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Abstract—The cognitive femtocell has emerged as an exciting
technology to solve the indoor coverage problem in future cellular
networks. Recently, several technical issues for the cognitive fem-
tocell have been studied, e.g., spectrum sharing and interference
mitigation. However, the incentive method that is very important
for practical hybrid access cognitive femtocell deployment has
not been well investigated. In this paper, we propose a new dy-
namic spectrum allocation method for the hybrid access cognitive
femtocell. In the proposed method, the macro base station (BS)
allocates a portion of subchannels to the femto access point (FAP)
to spur the FAP to serve the macro users (MUs). Then, the FAP
allocates the subchannels and power to maximize the femtocell
network utility, whereas the throughput of the served MUs is
guaranteed. Moreover, we formulate the corresponding resource
allocation problem as a sum-utility maximization problem and
propose an optimization method to solve it via the dual decom-
position method. Simulation results show that both the wireless
service provider and the femtocell could benefit from the proposed
method.

Index Terms—Cognitive femtocell networks, dual decomposi-
tion, dynamical spectrum allocation, hybird access.

I. INTRODUCTION

URING the last decade, the number of wireless communi-

cation applications has grown by orders of magnitude in
the cellular network. Simultaneously, more and more cellular
traffic originates from indoors. A recent survey by ABI has
shown that more than 50% voice traffic and 70% data traffic
take place in indoor environments such as homes, offices, and
airports [1]. However, the shadowing and multipath fading
effects are serious in the indoor environment due to wall
penetration. Accordingly, the poor quality of service (QoS)
is received by the indoor users. For instance, another survey

Manuscript received July 6, 2014; revised October 26, 2014 and January 26,
2015; accepted February 27, 2015. Date of publication March 18, 2015;
date of current version March 10, 2016. This work was supported in part
by the Joint Specialized Research Fund for the Doctoral Program of Higher
Education and Research Grants Council Earmarked Research Grants under
Grant 20130142140002, by the National Natural Science Foundation of China
under Grant 61428104 and Grant 61401169, and by the Science Foundation of
Hubei Polytechnic University under Grant 14XJZ01C. The review of this paper
was coordinated by Prof. D. B. da Costa.

L. Zhang is with the School of Electronics Information and Communications,
Huazhong University of Science and Technology, Wuhan 430074, China, and
also with Hubei Polytechnic University, Huangshi, 435003, China.

T. Jiang and K. Luo are with the School of Electronics Information and
Communications, Huazhong University of Science and Technology, Wuhan
430074, China.

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TVT.2015.2414424

shows that 30% of business users and 45% of household users
obtain poor QoS inside buildings [2]. To solve the indoor
coverage problem, the femtocell has emerged as an exciting
technology in future cellular networks [3]. On the one hand,
femtocells could improve the received signal strength for the
indoor users due to the short transmission distance. On the other
hand, compared with building more macro base stations (BSs)
to satisfy the increasing demands of indoor users, femtocells
reduce capital and operational expenditures for the operators
since femtocells are small, inexpensive, and low-power BSs
that are generally deployed by the indoor users and connected
to their own wired backhaul connection [3]. As a result, the
use of femtocells has drawn much attention by the operators
since femtocells could solve the indoor coverage problem with
a little expenditure. In 2011, about 2.3 million femtocells were
deployed by many major cellular operators, such as Vodafone,
AT&T, and Softbank, and it is expected to increase to 50 million
by 2014 [4].

The access control mechanisms in femtocells can be divided
into three categories: open access, closed access, and hybrid
access [3]. For the open-access mode, any wireless users includ-
ing macro users (MUs) and femto users (FUs) could access to
the femto access point (FAP) to transmit data. In general, open
access is a superior approach from a network capacity point
of view and from the MU’s point of view [3]. However, the
performance of the FUs is degraded since the resource of the
FAP is limited and shared by the MUs. Conversely, for the case
of closed access, only the FUs that are authorized by the FAP
could access to the FAP to transmit data, whereas the MUs are
not allowed to access. Therefore, the performance of the FUs is
guaranteed for the closed access. However, in the case of closed
access, the interference to the MUs caused by the femtocell is
strong when the MUs are far away from the macro BS but close
to the FAP. Moreover, the spectrum utilization of closed access
is lower than that of open access. Hybrid access is a tradeoff
between open access and closed access, where the MUs are
permitted to access the FAP when the performance of the FUs
are guaranteed. However, how to spur the FAP to share their
limited resource with the MUs, such as subchannels and power,
is still a problem in hybrid-access femtocells.

