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Abstract—Multi-Layered Satellite Network (MLSN) is a
kind of delay tolerant network with characters of intermit-
tent connection, long packet queuing time, complex and
uncertain delay time, etc. The call congestion rate of new
business is higher in delay tolerant network which leads to
the reduction of communication quality and the high packet
loss rate. The existing traffic control scheme is hard to meet
the individual requirements of new business. It becomes
more and more important to study the most effective traffic
control scheme so as to increase the satellite bandwidth
utilization. According to the nuclear chain reaction of atom-
ic physics, a novel traffic control method based on chain
reaction model (TCCR) is presented in this paper to realize
dynamic data transmission and control for MLSN. The
optimal flow distribution scheme will be obtained by analyz-
ing the network transmission information in this algorithm.
Simulation by OPENT is done which proves that TCCR can
obviously improve the network total throughput, shorten
link transmission delay, and reduce packet loss rate of
MLSN.

Index Terms—GEOQO, LEO, Chain Reaction, Traffic Control,
Satellite Communications.

[. INTRODUCTION

With the development of the wireless communication
technology, the demand for broadband communication
services has increased rapidly. Satellite communications
network plays an important role not only by providing
broadband access directly, but also being part of the
worldwide core network [1]. MLSN is a kind of delay
tolerant network with characters of intermittent connec-
tion, long packet queuing time, complex and uncertain
delay time, etc. The call congestion rate of new business is
higher in delay tolerant network which leads to the reduc-
tion of communication quality and the high error code
rate. According to statistics, when the bitrate of LEO sat-
ellite reaches to 350 Kbps, the packet drop rate will be
more than 30%, and the transmission delay will be 300ms.
The existing traffic control scheme is hard to meet new
the individual requirements of new business. In order to
guarantee satellite network resources reasonable use, it
becomes more and more important to study the most ef-
fective traffic control scheme so as to increase the satellite
bandwidth utilization.

For traffic control, many researchers have proposed a
variety of effective schemes. Hiroki proposes the load
balancing and QoS provisioning based on congestion
prediction (LBQP) for GEO/LEO Hybrid satellite network
to improve the efficiency of the GEO/LEO hybrid satellite
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networks and the QoS satisfaction of end users [2]. But
the parameter and threshold selection of LBQP is too
simple which would lead to all sorts of problems. Cen
proposes a dynamic coverage adjustment scheme that
changes beam size and resource allocation according to
the spatial distribution of user traffic [3]. More resource is
offered to the beam covering the hot spot, whereas basic
coverage is maintained for the surrounding area. However,
to make this model's results satisfied, it needs a lot of
traffic data which led to a low efficiency of the traffic
control. Kawamoto designs a delay-based traffic distribu-
tion technique for MLSN [4]. This method focus on traffic
control in two-layered networks, especially on distributing
the packet flow between the two layers in order to mini-
mize the transfer delay of the network. Nevertheless, topo-
logic structure of this model is too complicated so it is
very difficult to be used widely in practice due to its high
complexity.

In order to handle the shortage existing in the previous
traffic control scheme, a novel traffic control method
based on chain reaction model (TCCR) is presented in this
paper to realize dynamic data transmission and control for
MLSN. The optimal flow distribution scheme will be
given by analyzing the network transmission information
in this algorithm. Simulation by OPENT is done which
proves that TCCR can obviously improve the network
total throughput, shorten link transmission delay, and
reduce packet loss rate of MLSN.

II. SYSTEM MODEL

Non-Geostationary Earth Orbit (NGEO) satellite net-
works have gained research attention. Since they offer
many features, e.g., extensive coverage, disaster-
resistance, and efficient power consumption, they are
considered as a good candidate for providing global com-
munication services [5]. MLSN, which consist of layered
NGEO satellite networks, have attracted much attention
since they achieve excellent load distribution through by
passing traffic from the lower layer to upper layer [6]. In
this paper, we focus on traffic control in two-layered net-
works composing of LEO and GEO satellites, and the
system configuration is shown in Fig.1. In MLSN, there is
a strong correlation in traffic data between LEO-LEO and
LEO-GEO. As shown in Fig.1, the satellites in MLSN will
affect each other in the process of data forwarding accord-
ing to the principle of flow conservation [7]. However,
most previous researches only show their concern to sin-
gle satellite in traffic assignment and control, while the
study with regard to the interaction between satellites is
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rare. Therefore, the original methods cannot meet the
needs of the current satellite system, resulting in decreased
system efficiency. In order to handle the problem, this
thesis pays emphasis on analyzing the correlation between
different satellites in MLSN and the Chain Reaction Mod-
el of satellite traffic transmission is presented by analogy
with the nuclear chain reaction.

