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Abstract: With the development of satellite communication technology, the traditional re-
source allocation strategies are difficult to meet the requirements of resource utilization effi-
ciency. In order to solve the optimization problem of resource allocation for multi-layer satel-
lite networks in multi-user scenarios, we propose a new resource allocation scheme based on
the many-to-many matching game. This scheme is different from the traditional resource al-
location strategies that just consider a trade-off between the new call blocking probability
and the handover call failure probability. Based on different preference lists among different
layers of medium earth orbit (MEO) satellites, low earth orbit (LEO) satellites, base stations
and users, we propose the corresponding algorithms from the perspective of quality of experi-
ence (QoE). The simulation results show that the many-to-many matching game scheme can
effectively improve both the resource utilization efficiency and QoE, compared with the one-
to-one and many-to-one matching algorithms.
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1 Introduction
he rapid development of satellite communication tech-
nology has facilitated the provision of multimedia ser-
vices with high speed, low latency and large capacity.
In satellite communication systems, the radio resource
management focuses on improving the resource utilization and
satisfying the quality of experience (QoE) for different users.
In addition to the traditional channel allocation strategies for
satellite beams, the existing algorithms for radio resource man-
agement in satellite communication systems include the con-
vex optimization algorithm!", ereedy algorithm' and matching
game algorithm®, among which the algorithm based on game
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theory is widely used.

The matching game is one of the game theories, whose
founder, Alvin E. Roth™™, won the Nobel Prize in 2012 for his
contribution. The original purpose of matching game is to deal
with unstable market economy and maximize economic bene-
fits. It usually involves the matching relationship of two sets,
such as students and schools, female and male marriages, and
employees and companies, which are related to preference

), many-to-one®and many-to-

lists. There are one-to-one
many'”! matching relations. Nowadays, the matching game has
widely been used in the field of wireless communications to
solve the optimization problem of wireless resource allocation.
In response to the joint up/down link subcarrier allocation
problem, ELHAJJ et al.®™ proposed a new resource allocation
algorithm named Bilateral Stable Matching Strategy. Com-

pared with the traditional resource allocation algorithms, this



strategy significantly improves the performance of subcarrier
allocation in terms of the average utility value of each user. At
the same time, the simulation results also show that the pro-
posed method has fairness in improving the subcarrier re-
source allocation™. ZHOU et al.”’ adopted an iterative method
to jointly allocate spectrum and power, combined with a many-
to-one matching game algorithm, and the simulation results
verified effectiveness and superior of the algorithm in solving
resource allocation problems for D2D communications. In or-
der to improve system throughput, ZHAO et al." proposed a
many-to-many matching game to solve the problem of D2D re-
source allocation. The algorithm can be converged to bilateral
exchange stable matching within a limited number of itera-
tions and it is proved that the performance of this algorithm is
significantly better than the one-to-one matching algorithm!".
In addition, YAO et al."" fully considered user fairness on
how to achieve effective matching between users and network
resources and used two-layer many-to-many and two-layer
many-to-one matching games to solve the problem, which ver-
ifies that the algorithm has good convergence, effectiveness
and feasibility. SHI et al.""? proposed a two-layer many-to-one
matching game algorithm. The research results show that the
algorithm can stabilize resource matching, effectively solve
the resource allocation problem in the storage system, and ef-
fectively reduce the system delay. Then, in order to further op-
timize the resource allocation problem, a two-layer many-to-
many resource allocation scheme was proposed, which shows
that the algorithm can further reduce the system delay and im-
prove social satisfaction!?.

