
without compromising service acceptance.

Index Terms—Low Earth orbit (LEO) satellite network, satel-
lite load, software-defined networking (SDN), service function
chain (SFC).

I. INTRODUCTION

HE space-air-ground integrated networks (SAGINs) have
attracted people from both industry and academia for
their ubiquitous coverage anywhere and anytime, and have
become mainstream in 6G. The SAGIN is composed of space
segments, air segments, and ground segments, where low Earth
orbit (LEO) satellites play a main role in the space segments
and have experienced an unprecedented development [1], [2].
By the end of February 2023, American company SpaceX
has launched more than 3,660 LEO satellites and had more
than 1 million subscribers as of December 2022 [3]. The
deployment of LEO satellite networks provides extraordinary
network coverage in remote areas, which enables automotive
driving, smart cities, remote Internet of Things, etc [4].
However, as the number of LEO satellites increases, the
management and operation of the entire network becomes

978-1-6654-6483-3/23/$31.00 ©2023 IEEE

more complicated and difficult. In terrestrial networks, soft-
ware defined networking (SDN) is proposed to separate the
data layer and control layer and provide centralized network
management. On the other hand, network function virtualiza-
tion (NFV) technology is able to abstract the heterogeneous
physical resources and provide a more flexible fashion, i.e.,
virtual network functions (VNFs), in resource management
compared with conventional function-specific middleboxes
[5]. Combining SDN and NFV technologies, a programmable,
flexible, and scalable network operation and management
architecture is proposed that makes full use of the complemen-
tary advantages of SDN/NFV technologies and LEO satellite
networks and compensates for the inconvenience of traditional
dedicated satellite hardware in updating and continuity. Based
on the SDN and NFV technologies, the service function chain
(SFC) technology is proposed. As service requests like remote
sensing, self-driving [6], mobile edge computing (MEC) arrive
in networks, they are described into a specific sequenced VNFs
chain firstly [7], [8]. Then, these VNFs are embedded on
network nodes with transmission links chained together to
serve as a network function. Notably, the SFC is customizable
to different user requirements, which is a potential solution
for future on-demand network serving.

Recently, several works on SFC have been presented on
ground networks and SAGINs. In ground networks, some
works mainly concern the resource utilization in optical core
networks and cloud-edge synergy scenarios [9]-[11]. In [9],
the SFC deployment problem in elastic optical datacenters is
investigated. It is modeled as a Markov decision process, and a
graph neural network-based algorithm is proposed to minimize
the resource utilization. In order to deliver dependable service
provisioning in MEC, [10] studies the cost minimization prob-
lem. In [11], the SFC deployment problem in a hybrid cloud-
edge synergy scenario is investigated to optimize the resource
utilization and service latency. Some works are based on the
SAGINs [12]-[14]. In [12], the SFC deployment problem is
presented to balance the resources of ground networks and
non-ground networks in computation and communication. In
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[13], a large-scale heterogeneous SAGIN scenario is con-
sidered and federated learning is utilized to cope with the
data island problem. To our best knowledge, there are only
a few works that investigate the SFC deployment in satellite
networks [14]. They mainly consider the resource sharing
and competition among each SFC. Then, they formulate the
problem as a noncooperative game and utilize the adaptive
play algorithm to find the Nash equilibrium. Nevertheless, few
works consider the network dynamics and satellite load. In
LEO satellite networks, the topology and radio environment
are dynamic, which renders previous optimal strategy sub-
optimal or entirely unavailable, and ultimately impairing the
user service experience. However, relying upon the simplistic
and mechanical repetition of complete deployment algorithm,
whenever the initial strategy is ineffective, will result in
abundant resource waste in determination and redeployment
of previous embedded VNFs with privacy and customized
modules. On the other hand, existing studies overlook the
importance of satellite load, as individual satellites carrying
overly many services ultimately result in the rapid saturation
and diminishment of equipment lifespan, thereby directly
impinging upon the stability of the satellite constellation, and
in turn, introducing additional operational costs.

