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Abstract. The terrestrial-satellite network (T'SN) has been recognized
a potential network realizing wide-seamless coverage and high transmis-
sion rate. In this paper, a Stackelberg game model for the interference
management problem is studied in spectrum sharing TSNs, where the
competition between the leaders and followers is recognized as the util-
ity maximization between the satellite user (SU) and terrestrial users
(TUs). In the leader sub-game, the utility function of SU is constructed
of transmission rate and cross-tier interference reacting to the followers,
and the optimal strategy is acquired by mathematical derivation. Tak-
ing account to the fairness among TUs, the maximization of the mini-
mum worst-case transmission rate is established in the follower sub-game
by optimizing the cooperative scheduling and power allocation strategy
jointly. Then we propose an evolutionary gale-shapley algorithm to solve
the cooperative scheduling problem. And the closed-form expression of
TU power is derived by the Lagrangian dual decomposition approach.
By the Stackelberg iteration of the leader strategy and follower strat-
egy, the Stackelberg equilibrium point is ultimately obtained. We give
the performance simulation to verify the convergence and effectiveness
of the proposed algorithm.
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1 Introduction

The terrestrial-satellite network (TSN) plays a prominent role in the 5G net-
works and beyond for supporting the ubiquitous wireless services with wide
coverage and large-capacity [1-3]. In the TSN, the users can choose the satel-
lite or the traditional terrestrial base stations (BSs) based on their demand,
which improves the network capacity and flexibility. However, co-existing satel-
lite, terrestrial BS, and users make the wireless resource management more com-
plicated [4]. And the shortage of spectrum resources has also brought pressure
to performance improvement in the TSN [5]. The researchers have done a lot
work to deal with these challenges. In [6], the authors considered the spectrum
sharing between the satellite-tier and terrestrial-tier, and proposed an energy
efficient power allocation approach to satisfy the diverse delay quality-of-service
(QoS) requirements. The paper [7] investigated the spectrum access problem
in terrestrial-satellite heterogeneous networks by nonorthogonal multiple access
(NOMA) for each beam, where satellite users (SUs) and terrestrial users (TUs)
used the same spectrum in the underlay mode to improve spectrum utilization.
The user scheduling and resource allocation problem was studied for the spec-
trum coexisting based TSN in [8], and the authors proposed a joint optimization
scheme to improve system sum rate and energy efficiency.

Although spectrum sharing and NOMA can increase spectral efficiency of
TSN, the serious co-channel interference is inevitablec [9], especially in the multi-
ple BSs based TSNs. Resource allocation and interference management has been
considered to coordinate the user access and allocation of resource blocks, so as
to achieve desirable performance [10-13]. In [10], the authors studied interfer-
ence efficiency maximization problem in a two-tier heterogeneous network and
proposed a robust resource allocation scheme to achieve the rate-interference
tradeoff. In [11], the authors proposed to mitigate the cross-tier interference in
the cloud based TSN by using the channel information at the cloud, a two-tier
Stackelberg game between cloud and users was then established to obtain the
optimal pricing and resource allocation strategy. The minimization problem of
the beam usage and power consumption while ensuring the user demand was
investigated in [12], where the optimized user interference was within a tolerable
range. Also in [13], a coordinated multi-point (CoMP) transmission and NOMA
based resource allocation model was designed to mitigate the inter-cell interfer-
ence, in which the authors discussed the different CoMP strategy and derived
the optimal power solutions among the coordinating BSs to improve the spectral
efficiency.

