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Abstract—Macrocells may suffer serious interference induced
by the deployment of co-channel femtocells. To mitigate the cross-
interference, we design a novel price-based power control method,
with each femtocell user’s delay quality-of-service (QoS) provi-
sioning, in uplink OFDMA two-tier femtocell networks. Assuming
that the macrocell base station (MBS) protects itself by pricing
the interference from femtocell users (FU), a Stackelberg game is
formulated with a goal to reach the joint utility maximization of
the macrocell and the femtocells subject to a maximum tolerable
interference power at the MBS. The Nash Equilibrium (NE) of
its non-cooperative subgame is found with optimization theory
firstly, and then a particle swarm optimization (PSO) aided power
allocation (PSO-PA) algorithm is proposed to achieve the final
Stackelberg Equilibrium (SE). Simulation results show that our
proposed power allocation algorithm can converge quite fast and
bring much higher effective capacity (EC) at FU side.

I. INTRODUCTION

As indicated in [1], nearly 90% of data transmission and
60% of mobile voice are originated from indoor environments.
In order to provide high data rate for indoor mobile users, the
application of femtocells has been considered. It will not only
enhance the indoor coverage without much additional cost, but
also bring other significant benefits such as improving network
capacity, belonging handset battery life and so on.

However, in spite of these advantages, femtocells will in-
duce excessive interference, which greatly restricts the network
performance. Hence, interference mitigation has been an indis-
pensable task and a hot research topic recently. Power control
is an effective mean to alleviate the cross-tier interference
[2, 3]. In [2], a distributed channel assignment algorithm
for mitigating interference among femtocells is given, which
improves the experience of all users, but the interference from
FUs to the MBS has not been considered. A power con-
trol strategy for spectrum-sharing OFDMA two-tier femtocell
networks is studied in [3], which considers the interference
restraint from FUs to the macrocell, however it doesn’t take
the delay QoS of the FUs into consideration.

In another aspect, as smart mobile terminals become popu-
lar, the wireless networks have loaded a mount of data services
with diverse delay QoS requirements. For example, a mixture
of delay sensitive applications (e.g., video teleconferencing)
and delay tolerant ones (e.g., web browsing and file down-
loading) must be supported. Therefore, resource allocation
with delay QoS guarantee in two-tier femtocell has become
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increasingly significant research area. Due to the time-varying
nature of wireless channels, it is difficult and impractical
to impose a deterministic delay guarantee for services over
wireless networks. To address this issue, the EC has been
adopted to provide the statistical QoS provisioning in [4].

In this paper, we study the power control in the uplink
OFDMA two-tier femtocell networks with statistical delay
QoS guarantee. We assume that the MBS protects itself by
pricing the interference from femtocell users. Firstly, we
formulate a price-based Stackelberg game, where the MBS
acts as the leader and can communicate with FUs; FUs behave
as the followers and only know the MBS’s power strategy.
The maximum tolerable interference power at the MBS will
be seen as the resources that all followers are competing for.
Our goal is to jointly maximize the utility of the MBS and
the EC of each FU with different delay QoS requirement. We
solve the proposed problem by finding the NE point of non-
cooperative subgame with optimization theory firstly, and a
PSO-PA algorithm based on the proposed Stackelberg game
model has been proposed. Numerical results show that our
proposed algorithm can converge quite fast and bring much
higher average EC for each FU.

The rest of the paper is organized as follows. In Section II,
we describe the system model and formulate the problem as
a price-based Stackelberg game. In Section III, we will solve
the formulated problems and proposed a PSO-PA algorithm
to obtain the SE point. Simulation results are presented to
analyze the performance of the proposed algorithm in Section
IV. Finally, we conclude the paper in Section V.

II. SYSTEM MODEL AND GAME FORMULATION
A. System Model

The scenario considered in this paper is shown in Fig. 1,
where K femtocells are overlaid in a macrocell. It is assumed
that all femtocells share the same frequency with the macrocell
and each femtocell provides heterogeneous delay-QoS services
for FUs. Additionally, the total cross-tier interference to the
MBS should be restricted to a certain threshold in every
shared spectrum. To avoid intra-cell interference, for any given
subchannel, we assume that there is only one scheduled active
user during each time slot in each femtocell.

In this paper, all channels involved are assumed to be
independently block-fading, which means that the channel
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Fig. 1: The system model of the two-tier femtocell network

gains remain constant during each transmission block, but
possibly change from one block to another. Let By (k € K)
denote the FBS, where KX = {1,2,..., K}. FU k represents
the scheduled user in FBS Bj and its transmit power is py.
hy,; and g are instantaneous channel power gains from FU
k to FBS B; and to MBS respectively. We assume that the
additional interference from the macrocell users is regarded as
the background noise, which is additive white Gaussian noise
(AWGN) with o2 as power.

