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Abstract

This paper addresses Co-Channel Interference (CCI) problem in
cellular networks. Therefore, network performance improvements through
reducing CCI are evaluated using different four interference mitigation
techniques. These techniques represent traditional sectored Fractional
Frequency Reuse (FFR), sectored FFR do Beamforming (BF), Relay Assisted
(R-A) sectored FFR and R-A sectored FFR do BF technique. Additionally,
each one of the techniques which cooperative BF covers the horizontal,
vertical and Three Dimensional (3D) BF techniques. Consequently, sectored
FFR do BF contains three different scenarios. These scenarios indicate
sectored FFR do horizontal BF, sectored FFR do vertical BF and sectored
FFR do 3D BF. Furthermore, there are three different configurations of
applying BF in R-A sectored FFR do BF. These configurations signify Relay
Station (RS) do BF only, Base Station (BS) do BF only and both RS and BS
do BF. Therefore, each configuration consists of three different scenarios
according to the applied BF technique. Consequently, nine different scenarios
are studied. A comparison of all scenarios in different techniques is
introduced to enhance the network Quality of Service (QoS). Analytical
treatments are conducted. As a result, closed-form expressions for worst-
cases Cell Edge User's (CEU's) Signal to Interference Ratio (SIR), Cell
Centre User's (CCU's) SIR and inner radius are implemented. These
expressions are used to compare different techniques using various
performance evaluation metrics. The results show, that as unpredicted, the
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performance of R-A sectored FFR is close to that of R-A sectored FFR BF in
low SIR threshold and high PL exponent ranges. Therefore, R-A sectored
FFR is preferred in use from the network cost and power consumption
perspectives. Furthermore, vertical BF shows performance close to 3D BF in
low Path-loss (PL) exponent range. Therefore, applying vertical BF is
preferable with regard to the network budget and energy preserve. Moreover,
it is observed, that configuration of BS do BF is superior to other
configurations when horizontal or vertical BF technique is applied.
Additionally, the configuration of both RS and BS do BF outperforms the
other configurations when 3D BF is applied. However, as unexpected, it
performs worse than them when the other BF techniques are applied. The
work outcomes attain much higher CEU's SIR improvement. Therefore, the
outage probability is decreased. Thus, network can cover more users.
Accordingly, the total network cost is reduced. So, this treatment improves

the network performance while keeping lower network cost.

Keywords: Communication Networks, Correction Factor, Relay
Assisted Systems, Interference Mitigation Techniques, Cooperative Cellular

Systems.
1 Introduction

Co-Channel Interference (CCI) problem restricts achieving high
system  performance in cellular networks [1]. Therefore, Fractional
Frequency Reuse (FFR) technique is addressed to solve this problem. This
technique divides each cell into inner and outer region. Furthermore, the
inner region serves Cell Center Users (CCUs) and uses Frequency Reuse
Factor (FRF) of one. Moreover, the outer region deploys FRF greater than
one to cover Cell Edge Users (CEUs) [2]. Regrettably, this technique hasn’t
the power to fully remove CCI problem [3]. Thus, Relay Assisted (R-A)
cellular networks are introduced as another solution to erase this problem

[4]. These networks have received particular consideration due to its aptitude
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to increase the coverage area and signal strength [5]. Therefore, an
expression for the secrecy outage probability for Amplify and Forward (AF)
relay network over Nakagami-m fading channels is introduced [6]. In
addition, the performance of Decode and Forward (DF) relaying over an
independent, asymmetrical and generalized fading channels is analyzed [7].
Moreover, a comparison between AF and DF Relay Stations (RSs) is
implemented [8]. Unfortunately, it is found, that in these networks there are
many issues affecting the system reliability. The first difficult represents the
interference that generated from RSs deployment[9]. Furthermore, the
second problem denotes the Bandwidth (BW) efficiency reduction due to the
increase in number of deployed RSs[10]. Additionally, the third issue
signifies the increase in power consumption due to the big difference in
power levels of transmitted and received signals [11]. Consequently,
Beamforming (BF) technique has been used to solve these issues. This
alternative solution enables the antenna to direct the signal to the desired
direction which reduces the interference level [12]. Hence, the joint user BF
and relay transmit strategies to deal with the self-interference signal at the
Full Duplex (FD)RSis studied [13]. Additionally, relay BF design to
minimize the maximum interference caused at the neighboring cells is carried
out [14].

