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Abstract. With the development of aerospace technology, more and more
application tasks require satellite communications for information transmission.
In space communication, the resources on the star are very precious, and it is
particularly urgent to improve the utilization of resources on the star. The
application of network coding in satellite communication can not only solve the
traditional routing problem, but also greatly improve the reliability and effi-
ciency of communication. So the power allocation method on satellite based on
network coding is proposed. Two power allocation algorithms can improve the
utilization of inter-satellite resources, and the network coding of relay nodes can
reduce the bit error rate and the packet loss rate of the communication system.
The simulation results show that network coding can reduce the bit error rate of
the system and the impact of different power allocation algorithms on the bit
error rate of the system.

Keywords: Network coding - Satellite communications + Game theory -
Water injection method

1 Introduction

Inter-satellite communication is one of the hottest issues in the field of satellite com-
munication. Although there are many satellites in the sky, most of them are self-
contained and it is difficult to achieve resource sharing. However, it is difficult for a
single satellite to meet various needs. The realization of multi-point communication
between satellites is an inevitable trend in the development of satellite communications.
Network coding is a new technology of network communication, which can optimize
the transmission performance of the network. Research shows that the application of
network coding in satellite communication can not only solve the traditional routing
problem, but also greatly improve the reliability and efficiency of communication.

In terms of satellite resource allocation methods, Literature 2 designs a bandwidth
and power allocation algorithm to ensure efficient use of satellite resources. In the third
paper, considering the QoS requirement, the Lagrangian heuristic algorithm is used to
solve the subcarrier allocation problem of low-orbit satellite networks. Literature 4
considers the impact of delay on real-time services, and proposes a power and
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bandwidth resource allocation method to achieve a balance between throughput and
delay. Document 5 proposes a power and bandwidth allocation method for a multi-
beam satellite network to improve the fairness of the capacity among beams. The above
method is mainly for downlink resources and is not suitable for inter-satellite links. The
application of network coding technology in satellite communication can not only
solve the traditional routing problem, but also greatly improve the reliability and
efficiency of communication.

Aiming at the problem of high bit error rate of satellite communication, considering
the application of network coding to satellite communication, two power optimization
methods on satellite based on network coding are proposed. With the goal of reducing
the bit error rate, the network coding satellite communication system is optimized for
power, and the bit error rates of the two methods are compared.

The following is a brief introduction to the contents of each section. The second
part introduces the concept of network coding. The third part introduces three kinds of
satellite communication system based on network coding. The fourth part introduces a
satellite communication system combined with network coding and power allocation
algorithm.

2 Network Coding

Taking the “butterfly net” model as an example, the basic concepts of network coding
are analyzed. As shown in the following figure: assume that the capacity of each link is
1, y and z are both sink nodes, s is the source node, and the rest are intermediate nodes.
In Fig. 1(a), the traditional route transmission mode is used. Node w is only responsible
for the operation of storage and forwarding. Figure 1(b) uses the network coding
method. The node w is mainly responsible for encoding the input information, and then
adding module 2 to bl and b2, and transmitting the operation result bl @ b2 to the
node x. The result of the operation is finally transmitted to the nodes y and z through the
links xz and xy. After the node y receives the information bl and the information
bl @ b2, it can decode the bl @ (b1 @ b2), so that the information b2 can be solved.
Similarly, the node z can decode the complete information in this way, and the resulting
transmission has a capacity of 2. It can be seen that the application of network coding to
satellite communication can theoretically achieve the maximum amount of information
transmission. At the sink node, this can be done by performing the inverse of the
decoding and will eventually be able to be sent from the source of the original data.

Based on the characteristics of satellite communication networks, network coding is
particularly suitable for the field of satellite communication networks. If a node
generates interest in different data packets of neighboring nodes, it can effectively save
satellite communication by encoding these different data packets so that it and all
neighboring nodes can receive information of the data packets in them. Therefore it
effectively saves satellite communication resources. In addition, the application of
network coding in the satellite communication network can also significantly reduce
the times of transmitting data packets, so that the transmission energy is greatly
reduced.