The signal to interference and noise ratio (SINR) of FU k
is
_ Peher
Z Pk hj7 k+Oo 27
ik
where p_j denotes other FUs’ transmit power except FU
k. According to the Shannon’s capacity formula, the ideal
achievable data rate of FU £ is

Ve (P, P—k) = Vk e K, (1)

Ry (p, p—1) = wloga(1 + vk (Prs P—k)), ()

where w is the frequency width of each subchannel.

In practice, as the result of the variance of physical channel,
Ry (pk, p—k) is stochastic variable, which makes it definitely
difficult and unpractical to provide an accurate delay bound
guarantee for FU k. Therefore, the statistical QoS metric
and delay-bound violation probability have been widely used.
Denote 0 to be the statistical delay exponent of the FU k.
It characterizes the steady-state delay violation probability of
FU k by

P(Dy > D) = e~ erPi, 3)

where Dy, represents the actual delay and is a random variable,
Di#* is the delay bound, and ¢ is a constant determined
by the arrival and service processes. Apparently, a smaller
0y implies a looser delay-QoS constraint and a larger one
corresponds to a more strict delay-QoS constraint. Then, EC
is defined as the maximum constant arrival rate that a given
service process (channel) can support in order to guarantee the

statistical delay requirement specified by 6 [5]. Analytically,
the EC of FU k is given by

1
—~ In(E[e— 0T Rxk(pr.P—k) 4
where [E is the expectation operator and 7 is the block
duration.

Ec(ek) =

B. Stackelberg Game Formulation

Stackelberg game is a strategic game that consists of a leader
and several followers competing with each other on certain
resources. The leader moves firstly and the followers move
subsequently.

In this paper, we formulate the MBS as the leader, the
FUs as the followers. At first, The MBS protects itself by
imposing a set of prices on per unit of received interference
power from each FU. Then, the FUs update their power
allocation strategies to maximize their individual EC based on
the assigned interference prices. The maximum interference
that the MBS can tolerate is Q, then the following restraint
should be satisfied at MBS side:

K
> Ik(ok) < Q, )
k=1

where Ij(pr) = gxpr denotes the power of the interference

from FU k to MBS.

At the MBS’s side, the MBS’s target is to maximize its
revenue obtained by selling the interference quota to FUs,
which can be expressed as

K
Uni(p,0) = Y I (p), ©6)
k=1

where p = [y, pa, ..., i) T represents the interference price
vector, and py denotes the interference price for FU k.
p = [p1,p2,-.,pK]T is power allocation matrix for all the
FUs. The MBS needs to find the optimal interference prices
[ to maximize its revenue within its tolerable aggregate
interference margin. The problem can be formulated as:

Problem2.1 : max Uy (u, p), (7a)
K

> Ii(pr) < Q. (7b)
k=1

pn > 0. (7¢)

At FU’s side, we assume each FU expects to have a
much higher spectrum efficiency under a certain delay-QoS
constraint. Since In(x) is a monotonically increasing function,
from (4), a higher —E[e T Rx(Pk-P—)] results in a higher EC.
Therefore, the utility for FU &k (Vk € K), can be formulated
as

Uk (pr, p—) = —E[e O TRPP—] 1y (pr),  (8)

where Ij(px) is the interference quota FU that k£ would like
to buy from the MBS under the interference price py. It is
observed from (8) that the utility function of each FU consists
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of two parts: profit and cost. If the FU £ increases its transmit
power, the profit increases, which implies higher effective
capacity, but it will definitely cause more interference to the
MBS and needs to pay for it at the cost of p Iy (pk). For each
FU £, this problem can be formulated as

Problem?2.2 : max Uy (pr, P—k), (9a)
pr > 0,Vk e K (9b)
Pk < Pmax, Yk € K %0
O, > 0,Vk € K, (9d)

where py,q. 1S the maximum transmit power of FU k.

Problem2.1 and Problem2.2 together form a Stackelberg
game. The objective of this game is to find the SE point(s),
from which neither the MBS nor each FU has incentive to
deviate. The SE of the proposed game is investigated in the
following subsection.

C. Stackelberg Equilibrium

For the proposed Stackelberg game, the SE is defined as
follows.

Definition 2.1: Let p* be a solution for Problem 2.1 and
pj. be a solution for Problem 2.2 of FU k. Then the point
(p*,p*) is a SE for the proposed Stackelberg game if for any
(p, p) .the following conditions are satisfied:

(10)
Y

It is not difficult to see that for a given u, FUs strictly
compete in a non-cooperative manner, which can be seen as
the subgame of the proposed Stackelberg game. Generally,
the SE for a Stackelberg game can be obtained by finding
its subgame’s NE point firstly. At the MBS side, since there
is only one player, the best response of the MBS can be
readily obtained by solving Problem 2.1. Thus, the SE can
be obtained as follows. For a given p, Problem 2.2 is solved
firstly. Then, based on the obtained best response functions p*
of the FUs, which is a function of u, we solve Problem 2.1
for the optimal interference price pt.