The objective of this paper is to introduce an effective solution for
CClissue in OFDMA cellular networks. Thus, four different interference
mitigation techniques are analytically treated. These techniques represent
traditional sectored FFR, sectored FFR cooperative with different BF
techniques, R-A sectored FFR ~ and R-A sectored FFR cooperative  with
different BF techniques. Additionally, each one of the techniques
which uses BF considers the horizontal, vertical and Three Dimensional (3D)
BF techniques. Consequently, sectored FFR cooperative with BF contains
three different scenarios. These scenarios denote sectored FFR do horizontal

BF, sectored FFR do vertical BF and sectored FFR do 3D BF. Furthermore,
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three different configurations of deploying BF are considered in R-A
sectored FFR cooperative with different BF techniques. These configurations
indicate RS do BF only, BS do BF only and both RS and BS do BF.
Therefore, three configurations of applying BF and three BF techniques form
nine different scenarios in total. Also, frequency allocation scheme is
assumed for each techniqueto reduce the interference level. These
expressions arethen used to draw a comparison among these
techniques using various performance evaluation metrics. Accordingly, the
results of this work contribute to improving network Quality of Service

(QoS) while keeping lower network cost.

This paper is organized as follows: the basic assumptions and
models description are introduced in Sect. 2. Section 3 focuses
on system performance evaluation metrics. Section 4 introduces the results

and discussion. Section 5 is dedicated to the conclusion of the work.
2 Basic Assumptions and Models Description

This section presents the analysis of different interference mitigation
models. These models denote traditional sectored FFR technique, sectored
FFR do BF technique, R-A sectored FFR technique and R-A sectored FFR do
BF technique. Furthermore, this analytical treatment resulted in closed form
expressions for CCU's SIR and CEU's SIR as shown in the next subsections.
These expressions are then used to compare the performance of different

models.
2.1 Analysis of traditional sectored FFR technique

Two tier sectored FFR system is considered as revealed in Fig. 1 (a).
In this system there are 19 cells and each cell is divided into inner and outer
regions. Moreover, the outer region is divided into three
sectors. Consequently, the total BW is divided equally between the inner

region and each sectorin the outer region. Therefore, inner region
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deploys Frequency Band (FB) (1)) to cover CCUs. Additionally, outer region
uses FBs (2, f3 and f3) to serve CEUs as shown in Fig. 1 (b).
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Fig. 1 Two tier sectored FFR system (a) system layout (b) frequency allocating scheme

Furthermore, with a view to control CCI in cellular networks, the
received average SINR is used to classify different users as either CEUs or
CCUs. Therefore, the user is classified as CEU when the received average
SINR is below a given threshold. Moreover, when received
SINR excessed that threshold, the user is categorized
as CCU. Additionally, it is assumed, that the serving BS (BSy) located at the
coordinate origin as revealed in Fig. 1 (a). Therefore, the SINR of a user u
(X, Y) located at a distance from BSjis given by the following equation
[15]

SINR(X,Y)= ?0.—.Pn,=h0_x.,= %
o I [ T
= =1

where u is the user index, Go, represents the PL associated with the
channel between user u and BS,, Gy, denotes PL related to the channel

between user u and interfering BSs, n is the subcarrier index, Py, refers to the
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transmitted power of BS, on subcarrier n, w is the interfering BS index, e
denotes the number of interfering BSs (i.e. BSs that are using the same FB as
BSy), Pyw.n symbolizes the transmitted power of interfering BSs on subcarrier
n, houn signifies the exponentially distributed channel Fast Fading (FF)
power between user u and BSy, hyn characterizes the exponentially
distributed channel FF power between user u and interfering BSs
and y* is the noise power of the Additive White Gaussian Noise (AWGN)
channel. Furthermore, the parameter Gy, is directly proportional to 1™ i.e.
(Go @ r'") where 1 and r represent the PL exponent and distance between the
BS and user u, respectively. So, this relation can be formulated as Gy, = Go1°
" where G, is the first proportional constant which can be defined as
Go=(c/4nf,)* where f, and ¢ signify the center frequency of serving BS and
speed of light, respectively. Moreover, the parameter Gy, is
defined as Gy, = Gy 1y " where Gy, and 1y, denote the second proportional
constant and distance between the interfering BSs and user u, respectively.
Besides, the second proportional constant is defined
as Gy=(c/4nf,)* where f, is the center frequency of interfering BSs. The
interfering sources are all neighboring BSs that use the same FB as BS,.
Therefore, CCUs suffer from 18 interfering BSs (BS;. BS;g) that use the
same FB (f}) as BSj in the inner region as depicted in Fig. 1 (a). Additionally,
CEUs suffer from 7 interfering BSs which denote cells number (5, 6, 14, 15,
16, 17 and 18) that use FB (f;) as BSy in the outer region. In addition, it is
assumed, that channel fading powers are independent with unit mean, i.e.
(houn=1), and the main effectin cellular network comes from the
interference than from noise. Thus, noise term is neglected in our analysis.
Furthermore, user u can be considered either a CCU or CEU as he moves
from the inner region to the cell edge. Thus, Eq. (1) is reformulated to
calculate the CCU's SIR and CEU's SIR of the user u as follows [16]
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where Py denotes the transmitted power by BS,, kis the interfering
BS index in the inner region due to reuse one frequency (f)), rx represents
the distance between CCU and the 18 interfering BSs that use FB (f)), Py is
the transmitted power by the interfering BSs that affect CCU, Gy indicates
the inner proportional constant which is defined as Gk=(c/41t’fk)2 where fi is
the center frequency of interfering BSs which affect the CCU, jBS is
the interfering  BSsindex in  the  outer region due to
reuse FB (f2), rjgs characterizes the distance between CEU and 7 interfering
BSs that use FB (f;), Pjgsis the transmitted power by the interfering
BSs, Gjgs signifies the outer proportional constant which 1S
defined as Gst=(c/47tijs)2 where figg is the center frequency of interfering
BSs which affect CEU, Z is the parameter that defines the user location if
CEU (Z=0)or CCU (Z=1) and 7 represents the complement of parameter
Z. Additionally, it is assumed, that equal transmitted power is applied for all
BSs and the interference of users is negligible. So, the general SIR expression