Cognitive radio (CR) is regarded as one of the most promis-
ing technologies in the future wireless communications [S]—[7].
In cognitive radio networks, cognitive users could access to the
idle licensed spectrum of primary users to improve the spectrum
efficiency [8]. Moreover, the cognitive users could adapt their
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transmission parameters by spectrum sensing to mitigate the
interference. Recently, the femtocell networks that integrate
with cognitive radios have drawn much attention. First, for the
femtocell network, it works on the licensed cellular spectrum
to seamlessly integrate with the cellular network. Thus, the
spectrum insufficiency problem is becoming more serious due
to the busy traffic and limited spectrum of cellular networks.
Second, since the FAPs are generally deployed by the indoor
users and the location of FAPs are not controlled by the cellular
operator, the cross-tier and intratier interference problems are
key challenges in the two-tier femtocell networks [9], [10]. In
cognitive femtocell networks, the FAPs that are equipped with
CR technology could dynamically sense spectrum usage by the
macrocell and surrounding FAPs, adapt their transmission to
avoid cross-tier and intratier interference to the macrocell and
surrounding femtocells, and optimize the overall usage of the
spectrum [3], [11].

In this paper, we propose a dynamic spectrum allocation
method to motivate both the wireless operator and the FAP to
adopt hybrid access in the cognitive femtocell. In the proposed
method, the wireless operator allocates a part of the spectrum
resource to the FAP to spur the FAP to serve the MUs. However,
there are still several problems that need to be addressed in
this method. First, how can the wireless operator be spurred
to allocate a part of spectrum resource to the FAP? Second,
to maximize the femtocell network utility while guaranteeing
the throughput of the served MUs, how does the FAP allocates
the resource to the MUs and the FUs, such as subchannels
and power? To address these problems, we formulate these
problems as optimization problems and employ the dual de-
composition method to derive the optimal solution. The main
contributions of this paper are as follows.

* A dynamic spectrum allocation method is proposed to
spur both the wireless operator and the FAP to adopt
hybrid access in the cognitive femtocell. In the proposed
method, on the one hand, the wireless operator saves
a portion of subchannels while guaranteeing the perfor-
mance of the MUs. On the other hand, the FAP obtains
more spectrum resource to improve the performance of
the FUs.

* A protocol is designed to implement the proposed dy-
namic spectrum allocation problem. Moreover, the cor-
responding resource allocation of the FAP is formulated
as an optimization problem, and the dual decomposition
method is employed to derive the optimal solution.

* Simulations are conducted to evaluate the proposed dy-
namic spectrum allocation method, and the results show
that both the wireless operator and the femtocell could
benefit from the proposed method. Thus, the proposed
method is an effective solution to the incentive problem
of the hybrid access cognitive femtocell.

The remainder of this paper is organized as follows. We
review the related work in Section II. In Section III, a system
model is presented. Then, we propose a dynamic spectrum
allocation method in the cognitive femtocell in Section I'V. In
Section V, we formulate the proposed method as an optimiza-
tion problem and employ the dual decomposition method to
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derive the optimal solution. The simulations are presented in
Section VI. We draw our conclusions in Section VII.

II. RELATED WORK

The femtocell has emerged as one of the exciting technolo-
gies that could solve the poor indoor coverage problem with
a little expenditure [12]. An overview of three access control
mechanisms, which are open access, closed access, and hybrid
access, was given in [13]. In [14], Lin et al. discussed the
business mode in femtocells and proposed three deployment
frameworks, i.e., wireless service provider deployment, end-
user deployment, and joint deployment. The unique charac-
teristics, corresponding challenges, and potential solutions of
three deployment frameworks are investigated. Game theory
has been widely applied to femtocell, and economic benefits are
considered in several studies. In [15], a Stackelberg game was
employed to analyze the cooperation and competition between
the wireless service provider and the femtocell holders. A
utility-aware refunding frame was proposed to spur the femto-
cell holders to serve the MUs from the economic aspect. Within
the framework, the wireless service provider can provide certain
refunding to the femtocell holder if it serves the MUs. In [16],
Chen et al. discussed the utility-aware refunding frame with
traffic uncertainty further. In [17], Li et al. proposed a new
resource allocation method to improve the performances of the
FUs and neighboring MUs in the open-access femtocells. In
[18], the concept of contract was introduced to analyze the
access permission and spectrum trading between the wireless
operator and FAPs. In [19], a distributed uplink power control
algorithm was proposed, and it was applied to the hybrid
spectrum access strategy in two-tier femtocell networks. The
proposed algorithm can provide QoS support for all users while
maximizing the network throughput. In [20], the femtocell
scenario where a wireless operator lacks a fixed-line network
infrastructure and collaborates with a fixed-line operator was
considered. A hybrid cooperation framework based on sequen-
tial game and Nash bargaining was proposed for a mobile
operator and a fixed-line operator to provide femtocell services.

