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Abstract—We propose an efficient resource allocation scheme
for OFDMA based femtocells networks under imperfect channel
knowledge. Several femtocell users share the same spectrum
but no interference exists between each other. The transmit
power of femtocell users is minimized under the users’ QoS
constraints. Based on the interference channel model of femtocell
users, an accurate interference estimation approach is developed.
Simulation results show that the proposed algorithm reduces the
interference of macro users and increases the spectral efficiency.

Index Terms—femtocells, spectral efficiency, resource alloca-
tion, QoS, imperfect channel knowledge

I. INTRODUCTION

Recently, the growth of the indoor communications over-
loads the conventional macrocellular systems. Surveys present
that fifty percent of phone calls and seventy percent of data
services will be happened indoors. Since extending coverage
and providing quality of service (QoS) for indoor users require
expensive costs to the macrocells, network operators need
more efficient solutions for the indoor services [1].

A femto-base station is a small cellular base station (BS)
incorporating typical macro-BS functionalities, with less so-
phisticated deployment which enables an easy use by the
subscribers [2]. It has a low transmit power and communicates
with the cellular provider’s core network via a wired broad-
band connection such as residential DSL (Digital Subscriber
Line) or cable modem [3].

However, introducing femto-BSs in a cellular network
presents a major challenge. Actually, despite their low transmit
power, these femtocells are often regarded as hostile interferers
by macrocells [4]. In fact, the expected femtocells’ deployment
in the cellular network can lead to significant interference
which affects harmfully the macrocells users’ QoS. This mo-
tivates us to investigate an efficient radio resource allocation
scheme for femtocells to attain a successful macro-femto-BSs’
co-deployment.
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Fig. 1.

Interference model in the femtocell networks

In this paper, the subchannel selection is investigated for the
OFDMA-based femtocell systems to reduce interference and
to increases the spectral efficiency. In the spectrum sharing
scheme, several femtocell users share the same frequency
without interference to each other. Meanwhile, we minimize
the transmit power of femtocell users under users’ QoS
constraints, and estimate the interference level of a femtocell
user based on imperfect channel knowledge.

II. SYSTEM MODEL
A. Femtocell Network Model

Fig. 1 shows a two layer network which consists of macro
users (MU) and femtocell users (FU). Suppose that there are
K MUs and M FUs, which are randomly located inside the
coverage area of the macrocell. A femtocell has only one FU.
We assume that the femtocell and the BS exchange information
interactively and femtocells exchange information between
each other. Due to the delay or the estimation error, the
observed information after exchange may not be perfect. We
assume that the total bandwidth is divided into /N subcarriers
with two of them being grouped into one subchannel. Both
macrocell and femtocell operate in the same frequency band
and have the same amount of available subcarriers.



B. Interference Avoidance Model Between Femtocell and MU

The spectrum sharing by FU should guarantee the normal
transmission of MU. The total transmit power of FU in each
channel is no more than the interference power threshold
Pqote, which is a MU can endure. Defining the maximum
transmit power of a FU as P ,x, we can write

M
> PLGY . < Paage, (1)
m=1
where G7, ;. is channel gain between femtocell m and MU k
over the subchannel n. The transmit power P/, of FU m on
subchannel n should satisfy

PminSP#LSPmax- (2)
III. PROBLEM FORMULATION
The downlink signal to interference plus noise ratio (SINR)

from femtocell m to FU m over the subchannel n is given by
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where HY  is the channel gain between FU m and femtocell
m on subchannel n, Ny is the power spectral density of the
white Gaussian noise , W™ is the bandwidth of subchannel
n. Gz’m is the path loss between BS and FUm, H,?’m is
the frequency selective fading on the channel n between
BS and FU m. Pj, G}, . is the interference from other
femtocells. Because the family station is installed indoors,
we only consider path loss and disregard frequency selective
fading between femtocells. The co-channel interference (CCI)
on subchannel n of FU m in the coverage of femtocell m is
defined as

= PrGp,«Hi,+ > PrGrL. .. @)
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where G = 10~ FL/10,

A. Imperfect Channel Information

SINR,, ,=

We assume a femtocell allocates the resources and makes
decisions for FU based on CSI feedback from BS. However,
due to the feedback delay, the femtocell does not have the
perfect CSI but usually outdated. We consider a stationary
ergodic Gauss-Markov block fading process. The channel
variation on subcarrier n between instants ¢ and (t — 7) is
modeled as

HE o (8) = peym HE (= 7) + €F 1 (1), )
where the subscript k,m denotes the channel coefficient of the
subcarrier n from node k to node m, 7 is the feedback delay,
Pk,m 1s the time-auto correlation,

Prem = & [Hip () x Hy o (= 7)7] (6)
The channel error e (t) is defined as

Rn(t) = /1= P bt (0) )

where pf . (f) is a complex Gaussian random variable with
zero mean and unit variance.