GEO on the
upper layer

LEO on the
lower layer

user
terminals

Figure 1. The system model

A. The Chain Reaction Model in MLSN

The core of chain reaction is the construction of "chain"
and the transmission of "free radicals" [8]. In MLSN,
"chain" refers to the inter satellite links (ISL), and the
traffic data of ISL can be seen as "free radicals". As
shown in Fig.1, the basic component of MLSN is com-
posed of one GEO and all the LEOs within the coverage
area of the GEO. The specific architecture of this unit is
shown in figure 2 - (1), where A, B, C, D, X represents the
LEO on the lower layer, and G represents the GEO on the
upper layer.

A\ A\
TN ST ARR
(G

@ @ 6)

‘ b Network congestion === The spread of traffic ‘

Figure 2. Chain reaction in satellite network

The chain reaction of MLSN is shown in Figure2-(1),
(2), (3). In 2-(1), when one of the LEOs within the cover-
age area of the GEO, for example X, enters overload con-
dition due to the occurrence of network congestion, X will
send warning notices to the GEO and satellites A, B, C, D
in order to reduce the input flow of its neighboring satel-
lites. After receiving the warning notice, A will enter
overload condition because of the reduction of data traffic
could be carried by link A-X and A-G. Then A will send
warning notices to its neighboring satellites to reduce the
input flow. What happened in B, C and D is the same with
A. The spread of warning notices result in sharp increases
in overloaded satellite of MLSN and this process could be
defined as the Chain Reaction in MLSN which is shown
in Fig.2-(3).

The formation and propagation of "free radicals" plays
an important role to the process and scale of chain reaction
directly which has the same characteristics with the
transmission of traffic data in MLSN. In MLSN, the varia-
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tion of "free radicals" is affected by two aspects: traffic

data coming from neighboring LEO satellites S and user

terminals within the coverage area ~ *. The latter accounts
for a far higher proportion of total input traffic data.
Moreover, there is a negative correlation between two
neighboring satellites connected by the same "chain" in

MLSN. For link X-A in Fig.2, the output flow of X (X")

A
is approximately equal to the input flow of A (") under

ideal conditions. = ¢ is always keep pace with changes in

i, Therefore, the core of constructing the Chain Reac-
tion Model in MLSN is to carefully research on full-
correlation features of related satellites.

B. The key parameters
1) The discharge coefficient (U)

The discharge coefficient U/ is one of the important
parameters to describe the lower layer satellite traffic
fluctuation. According to the Law of Conservation of
Energy in atomic physics, U obeys the flow conservation
of satellite system at first which means that in a certain
time period, the output flow of satellite is approximately
equal to the input flow of satellite. As shown in Fig.3, the
input flow in the previous time slot of LEO’s neighboring
satellites 4, B,C are denoted by A4, B;,C., respective-

ly, and the input flow in current time slot are denoted by

Ai/,Bi/, Cl./ . Then the sum of input flow of LEO’s

neighboring satellites Li can be expressed as:
L=4+B+C (1)

According to the negative correlation between two
neighboring satellites connected by the same "chain" in
MLSN, we can get:

AS=S"-5=-AL )

AA;’ = ALi x i (3)
Li

A =4 +M, @)

4/ =Ai+(1+%) (5)
Li

Where AS refers to the satellite traffic variations com-
ing from user terminals within the coverage area of LEO,

AL refers to the satellite traffic variations coming from

neighboring LEO satellites. Therefore, U can be ex-
pressed as follows:

! '

v, AL 523
A L F-S

1

(6)

!
Where S and S refers to the satellite traffic coming
from user terminals within the coverage area of LEO in

. . . F,
the previous and current time slot, respectively. ~ ! refers
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to the sum of input flow of LEO which can be expressed
as follows:

F=4+B+C+S§ (7)

The value U of is negative on account of the confine-
!

i and there are three situations as follows:
® U >1: means the traffic flow of the link is de-
clining;
® 1>U >0: means the traffic flow of the link

ment

is increasing;
® U =1: means the traffic flow of the link re-

mains unchanged.

