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Non-Uniform Pricing and Resource Allocation Economics
for HetNet Based on Stackelberg Game

Miao Li™, Yixue Hao

Abstract— With the popularization of the two-layer distributed
heterogeneous network between the macrocell and the femtocell,
the interference problem in the heterogeneous network will
become more and more complex. The interference of the femtocell
base station (FBS) to the macrocell base station (MBS) limits the
achievable rate throughput of the macrocell system. In this letter,
a two-stage Stackelberg game was used to design a non-uniform
pricing scheme to solve the problem. In order to get this scheme,
it was first made that MBS management platform and femtocell
system are equivalent. Then we set an incentive mechanism
in both stages, and solve the optimization problem in two
stages. In the first stage, MBS management platform charged
for interference. In the second stage, the total benefit of the
entire femtocell system could be get based on the cost and the
benefit of each femtocell. FBS made a reasonable allocation of
transmission power for each femtocell user (FUE) according to
the total benefit. These two stages are mutually constrained and
mutually supportive. Finally, we get Stackelberg equilibrium of
the Stackelberg Game as a non-uniform pricing scheme. We use
the simulation experiment to prove that this scheme is superior
to the uniform pricing scheme.

Index Terms—MBS, FUE, stackelberg game, non-uniform
pricing.

I. INTRODUCTION

ITH the rapid development of wireless technology

and internet of things, more and more mobile devices
access to the wireless network [1]. In order to improve the
indoor service quality, cellular network with low cost and low
power consumption has been widely used. At the same time,
in order to increase capacity in the future, researches focused
on building polymorphic and layered Heterogeneous Network
(HetNet) [2]. To further increase coverage rate of indoor cellu-
lar networks, Liu et al. proposed applying OFDMA technology
to cellular network deployment [3]. However, the interference
from the femtocell to macrocell influnce the performance of
the OFDMA femtocell system. In this case, MBS needs to
charge from femtocell, and then decrease the use of frequency
spectrum in HetNets.
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To solve the economic problems in communication,
Luong et al. proposed that the pricing models can solve the
resource allocation problems in some communication net-
works [4]. Tang et al. studied the physical layer security
of small cellular networks under interference constraints, and
proposed to bring interference pricing into the constraint prob-
lem [5]. These studies have been used to price the interference,
but they cannot solve the problem of power allocation and
pricing interference simultaneously. The two problems are
interrelated and counter to each other. To solve the problem
of confrontation in communication network at the same time,
some researchers have introduced game theory. Sun er al.
proposed the power control problem between wireless nodes
in the interference channel, and established a non-cooperative
game model [6]. Zhan et al. used Stackelberg game to solve
the incentive problem [7]. These studies prove that the game
method can solve the adversary problem in network. We try
to solve the problem of resource allocation and pricing inter-
ference in Hetnets with Stackelberg Game.

To solve the macrocell and femtocell revenue economic
problem, this letter focuses on the interference pricing problem
and the power allocation of macrocell-femtocell double-layer
cellular communication system based on OFDMA technology.
The model optimization problem is divided into two parts,
one part is the pricing of macrocell to interference. The other
part is the power allocation to FUEs. The two optimization
problems relate to each other and conflict with each other.
In summary, the main contributions of this letter include:

o We build a cross-layer interference rejection and resource
allocation model of a double-layer HetNet. The benefit
of MBS and the revenue of FUEs are considered in the
model.

o We use a two-stage Stackelberg game to establish an
optimization problem. In the first stage, the MBS of
macrocell system prices the interference signal from
femtocell. At this stage, we use the Lagrange multiplier
method to solve the problem. In the second stage, the
power obtained by FUE is used to evaluate the total
benefit of FUE. After these two stages of optimization,
we design a non-uniform pricing scheme, which can
balance the benefits of MBS and FUEs.

o Simulation results show that the proposed scheme can
make MBS and FUEs get the maximum benefits. Besides,
our experiment researches the influnce of the transmission
power threshold and total interference threshold on the
maximum benefits.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we study a heterogeneous two-tier HetNet.
The effect model of macrocell and FUEs was established.
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Fig. 1. Cross-layer interference rejection and resource allocation architecture.

