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ABSTRACT: In this paper we focus our studies on LTE, which is a development under 3G technologies Release-8 of the
3GPP Project plan and is considered a baseline and step towards the LTE-Advanced. In orthogonal frequency division
multiplexing networks, inter-cell interference results in poor performance, especially universal frequency reuse scheme
has already been used. Soft Frequency Reuse (SFR) scheme, one of the most promising inter-cell interference coordination
(ICIC) schemes, has been introduced in LTE-Advanced networks. In this paper, we develop an analytical queuing model for
the SFR scheme taking into account the features of SFR scheme and its impact on system performance firstly. Then, we
improve the iterative algorithm called successive over-relaxation (SOR) to solve the set of linear equations and get the
steady state probability distribution. Finally, performance analysis shows that maximum number of resource that cell-edge
users can use and the number of cell-edge users correlate with the performance of SFR scheme.
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1. Introduction

3 Generation Partnership Project (3GPP) is currently in the process of defining Long - Term Evolution (LTE) of 3G, whichis
considered asthe bridge of IMT-2000 system and IMT-Advanced system. In order toimprovethe LTE system performancein
theform of higher bit-rates, lower latenciesand awider array of service offerings, new challenges need to be overcome. A case
in point istheissue of the user equipment (UE) power saving, which isan important problem for wireless data transmission
since the data bandwidth is significantly limited by the battery capacity [1, 2].

In order to meet the rapidly growing demands on wireless networks to apply data services with higher throughputs and
spectrum efficiencies, Orthogonal Frequency Division Multiplexing (OFDM) has to be introduced into 4G LTE-Advanced
networks. Other advanced technol ogies al so have been devel oped for better utilization of radio spectrum, including adaptive
modulation and coding, hybrid automatic repeat request, fast channelaware scheduling and multiple input multiple-output
techniques. Because of technol ogies aforementioned, Intra-cell interferenceis successfully cancelled in the 4G networksthat
allow to utilize aFrequency Reuse Factor (FRF) of oneor ascloseto FRF =1 asispractical. FRF = 1impliesthat all available
time-frequency resource blocks (RBs) can be used simultaneously in a cell. As aresult, the bulk of interference problems
which theinterference originates from the neighboring cell called inter-cell interference (1Cl) are emerged, especialy at the
cell-edgeregion. Inamulti-cellular networks, | Cl occurs when adjoining cells use the same RBsto different users.
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There are three main approaches to mitigate ICl, including inter-cell interference randomization, inter-cell interference
cancellation and inter-cell interference coordination (1CIC). Considering the performance and the complexity of ICl mitigation
schemes, ICIC isconsidered asthe most promising proposal in 4G networks[1]. Recently, some | CIC proposalsfrom Ericsson
[2], Siemens][ 3], Alcatel [4] and Huawei [5] have already been discussed in 3GPPWG1 meeting. Among them, Soft Frequency
Reuse (SFR) schemefrom Huawei isaccepted asan important technical report. From resultsin reference [5], the smaller FRF
correspondsto more available RBsfor each cell and lower Signal to Interference plus Noise Ratio (SINR) dueto ICl. Onthe
contrary, larger FRF corresponds to less available RBs and higher SINR. To improve the mechanism that eliminate ICl and
increase SINR at the cost of spectrum efficiency aforesaid, The SFR scheme dividesthe available RBsinto two parts: cell-edge
RBsand cell-center RBs. All of userswithin each cell are also divided into two groups which based on the SINR: cell-edge
users and cell-center users. Mentality of designing SFR scheme can be seen from Figure 1. Cell-edge users are confined to
cell-edge RBswhile cell-center users can be accessto the cell-center RBsand can also be accessto the cell-edge RBs but with
lesspriority than cell-edge users. It meansthat cell-center users can use cell-edge RBs only when there are remaining available
cell-edge RBs.

Naturally, the shortcomings of SFR scheme bring enthusiasm to improveit from different aspects. X.Zhang has suggested an
improved SFR scheme named Softer Frequency Reuse (SerFR) scheme[6]. In SerFR scheme, the cell-edge users have access
to al of RBs by using proportional fairness scheduling algorithm to increasing the cell-edge user’s throughput. X.Mao has
proposed Cell-edge Bandwidth Breathing Scheme (CEBS) that simply control the allocation of the cell-edge RBs by referring
totheeach cell traffic load [ 7]. Considering multi-service requirement, W.Wang has devel oped SFR scheme at the point of QoS
and distribution [8].