® Destination

3 A
wep  Input data $ - \? -~ &
“h Qutput data ”

i \‘\'E

Figure 3. Input data and output data in LEO network

In MLSN, the discharge coefficient needs to be modi-
fied because of the multilayer network architecture. As
shown in Fig.4, the input flow in the previous time slot of
LEOs within the coverage area of GEO are denoted by

A,B, K N
€278 778 respectively, and then the sum of input
flow of GEO can be expressed as:

F,=A4,+B,+L +N_ +8§, (8)
The correction of discharge coefficient U ¢ can be ob-
tained by:
S -8
U,=1-—"—F% ©)
Fg - Sg

Where Sg refers to the upper layer satellite traffic.

GEO on the
upper layer

we)  Input data

LEO on the
lower layer
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Figure 4. Input data in MLSNs

2) The attenuation factor

The attenuation factor K is an important parameter to
describe the correlation features of related satellites. In
nuclear physics, a quantity is subject to exponential decay
if it decreases at a rate proportional to its current value.
Symbolically, this process can be expressed by the follow-
ing differential equation, where N is the quantity and Ais a
positive rate called the exponential decay constant:

dN / dt
=Tl (10)
N ()

A more intuitive characteristic of exponential decay for
many people is the time required for the decaying quantity
to fall to one half of its initial value. This time is called the
half-life, and often denoted by the symbol t1/2. The half-
life can be written in terms of the decay constant, or the
mean lifetime, as:

lyy = ln_2 an
A

The concept of decay constant and half-life is intro-
duced into MLSN, and the attenuation factor can be ob-
tained by following the steps below:
step 1. According to the conversion relations of half-
life and decay constant, choose natural logarithm
as the function model of the attenuation factor;

step 2. By analyzing the characteristic of natural
logarithm function, choose logarithmic function
to replace.

step 3. Combine the satellite link characteristic pa-
rameters with the half-life conversion function,
and introduce the control parameters;

step 4. Determine the value range of the parameters
and finish the correction of K .

Through the above steps, the definition of K can be
obtained by:

K =-0" xlogU (12)

Using the above expression of U in Eq. 6, K can be
represented as follows:

S-S
K =-0"xlog|1-—— (13)

F-S
Where H is the Hurst parameter which is used as a
measure of the burstiness of satellite network traffic flow

[9][10], Q is a constant coefficient which relates to
channel bandwidth, PDR and etc. The variation speed of

K increases with the decreasing of U and limited by
constant coefficient Q at the same time.
In MLSN, all the parameters have been added a sub-

script £ to distinguish with the LEO network. The atten-
uation factor in MLSN is represented as follows:

http://lwww.i-joe.org



PAPER
A NOVEL TRAFFIC CONTROL SCHEME FOR MULTI-LAYERED SATELLITE NETWORK BASED ON CHAIN REACTION MODEL

K, =-4P2" xlogU, (14)

Where P is a constant coefficient similar to Q M ore-
fers to the number of LEO within the coverage area of the

GEO. P and Q will be discussed in next section further.

U
Using the expression of ~ ¢ in Eq. 9,

resented as follows:

& can be rep-

!

S -5
K, = - p2t xlog 1_;—; (15)

g g
3) The constant coefficient Q and P

The value of Q depends on channel bandwidth, PDR
and etc. From Eq.12, we can conclude that the variation
speed of K increases with the decreasing of U and
limited by constant coefficient Q at the same time.

Using the expression of K in Eq. 12, we can get:

Through the above analysis, it can be summarize that
the control of input flow coming from neighboring LEO

satellites is associated with the attenuation factor K and

the input flow is determined by Q directly when U and

H s a certain value. In order to maximize the system
throughput, the input flow coming from neighboring LEO
satellites should be as much as possible within the total
services carrying capacity of LEO. For each LEO in

MLSN, the increasing of 0 will increase its own traffic
flow and also will increase the traffic flow of other neigh-
boring satellites. Therefore, we need to find a suitable
value with the aim of shortening transmission delay while
using network resource efficiently.

According to the negative correlation between two
neighboring satellites connected by the same "chain" in
MLSN, we can get that the total input traffic flow of each
LEO should be the minimum value of the system band-

width —w, the capacity of current link F and the for-
warding capabilities of neighboring LEO satellites AO :

4 =min(B ,F,A4) (17)
When 1> U > 0, introduce Eq.12 into Eq.24 and get:

4 =4 x : = A x——:
1+K 1-Q0" xlogU

Through the above analysis, the problem has become
!

how to choose a suitable Q to maximize “7 under the
condition of Eq.21, 22 and 23. In order to study the rela-
!

tionship between 0 , Af and F , the change of 0 was
simulated by fixing the values of other parameters.

