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Abstract: A low-Earth-orbit (LEO) satellite network can provide
full-coverage access services worldwide and is an essential can-
didate for future 6G networking. However, the large variability of
the geographic distribution of the Earth’s population leads to an
uneven service volume distribution of access service. Moreover,
the limitations on the resources of satellites are far from being
able to serve the traffic in hotspot areas. To enhance the for-
warding capability of satellite networks, we first assess how
hotspot areas under different load cases and spatial scales sig-
nificantly affect the network throughput of an LEO satellite net-
work overall. Then, we propose a multi-region cooperative traf-
fic scheduling algorithm. The algorithm migrates low-grade traf-
fic from hotspot areas to coldspot areas for forwarding, signifi-
cantly increasing the overall throughput of the satellite network
while sacrificing some latency of end-to-end forwarding. This
algorithm can utilize all the global satellite resources and
improve the utilization of network resources. We model the
cooperative multi-region scheduling of large-scale LEO satel-
lites. Based on the model, we build a system testbed using
OMNET++ to compare the proposed method with existing tech-
niques. The simulations show that our proposed method can
reduce the packet loss probability by 30% and improve the
resource utilization ratio by 3.69%.
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1. Introduction

With the increasing demand for communication capabili-
ties from the Internet of Things, autonomous driving, and
ocean shipping, low-Earth-orbit (LEO) satellite networks
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have become an essential complement to terrestrial net-
works, providing ubiquitous access to users worldwide
[1,2]. Projects, such as, the Starlink program, the Iridium
system, and the Globalstar cellular system, have estab-
lished a large-scale LEO satellite network with thou-
sands of satellites covering the globe [3]. However, due
to the characteristics of the distribution of the Earth’s
land and oceans, most of the satellite-terrestrial services
are concentrated in hotspot cities on the land [4]. Mean-
while, the ocean, which accounts for 70% of Earth’s area,
is covered with many LEO satellites but lacks satellite
access services. As a result, most LEO satellites are cur-
rently under-used, while others suffer from a large
amount of service traffic. The severely uneven distribu-
tion of services leads to a high cost and limited carrying
capacity of satellite networks, compared to terrestrial net-
works, limiting the development of large-scale LEO
satellite networks.

LEO satellite networks are located in orbits at altitudes
between 160 km and 2000 km, unlike terrestrial network
nodes with a large bandwidth [5]. The inter-satellite links
(ISLs) and bandwidth resources of existing satellite nodes
with limited energy consumption, volume, and power,
make it challenging to provide sufficient forwarding
capacity for hotspot area services [6,7]. Satellite net-
works face enormous challenges relative to large cities
with millions of people. Much of the existing research on
LEO satellite networks is devoted to mobility manage-
ment and congestion avoidance to improve service relia-
bility. Regarding mobility management, existing studies
use snapshot time domain graphs to reduce the draw-
backs associated with the high-speed movement of satel-
lites. Meanwhile, existing satellite networks enhance net-
work robustness through agile handovers between the
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satellites and the terrestrial links (STLs) [8]. As a result,
satellite network’s routing convergence speed and data
forwarding efficiency have been effectively improved.
However, it is difficult to effectively enhance the con-
strained resources of satellite networks, including compu-
tation, storage, and bandwidth. Furthermore, these cause
inevitable network congestion in hotspot areas [9].
Besides, much research has been dedicated to network
congestion avoidance, which has two main aspects. On
the one hand, researchers avoid the aggravation of net-
work congestion by detecting congestion areas and then
de-congesting them for later traffic. On the other hand,
congestion areas can be avoided by balancing the net-
work load through flexible routing algorithms. Both
approaches provide beneficial effects in large-scale LEO
satellite networks [10,11].

Among the approaches to avoid network congestion,
congestion-aware methods can only provide countermea-
sures after congestion occurs and can hardly alleviate
congestion in hotspots. Therefore, avoiding network con-
gestion with a suitable load-balancing routing approach
has become a proven method. For load balancing routing,
back-pressure based routing is a widely studied approach
for LEO satellite networks to tackle the resource alloca-
tion problem and prevent traffic congestion [12,13].
However, the load balancing method based on backpres-
sure routing finds it difficult to counter the pressure in
real-time in multi-ISL and large-scale space scenarios.
Therefore, it is difficult to deploy these methods in large-
scale LEO networks. In addition, multi-path collabora-
tive routing is considered an attractive approach to
improve transmission reliability [14]. However, while
improving the utilization of free resources, the large num-
ber of redundant packets imposes an additional burden on
an LEO satellite network. Providing more network states
can improve the accuracy of the routing algorithms, as
has been demonstrated in many studies. However, obtain-
ing network resources in real-time at large spatial scales
is challenging when the onboard resources are as con-
strained as they are [15]. In addition, many studies use
cooperative scheduling of LEOs with medium-Earth
orbits (MEOs), LEOs and ground gateway stations to
achieve network load balancing. However, it is difficult
for these studies to provide a uniform model to account
for the additional overhead that introducing heteroge-
neous nodes would impose on the LEO satellite network
[16,17]. Therefore, utilizing large-scale LEO satellites to
avoid network congestion and improve throughput still
needs to be studied.

