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Abdgract: Problem gatement: For the Orthogonal Frequency Division Multiple Ass (OFDMA)
downlink of a femto network, the resource allogatstheme would aim to maximize the Area Spectral
Efficiency (ASE) subject to constraints on the cagisources per transmission interval accessibkably
femtocell. Approach: An optimal resource allocation scheme for completiecentralized femtocell
deployments leads to a nonlinear optimization mmwbbecause the cost function of the optimization
problem is nonlinear. In this study, an adaptivagmt vector step size approach is proposedrfdini the
optimal solution of the optimization probleResults. Computer numerical simulation results show that ou
proposed method is more efficient than existingaastive search method8onclusion: By adpative
changing the step size of the gradient vectorpttedly optimal solution can be achieved quickly.
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INTRODUCTION short range using the same radio access technology
as the microcell underlay.

Mobile User Equipments (UEs) have become A pertinent challenge for mobile operators is the
increasingly important in our daily lives and mebil management of interference between neighboring
operators have been spending a lot of money andeff femtocells. As FAPs are likely to be deployed byl en
to meet the growing customer demands. However, mostsers, the total number and locations of active sk
current cellular networks suffer from poor indoor Priori unknown to mobile operators. Therefore,
network coverage and cellsite usage saturationaAs interference caused by femtocells cannot be managed
consequence, mobile operators face poor custom&Sing conventional network planning methods and
retain-ability and increasing churn. One cost-afec interference avoidance strategies are preferred ove

: . . mutual interference suppression strategies for
solution for mobile operators to improve coveragd a femtocells (Chandrasekhat al., 2008). On the other
offload macrocell traffic as well as to reduce chis . )

, ) . hand, intercell interference in the hierarchical
the emerging femtocell paradigm. Typically, a largemacro/femto network is closely related to the feratb
number of Femtocell Access Points (FAPs) (Yeth  access policy, which defines the way how a femtocel
al., 2008) are overlaid on macrocells. Each FAPallows or restricts its usage to users (Chandrasedth
provides high data-rate connections to UEs within al., 2008). This study will focus on the closed asces
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femtocell, which serves a group of authorized UEshnumber of femtocells per unit area. Denote theusdi
only, since the closed access policy would be prefle  of each femtocell and the number of indoor UEs to
by subscribers of the femtocell. be served by each femtocell as mand U,

As OFDMA has been considered in the downlinkrespectively, where it is assumed that they are the
for next generation wireless networks 3GPP LTE IEEEsame for all femtocells. Denote the average number
802 2007, OFDMA based femtocells are widelyof FAPs per microcell as N Since cellular networks
expected to deliver massive improvements in cowveragare typically interference limited, thermal noigettee
and capacity (Yelet al., 2008). To mitigate intercell receiver is neglected in this study.
interference,  frequency reuse (Stolyar and  The basic resource unit that is addressable for
Viswanathan, 2008; Elayoult al., 2008; Assaad and OFpMA transmissions is a Resource Block (RB),

Mourad, 2008) and intercell coordination (Necker,yhich is a two dimensional block defined in the dim
2007; Simonsson, 2007) schemes have been studied ip 4 frequency domains. In the third Generation

OFDMA macro .networks. A centralized downlink Partnership Project (3GPP) Long Term Evolution
frequency planning across femtocells and macrocella_TE) release 8 3GPP Release 8. an RB has a time
was proposed in Lopez-Pere_z a! . (2008), but _the duration of 1 ms and spans either 12 subcarrietis avi
large number of femtocells significantly complicate subcarrier bandwidth of 15 kHz or 24 subcarrierth\ai
the centralized optimization process. . .
: L ubcarrier bandwidth of 7.5 kHz. Intracellular
The spectrum allocation policy in (ChandraSEkhaIfnterference is avoided by maintaining the orthaioy

and Andrews, 2009) avoids cross-tier interferenge b I ) K q
assigning orthogonal spectrum resources to th&MONg co-cé UEs in OFDMA networks (Andrews,

macrocell and femtocell tiers and diminishes fetato- 2008), i.€., maintaining one scheduled UE per RB in
femto interference by allowing each femtocell toems ~©ach cell. Not to clutter subsequent analysis,sit i
only a random subset of the spectrum resourcesateat assumed that an FAP assigns equal transmissionrpowe
assigned to the femtocell tier. As a result, therage all over RBs for a given transmission interval.