(18)
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Meanwhile, to facilitate the analysis of the results, the

value of “7 was setto 1.
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Figure 5. The input data of A and the capacity of current link versus Q

!
Fig.5 is the simulation result of the input data of Ai
and the capacity of current link F versus Q. As Fig5

!

shows, the value of " will increase step by step with the
increase of the Q, but the increase speed will reduce grad-
ually. When the value comes to 0.557, it remains un-
changed due to the limitation of current satellite link

bandwidth. Instead, F will decrease with the increase of
Q and the decrease rate is slower in beginning and then
becomes faster, at last comes to stable. This is because of
the augment of Q leads to the increasing of input flow
from neighboring satellites. The optimal value of Q which
achieves the maximize data forwarding in the LEO net-
work is determined to be 0.258 according to this simula-
tion.

80 T T T T T T T T T
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—@— The capacity of current link
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Figure 6. The input data of A and the capacity of current link versus P

Fig.6 is the simulation result of the input data of Ag’

and the capacity of current link F' versus P. As Fig.6
shows, the situation of P is similar to Q. But in GEO net-
work, there is larger bandwidth which makes the LEO
satellite network data transmission would not significantly
affect the GEO network traffic and the optimal value of P
is determined to be 0.546 as a result.
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III. THE TRAFFIC CONTROL SCHEME BASED ON CHAIN
REACTION MODEL

Based on above analysis in section 2, the TCCR control
scheme can be divided into two stages: LEO network flow
control and LEO-GEO integrated network traffic control.
The control flow of these two stages is shown as follow:

Stage 1: LEO network flow control

step 1. Based on the satellite traffic variations coming
from user terminals within the coverage area of
LEO AS, calculate the discharge coefficient U ;

step 2. Initialize the Hurst parameter, constant coeffi-

cient (J and current attenuation factor K ;

step 3. Control current input flow of LEO 7;/ accord-

ing to Eq.19, where 7: refers to input flow in the

previous time slot:

UxT,U =1
T =

19
I (19)

JA>U >0
1+K
step 4. As shown in Fig.2-(1), get K and U of link X-
A and X-B, respectively, then calculate the traffic

! ! .
flow from X to A 7;(,4) and B 7;(3) according to
Eq.24;

Control output flow of LEO To as follows:
!
® T, <T,:
able to forward all the business data coming from

the current LEO, and all the traffic flow will be
send to A.

! ! !
° Y;(A) < To < Y;(A) +7;(B) : means A cannot for-

ward all the business data coming from the cur-
rent LEO and the excess of traffic flow needs to
be detoured to satellite node B.
! !
® T.>T .y +Ti:
satellites A and B cannot forward all the business
data both, and the excess of traffic flow needs to
be detoured to the GEO on the upper layer.
Stage 2: LEO-GEO integrated network traffic con-
trol

means the target satellite node A is

means the neighboring LEO

step 1. Get the traffic flow of each LEO-GEO link
through above steps and calculate the correction

of discharge coefficient in MLSN U e

step 2. Calculate the Hurst parameter, initialize the
constant coefficient P and the attenuation factor
K,

step 3. Calculate the input flow of each LEO within
the coverage area of GEO Tg, according to Eq.20,
where T, g refers to input flow in the previous time

slot:

32

U,xT,U, =1
T' =
g T x !

g

(20)

,U>U_ >0
1+K, &

step 4. Modify the input flow coming from each LEO
to GEO by Eq.21:

T=min(T,,T,-(T;,) +T5)) @D

The above is the calculation process of TCCR. The first
stage is divided into five steps, and the second stage is
divided into four steps. In chapter 4, we will present the
tests and results of the TCCR compared with two existing
methods.

IV. SIMULATIONS AND ANALYSIS

To validate the performance of the proposed scheme,
we conducted extensive computer simulations by using
OPENT. Here, we discuss the effectiveness of the pro-
posed traffic control scheme based on chain reaction mod-
el compared with the Dijkstra shortest path (DSP) routing
and the LBQP algorithm proposed in literature [2] and
then review the results of our simulation experiments.