To address these problems, we consider grooming
overflowed traffic into cold areas for transmission, which
balances the load in the routing computing stage. For the

traffic hotspot areas, the proposed algorithm reasonably
diverts the traffic to improve the overall service capabi-
lity of the network. While solving the load imbalance
problem [15] of the LEO satellite network, our method
can discriminate between traffic flows with different
qualities of service (QoS) and perform multi-level trans-
mission approaches. Besides, the method can dynami-
cally control the service forwarding range according to
the service priority. Therefore, this method can improve
the network-wide throughput while meeting user require-
ments. In this paper, we aim to address the problem of
multi-region traffic scheduling, which seeks to deploy
load balancing in LEO satellite networks. The contribu-
tions of this paper can be summarized as follows:

(1) We provide a traffic management architecture for
LEO satellite networks. The architecture can realize multi-
region traffic grooming in LEO satellite networks.

(il) We propose a multi-network-region traffic coope-
rative scheduling (MR-TCS) algorithm. MR-TCS can
improve the overall network throughput with different
priorities.

(iii) We evaluate the proposed algorithm with existing
load balance schemes. The results show that the pro-
posed MR-TCS reduces the packet loss probability by
30% and improves the resource utilization ratio by
3.69%.

The rest of this article is organized as follows. Section 2
describes the LEO satellite network’s traffic manage-
ment architecture. We then introduce the proposed MR-
TCS in Section 3. The evaluation is performed and dis-
cussed in Section 4. Then, we discuss the conclusions.

2. Related work

Due to the unbalanced distribution of user terminals on
the ground, the traffic distribution of LEO satellite net-
works is unbalanced, which could produce congestion
and underutilization in satellite networks. Therefore, the
load balancing problem has become an essential issue in
LEO satellite networks and has attracted much attention
in recent years. Many routing algorithms for load balanc-
ing in satellite networks have been proposed. Based on
the location where the algorithms are performed, these
load-balancing routing schemes can be classified into two
types: centralized and distributed [18].

2.1 Centralized load balancing schemes

A centralized routing algorithm means a controller com-
putes the network routes. This controller periodically col-
lects the state of each link and periodically provides rout-
ing tables to each network node after routing computa-
tion. A state-aware and load-balanced (SALB) algorithm
is proposed in [19]. The main idea of SALB is to dynami-
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cally set the weight of the queuing delay based on the link
state. It uses an efficient shortest path tree to reduce rout-
ing overhead and improve network throughput. A mini-
mum traffic maximum residual routing scheme is pro-
posed in [20], which ensures the load-balancing perfor-
mance of satellite networks by distributing the service
load over the shortest path alternative. A network coding
based multipath cooperative routing scheme is proposed
in [14], which dynamically uses Dijkstra’s algorithm to
transmit data along multiple links disjoint paths. Also, the
scheme performs continuous data transmission using net-
work coding and a no-stop-wait acknowledge mecha-
nism, which results in good throughput and low end-to-
end delay. The above works mainly focus on designing
centralized routing schemes for LEO satellite networks.
However, it can significantly affect propagation delays
and overheads without considering the distance of time-
varying ISLs in satellite networks.

2.2 Distributed load balancing schemes

The main idea of the distributed schemes is that each
satellite in the network independently decides on the best
next hop for forwarding packets. Compared with central-
ized and source-based load-balancing schemes, dis-
tributed load-balancing schemes can respond quickly to
traffic changes. Ekici et al. [21] proposed a fully dis-
tributed datagram routing method to compute the mini-
mum propagation delay path with small computational
and storage overhead. Routing decisions are made based
on local information, and no control messages are
required, so routing is relatively static. Henderson et al.
[22], Soret et al. [23], and Liu et al. [24] proposed compa-
rable distributed routing computation methods. Hender-
son et al. [22] considered geographic information while
considering routing paths and minimized the remaining
distance. Soret et al. [23] tried to use as few inter-plane
links as possible for routing. Liu et al. [24] used proba-
bilistic routing to reduce the computational complexity.
The distributed load-balancing schemes mentioned above
solve the load-balancing problem of the network to some
extent. However, distributed schemes have bottlenecks in
obtaining real-time state data across the network. These
schemes are prone to cause localized congestion in the
overall network.