number of interfering femtocells in each frequesup_ Let the total number of distinct RBs availableatb
channel is reduced. The portion of spectrum ressurc femtocells for each transmission time interval be F
accessible by each femtocell is determined based dfi/Z"). Each FAP is allowed to use only KZ*, K< F)
optimizing the throughput per cell and ASE RBs for downlink transmissions in each transmission
(Chandrasekhar and Andrews, 2009). To optimize suctime interval. For ease of implementation, the eabd

a decentralized resource allocation leads to aK is assumed to be the same for all femtocellsir@ef
optimization problem for which the cost function is the fraction of radio resources per transmissioerial
nonlinear. Although the nonlinear optimization deh  accessible by each femtocell@sand we have Eq. 1:

was solved by exhaustive search methods

(Chandrasekhar and Andrews, 2009; Chandrasedthar

al., 2009), the computational costs of which are veryP: = (1)
high. In this study we propose an adaptive gradient

vector step size approach for finding the optimal
solution of the nonlinear optimization problem $att
the computational costs could be reduced.

where, & pe<l. Whenpe=1, each femtocell can access
all the available RBs.

If each femtocell chooses the K distinct RBs
) ) independently and with equal probability, then the
Problem formulation: We consider the OFDMA  , qhanility of a femtocell selecting a given RB for
downlink of a macro/femto cellular network. Closed i,;nsmission isp.. This implies that the average
access femtocells are randomly overlaid on thehumber of interfering femtocells in each RB is
microcell and the locations of FAPs form a Statigna effectively reduced and the femto-to-femto
Poisson Point Process (SPPP) [6A (Weberet al., interference is diminished
2007). It is assumed that microcells and femtodells For a given RB, deﬁote the received Signal to

the network are allocated with orthogonal spectrum,iarference Ratio (SIR) of a femto UE as Slfne
resources and there is no macro-to-femto or fe@Ho-t yistance from an interfering FAR the femto UE of
macro interference. This study focuses on th@nterest as [¥|, the path loss exponent on the link from
decentralized resource allocation between femiscellihe home FAP to the femto UE as, the path loss
only. Denote the radius of a hexagonal microcetl an exponent on the link from an interfering FA® the
the spatial intensity of FAPs asyrand Ar, femto UE asugs, the channel power gain between the
respectively, where\r is defined as the average home FAP and the femto UE ag~HEXP(1) (unit mean
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exponential distribution), the channel power gain Define the total number of discrete rates that an
between an interfering FARPand the femto UE as adaptive modulation realizes as [IZ), the Shannon gap
Ho~EXP(1), the indoor lognormal shadowing on thegf Quadrature Amplitude Modulations (QAMs) 5 the

link from the home FAP to the femto UE @s and the 1, \ngaries of the SIR rangesagor IC{1,...,L} and the
lognormal shadowing on the link from an interfering

FAP, to the femto UE a®y. It is assumed that allgd ~ transmission rates as bor IC{1,...L}. When the UE

Hoi» © and@y; are mutually independent. Let the meanreceived SIR lies i, r,,) for I0{1,...,L}, the FAP decides

and the standard deviation d®, be W and o,  {he fransmission rate according to Eq. 5:

respectively and those @, be; ando;, respectively,

i.e., O~LN({W,t%6%) and Oy~LN((u;,(%oi), where all b =toa 1+11) (b/sIHZ) (5)

Oy are iid. and(=0.1In10 is a scaling constant - ng( +Ej’

(Chandrasekhar and Andrews, 2009). Denote the .

single-wall penetration loss & Consider the case of With by = | for I=1,2...,L, the expected throughput

double-wall penetration losses for links from anOf @femtocellis given by Eq. 6:

interfering FAP to the femto UE. The worst case .

scenario that all femto UEs are located on the adge T, =Y IPr(I, <SIR. <T, )+ L, (SIR-2T)

their home femtocells is assumed. Denote the irsdgx 1=

corresponding to all FARhat have access to the given =« A —pek;

RB as®, then we have Eq. 2: =§|E% eXp(‘PF kI o )‘ AL P
= 0

1+1
O H, 1% (2)