508 J. Liu et al.

72}
2]

& 6‘3 NS B 4o
t u t ‘ u
| e N | 9 N
W { W
bl WE b2 b bl b2 bz
S ' & > ' 6/$6>

Fig. 1. (a) Traditional routing. (b) Network coding method.

And we will briefly introduce two power allocation algorithms which include game
theory and water injection method in the forth section.

3 Satellite Communication System Simulation Based
on Network Coding

3.1 ARQ Mechanism Based on Network Coding

System Model and Principle

In recent years, many scholars at home and abroad have been concerned about the
problem of service transmission performance in satellite communications. However,
the environment in which satellite channels are located is very complex, and these
complex environments can significantly reduce the communication quality of satellite
channels. Due to the particularity of satellite channels, many terrestrial protocols are
often inefficient when applied to satellite networks. In order to overcome this problem,
the researchers have made in-depth analysis and improved the ARQ for the satellite
environment based on the idea of terrestrial ARQ. ARQ mainly has three modes: stop
waiting, backward N step and selective retransmission. In addition, network coding has
been widely used in the field of wireless communications. A large number of studies
have shown that network coding in wireless communication can reduce the number of
packet retransmissions and packet loss rate. In order to further reduce the transmission
delay and the number of packet loss of the satellite channel, the network coding is
applied to the ARQ of the satellite network, and a network coding-based ARQ (Sat-
NC-ARQ) mechanism suitable for the satellite network is proposed. In Sat-NC-ARQ,
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in addition to transmitting the data packets of the real service terminal, the satellite
terminal also creates a virtual service terminal to send the network coded data packets,
so that the receiving terminal can decode the data packets as long as it receives enough
data packets. So it can reduce the number of retransmissions.

As shown in Fig. 2, the source service terminals S1 and S2 are connected to the
source satellite terminal through the terrestrial link, and the destination service termi-
nals D1 and D2 are connected to the destination satellite terminal through the terrestrial
link, and the source satellite terminal connect with the destination satellite terminal
through satellite link.

Relay satellite

D1

/Yy:an:mutt ing antenna Receiving ant':-rma\i

S2 D2

Fig. 2. System model of ARQ mechanism.

It is assumed that the source service terminal S1 is to send the data packet 1101 to
the destination service terminal D1, and the source service terminal S2 is to send the
data packet 1001 to the destination service terminal D2. First, S1 and S2 respectively
send data packets to the source satellite terminal through the terrestrial link. When the
source satellite terminal receives the data packets of S1 and S2, it can perform network
coding on the data packets of S1 and S2, that is XOR, i.e. 1101 XOR 1001 = 0100;
then the data packets 1101, 1001 and the network coded packet 0100 are sent together
to the destination satellite terminal. When the destination terminal receives any two of
the three data packets, the original data packet can be decoded by using the network
coding. For example, it is assumed that the destination satellite terminal receives the
data packet 1101 of S1 and the network coded data packet 0100, and the data packet
10010f S2 is lost, and the destination satellite terminal can decode the data packet of S2
by XOR operation 1101XOR0100 = 1001. The destination satellite terminal can then
send the packets of S1 and S2 to D1 and D2 respectively. It can be seen from the
example that when the packet of S2 is lost, the Sat-NC-ARQ mechanism does not need
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to retransmit the packet data by S2, so the transmission delay and the number of lost
packets of the satellite network can be reduced.

Simulation Analysis

To simplify system processing, we can adjust the length of the packet to send one
packet every 1 ms. At the same time, it can be assumed that each source service
terminal polls the packets at each moment in turn. In order to introduce the network
coding, after the source satellite terminal receives the data packets of the two source
service terminals, the two data packets are network coded (XOR operation), and then
the two data packets and the network coding packets are sequentially sent to destination
satellite terminal. To formalize the problem, a virtual source service terminal s and a
virtual destination service terminal d are created. The virtual source service terminal is
responsible for performing a network coding task and transmitting a network coding
packet of two data packets when each of the two source service terminals transmits a
data packet.