To address these problems, we consider grooming
overflowed traffic into cold areas for transmission, which
balances the load in the routing computing stage. For the
traffic hotspot areas, the proposed algorithm reasonably
diverts the traffic to improve the overall service capabi-
lity of the network. While solving the load imbalance
problem of the LEO satellite network, our method can
discriminate between traffic flows with different QoS and

perform multi-level transmission approaches.
3. System model

We first introduce the system model of the time-sensitive
system. Then we discuss the queuing scheduling mecha-
nism for LEO satellite networks.

3.1 Network architecture

The existing LEO satellite networks include a constella-
tion system of tens of thousands of satellites. Each satel-
lite can serve as an access node for satellite-terrestrial ser-
vices and a switching node for inter-satellite traffic.
Therefore, STLs and multiple ISLs are important compo-
nents of the existing satellite networks. For a large-scale
LEO satellite network, we need to divide it into multiple
regions for management. In our proposed satellite net-
work traffic management architecture, as shown in Fig. 1,
the software-defined network (SDN) architecture divides
the satellite network into data, control, and application
planes. The data plane differs from the traditional terres-
trial network and contains terrestrial access nodes, satel-
lite network nodes, ISLs, and STLs. The control plane
contains two types of controllers: the inter-domain con-
troller within the satellite network domain, responsible
for the management and configuration of the regional net-
work nodes, and the network master controller, which is
responsible for the interaction with the inter-domain con-
trollers. The master controller can be deployed near the
ground-based gateway stations to configure and dis-
tribute inter-satellite routing rules and traffic balancing
rules. The application plane contains resource manage-
ment and scheduling functions related to network ser-
vices. The application plane unifies and controls the net-
work’s computing, storage, and bandwidth resources and
allocates and monitors the traffic for differentiated ser-
vices.

For traffic scheduling of services, our proposed archi-
tecture presents a management scheme. First, the control
plane is aware of the distribution of network traffic and
the network state. When a service request occurs, the con-
troller sends the request message to the control plane for
resource scheduling. When inter-domain resource colla-
borative scheduling is required, the intra-domain con-
troller reports to the network master controller. After the
network master controller receives the request, it assigns
the task requirements to each manager through the mes-
sage parser. Then, the corresponding service managers,
including routing rules, service identification, load ba-
lancing, etc., calculate the forwarding actions of the ser-
vices and finally form configurations to be distributed to
the respective intra-domain controllers. Each node in the
data plane is also responsible for ISL switching and fault
management in regular forwarding, ensuring that all ser-
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vices in each LEO satellite network are allocated on-
demand resources. In this architecture, the distribution of
service traffic requirements should be monitored in the
data plane, collaborating with the management and con-
figuration in the control plane and application plane. The
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planning of services by the inter-domain master con-
troller can be provided with the optimal resource-traffic
match. With the proposed traffic management architec-
ture, the service forwarding rules of the network can be
dynamically configured and flexibly managed.
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Fig. 1 Satellite-terrestrial convergence network architecture

3.2 Network model

An LEO satellite constellation is modeled as a graph
G = (V,E). V is the set of the satellites while E is the set
of ISLs between satellites. There are N satellites in the
constellation. The ISLs between any two neighboring
satellites include intra-plane ISLs where the two satel-
lites are in the same orbit plane and inter-plane ISLs for
satellites in the neighboring orbit planes. Every satellite
has two intra-plane ISLs and two inter-plane ISLs. The
intra-plane ISL connects neighboring satellites between
its preceding and succeeding satellites in the same orbit.
The inter-plane ISL connects neighboring satellites in two
neighboring orbits. In our model, each satellite has four
ISLs. Each ISL has a bandwidth of B,. The LEO satellite
network forms a mesh topology. The number of STLs
and user terminals in the ground covered by each satel-
lite is random. The bandwidth of each user is fixed at B,.
The satellite-terrestrial services are randomly generated,
and we limit the number of user terminals to a maximum
of N,. Therefore, the bandwidth of the satellite-terrestrial
traffic received by a satellite is at a maximum of N¢- Br.
Based on the above constellation configuration, the
topology of the network model is shown in Fig. 2. The
topology is an m-n rectangle. The S,,, indicates a total
of m orbits in the constellation, with n satellites in each
orbit. Meanwhile, the ISL within the orbits remains sta-
ble because the relative positions of the satellites within

the orbits remain the same in the inclined orbits; the dis-
tance and angle of the adjacent inter-orbit satellites
change, but the relative topology remains the same. The
satellites are always adjacent between the orbits, and the
ISL may break at the pole areas. Therefore, the ISLs of
this topology change with time.

Ocean 3 Land

Fig. 2 Example of traffic scenarios for LEO satellite networks

In this model, we start with the physical layer to ana-
lyse the characteristics of the communication. The maxi-
mum achievable data rate for a given ISL can be calcu-
lated using the Shannon-Hartley theorem

S
= B,1 1+— 1
C=Bilog,(1+7) (1)

where C is the channel capacity in bits per second, B is
the bandwidth in Hertz (Hz), and S/N is the signal-to-
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noise ratio.