In this paper, we investigate the SFC orchestration problem
in dynamic LEO satellite networks. To maximize the service
acceptance and the fairness of satellite load under limited
network capacity and diverse service requirements, the SFC
deployment in LEO satellite networks is formulated as an
integer non-linear programming (INLP) problem. To solve
this problem, we decouple it into the virtual link embedding
and VNF embedding, and then provide a heuristic algorithm
with low complexity to solve the problem. Considering the
dynamics of the LEO satellite network and network resource
utilization, we formulate the VNF migration problem to opti-
mize service continuity. A Tabu search (TS)-based algorithm
is proposed to minimize the migration cost. Finally, extensive
simulations are conducted to evaluate the performance of the
proposed algorithms in terms of service reception, fairness of
satellite load, and adaption to different types of services.

II. SYSTEM MODEL

Fig. 1 shows an SDN/NFV enabled network architecture,
which comprises of three segments: space network segment,
ground network segment, and user segment. Particularly, space
network segment is composed of LEO satellite constellations
and geosynchronous equatorial orbit (GEO) satellites. Ground
network segment is responsible for service orchestration, net-
work management, etc., and is primarily composed of satellite
ground stations equipped with the satellite gateway and SDN
controller. User segment is composed of user terminals that
demand various services like remote surgery, holographic com-
munication, etc. In space segment, satellites in LEO satellite
constellations are equipped with computation units and com-
munication units to support various network services. GEO
satellites are responsible for domain-level network supervision.
Incorporated with the GEO satellites, the limited vision and
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Fig. 1. An SDN enabled LEO satellite network architecture.

frequent handovers of satellite ground stations can be offset
and replaced by a global view of the network. Specifically, the
ground stations collect the satellite operation status, locations,
user information, and resource utilization periodically. When
the service request from user terminals arrives, it is described
as the specific SFC on the basic of user requirements, firstly.
Then, the SDN controllers decide to accept or reject the arrived
service according to the network status. When the service is
accepted, the orchestration strategy is generated, otherwise it is
blocked. If a service is accepted, the SFC is then embedded on
each LEO satellite node, and required network resources are
occupied until the service is finished. In the following, we will
introduce our network model and service model concretely.

A. Network Modeling

In this paper, we consider a general Walker Star LEO satel-
lite constellation made up of M x K homogeneous satellites
distributed in M circular LEO evenly. Denote the physical
network by G = (F, ), where F is the set of LEO satellites
and £ is the set of physical links between satellites. Without
loss of generality, we ignore the network access and consider
that each user prioritize to access the nearest network node. We
consider each LEO satellite is equipped with four transceivers
connected to two inter-orbit satellites and two nearest inter-
orbit satellites, individually. The capacity of physical links
(n,m) is denoted by By, ., and the channel delay is denoted
by d,, m, which is expressed as

dp,m = distance(n,m)/c,¥(n,m) € &, (1)

where c is the speed of light.

The location of satellite n in Cartesian coordinates is
denoted by (pg n, Py,n, P>,n), Which is expressed as (2), where
h is the orbit altitude of satellite n, R, is the radius of the
Earth, « is the inclination angle of satellite orbit, 3 is the right
ascension of ascending node, 7 is the true anomaly, and & is
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2
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the argument of the perigee. The distance between satellite n
and m is

- pm,m)2 + (Py.n
(P20

distance(n, m) = [(Pz,n - pyﬁm)Q"‘
1
3

3)
- pz,m)2]

As the communication network node, we omit the energy
consumption of re-boosting and focus on the computation and
communication, and the load of satellite n is expressed as

ln = Clcn + Canv (4)

where (y, (2, ¢p, and b, are the energy weights of compu-
tation and communication consumption, utilized computation
resources, and utilized communication resources, respectively.

B. Service Modeling

As previously noted, the service model utilized in our
system is the SFC, which is made up of a sequence of
VNFs that are chained together in a predefined manner. To
ensure successful service delivery, the sequential and con-
tinuous embedding of each VNF on the network node is
necessary, and the end-to-end delay must fulfill the user’s
requirements. We consider the number and types of service
requests arriving at the network have been determined before
each decision-making interval, which is denoted by O =
{qlg = 1,2,...,]Q|}. Two types of services are considered,
which are the bandwidth-demand service and the computation-
demand service. The sets of source nodes and destination
nodes are represented by {s,/¢ € Q} and {d,|¢ € Q},
respectively. v, = {v;|i = 1,2,...,|v4|} denotes the VNF
sequence of service q. Denote the data flow between VNF ¢
and VNF j by &, = {(vi, vj)|vi,vj € vq,q € Q.