The main contribution of this paper is to study resource allo-
cation based on the matching game algorithm. In the case of
limited satellite resources and large number of users, how to
achieve reasonable scheduling and allocation of resources is a
problem that we have to solve. The existing resource alloca-
tion technology is difficult to meet system requirements in
terms of resource utilization improvement, because this tech-
nology is nothing more than a trade-off between the blocking
rate of new calls and the failure rate of handover calls and the
service quality of the satellite system has reached to the ex-
treme. In addition, it can be seen from the research status at
home and abroad that most matching game algorithms in the
communication field mainly solve the problem of ground net-
work resource allocation and have not set foot in the satellite
communication field. Therefore, we have established a model
of medium earth orbit (MEO) satellites, low earth orbit (LEO)
satellites, base stations and users in a multi-user scenario,
which is used to effectively solve the multi-layer wireless re-
source allocation problem. Existing representative works, such
as the fixed channel reservation scheme and the dynamic
channel reservation scheme, mainly use the new call blocking
rate, handover call failure rate and system service quality
(QoS) for comparison. The proposed work is mainly to simu-
late the matching game algorithm for the QoE. The simulation
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results show that the multi-layer many-to-many matching
game can effectively improve the resource utilization rate and
the overall utility of the system.

2 System Model of Matching Game

The matching game involves several important concepts
and performance parameters.

(1) Utility function. In order to measure the satisfaction of
all participants in the matching game process, it is necessary
to set an appropriate utility function U, which directly reflects
the resource utilization rate and participant satisfaction degree
through the specific utility function value.

(2) Preference list. The ultimate goal of matching game is to
achieve the best matching state of resources. The preference
list is made for each participant in the current set by referring
to each factor of all participants in the relative set, and the
preference list of each participant is different.

(3) Matching stability. Although the utility of participants is
improved in the process of matching, there will always be un-
matched objects due to the difference of preference list. How-
ever, no single or a pair of participants are allowed to partici-
pate during the matching or destroy the stability of the match-
ing game. Therefore, when the utility value is constant for a
specified number of consecutive times, the match will eventu-
ally tend to be stable.

(4) Matching validity. A group of participants are supposed
to be allocated resources. From one allocation state to another,
at least one participant becomes better without changing any
participants, which means that there must be an increase in
the total utility value during the matching process.

(5) Matching uniqueness. Because the preference list of
each participant is different and independent, there is only
one matching mapping when the matching reaches a stable
state, which can be verified by induction.

(6) Matching convergence. All participants send matching
connection requests to the most preferred object according to
their own preference list. After a few exchange matches within
a limited number of iterations, all participants can complete
the matching and reach a stable state. The values will inevita-
bly converge to a certain fixed value.

In the multi-layer network scenario, we assume that the

number of MEO satellites is R, which is denoted by M =
{M,,Mz,...,M,}.The number of LEO satellites is S, which is de-

noted by L = {LI,LZ,...,L&}. The number of base stations is T,
which is denoted by B = {B],Bz,...,B,}, and the average num-

ber of users is I per base station. The system model is shown
in Fig. 1.

The matching process is divided into three stages. The first
stage is the establishment of an inter-satellite link between the
MEO satellite layer and the LEO satellite layer. This LEO/
MEO double-layer satellite network can not only take advan-
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tage of short delay and low propagation loss, but also simplify
the structure of LEO satellites and reduce their construction
costs. The second stage is the establishment of a satellite-to-
ground link between satellites and ground base stations. Here
we suppose that all users are connected to base stations and
then the base stations are connected to LEO/MEO satellites.
The satellite and the ground network are connected by satel-
lite-ground optical links. In this process, we can take advan-
tages of wide satellite coverage and large capacity for the ter-
restrial communication network. Their mutual complementa-
tion can enhance the viability of the whole network. The third
stage is the matching between base stations and users. Be-
cause the coverage areas of base stations have overlapping
parts and the distribution of users is uneven, we regard all
base stations as a large resource pool to simplify the layer
matching model; all users can use their resource blocks,
which simplifies the allocation model to a certain extent. The
result of the matching game affects the result of matching deci-
sion. The matching framework is shown in Fig. 2.

In this system model, three problems need to be solved. The
first one is the establishment of inter-satellite links between
different orbits, the second one is the establishment of links
between satellites and ground base stations, and the third one
is the resource matching between base stations and users.