In cognitive femtocells, the FAPs that are equipped with
CR technology could dynamically sense spectrum usage by
the macrocell and surrounding FAPs, adapt their transmission
to avoid cross-tier and intratier interference, and optimize the
overall usage of the spectrum [3], [21]. In [10], the problem of
cross-tier interference in femtocell networks was discussed, and
cognitive radio technology was employed to mitigate cross-tier
interference. With the cognitive radio technology, a strategic
game was proposed to mitigate intratier interference. In [22],
the problem of streaming scalable videos in cognitive femtocell
was discussed. Various design factors across multiple layers
were considered, and the problem was formulated as a multi-
stage stochastic programming problem. In [23], resource block
allocation in the downlink of cognitive FAPs was considered.
The macro BS was considered the primary user, and the cogni-
tive FAPs were formulated as multiple secondary users. The
static game framework was employed to solve the resource
allocation problem. In [25], several downlink spectrum sharing
schemes were proposed according to the different availability of
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Fig. 1. System scenario.

sensing information in the cognitive FAPs, and corresponding
capacities were derived. In [26], the competition of the cogni-
tive FAPs for spectrum resource was investigated, and a game-
theoretic framework to solve the resource allocation problem
was employed.

However, as far as we know, there is no work that considers
the incentive method in the hybrid-access cognitive femtocell
from the technical perspective. In this paper, we propose a
dynamic spectrum allocation method to spur both the wireless
operator and the FAP to adopt hybrid access in the cognitive
femtocell. Moreover, to maximize the femtocell network utility
while guaranteeing the throughput of the served MUs, we
formulate the corresponding resource allocation problem as a
sum-utility maximization problem and propose an optimization
framework to solve it by the dual decomposition method.

III. SYSTEM MODEL

As shown in Fig. 1, we consider a centralized OFDMA-based
two-tier network architecture with a macro BS and a number
of FAPs, where the FAPs are deployed by the indoor users
and connected to the macro BS by the wired backhaul, such
as cable and fiber. Compared with Wi-Fi, the FAPs work on
the licensed cellular spectrum and use the cellular standard to
seamlessly integrate with the cellular network. Moreover, the
same spectrum overlay model as the model in [23] and [24]
is employed in this paper. In spectrum-overlay-based cognitive
femtocells, the FAPs that are equipped with CR technology
could dynamically sense the utilized channels by the macrocell
and surrounding femtocells and occupy the spectrum holes of
the licensed cellular spectrum to avoid cross-tier and intratier
interference to the macrocell and surrounding femtocells [23],
[24]. For tractability of analysis, perfect spectrum sensing is
assumed in this paper.
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TABLE 1
LIST OF THE MAIN VARIABLES

Number of MUs in the femtocell network
Number of FUs in the femtocell network
Bandwidth of a subchannel

Log-normal shadowing factor

The maximum total transmission power of a FAP

Total number of sensed subchannels

Total number of negotiation channels

Number of negotiation channels of m-th MU

The minimum rate of m-th MU

Achievable rate of j-th user on subchannel ¢

Attenuation factor of j-th user
Set of MUs in the femtocell network

Set of FUs in the femtocell network

Set of users in the femtocell network

Set of available subchannels in the femtocell network

ng Noise power density
m,n Indexs of a MU and a FU
7 Index of an available subchannel
i Index of a user in the femtocell network
dm, dy, | Demands of m-th MU and n-th FU
Up () | Utility function of n-th FU
k1 Upper-bound of the FUs’ utility function
ko Reflection of the average demand level of the FU
and fairness rules
Di,j Transmission power of j-th user on subchannel ¢
i Subchannel allocation indicator of j-th user on subchannel ¢
f Fairness of whole network
w Number of floors in the path
r Transmission range
[ Iteration number during dual decomposition procedure