Let binary variable x,, 4 = 1 if VNF i of service ¢ is
embedded on node n, and ,, o = 0 otherwise. The solution
vector is denoted by X = {zy, nq | Vi € Vg1 € F,q € Q}.
Similarly, binary variable yEU o) = 1 when virtual link
(vs,v;) of service ¢ is mapped on physical link (n,m), and

ngj) , = 0 otherwise. The solution vector is denoted by
(n,m)

Y = Wionwy)a | (Virv5) €& (n,m) € €,q € Q}. Let the
binary variable z, = 1 denote the service ¢ is received,
and z;, = 0 otherwise. The solution vector is denoted by
z={z|q€Q}

The SFC is embedded on the communication networks,
whose delay is composed of transmission delay, propagation
delay, processing delay, and queuing delay. In this system, the
delay of each service is dominated by transmission delay [12],
which is expressed as

2.

(viv )€E,

(n7m) d

g™, Vg € Q. 5)

ty =

III. PROBLEM FORMULATION

In this section, we investigate the SFC deployment in
dynamic satellite networks with the consideration of service
provision, flow conservation, and network capacity. An INLP
problem is formulated to maximize the service acceptance.
Then, to maintain the SFC in dynamic LEO satellite topol-
ogy, the VNF migration problem is studied to minimize the
migration costs.

A. Service Provision Constraints

This subsection presents the constraints SFC deployment.
Before the service is delivered to the network, the source,
destination, and the VNF sequence are all predefined. To
ensure that the initial and final VNFs are incorporated in the
source and destination, constraints C7; and Cs must be met,

which are expressed as
(& Vq € Q,

Vg € Q.

(6)
(7

As a received SFC, the VNFs are limited to embed on only
one network node, which is expressed as

Cs: Z Tosn,g = 2q0 VUi €Vq, Vg€ Q.
neF

FTvy,sq,q T R

Cy: Loy, 1,de,a = Zq

(®)

For each service, the transmission delay must be less than
the deadline T;, which is expressed as

IS

(n,m)€E (vi,v;)€EEq

(n m) < Tq

"Juvj) q n m o=

Vge Q. (9)

B. Flow Conservation Constraints

The SFC is sequenced VNFs chained by data flow, the flow
conservation is critical to ensure the flows in equal to the flows
out, which is expressed as

. (n,m) (m,n) .
Cs : Z Ywivj)a Z Y(wiwg),g) = Trima =~ Tojnig
meF meF
V(vi,v5) € &, Vn € F,Vq € Q.
(10)

C. Network Node Constraints

For each satellite, the computation and communication
resources are limited, and the allocated network resources
cannot be greater than the node’s capacity, which is expressed

as
Cos: D Y TuingCoq<Cn YnerF,

qEQViEVy

Cred, D W

q€Q (v;,v;)EE,

Y

nm

(Uz v;),q q < Bn m

VY(n,m) €&, (12)
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where ¢,, , denotes the computation utilization of VNF ¢, b,
denotes the communication utilization of service ¢, and C),
denotes the computation capacity of satellite n. Cs constrains
the computation resource utilization and C7 constrains the
bandwidth utilization.

D. SFC Deployment and Migration Problem

In this model, we optimize the SFC deployment to maximize
the service acceptance and fairness of satellite load. Combin-
ing with constraints C7; — C'7, an INLP problem is formulated

as 9
(Znef l”)
|]:| : Zne]: ln2

X’y’z

P1: maszq—Fvl
9€Q (13)
s.t.Ch — Cr,
Cs:X, Y, 2€ {0,1},

where y; is the weight of fairness.