The main impact factor of the inter-satellite links is the loss
of free space propagation, which can be expressed as:

Ly, = 92.44 + 20lgd + 20lg f, (1)

where d is the inter-satellite distance, fis the carrier frequen-
cy of transmitter, and L, denotes the free space propagation
loss between MEO and LEO satellites. In addition to the free
space propagation loss, the satellite-to-ground link propaga-
tion loss includes an additional loss. Therefore, the total loss
of satellite-to-ground links can be formulated as:

Ly = 92.44 + 20lgd + 20lgf + L, 2)

where L, is the additional loss. Besides, the links between
base stations and users are modeled as Rayleigh fading where
the channel impulse response follows the independent com-
plex Gaussian distribution. Therefore, the channel gain can be
expressed as:

Gy = Bd R, (3)

where B is the channel parameter, d is the distance between
the user and base station, 7 is the path fading exponent, and h
denotes the complex Gaussian channel parameter that follows
h ~ CN(0,1)"!.

In the many-to-many matching model, each MEO satellite
can establish links with multiple LEO satellites. At the same
time, each LEO satellite can establish links with multiple
MEO satellites. We assume that the total transmit power of

]2 ZTE COMMUNICATIONS
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each MEO satellite is (), and the average power allocated to
the LEO satellite is denoted by p,, which is expressed as:

—r=1,2,..,R. (4)

On the other hand, the average power allocated to the LEO
satellite is denoted by p.’, which is expressed as:

s=1,2,..,8. (5)

P Ear
PIES

We assume that M, is the r-th MEO satellite, L, is the s-th
LEO satellite. If M, successfully establishes a link with L,

x, = 1; otherwise, «

s

. =0. Then the signal-to-noise ratio
(SNR) of the received signal from the MEO satellite to the
LEO satellite is as follows.

PG,
Y. = ; > 6
Zb, X G, + N, ©

s=

MEO layer

LEO layer

LEO: low earth orbit MEO: medium earth orbit

BS: base station

AFigure 1. Model of network based on matching game.

The first layer of The second lay- The third layer
matching er of matching of matching
MEO=LEO LEO<=BS BS=MT

MEO: medium earth orbit
MT: mobile terminal

BS: base station
LEO: low earth orbit

AFigure 2. The matching framework.



where G, is the gain from M, to L,. In order to facilitate the cal-

culation, we assume that G, = G,, where G, is the antenna

gain from L, to M. Therefore, we can get a similar formula of
the SNR of the received signal from the LEO satellite to the
MEO satellite:

PG,
Y, = S 5 7
zf: lmeer + N, @

where N, is the noise power of the receiver. Based on the
Shannon Theory, we can get the data rates of M, and L, as:

v, = By, log, (1 +,), (8)

v," = By, log, (1 +v,"), )

where B, is the transmission bandwidth between MEO satel-
lites and LEO satellites. In the matching game, we usually use
the sum of data rates to reflect the overall satisfaction degree
of participants. We describe U, as the overall utility of the
link between the MEO and LEO satellites, which can be de-
noted as:

U'f"ﬂ” = 25: 1 U, = Zf:] (1), + 2?: 1vv‘,)' (10)

In addition, there are some restrictions on the above formu-
las, which can be expressed as:

R

2196 <pow SR Vs, (11)
s

2% S <S5V, (12)
x, €{0,1} Vrse{l,2,.,S}, (13)
Y 2 XY e s, (14)
Y 2 Y VI (15)

Eqgs. (11) and (12) show each LEO satellite can connect
with up to p,.. MEO satellites and each MEO satellite can con-
nect with up to ¢, LEO satellites respectively, where R is the
maximum number of MEO satellites and S is the maximum
number of LEO satellites. Eq. (13) indicates that the value of
x,, can only be 0 or 1. Egs. (14) and (15) show that SNRs of
the received signal cannot be lower than the minimum SNRs
Y i and Y, e

The second layer is the establishment of the link between
satellites and base stations. Similar to the first layer, we can
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build a many-to-many matching game mathematical model

and finally get the overall utility value U, ,,which can be de-

total2?

noted as:
Vi = 2;: 1 U, = 25:1 (v, + ZLT: 11}’5)‘ (16)

In addition, we can get some restrictions similar to the first
layer, as we have mentioned before.

