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Abstract. Recently, to acquire the programmability, flexibility and re-
configurability of network, the technologies of software-defined networking
(SDN) are utilized to design new architectures for LEO satellite networks, where
control plane is realized by several GEO satellites. But in the previous work, it is
assumed that each LEO satellites could directly connect with the GEO controllers.
This is unreasonable when the LEO data plane is a large-scale LEO satellite con-
stellation, as the number of GEO controllers and antennas of each GEO controller
are limited. In this work, we propose a design of software defined large-scale
LEO satellite networks with limited GEO controllers, where the communication
between GEO control plane and LEO data plane is achieved by limited cross-layer
links. In this model, the selection of cross-layer links directly affects the load
balance among GEO controllers and the latencies of control paths, which will
deeply influence the latency of routing response. Thus, we propose a switching-
aware dynamic control path planning scheme to handle this, where we propose a
switching-time selection scheme to handle the impact of switching and a multi-
objective optimization problem to deal with the selection of cross-layer links, and
finally present a particle swarm optimization based algorithm to solve it. Simula-
tion results demonstrate the better performance on reducing the bad influence of
switching, optimizing the load balance among controllers and the average latencies
of control paths.

Keywords: LEO satellite network · Software-defined networking ·
Multi-objective optimization component · Particle swarm optimization

1 Introduction

As the fast development of spaceflight technology, the ability of data processing of satel-
lites has been greatly improved. Thus, recently, more and more research communities
and industries are considering to achieve a global network service through satellites,
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which are called satellite networks. During a satellite network, each satellite is set as a
forward node or control node, and connects with other satellites by inter-satellite links
(ISLs). Moreover, the satellite backbone network is expected to be designed as a LEO
satellite constellation, because of its low-delay and real-time communication. Specially,
a series of LEO satellite projects has been launched by some satellite entrepreneurs
recently, such as OneWeb, SpaceX [1], which could herald the coming of large-scale
LEO satellite networks.

Besides, to acquire the programmability, flexibility and re-configurability of net-
work, the technologies of software-defined networking (SDN) are utilized to design
new architectures for satellite networks [1, 2, 4, 5]. In the SDN-based satellite networks,
the logically centralized control plane are usually realized by several controllers, in
order to avoid the single point of failure and achieve better manageability of the net-
work. Among the different types of satellites, the GEO satellite layer, with stationary
position to the ground, wide coverage area, high communication capability and broad-
cast communication, is regarded as an appropriate layer to deploy the distributed control
plane [6].

However, the previous work assumed that each LEO satellite could directly connect
with the GEO controllers [6], which is unreasonable in the large-scale LEO satellite
network. As the number of GEO controllers and antennas of each GEO controller are
limited. For example, the satellite constellation proposed by SpaceX will contain more
than 4425 LEO satellites. Suppose that each GEO satellite can hold n antennas pointing
to LEO satellites, then it needs 4425/n GEO satellites to build direct connection with
all LEO satellites. Even if n = 10, the number of GEO satellites is about 442, which is a
much difficult task in practice. Even though the communication between LEO satellites
and GEO controllers is realized by a broadcast control channel, it is also difficult for
GEO controllers to provide enough power in order to broadcast to a huge number of
LEO satellites. Thus, a practical solution is to select some special LEO satellites to
connect with the GEO satellites, and all other LEO satellites communicate with GEO
satellites through these special LEO satellites. In this scenario, links between LEO and
GEO satellites are called cross-layer links, which will be frequently interrupted and
connected by the relative motion of LEO and GEO satellites. Thereby, we need to plan
proper cross-layer links before the current cross-layer links are interrupted, and compute
control paths for each LEO satellites, which is called switching-aware dynamic control
path planning (SADCPP) problem.