A. Network Model

In this letter, we only consider the interference of downlink,
the interference of downlink can be extended to uplink. The
area R covered by MBS includes K femtocells. It is defined
that there are K FBSs in the coverage range of macrocell,
let k € {1,2,---, K}. Without loss of generality, we assume
that every signaling time slot has a user in femtocell in each
component channel. There are N FUEs in femtocell k, i.e.
n e {1,2,---,N}. hoy is defined to be channel gain from
MBS to FBS k. hyp, is defined to be channel gain from FBS &
to FUE n. To calculate the interference received by MBS, pg 1
is defined to be the transmission power from MBS to FBS.
Dk, is defined to be the transmission power from femtocell £
to FUE n.

Normally, interference of the system includes the inter-
ference between macrocell and femtocell, the interference
among femtocells generated by FBS, self-interference (SI)
in femtocell according to the deployment of femtocell [8].
To define the optimal pricing and power allocation scheme
of the HetNet system, we propose building a Stackelberg
game model. The Stackelberg game model can realize the
maximization of the joint benefit of macrocell and FUE:s.

B. MBS and FUE Utility Model

In this subsection, we build a revenue model for leader
macrocell. Firstly, we research the interference pricing pat-
tern of macrocell. ) is defined to be the largest inter-
ference threshold MBS can bear. The goal of MBS is to
sell interference quota as much as possible to FUEs in the
restraint of interference threshold. Y1 SN I(pp.,,) < Q
can be used to express the restraint [8]. In above formula,
I(pk,n) is the interference from femtocell k£ to macrocell.
And the interference is related to channel gain hgj from
MBS to FUE k and power p, from FBS k to FUE n
in the femtocell. The interference can be expressed to be
I(pr,n) = ho kPk,n- To control the received interference, MBS
management platform prices interference and charges from
femtocell system. The earnings of MBS can be expressed by
the formula Unrps = Sy Soney (10.4d (Phn) = G0,kPkn)-
In the formula, 110 5 is the price of interference I(px. ., ), ao k is
the additional power cost factor, ® = {101, ft0,2, - - , fo,K }
is the price set. MBS can transmit price to FBS and FUEs by
e-mail or information.

Then, we build a utility model of the follower FUE. The util-
ity of femtocell has two parts. In one part, interference expense
paid to MBS is used as the negative effect of the FUE. In the
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other part, the transmission power from the femtocell to users
is the earning of the FUE. The contribution of the transmitted
power is represented by the signal interference plus noise
ratio (SINR) received by FBS. To calculate transmission speed,
we calculate the SINR firstly. The SINR received by FBS is
defined as 7, ,,. When considering the interference of macro-
cell, the background noise at FBS is defined as 0,3. The noise
produced in SI of FBS can be defined as 0%;. At the same
time, we consider the interference signal from other FUEs and
FBS, these interferences cause received SINR at FUE to be
affected by the transmitted power of different FUEs. Because
of loss on the route, channel power gain attenuates with the
increase of distance between users. The received SINR at
FUE n is defined to be i, = s Zj;kz;,?;:n+0i+0§1’
The total transmission power of each femtocell is limited,
so we define the threshold of transmission power of each
femtocell as P¥, , and >0 pr, < PE_ . In femtocell,
the transmission speed from FBS to FUE can be obtained
Ten = logo(l + % n). In this case, a reasonable power
allocation strategy is needed to weight the final profit of MBS
and users. The utility function of FUE k can be defined as
below Upur = Ak — okl (Prn), where X is the utility
gain of each unit of transmission speed.