A. Network Configuration and Communication
Scenarios

We use a two-layered satellite networks composing of
LEO and GEO satellites as depicted in Fig. 1. Three
equally positioned GEO satellites construct a ring constel-
lation as the upper layer, while the Iridium constellation
consisting of 66 LEO satellites is assumed as the lower
layer. The bandwidth and other parameters of the satellite
system are set up according to Table 1.

TABLE L.
PARAMETERS IN THE PROPOSED SCHEME
LEO 66
GEO 3
Packet Size 1KB
On-period 0.4s
Off-period 0.8s
ISL in GEO layer 25Mbps
ISL in LEO layer 2.5Mbps
ILL 25Mbps
GSL SMbps

B. Performance and Discussion

In performance evaluation, packet drops, throughput,
and end-to-end delays are used as performance metrics.

Fig.7 presents the packet drop rates of the three differ-
ent mechanisms. The red and blue area graph represents
bitrate per flow corresponds to right-Y axes. As shown in
Fig.7, the proposed scheme has much better performance
than DSP and LBQP proposed in literature [2] due to its
improved threshold calculation method. And a more rea-
sonable traffic flow forwarding strategy is obtained
through TCCR by introducing the Hurst factor and other
parameters. Moreover, the proposed scheme succeeds in
coping with network traffic burst compared with LBQP.
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When traffic flow increases in a short time, TCCR will
limit the input flow of each satellite by calculating the
discharge coefficient and attenuation factor, to ensure that
the LEO traffic data remains a relatively stable value.

Fig.8 indicates the PDR versus average bitrate of vari-
ous algorithms. In the proposed scheme employing an
intelligent forwarding mechanism, the packet drop rate is
successfully decreased by 34.14% when the average bi-
trate per flow over 250Kbps compared with LBQP.

Fig.9 presents the throughput of the three different
mechanisms. The red and blue area graph represents bi-
trate per flow corresponds to right-Y axes. As shown in
the simulation result, the throughput of TCCR and LBQP
is not sensitive to the change of the instantaneous bitrate
per flow. This is because the TCCR and LBQP both adopt
the corresponding flow control mechanism. In TCCR, the
traffic flow sending to GEO in stage 1 will be modified by
a corrective feedback operation in stage 2. Therefore,
compared with LBQP, TCCR can more efficient use of
idle LEOs to forwarding and processing traffic flow of
satellite network, so as to make the system to achieve
higher throughput performance. Figure 10 shows the total
throughput of the three kinds of algorithms versus average
bitrate.

Fig.11 indicates the end-to-end delay versus average bi-
trate of various algorithms. LBQP and TCCR spend more
time in controlling and allocating resource due to its high
complexity which leads to a bad performance compared
with DSP. But the PDR and throughput performance of
DSP is too poor so the delay of DSP is only for reference.
Next we mainly analyze the delay performance of LBQP
and TCCR.

As shown in Fig.11, TCCR has relatively longer delays
at the low bitrates. The delay increases as bitrates increas-
ing, but the increased degree of TCCR decreases while
LBQP is exactly the opposite. This is because the fact that
what LBQP focus on is the actual flow numerical calcula-
tion, and the computing time is prolonged remarkably
with the bitrates increasing. Instead, what TCCR focus on
is the variation characteristic of parameters which can be
obtained by the cross-correlation between different satel-
lites. Therefore, the computational complexity will not
increase with the increasing of the bitrate making the
proposed scheme succeeds in decreasing the delay com-
pared with LBQP. Fig.12 presents the delay of the three
different mechanisms when bitrate over 300Kbps. The red
and blue area graph represents bitrate per flow corre-
sponds to right-Y axes. The proposed scheme is able to
decrease the delay as a result of the reduction of parame-
ters calculation and threshold setting when network con-
gestion occurs in a high bitrate.
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V. CONCLUSION

With the development of the wireless communication
technology, the demand for broadband communication
services has increased rapidly. In order to handle the
shortage existing in the previous traffic control scheme, a
novel traffic control method based on chain reaction mod-
el (TCCR) is presented in this paper to realize dynamic
data transmission and control for MLSN. The optimal
flow distribution scheme will be given by analyzing the
network transmission information in this algorithm. Simu-
lation by OPENT is done which proves that TCCR can
obviously improve the network total throughput by 7.24%,
shorten link transmission delay by 6.3ms, and reduce
packet loss rate by 34.14% compared with LBQP when
bitrate is more than 300Kbps. Through extensive comput-
er simulations, the superior performance of the proposed
scheme is verified.
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