In this work, we propose a design of software defined large-scale LEO satellite
networks with limited GEO controllers (SDLLSN), where the communication between
GEOcontrol plane andLEOdata plane is achieved by limited cross-layer links. To handle
the SADCPP problem, we propose a switching-aware dynamic control path planning
scheme, where a switching-time selection scheme is proposed to handle the impact of
switching, a multi-objective optimization problem is presented to deal with the selection
of cross-layer links in each time slot. The problem of selecting cross-layer links (SCRLP)
with considering the load balance among GEO controllers and the latencies of control
paths is NP-hard. Finally we present a particle swarm optimization based algorithm to
solve it.
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2 Related Work

Software defined satellite networks have been deeply studied in [1, 2, 4–7]. Bao et al.
[2] proposed an architecture of software-defined satellite networks, where the logically
centralized entity is realized byGEO group. In the architecture presented byXu et al. [6],
the data plane is designed as a LEO satellite constellation, and the control of LEO date
plane is realized through several GEO satellites, but it assumed the one-hop connection
between GEO controllers and LEO satellites. And all these work are not involved the
SADCPP problem.

Besides, there are also somework studying the dynamic topology of satellite network
[8–11], but they do not consider the planning of cross-layer with considering the load
balance among GEO controllers and the latencies of control paths. To the best of our
knowledge, we are the first to study switching-aware dynamic control path planning
problem in a large-scale LEO satellite network with limited GEO controllers.

3 System Model

In this section, we first give an architecture for software defined large-scale LEO satellite
networks with limited GEO controllers (SDLLSN) and then elaborate the switching-
aware dynamic control path planning problem.

3.1 An Architecture for Software Defined Large-Scale LEO Satellite Networks
with Limited GEO Controllers

Fig. 1. The architecture of the SDLLSN

The proposed architecture of the SDLLSN is shown in Fig. 1.According to the researches
mentioned above, the control plane layer consists of several GEO satellites, which have
limited cross-layer links with LEO satellites. Besides, the control plane can be realized
by a two-layer hierarchical controller architecture, where it will set each GEO controller
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just as a domain controller, but additionally deploy multiple super controllers in the
ground station, as discussed in [6]. In such scenario, the GEO satellites must have at
least one antennas pointing to the ground station such that they can communicate directly
with their super controllers. The data plane layer contains an LEO satellite constellation,
which canbe assumed tobe aWalkerDeltaPattern constellation such that permanent inter
satellite links can be constructed between LEO satellites. Finally, the communication
betweenGEO control plane and LEO data plane is achieved by cross-layer links between
the GEO and several LEO satellites, where these LEO satellites are called anchors.

3.2 Problem Formulation

First, note that a control path contains two segments, the direct path fromLEO anchors to
its GEO controller and the path from any LEO satellite to an anchor. Due to the relative
motion between GEO and LEO satellites, the cross-layer links will be interrupted when
the GEO and LEO satellites are not accessed. Therefore, antennas of the GEO satellites
corresponding to these interrupting links must be re-planned to construct cross-layer
links with other LEO satellites. The existing planning strategy make the GEO satellites
select the LEO satellite nearest to it. This may result in long control path delays for
some LEO satellites to its anchor. In SDLLSN, such long control path delays imply long
latencies of responses to routing requests from data plane. Furthermore, the exact time
that each cross-layer link is re-planned must also be handled carefully. As if too many
cross-layer links are interrupted at the very same time point, it will seriously increase
the path delays from LEO satellites to its controller, and thus will aggravate the response
delays. Finally, the load balance among controllers is another important problem that has
to be considered during the selection of anchors. Therefore, the dynamic control path
planning problem should incorporate all these requirements. In this work, we design a
switching-aware dynamic control path planning (SADCPP) scheme to handle it.

Fig. 2. Overview of switching-aware dynamic control path planning scheme

Now, we start to present how our SADCPP scheme work. In fact, SADCPP scheme
consists of two mechanisms, the TimeSelection and the AnchorSelection. More pre-
cisely, the scheme will be run on one of the GEO controllers, which will be deployed
these two mechanisms and perform as described in Fig. 2. The TimeSelection modular
will be activated when the controller starts to re-plan the cross-layer links. Then the
TimeSelection modular first collects the current state of all cross-layer links from other
GEO controllers, and outputs the antennas that will be switched and the time when they
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will be switched. Then, the AnchorSelection modular will be activated to decide an
anchor for each switching antenna, distribute controllers for all LEO satellites and com-
pute the control path for each LEO satellite in the next time slot. Besides, the routing
computation modular is responsible for planning new control path for LEO satellites
that will lose its anchor during the switching. The controller will send all these policies
to other controllers and the data plane. Then when the time goes to the point that the
switching should be started, each switched antenna will stop the current connection and
try to build its next connection depending on the policies it has received. And each LEO
satellite will send its routing request through this new control path in the next time slot.