B. Problem Description

The data rate achieved by the FU m over subchannel n is
represented

r? = W"In(1 + SIN Ry, ). (8)

Without loss of generality, we assume the FU m has the target
data rate R,,,. In the downlink, the CCI from femtocells to
macrocell users has to be minimized. In order to reduce the
CCI, the femtocell BS requires to transmit power as small
as possible. Therefore, our objective is to minimize the total
transmission power of the femtocells. The downlink resource
allocation problem of the femtocell BS m is formulated as.
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Constraint (10) guarantees the service rate requirements of all
users; The total transmit power of a FU in each channel is no
more than the interference power threshold P, ¢, as noted
by constraint (11); a,,,, in constraint (13) is the allocation
indicator.

Obviously, the above problem is an NP-hard combinatorial
optimization problem with non-linear constraints. Finding an
optimal solution directly is computationally prohibitive. As
the number of subcarriers and FUs increases, the number
of combinations for a,, , increases exponentially. Therefore,
we adopt a tow-step approach to reduce the computational
complexity. That is, we decouple the problem into the sub-
carrier allocation and the power allocation problems. In the
subcarrier allocation step, we proposed an efficient spectrum
allocation scheme and obtain the allocation matrix. In the
power allocation step, the power is assigned to each selected
subchannel to minimize the total power consumption and to
satisfy user’s QoS jointly.

IV. SUBCHANNEL ALLOCATION
A. Subchannel Allocation Algorithm

Free matrix L = {lnnllmn € (0,1)}arxn describes
whether channel n is available to FU m, where [,, , = 1
means that channel n is available to FU m. Interference matrix
C = {empnlempin € (0,1)} menrsn describes the interfer-
ence between FUs. If ¢;, 1, = 1, FU m and FU k cannot
use channel n simultaneously. We set ¢ pn = 1 — Ly .
The interference between different users dominated by their
position relations and doesn’t change during the allocation



interval. The interference matrix is determined by exchanging
location information of femtocells. Allocation matrix A =
{@m,n|@mn € (0,1)} prxn shows channel allocation situation.
Gm,n = 1 means channel n is allocated to FU m. Allocation
matrix must satisfy some constraints. A channel available
to FU will not be allocated to existing interference FUs.
Transmission requirements vector R = {r;|r; € (0,1)}rrx1
shows transmission requirements of femtocell. »; = 1 means
femtocell ¢ has data for transmission.

To share the spectrum, when a FU m has transmission
requirement, the FU m firstly chooses an optimal subcarrier nx
by Eq. (15). Then femtocell determines whether interference
exists between the FU m and other FUs which are using
subcarrier n* according to the interference matrix C'. If there
is no interference, the subcarrier n* is allocated to FU m.
Otherwise, the subcarrier n* is not allocated to FU m. And
then the subcarrier n* is deleted from L. Let repeat the
above steps until meeting the rate requirement of FU m.
The algorithm is performed until all available subcarriers are
allocated.

The carrier to interference ratio (CIR) of each channel 1 <

n < N can be calculated for FU m(m = 1,2,---, M):
Hf m
Jmn = NgWwn + > PGt 5 PG
m/eM’ a4
FU m selects the optimal subchannel n*:
n* = arg MAX G- (15)

The detailed algorithm is summarized in Algorithm 1. Note
that we drop the subscript m. Each femto-BS calculates CIR
of each channel for FU. According to Eq.(15) , each femto-
BS scans the free matrix L, then selects the optimal subcarrier
that presents the maximum CIR. We must guarantee that the
selected subcarrier cannot be used by other interfering FUs.

Algorithm 1: Subchannel Allocation Algorithm
1 Initialize: L := N; A =Q;C

2 Calculate gm,n, n =1,2...N;

3 Form=1:M

4 while R}, > 0

5 if L = €, stop;
6 n = argmaXgm,n
7

8

if Cpykn =0,k=0:m~—1

8,’%” =1;
9 else
10 k.. =0;
11 R}, =R}, — 1

12 L := L\n;
13 end-while
14 end for

V. TOTAL TRANSMIT POWER MINIMIZATION
A. Power Allocation

In the power allocation step, the femto-BS minimizes the
transmit power of subchannels to suppress the CCI. Since
allocation matrix A is determined in the channel allocation

step, the problem (4) becomes a simple minimization problem
for P with inequality constraints:
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The femto-BS m solves this problem for each user m inde-
pendently. The Karush-Kuhn-Tucker (KKT) conditions of this
problem are presented as:
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where A\ is the Lagrange multiplier and u™ is the KKT

multipliers. Since the problem specifies the user m, we only
consider subchannel n with a,,, = 1. Hence, the transmit
power of subcarrier n derived from (17) is

AW I + NoWn
Pp = e - B (20)
+u m,k fym
So, the optimal solution is obtained as:
Pmin 5 P,z < Pmin
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B. Convergence Analysis

For P, = AW /(1 +u"Gy, ) —
(22), the iterative formula p,, is:
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To verify the convergence of (22), we prove that the
difference of two iteration value is a convergent series.
According to (22), we can obtain the gap value between the
iteration n + 1 and the iteration n as,
Z G;];L’,'rn(Pm' (n)ipm/(n - 1))

m’eM’

P,(n+1)=P,(n)= H}’
- (23)
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The convergence condition of (22) is given by
Hn
VYm,m' € M, f.m 1. (25)
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Equation (25) is equivalent to each FU’s CINR requirement.
The above condition can be managed by access control. By
above proof, the power solution not only exists but also
converges.

