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In this paper, a new distributed resource allocation
algorithm is proposed to alleviate the cross-tier
interference  for  orthogonal frequency division
multiplexing access macrocell and femtocell overlay.
Specifically, the resource allocation problem is modeled as
a non-cooperative game. Based on game theory, we
propose an iterative algorithm between subchannel and
power allocation called distributed resource allocation
which requires no coordination among the two-hierarchy
networks. Finally, a macrocell link quality protection
process is proposed to guarantee the macrocell UE’s
quality of service to avoid severe cross-tier interference
from femtocells. Simulation results show that the proposed
algorithm can achieve remarkable performance gains as
compared to the pure waterfilling algorithm.
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[. Introduction

Femtocells have emerged as a solution to increase both the
capacity and coverage while reducing both capital
expenditures and operating expenses. Femtocells, which
consist of miniature personal base stations and stationary or
low-mobility end users deployed in an indoor environment,
are located within an existing cellular network; a two-
hierarchy network is deployed. Since femtocells operate in
the licensed spectrum owned by wireless operators and share
this spectrum with macrocell networks, how to allocate the
resources (for example, subchannels and power) is a critical
issue to mitigate the cross-layer interference and satisfy the
user’s quality of service (QoS).

The related works on femtocell resource allocation are
mainly included in [1]-[6], which are about power
allocation/control or/and subchannel resource allocation.
Interference mitigation through power control for macrocell
femtocell overlay is proposed in [1]. In [2], the authors derived
a fundamental relation providing the largest feasible macrocell
signal-to-interference-plus-noise-ratio (SINR), given any set of
feasible femtocell SINRs. Then, they proposed a distributed
power adaptation algorithm to satisfy their minimal SINR
requirements. Unlike the underlay scheme in [2], the authors of
[3] considered an overlay scheme in femtocell networks, and
proposed an interference avoidance strategy, called the
F-ALOHA algorithm, to alleviate cross-tier interference and
co-channel interference at the same time. A dynamic resource
partitioning scheme is proposed in [4] that mitigates destructive
femtocell to macrocell interference using the downlink high
interference indicator. The authors in [5] proposed a suboptimal
centralized algorithm to solve the problem of resource
allocation for a multiuser orthogonal frequency division
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multiplexing (OFDM)-based multicell cognitive radio system.
The authors in [6] focus on the centralized radio resource
management in the dense femto environment. Different from
the multicell networks, there is no coordination between
macrocells and femtocells in two-tier femtocell networks. In
addition, femtocells are consumer-installed and the traffic
requirements are user-determined without any operator
influence. Consequently, distributed interference management
strategies may be preferred.

In this paper, we propose a distributed resource allocation
(DRA) algorithm that considers the subchannel and power
allocation comprehensibly in an OFDMA macrocell and
femtocell two-hierarchy networks. The target of the proposed
algorithm is to minimize the overall transmitted power under
each cell’s (if there is no special explanation, the femtocell and
macrocell are both called cell) maximum power constraint and
satisfy the user’s target data rate. Our work ties in with well-
known resource allocation schemes in conventional cellular
networks and prior work on utility optimization based on game
theory, such as [7]-[10]. Also, there are two papers [11], [12]
about resource allocation for femtocell/macrocell hierarchy
networks based on game theory. However, there exist some
differences compared with the above schemes. First, the
problem formulation minimizes the overall transmission power
bound by the target data rate and maximum power constraints
in this paper. Second, this proposed scheme is iterative between
subchannel allocation and power allocation which is
guaranteed to converge to the optimal solution. Furthermore, a
macrocell link quality protection scheme is proposed to
guarantee the macrocell UE’s QoS at the presence of severe
cross-tier interference from femtocells. The influences of
femtocell density and femto UE target data rate on macrocell
performance are also investigated.

This paper is organized as follows. Section II provides the
system model and problem formulation. The specific
distributed resource allocation algorithm is given in section IIL.
The simulation model and results are generalized in section IV.
Finally, in section V, our conclusions are drawn.