When attention is paid to the packet loss rate, the data is continuously transmitted,
and when an error occurs, no retransmission is performed (that is, no delay is con-
sidered). The method of packet loss is that when the crc check fails, the packet con-
siders the data invalid. Therefore, under this condition, the bit error rate is 0, and only
the packet loss rate is concerned. Figure 3 shows the simulation.

10 T T T T T
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—O— Packet loss rate without network coding |1

Packet loss rate
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Fig. 3. Comparison of packet loss rate under ARQ mechanism.

The ARQ mechanism based on network coding achieves the goal of reducing the
number of packet loss on the satellite channel by reducing the number of retransmis-
sions of data packets. The simulation results also show that network coding can reduce
the packet loss rate of satellite networks.
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3.2 Satellite Physical Layer Network Coding System

System Model and Principle

Two low-orbit satellites are used as the data source of the system, and the schematic
diagram of the satellite physical layer network coding system is shown in Fig. 4. In the
MAC phase, the source nodes S1 and S2 simultaneously transmit data to the ground
relay node R and the destination node within the respective coverage area, wherein the
source node S1 covers the relay node R and the destination node T1, and the source
node S2 covers the relay node R and destination node T2. In the BC phase, after the
relay node R is processed in the forwarding mode, the superposed signal is broadcasted
to the destination nodes T1 and T2.

JGround station R

v .
o ’o
<

T1
T2

Fig. 4. Satellite physical layer network coding system model.

System Description: The transmission process of the system data is divided into two
phases: one is the multiple access phase (MAC), in which the satellite source node
transmits its own data to the destination node and the relay node; the second is
broadcast phase (BC). After the relay node uses the function to process the superim-
posed signal, the signal is broadcasted to the two destination nodes, and the destination
node uses the known information of the destination as the reference information to
extract the transmitting information of the other end to complete the decoding process.

In the MAC phase, the signals of the relay node R receiving the signals X; and X,
from S1 and S2 can be expressed as:



512 J. Liu et al.

Yr=+/PsihiX; + /PsoshoXo + n, (1)

Among them, Pg; and Pg; are the transmission powers of the source nodes S1 and
S2, h; and h, are the channel gains between the source nodes S1 and S2 and the ground
relay R, and X; and X, are the transmission information of the source nodes S1 and S2,
and ny is the relay node R receives the superimposed noise of the signals X; and X.

In the case of a sunny day, it is assumed that the channel gains between the nodes in
the same coverage area and the satellite are the same, so the signals the terminal nodes
T1 and T2 receive are represented by Eqs. (2) and (3), respectively.

Yr1 =+/PsthiX; (2)
Y1 = /Ps2hXo 3)

At about 10 GHz or more, rain attenuation is the main attenuation of satellite
wireless communication. This paper uses the ITU-R rain attenuation model, as shown
in Eq. (4):

C 1 1\
A=(—] —10Ilo ——— +——F| dB 4
(N()> e 210 (losuwAu IOSleAd) ( )

C

Among them, (170> is the signal-to-noise ratio of sunny day, the unit is dB, S, and
te

S, are the uplink and downlink signal-to-noise ratios on sunny days, and A,, and A, are
the up and down attenuation due to rain attenuation.

In the BC phase, the relay node R amplifies and forwards the received signal to the
two destination nodes, and the received signals of T1 and T2 can be expressed as
Egs. (5) and (6), respectively.

Y71 =Gh3Yg + nrp = Ghshy\/Ps X| + Ghshy\/Ps:X> + Ghang 4+ npp (5)
Y =GhyYr + npp = Ghshy/Ps1 X + Ghyhy/Psy Xo + Ghyng + npo (6)
While G is the amplification gain, h; and hy are the channel gains of the relay node

R and the destination nodes T1 and T2, and n; and n» are the additive white Gaussian
noise of the destination node, nry, nra ~ CN(0, c3).