No one resolves the essential problem that ICl resultsin the shortage of system resource. One of the mathematical models
called queuing model [17] can be able to reflect utilization of system resource efficiently. A useful queuing model both
represents a real-life system with sufficient accuracy and is analytically tractable. In this paper, we first propose a proper
queuing model to analyze the soft frequency reuse scheme and the impact dueto ICI. Then, an improved iterative algorithm
isused to solvethe set of linear equations and acquire the steady state probability distribution. Finally, we successfully prove
that the number of celledge RBs can be used to adjusting the performance of SFR scheme, so does the number of cell-edge
users.

The remainder of this paper is outlined as follows. In section 2, we present system model for SFR scheme and performance
formulations. Combined with features of queue model of the SFR scheme, we use an improved iterative algorithm to get the
steady state probability in section 3. Analytical results and analysis are presented in section 4 and concluding remarks are
drawnin section 5.
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Figure 1. Schematic diagram of various traffic channel 1CIC solutions, showing
ICIC infrequency domain (left) and I CIC in frequency and power domains (right)
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2. Network Architecture

The core network of the LTE-Advanced system is separated into many parts. Figure 1 shows how each componentinthe LTE-
Advanced network is connected to one another [12- 14]. NodeB in 3G system was replaced by evolved NodeB (eNB), which
isacombination of NodeB and radio network controller (RNC). TheeNB communi cateswith User Equipments (UE’s) and can
serve oneor severa cellsat onetime. HomeeNB (HeNB) isalso considered to serve afemtocell that coversasmall indoor area.
Theevolved packet core (EPC) comprises of the following four components. The serving gateway (S-GW) isresponsiblefor
routing and forwarding packets between UE’s and packet data network (PDN) and charging.

In addition, it servesasamobility anchor point for handover. The mobility management entity (MM E) manages UE accessand

mobility, and establishes the bearer path for UE's. Packet data network gateway (PDN GW) is a gateway to the PDN, and
policy and charging rules function (PCRF) manages policy and charging rules.
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Figure 2. LTE-Advanced network architecture
3.Mode Description and Perfor mance Formulation

3.1 BasicAssumption
1) The basic resource element considered in this paper isthe Physical Resource Bloc (PRB) which spans both frequency and
time dimensions[9]. The scheduler in eNodeB in the cell allocates each PRB only to one user every time.

2) We have not considered improvement in system performance by adjusting the transmission power spectrum density ratio
of cell-center region to cell-edge region in this paper, because further discussion has already existed in Huawei’s proposal .

3) Weset o astheratio of cell-edge PRBsto thetotal number of PRBseach cell. Let N denotethetotal number inacell. Cell-
edge users can use the maximum number of PRBswith L = o N called cell-edge PRBs. We introduce another equation that
means cell-center users can use the minimum number of PRBswith (1) M = (1 - o) N called cell-center PRBs.

4) We model the arrival process of new callsto the network asaMarkov M odulated Poisson Process (MMPP). Thearrival rate

of callsinto the network isgoverned by an underlying Markov chain such that when thisMarkov chainisin states, new calls
arriveinto cell i according to aPoisson processwith ratte/lij . Theholdingtime of acall arrivingin cell i isexponential with rate

% (i = e (edge) or i = ¢ (center))

The MMPP allow usto capture correlation between arrivalsinto asingle cell, and in the case of amulti-cell network, to capture
correlation in space, that is correlation between arrivalsto different cells, aswell.
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5) Usersaredistributed uniformly inacell. A new call followsan MM PP process. In last section, we divide usersinto cell-edge
users and cell-center users by SINR. The distance between usersto eNodeB in acell isthe only determining factor to SINR
when we have not considered shadow loss and the fast fading loss. The target cell can be modeled by two queues with the
mean arrival ratesin states/lc’ = B.A, and ),e’ <= B.A,, respectively _representstheratio of cell center areato thewholecell

area, while 3, representstheratio of cell-edge areato the whole cell area.