II. System Model and Problem Formulation

We consider a downlink resource allocation in an OFDMA
macro-femto two-tier system, which consists of a single central
macrocell BS B, serving a region C with radius R.. The
macrocell is underlaid with N cochannel femtocells B, Each
femto serves users located on the circumference of a disc with
radius Ry. Also, K users are distributed in the region served by
the macrocell B, and femtocells B;. U, denotes that the UE set
belongs to the cell #. The total bandwidth B is divided into M
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subchannels. The vector p” =(py,...,py) denotes the
transmission power of cells# (0 < n < N), with p,, denoting
the transmission power at subchannel 7. In addition, we denote
by P=[p’p'.p’...p"]

concatenation of the transmission power vectors of the N+1

the network power vector, a

cells in the integrated region. We define the assignment matrix
as A"
assigned to user & and 0, otherwise. Each subchannel in one

=[ay, lyxx » Where a,, is 1 if subchannel m is

cell is assigned to only one user.
The SINR of user k in subchannel m of cell # for the given
network power vector P can be expressed by

n Gk P
Vmik (P) = it 5

N 2
21:0,#” mkpm to

where G, denotes the channel gain between user £ and the

(D

cell n, and o is the noise power. Then, the achievable data

rate of user £ is given by

R () =2 togy 14 2P

T2y, )
where I' =—In(5BER)/1.5 for the bit error rate (BER)
requirement [13].

The total data rate of user k, R;, depends on the power
allocation in other cells as well as the subchannel assignment
and the power allocation in the corresponding cell. Specifically,
Ry is determined by P and A" as follows:

R.(P,A")= ZamkR ((P).

m=1

G)

Each user requires the satisfaction of the minimum data rate
request R°, and the total transmit power for each cell is
bounded by the maximum transmit power By* (for
macrocell) and B (for femtocell). To mitigate the cross-tier
interference and guarantee the QoS of users, we formulate the
resource allocation problem in the two-tier networks as

mlnz Zamkpm,

n=0m=1
R, > R™, Vk,

; @
st.10< ) pr <RI™ for n=0,

m=1

M
0<) pp <B™ for 1<n<N.

m=1

As the problem in (4) is NP-hard [14], in the subsequent
sections, we are going to solve this conflict problem in a
distributed manner by adopting a theoretic game approach.
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[11. Distributed Resource Allocation

In this section, our focus is to solve (4) by non-cooperative
game theory. First, we analyze the system’s feasible region.
Then, we will construct the non-cooperative resource
allocation game and propose an iterative distributed algorithm
between subchannel allocation and waterfilling power
allocation. Finally, we introduce an effective mechanism called
macrocell link quality protection process to primarily guarantee
the data rate requirement of macrocell UE.

1. System’s Feasible Region

Let us first consider the case when the target SINR per
subchannel of the corresponding user is known. Then, every
user should have SINR on its own allocated subchannels no

less than the target SINRTY,, , that is,y,, =T, Vm,n .
Rewriting these inequalities in matrix form, we have

a-r,G,)pr,=v,.,Vm, 6)

where 1T is an (N+1)x(N+1) identity matrix,

=[2,0} .., 0N7 with = GZF"k/ ,

—dlag{ ks ,Fﬁk}, Pm:[p?n,pm,...pm],and

i
G’jk (n#1),

G, (nl)=

0 (n=1).
Since I, G, is the
p(T,G,) (defined as the maximum modulus eigenvalue
max{|/1| :r,G,
I',G,, . Applying Perron-Frobenius theory [12] to I',G,,

non-negative, spectral  radius

Ay, 1s singular} ) is an eigenvalue of

there exists a positive power allocation if and only if
| pT,G, )| <1, and then the optimal power solution is

©)