Next, before present details of the TimeSelection and AnchorSelection shemes,
we first formalize the SADCPP problem. At first, we model the SDLLSN as a graph
G(t) = 〈V ,E(t)〉, where V consists of the GEO satellites Vc and LEO satellites Vs,
and E(t) is the link status in time t. In fact, E(t) = Ec ∪ Es ∪ Ecs(t), where Ec is the
set of ISLs between GEO controllers, Es is the set of ISLs between LEO satellites that
keep permanent, and Ecs(t) is the cross-layer links between the GEO control plane and
LEO data plane. Note that for the LEO data plane, we only consider the permanent ISLs,
becausewewant to avoid the influence of link switching in data plane on the transmission
of control message. Furthermore, as the data plane is a LEO satellite constellation where
permanent ISLs can be constructed between most of LEO satellites, this assumption is
reasonable. Besides, in the following section, we will useGc = 〈Vc,Ec〉 to represent the
topology of the GEO control plane,Gs = 〈Vs,Es〉 denote that of the LEO data plane with
permanent ISLs, and setG(t) = Gs ∪Gc ∪Ecs(t). The detailed notations and definitions
used in this paper are summarized in Table 1.

Table 1. Notations and Definitions

Notations Definitions Notations Definitions

G(t) The topology of network in time t m The number of GEO controllers

Gc The topology of GEO control
plane

n The number of nodes in Vs

Vc Set of GEO controllers M The total number of antennas of
all GEO controllers

Ec Set of ISLs between GEO
controllers

c A controller in Vc

Gs The topology of LEO data plane
without dynamic ISLs

a An antenna of a GEO satellite

Vs Set of LEO satellites Sanchor Set of anchors

Es Set of permanent ISLs in LEO
data plane

Das Access data of all GEO satellite
with all LEO satellite

For the load balance among controllers, we represent it by the number of LEO
switches controlled by each GEO controller. And the measure of load balance uses
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max–min fairness, which is defined as following:

FI = min{numi}
max{numi} , i = 1, . . . ,m (1)

where numi is the number of LEO satellites controlled by the i-th GEO controller.
The control path delay is evaluated by average forward times from LEO satellites to

their controller. Let Lsi denote the forward times from i-th LEO satellites to an anchor
s. Then the forward times from the i-the LEO satellite to its controller is defined as
following:

Li = mins∈Sanchor
{
Lsi

} + 1 (2)

where Sanchor is the set of anchors in LEO data plane.
Then, the problem can be formulated as given G(t) = Gs ∪Gc ∪Ecs(t) in time t, we

need to give an optimal decision of the following two things:

a. Based on the end time of each link in Ecs, decide the time when to switch such that
for each GEO controller i, there is at least αi cross-layer links still working during the
switching, which is to guarantee the continuous communication between the GEO
control plane and the LEO control plane.

b. The selection of anchors A for the switching antennas to connect in the next time slot
such that the average latency of control paths is minimized, and the load balancing
index FI is maximized. That is, our optimization objective is,

min Lave = min
1

n

(
n∑

i=1

Li

)

and max FI (3)

Subject to:

∀i ∈ Vc

∑

j∈Vs
eij ≤ αi (4)

∀j ∈ Vs

∑

i∈Vc
eij ≤ βj (5)

∀i ∈ Vc

∑

j∈Vs
eij ≥ γi (6)

∀j ∈ VsLj ≤ δ (7)

∀e ∈ EswitchingTe ≥ σ (8)

Tswitching = � (9)

In (4), αi is the number of antennas in the i-th GEO controller, and then this equation
limits the number of cross-layer links built from the i-th GEO controller. Similarly,
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Eq. (5) means that the cross-layer links built from the j-th LEO satellites is limited by
the number of antennas βj on it. Equation (6) requires that for every time slot, even
during the switching, for the cross-layer links built from the i-th GEO controller, at least
γi links keep working. Equation (7) means that the forward times of each LEO satellites
is limited by δ. In Eq. (8), Eswitching is the set of cross-layer links that are waiting to
be selected for the next time slot, Te is the continuous time of cross-layer link e after
the switching, and then this equation is to make sure that each new cross-layer link can
work for an enough long time, that is, at least σ . Equation (9) defines the time needed
to process the switching, and this implies that new cross-layer links will start to work in
time t + �, where t is the end time of this slot.