The delay of a packet transmitted between two LEO
satellites can be approximated using the following equa-
tion:

Ty = % VI—sin”! cos 6, cos b, +sind, sin 6, cos(A¢p)
¢ V1-—e?

2)
where £ is the altitude of the LEO satellite orbit, ¢ is the
speed of light, e is the eccentricity of the orbit, 6, and 6,
are the latitudes of the two satellites, and A¢ is the differ-
ence in longitudes between the two satellites.

The end-to-end delay of a packet in the LEO satellite
network can be computed as the sum of the ISL delay, the
propagation delay, and the processing and queuing delays
at the LEO satellite and ground station:

TeZe = Tprop + Tproceasing + Tqueuing (3)

where Tocessing AN Tquening depend on the specific hard-
ware and software configurations of the LEO satellite and
ground station. The equation shows that the end-to-end
delay is related to the transmission distance and the num-
ber of hops forwarded. The routing matrix used in a dis-
tributed routing protocol in a LEO satellite network can
be calculated using the following equation:

M;;=nD;;+(1-n)L;; 4)

where D;; is the distance between satellite i and satellite
J, L;; is the link cost between satellite i and satellite j,
and 7 is a weight factor that balances the importance of
distance and link cost in the routing decision. These equa-
tions can be used to analyse and optimize the perfor-
mance of traffic forwarding and routing in LEO satellite
networks.

4. Problem formalization and motivation

Based on the description of the network model above, the
routing of network traffic is not only related to the net-
work topology but also impacted by the current traffic
distribution and network states. Especially in large-scale
LEO satellite networks, the impact of burst traffic is more
evident due to individual satellite’s limited computing
and transmission resources. However, due to the charac-
teristics of the distribution of the Earth’s landscape, the
traffic distribution is quite variable. If the satellite’s STLs
cover the oceans, the traffic volume in the coverage area
is relatively small; in contrast, the satellite’s STLs cover-
ing the major cities on land have a high traffic load. As
shown in Fig. 2, the coverage area of satellites is indi-
cated by blue for oceans and red for the land. The net-
work in the right part is congested. Due to the difference
in the geographical distribution of user terminals, the

LEO satellite network’s resources are hard to fully utilize.
Therefore, improving the utilization rate of the LEO net-
works becomes an essential goal for future network
development.

We improve the resource utilization of the overall LEO
satellite network by grooming the traffic from land areas
to ocean areas. Due to the geographical differences in the
distribution of user terminals, it is crucial to improve the
resource utilization of the network in coldspot areas. In
existing studies, traffic is generally forwarded by the
shortest-path-first (SPF) algorithm, which takes the net-
work congestion status or hop count as optimization
objectives. However, it is difficult for the existing meth-
ods to vary the manner of forwarding of services with dif-
ferent QoS requirements. Especially for time-sensitive
traffic, the existing traffic scheduling methods lack differ-
entiated forwarding capability. Focusing on this problem,
we try to provide a multi-network-region collaborative
scheduling algorithm for different latency requirements.
In our model, the forwarding range of the services is
identified first, and the services with QoSs are limited to
different range scales for transmission. Thus, the resource
utilization of the whole network is improved.

5. Multi-region cooperative traffic schedul-
ing algorithm

In this section, we first introduce how to measure the
queuing delay, then present a region-locking mechanism,
and finally propose the multi-region collaboration SALB
routing algorithm.

5.1 Link state and queuing delay

The queuing delay depends on the link state, which cap-
tures the traffic load over an ISL. We define the link
occupancy ratio R, of an ISL from satellite S,,, to
S ;; based on the buffer occupancy

Qi (i)
Rimm iy = 0. ®)
s1ze

where Qg,. denotes the buffer size of the ISL, and
Qmn.ijy denotes the buffer size occupied by the packets
of the queue. This paper assumes all satellites have the
same buffer size and capacity. The maximum queuing
delay of the ISL for the current queue’s traffic is

Q((m,n),(i,j))
Lionm.ipy = ~—c (6)

To facilitate queue management, we transform the
buffer occupancy ratio from continuous values to dis-
crete values

Q((m,n),(i.j))
Qsize

where R, ; takes values in {1,2,---,n}.

J (7

R py = -
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Specifically, if R,(l;;) falls into the range [_n '

we set the link state /;; as (k—1).

However, the queue latency does not fully reflect the
carrying capacity of the buffer. Since the length of the
queue is limited, there may be packet losses when the
queue is fully occupied. Therefore, the impact of traffic
on the queue should consider both queue delay and
packet loss.