However, the cross-tier interference problem by jointly considering the QoS
guarantee, user fairness, cooperative scheduling, and inter-cell interference miti-
gation has not been studied systematically in multiple BSs based two-tier TSN.
In this paper, the joint resource management problem for utility maximization is
investigated in the terrestrial-satellite two-tier networks. With the consideration
of the QoS, cross-tier interference, and the user fairness, we model the opti-
mization problems of satellite-tier and terrestrial-tier, respectively. The two-tier
joint optimization problem is then formulated as a Stackelberg game between
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the SUs and TUs, where SUs are the leaders and TUs are the followers. In the
satellite-tier optimization problem, the leaders choose the optimal power strategy
to guarantee their high transmission rate without serious cross-tier interference
to the followers. Based on the strategy of the leaders, the terrestrial-tier maxi-
mizes the minimum worst-case transmission rate among the followers to achieve
the fairness of the TUs. The optimization problem of follower sub-game includes
two nested problems: cooperative scheduling problem and power allocation prob-
lem. An evolutionary gale-shapley algorithm is proposed to solve the cooperative
scheduling problem. The power allocation problem is then transformed into a
convex optimization problem, and we derive the closed-form expression of the
optimal power strategy of followers. By the Stackelberg iteration of the leader
strategy and follower strategy, the Stackelberg equilibrium point is ultimately
obtained.

2 System Model and Stackelberg Game Formulation

2.1 System Model

The considered downlink TSNs consist of a LEO, K terrestrial BS with
= {1,2,...,K}, UT TUs with UT = {1,2,...,UT}, and U® SUs with
5 =1{1,2,...,U°}. The system bandwidth is B, which is divided to N orthog-
onal subchannels (SC) and each SC is identical for a SU and a terrestrial cell for
spectrum sharing. To guarantee the QoS of satellite-tier, each SU communicates
with LEO in different SC. And the NOMA is adopted in the terrestrial-tier to
improve the spectrum utilization.
Thus, in a terrestrial-satellite system, the signal received of the SU w is

s _ S / Sg S E T § : T /T T S
Yu = Gu\/ PuSu + gk,u xk,j pk,jsk,j +nu7 (1)
—— keK jEKT
Desired Signal

Cross—tier Interference

where g5, g{,, pi, and p{; are the channel coefficient from the LEO to SU
u, the channel coefficient from the terrestrial BS k£ to SU u, the transmission
power from the LEO to SU wu, and the transmission power from the terrestrial
BS k to SU j, respectively. s and sg ; denote the transmission signal from the
LEO to the SU u, and the transmission signal from the BS k to the TU j. n
is the additive white Gaussian noise (AWGN) of the satellite-tier. Denote that

E[s2?] =1, E[st ;1?1 =1, and E[n 5 = o5%. We define the cooperative factor

x,{u, where J;fu = 1 indicates the TU u is served by BS k, x7 .« = 0, otherwise.
Assume that BS k and SU u communicate with the same SC then the signal
to interference noise ratio (SINR) of the SU u is

S |gu|
rYu = 27 (2)
9kul* > Ik,jpk,j +o°
JEM
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where My, = {z] , = 1|u € U} represents the set of users served by BS k.
Let Bs. = B/N denote the bandwidth of each SC, N@q denote the noise power

spectral density of the satellite-tier, and we have o5 = BSCNOS. Based on the
Shannon theorem, the transmission rate of the SU w is

C =logy(1+75). (3)

For terrestrial system, the users served by the same BS form a NOMA clus-
ter, thus the intra-cluster interference caused by NOMA mechanism should be
considered. The received signal of the TU w includes desired signal, intra-cluster
interference, cross-tier interference, and noise, which is

T _ T, [T T
yu_E T oo, P wku

keK

Desired Signal

T T T T S S T
+> | whabn Y Th g\ Phidhy |+ Zhu\/pfsj A1y

keK F€UT j#u jEUS

Intra—cluster Interference Cross—tier Interference

(4)

where hf,u and hy represent the channel coefficient from the BS k to the TU u
and the channel coefficient from the LEO to the TU w. n{u is the AWGN of the
terrestrial system with E[nl] = 052. For the TUs of M, with Vk € K, we assume
that the channel gains are sort as |h£1|2 <... < |h£u|2 < ... < ‘hg,UTP' Let
{s*} denote the set from 1st TU to the uth TU served by BS k, and k' denote
the SU that use the same SC with BS K. The SINR of the TU u is

pE TS
S

= 2,
PO NCIED DI TR D DS S Vi e
keK JEME\{sk} keK

(5)

Yo

where 052 = B.N{ . Thus, the transmission rate of the TU w is

CT =logy(1+~1). (6)

2.2 Stackelberg Game Formulation

In the terrestrial-satellite networks, the resource optimization problem can be
formulated as the primary problem for satellite system and the secondary prob-
lem for the terrestrial system.

