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Abstract—A Frequency Reuse algorithm which divides the
users into two groups called Cell-Center Users (CCUs) and Cell-
Edge Users (CEUs) is one of the most effective techniques that
can mitigate the InterCell Interference as well as improve the
spectrum efficiency in cellular networks. In literature, most of
work on Strict Frequency Reuse algorithms in a Spatial Point
Poisson network assumed that the reuse factor was 1 and there
was either single user or single Resource Block (RB). Hence, the
performance either CEU or CCU was discussed. In this paper, the
performance of both types of users as well as total throughput of
CEUs and CCUs are investigated. The analytical results indicate
that most of users in Tier-1 are served as CCUs while the numbers
of UEUs and CCUs in Tier-2 are similar.

Index Terms: random cellular network, coverage probability,
throughput, strict frequency reuse, Rayleigh-Lognormal.

I. INTRODUCTION

In Orthogonal Frequency-Division Multiple Access
(OFDMA) multi-cell networks, the main factor that has direct
impact on the system performance is intercell interference
which is caused by the use of the same frequency band in
adjacent cells. InterCell Interference Coordination (ICIC)[1]
such as frequency reuse (FR) has been introduced as
a technique that can significantly mitigate the intercell
interference then improve network performance, especially
for users suffering low Signal-to-Interference-plus-Noise ratio
(SINR).

Strict Frequency Reuse algorithm is the basic ICIC tech-
nique that divides the allocated Resource Blocks (RBs) into
A+1 groups including one Cell-Center RB group or common
RB group and A Cell-Edge RB group or private RB groups.
A is called Frequency Reuse Factor. Each cell is allocated a
Cell-Center RB group and a Cell-Center RB group. The Cell-
Center RBs are assigned to CCUs, whose SINRs are greater
than a pre-determined SINR threshold. The Cell-Edge RBs are
assigned to the rest of CEUs (Cell-Edge Users) whose origin
SINRs are smaller than the SINR threshold.

Spatial Point Poisson Process (PPP) has been widely used
as an accurate and tractable mathematical model to analyse
the performance of cellular network [2]. In [2], [3], the PPP
network model was deployed to analyse the performance of
the cellular network with single user using Strict Frequency
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Reuse with reuse factor of 1 in Rayleigh-Lognormal fading
channel.

In [4], [5], the performance of the Strict Frequency Reuse
algorithm was evaluated and optimised for the case of multi
users. In this paper, the number of users as well as Round
Robin scheduling was investigated. However, this paper as-
sumed that the CCU and CEU are served by the same transmit
power, thus the difference between a CCU and CEU has not
been presented. In the PPP network model using a Frequency
Reuse algorithm, authors in [6] indicated that there is always
an opposite trend between the performance of CCU and CEU.
Hence, analyzing the performance of Cell-Edge and CCU
together is a necessary step toward the Frequency Reuse
optimization.

In this paper, the performance of the CEU and CCU are
considered in the context of a multi-tier network with multiple
users and multi-RBs. In the initial state, it is assumed that there
is a single user in each area of each cell. The number of new
users come to network is assumed to be a Poisson random
variable. Each new user is connected to a nearest BS where it
is determined as a Cell-Center or CEU based on the received
SINR and a SINR threshold.

II. SYSTEM MODEL

A. Network topology

A PPP network model which composes K tiers is studied
in this paper. Each tier is characterised by the density of
BSs A\ and the standard transmit power P,. The downlink
signals including desired and interference signals in each tier
experience Rayleigh-Lognormal fading with a mean of ;. and
variance o, as well as path loss with exponent a.

At initial state, it is assumed that there are Mj user in
each cell of a tier. The number of new users that request a
connection to the network is assumed to be a Poisson random
variable with mean \,,.

Under this network model, the open access protocol where
a user is allowed to associate with any tier is studied. The



probability that a typical user connected to tier-k is given by
modifying Lemma 1 in [5]:
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The Probability Density Function (PDF) of the distance 7
from a typical user to its nearest BS in tier k is given by [5]
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In tier-k, the average number of new users in a typical cell,
My, is defined as the quotient of total number of users and
the number of cells. Hence, if the network area is S, M}, can
be obtained by:
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B. Frequency Reuse Algorithm

In this paper, all cells in tier-k are assumed to use Strict
Frequency Reuse with the same reuse factor Ay, (0 < k < K)
as shown in Figure 1. For example, the resource allocation
technique use the SINR threshold 7}, to divide Mj users in
each cell into M,ic) CCUs and M,Ee) CEUs, N, Resource
Blocks (RBs) into N\ Cell-Center RBs and N\ Cell-
Edge RBs. Furthermore, the Cell-Center RBs are used as the
common resources while the Cell-Edge RBs is dived into
Ay private RB groups. Since, the CCUs do not share their
resources with the CEUs, group of CEUs in each cell in tier-k
is allocated N® /A, RBs.