SRy = 2 F—
Z eui ¢ HDi‘XFi‘
0P

+LEW, [exp(—pF ko w2 H (6)

L L1 —n.k
The product of a lognormal shadowing and an:E‘I’o{Z'exF’(‘kafrf"I’Bé')‘Z'ex{ SF f_@ H
exponential fading coefficient can be modeled as a = = RERE

lognormal ~ distribution  using  Turkmani  (1992) :E\II{ZL:Iexp(—kafF?'\I/gé' )}

approximation. That isPgHy is approximated by a =

lognormal random variable denotedyas-LN(', 62), _
where W=((1-2.5) ande' =cJo7+557 . Similarly, each Then the ASE offered by the femtocell network is

. . . i by Eq. 7:
O;H; is approximated by a lognormal random varlableglven y=a
denoted asyu~LN(W', o9), where p'=((4-2.5) and  ASE:(p:)=pa(T,

: g . L 7
o =2 Jaz+557 . Then, (2) can be simplified to Eq. 3: —oME, [Zexp(—pplﬁfi‘w? )} (7)
_ Wore™" 3) oA *“"[ N _ LIS }
SIRF _7—0 pF F 0 €x| kafF| l‘IJD qwo) d'|J0
> o %X [ I et )
Define the boundary of the SIR &s Based on Where,,, .1 ex;{—(ln(wo),z_p’) J is the PDF ofjo.
(3), the Cumulative Distribution Function (CDF) of W0 2m 2

the SIR of a femto UE can be calculated as Eq. 4: Hence, the decentralized spectrum resource altotati
that maximizes the ASEcan be formulated as the
Wy } following optimization problem, Eq. 8a and 8b:

Pr(SIR. <I')= P ——————<T"
(SR-<1) {Zwo.(bzxp.'““

Problem (P'):
20y o o Wole™ “)
:Ewu[P{%; o 0% X7 2 T ‘wu)] max ASE. (p.) (82)
sy )
21‘Ewo[eX{—Tv\FDF E(‘“")[wor;w) Jj subjectto G<p, < : (8b)
=1-E,, (exd(-p kT* 5" ) This maximization problem is equivalent to the

following Eq. 9a and 9b minimization problem:

where,s - 2 , Y, is the equivalent value d¥; O,
3 O I e Problem (P):

k =m\E(y? ) . E, () and g(y») are the expected
max- ASE; (p¢) (9a)
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subjectto O<p.< : (9b) initially set at a large value. If
OASE, (p)

MATERIALSAND METHODS -ASEF[pnak p_p]s—ASEF(pk) . then the next

Adaptive gradient vector step size approach: evaluation point is set at the test evaluation fpoin
According to (7), Problem (P) is a nonlinear pk+1:pk+ak70ASaEF(p) anday is remained unchanged. It
optimization problem. Exhaustive search methods are ° .
used for finding the optimal solution of Problem) (P IS worth noting that as

P=px

(Chandrasekhar and Andrews, 2009; Chandrasedthar _, o +a OASE (p) <-ASE(p,)" the next evaluation
al., 2009). However, the computational costs of | © “ o | ‘

exhaustive  search methods are very highyging — _ +o 9SE(0) is moving closer to the
(Chandrasekhar and Andrews, 2009; Chandrasedthar Pra =P .

al., 2009). In order to solve the optimization prable optimal solution, because the cost value evaluatéoe
efficiently, we propose the following method for next evaluation point is smaller than that at theent
finding the optimal solution of Problem (P). evaluation point. The incremental step size betviaen
consecutive evaluation points dependsognAs oy is
initially set at a large value, the next evaluatpmint is
moving towards the optimal solution significantly.

Algorithm:
Step 1: Initialize k=1,p,0[0,1], €0, D>1 andu;>¢.