The third layer is the establishment of the link between
base stations and users. Since the coverage area of each base
station and the distribution of users in the cell are different, it
is very complicated to model it as a whole. Therefore, we sim-
plify the problem to a single base station covering multiple us-
ers. Based on this problem, we construct multiple simplified
models and integrate them to obtain the final result without
considering user switching among the base stations. Assuming
that there are J(J < Q) users in a cell covered by a base sta-

tion B, MT = {MTI,MTZ,...,MT,} represents the set of J us-

ers. Similar to the first layer, we finally get the overall utility

value U, ;,which can be denoted as:

total3
Ulolal3 = Z,T: 1 Ur = 2,7-:] (Ur + 2:: ]vi[)' (17)

In addition, we get some restrictions similar to the first lay-
er, as we have mentioned before. Therefore, the maximum util-
ity of this three-layer matching model can be finally expressed
as:

U = U + Uimalz + Ulnla|3' (]8)

total1
3 Algorithms of Matching Game

The matching game usually involves the matching relation-
ship between two sets. MEO satellites, LEO satellites, base
stations and users are regarded as four different participants
in the match game, and they are independent of one another.

In the first-layer matching game, MEO and LEO satellites
are considered as two parties. The data transmission requires
the establishment of an inter-satellite link between them. Not
only can each MEO satellite establish inter-satellite links with
multiple LEO satellites for data transmission, but also each
LEO satellite can establish multiple links to connect with
MEO satellites. Therefore, the matching model can be regard-
ed as many-to-many matching. In the matching game model,
we use > to indicate the degree of preference of participants to
another group of participants. The preference list is compre-
hensively based on the distance between participants, the
speed of movement and the transmission environment. If
L, > L,, the M, prefers to establish a link with the L,.

w, is the mapping from M U L to 2" For YM, € M and

L, € L, we can come up with the following conclusions:
) |y M) | ={L Ly L. |y (M) [< S0 (M) & R,
(M) =M;
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(@) ot (L) =AM Mo M, (LIS L3 gy (L) & M,
My (L) = Lg

(3) If and only if u, (M) = L, (L) =M,.

Conclusions (1) and (2) indicate that MEO and LEO satel-
lites can establish many-to-many links and w,(M))=M,
shows that M, has no link connection. Conclusion (3) implies
that, if M, matches with L, L, matches with M,. The second-
layer matching game is similar to the first layer, which can al-
so be seen as a many-to-many matching.

In the third-layer matching game, in order to further simpli-
fy the calculation, the total channel resources in all base sta-
tions B = {B,,Bz,...,Bl} are regarded as a resource pool, which

can be expressed with RB = { RB,,RB,,...,RB,}. Each mobile
terminal can use one or more resource blocks, but one re-
source block can only be used by one mobile terminal at the
same time. Therefore, the matching model can be regarded as
many-to-one matching. u, is the mapping from RBU MT to
21BN MT = {MT,MT,,...,MT,}. For VYRB, e RB and
MT; € MT, we can come up with the following conclusions:

(1) |w(RB) = {MT . MT,...,MT}, |w(RB)I<1. If
u(RB) ¢ MT.u(RB,) = RB;

(2)  |u(MT) = {RB,.RB,....RB},
w(MT,) ¢ RB, u(MT,) = MT;

(3) If and only if u (RB,) = MT;, w(MT,) = RB..

Conclusions (1) and (2) explain the nature of many-to-one

lw(MT)I < J. If

matching with mathematical formulas. Conclusion (3) implies
the bidirectional matching between RB; and MT.