Therefore, we introduce the possibility of packet loss
into the calculation of Ry, ;. The packet loss probabi-
lity factors include the buffer size, round-trip time (RTT)
delay, and the number of flows. We calculate a factor 6
by the following equation to characterize the impact of
packet loss:

Tpop - C

(Qsize = Qi)

Although the queuing delay increases linearly as
Rymm . jy Increases, inserting the packet incurs a high risk

0 ®)

of losing packets when the buffer becomes almost com-
plete in the last few states. To migrate flows to low-load
links, we combine packet loss and latency into comput-
ing the weight of an ISL. It is inversely proportional to
the possible ratio of packet loss to the idle buffer size and
directly proportional to the RTT latency.

To lower the weight of links with low Q.. We
improve L;; in (6) with the following weight:

)

where 6(6 > 0) is an adjustment factor of the ISL to ba-
lance the impacts of distance and weight. The basic idea
of this model is to consider both latency and reliability

Loy .y = Riommyijn -0
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because it is desirable to expand the routing region while
forwarding the multi-level traffic.

Based on the value of L, ;, we can correctly react
to the impact of the link state on the network perfor-
mance. Therefore, the routing strategy can be determined
based on the values of the ISL weights. In addition, the
above equation links the buffer occupancy to multiple
performances to accurately characterize the traffic.
Hence, we can adapt the routing scheme according to the
coldspot and hotspot areas based on L, . j -

5.2 Routing region division mechanism

According to the LEO satellite network model, we must
collect the satellite’s node and link states in order to cal-
culate the routing. Since the satellites in the busy state are
clustered, the busy regions are only related to the geo-
graphical location, which remains stable in geographical
distribution. Therefore, we divide the satellite network
into hotspot, hotspot radiating, and coldspot areas, as
shown in Fig. 3. We first calculate the location of the
busy satellites and lock the hotspot area, which is indi-
cated by red. The nodes in the yellow area are the hotspot
radiating area, which still has more traffic flow than the
coldspot area. Then, most of the ocean is a coldspot. The
coldspot area has less traffic than other areas and has a
relatively sufficient transmission bandwidth. Among
them, the division of the region type is determined by the
long-term traffic statistics. For example, we set two
parameters a and B (a > B). If the average traffic of the
satellite is greater than «, it is in a hotspot area. The satel-
lite is in a cold area if the average satellite traffic is less
than 8.

AL T TS 77 77/ T7 7 77 72 77 77 LZlZ7y 777 7>
O O \ Qe
{ . L= s
| % | /@ o—@ f@. L,
I e .
Deterministic flow
i O (Q | Routing latency
|
|
» O ‘ Loy LT, o
e NI oL e
| 7 (Ib) Assured forwarding Ly L L
[ | Hotspot r | flow Routing latency
» O _ 7
UL 577227027 2077 2277027 0277 2577 22 S L, L,
Regional distribution of traffic 1(b) O_'O f). =
Loy prg 1L, L+3L+
ISL
Best effort flow -- TTse

Routing latency

Fig.3 Example for routing area division mechanism

After the division into regions, we can periodically
adjust the direction of migration of the hotspot region in
the satellite network according to the geographical loca-
tion of the satellite. As shown in Fig. 3, we categorize the

traffic flow into deterministic flow (DF), assured for-
warding (AF), and best-effort (BE) traffic. For determi-
nistic traffic, the routing algorithm of the SPF is used.
Since propagation delay accounts for most of the trans-
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mission latency in satellite networks, the SPF algorithm

ensures the shortest latency for the traffic. In hotspot

areas, the maximum latency of each hop is given by

— Qsize
C

where L, considers the maximum queuing delay and
propagation delay. For assured forwarding flow, both the
latency and the reliability of forwarding are considered.
Therefore, the network forwards assured traffic through
hotspots and radiating areas. Like deterministic flow, the
distance matrix is generated for the two areas before rout-
ing, and then the routing algorithm calculates the paths.
In the process of calculating the routing, we set a coeffi-
cient y to simplify the calculation of radiating areas to
avoid frequent state collection. Then the latency for each
hop in the hotspot radiating areas is

L=y -L+(-vy)Ts (11)

where y denotes the queuing delay ratio of hotspot area
to hotspot radiating area. The y is an adjustable parame-
ter resulting from a long-term statistical flow. The pro-
posed model determines y based on the shortest distance
to other areas. The y of a node near a hotspot area is
more significant than that near a coldspot area. If the
node in a radiating area connects both hotspot and
coldspot areas, y is set to 0.5. As shown in Fig. 3, the
traffic flow f(a) has a latency of (L,+2L,) after three
hops. It can be forwarded through the coldspot region in a
larger spatial scale range for best-effort traffic. Since
there are fewer flows in the coldspot area, the propaga-
tion delay is used to characterize the latency of each hop.
The end-to-end latency of traffic flow f(b) after passing
through 11 hops, as shown in Fig. 3, is (L,+3L+
7Tis.). This approach increases the forwarding latency of
low-level flows but dramatically improves the overall
network throughput.