We consider the OFDMA-based downlink transmission in
the given network scenario. There are a total of M MUs and N
FUs in a femtocell. Let the set of the MUs and the set of the FUs
in a cognitive femtocell be denoted ® = {1,2,..., M} and
0 ={1,2,..., N}, respectively. m € ® represents the index
of a MU, and n € ) represents the index of an FU. The set
of indoor end users that contains both MUs and FUs is denoted
U ={1,2,...,M + N}, and each indoor end users is indexed
by 7, where j € W. The indoor end users communicate with
the serving FAP by employing OFDMA technique, in which
consecutive subcarriers are bundled into a subchannel. The
bandwidth of each subchannel is denoted B, and each sub-
channel is indexed by ¢. The FAP initializes the set of available
subchannels via spectrum sensing in each slot, and the number
of the available subchannels via spectrum sensing is denoted
k. The transmission power of the FAP is denoted Ppap, and
transmission power to the jth indoor end user on subchannel 4
is denoted p; ;. We denote ji; ; as the binary function capturing
the assignment of subchannel i to the jth end user, and p1; ; = 1
means that the subchannel ¢ is allocated to the jth end user.
Otherwise, f1; ; = 0. A list of the main variables used in this
paper is given in Table L.
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IV. DYNAMIC SPECTRUM ALLOCATION METHOD

Here, a dynamic spectrum allocation method is proposed to
spur both the wireless operator and the FAP to adopt hybrid
access in the cognitive femtocell network. As shown in Fig. 1,
the signal-to-noise ratio (SNR) of the link between the MU and
the FAP is much better than that of the link between the MU
and the macro BS due to the short transmission distance,
less wall penetration, and shadowing effects. To achieve the
same QoS of the MU, the indoor communications consume
less subchannels compared with the outdoor communications.
Motivated by this observation, we propose a dynamic spec-
trum allocation method to spur both the wireless operator
and the FAP to adopt hybrid access in the cognitive femto-
cell. In the proposed method, the wireless operator allocates
a part of spectrum resource to the FAP to spur the FAP to
serve the MU. Both the wireless operator and the femto-
cell could benefit from the proposed method. On one hand,
the FAP could provide a better service to the FUs due to
more available subchannels. On the other hand, the macro BS
could improve its spectrum efficiency by saving a part of the
spectrum.

To implement the dynamic spectrum allocation method, a
corresponding protocol is designed, and the details of the
protocol are presented as follows.

Step 1: The mth MU goes into the area that the FAP covers
and initializes a data transmission call via the control
channel; the FAP receives the request and reports it
to the macro BS.

The macro BS calculates the number of subchannels
qm that the mth MU needs according to the mth
MU’s requirement D,,, and the resource allocation
method of the macro BS.

The macro BS negotiates with the FAP to spur it
to serve the mth MU. The macro BS notifies the
FAP that it will allocate c,,, subchannels, which are
a part of g, subchannels to the FAP if the FAP
could satisfy the mth MU’s requirement. We call the
subchannels that the macro BS allocates to the FAP
negotiation channels. Note that ¢,,, = | gy, |, where
« is a controllable system parameter of the macro BS.
| x| obtains the nearest integer less than or equal to x.
The FAP decides whether to serve the mth MU or
not, according to the profit of the femtocell. If the
FAP finds that the network utility of the femtocell
could increase by H percent when it serves the mth
MU, the FAP decides to serve the mth MU. H is a
controllable system parameter of the FAP. Otherwise,
the FAP will not serve the mth MU, and the macro
BS needs to allocate more subchannels to the FAP to
spur it to serve the mth MU.

Step 2:

Step 3:

Step 4:

Note that the procedure of the proposed method and spec-
trum sensing can be conducted by the femtocell simulta-
neously since the negotiation process of the protocol can be
conducted on the wired backhaul between the macro BS and
the FAP.
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Fig. 2. Utility function.

Therefore, the corresponding resource allocation strategy of
the FAP can be formulated as follows:

max Z Un(An) (H
ne
st. > ;<1 VieT )
jew
S piy < Prar 3)
i€eY jev
Am > D, 4

where Y = {1,2,...,k + ¢}, and c represents the total number
of negotiation channels in our proposed method, i.e.,

c= Z Cm- ®))

meP

U, (-) is the utility function. It is a concave and increasing
function of data rates that reflects user satisfaction [27] and can
be denoted as follows:

kl(l — 67]62)‘”),

—0Q,

if A\, >0

6
if A, <0 ©

Un(An) = {

where \,, is the achievable rate of the nth FU, \; = >, ¢ 1,5 -
R; j, and R; ; is the achievable rate of the jth user on subchan-
nel ¢, which can be calculated by R; ; = Blog,(1 + SNR; ;).
k1 represents the utility function’s upper limit, the value of ko
is chosen to let utility equal to 0.9k; when the user achieves
the target rate ¢. Given t, k2 =1In(0.1)/ —¢t. As shown in
Fig. 2, we give an example of the utility function where
t =15 Mb/s, k; = 1/3, and ko = 7.675 x 1078, U, (+) is an
increasing function. When the achievable rate is smaller than
the target rate t = 15 Mb/s, the utility increases fast. Since the
utility increases slowly when the achievable rate exceeds the
target rate, allocation of more resource to the end users that
satisfy the target rate will make little contribution to the utility
function, and it can guarantee the fairness among the users.
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The constraint in (2) denotes that each subchannel can be
allocated to only one user. Equation (3) indicates the power
constraint of the FAP, and (4) means that the FAP should
guarantee the requirement of the served MUs if it makes a deal
with the macro BS.

V. OPTIMIZATION OF THE PROPOSED METHOD

The optimization problem of (1) is a mixed-binary-integer
programming problem, and it is nonconvex. However, since the
time-sharing condition is satisfied in the OFDMA systems with
a large number of subcarriers, the duality gap is proved to be
zero [27]-{29]. Therefore, in this paper, the Lagrangian dual
method is employed to derive the optimal solution of (1).

First, we introduce a new variable d,,, which represents the
application layer demand of nth FU and rewrite (1) as

max Z U,(dy)

neqQ
st (2)-(4)

dn < An. (N
Since U, (-) is an increasing function, the objective of (7) is
maximized when d,, = \,,. Thus, problems (1) and (7) have the
same solution.

Second, we denote the Lagrange multipliers 6,, and 6,,.
Then, the dual function is

max y, [Uny(dy) + 0, (An — dp)
neQ
9(6) = e + O (A — Din)] ®
s.t. 2)-(3).

The dual function consists of two sets of variables: the
variable d,, of the application layer, and the variables \,, and
A of the physical layer. Therefore, the problem of (8) can be
divided into two subproblems. The first subproblem is a util-
ity maximization problem, corresponding to a rate adaptation
problem in the application layer, i.e.,

Gapp(0) = max Y [Un(dn) = Ondy — 0 D] . (9)

nes)

med

For simplicity, we rewrite (9) as
Gapp(0) = max > Un(dn) — Y _ 0;d; (10)
neq Jew
where

S 0id; =" 00D+ Oudn. (11)

Jew med neQ
The second subproblem is a joint subchannel and power
allocation problem in the physical layer, i.e.,

max Z ej)\j
9phy(0) = ae¥ (12)
s.t. 2)-(3)
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where

13)

Z ej)‘j = Z OmAm + Z O .

jevw med neqQ

Due to the fact that the sum-utility maximization problem
of (7) has zero duality gap in the OFDMA systems, it can be
solved by minimizing the dual objective as

min ¢(0)

st. 6>0. 14)
Then, the problem of (14) can be solved by the subgradient-
based method, and the corresponding steps could be summa-

rized as follows.

Initialize 6°.

Given 0(”, solve the problems (10) and (12) sep-
arately to obtain the optimal values d; and A7,
respectively.

Employ a subgradient to update 6

Step 1:
Step 2:

Step 3:

D _ [0 4 00z _ ]
6,7 =165 Ty (dj =A%) (15)
where function [z]T =0, z <0. Otherwise, [z]T = z;

Step 4: Return to step 2 until convergence.

Note that, it has been proven that, in [27] and [30], the
given subgradient method is guaranteed to converge to the
optimal dual variable with a diminishing step rule. The dual
variable 6; can be considered the price of achievable rate, and
it coordinates the demand of application layer and the supply
of physical layer. On the one hand, from (15), we can observe
that if the price 6; increases when A} < d, the higher price 0;
will spur the physical layer to allocate more resources to obtain
more revenues. On the other hand, the higher price 8; will spur
the application layer to reduce traffic demand.

A. Solutions of Subproblems

Here, efficient methods are proposed to solve the given two
subproblems in the application layer and the physical layer,
respectively.