6) A cell-edge user may be blocked or denied accessif there are no available cell-edge PRBsin target cell. A there are no more
cell-center PRBs or cell-edge PRBs in target cell. System may force the cell-center call which has already connected to the
networksto be terminated if the cell-center call has occupied cell-edge PRBs and anew cell-edge user initialized anew call
simultaneously.

3.2Markov M odulated Poisson Process (MM PP)

The Markov-modulated Poisson process (MMPP) has been extensively used for modeling these processes, because it
qualitatively models the time-varying arrival rate and captures some of the important correlations between the inter-arrival
timeswhilestill remaining analytically tractable[11, 12, 13, 14, 15, 16].

The MMPP isthe doubly stochastic Poisson process whose arrival rateisgiven by A [S(t)], where S(t) =t >0, isan S-state
irreducible Markov process. Equivalently, a Markov-modulated Poisson process can be constructed by varying the arrival
rate of a Poisson process according to an S-state irreducible continuous time Markov chain which is independent of the

arrival process. When the Markov chainisin state s, arrivals occur according to a Poisson process of rate A, The MMPPis
parameterized by the S-state continuous-time Markov chain with infinitesimal generator Q, .. and the SPoisson arrival
rates A,, A,...., A, We use the notation.

=0 O - Yis
_ 0y, -4, - g o
Quwmpp= S 2 =2 9
j=1
. . . . j¢i
dg O - — 0

A=diag (A, Ayers A0, A= (A Agernsy AT

In thefollowing, thisMMPP is assumed to be homogeneous, i.e., Q and A do not depend on thetimet. The steady-state

vector of the Markov chainis such that

MMPP

MMPP
Tpp QMMPP=0, 72 e=1,
wheree=(1, 1,..., 1) Tisthe column vector length m.
In the 2-state case 7, ., IS given by
_ _ 1
Tvampp ™~ (n-MMPP,l’ Tamee, 2) _(q1+ qz) (qz' ql)

3.3.Mathematical M odel
Let S(t) betheunderlying Markov chain that governsthe arrival rates, with state space (1, 2, ...., S). The state of the system

isdescribed by the process X (t) = S(t), N_(t), N (t) where N_(t) isthe number of PRBsin cell center at timetand N_(t) isthe
number of PRBsin cell edge. The state space of thissystemis

Q={(si,j))/0<s<SO0<i<N,0<j<L,i+j<N}

where N isthe total number of PRBsin cell center. Such amultidimensional continuous time Markov chain does not have a
product-form solution.
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Figure 3. Transition diagramin SFR scheme

Figure 2 showsthetransition diagram of the queuing model for acell in SFR scheme. It can be seen that the cell is characterized
as three dimensional Markov chain. Horizontal axis stands for the number of PRBs used by cell-center and vertical axis
represents the number of PRBs used by cell-edge.
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Let 7 (s,i, j ) bethe steady state probability distribution for avalid state (s, i, j )e Q. Onthe basis of the transit diagram, we
introduce the set of global balance equations as follows (see appendix C).

3.4 Performancefor mulation

Cell blocking probability and cell outage probability arethe most important performance metricsin LTE-Advanced networks.
We define T ok and Lok e asthe subsets of states where anew arriving cell-center user and a cell-edge user are blocked,
respectively. We also define I | stage the subset of states where system forces to terminate the holding call. Then, the cell

blocking probability iscal culated as:
Pk = Z ﬁcﬂ(s’i’j)-'- Z ,Ben' i)

(si,j)e rb|COk10 (S’i'j)erbktok,e

The cell outage probability is given by:
Potage™ 2 B (i)

(si.j)e Foutage

4. Algorithm implementation

In this section, we design steps to solve the set of linear equations applying an iterative method called successive over-
relaxation (SOR) algorithm [10]. In numerical linear algebra, the method of SOR is a variant of the Gauss-seidel method,
resulting in fast convergence. Let w denote the relaxation factor to control the speed of convergence. For simplicity but
without loss of generality, the servicerate of acell-edge user equalsto the servicerate of acell-center user in our study. Before
we show the stepsin detail, we need to calculate the SOR equations which are a variant of global balance equationsfirst.