L, + Tist, (10)

5.3 Multi-region cooperative scheduling algorithm

After the determination of the regions of the LEO satel-
lite network is completed, the routing algorithm needs to
consider how to schedule traffic to achieve traffic balanc-
ing in different regions. First, there is an SDN controller
in the LEO satellite network to calculate the routes. This
controller can monitor the traffic in the network and
obtain ISL status information. Therefore, when a new
traffic flow appears, the source satellite node sends a
route computation request to the controller via a packet in
message on the southbound interface. The controller gets
the request, calculates the service distribution and con-
stellation configuration by the proposed traffic schedul-
ing and routing algorithm, and then implements the ser-
vice flow transmission in the whole network. The con-

troller maps the computed routes to each satellite’s look-
up table configuration information. Finally, the controller
sends the configuration messages to the satellites to real-
ize traffic forwarding.

Moreover, we design the routing algorithm to realize
the scheduling between multiple regions. The routing
algorithm is shown in Algorithm 1. Firstly, the controller
converts the network traffic statistics into a queuing delay
matrix (L) and then calculates the propagation delays of
the ISL links by constellation states (D). After complet-
ing the computation of the two matrices L and D, we
combine them into the routing matrix M. Each entry of
M denotes the weight of a link in the routing computa-
tion. However, our routing method needs to specify the
spatial extent of the routing calculation. Therefore, based
on the routing matrix, we need to calculate the type of
area to which each satellite belongs. We define two
thresholds, a and 8 (@ > ). When the statistical value of
a link is more significant than «, it is in a hotspot region.
When it is at the edge of the hotspot area, the node is in
the hotspot radiation area. The node is in the coldspot
region when the statistic value is less than .

Algorithm 1: Multi-region cooperative scheduling algo-
rithm

Input: The traffic matrix set M,, the distance matrix set
D,, the maximum ISL capacity C, the request flow f*,
area division coefficient «, 8 and weighting factor n
Output: The routing path P of f*

: Initialization: M,, D,

: Updating queuing delay matrix L; ;:

:forvVi,jeL;; do

Calculate L;; according to (9).

: endfor

: Updating propagation delay for each ISL, as D, ;:
:forVi,je D, do

Calculate D;; for each D, ; according to (2).

: endfor

10: Routing matrix: M <« nD+ (1 -n)L

Il:for Vi,jeM,; do

12: if M;; > « then

13: Set M, ; as hotspot node.

14: endif

15:for Vi,je M;; do

16: if M;; adjacent to hotspot area then

17: Set M, ; as hotspot radiating node.
18: else

19: if M ;=2f then
20: Set M, ; as hotspot radiating node.
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21: else

22: Set M, ; as coldspot node.
23: endif

24:  endif

25: endfor

26: Calculate weight of M as the node type.
27: Lock the routing area in M

28: Calculate the path by SPF as P.

29: return P

After completing the region classification, M adjusts
the weights to lock the routing regions. The satellite is
categorized as a member of one of the sets S, S, and S,
denoting the hotspot area, radiating area and coldspot
area, respectively. The proposed algorithm has different
Ms for the three types of traffic. Since the DF traffic
should be guaranteed by optimal routing, the routing
algorithm uses global information to select the shortest
path. Then, M is given by

MBF = Di,j+Li,j’ Vi,j. (12)

For AF traffic, the proposed algorithm needs to ensure
that it can be forwarded efficiently, but without time-sen-
sitive characteristics. Therefore, it can be forwarded
through the radiating area and we represent its routing
matrix M by the following equation:

T, Si’jESh
MlA/FZ Dl-’j-l-L,-’j, S,’,jesr (13)
Lij si;j €8,

where 7 is a relatively large number compared to D, ; and
L;;. In routing calculations, 7 is prioritized over a range
of valuesin D, ; and L;; (> D, ;,L;;).

For BE flows, the proposed algorithm transmits as
many flows as possible through the coldspot region.
Meanwhile, the weights of hotspot regions are higher
than the weights of radiating regions. Therefore, we
define two constants to characterize the weights of the
hotspot region and radiating region: 7 and k (k> T).
Hence, M is

K, Sl'yj ESh
T, S,"j € S, . (14)
L

BE _
M =
Sij € SC.

ijs

After determining M, the routing calculation is com-
pleted by the SPF. The proposed algorithm is similar to
the core computational process of the SPF algorithm.
Therefore, the algorithmic complexity of MR-TCS is
O(n?), where n is the number of nodes in the network
domain. After the algorithm finishes calculating the
routes, it outputs the available path P. Then, the con-

troller assembles the routing configuration information
for the satellite corresponding to P and sends it down to
each satellite to realize traffic forwarding. In this algo-
rithm, we forward the traffic in the hotspot area through
the hotspot radiating area and the coldspot area to avoid
traffic congestion in the hotspot area.