1) Solutions of Subproblem in Application Layer: Since the
objective of the FAP is to maximize the sum utility of the FUs
while guaranteeing the QoS of the MUs, the optimal solution is
obtained when \,,, = D,,,. Moreover, since U,,(+) is a concave
function of d,,, (U,(d,) — 6,d,) is also a concave function
of d,,. Therefore, we can find the optimal d}, by taking the
derivative of (10) with respect to d,, and set it to zero. The
optimal d; is given as

Dma

d; = +
J 1 O :
[_Elnk’lk&} 5 ]€Q

jed
(16)

2) Solutions of Subproblem in Physical Layer: To solve the
problem of (12), we also introduce Lagrange multiplier o to
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relax the power constraint of the FAP. The dual function is given
as follows:

a(o) =

max y 0\ +o (PFAP -2 > pi,j)
jew

i€ jew
s.t.  (2).
(17)
Since o Prap is constant in (12) when o is given, we trans-
form (12) as follows:

max ZQj)\j - O'Z Zpi!j

jew €Y jew

s.t. (2). (18)

Since the subproblem in the physical layer also has a zero
duality gap [27], [29], we can solve the problem of (12) via the
dual problem, i.e.,

min a(o)

st. o>0. (19)
Similar to the problem of (14), we can derive the optimal primal
variables via the subgradient method, and its steps include the

following.

Step 1: Initialize o(%).
Step 2: Given o), solve the problem (18) to obtain the
optimal values y; ; and p; ;.

Step 3: Employ a subgradient to update o

+

AR PUNIEUY I Sl A O
€Y jew

(20)

where o can be considered a pricing variable

that accounts for the cost of power. From (20),

we can observe that the cost o increases when

Y oier Zje\l/ pi,j > Prap, and the higher cost o will

spur the FAP to allocate less power to avoid the

decrease of utility of (18). Otherwise, o decreases.
Step 4: Return to step 2 until convergence.

B. Overview of the Algorithm

The overall sum-utility maximization problem can be solved
by using the proposed dual decomposition method. When up-
dating the values of 8 in the subgradient method, we need to
obtain the solutions of both the application-layer subproblem
and the physical-layer subproblem. The application-layer sub-
problem is easy to solve since it is a concave problem. For
the subproblem of the physical layer, we introduce the dual
variable to relax the power constraint and derive the optimal
solutions via the dual decomposition due to the zero gap in the
OFDMA systems. The maximal utility of the femtocell network
is reached when the values of @ are convergent. The flowchart
of the proposed dual decomposition method for (1) is shown as
follows.
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Algorithm 1 Dual decomposition

1: Initialize 0(0);

2: Given 8, solve the problem (10) in the application
layer to obtain the optimal values d;

3: Initialize o(®;

4: Given o, solve the problem (12) in the physical layer
to obtain the value p; ;;

5: Using function (20) to perform a subgradient update for
o, where () follows a diminishing step size rule;

6: Return to 3 until convergence;

7: Using the optimal p; ; to obtain the optimal A7;

8: Using (15) to perform a subgradient update for 8, where
u](l) follows a diminishing step size rule;

9: Return to 1 until convergence.

VI. SIMULATIONS
A. Simulation Scenario

Here, simulations are conducted to evaluate the performance
of the proposed method. The transmission radius of the FAP
is set to be 15 m, and N = 3 FUs are in the coverage of the
FAP. The maximum transmission power of the FAP is assumed
to be Prap = 0.05 W. The noise power density is set to be
ng = —204 dB/Hz, and the bandwidth of each subchannel that
contains 50 consecutive subcarriers is B = 1 MHz. To guaran-
tee the QoS of each MU, the minimum date rate requirement of
each MU is set to be D,,, = 10 Mb/s.

The path loss factors of wireless subchannels between indoor
end users and the FAP are modeled based on the ITU model as
follows [20], [31]:

h; = 1073.774731071.8310(%*0'46) 10-5/10 @1)
where r (in meters) is the transmission range, S is the lognor-
mal shadowing factor with the standard deviation of 8 dB, and
w is the number of floors in the path and is set to be 2 in the
simulations.

To evaluate the performance of the proposed method, we
consider the other three methods to compare with the proposed
method.

¢ Optimal allocation for traditional hybrid access
(OP-THA): This is the optimal method where the FAP
allocates resource to both FUs and MUs using the dual de-
composition method. This scheme is based on traditional
hybrid access, in which the incentive mechanism is not
considered.

« Equal allocation for closed access (EA-CA): This is the
basic method that the FAP allocates resource, such as
subchannels and power, equally to each user. In addition,
this scheme is based on closed access.