In LEO satellite networks, the satellites move very fast,
which changes the network topology and channel status
frequently, rendering previously optimal strategy suboptimal
or even broken over time. To maintain the SFC status and
fulfill users’ QoS requirements in such a dynamic network
scenarios, the live VNF migration are unavoidable. However,
the customized VNFs combine user privacy and dedicated
data, and the end-to-end retransmission will bring intolerable
delay and communication resource waste. To fulfill users’
requirements and minimize the resource waste, we formulate
the VNF migration problem as

. Serln)”

Pipin 3 b= X s R

qEQViEVq qeQ n
S.t.Cl — 077
Cs:x,y, z€{0,1},

(14)
where 7 is the weight of VNF migration, h.,,  is the migra-
tion decision of VNF i of service g, where h,, , = 1 denotes
the VNF ¢ will migrate to a new network node, h,, , = 0
otherwise. The weights of VNF migration and fairness ensure
the continuity of each SFC as much as possible.

In P1 and P2, variables x, y, and z are integers, which is
an INLP problem. As has been studied before, the problem is
non-convex and NP-hard [15], and its optimal solution cannot
be found within polynomial time. The topology and channel
status of LEO satellite networks are dynamic and unstable,
making it inefficient to solve the INLP frequently. Thus,
we first decompose the SFC orchestration into virtual link
embedding and VNF embedding problems. Then, a load-aware
SFC orchestration (LASO) algorithm is proposed to solve the
problem. To keep the service continuity and minimize the
VNF migration, a TS-based algorithm, named load-aware VNF
migration (LAM), is proposed to solve P2.

IV. SOLUTIONS OF SFC ORCHESTRATION AND
MIGRATION

In this section, we first present a heuristic SFC orchestration
algorithm, named LASO algorithm, to obtain the near-optimal

Algorithm 1: LASO algorithm
Input: Newly arrived service ¢, available physical
resources, current network topology G

Set 6 <+ 1;

while 6 > 0 do

Calculate the weight of edges in G by (15);

Utilize the Dijkstra algorithm and obtain the
shortest path;

Embed the VNFs of service g by Algorithm 2;

6 if t;, < T, and embeddingIndex # fault then

AW N =

wm

7 Output the routing path and embedding
strategy 7,

8 Break the loop;

9 else

10 | 0=0-Ap;

11 Block the service ¢;

Algorithm 2: VNFs Embedding algorithm
Input: Service requirements, potential path, current
network status
Output: Embedding strategy 7,
1 Choose the candidate network node CandidatesList

with maximal computation resources ;
2 for VNF i €v, do

3 if Available resource is enough then

4 Embed the VNF i in CandidateList(i);
5 update 7.;

6 else

7

8

Set embeddingIndex < fault ;
Break the loop;

9 if All VNFs are embedded successfully then
10 ‘ Set embeddingIndex < true;

11 else

12 L Set embeddingIndex < false;

solutions to the INLP problem efficiently. Then, we describe
our proposed SFC migration algorithm to cope with the
inherent dynamics of LEO satellite networks.

A. SFC Orchestration Algorithm

The SFC orchestration can be decoupled as VNF embedding
and virtual link embedding. We primarily focus on finding the
optimal routing path with the consideration of satellite load
fairness, which is shown in Algorithm 1. Firstly, the available
link capacity and the eventual end-to-end delay should meet
the service requirements, which is mandatory in our model.
To guarantee the adequate channel capacity, we introduce
the indicator function into the link weight for each service,
which is expressed as I (by, ,,, — by), and by, ,,, is the available
bandwidth in link (n,m). We design the weight of physical
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link (n,m) as

dnﬂn]l (bn,m - bq)
exp (0 (I, + 1) /2)

where 6 is the load fairness factor and negatively correlated to
the load of satellite » and satellite m. The load factor balance
the service delay and satellite load. When 6 = 0, Algorithm 1
will generate the path with the lowest end-to-end delay, and
when 6 = 1, the load of connected satellites is valued.

Employing a greedy approach, Algorithm 2 embarks on
VNF embedding. Potential nodes with maximum computa-
tional capability are picked for deployment. When the prospec-
tive nodes of the produced path from Algorithm 1 are unable
to complete all VNFs, the embedding result is marked as fault,
and the searching loop continues until the halting criteria is
met.