The SUs as the primary user, the QoS should be guaranteed first. On the
other hand, the power consumption of the satellite system is considered to reduce
waste of limited resources and minimize cross-tier interference. Accordingly, we
construct the utility function of each SU as

vy = Gyl — wepl, (7)
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where w? is a weighting factor in bits/s/(Hz-W). The sum utility of the satellite

system is V5 = uf . Thus, the primary optimization problem for satellite
vels
system can be modeled as

Pl : max V?°
{p3}

st. C1:C5 >CM Yu e U5,
C2: Y pa < Phu

ueUs

C3:pd >0,Vu e U,

where C1 guarantees the QoS of SUs with the rate threshold. C2 and C3 denote
the power constraint of SUs.

According to the power optimization strategy of the satellite-tier, the TU
selects the access points and transmission power to maximize its utility function.
To achieve the fairness of TUs, we regard the minimum worst-case transmission

rate among TUs as the utility function in the terrestrial-tier, i.e., z = minT cr.
YuelU
The secondary problem can be formulated as

P2 max 2z
{ef Pk W}

s.t. Cl: CE >z, Vu e U7,

C2: > pi,<Ph.VkeK,
1€EMg
C3:pf, >0,k € K,Vu e U,

Ca:lgh Y i, <I™VE €K,
i€
C5:xp, € {0,1},Vk € K,Vu € U”,
C6: My, = {a}, =11i e U}, M| < MP% Vk €K,

C7: Zx{u < MYP vy e UT,
kekK

where C1 is the minimum rate guarantee. C2 and C3 are the power constraint of
the TUs. C4 ensures the SU’s QoS. C5, C6, and C7 denote that the cooperative
factor m{u is a binary variable, and restrict the maximum number for cooperative
transmission of BSs and TUs, respectively.

The aforementioned two-tier resource allocation problem can be modeled as
a Stackelberg game model, where the competition between leaders and followers
is recognized as the utility maximization between SUs and TUs. SUs as the
leaders have the strategy space P¥ = {PS}, and TUs as the followers have the
strategy space P¥ = {XT PT} that construct the strategy space {PY P¥}
of the game. Leaders choose strategy PS firstly in the game. In the follower
sub-game, each TU as a player of the non-cooperative game, tries to choose the
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strategy P¥ to maximize their transmission rate. Afterwards, the leaders update
their strategies based on the strategies of followers and vice versa. According to
the Schauder fixed point theory [14] and the theorem that there must be a
Nash equilibrium point in finite strategic game. It is easy to prove that both
leader game and follower game can reach Nash equilibrium, so the existence of
Stackelberg equilibrium point can be achieved.

3 Optimization Solutions of the Stackelberg Game

In this section, we firstly optimize the leader sub-game problem and follower
sub-game problem, respectively. Then the joint iterative optimization algorithm
is proposed to achieve Stackelberg equilibrium. Furthermore, the corresponding
algorithm design is introduced.

3.1 Optimization Strategy of the Leader Sub-Game

The optimization problem P1 is a single-cell power allocation problem. And with
the fixed follower strategy of the terrestrial-tier, P1 is strictly convex where the
optimal strategy can be obtained by using the KKT optimality conditions. Let
au*s 1

. AT 3
= 0, we obtain the extreme point p5 = - i where I5 =
u

ops »S In2w$
7 xzyjpf,j + 057, In the meanwhile, C1 of P1 is equivalently converted
JEM
into o
(¢ — )12
Py 2 e (10)
A
: e _nrs .
Defining @,, = EE Then the optimal strategy of leader sub-game P1 can
be expressed as .
D, pi < Pu
Dy S AS Dy S
ﬁs = S B Pmax7 Dy 2 meax . (11)
ueus ues
P, else

By the optimal strategy of the leader sub-game, the followers in terrestrial system
decides and adjusts resource allocation to achieve its maximum utility.