¢ Optimal allocation for closed access (OP-CA): This is
the optimal method wherein the FAP allocates resources
to each user using the dual decomposition method. This
scheme is based on closed access.
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* Dynamic spectrum allocation for hybrid access (DSA-
HA): This is the optimal resource allocation method in
our proposed DSA method, in which the network utility
of the femtocell is maximized, and the throughput of the
served MUs is guaranteed. This scheme is based on hybrid
access.

The following performance metrics, i.e., network utility,
network throughput, and fairness, are employed to evaluate the
performance of the femtocell for the given methods.

* Network utility: This is the sum of utilities of all FUs in
the femtocell. It reflects the satisfactory level of the FUs
in the femtocell, which is a nonnegative number but not
greater than 1.

* Network throughput: This is the throughput of the fem-
tocell, i.e., the sum throughput of all FUs.

* Fairness: The Jain’s index [32] is employed to evaluate
the fairness of the whole network, which is defined as

N 2
(52)
f= ”]:\717 (22)
Ny (M)
n=1
where )\, is the achievable rate of the nth FU. The index
f €[1/N, 1], and a larger f means a fairer system.

B. Simulation Results

1) General Comparisons: Here, the number of subchannels
sensed by the FAP is assumed to follow the uniform distribu-
tion, where s € [1, 6]. Since the resource allocation algorithm
of the macro BS is not our focus in the proposed method,
for simplicity, we assume the number of subchannels that the
mth MU needs in the macro cellular networks also follows the
uniform distribution, where ¢, € [2, 8].

In our proposed method, since its performance is the same as
closed access if the FAP declines the MUs to access, we repeat
the simulations until the MUs are severed by the FAP for 1000
times. For simplicity, the FAP would serve the MUs as long
as the utility of FUs could be increased, which means H is an
infinitesimal. Our main focus is to investigate whether the QoS
of the MUs can be guaranteed and how much benefits could be
obtained by the femtocell in these 1000 frames.

As shown in Fig. 3, we have the following observations.

* Since the incentive mechanism is not considered in the
traditional hybrid access method and the FAP needs to
share its” resource to the MUs, compared with the other
three methods, the OP-THA achieves the poorest perfor-
mances, such as network utility of femtocell, femtocell
network throughput, and fairness.

* The OP-CA method that employs the dual decomposition
method achieves a larger network utility than the EA-CA
method. It proves that the dual decomposition method
is an efficient way to solve the joint resource allocation
problem. Furthermore, the network utility of the DSA-HA
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Fig. 3. Performances with different schemes.

method is the best among the three schemes since more
available subchannels could be employed in the femtocell
in the DSA-HA method.

* Compared with the EA-CA method, the OP-CA method
could achieve a larger network throughput than that of the
EA-CA method. The reason behind this phenomenon is
that the variety of the FUs on different subchannels is
utilized in the OP-CA method. Compared with the OP-
CA method, the DSA-HA method achieves more network
throughput due to more available subchannels.

* Since the number of available subchannels obtained by
spectrum sensing may be limited in the closed-access
framework, both the EA-CA and OP-CA methods cannot
achieve high fairness. For example, if the FAP allocates
five subchannels to three FUs, we can never obtain good
fairness because of the relatively large difference among
the rates of these FUs. However, with a larger number
of available subchannels obtained from the macro BS,
which indicates the larger achievable rate of each user,
this difference can be diminished. For example, in the
DSA-HA method, the number of available subchannels
increases to eight since the FAP serves the MUs. At this
time, with the increased achievable rate for each MU, the
difference of achievable rate for each MU is decreasing.

As shown in Fig. 4, we investigate the achievable rate of
each user for the DSA-HA method. The achievable rates of FUs
are different due to different channel conditions. The QoS of
the MU can be guaranteed by the femtocell in our proposed
DSA-HA method since the achievable rate of the MU nearly
equals to the minimal rate requirement, which is set to be
D,, = 10 Mb/s. Note that, since the objective of the FAP is
to maximize the sum utility of all the FUs while guaranteeing
the QoS of the MUs, the optimal solution is obtained when
Am = Dy, = 10 Mb/s.

In Fig. 5, we investigate the spectrum usage of the MUs that
are located inside the femtocell in 1000 frames. The first bar



ZHANG et al.: SPECTRUM ALLOCATION FOR DOWNLINK OF HYBRID-ACCESS FEMTOCELL NETWORKS

-
o
T

Achievable rate (Mbps)
[e]

[, e, 1 I

Fig. 4. Achievable rates of each end user with the proposed DSA-HA method.