The system’s feasible region is defined as the supporting
domain where there exist solutions and the constraints in (4)
are satisfied. When a feasible region has been identified as such,
the distributed iterative power control moves toward the
optimal solution. Unfortunately, to find out whether the system
(5) admits solution (6), we need to evaluate the eigenvalues of
I',,G,, . However, using another properity of the weak Perron-
Frobenius theorem [15] (denoted as Brauer-Solow’s criterion),
G,,), which is

P, =(1-T,G,)"'v,.

we can assert an upper limit to o(I,

n N !
Uik leO,l#n Gk
mk
On each subcarrier, the target SINR must fulfill the

independent among cells.

p(rme) < maXOSnSN( ) <1. (7)
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b n n
conditionI’,, <7,

no_
where T, =

n N I
mk/ zle,l#n G

guarantee the distributed iterative power control toward the
optimal solution. In the next section, we will use this
conclusion to ensure the convergence of the power allocation
game.

2. Non-cooperative Resource Allocation Game

We model the radio resource allocation problem in OFDMA
macrocell and femtocell two-hierarchy networks as a non-
cooperative resource allocation game (NRAG), where the cells
act as the rational and selfish players. Each player wants to
minimize its transmitting power subjecting to the data rate
constrains, regardless of other players in a distributed way.
Formally, for alln (n € o) , the game can be expressed as,

NRAG: u,(p",P",A")
= m1n

p'eP" A"eA" £ Z Gk P

st. R, 2R (VkeU,),

min
PHGIP”,AHEA”

®)

where u, is the utility function defined as the n-th cell’s transmit
power. P™" denotes the reduced network power vector that
remains after separating out p”, which indicates the interference
power from other cells:

P” { 0<z ol <Pmax}(f0rn=0),

m=1

P" = {p” 0<
Also,

An — {An

>

m=1

< PFmax} (for 1<n<N).

apy = Oorlforallm,k,andzkeU an; <1 Vm}

where U, represents the user set belonging to cell n. Each cell
tries to determine the transmission power vector p” and the
subchannel assignment matrix A” to minimize the utility under
the target data rate constraints.

In the problem formulation in (8), each base station wants to
minimize its transmit power by allocating the subchannel and
power resources for users belonging to this cell, irrespective of
other base stations in a distributed way. In the following, based
on the analysis from [16], [17], power allocation is separated
from subchannel allocation to reduce complexity.

We first consider the power allocation problem for a given
subchannel assignment matrix A" . Therefore, the resource
allocation problem falls back into the power allocation problem
and NRAG reduces to a non-cooperative power allocation

game (NPAG) G = [W,{]P’” },{un}J :
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NPAG: min u, (p",P™",A™)
P

pE

= min Zamk D> ©)
pep" £

st Ry 2R™ (VkeU,).

We formulate the SINR of user & in subchannel m of cell n
for the given network power vector P,

Gk P
N Gl / 2 = p m 1 rrrllk ’
21:1,1# mk Pm T O
n N 1ol 2
mk/zhl,]#,, Gmkpm too.
The NPAG game of minimizing the sum power is equivalent
to the following target SINR allocation problem:

7/m z Z amkymk/ mk >

Yk (P) = (10)

m=1keS§, (11)
7mk

—log,

s.t. Zamk

m=l1

Since the subchannel assignment matrix has been decided
as A" | the subchannel set that allocated to the user
k(keU,) can be obtained and denoted as S;. With the
obtained conclusion in (7) to ensure the power allocation game
converges toward the optimal power solution, the NPAG can
be rewritten as

min Z / ks (VkeU,),

meS;

s.t. z %logz(l

meS;

7:11{
> , 12
T (12)

0<7mi <o

The above is a convex optimization problem and can be
solved with the KKT conditions [18].
The solution of this problem is as follows:

¥, =min {[l[,’;k —r] ,T,gk} (13)

where A 1is a constant value that should be set so that the data

rate condition Z —log2 1+ }/’”k) R;* is fulfilled. Once

mesS),
we get the target y,,, , the power allocation vector P" can be
obtained through solving the linear function (13)

p;:: = ymk/lmk (14)

Note that in (13), we use the conclusion in (7) to ensure that
the power allocation game converges toward the optimal
power solution. However, if the number of users is too many
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and the target data rate is too high, the final power allocation
will not satisfy the maximum power constraint defined in (4).
That is, in this situation, the optimal solution cannot be
achieved. When the maximum power exceeds the constraint,
we propose a heuristic scheme to reallocate the power scaled
with SINR to get more system throughput gain. The higher the
SINR on subchannel m, the less the power should be reduced.
In this way, the limited power can be fully exploited to get
improved throughput performance.