4.1 Successiveover -r elaxation method

Gauss-Seidel method uses updates information immediately and converges more quickly than the Jacobi method. In some
large systems of equations the Gauss-Seidel method converges at avery slow rate. Many techniques have been devel oped
in order to improve the convergence of the Gauss-Seidel method. Perhaps one of the simplest and widely used methods is
successive over-relaxation (SOR). A useful modification to the Gauss-Seidel method is defined by the iterative scheme.

w o keD) w K
V= @-w)x®+ b+ XA X ¥ ax®ioy 5 =12 @
i j=1 =i+l
or, it can be written as
k K 3
X(+1)_X() [b Za x(k+1)+z i % ] i=1,2,...k=12, ...
= j=i+1

The matrix form of the SOR method can be represented by

2
x&* D =(D+wL) "1[(1-w) D+wU] x¥+w (D -wL) "1b, @
which isequivalent to
K+D=T % (K)+
where X wx*e
T =(D+wl) *[(1-w)D+wU]andc=w(D - wlL) b, ©)

are called the SOR iteration matrix and the vector, respectively.

The quantity wiscalled therelaxation factor. It can beformally proved that convergence can be obtained for values of winthe
large0<w< 2. For w =1, the SOR method (1) is simply the Gauss-Seidel method. The methods involving (1) are called
relaxation methods. For choicesthe0<w< 1, the procedures are called under-rel axation methods and can be used to obtain
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Successiveover -r elaxation algorithm

Chose an initial guess X to the solution

for k:=1 step 1 until convergence do

for i :=1step until ndo
c=0

forj:=1stepuntili—1do
oc=0+a xj("’

end (j —loop)

forj:=i+1stepuntil ndo
o=0+ a”_ Xj(k—l)

end (j —loop)

(bi _6)

o

Xi(k+ 1_ Xi(k—l) +w (o — Xi(k—l))

end (i — loop)
check if convergenceisreached
end (k— loop)

the convergence of some systems that are not convergent by the Gauss-Seidel method. For choices 1<w < 2, the procedures
are called over-relaxation methods, which can be used to accel erate the convergence for systems that are convergent by the
Gauss-Seidel method. The SOR methods are particularly useful for solving linear systemsthat occur inthe numerical solutions
of certain partial differential equations.

4.2 SOR Algorithm Equations
We need to cal culate the following equationsin sequence, because current system states transmit from former system states.

5.Numerical Analysis

Using Matlab software, we evaluate and display the performance of SFR scheme viaour queuing model. We take seven-cell
hexagonal layout with omnidirectional antennasat the center of each cell. Thereare 48 available PRBsin each cell (denoted by
N = 48). Let alphadenotetheratio of cell-edge PRBsto thetotal number of PRBseach cell as o. L et betadenotetheratio of cell-
edge areato thewhole cell areaas 3, aforesaid. A holding user follows an Exponent distribution with the mean service period
of 90 seconds.

5.11mpact of Arrival rateand Beta on PerformanceMetrics

Figure 2 showsthe cell blocking probability for different beta considered in this paper when alpha=4/12 = 1/3. Itisobserved
that cell blocking probability for each betaincreases asarrive rate of callsincreases. With ahigher arrival rate of calls; more
calls will be blocked because of shortage of valid PRBsin the cell. It is necessary to take Huawei’s proposal as reference,
where one-third of total PRBsisallocated to the cell-edge users (denoted by alpha= 1/3) and cell-edge areaishalf of thewhole
cell area(denoted by beta=1/2). Thearrival rate of cell edge usersisequal tothearrival rate of cell center userswhen beta=
1/2. Asaconsequent, cell blocking probability when beta= 6/12 = 1/2 ishigher than the probability when beta=5/12, 4/12, 3/
12 and 2/12 from Figure 2. We can also discover that the difficulty of improving the cell blocking probability arises as beta
decreases until the improvement can not be made.

However, cell blocking probability is not the only determining factor in LTE-Advanced system, while outage probability is
also an important factor. We plot in Figure 3 the outage probability for different beta, function of the arriverate of calls. With
betaincreasing, the outage probability isdecreasing rapidly. We can see that the outage probability islower than beta=5/12,
1/3, 1/4 and 1/6 in Figure 3when beta= 1/2. So the compromise between cell blocking probability and outage probability must
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be found with further discussion.