Step 2 Case I If e and Thereby, the proposed method could significantly
OASE. (o) improve the convergence rate and reducing the
—ASEF[pkﬂxkaEpr ]s—ASEF(pk)’ where computational costs. It is worth noting that if
, _0ASE(p) _, , then -ASE,(p;)<-ASE. p,) . If
a—pFASEF(pF) % |,
e 9ASE(p) then-ASE, (p; )< -ASE. ¢, ). In other
A (In(Lpu) u) L0 - R >0 = (oh K
—'[D QJOU'\/E(EX‘{_ 267 ;{Tp;[pp EXF(—PF kD) %6" ):I} a, ap o,
N (in(we) 1) words:
:.[o m G'E/E[ex,{_ 20012 ];I:(l_ KF\B'UJ(;@ pF) exd_pF W"%a ):I a,
. _ASEF[pk+a AS:;(D) ]S_ASEF(pk)
then defln%mzpkwkaAS;EF(P) anday,,=a,. Increment b=p,
P=px
the value of k to k+1 and iterate Step 2. if o=0 and _9ASE, (p) .o - However, if
op P=pic
Case Il: If ay=e and_,qe ORSE(P)| |, _aSE (0] IASE Lo
o[ Pty N E () —ASEF[pnak BpF(p) J>-ASEF(pk)’ then it implies that
P=Py
a

. Increment the value the test evaluation point has been moved beyond the
optimal solution. Hence, the next evaluation p@nget
at the current evaluation point, thatpis;=p,, butayis

then definepy.,=px and a,, EEK
of k to k+1 and iterate step 2.
If ay<g, then go to step 3. a
reduced according to,, =—*, in which D>1.
Step 3: Take the value ofpy as the optimal solution of ) ) D )
Problem (P). By iterating the above procedures, the optimal

solution can be reached efficiently. Finally, df is
The working principal of the algorithm is as reduced to a very small value such tbate , then the
follows. Step 1 is the initialization routine. St2ps the algorithm terminates and we can assume that the
main optimization routine, 9ASE:(p)|  is the slope of optimal solution is reached.

% | In order not to terminate the algorithm when the
the curve -ASH{p) evaluated ap, andayrelates to the convergence rate of the algorithm is slow and teeha
incremental step size between the current evalatiohigh accuracy of the solutios, should be chosen at a
point and the test evaluation point, where the tesimall value and D should be chosen as a positireau
evaluation point is set gf ., SE() and axis  larger than but close to 1. We choose; 10°and D =

s, 1.0001 which are good enough for most applications.
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The initial search point of the optimization algom p; DISCUSSION
is set at the midpoint of the rangepgf that isp;=0.5. As
a, should be set to a large value initially, we seisit0.1, Figure 1 shows the different strategies that can b
which is good enough for most app“cations' adopted in order to maximize the ASE. For a small
number of femtocells in the network {£8.0), it is best
RESULTS for each femtocell to access the entire allocated

spectrum = = 1). On the other hand, the higher the
number of femtocells in the network (N 100), the

Fora fa'T comparison of our prop_osed method W'.thlower the percentage of accessible allocated spactr
the exhaustive search method (with 100 searchin r each femtocell g = 0.3) is required in order to

points) (Chandrasekhar and Andrews, 2009), the sa s

set of parameter values used in (Chandrasekhar angXimize the ASE.
Andrews, 2009), are employed in our simulationsatTh
is, L=8, 8=0.5714,T, :(2' —1)><1o°-3 for 1=1,2,...8,

H=0dB, 6°=4dB, u;=0dB [;,J®, 6;>=12dB 0,0, =40 In this study, an adaptive gradient vector ste si
and (=288 for N=10,50,100. Based on these sets ofapproach is proposed for finding the optimal solutdf
parameters, we ran the proposed adaptive gradietiie decentralized resource allocation scheme fer th
vector step size algorithm and obtain optimal velae  OFDMA downlink of a femto network. The ASE is
pr as shown in Fig. 1, i.epe=1 for N=10, p,=0.55 for maximized subject to a constraint on the radio uss®
N;=50 andp=0.3 for N=100, which are the same as per transmission interval accessible by each fegtitoc
those obtained by exhaustive searches iBased on the numerical computer simulation resitlts,
(Chandrasekhar and Andrews, 2009). It is worthngpti can be concluded that the computational costs of ou
that there is only one single stationary point e t proposed method are much lower than that of the
curves shown in the figure. This is because of theexisting exhaustive search methods.
nature of the probability density functions. Howeva
terms of the computational cost, it takes only 856 ACKNOWLEDGEMENT
sec for running our proposed algorithm for thesedh
cases, while it takes 7.8321 min for running the  Study was supported by the UK EPSRC grant
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Andrews, 2009) under the same computer setup in a
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