Then, for the selection of time to switch the cross-link, i.e., the TimeSelection
mechanism, we will synthesize the end time of all antennas and the constraint of γi,
which is processed as following:

• First compute the end time of each cross-layer links based on the orbits of GEO and
LEO satellites.

• Then arrange all the antennas according to the end time in ascending order. Let
Vswitching be the set of antennas waiting to switch, and Vswitching is empty at the start
of our scheme. Then the sorted time series be defined as ta11 , ta22 , . . . ,taMM , where taii
represents the end time of antennas ai, and M = ∑m

i=1 αi is the number of antennas
in all GEO controllers, i.e., the cross-layer links built between the control plane and
data plane.

• Set tend = ta11 , and add a1 to the set Vswitching .
• For i = 2, . . . ,M , do as following:
• If taii − tend ≥ �′, break and go to the next step;
• Else, let c be the GEO satellite corresponding to ai, then if the number of antennas of

c in Vswitching has exceeded γc, break and go to the next step; else, add ai to the set
Vswitching .

• Finally, output Vswitching and tend = tend − �.
• For the scheme of setting Vswitching , the reason behind it is that we want the antennas
with close end time to be switched at the same moment. This will decrease the fre-
quency of switching, and thus relieve the frequent updating of data plane caused by
frequent switching cross-layer links. Thus, the cross-links stopping before tend + �′
will be switched at the same moment with the antenna a1, where the parameter �′ is
used to control the time frequency of switching.

• Next, the selection of appropriate anchors A, i.e., the AnchorSelection mechanism,
is more complicated. Let Ei

switching be the set of LEO satellites that the antenna i can
connectwith, andNi be its size. If the size ofVswitching (denoted byM) is very small, we
can use the brute force strategy, that is, for all the combination of switching cross-layer
links, respectively compute 1

n (
∑n

i=1 Li) and FI, and finally select the combination that
result in optimal average latency of control paths and load balance index. However,
whenM is a little bigger, the complexity of this brute force strategy will becomemuch
higher. For example, for a 1584-satellite constellation, when we set σ = 20 min, Ni

is more than 600. Then the complexity of such brute force strategy is
∏

M

i=1 Ni, which
is more than 29M. Thus the brute force strategy is not suitable when M is a little big.
Furthermore, note that the problem is a NP-hard combinatorial optimization problem.
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Therefore, we propose an optimization algorithm to solve it, called AS-PSO, which
is presented in the next section.

4 Discrete Particle Swarm Optimization Based Anchor Selection
Algorithm

The particle swarm optimization (PSO) [12] is an intelligent, iterative optimization
algorithm, which has the advantages of rapid convergence towards an optimum, fast and
easy to compute. In this section, we will employ the discrete PSO version to solve the
anchor selection problem in SDLLSN.

Let Vswitching be the set of waiting switching antennas generated by TimeSelection
mechanism, and use M denote its size. Let nodei is the set of LEO satellites that can
access with the GEO controller corresponding to ai ∈ Vswitching in the next time slot, and
satisfies the requirement of Eq. (8). The size of nodei is denoted by�i. Then, the particle
is represented by a M dimensional vector −→p = (p1, p2, . . . , pM), where pi is an integer
in [1, �i] and then nodei(pi) is the LEO satellite planned to connect with antennaai. Let
−
V switching denote the antennas that are not switched in the next time slot. Then bymerging
−
V switching with{node1(p1), . . . , nodeM(pM)}, we obtain a possible anchor combination
Sanchor . But to decidewhether it is a feasible solution, we still need to check the following
conditions:

• For each anchor s in Sanchor , check if s satisfies the requirement of Eq. (5), i.e.,∑
i∈Vc eis ≤ βs;

• For eachLEO satellite i inVs, check if (mins∈Sanchor
{
Lsi

}+1)≤ δ, whereLsi is computed
by using the shortest path algorithm Dijkstra.