6. Performance evaluations
6.1 System setting

In this section, we build a testbed for the proposed algo-
rithm and other typical traffic scheduling techniques in
LEO satellite networks. To evaluate the routing region
division mechanism, we randomly generate traffic load
for each satellite in mesh networks and define the region
type for each node by our proposed mechanism, which is
dedicated to validating the latency and hops of routing
paths. Then we simulate an 8*8 Walker constellation to
observe the packet transmission performance. We adopt
some typical algorithms for the comparison, including
SPF, ant colony optimization (ACO) and SALB [19].

The SPF algorithm uses a greedy routing algorithm,
which always finds the path with the shortest distance,
thus the path with the smallest propagation delay. ACO is
a kind of heuristic algorithm with excellent performance
for routing. SALB can quantitatively estimate link states
and dynamically adjust the weight of queuing delay, and
is claimed to be better than typical algorithms. We build a
packet-level testbed for the LEO satellite networks by
OMNET++.

The Walker constellation is organized as a mesh net-
work. The satellite in the constellation has four ISLs,
including two inter-orbit and two intra-orbit ISLs.

The traffic flow is generated by an “ON-OFF” model
with lengths following a Pareto distribution. The size of
the data packets is between 64 B and 1518 B. The size of
traffic flows ranges from 64 B to 50 MB and follows a
Pareto distribution with parameters 64, 0.9, and 3854,
which ensures that 80% of the streams are less than 1 MB.
We change the normalized load’s size by controlling the
OFF period’s length. The packet loss probability is a sta-
tistical result of packets across the network. Each satel-
lite node generates 100 k packets, and at the end of the
simulation, the proportion of dropped packets to all pack-
ets is counted. In the simulation, we only consider packet
loss caused by buffer overflow. The packet size follows a
bimodal distribution as described in [25]. The source and
destination of the traffic flows are random among all
satellites, where each flow has the same destination. At
the same time, the service QoS of traffic is categorized
into three types: deterministic traffic, assured forwarding
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traffic, and best-effort traffic. The three types are ran-
domly generated with a volume ratio of 3:3:4. We inject
the traffic into the network and collect the statistics to
calculate the performance. In the simulation, each ISL
has a buffer size of 1 MB, and we set the ISL length to
vary from 2000 km to 2500 km. With a balanced load
scenario, we set different nodes under different load
cases. We use a normalized load pattern and set the half
of the nodes in the middle of the topology (rounded up)
to high load (0.8) and the rest of the satellite traffic to low
load (0.2).

6.2 Routing and latency

We first validate the average hop count and average
latency performance of the network traffic. We conduct
the routing algorithm performance tests in constellations
of different scales. The paths are then assigned to each
traffic flow by routing algorithms that count the average
hop count and average delay of the packets. Except for
ACO, which uses a heuristic algorithm, all other algo-
rithms obtain routes by the SPF method, and the calcula-
tion of the weights for the routing algorithms differs.

Fig. 4(a) shows the average hop count of packets with
different algorithms and constellation scales. Compared
with the heuristic algorithm ACO, the SPF algorithm can
reduce the average hop count of traffic. Due to the large
spatial range of the satellite networks, the latency of the
traffic flows can be significantly reduced. Meanwhile, our
proposed MR-TCS approach forwards the traffic of dif-
ferent types in different ways. The high-priority services
can maintain almost the same average hop count as the
conventional method. However, the low-priority service
(BE) introduces a large average hop count due to using a
larger network area to evacuate the traffic.

Fig. 4(b) shows the average end-to-end latency under
different algorithms. Compared to typical algorithms, our
proposed MR-TCS can reduce the average experiment of
DF services by 7.39%. However, it greatly increases the
latency of low-priority services due to the traffic groom-
ing to the coldspot region for forwarding. In satellite net-
works, in addition to propagation delay, queuing delay
still affects end-to-end delay. MR-TCS can reduce the
queuing delay of DF traffic by grooming low-priority
traffic to other paths, thus maintaining the best end-to-end
delay performance for DF traffic. Meanwhile, the differ-
ence in average delay is small compared to the difference
in average hop count. The effect of traffic grooming
reduces the queuing delay of traffic in the transmitter
buffer. Therefore, the proposed approach is of great sig-
nificance for securing high-priority traffic.
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Fig. 4 Routing comparison of different algorithms with different
network scales

6.3 Packet loss

The packet loss probability is an important network per-
formance metric and using a different routing algorithm
can significantly affect the packet loss. We counted the
packet loss probability under different constellations and
buffer sizes to validate the performance of different rout-
ing algorithms with unbalanced load cases. In the resul-
tant statistics, 10° packets are generated by each user ter-
minal, and the packet loss rate is counted after forward-
ing through the LEO satellite network. Among them, we
adopt the retransmission mechanism in the simulation. If
a packet loss occurs during the forwarding, the source
node will resend the packet only once.