P,
G= 2 - 2 2 ™)
Pgi|hi|” + Psolhy|” + J%

Simulation Analysis

Two low-orbit satellites are used as data sources, one ground station is used as a relay
node, two destination nodes are base stations in the respective coverage areas of two
satellites, and the channel between the satellite and the relay node uses a wireless
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channel, and the channel from the relay node to the destination node uses a wired
channel. The wireless channel noise n of the source node to the node in the coverage
domain is set as additive white Gaussian noise, and the channel gain is a Gaussian
random variable with a mean of O and a variance of 1. Refer to Feng Yun No.3
Constellation, the satellite constellation parameters are shown in Table 1. The orbital
height is 836.4 km, two orbital planes. The two satellites will send data to the ground
synchronously in six equal time segments within 24 h. It is assumed that the two
satellite communication bands adopt the Ka band, and the satellite downlink trans-
mission power is the same and the system is completely synchronized. The Ka band
frequency range is 37.5-40.5 GHz. When the Ka band is transmitted, the channel
performance is greatly affected by the rainfall environment, and the ITU-R rain
attenuation model is used in the simulation. The modulation and demodulation method
are BPSK.

Table 1. Satellite parameter.

Parameter Parameter value

Track height/km 836.4

Orbital inclination/degree | 98.753

Cycle/min 101

Number of satellites 2

Number of tracks 2

Constellation type Feng Yun No.3 Constellation

Figure 5 shows the error rate simulation.

T T T T
—#+—— Bit error rate with network coding
—©— Bit error rate without network coding |4
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Fig. 5. Bit error rate comparison between network coding and no network coding.
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As can be seen from the figure, network coding can significantly reduce the sys-
tem’s bit error rate.

3.3 Network-Coded Satellite Broadcast Retransmission System

System Model and Principle
Figure 6 shows a model of a satellite broadcast retransmission system.

The source of satellite

S

= e e

Relay satellite Relay satellite

e
B

Ground receiver Ground receiver

Relay satelli

Fig. 6. Model of satellite broadcast retransmission system.

The satellite broadcasting system is an information publishing platform based on
packet transmission. Due to atmospheric fading, multipath fading, etc., the channel has
a higher error rate, and the corresponding packet error probability is higher. In order to
ensure reliable distribution, the traditional method is that each user feeds back his or her
receiving status to the satellite, and the satellite then retransmits the lost packets based
on the feedback information, and the channel utilization rate is extremely low.

At present, satellite communication mainly adopts the broadcasting communication
mode. The satellite broadcasts the data to the ground. When the local area receives the
error, it needs to apply for data retransmission to the satellite. This mechanism is shown
in the figure above.

The source satellite transmits the signal of S = [S1, S2, S3 .... Sn] to the relay
satellite, and the relay satellite forwards it. When the signal is continuously transmitted,
the signal ground receives will have errors at different times. And the wrong frame
numbers different ground receiving devices receive may be different due to the
uncertainty of satellite communication transmission during actual reception. For
example, the first ground receiving device has an error in the S1 frame, and the second
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one is in the S2 frame. In the original broadcast mode, any frame error in any device
needs to be retransmitted, which brings great obstacles to satellite communication. The
network coded retransmission can wait for each device to appear up to two frames of
error before retransmission. It is assumed that during the retransmission process, the
receiving node can receive the data packet broadcast by the source node without error.

Simulation Analysis
In order to verify the superiority of network coding, we carried out simulation com-
parison of packet loss rate. Figure 7 shows the comparison of packet loss rates.

10 F =4 =4 \S\ T T T T |
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Fig. 7. Comparison of packet loss rate with and without network coding.