3.2 Optimization Strategy of the Follower Sub-Game

The follower sub-game P2 is a highly non-convex mixed integer programming
(MIP) problem, because of the binary factor x;iu, and the non-convexity con-
straint of C1, which cannot be solved directly in a polynomial time. In this part,
we divide the follower optimization problem into two sub-problems: cooperative
scheduling problem and power allocation problem.
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The cooperative transmission problem is essentially a two-sided matching
problem between TUs and BSs. An evolutionary gale-shapley algorithm is con-
sidered in this paper to solve the cooperative transmission problem. Firstly, we

. . T 12
introduce a cooperative threshold A** and calculate wgn = sgn ({l ,’ifil J),

where w,{,n = 0 means that the BS k cannot serve TU wu due to the poor channel
condition. |-] is the rounding down function.

In the evolutionary gale-shapley algorithm, each TU selects the BS in turn
according to the preference sequence based on channel coefficient. The BS makes
a decision by the value of |My| and the cluster rate. If the BS k rejects the TU
u, the TU u will no longer send the request to BS k in the following cycles. The
detailed description can be found in Algorithm 1.

With the optimization cooperative scheduling strategy X7, the max-min
problem of user rate optimization is convex with respect to the power allocation
{pF . }. The Lagrangian dual decomposition approach is used to obtain the power
solutions. The corresponding Lagrangian function is

L(Pz,m Aus bl Vi) :D(pg,uv Aus s Vi)

+ Z(]'_ Z )\u)+1th2ﬂk+ maxzyka (12)

welT keK keK
where
kZK‘T{,u|h£u|2p£u
DT v) = Y Ao S
(pk:,uv wsy Mk k 2 g2 Z |h£u|2 Z p%j +]5)
=y Rek M jeingst) (13)
= Do mlgw® Y P Do vk Y Pl
kekK wEMy, keK  u€Mj

where IT = Z Ty, T nd 12, + 052. The optimal power pf*; can be derived by

8L(pk u7Au7Mu7Vk) O Wthh is
81% u o
+
o = Ay, _ keK FEME\{s,} (14)
B (malgf 2 + vi) In2 IR |2 ’

where [y]T = max(y,0). Let oy, 0,,, and 0,, be the positive step size at the
Ith iteration, the updated expressions of the dual variables are

Al +1) = () = o, (CF = 2)] 7, (15)

e+ 1) = | () = o (" =gl Y- pia)| (16)

uEMy
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+

ve(l+1) = (D) = 00, (P — D PEW)| (17)
uEMy,

3.3 An Joint Iterative Algorithm to Achieve Stackelberg
Equilibrium

According to the aforementioned leader and follower strategies, a joint iterative
algorithm is proposed in this section. At each iteration, the SUs choose the opti-
mization strategy by (11), the TUs then find the follower optimization strategy
based on the leader strategy. The Stackelberg equilibrium solutions eventually
can be obtained when the algorithm reaches convergence. The detailed process
is described in Algorithm 1.

Algorithm 1. The Stackelberg Equilibrium point for the two-tier TSNs

Input:
Channel coefficient {g5}, {g} ,}, {h5}, and {R} };

Maximum satellite power PS,  and BS power PL, :
Rate threshold C*" and tolerable interference temperature 1" of SUs.
Output:
PSS, XT pT.
Initialize maximum Stackelberg iterative number Tiax and maximum Lagrangian iterative
number Lmax; Let t = 0;

—_

2: Initialize Fynmatch = U, w;‘gn, ny, and my; Set preference sequence {PF_TU,}.
3: repeat

4 Leader Strategy for Satellite-Tier

5: for u € U do

6: Calculate and update leader power strategy pS by (11);

7:  end for

8 Follower Strategy for Terrestrial-Tier

9:  while F,maten # 0 do

10: for u € Fynmatch do

11: TU wu sends matching request to BS k with w{n =1 according to {PF_TU,};
12: if my < MBS then

13: Update XT, ny, =ny + 1.