If both of the above two conditions are satisfied, the anchor combination induced by
this particle is a feasible solution.

The particle’s velocity, local best position, global position and their updating strate-
gies are defined as common discrete- PSO. Besides, we also employ the adaptive
parameters approach based on [12] to avoid premature convergence.

Furthermore, for the evaluation of fitness, we still need to select a controller for each
LEO satellite, where we propose a load balancing aware clustering (LBAC) scheme to
handle it. Then, based on the output of LBAC, we can compute the load balance index
FI and the average forward times Lave. Only if both FI and Lave are better, we say that
the fitness of this particle is better. Now, we have overview the algorithm AS-PSO, and
details of the algorithm are presented in Algorithm 1.
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Finally, for a selection of anchors, we present the LBAC scheme to decide a controller
for each LEO satellite .Then for each LEO satellite The LBAC scheme first computes
shortest paths from each LEO satellite to all GEO controllers. i, the LBAC counts the
control paths whose delay is no more than other control paths, and then add the GEO
controllers corresponding to these control paths to the controller set Ci of i-th LEO
satellite. If Ci is equal to1, directly set this unique element as the controller of this i-
th LEO satellite. After the iteration is completed, iterative all the LEO satellite again.
During each iterationi, ifCi is greater than1, set the controller of the i-th LEO satellite to
be the element in Ci that has controlled the minimal number of LEO satellites. Finally,
according to the above clustering result, compute the load balancing index FI and the
average latency of control pathsLave.
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5 Numerical Simulation and Analysis

In this section, we will present the detail simulation scenario, and then we analyze the
numerical simulation results of our SA-DCPP scheme.

5.1 Simulation Setup

In our simulation scenario, the LEO data plane is Walker Delta Pattern constellation
introduced by the Starlink project. The parameters comes from the proposal submitted by
SpaceX to FCC in 2018, which is presented in the Table 2. In such satellite constellation,
each LEO satellite can build permanent ISLs with LEO satellites in its neighbor orbits.
Then, for the network topology, each LEO satellite can hold permanent four ISLs with
the two satellites in the same orbit and the two satellites in its two neighbor orbits, and
one cross-layer ISL with some GEO satellite.

For the GEO control plane, we design six GEO satellites with altitude 35,786 km,
and each of them has four antennas pointing to the LEO data plane. Table 3 describes
the parameters of them.

To simulate this constellation, we obtain the two-line element sets of the 60 satellites
launched by SpaceX, of which the NORAD numbers are from 44235 to 44294U [13].
Then, we analyze the right ascension of the ascending node (RAAN) of the J2000 coor-
dinate system. Finally, the epoch of the seed satellite is set as 27May 2019 06:14:00.000
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Table 2 The parameters of LEO satellite constellation

Parameters Value Parameters Value

Orbital Planes 24 Altitude 550 km

Satellites Per Planes 66 ISLs Per LEO Satellite in LEO
Data Plane

2 inter-ISLs, 2 intra-ISLs

Total Satellites 1584 Cross-layer ISLs per LEO
Satellite

1

Inclination 53◦

Table 3 The parameters of LEO satellite constellation

Parameters Value Parameters Value

Inclination 0° ISLs Per GEO satellite in the Control
Plane

2

Number of GEO Satellites 6 Cross-layer ISLs per GEO Satellite 4

Altitude 35786 km Total Cross-layer ISLs 24

(a) (b)

Fig. 3 (a) Simulation diagram of LEO satellite constellation and (b) Simulation diagram of cross-
layer ISLs

UTC, the RAAN is 160◦, the eccentricity is 0◦, and other parameters are 0. Then, we
can generate the LEO satellite constellation, as shown in Fig. 3(a).