It can be seen from the above figure that network coding can significantly reduce
the packet loss rate of the satellite broadcasting system.

3.4 Summary

Through the analysis and simulation of three kinds of satellite communication methods
using network coding, and observing the optimization effect of network coding on
satellite communication, it can be seen that the application of network coding to
satellite communication can improve the data transmission rate and improve the
robustness of communication. When the satellite communication delay is large and
the bit error rate is high, the network coding can effectively reduce the bit error rate of
the satellite broadcast communication system and reduce the times of retransmission.
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4 Power Allocation Method on Satellite Based on Network
Coding

4.1 System Model and Basic Description

We used the same satellite model as the second case in the previous section. Figure 8
shows the system model.

Satelliite Si

Ground station R
. .

.
U4
oV )

T1
T2

Fig. 8. System model of power allocation method on satellite based on network coding.

The model and the basic principle are exactly the same as the second case of the
previous part. The difference is that two resource allocation algorithms are added to
further optimize the system performance. The power of S1 is P1, the power of S2 is P2,
the power of R is P3 and P1+ P2+ P3< P_all. P_all is the maximum total power.

The transmission method without network coding is as follows:

Divided into four time gaps, in tl, the information of S1 is sent to R, in t2, R
broadcasts the information it receives to T2, in t3, the information of S2 is sent to R, in
t4, R broadcasts the information it receives to T1.

The transmission method with network coding is as follows:

Divided into three time gaps, in tl, the information of S1 is sent to R, in t2, the
information of S2 is sent to R, in t3, R broadcasts network coded information to
Tland T2.
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The power allocation method adopts the game function-based utility function
optimal method and the greedy water injection method:

The utility function allocation method based on game theory adopts the game
theory. Under the condition of fixed total power and total transmission bandwidth, the
lowest bit error rate T1 and T2 receive is the target utility function, that is, the utility
function is:

errry +errr

y=-rmrenn (8)

~ datar; + datap,

In order to achieve the minimum utility function, the power of T1 and T2 are
distributed by means of game distribution to achieve the result of Nash equilibrium,
and the utility function is minimized.

The greedy water injection method is based on the greedy resource allocation
method. The independent target criterion is adopted for different receiving sources. The
error rate of each of T1 and T2 which reaches a target threshold is regarded as the
judgment condition to adjust the power allocation. No adjustments are made when
the target value is reached.

4.2 Simulation Analysis

It is assumed that S1 is to send the data packet 1101 to the destination service terminal
T1, and S2 is to send the data packet 1001 to the destination service terminal T1. First,
S1 and S2 need to send data packets to the ground station through the satellite link.
When R receives the information of both, it can perform network coding on the data
packets of S1 and S2, that is, XOR operation. It is 1101 XOR 1001 = 0100. Then it
directly broadcasts a coded data result.

If network coding is not used, the dual-worker network needs to adopt the method
of time division multiplexing or frequency division multiplexing to achieve the dual
power effect, so that the required transmission power is twice as much as the original.
Therefore, pay attention to the difference in the bit error rate between the two when the
transmission power is the same.

Game-Based Power Allocation Without Network Coding

In the case of no network coding, when the power distribution of S1 and S2 is optimal,
the bit error rate is the lowest, and the game is used for resource optimization. As
shown in Fig. 9, when there is no network coding, the relationship between BER and
the power of S1 and S2 are both convex function, so the optimal solution in the figure
below is:

P1 =0.165
P2 =0.150
P3 =0.185

Lowest bit error rate is 1.01 x 107>,

In the game mode, S1 and S2 respectively increase the power. After each additional
power increase, the error rate is checked. If the bit error rate decreases, the power
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0.14

power of S2 power of S1
Fig. 9. Relationship between game-based power allocation and bit error rate without network
coding.

operation is continued. If not, the previous step is returned, and the power of the other
end is adjusted.