14: else

15: BS k choose the user cluster with the highest cluster rate, update XT;
16: ny = Ny + 1 and replaced TU @ with ng = ng — 1;

17: Funmateh = Funmaten Y {71}

18: end if

19: if ny = MUF then

20: Funmatch = Fu'nmatch\{u}'
21: end if
22: end for
23:  end while
24: 1 =0;

25: while | < Lyax do
26: for u e UT, k € K do
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27: Calculate and update follower power strategy pgyu by (14);

28: Calculate and update Lagrangian dual variables Ay, uk, and vy by (15), (16), and
(17), respectively.

29: end for

30: l=1014+1;

31: end while

32: t=t+1;

33: until Covergence or t = Tax

4 Simulation Results and Discussion

In this section, performance of the proposed algorithm is evaluated. The satellite
altitude is 36000 km covering an urban area with 20 terrestrial BSs, and the
radius of each cell is 1 km. The carrier frequency of TSN is 3 GHz and the
system bandwidth is 10 MHz. The number of SUs and TUs are 20 and 100. The
maximum transmission power of satellite P, = 53 dBm and the terrestrial BS
PI =43 dBm. The terrestrial channel is based on the UMa_A model [15] and
Rayleigh fading. And the satellite channel is consider as the shadowed-Rician
model [6]. The other transmission parameters are set referring to [16,17].

Figure 1 shows the convergence of several SUs for the proposed algorithm
with C*" = 5 bits/s/Hz and I'"* = —60 dBm. From the Fig. 1, we can see that
the curves converge to stable solutions at about 5 Stackelberg iterations. This is
because that the solutions of the two sub-games are convergent, thus the joint
iteration has a good convergence, which verifies conversely the previous analysis.

Figure 2 shows the convergence of follower sub-game for the proposed algo-
rithm with different C**, where I** = —60 dBm. Similar to Fig. 1, the follower
strategy converges at about 6 iterations under different C*". With the increase
of C*" the followers obtain the lower transmission rate z, because more strin-
gent QoS of SUs shrinks the feasible region of the follower strategy P* to reduce
cross-tier interference, resulting in the low transmission rate of TUs.

Figure 3(a) and Fig.3(b) show the minimum transmission rate of TUs and
system sum rate when the number of TUs increases from 10 to 60, respectively,
where C'" = 5 bits/s/Hz and I*" = —40 dBm. It can be seen that the system
sum rate of TSN increases along with an increase in the number of TUs, while
the minimum transmission rate of terrestrial-tier decreases accordingly. The rea-
son for this trend is that the lower power ratio is achieved for each TUs with
the limited PT, . as the number of TUs increases, that results to a decreased

max
transmission rate.
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The utility of leaders (bits/s/Hz)

2 .
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Fig. 1. Utility of leaders versus the number of Stackelberg iteration.

z (bits/s/Hz)

—B—c'"=1 bits/s/Hz
0.2 —<+—¢'"=5 bits/s/Hz |
—6— C™"=6 bits/s/Hz
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Fig. 2. Minimum rate z versus the number of Stackelberg iterations with different C*".
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z (bits/s/Hz)

0 I I I I I I I I I

10 15 20 25 30 35 40 45 50 55 60
Number of TUs
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System sum rate (bits/s/Hz)
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Number of TUs

(b)

Fig. 3. (a) Minimum rate z versus the number of TUs. (b) System sum rate versus the
number of TUs.

5 Conclusion

In this paper, we discussed the interference management problem of the two-
tier TSNs by considering QoS guarantee, user fairness, cooperative scheduling,
and power allocation. The two-tier optimization problem can be formulated as
a Stackelberg game model where the SUs were the leaders and the TUs were
the followers. The leader strategy was obtained by maximizing the SU utility.
The followers aimed to the minimum transmission rate maximization problem
to achieve the fairness among the TUs. To solve this highly non-convex MIP
problem, we divided it into the cooperative scheduling problem and power allo-
cation problem. An evolutionary gale-shapley algorithm was proposed to solve
the cooperative scheduling problem. Accordingly, the power allocation prob-
lem can be transformed as a convex one, and the closed-form expression was
derived. Finally, a joint iterative algorithm was proposed to achieve Stackelberg
Equilibrium between the leader strategy and the follower strategy. The simu-
lation results showed that the proposed algorithm has a good convergence and
performance improvement.
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