—Ax/Zforpm %0,

ymk

(15)

where

B - Z py, for n=0,
A= (16)
PFmaX—Zp,’:l for 1I<n<N.
m=1
From the above NPAG we can obtain the solution given the
subchannel assignment matrix.
Next, we formulate the subchannel assignment problem
from (9) for a given power vector P', which is given by

Ar,plgn Z amk p m>
€

st. R, > R™, (VkeU,).

(17)

Since the power vector is given, the interference achieved on
each subcarrier m can be obtained. So, the above problem can
be rewritten as

o Z Z amkak/ ik s

ik m=1keU,

s.t. Zamk

m=1

As users cannot share the same subcarrier, allocating bits to a
subcarrier essentially prevents other users from using that
subcarrier. This dependency makes any greedy algorithm a non-
optimal solution. This nonlinear optimization problem can be
solved by employing integer programming [19]. In general,
integer programming is a full-search approach that needs
exponential computational time in the worse cases. Therefore,
we usually propose suboptimal schemes to solve the subcarrier
allocation problem for the OFDMA systems. In the following,
subchannel allocation is performed with an adapted version of
the iterative algorithm for power minimization under target data
rate requirements. We assign each subchannel to the user that
yields the maximum SINR under the constraint of satisfying the
target data rate requirement and working below at the maximum
power level. The probability of suffering severe cross-tier
interference is evidently reduced because each user is to be

(18)
= Jog, (1+ 7’”")> R™, (VkeU,).
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allocated to the best subchannel. The process of this part can be
given as:
For each NodeB #,
1) Initialization
For each user kU, , set R, =0 as the estimated
achievable data rate, 9M" ={1,2,...,M} denotes the
available subcarriers set for cell 7.
ii) Finding appropriate UE-channel-pair (, ) that satisfies
(k,m)=arg max R

mk >
keU, ,meM"

update Iz’k, m”,

R, =R, +Rly, M" =M" —{m};
if (R, > R™)

U,=U,—-{k};
if (U,or 9" is empty)

break;
else go to step 2.

We give an example to clarify the proposed subchannel
algorithm in Fig. 1, where V denotes the subchannel allocated
to the corresponding UE and x means not. Under the given
power vector, the data rate of each UE on each subchannel can
be estimated, and we sort the UE-channel pair in descending
order. Then according to this order, the UE-channel pair is
checked sequentially to verity that this subchannel has never
been allocated and this UE’s data rate has not achieved the
target data rate. When the above conditions are satisfied, the
subchannel is allocated to this UE. Otherwise, the next UE-
channel pair is checked. In the above scheme, the subchannel is
allocated to the UE that yields the maximum data rate and the
result is using fewer subchannels to satisfy the data rate request.
Thus, the ICI will mitigate, and, in the NPAG process, the
power needed will be lower.

From the above NPAG and subchannels allocation process,
we can develop a new DRA algorithm in OFDMA macrocell
and femtocell two-tier networks. The subchannel assignment
and power allocation processes are iteratively implemented.
The whole iteration process is shown as follows:

1) Each cell distributes the total power equally to each

subchannel.

i) Each user measures the SINR for all the subchannels for
the given transmission power vectors of other base
stations in the previous iteration.

iii) Each user feeds back the measured values to the base
station associated with it.

iv) Each cell performs the above subchannels allocation
process.

v) Each cell performs power allocation according to (13) and

(14).
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UE1 UE2 UE3 UE4 | = »
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RB3 X X X Jd |lo o o

Fig. 1. Example for subchannel process.

vi) If the power allocation in step v) cannot satisfy the
maximum power constraint, reallocate the power
according to (15) and (16).

vii) Iterate steps ii) to vi) until the resource allocation
converges to equilibrium.