Based on the above analysis, we establish a corresponding
many-to-many matching game algorithm between the MEO
and LEO satellites, as shown in Algorithm 1. First of all, ac-
cording to the preferences, we assume a list of preferences for
M, is B, whose quota is Q,. Similarly, the preference list of L,
is B, whose quota is ;. Then M, sends a request to the LEO
satellite according to its preference list and let x,, = 1. After
that, L, chooses its favorite M, to accept or reject other re-
quests. If L, has extra connection space at this time, which

means that 2 x

s=177

< @Q,, it will remain in ®,. Otherwise it

will be deleted from @ ,. At last, we calculate the current utili-
ty Uy

Resource Allocation Strategy Based on Matching Game

8: ifz,zlxrx > QM
9: L, selects @, according to ',
10:  Lrejects others, x,, = 0.

11:  else

12: L, establishes connections with MEO.
13: endif

14: end for

15: forallM, € ©®, do

16: ifY x>0,

17: M, is removed from O .
18: endif

19: end for

20: calculate the utility value U
21: end while

totall*

The second-layer matching game is similar to the first-layer
matching game, so we then focus on the third-layer matching
game. In the process of resource matching at the third layer,
the definition of preference list is different from the first two
layers. Each resource block establishes its own preference list
according to the priority of various users, while the users sort
each resource block according to the required type and SNR,
as shown in Algorithm 2.

Algorithm 2. The many-to-one matching algorithm at the
third layer

Algorithm 1. The many-to-many matching algorithm at the
first layer

Input: 8, 8", 0}, Q-

Output: the utility value is U, ;.

1: an unmatched set of @, = {MI,MZ,...,M,A}.
2: while ©, # & do

3: forallM, € ©,do

4: M, sends a request to LEO satellites.

5: x, = 1, remove preference elements.

6: end for

7: forall L, € L do

-I 4 ZTE COMMUNICATIONS
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Input: 8, 8, Q,.
Output: the utility value is U,

total3*

1: an unmatched set of @, = {MTI,MTZ,...,MTI.}.
2: while ®; # & and Zi: X < Q;do
3: forall MT; € O, do

4: MT; sends a request to RB.

x; = 1, remove preference elements .
end for

: forall RB;, € RB do

RB, selects (; according to 3,

9:  RBprejects others, x; = 0.

10: end for

11: forall MT; € O do

12:if Y, x>0,

13:  MT, is removed from O,

14: end if

15: end for

16: calculate the utility value U, ;.

17: end while

PRAIN

At the beginning, the preference lists of resource blocks RB
and MT are initialized as 8" and 8/, where the quota of MT; is
Q;. Then MT; sends a request to its favorite RB,, removes it
from the preference list 3, and let x; = 1. After that, each RB,
assigns it to the specified MT; according to the preference list
B' and rejects other requests. At last, we calculate the current
utility U, 15



Because the basic algorithms of the second and third layers
are similar to that of the first layer, we can easily calculate
their utility U, and U, through the corresponding algo-
rithm respectively.

Finally, we can obtain the total utility according to Eq. (18).

4 Simulation Results

In this paper, we use Matlab for simulation analysis and
comparison. In order to verify the effectiveness of the three-
layer many-to-many matching game algorithm, we also adopt
some of the parameters of the satellite and terrestrial commu-
nication system!"' "7, At the first layer, we assume that d,,, =
10355km, f,, = 30 GHz, and B,,;, = 100 MHz. The maximum
inter-satellite transmission power is 27 W, the inter-satellite
total gain of the receiving and transmitting antenna is 68 dB,
and the quota of MEO satellites is 2. At the second layer, we
assume that d,, = 1414 km, f,, = 14.5GHz, B,, = 32 MHz,
and L
ellite is 30.72 dBW, the receiving and transmitting antenna

o = 2dB. The maximum transmission power of LEO sat-
gain for satellite-to-ground link is 19.5 dB, and the quota of
LEO satellites is 2. At the third layer, we assume that By, =
10 MHz, the maximum transmission power of BS is 23 W, the
quota of base stations is 2, the cell radius r = 500 m, «a = 4,
B =0.02, and the noise power of user receiver is =134 dBm.
The quota of users is 2, the maximum number of iterations is
30 and the receiving and transmitting antenna total gain from
ground is 17.5 dB.