C. Problem Formulation

Because the amount of interference purchased by FUE is
related to the price of MBS customization, the revenue of
MBS and FUE are correlated. For MBS, revenues are obtained
by charging FUE, but high price lowers the interference
quota purchase by FUE. And FUE pays for transmission rate.
Therefore, we can make a Stackelberg game model between
MBS and FUE [9]. MBS management platform needs to find
a reasonable price, in order to obtain transmitted power, FUE
buys a certain amount of interference based on the price. the
price must be accepted by FUEs and maximize the earning
obtained by MBS and FUE. The pricing optimization function
of MBS is:

P1: max(ibmize Unvps (hH
subject to C1 : pgr > 0. 2)

Pk .. is defined to be the maximum transmission power FBS
can distribute. Therefore, the total power distributed to FUEs
must be smaller than the maximum transmission power. The

effect function of users is:

P2: maéimize Urvg 3)
k,n
K N
subject to C2 : Z Z I(prn) <Q )
k=1n=1
N
C3:Y prn < Pl )
n=1
C4:ppyn >0. (6)

III. POWER DISTRIBUTION AND PRICING SCHEMES

In order to solve the optimization model for Stackelberg
game, we need to find Stackelberg equilibrium (SE) point
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firstly. At the SE point, MBS and FUE can get ideal benefits,
and we get the non-uniform price of MBS. SE of Stackel-
berg game is got from Nash equilibrium (NE) of FUE and
MBS [10]. In this section, the existence of NE will be proved.
And the optimal solution of each subproblem can be obtained
by step.

A. FUE-Subgame

Theorem 1: Optimization problem P2 is a convex optimiza-
tion problem.

Proof: The objective function of FUE-subgame is defined
© be f(prn) = Yoy (Mkn — tiosl(prn)). Then,
it is proved that the objective function is a concave
function. We calculate Hessian matrix of f(pg,). When

n # n, we can get 0. Then calcu-

late the elements on the dlagonal line of Hessian matrix:

d2f(pk n) _ )‘hk n .
(Opk.,n)? 26} erk 77hk 2O )2 where G)k no

Z#k Z#n Dijhin + O'k + O’SI ObV10usly, the derivative
of @k ,, 1s not related to py . f(prn) is a concave function
got by the Hessian matrix.

The constraint conditions are continuous, so it is proved
that the optimization problem P2 is a convex optimization

problem. (]
Theorem 2: The optimal solution of optimization problem

: A O
P2 is pr, = vy i h: Besides, py., meets the

following conditions:

ZZhOkpkn<Q’Zpk”— mazx* (7

k=1n=1

Proof: To solve the optimization problem P2, the form
of P2 can be changed as the following:

P3: minimize — Uppg (8)
Pk,n
subject to C2,C'3, C4. 9)

Set Langrange function to be:

L(pk’ﬂmﬁlaﬁQ)
N Pinh
= — Z(Alogg <1 + M) — 10,kh0,kDk,n)

n=1 6%,77,
K N
+5 <Z > hokprn — Q)
k=1n=1
N
Ba (Z Phon — me> — B3pkn- (10)
n=1

Langrange function needs to meet the following KKT
conditions:

K N
B <Z Z ho,kPk,n—

k=1n=1
oL
8pk’,n

In the following, we get the value of pj ., by analyzing
KKT conditions. Firstly, 83py,, = 0 can be obtained from
KKT conditions. We set every FUE to have task transmission,

N
Q) = 07 ﬂQ Zplc,n_Pylfmz> :Oa
=1

= 07 _53pk,n = 07 ﬂla 527ﬂ3 > 0. an
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SO pr.n # 0 and B3 = 0. According to agL = 0, then we

ei o
can get the value pg,n = In 2(pg, 1 ho, k+,31h0 k+B2)  Tkn - The

value of 3; and (3 can be divided into two groups:

e 31 =0,02 = 0. In this case, P}, meeting the conditions
of (7). The value of py ,, is

A O n
' = — ki (12)
Pr, pokho kN2 hyp
eif /1 # 0 or B2 # 0, C2 and C3 will

bind each other. Speciﬁcally, C2 can be converted
to Ek 1 1ok E 1Pk < Q. When [ # 0,
Ek 1 h() k Zn 1 Pk,n Q < Ek— hO kP When

max-*

B2 # 0, Zk 1h0k2n 1pkn - Zk 1h0kP7]fla;r <Q.
However, the values of P¥_ and ) are determined by
the hardware conditions of communication device. They
may not satisfy the constraint between the two values.
Therefore, the way of getting values is invalid.

To sum up, formula (12) is the solution of optimization
problem P2, and constraint condition of the solution is
formula (7). ]

B. MBS-Subgame

Bring formula (12) into formula (1), we can get
a0.k0%
U _ . n
wms=3°3 (g + ke
/\ao k

k=1n=1
+ L . (13)
Mo,kho,km?))