In the distributed resource allocation process above, we
update the subchannel allocation and implement the
waterfilling power allocation iteratively. At each iteration, each
cell can minimize its utility with only local information (that is,
SINR in each subchannel), so resource allocation can be
performed in a distributed manner.

3. Macrocell Link Quality Protection

Due to the macrocell’s primary role as an anytime-anywhere
infrastructure, the macrocell user’s communication should not
be affected by femtocell users. Therefore, we should guarantee
the macrocell link first and foremost. In this distributed
resource allocation iterative process, if the two-tier system is
very crowded and the co-channel interference is very large, a
feasible domain will not exist, and the whole iterative process
will not converge to a stable state. So, we introduce an effective
mechanism called macrocell link quality protection (MLQP)
process to primarily guarantee the macrocell UE data rate
requirement.

The centralized MLQP is hard to implement because it will
need the large exchange information between femtocells and
macrocells. So, we propose a coordination process in a
distributed way.

In the following part, a detailed description about the process
of prohibiting some subchannels with severe interference from
being used in certain femtocells to ensure the QoS of macrocell
users is clarified. Following every M-th (assuming large M)
update of the DRA iterative process elucidated in section I11.2,
the MLQP process is implemented once.

The set of the subchannels allocated to macrocell UE £ that
receives the most severe interference is denoted as I;. Also, in
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each subchannel (without loss of generality, the subchannel is
denoted as m), there exists the dominant interference
set " ={B,: G,
interference for UE k in subchannel m exceeds the interference
threshold y;, whose initial value is set through system practical
statistics. The system can estimate the maximum interference
from femtocells that a UE & can tolerate to achieve the target
SINR. Then, y; can be obtained. In the following MLQP
scheme, this threshold will be adjusted according to the
situation. We put the severely interfered
subchannel m into I; and the dominant interference set pair
(m, F," ) into the set II; as the dominant interferer set. For every
MLQP process, for each macrocell UE below the target data
rate, we pick up the subchannel that receives the most severe
interference and update the dominant interference set. The

D> }, consisting of femtocells whose

interference

following steps are repeated until all of the macrocell UEs
reach the target data rate.
1) UE £ picks the subchannel 7, that owns the least gain-to-

interference-plus-noise by formula m,=arg min I,
me(S;—Iy)

if §; —1I, is not empty, where S is the subchannel set
allocated to the user k. The reason for m e (S, —1;)is
that if the m has not been selected in the former iteration,
the new different subchannel should be restricted for the
femtocells to reduce severe interference to the macrocell
UEs. When S, -1, is empty, this means that all of the
subchannels allocated to user k£ have been in the severe
interference set. Therefore, the interference threshold yy
should be reduced by step 45 and m;, = arg min 7,,, . Then,

the number of femtocells comprised in k"{?ewkill get larger

and the interference to the macrocell will be further mitigated.

11) Put ny nto Ik.
ii1) Picks the femtocells B, as the interfering set for the macro

UE & on subchannel m; by F" £ {Bz : G,lnk WDh > } .

iv) Add subchannel m, and dominant interference set pair
(my, F™ ) into 11y

The above MLQP will be repeated until the data rate of
marocell’s UE k is greater than its target data rate. Thus, each
macro UE, without satisfying data rate, can find a dominant
interference set II; and the macro NodeB will notify the
femtocells according to the set II; to prevent some femtocells
from using certain subchannels. The signaling overhead is low
since the implementation frequency of the MLQP process is
low, and only the macro UEs without satisfying data rates need
this coordination process.

IV. Simulation Models and Results

To show the improvements of the proposed DRA, we set up
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Table 1. System parameters.