Um(p*,p") > Un(p,p*),
Uk(plt7pik7u*) Z Uk(pkvpikau*)

III. POWER OPTIMIZATION

In this section, we provide the solutions for the formulated
problems with following steps: finding the NE for the subgame
firstly, and searching the SE point subsequently. For tractable
simplicity, we assume that the MBS gives interference price
for each FU uniformly, which is denoted as .

A. NE of the Non-cooperative Subgame

Firstly, we consider the sparsely deployed scenario, i.e, in
rural areas. Then, interference between each femtocell can be
negligible, i.e, h; ; = 0,Vj # k. As a result, the Problem 2.2

can be translated into

P, k?’k

Problem3.1: max E[—¢ ?xBloe(+ N — pgrpr,
(12a)
pe > 0Vk €K (12b)
Pk < Pmax, Yk € K (12¢)
0, > 0,Vk € K. (12d)

It’s observed that the objective function is a concave func-
tion over pg, which has a unique optimal solution. The derivate

of U (pr,P—k) is

OUk (Pk,P—k)
6pk k kpk:
_ E[apk ( 70kBT10g2(1+ ) ,ngpk)]
- /3+1)
= [ [-OkB(L+ Mute) T Mgk]f(hk,k)dhk,k,(m)
where 8 = 1 2, and f(hy ) represents the probability density

function (PDF) of hy k. Let M’M = 0. According to
the theory in [6], for a given 1nterference price u, the optimal
solution for (12a) is

N o? <9kﬁhk k) S
D = — : —1{. (14)
k() hi i Hgko?
Then, solution of Problem 3.1 is accordingly
s OrBhy k
. min(pr (1), Pmaz ), 1 <

piln) = { . el i, (9

I iy k(72

It is observed that for a given interference p, the NE for the
subgame at FU side can be easily obtained. If the interference
price is too high, i.e., u > @ FU k will not transmit. In
other extreme, FU k will translate at pj,q.

Sequently, we consider the densely deployed scenario, i.e.,
in the urban area. Mutual interference between each femtocell
can’t be neglected. Based on the conclusion above, for given
Pp—x and u, the best response function of FU k can be obtained
as

22(p—k) OxBhip  \ TTO7
. _ ; -1 16
Pr (k) R i (ugsz(p—k)) -0
.~ Ok Bhis,
. mln(pk(ﬂ) pmam) H< %7
oy gr22(p_ Ic)
where 2%(p—k) = 0% + > p;ihj i, and po = % For

a given interference pmcéé 1, (17) represents a N-users non-
cooperative game.

In general, there are multiple NEs, and there is no efficient
algorithm to obtain all of them. However, since the cross-
femtocell channel power gains are usually very weak due
to the penetration loss, we can assume that the aggregate
interference at Bj’s receiver received from other femtocell
co-channel FUs is bounded, i.e., Y p;jh;r < e, where € is

i#k
the upper bound. Here, we can mer]gfy consider the worst case,
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ie, > pjhjr =¢,Vk € K. If we denote o2 + ¢ as 22, the
i

J
problem at the FU side will be exactly the same as Problem
3.1 with o2 replaced by z2. So the NE point is unique at this
case and the NE can be calculated by (15).

B. PSO aided Power Allocation Algorithm

As analyzed above, for a given u, the NE of the subgame
will be obtained under the sparsely deployed scenario and
the densely deployed one with inter-cell interference seriously
restricted. Substituting pj(u)(k € K) into Problem 2.1, the
optimization problem at the MBS side can be formulated as

K
problem3.2 : maxZqu(u) (18a)
k=1
K
D Ik <@, (18b)
k=1
1> 0. (18¢)

Usually, problem3.2 is difficult to solve directly. In this
paper, the best p will be searched by utilizing the PSO
algorithm, which is quite fast to converge and easy to operate.
The optimization procedure of PSO is based on a population
of random particles, that fly in the solution space with velocity
dynamically adjusted.

In this paper, each particle has a position x4 and a velocity
vector v, and the performance of particle is evaluated by

K
the fitness function, F'(u) = Y plr(u). At each iteration,
k=1

each particle records its personal optima, 1p, Which denotes
best position it has achieved so far. At the same time, the
population records the global optima, w4, which represents
the best position searched among all the particles. The update
formula of each particle is

v(t+1) = wo(t) +r1(pp(t) — u(t) +r2(pg(t) — u(t)), (19)
pt+1) = pt) +olt+1), (20)

where 1 and 79 are randomly and uniformly distributed in the
range [0,2], and w is a parameter in [0, 1]. After each update,
they record the best particle, and finally the particles swarm
will find a optimal position in the solution space. The complete
algorithm is shown in Algorithm 1.