VI. AcCESS CONTROL SCHEME

When there are massive femtocells in the system, the
interference to MU may be quite strong, so we have to control
of the new femtocell access. We propose a novel power
allocation algorithm, which guarantees that the interference
level observed at each MU is under the valuePs,f.. Thus,
it guarantees that the total transmit power of FU in each
subchannel does not surpass the interference power threshold.
That is, FU access does not affect the normal communication
of MU. Hence, we develop an access control algorithm, which
can admit or reject femtocell to access. Each MU of the LTE
system will calculate its received signal strength indication
(RSSI) and carrier to interference noise ratio (CINR) and
return the result of the measurement to its BS. BS may use
the feedback to estimate the interference level at each MU.
When the interference intensity observed at MU does not
meet Eq.(1)BS reports it to the femtocell gateway. With the
vector of transmit requirements R = {r;|r; € (0,1)}arrx1,
femtocell gateway does not allow the new femtocell to access.
For example, in accordance with the sequencing of femtocell
user, when (1) is not satisfied, the femtocell gateway will reject
the new femtocell user to access.

VII. SIMULATION RESULTS

We evaluate the performance of the proposed resource
allocation algorithm via simulations. We consider an OFDMA
cellular system. The simulation parameters are given in TA-
BLE 1. The channel between BS and FU is represented as a
combination of path loss fading and frequency selective log-
normal fading. We only consider path loss and do not consider
frequency selective fading between femtocells. Femtocell BSs
are uniformly distributed in the macrocells. We consider that
minimum interference distance of FU is 0.7Km. When the
distance between two FUs is more than 0.7Km, we assume
they might share the same sabcarrier. We assume that there are
only one user in a femtocell and the service rate requirement
of a femtocell user is 1Mbps equally. We assume that macro-
users are always outdoor and femtousers are always indoor.

Fig. 1 shows the MU interference from femtocells. In
contrast to the random selection scheme, the proposed chan-
nel selection schemes decreases the MU interference from
femtocells. Meanwhile, the interference intensity of the pro-
posed shared-spectrum allocation scheme is the same as the

exclusive-spectrum scheme. We also observe that the max-
imum interference power of MU is less than 22dBm by
the proposed channel selection schemes. So, the proposed
interference avoidance scheme can decrease the MU inter-
ference from femtocells.

TABLE I
SIMULATION PARAMETERS

Parameters Values
Macrocell Radius 1Km
Minimum interference distance of FU 0.7Km
Subcarriers Number 1000
Subcarrier Bandwidth 15KHZ
Transmit power of BS 46dBm
Maximum transmit power of femtocell 10dBm;
Minimum transmit power of femtocell 5dBm
Minimum rate of FU 1Mbps
Number of femtocells 200
Number of MUs 50
Maximum interference power of MU 25dBm
Path loss from macro BS to femto users | 28+35log10(d(m))+WP
Path loss from femto BS to macro 7+56log10(d(m))+WP
Path loss from femto BS to own users 37+35log10(d(m))

Fig. 2 depicts the throughput of macrocell against the
number of femtocells in the proposed shared-spectrum allo-
cation scheme and exclusive-spectrum scheme. As the num-
ber of femtocells increases, the throughput of macrocell de-
creases due to the increasing interference from the femtocells.
Compared with the exclusive-spectrum scheme, the proposed
scheme effectively decreases interference and improves the
capacity of macrocell. When the femtocells increased to 160,
the capacity of macrocell decreased below to 70Mbit/s. So, we
should not allow new femtocell to access according to access
control scheme.

Fig.3 illustrates the spectral efficiency for various numbers
of femtocells in different spectrum allocation scheme. When
the number of femtocells is small, spectral efficiency of the
proposed shared-spectrum allocation scheme is the same as
the exclusive-spectrum scheme and is higher than the random
selection scheme. Compared with other selection schemes,
the proposed scheme has highter spectral efficiency since the
femtocell can use more subchannels to sent data with required
interference intensity. In the example, the maximum spectral
efficiency of the random selection scheme is less than 0.3.
However, the proposed scheme can increase spectral efficiency
to 0.65.

VIII. CONCLUSIONS

In this paper, we proposed a shared-spectrum allocation
scheme to guarantee FU QoS and to reduce the interference to
macro users in OFDMA-based femtocell systems. In the fem-
tocells, the femtocell-to-macrocell interference significantly
degrades the capacity of macrocell. The proposed interference
avoidance scheme can decrease the MU interference from
femtocells. Meanwhile, we developed an efficient resource
allocation algorithm to increase spectral efficiency. The per-
formance of the proposed resource management algorithm is
demonstrated by simulations.
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