Fig. 5(a) shows the network packet loss probability
under different constellation scales. In the described load
case, the larger the topology, the higher the packet loss
probability. Meanwhile, the proposed MR-TCS shows the
lowest packet loss probability. The advantage of the pro-
posed algorithm is more prominent, especially in the case
of'a large topology. Furthermore, the proposed algorithm’s
packet loss performance for all three service types is sig-
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nificantly improved. Due to grooming low-priority ser-
vices to the coldspot area for forwarding, MR-TCS can
significantly reduce the packet loss probability of low-
priority services while providing more bandwidth
resources for high-priority services.

Fig. 5(b) shows the packet loss probability perfor-
mance under different ISL buffer sizes. The packet loss
probability of different routing algorithms decreases as
the buffer size increases. Moreover, the packet loss prob-
ability increases significantly in the case of a buffer size
below 400 KB; the correlation between the packet loss
probability remains stable when the buffer size is higher
than 400 KB. The MR-TCS algorithm proposed in the
paper has the lowest packet loss rate. Compared with the
traditional algorithm, MR-TCS reduces the packet loss
rate by 30% under all load cases. Therefore, the pro-
posed algorithm maintains the best packet loss perfor-
mance for different constellations and buffer sizes.
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Fig.5 Packet loss performance of different algorithms

6.4 Resource utilization

Network resource utilization is an essential indicator of

network performance. Whether the bandwidth resources
can be effectively utilized under different routing algo-
rithms indicates the carrying capacity of the LEO satel-
lite network. We define the resource utilization ratio as
the ratio of the entire network’s occupied bandwidth
resources to the total bandwidth resources. Due to the
LEO satellite network’s highly dynamic and unbalanced
load, it is difficult to improve network resource utiliza-
tion effectively. Therefore, we must improve resource uti-
lization in the coldspot area to improve the network per-
formance overall.

Fig. 6(a) shows the network resource utilization ratios
under different constellation scales. As the constellation
scale increases, the resource utilization ratio improves.
On the one hand, because the distribution of traffic in
large-scale networks is more dispersed, more bandwidth
resources are effectively utilized; on the other hand, the
average number of hops for service transmission
increases, resulting in more resources being required for
service transmission. It is the core objective of the rout-
ing algorithm to be able to fully utilize the resources of
the whole network and reduce the packet loss.
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Fig. 6 End-to-end latency of different algorithms
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From Fig. 6(a), we can see that our proposed MR-TCS
maintains the highest resource utilization ratio. The
resource utilization of the ACO algorithm is almost equal
to the proposed MR-TCS. However, the ACO algorithm
requires a higher average hop count. Therefore, the good
resource utilization ratio of ACO comes at the expense of
a significant amount of latency. Furthermore, using a
larger buffer can increase resource utilization, and the
advantage of MR-TCS is more evident with a large
buffer. The BE service occupies more bandwidth
resources among the three service types because a more
distant path is used. Compared with SALB, the resource
utilization ratio of the proposed algorithm is improved by
3.69%. Therefore, the proposed algorithm in this paper
can improve resource utilization under different constel-
lation scales.

Fig. 6(b) shows the resource utilization with different
ISL buffer sizes. It can be seen that resource utilization
improves as the buffer increases. The algorithm proposed
in this paper maintains the highest bandwidth resource
utilization ratio because the multi-region collaboration
scheduling can improve the carrying capacity of the net-
work. Although the improvement in the resource utiliza-
tion ratio is insignificant, the small difference in the ave-
rage resource utilization ratio across the network indi-
cates many services. At a buffer size of 200 KB, the pro-
posed algorithm improves the performance over the
SALB algorithm by 0.9%.

7. Conclusions

The paper investigates traffic scheduling in a large-scale
LEO satellite network under unbalanced traffic load con-
ditions. An MR-TCS scheme is proposed so as to address
the characteristics of an LEO satellite network with large
regional differences in geographic locations. Firstly, the
method divides satellite nodes into hotspot regions,
hotspot radiation regions, and coldspot regions. Then, the
scheme categorizes the existing services into three types
and grooms the low-priority services to the coldspot
region for forwarding to improve the network resource
utilization. In light of simulations at different constella-
tion scales, it has been found that the proposed method
can reduce the packet loss probability and improve the
network resource utilization ratio. Compared with con-
ventional algorithms, MR-TCS reduces the packet loss
probability by 30% and improves the resource utilization
ratio by 3.69%. This approach can provide a technical
basis for constructing LEO satellite constellations.
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