Wq(n7m) = 7\V/q S Q7 (15)

Algorithm 3: LAM algorithm

Input: Service ¢, initial embedding strategy o,
current network status G
Output: Migration strategy 7,
1 Set k + 1;
2 Set my, < mo;
3 while k£ < K do
4 Set G/ + G ;
migrationList < findNeighbors(my);
G'.dropNode(migrationList);
Calculate the weight of G’ by (15);
Splice the link of remaining VNFs by Dijkstra
algorithm in G’;
9 Embed the migrated VNFs by Algorithm 2 ;

®w N N W

10 if migrationCost(ny,) < migrationCost(n™*) and
embeddingIndex = true then

11 Set m* <+ ;

12 updateTabuList(m});

13 if 7* is not Null then

14 Set migrationIndex < true;

15 Set m,, < 7*;

16 return 7, ;

17 else

18 L Set migrationIndex < false;

To support the SFC in dynamic network scenario contin-
uously, Algorithm 3 is activated when the initial satellite or
the final satellite of a service is not the user’s access node. In
Algorithm 3, a TS-based migration algorithm is presented to
optimize the service continuity and load fairness.

V. PERFORMANCE EVALUATION

In this section, we conduct simulations to evaluate the
performance of the proposed algorithm. The LEO satellite
constellation is set as a Walker Star LEO satellite constellation
where 100 satellites evenly distributed in 10 LEO orbits on the
altitude of 2000 km from the Earth. The bandwidth capacity
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2000

of ISL is set to 100 Mbps and the computation capacity of the
satellite is 50 CPU units. The communication and computation
requirements of SFCs are distributed in [20, 40] and [5, 20]
CPU units. We evaluate the performance of our proposed
algorithm and compare it with three benchmarks. The first two
benchmarks are to deploy VNFs and migrate them in a greedy
manner, i.e. the path with minimal hops (MH) and the path
with minimal migration numbers (MMN). The third bench-
mark is pheromone-based fault avoidance algorithm (PFA)
which is referenced form the ant-colony optimization [16].
The simulation is carried out on a computer with 3.0 GHz
Intel Core i5-9500 and 16 GB RAM.

In Figs. 2 and 3, the service arrival rate is set to 3 per
slot, the ratio of bandwidth-demand service to computation-
demand service is set to 0.5. Fig. 2 compares the average
acceptance ratio of the four algorithms. It can be observed
that the LASO-LAM outperforms three benchmarks, and MH-
LAM outperforms the PFA-MMN and MN-MMN. The reason
is that LASO and LAM utilize the integrated weight of
both computation and communication to adapt the multi-
dimensional requirements of each SFC. Fig. 3 compares the
average fairness of the four algorithms, with the LASO-
LAM algorithm initially appearing lower than PFA-MMN but
quickly outperforming all three benchmarks. The reason is the
services arrive simultaneously in PFA avoids to pass all nodes
of the previous infeasible path.
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Figs. 4 and 5 compare the acceptance and fairness under
different ratios of bandwidth-demand service and computation-
demand service. The proposed approach beats the benchmarks
when the ratio is less than one, which is because our proposed
algorithm considers the multi-dimensional network resources
concurrently, and too many services with high transmission
demands would crowd together and jam. Additionally, Fig. 5
shows that, at the same service ratio, our proposed algorithm
achieves twice the fairness value of PFA-MMN and MH-
MMN, and nearly 60 percentage points higher than MH-LAM,
with the highest service acceptance ratio.

VI. CONCLUSION

In this work, the orchestration and migration of SFC
have been investigated in LEO satellite networks to fulfill
ubiquitous multi-dimensional service requirements. The SFC
orchestration problem is formulated as the INLP problem, and
a heuristic algorithm has been proposed to solve the problem
with the consideration of satellite load. To support the SFC
continuously in LEO satellite networks, a TS-based algorithm
has been proposed to minimize the VNF migrations. Extensive
simulations have verified the efficiency of the proposed algo-
rithm. Particularly, a greater fairness value is achieved without
sacrificing the service acceptance. Our study considers the
dynamic LEO satellite scenarios and satellite loads compre-
hensively and aims to provide guidelines for future on-demand
network serving in SAGINSs. In the future, we will study the

temporal correlation of LEO satellite networks and promote
the network resource utilization.
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