In a cellular network system with Round Robin Scheduling,
the scheduler randomly allocates a RB from the available RBs
to a user. An indicator function T(RB,EZ) = b) that can take
values 1 if the typical user is served on RB b in area z of the
typical cell in tier-k is defined. z =cor z =e¢, (0 < k < K)
correspond to a Cell-Center or Cell-Edge area.

Denote ¢\’ = E[r(RB{" b)), € is called the
optimization factor or resource allocation ratio and given by:
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It is assumed that the typical user is served on RB b in
tier-k. We denote Gj(c) and 9;6) as the set of interfering BSs
transmitting on the Cell-Center and Cell-Edge RB in a t(yg)ical
cell in tier j. Hence, the densities of BSs in 9§C) and 9je are
)\gc) = \; and /\5-6) = \;/A; [7]. Hence, the ICI of a typical
CCU and CEU are respectively given by:
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Fig. 1. Strict Frequency Reuse algorithm

in which g;, and r;, are the channel power gain and dis-
tance from the user to the interfering BS z in the tier j,
(z = {2, ze}). In Rayleigh-Lognormal fading channel, the
Cumulative Density Function of g is given by[3]
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in which v(a,) = 10(V20:an+4:)/10. 4, " and a,, are, respec-
tively, the weights and the abscissas of the Gauss-Hermite
polynomial; o, and p, are variance and mean of Rayleigh-
Lognormal Random variable.

(6)

C. Instantaneous SINR

In the Strict Frequency Reuse network system, the typical
user can be served on Cell-Edge RBs with higher transmit
power or on Cell-Center RBs with lower transmit power.
Hence, the received SINR of a typical user from its serving
BS in tier k£ can be expressed by following equation:

“ SINRy(bp,71) = % for CEU
SINR" (r),) = psute
SINRk(l,Tk) = 7 +k2 for CCU
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in which g and 7y is the channel power gain and distance
from the user to the serving BS in tier k; ¢ is the transmit
power ratio that was defined in section II-B; o2 is Gaussian
noise; 1 éct)r and / éi)r are defined in 5a and 5b.

In cellular networks, the Gaussian noise can be neglected
compared to the transmit power of BSs, thus in this paper, it
was assumed that o2 = 0.

III. COVERAGE PROBABILITY OF A TYPICAL USER

In tier-k, the CEU is within the coverage region of tier-k if
its instantaneous received SINR from its serving BS is greater
than the coverage threshold 7.

P;(:)(Tk’ Ok|ri) =P (51NRk(¢k,7“k) > Tk) )



In a mobile network, a typical CEU is within the network
coverage if the received STN Ry (¢, 1) from at least one BS
in tier k is larger than a coverage threshold 7.
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where ]P’,(:)(Tk, @r|rx) is the coverage probability of the CEU
at a distance rj, from its serving BS in tier-k.
Theorem 3.1: The coverage probability of a CEU
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Theorem 3.1.

Theorem 3.2: The arrival of a new user within the PPP
network is represented as a Poisson random variable with mean
A The number of new users which are served as CEU and
CCUs are given by
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e) i i s to tier k and its original SINR at initial state is smaller than
where f (T, 4, 5) = the threshold. Hence, the probability where the user is defined
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wy, and an,,c,, and x,, are are weights and nodes of Gauss-
Hermite, Gauss-Legendre rule respectively with order Np;.

Proof: See Appendix

There are two main differences between a CEU and CCU
in Strict Frequency Reuse . The first difference relates to the
power of the serving signal. The CEU is served on CE RB at a
higher power level, i.e. ¢y P, while the CCU is served on CC
RB at a lower power level, i.e. P;. The second difference
relates to the interference signal. The BSs in tier-j cause
interference to the CEU and CCU transmitting at power ¢; P;
and P, respectively. Hence, the coverage probability of the
typical CCU at a distance r from its serving BS and average
coverage probability when it connects to a BS in tier-k can be
obtained by:
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in which v = k is the event that the user connect to tier-k.
P(u = k) is defined in Equation 1.

In Equation 17, the denominator represents the probability
that a user is associated with tier-k and is given by Aj in
Equation 1. The joint probability in the numerator is evaluated
using the following steps:
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in which gg, (i) = 27 A\,7; exp(—mAgr}) is the PDF of the
distance from the user to the BS in tier-k.

The first element of the integrand in Equation 18 can be

’;%>Tq> = P(T}, 1|rp).

The second element is the Cumulative Density Function (PDF)

of the distance from the user to its serving BS and can be

evaluated by using the properties of the Null probability of a
2-D Poisson process .
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evaluated as Appendix A, i.e P

’l"k<7‘]

K
AL e
=k,j

K

H TJ>7‘k
=k,j

19)

=exp | —7 Z \jTE

i=k.i#k

Subsequently, the number of CCUs in a typical cell in tier-k
is given by

P(SINR\ (1,r4) < T,u = k)

= M P(u = k)
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IV. CAPACITY

In this section, the average throughputs of Cell-Center and
Cell-Edge area of a typical cell in tier-k which are defined as
the total average throughput of all users in the corresponding
areas are presented. The throughput of a typical Cell-Edge
area in tier-k is given by

()

CCEA — M(f’)c(f’)

2y
in which M ,ie) is the average number of CEUs in a typical
cell in tier-k and obtained from 3.2; C,(Ce)
rate of the CEU in tier-k.