2
[ Oknhokto
hk,n
For convenience, we express formula (13) as f(uox) =
K N
Zk:l Zn:l ar —
this function is adf = —ao+—%3, and the second derivative
Ho,k 1o,k
f _ __1
oug po,k?

maximum value, and the maximum point is (/%2 O) So MBS

. The first derivative of

is < 0. Obviously, the function has a

makes the optimal pricing u;fi =

Based on (3, we can get pg, = No,k =
N)Cl)z . Based on C'2, we can get uak >
(o S

NA
o2
1n2(h0,k Sl e +%)
we can find the optimal solution of 1 j based on formula (12):
e When ZkK Lho kPP .. < Q, total power constraint of
each femtocell can be only considered. In this case,

. There are two cases where

No,k =

* . *,1 *,2
5 = min { u4, 7 | (14)

o When EkK LhowPE,. > @, we only consider the
interference constraint MBS can bear

. #,1 *,3
1, = min {MO,k’MO,k} : (15)
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C. Stackelberg Equilibrium

Based on the above two sections, we can determine the SE
of the Stackelberg game between FUEs and MBS. Therefore,
we prove the existence of NE below.

Theorem 3: Nash equilibrium of the Stackelberg Game is
existent.

Proof: In order to prove that the SE of the game is existent,
we need to prove that the solution of the two sub-games is
existent. The optimization problem of followers and leader
has NE if the following two conditions can be met [6], [9],
[11]: (1) The definition domain of pj, must be compact,
nonempty, convex. (2) Optimization objective function must
be continuous and quasi-concave.

Firstly, it has been proved that the objective function
of optimization problem P2 is a concave function, which
indicates that the objective function meets the condition (2).
Besides, 0 < pg, < P,’fmz can be obtained from the
optimization problem P2. The definition domain of py , is
compact, nonempty, convex. In this way, it is proved that the
optimization problem P2 has solution.

Nextly, for the leader, because ai f
problem P1 has unique solution. And then the NE of opti-
mization problem P1 and P2 is existent. (]

Because Oy, is related to pip _p, Aj, and pp
can not be obtained by formula (12), (14) and (15)
directly. We designed an Stackelberg game iterative
algorithm (SGIA) to obtain the end value of SE.

< 0, the optimization

In SGIA, Oyp,(t) = Z#k Z#npi,j(t)hk,n +
2 2 #,1 1 NAao.k
op + o 110 (1) :
k SI» 0,k ho. 1k Op p(t—1)2 "
E\ m23 Y, k’hkn
*,2 — N #30N
rok(t) = O (12 s () =
PhaetXn=y =i ) In2hok

NS T The convergence of the

In2( hox N_ 1’“,T °

algorithm and the uniqueness of NE are proved by simulation.

Algorithm 1 SGIA

Input: ¢ =0, Thnae = 30, po,x(1), prn(l).
Output: /i ., Py

1 for ¢ = 2,3, ;Tmax do
2 | fork=1,2,---,K do
3 forn=1,2,--- ,N do
4 if Z;ﬁ;l ho kP,]fmz < @ then
* *,1 *,2
5 | i (t) = min {prsh(0), w2 (1)}
6 else
* ; i 3
y | 50 = min {60, g 200) )
* _ A [e) ’"(t_l)2
8 pk’,n(t) - No,k(t)ho,k ne k nm
9 if pj . (t) —pi . (t —1) <e then
10 Mg,k = M87k(t)7
" pz’v" = plt’,n(t)

2 return uak, p,*cﬁn;

p—
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Fig. 2. As the number of iterations increases, changes of (a) price of MBS
and power of FUE, and (b) the total revenue of FUE and MBS.

IV. SIMULATIONS AND PERFORMANCE ANALYSIS

In this section, we prove the convergence of SGIA through
simulation experiments. We also analyze the influence of total
interference constraint, total power constraint and the number
of FUEs on the total revenues of MBS and FUE.