Parameter Variable Simulation value
System bandwidth B 10 MHz
Subchannel number M 50
Maximum transmission powers | By™, B 43,23 dBm
Carrier frequency A 2,000 MHz
Wall partition loss Was 5dB
Path loss exponents Aoy A gy 3.8,3.8,3
Cell radius R, Ry 500,35 m
Interference threshold step step dB 5dB

Iteration rounds
[=} -

2
30 35 40 45 50 55 60 65 70
Target data rate request of femto UE (Mbps)

Fig. 2. Iteration rounds vs. target data rate of femto UE (number
of femto NodeB = 20, number of macro UE = 10, target
data rate of macro UE = 1 Mbps).

a system level simulation and make the pure power iterative
waterfilling [20] algorithm as the reference algorithm. For this
algorithm, all of the cells share all of the subchannels and the
subchannels are evenly allocated to the users in one cell.

The simulation model uses the system deployment
introduced in section II which comprises a single central
macrocell BS and N femtocells. The indoor and outdoor path
loss models for various scenarios expressed in [21] are
introduced into this simulation and not repeated here due to
limited space. In the simulation, without loss of generality, one
UE is distributed in each femtocell and 10 active macro UEs in
the macrocell. Also, the femtocells are not overlapped with
each other. The main system parameters are presented in Table 1.

In Fig. 2, the iteration rounds needed to achieve the
convergence is shown under the condition that the femtocell
mumber is 20, active macro UE number is 10, and the
macrocell UE data rate request is 1 Mbps. We can see that the
number of iteration rounds is increasing when the data rate
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Fig. 3. Probability of convergence vs. number of femtocells

(number of macro UE =10, target data rate of macro UE
=1 Mbps, target data rate of femto UE =30 Mbps).

100 T T T T
—— Proposed DRA (macrocell)

> Proposed DRA without MLQP (macrocell) .
—O— Pure power waterfilling (macrocell) g
B3 Proposed DRA (femtocell) »
70 Proposed DRA without MLQP (femtocell)
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Total transmission power (%)

7
]
5 6

50 5
Target data rate of femto UE (Mbps)

0

Fig. 4. Total transmission power vs. target data rate of femto UE
(number of macro UE = 10, number of femtocell = 20,
target data rate of macro UE = 1 Mbps).

request of femtocell UE becomes larger because the used
subcarriers will get larger and the intercell interferences are
larger (higher rate constraints). However, the convergence
speed is in the accepted range.

Figure 3 depicts the convergence probability as the number
of femtocell increasing. Besides pure power waterfilling, the
proposed DRA without MLQP is also used as a reference
algorithm. It shows that the proposed DRA can achieve much
larger convergence probability compared with pure power
waterfilling since it can coordinate the UEs to use the most
appropriate subchannels and mitigate the severe cross-tier
interference in two-hierarchy networks. Also, the proposed
DRA can obtain larger convergence probability than the
proposed DRA without MLQP. The reason is that, when the
number of femtocells is larger, the system’s feasible region
may not exist. The MLQP process can reduce the target data
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20 25 30 35 40 45 50 55

Number of femtocell
Fig. 5. Total transmission power vs. number of femtocell (number
of macro UE = 10, target data rate of macro UE = 1
Mbps, femto UE data rate request = 30 Mbps).

35 T T T T

—— Proposed DRA (macrocell)
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Percentage of UEs below target data rate (%)

Fig. 6. Percentage of UEs below target data rate vs. target data
rate of femto UE (number of macro UE = 10, number of
femtocell = 20, target data rate of macro UE = 1 Mbps).

rate of femto UEs to enhance the probability that the system
has solutions to reach convergence.