Then, the GEO satellites is simulated, and we can get the time-variant data of the
access between GEO and LEO satellites, and the latency of ISLs and cross-layer links.
Figure 3(b) shows the cross-layer ISLs at some point. The simulation shows that the
number of LEO satellites accessed by a GEO satellite in a time duration 20 min is more
than 600, the latency of cross-layer ISLs varies from 117 to 148 ms, and the latency



164 T. Zhang et al.

of ISLs between LEO satellites varies from 3.7 ms to 6.1 ms. This implies that if two
different ISLs have same forward times, the difference of the path delay between them
is small. Thus, we evaluate the optimization objective Lave by the forward times of
control paths, instead of the path delay, for which our optimization will be immune to
the influence of small difference of control paths.

We simulated the state of our satellite network during 24 h, and recorded the time
variant data. Based on these data, we then simulate our SA-DCPP scheme by using
MATLAB. The simulation results are presented in the next section.

5.2 Performance Evaluation

Now we analyze the performance of the algorithms on switching-aware, load balance
among controllers and control path latencies as follows.

Figure 4 shows the switching of the cross-layer links connected with one GEO
satellite during 120 min. In fact, we have simulate for 24 h, and finally generate more
than 200 time slots excluding the switching duration. But to clearly demonstrate the
results, we only present the results about one GEO satellite during 120 min. The Y-axis
is the index of each LEO satellite, and the X-axis is the time from 100 to 220 min. From
Fig. 4, we can see that during each switching, every GEO controller still has at least one
cross-layer link connected with the LEO data plane, and each cross-layer link can keep
working more than 15 min.

Fig. 4 Switching of the Cross-layer Links

Figure 5 shows the load balance among GEO controllers. The Y-axis is the number
of LEO satellites, and the X-axis is the time slot from 0 to 10. And similarly to have
a good demonstration, we only Fig. 10 time slots (excluding the switching duration).
From Fig. 5, it is obvious that our algorithm can obtain a good load balance, and the
worst result is at the first time slot which is influenced by the bad initial selection of
anchors. And for most time, the algorithm can achieve best load balance, as shown in
Fig. 6.

https://doi.org/10.1007/978-3-030-69069-4_10
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Fig. 5 Load Balance among GEO Controllers

Fig. 6 Max–Min Fairness Index

Figure 7 shows the average and maximum forward times of control path during the
200 time slots (excluding the switching duration). At the first time slot, the maximum
forward times from LEO satellites to its controller is 20, and the average forward times
is about 7. But after employing our SADCPP scheme, the maximum forward times
is decreased to 11 and the average forward times is reduced to about 5. Moreover, to
evaluate the control path delay, we further compute the average and maximum control
path delays, which is presented in Fig. 8. The propagation delay of ISLs and cross-
layer links is evaluated. The results show that after employing our SADCPP scheme, the
average control path delay can be reduced to about 155ms (after the 80-th time slot), and
themaximumcontrol path delay is about 186ms. The long latencies aremainly caused by
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the long propagation delay of cross-layer links, and our algorithm can actually decrease
the forward times resulted from the large number of nodes in LEO data plane.

Fig. 7 Average and Maximum Control Forward Times

Fig. 8 Average and Maximum Control Path Delay

6 Conclusion

In this work, we propose a practical controller architecture for the software defined large-
scale LEO satellite networks, where with considering the limited number and antennas
of GEO satellites, we assume that the communication between GEO control plane and
LEO data plane is achieved by limited cross-layer links. Then, to plan proper cross-
layer links, we propose a switching-aware dynamic control path planning (SADCPP)
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scheme, consisting of the TimeSelection and the AnchorSelection mechanisms. The
TimeSelection can decide the next switching time with maintaining enough cross-layer
links in the switching duration and building new cross-layer links that last long enough.
Then the AnchorSelection scheme compute proper anchors by employing a heuristic
algorithm AS-PSO, which is realized to solve the cross-layer link selection problem
with considering the load balance among GEO controllers and the latencies of control
paths. Simulation results demonstrate the better performance of our SADCPP scheme on
reducing the bad influence of switching, optimizing the load balance among controllers
and the control path delays of LEO satellites.
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