IV. SIMULATION AND NUMERICAL ANALYSIS

In this section, several numerical results are provided to
evaluate the performance of our proposed power allocation
algorithm for two-tier femtocell networks. In the simulation,
we consider sparsely deployed scenario, and the densely de-
ployed one with inter-tier interference constraint also accords
with these results. Specifically, to make a comparison, we
also consider the femtocell non-cooperative resource allocation
game (FNRAG) algorithm [7], in which interference price u
determined by a try-and-error method is a constant.

The mainly scalable parameters are listed in Table I [8]. In
this evaluation, femtocells are randomly distributed within the
coverage of the central MBS.

Algorithm 1: PSO aided Power Allocation Algorithm

1 Step 1: Input: 0 = [0k]1xx.hh = [hi]1x k.8 = [gk]1x K>
population size as M and calculate the largest fimax
which makes at least one FU access.

2 Step 2: Particle population initiation

3 Denote the particle population as M= {1,2,..., M}.
Their positions and velocities are respectively initialized
as R(0) = {111(0), 12(0), ..., s (0)} and
V(0) = {v1(0),v2(0), ...,vpr(0)}, where Vm € M,

1, (0) randomly distributed in (0, ptmayx) and satisfies
(18b), and v,,, (0) is randomly distributed in (0, Umax )
4 [Initialize each personal optima: (i, (0) = ft, (0).
s Initialize global optima: 14(0) = arg max F'(u)
HER(0)

6 Step 3: Begin to search the global optima.

7 while(t < tay) do

8 Update the population’s positions and velocities to
R(t) and V(t) with (19) and (20).

9 forom=1: M)

10 F (i (£)) > F(ptm,p(t = 1))&&d (i (1)) < Q)
n thenyim, p(t) = pum (t) €lse fin p(t) = pimp(t — 1)
12 end for
13 w* = argmax ul(u)
HER(t)
ufF () > F(pg(t — 1))
15 then pg(t) = p* else pg(t) = pg(t — 1)
16 end while
17 Step 4: Output the best particle 11, and each FU’s
allocated power p; with (14) or (15)

TABLE I: Simulation Parameters

Parameter Value
Carrier frequency 2.5GHz
The Bandwidth of Subchannel 200KHz

Number of FBS K 9

FU maximum power Pqz 23dBm
Background noise power -1dBm
Path loss for indoor link 38.46 + 201gd
Path loss for in-outdoor link | 38.46 + 201gd + L,,

Fig. 2 shows the convergence of our proposed algorithm.
In the simulation, the maximum interference the MBS can
tolerate is -50dBm for every channel. The delay constraints
for the FUs are set as 8;_5 = 0.001 and 6g_¢ = 0.01. We can
see from Fig. 2 that after about 7 iterations, the revenue of the
MBS reach the highest, which means our proposed algorithm
has a nice convergence.

Fig. 3 shows the average EC of all users versus different
delay-constraints #, where Q is -70dBm. As shown in the
figure, when 6 is smaller than 10~6, which implies quite a
loose delay-QoS constraint, the upper layer can transmit data
at the Shannon capacity and the average EC of all FUs is
quite high. As @ gets larger, the delay-QoS constraint becomes
more stringent and the average EC decreases. In addition,
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it’s obviously presented in Fig. 3 that the proposed PSO-
PA algorithm can bring higher average EC compared with
FNRAG algorithm, since p in FNRAG is determined by a
try-and-error method and kept invariable, but p in PSO-PA is
adjusted dynamically by the MBS.

As shown in Fig. 4, we set each user’s 6 as 0.001 and 0.01
respectively. The average EC of all FUs increases as the Q gets
larger. It’s rational that as more interference can buy from the
MBS, the FUs can obtain more interference permission and
transmit at higher power level. However, as it reach some level,
the average EC doesn’t increase any more, because although
the interference constraint is large enough, the FU’s purchasing
power is not infinite.

V. CONCLUSION

In this paper, we have studied price-based power allocation
in uplink OFDMA two-tier femtocell networks, with each FU’s
statistical delay-QoS considered. We firstly introduce the con-
ception of EC and formulate the problem as the Stackelberg
game, in which the MBS is formulated as the leader, the FUs
as the followers. We solve the proposed problem by finding
the NE point of non-cooperative subgame with optimization

90

©
@
T

®
=)
T

AveragefEffectiveRCapacity(bits/symbol)

=100 -90 -80 -70 -60 -50
InterferenceMResourceRARdBm)P

Fig. 4: Average EC vs. Q

theory firstly, and a PSO-PA algorithm based on the proposed
Stackelberg game model has been proposed. Numerical results
show that the proposed algorithm can converge quite fast and
bring higher average EC compared with FNRGA algorithm.
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