In Figs. 4 and 5, the total transmission power of femtocells
and macrocells with regard to femto UE target data rate and the
number of femtocells are plotted, respectively. Note that the
total transmission power is normalized by the cell maximum
power. Figures 4 and 5 show that the total transmission power
increases with the data rate of femto UE and femtocell density,
due to the increasing demand for subchannels and the
interferences between the macrocell and the femtocell as well
as among femtocells. From the two figures, we can conclude
that the proposed DRA can save about 25% to 30% power
compared with pure power waterfilling. This is because the
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pure power waterfilling algorithm makes some subchannels
more crowded and wastes much power.

From Fig. 6, we can see the effectiveness of MLQP. The
percentage of macrocell UEs below the target data rate is
remarkably reduced compared with DRA without MLQP,
especially when the number of femtocells is large at the cost of
a little larger number of femtocell UEs below the target data
rate.

V. Conclusion

We proposed a distributed resource allocation algorithm that
considers the subchannel and power allocation comprehensibly
in OFDMA macrocell and femtocell two-hierarchy networks.
The new distributed resource allocation algorithm is based on
the game theory and the MLQP is added to the DRA scheme
when the system is crowded. The simulation results show that
the new distributed algorithm can solve the resource allocation
problem in two-hierarchy networks well with low complexity
and achieve notable performance gain compared with the pure
waterfilling algorithm.

References

[1] X. Li, L. Qian, and D. Kataria, “Downlink Power Control in Co-
channel Macrocell Femtocell Overlay,” CISS, Dresden, Germany,
June 2009, pp. 383-388.

[2] V. Chandrasekhar et al., “Power Control in Two-Tier Femtocell
Networks,”” 2009. Available: http://arxiv.org/abs/0810.3869

[3] V. Chandrasekhar and J.G. Andrews, “Spectrum Allocation in
Two-Tier Networks,” ACSSC, Pacific Grove, CA, Oct. 2008.
Available: http:/arxiv.org/abs/0805.1226

[4] Z. Bharucha et al., “Femto-cell Resource Partitioning,” /EEE
GLOBECOM Workshops, Honolulu, HI, Nov. 2009, pp. 1-6.

[5]1Y. Zhang and C. Leung, “Subcarrier, Bit and Power Allocation for
Multiuser OFDM-Based Multi-cell Cognitive Radio System,”
IEEFE VTC-Fall, Calgary, BC, Sept. 2008, pp. 1-5.

[6]J. Kim and D.-H. Cho, “A Joint Power and Subchannel Allocation
Scheme Maximizing System Capacity in Indoor Dense Mobile
Communication Systems,” [EEE Trans. Veh. Technol., vol. 59,
no. 9, 2010, pp. 4340-4353.

[7]1 H. Kwon and B.G. Lee, “Distributed Resource Allocation through
Noncooperative Game Approach in Multi-cell OFDMA
Systems,” IEEE ICC, Istanbul, Turkey, June 2006, pp. 4345-4350.

[8] Z. Han, Z. Ji, and K.J.R. Liu, “Power Minimization for Multi-cell
OFDM Networks Using Distributed Non-Cooperative Game
Approach,” IEEE GLOBECOM, Dallas, Texas, USA, vol. 6, Dec.
2004, pp. 3742-3747.

[9] Z. Han, Z. Ji, and K.J.R. Liu, “Non-cooperative Resource
Competition Game by Virtual Referee in Multi-cell OFDMA

166  Shuhui Liu et al.

Networks,” IEEE J. Sel. Areas Commun., vol. 25, no. 6, 2007, pp.
1079-1090.

[10] M. Fathi and H. Taheri, “Utility-Based Resource Allocation in
Orthogonal Frequency Division Multiple Access Networks,” IET
Commun., vol. 4,no. 12,2010, pp. 1463-1470.

[11] L. Giupponi and C. Ibars, “Distributed Interference Control in
OFDMA-Based Femtocells,” PIMRC, 2010, pp. 1201-1206.

[12] S. Barbarossa et al., “Decentralized Interference Management in
Femtocells: A Game-Theoretic Approach,” Cognitive Radio
Oriented Wireless Netw. Commun., 2010, pp. 1-5.