5.2Impact of arrival rateand alphaon performancemetrics
Figure 4 showsthe cell blocking probability for different al phaconsidered in thispaper when beta= 1/3. We can discover that
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Figure 3. Cell outage probability vs. arrival rate
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higher alpha brings lower cell blocking probability in Figure 4 and higher outage probability in Figure 5. Considered the
compromise between the cell blocking probability and the outage probability inlast comparison, we assign 1/3 to betaand 1/
3 to aphaas the best aternatives.
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6. Conclusion

In this paper, we haveinvestigated Soft Frequency Reuse (SFR) schemein forthcoming cellular system called LTE-Advanced
networks. First, we have derived the performance metrics (cell blocking probability and cell outage probability) using queuing
model. Then we devise the iterative algorithm to cal culate the set of global balance equations and acquire the proper steady
states probability distribution. Finally, our analytical results for SFR scheme shows that we can modify the performance of
LTE-Advanced networks by adjusting the maximum number of resource that cell-edge users can use and the number of cell-
edge users.

Appendix A

We introduce the set of global balance equations as follows:

Fors s=1,..., S wehave:

Fori=0andj=0
(A, st A, +0A) 7(s,0,0) +(ay 7 (s,0,0) +p 7 (s, 1,0) + p 7 (s, 0, 1) (A.1)
Fori=0andj=L
(Lyg + ;Lc,s+ de) 7(s,0,L) =(qy 7 (s,0,L) +u 7 (s, 1, L) +},eis7r(s, o,L-1) (A.2)

Fori=Mandj=L

(Lu,+Lut d) 7 (s, M, L) =(qu 7 (s, M,L)+Aes(7r(s,M,L—1)+7r(s,M+1,L—1))+Acisn(s,M—1,L) (A3
Fori=Nandj=0

(Nu +ag) m(s,N,0) = (g w(s,N,0) + A, w(sN,-1,0)+ 4, 7(s,N,0) (A.4)
For 0<i<N;j=0

(i/“‘c+’1es+’1c,s+qs)”(S'i’o):(qgs”(s'i'()“(i+1)#c”(s'i+1’0)+#e”(s'i’1)+’1c,s”(s'i'_1’0) (A5)
Fori=0;1<j<L

(g * A gt A o+ 0 7 (S,0,1) = (g 7 (S, 0.1) + G+ ) pr, (5,0, + 1)+t (S L) + A, (5,0, = 1) (A6)
For1<i<M;j=L

(Lﬂe+’1c,s+i/“‘c+qs)”(s’i"-):qgs”(s'i"-)““(i+1)#c“(s’i+1' L)”‘e“(s'i"-_l)““’lc,s”(s’i_l* L) (A7)

ForM<i<N;i+j=N
(j‘ue+)“e,s+i'uc+ dy) n(s,i,j):(qgsn(s',i,j)+),c‘57r(s,i—1,j)+/le’s(7r(s,i +1Lj-D+n(si,j—-1) (A.8)

For1<i<N;1<j<L,i+j<N
(jue+},e’s+),’s+ g+ qsg)n(s,i,j):(qgsn(s‘,i,j)hlcysn(s,i—l, L)+),es7r SLI-D+(+Dpm(si, j+1+ (i +1)

C

M (S0, +1, ) (A.9)
In addition, the summation of all steady state probabilities satisfies the normalization constraint, such that

Y n(sij=1 (A-10)
Appendix B shle
We introduce the set of global balance equations as follows:
Fors,s =1,..., S wehave:

Fori=0andj=0
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74(5,0,00=(1- W) 7" 1(50,0) + — % [0 (8,0,0+ 7S L,0) + 7 s 0, 1) (8.)

()“e, s+ )’c, s+ q$‘)
Fori=0andj=L
rk (s,0,L)=(1-w) 7l'k_1(S, o,L) +ﬁ) [qgsﬂk_l (s,0,L) + ,Uck_l(S, 1L +7Le’S7Tk(S, 0, L-1)] (B.2)
e c,s s’
Fori=Mandj=L
X (s M,L)=(1-w) 7515 M, L)+ (L(H++q) ot (.M. L) + A, K S M-1,L)+2, 7 (S M, L-1) +
e e + X5 M+1,L-1)] (B3
Fori=Nandj=0
(s, N,0)=(1— w) 7 ¥ (5N, 0) + (Nu++q) [0, 7" *(8,N,0) + 4, 75 N-1,0)] (B.4)
c es s
For state1<i<N;j=0
w
ﬂk(s,i,O)Z(l— W) nk—l(S,i,O) +(m) [qS.Sn-k—l(S-'i’o) +(i +1) ,ucnk‘l(s, i+1, 0)+ue7r"‘1(s, i, 1)+ (B 5)
c es s :