Fig. 3 shows the total utility varying with the number of
MEO satellites when S=6, T=10, and /=20. Fig. 4 shows the
total utility varying with the number of LEO satellites when R=
3, T=10, and /=20. Fig. 5 shows the total utility varying with
the number of base stations when R=3, S=6, and /=20.

It can be seen from Figs. 3 to 5 that the overall utility of the
system is improved with the increasing number of MEO satel-
lites, LEO satellites or base stations. Because the participants
will get more diversity gains and have more opportunities to
get resource allocation as the number of MEO satellites, LEO
satellites or base stations increases, the total throughput of the
system improves. Moreover, as the number of iterations in-
creases, three curves increase continuously, which means that
the utility value of individual will increase after participating
in the exchange. At the same time, after the three curves in-
crease with the number of iterations increasing for a period of
time, the total utility value becomes stable, which means that
the system utility value will be stable when there is no block-
ing pair. The three figures well prove the effectiveness and sta-
bility of the matching game.

According to the figures, the average number of iterations
required for stable matching can be accurately obtained. In ad-
dition, as the number of participants increases, the preference
lists become more complex, which will bring more connection
opportunities for each participant as well as increase average
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iterations required.

Fig. 6 shows the total data rates of three matching game al-
gorithms varying with different LEO satellites when R=4, T=
10 and 7=20. Fig. 7 shows the total data rates of three match-
ing game algorithms varying with different base stations when
R=3, T=4 and [=20. It can be seen from these two figures that
as the number of LEO satellites and that of base stations in-
crease, the data rates of the three algorithms are positively cor-
related, which proves the validity of the matching game. Be-
sides, we can also see that the total data rate of the three-layer
many-to-many matching game is always higher than those of
the others, which shows that the many-to-many matching game
may improve the resource utilization of the communication
system.

Fig. 8 shows the total data rates of the three matching game
algorithms varying with the average number of users per base
station when R=3, S=4 and T=10. We can see that the total da-
ta rate of three algorithms is gradually decreasing with the
number of users increasing. This is because when the number
of users increases gradually, the spectrum resources obtained
by each user are decreasing. And when the number of users
grows to a certain extent, the total data rate will gradually sta-
bilize because of the resources fixed and the number of users
matched limited. Besides, it can also be seen from Fig. 8 that
the decline rate of the many-to-many matching game is the
slowest, and the sum of data rates is always higher than the
other two strategies, which also proves the superiority of the
many-to-many matching game strategy.

5 Conclusions

In this paper, in order to effectively solve the problem of ra-
dio resource allocation based on data services, we propose a
new resource allocation strategy based on the matching game.
The matching game includes many-to-many matching between
MEO satellites and LEO satellites, many-to-many matching
game between LEO satellites and base stations, and many-to-
one matching game between base stations and users. Based on
the proposed multi-layer many-to-many matching game model
among MEO satellites, LEO satellites, base stations and users,
the corresponding matching game algorithms are designed
from the perspective of utility function QoE and we use total
data rates to reflect the performance. The simulation results
show the effectiveness and stability of the proposed matching
game compared with the many-to-one matching and one-to-
one matching games, and the results also show that the many-
to-many matching game makes communication systems more
efficient with higher resource utilization.

However, the matching game algorithm proposed in this pa-
per has limitations, without considering the impact of the
movement of the MEO and LEO satellites relative to the
ground on resource allocation. Therefore, the future research
will focus on matching games in the environment with dynam-

-I 6 ZTE COMMUNICATIONS
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ic changes. Moreover, radio resource allocation is not only
based on matching game technology, but also can be com-
bined with cooperative game or non-cooperative game to im-
prove the effective utilization of resources.
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