Hence, in order to compute the average throughput of Cell-
Edge area in tier-k, the average throughput of the CEU in this
tier should be evaluated first. Using the Shannon theorem, C,ie)
is given by

is the average data

O = E(In(SINR(¢p, i) + 1)) (22)
in which SINR(¢y, ) is SINR at the CEU and defined in

Equation 7.

Since E(X) = [ P(X >1), VX >0,
t>0
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in which Pc(e)(et 1) is the average coverage probability of
the CEU in the PPP network and is obtained by Equation 12.
Subsequently, the average throughput of the Cell-Edge area in
tier-k is given by
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Similarity, the average throughput of the Cell-Center area
in tier-k is
Wn 1
TR (144740 )
K
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V. SIMULATION AND DISCUSSION
A. Simulation setup

In the simulation work, it was assumed that each cell in the
network is allocated 20 RBs in which the Cell-Edge and Cell-
Center area are allowed 20 and 10 RBs respectively. In initial
state, it was assumed that there is one user in Cell-Center area
and one user in Cell-Edge area of each tier. The number of
new user arrivals is a Poisson random variable with a mean
of \(®),

The analytical and simulation parameters used in this paper
are summarized in Table 1.

Figure 2 presents variation of the average coverage prob-
ability of the CCU and CEU (y-axis) at initial state of the
network where there is a single user in the Cell-Edge and
Cell-Center area.

It is observed from Figure 2 that the average coverage
probability of the CCU is significantly greater than that of
the CEU. For example, when the coverage threshold is 0
dB, the average coverage probability of the CCU is around



Parameter Value
Number of tiers K=2
Density of BSs Tier 1, A = 0.25
Tier 2, A = 0.5
Transmit power
- Tier 1 P =100
- Tier 2 P =1
Transmit power ratio
- Tier 1 ¢1 =20
- Tier 2 ¢2 = 10
Frequency reuse factor | A; = Az =3
SINR threshold Ty =T = 10dB
Fading channel pr = —7.3683 dB
o, =8dB
Pathloss exponent a=4
TABLE T

ANALYTICAL AND SIMULATION PARAMETERS
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Fig. 2. Coverage probability of a Cell-Center and Cell-Edge user vs. coverage
threshold

0.9511 which is approximately 23% greater than that of
CEU. This because when Strict Frequency Reuse with factor
A; = Ay = 3 is deployed, the number of RBs in Cell-Edge
in this case is only 7 while the Cell-Center area is allocated
10 RBs.

It is observed from Figure 3 and 4 that most of users in
Tier-1 are served as CCUs. Meanwhile the number of CEU
and CCUs in Tier-2 are similar. This is because the users in
Tier-1 are served by BSs with higher transmit power which
can combat the InterCell Interference.

Figure 4 indicates that the throughput of CCU in Tier-1 is
significantly higher than those of other areas. For example,
when density of new users is 6, the throughput of CCU in
Cell-Center area in Tier-1 is double that in Tier-2. Hence, it
is proposed that this area can be used to serve the users that
require a higher data rate.

VI. CONCLUSION

In this paper, the performance of CEU and CCU in a PPP
network with multi-user and multi-RB was presented. The
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Fig. 3. Number of new Cell-Edge and CCUs in each tier

Cell-Center area Tier 1
Cell-Center area Tier 2
%X Cell-Edge area Tier 1
% Cell-Edge area Tier 2

40

(bit/Hz/s)

L.Eas

Average throughput of Cell-Edge and Cell-Center area

#
o

I I
5 6 7 8 9 10
Density of new users

Fig. 4. Average throughput of Cell-Center and Cell-Edge area

numerical analysis indicates that the performance of the CCU
is significantly better than that of CEU. Furthermore, it was
observed that most of users are served as CCUs in Tier-1
which has higher transmit power while there is not much
difference between the number of CEUs and CCUs in Tier-
2 which has lower transmit power. Hence, for optimization
purpose, the allocation algorithm should be designed to trade-
off between the performance of Cell-Edge area and Cell-
Center area in each tier.

APPENDIX A

The coverage probability of the user which served
on Cell-Edge RB with Signal-to-Interference-Noise Ratio



SINRy(¢r, rr) is defined as
P (T, ¢k|ri) = P(SIN Ri(n,7ic) > Ti)

where ¢, and z,, are are weights and nodes of Gauss-
Legendre rule with order Ny.
Hence, the coverage probability pL) (Tk, dr|ri) equals
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Since g;., is Rayleigh-Lognormal fading channel then
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Each element of this product can be evaluated by using the
properties of PPP generating function. Hence, the expectation
equals:
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Employing the changes in variable ¢t = (vJT) , the expecta-

tion becomes
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The first integral can be evaluated by using Gamma function,
the second integral can be approximated by using Gauss-

Legendre approximation quadrature as shown in [3], then the
expectation equals
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