A 7 (51-1,0]
Forstate i=0;1< j<L '

W k=1 . . k=1 . k-1 .
RSN )[qgsn 1(8,0,) +(+ D p,m M (s,0,j+1,) +u 77N(s 1)) (B.6)

es “¢s 'ss’ k H
+ 2, m(s 0,j-1)]

ﬂk(sv Olj):(l_ W) ﬂk71(31 O,J) + (J

Forstate 1<i<M;j=1L

W

asi,L)=(1-w) r* 1(si, L) + _
(L/“‘e+’1c,s+ i+ 0g)

_ v - K— . K .
[ *(s,i, L) + (i+ D u 7 1(s,|+1,,L)+),es7r (si,L-1)
) B.7
+A  m*(si-1,D)] (.7

For state M<i<N;j=N '

Ksi,))=1-w) (s i, j) + w k-1 i i Kiai_1i Kpe i1 i_
m(s1,))=1-w) 7 (s 1, ) (Jﬂe+7be,s+iﬂc+q&;)[qgsn L)+ m (s i-L )+ A, (s i+1,j-1) (B.8)
+r'(si j-1)]

For1<i<N;1l<j<L;i+j<N

. [0, L (s, i i)+ A, mMsi-L)+ A, ahsij-1) (+D)+
Qg+ Ay ¥ A Fi+ay) = ' es (B.9)

u k’l(s,i,j‘*'l)'*'(i +1)/,Lc7t I"l(S,i+1,j)]

s i,j)=1-w) 7*1(si,j) +

Tosimplify,
Fors,s=1,..., S wehave:
Fori=0andj=0
74(50,00=(1- W) 7*"*(5,0,0) + @ qu )[qgsnkfl(s, 0,0) +u(x *}(s,1,0) + 7 *1(5,0, 1))] (B.10)
s ss'
Fori=0and j=L
w

75(s,0,L) = (1— w) 7% 1(s,0,L) + [0, 7" (8,0, +u (s L, L) +B,Am ‘5,0, L-1)]  (B.11)

(Lu+ B A+ay)
Fori=Mandj=L
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e M, L) =(1- w) 7L M, L) + —~— [q (S, ML)+ B A KM -1, L) + B Az K(s, M, L—-1) +
q

(2Lu+qy) ) (B.12)
Fori=Nandj=0 7 EMFLL-D)
TENO=L- WA SN0+ e (A TS N0 S s N-1.0) (B.13
e s ss'
ForO<i<N;j=0
74(s,i,0)=(1- w) 75 (s,i,0) +(m [0, (8,1, 0) +p(i+1) 7% H(s i+ 1,0) + un (si, 1)+ (B.14)
e B AT (5i-1,0)]
Fori=0;0<j<L
7%(s,0,))=(1- w) 7% 1(s,0,j) + (J++) [0, (s, 0,) +u(+ D 1s,0,j+ 1)+ 7* (s, 1,)) + (B.15)
HA T O B A (5,0, -1)]
For1<i<M;j=L
7% i, L) =(1- w) 5 (s, i’L)+(i+L)u+W/3 T [, 1 (s,i, L) +u(i+Dr (s i+1,L)+
oe s : _ _ B.16
BAz X (si,L-1)+B Az (si-1,L)] (8.16)
ForM<i< N;i+j=N
75 ) =A-wW s ) (.S L)+ B AT K (si-L )+ B AxK(si+1,)-1)+
(s i,J)=( ) (si, ) (Nt B, ) Ogs S L) +BAz " ( )+ B A (k( | 1. i)] 617
e (sh,]—
For1<i < N;1<j< L;i+j=N
L) =(1- W) r (s i) o [g (S L) B AT K (s i - L))+ B AT K (ST, - 1)+
(i+Du+Ar+0dy) . B.18)

p(+ i j+)+(i+) 2 (s i+ 1)) (
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