Water-Based Power Allocation Without Network Coding

Without the network coding, the resource allocation of S1 and S2 adopts the water
injection mode. Under the greedy water injection mode, S1 and S2 only care about the
error rate they receive, so they will continuously increase their power to achieve the
expected result of the error. Due to S1 and S2 is uncorrelated, a single power is used as
the abscissa. As shown in Fig. 10, when there is no network coding, the optimal
solution in the following figure is:

0.012 T T T T T T

0.008| N
&5 0.006} ]
m

0.004| ]

0.002 B

0 I I I I I I
0.1 0.1 0.12 0.13 0.14 0.15 0.16 0.17

the power of $1/82

Fig. 10. Relationship between power distribution based on water injection and bit error rate
without network coding.
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P1 =0.167
P2 =0.167
P3 =0.167

Bit error rate is 1.22 x 107°.

In the water injection mode, S1 and S2 increase power at the same time, and when
the power is increased, it is checked whether its error rate has reached the expected
value. Since the error rate setting in the program is expected to be 1 x 107%, in this
state, S1 and S2 will continue to improve their own power.

Game-Based Power Allocation with Network Coding

After the network coding is used, the output data R broadcasts is changed from the
original 1000 bit to 500 bit, and the Eb/n0 is increased by 3 dB under the same power.
So the optimal solution of the resource allocation is changed. Figure 11 shows the error
rate simulation.

BER

power of S2

power of S1

Fig. 11. The relationship between power allocation and bit error rate based on game theory with
network coding.

From Fig. 11, the optimal solution is:

P1 = 0.1900
P2 =0.1950
P3 =0.1150

Bit error rate is 4.9 x 107%.

Due to the use of network coding, the bit error rate is reduced under the limit of the
same maximum power.

Water-Based Power Allocation with Network Coding

With the network coding, the output data R broadcasts is changed from the original
1000 bit to 500 bit, and the Eb/ny is increased by 3 dB under the same power.
However, under the water distribution mode, the power allocation of the optimal
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solution has not changed because the expected bit error rate is not achieved, but the bit
error rate has been reduced. Figure 12 shows the error rate simulation.

0.012 T T T T
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0.1 0.11 0.12 0.13 0.14
the power of S1/S2

0.15 0.16 0.17

Fig. 12. Relationship between power allocation based on water injection and bit error rate with

network coding.

The optimal solution is:

P1 =0.167
P2 =0.167
P3 =0.167

Bit error rate is 1.00 x 107> (Table 2).

Table 2. Comparison of bit error

rate in 4 ways.

Bit error rate Game theory

Water injection

Network coding 49 x 107*
No network coding | 1.01 x 107>

1.0 x 1073
1.22 x 1073

4.3 Summary

Through the comparison of the bit error rates in the above four cases, it can be seen that
the network coding rate in the resource allocation mode is lower than that in the case of
no network coding, that is, the performance is improved. The superiority of network
coding is illustrated. The bit error rate of game-based resource allocation method in this
particular satellite scenario is lower than that of the water injection-based system. So

the game theory has certain advantages.
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5 Conclusion

By analyzing and simulating three common satellite communication methods with
network coding, and observing the optimization effect of network coding on satellite
communication, it can be seen that network coding applied to satellite communication
can improve data transmission rate and improve communication robustness. At the
same time, in the case of satellite communication delay and high bit error rate, the use
of network coding can effectively reduce the number of retransmissions and reduce the
bit error rate of satellite broadcast communication system. In addition, by comparing
the two types of resource allocation methods with or without network coding in a
specific satellite scenario, that is, the comparison of the bit error rates in four cases, it
can be seen that the network coding is better than the case of no network coding in any
resource allocation mode. The bit error rate has been reduced to a certain extent, that is,
the performance has been improved, indicating the superiority of network coding. The
bit error rate of power allocation method based on the game theory is lower than that of
power allocation method based on the water injection. The game theory has certain
advantages, that is, the choice of resource allocation method also has a certain impact
on system performance.
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