Number of subchannels

| I oP-CA I DSA-HA|

Fig. 5. Number of subchannels used by the MUs that locate inside the
femtocell with different schemes.

shows the total number of subchannels would be occupied by
the MUs that locate inside the femtocell in the OP-CA method,
and the second bar shows the total number of subchannels
would be employed by the FAP to serve the MUs in the
DSA-HA method. The subtraction of these two bars is the
number of subchannels that the macro BS would save in
the DSA-HA method compared with the OP-CA method. As
shown in Fig. 5, the total number of subchannels occupied by
the MUs that locates inside the femtocell in 1000 frames is 5956
in the OP-CA method, and the total number of subchannels
would be required by the FAP to serve the MUs in the DSA-HA
method is only 3640. Obviously, the DSA-HA method could
save 2316 subchannels for the macro BS since the FAP just
uses 3640 subchannels. Compared with the OP-CA method,
nearly 39% subchannels are saved for the macro BS; thus,
the spectrum efficiency of the macro BS is improved in our
proposed DSA-HA method.
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In conclusion, the overall performance including network
utility, network throughput, and fairness of the DSA-HA
method is much better than that of other two methods. Both
the wireless service provider and the femtocell benefit from the
proposed method.

2) Impact of Sensing Ability: The sensing ability of the
cognitive femtocell, which is reflected by the number of sensed
subchannels s, is an important factor that affects the overall
performance greatly. Here, we analyze the impact of s, whereas
the total number of negotiation channels is a constant, where
c=4. As shown in Fig. 6, it is obvious that the network
throughput increases as s grows because the FAP could allocate
more subchannels to the FUs. Meanwhile, the network through-
put of the DSA-HA method always larger than that of the
OP-CA method. The main reason is that the FAP can obtain
more available subchannels in the hybrid access when allowing
the qualified MUs to access to the femtocell.

As shown in Fig. 7, the network utilities of both the OP-CA
and the DSA-HA methods increase as s grows due to more
spectrum resources. In addition, the utility gap between these
two schemes decreases with larger s. This is because the utility
of the FUs increases slowly when the achievable rate is larger
than the target rate. Therefore, it is more likely that the FAP
would not serve the MUs if the FAP senses enough available
subchannels. However, in a real situation, particularly in busy
cellular networks, the idle subchannels obtained by spectrum
sensing are few, and the achievable rate of each FU is low
most of the time. Thus, the proposed DSA-HA method is more
suitable to the femtocell.

3) Impact of the Number of Negotiation Channels: The
number of negotiation channels c is also a significant factor in
our proposed method. Here, we particularly analyze the impact
of ¢ while the number of sensed subchannels is a constant,
where s = 3 and s = 5, respectively. As shown in Fig. 8, for the
given s = 3 or s = 5, with the larger ¢, the DSA-HA method
could achieve the larger network utility. However, since the
OP-CA method does not allow any MUs to access to the
femtocell, the network utility of the OP-CA method has no
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relation with ¢, and it stays constant in the figure. Thus, the gap
of network utility between the DSA-HA method and the OP-CA
method with the same s becomes larger with more negotiation
channels. Moreover, the gap of network utility between the
DSA-HA method with s =5 and the OP-CA method with
s =5 is always less than the gap of network utility between
the DSA-HA methodwith s = 3 and the OP-CA method with
s = 3. We could conclude that whether the FAP would serve the
MUs not only depends on the number of negotiation channels
but depends on the sensing performance of the FAP as well.
The FAP probably does not allow the MU to access even if
the number of negotiation channels is considerable since the
FAP could obtain enough available subchannels via spectrum
sensing.

In Fig. 9, the network throughput of the DSA-HA method
keeps increasing when the FAP could obtain more negotiation
channels. Meanwhile, the network throughput of the OP-CA
method stays constant. Judging from Figs. 8 and 9, compared
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with the OP-CA method, both the network utility and network
throughput can be largely improved in the DSA-HA method.

VII. CONCLUSION

In this paper, we have proposed a dynamic spectrum al-
location method to spur both the wireless operator and the
FAP to adopt hybrid access in the cognitive femtocell. In the
proposed method, the macro BS saves a portion of spectrum
while guaranteeing the performance of the MUs, and the FAP
obtains more spectrum resource to improve the performances
of the FUs. The corresponding resource allocation of the FAP
was formulated as an optimization problem, and the dual de-
composition method was employed to derive the optimal solu-
tion. Simulation results showed that both the wireless service
provider and the femtocell could benefit from the proposed
method.
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