A. Convergence of the Algorithm

We assume that the Rayleigh fading channel gains are
modeled as i.i.d. unit-mean exponentially distributed random
variables. We assume that the MBS has a coverage radius
of 500 meters. We set N = 10 FBS in coverage range.
The coverage range of each FBS is 5 meters. The distance
between 10 FBS and MBS is 50 — 500 meters. And hoj =
d2 , where 3 = 30, do,. is the distance between FBS and

MBS Similarly, we can get hy,. We set bandwidth B =
10M H z. For convenient calculation, the total interference is
setto be ©F , = 20 where Ny = —173dBm/H z. the utility
gains is set ’to be a constant in range [0, 1].

In order to prove the convergence of SGIA, we use simu-
lation experiments to obtain the transmission power and the
price of MBS as the algorithm updates. In the initialization
stage of the algorithm, the transmission power allocated to
every FUE is set to different values, and the price of MBS
customization is set to 0. According to the results of Fig. 2(a),
as the number of iteration updates, the transmission power and
interference price converge to a certain point, that is, SGIA
converges. In Fig. 2(b), we map the total revenue of FUE and
MBS to the interval [0, 5]. If different initial values are chosen,
the total revenue of FUE and MBS get unique ideal benefits
synchronously. This indicates that the value of NE is unique.

B. Price and Power Allocation

As shown in Fig. 3, when Ek LhowPE .. < Q. we com-
pare the non-uniform pricing scheme with two types of uni-
form pricing scheme. In the uniform pricing scheme, Ug"*
and UJ™ are the maximum and minimum values of yg k,
respectively. In addition, Ug%" are a price random selection
between UJ*® and U™ Experimental results show that the
non—uniform pricing scheme is optimal.

For uniform pricing scheme, the total revenue of MBS and

FUE have no change, this is because ug; and pj, have
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of MBS, and (b) the total revenue of FUE.

nothing to do with P¥_ . In Fig. 3, as the transmission
power threshold P increases, the total revenue of MBS
firstly stays the same, then increases and finally decreases.
And the total revenue of FUE firstly remains constant, then
increases, and finally stabilizes. According to (12) and (14),
the price firstly stays the same and then decreases, py, ., firstly
stays the same and then increases. Because the power needed
by FUE and channel gain are limited, py, will not go to
keep increasing, the growth speed of P, ,, decreases gradually.
These results can be explained from an economic perspective:
if the total amount of goods provided by MBS increases, in the
beginning, MBS does not lower the price. As competition
increases, the price of the good declines, more people will
purchase it, and the quantity of the commodity purchased by
every people will also be larger. Nevertheless, the final number
of people and commodities purchased by every people will be
steady.

As shown in Fig. 4, when Zszl hoxPE,.. > Q, the
change of total revenue of MBS and FUE is similar to that
of Eszl ho x PE ... < Q. From the perspective of economics,
when @ increases, the quantity of goods that users can buy
is increases. In the initial stage, the purchasing power bought
by FUEs remains unchanged. However, as the surplus grew,
operators cut prices. With the change of the price pgz,
the purchasing power bought by FUEs will firstly remain

IEEE COMMUNICATIONS LETTERS, VOL. 26, NO. 3, MARCH 2022

constant, then increase and finally stabilize. According to the
experimental results, within the interference threshold range
of MBS, the number of users can be appropriately increased,
thus increasing the revenue of MBS and FUE.

V. CONCLUSION

Balancing the revenue of MBS and FUEs system directly
affects the resource allocation capability. In this letter, we build
a cross-layer interference rejection and resource allocation
model of double-layer HetNet. In the model, we consider
the revenue of MBS and FUE at the same time. And two
optimization functions are set up to maximize the revenue.
Based on the two-stage Stackelberg game, the optimization
problems are solved. In the solution process, according to
the size of interference constraint and maximum transmission
power constraint, the optimization problems are divided into
two categories. SE of the Stackelberg game is got based on
KTT conditions, Lagrangian function, and SGIA. SE is used as
a non-uniform pricing scheme. In the simulation experiment,
we proved that the non-uniform pricing scheme can bring
more benefit to MBS and FUE comparing with uniform
pricing schemes. And properly increasing the number of users,
transmission power threshold, and interference threshold can
improve the efficiency.
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