[13] AJ. Goldsmith and S.-G. Chua, “Variable-Rate Variable-Power
MQAM for Fading Channels,” IEEE Trans. Commun., vol. 45,
no. 10, 1997, pp. 1218-1230.

[14] H. Kelterer, V. Pferschy, and D. Pisinger, Knapsack Problems,
New York: Springer-Verlag, 2004.

[15] R. Horm and C. Johnson, Matrix Analysis, Cambridge UP, 1985.

[16] C.Y. Wong et al., “Multiuser OFDM with Adaptive Subcarrier,
Bit, and Power Allocation,” IEEE J. Sel. Areas Commun., vol. 17,
no. 10, 1999, pp. 1747-1758.

[17] W. Rhee and JM. Cioffi, “Increase in Capacity of Multiuser
OFDM System Using Dynamic Subchannel Allocation,” /IEEE
VTC, Tokyo, Japan, Spring 2000, pp. 1085-1089.

[18] S. Boyd and L. Vanderbergue, Convex Optimization, Cambridge
UP, 2004.

[19] L. Kim, L-S. Park, and Y .H. Lee, “Use of Linear Programming for
Dynamic Subcarrier and Bit Allocation in Multiuser OFDM,”
IEEFE Trans. Vehicular Technol., vol. 55, no. 4, July 2006, pp.
1195-1207.

[20] D.D. Yu and JM. Cioffi, “Iterative Water-Filling for Optimal
Resource Allocation in OFDM Multiple Access and Broadcast
Channels,” IEEE Globecom, San Francisco, CA, Nov. 2003, pp.
1-5.

[21] ITU Recommendation M.1225, “Guidelines for Evaluation of
Radio Transmission Technologies for IMT-2000,” 1997.

Shuhui Liu received her BS
communications engineering from Beijing

in wireless

University of Posts and Telecommunications
(BUPT), Beijing, China, in July 2007. She is
currently working toward a PhD in the Wireless
Theories and Technologies Laboratory as a
master-doctor combined program graduate
student in BUPT. In 2010, she received the Anritsu scholarship and
grants. Her research interests include radio resource management in
3G/4AG wireless systems and heterogonous networks.

ETRI Journal, Volume 34, Number 2, April 2012



Yongyu Chang received her PhD from Beijing
University of Posts and Telecommunications
(BUPT), Beijing, China, in July 2005. Since
then, she has worked for the Wireless Theory
and Technology Laboratory of School of
Information and Communication Engineering.

She has been engaged in the research of theories
and key technologies in the mobile communication area for many
years. As a director or key member, she has made remarkable
achievements by leading or participating in many research programs,
some of which are supported by the government, such as the China
National 973 Program and the China National 863 Program. Other
programs are company-sponsored projects. Her current research is

focused on wireless communications.

| W Guangde Wang received his BS in wireless

communications engineering from Beijing
University of Posts and Telecommunications
(BUPT), Beijing, China, in July 2010. He is

L . currently working toward a Master’s in the
‘i. Wireless Theories and Technologies Laboratory
in BUPT. His research interests include

cooperative networks and radio resource management in 3G/A4G
wireless systems.

Dacheng Yang received his MS and PhD in
circuits and systems from Beijing University of
Posts and Telecommunications (BUPT),
Beijing, China, in 1982 and 1988,
respectively. From 1992 through 1993, he
worked at the University of Bristol in the United
Kingdom as a senior visiting scholar, where he
was engaged in Project Link-CDMA of the RACE program. In 1993,
he returned to BUPT as an associate professor. He is currently a
professor and director of the Wireless Centre of BUPT and is the prime
expert of BUPT-QULACOMM, the combined research center. His

current research is focused on wireless communications.

ETRI Journal, Volume 34, Number 2, April 2012 Shuhui Liuetal. 167



	I. Introduction
	II. System Model and Problem Formulation
	III. Distributed Resource Allocation
	IV. Simulation Models and Results
	V. Conclusion
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