for CCU can be written as follows

Gr”

SRRy (X T )= 3)
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where SIRccy is the CCU's SIR. Also, the values of G, and Gy are
equal because all BSs in the inner region use the same frequency
(f1). Moreover, the general equation of CEU's SIR under equal transmitted
power assumption can be expressed by the following relation

_G;r"’ )]

SIR, . (X Y _]= -
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where SIRcgyis the CEU's SIR. In addition, the values of
G, and Gigs are identical due to deploying the same FB (f,) by all BSs in the
outer region. Thus, Eq. (4) can be reformulated as follows

S A Y™ )

Additionally, it is assumed, that (X, y) are the normalized coordinates
to the cell radius (Reep) i.e. (X, y) =(X/ Rcen, Y/ Reen). So, the normalized
distance will equal to. On the other hand, in the outer region, there are 7
interfering BSs that use the same FB (f;) as BSpand affect CEU’s SIR.
Accordingly, Eq. (5) can be reformulated to represent the CEU’s SIR
expression in normalized coordinates as follows

[’x‘.‘ +}IJ\]G

o (22N = 1)

(6)

where I is the interference factor due to neighboring BSs in
sectored FFR system. Therefore, this parameter can be computed from the

following relation

I (x.y)= Z [[x -x;, ] +[:}- -y, ]:|c (M

Furthermore, CEU located at the second corner with coordinates (0,
1) is assumed. Thus, by substituting the value of Eq. (7) into Eq. (6), the
worst-case CEU's SIR can be calculated as follows

SR, =[ 27415 +19°)+16° T ®

where SIRg.. denotes the worst-case CEU's SIR closed-form

expression when sectored FFR technique is employed.




Table 1 BSs coordinates and assigned frequencies for R-A sectored FFR system

Sectored FFR

R-A Sectored FFR Frequency

Inner Freq. Frequency

BS X y . Assignment
Bands Assignment
BSs Freq. Bands |RSs Freq. Bands |BSs Freq. Bands

0 0 0 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
1 \/3 0 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
2 \/3/2 3/2 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
3 - \/3/2 3/2 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
4 -\/3 0 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
5 -\/3/2 3/-2 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
6 \/3/2 3/-2 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
7 2\/3 0 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2_1, f3_1 and f4-1
8 3\/3/2 3/2 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2_1, f3_1 and f4-1
9 \/3 3 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2_1, f3_1 and f4-1
10 0 3 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2_1, f3_1 and f4-1
11 -\/3 3 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
12 -3\/3/2 3/2 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
13 -2\/3 0 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
14 -3\/3/2 3/-2 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2_1, f3_1 and f4-1
15 -\/3 -3 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
16 0 -3 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
17 \/3 -3 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2_1, f3_1 and f4-1
18 3\/3/2 3/-2 f1 fz, f3 and f4 f2_2, f3_2 and f4-2 f2-15 f3_1 and f4-1
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2.2 Analysis of sectored FFR do BF technique

Although the interfering signals coming from neighboring cells are
reduced by using the sectored FFR technique, it can't be removed completely.
To overcome this problem, BF techniques with smart antenna
systems have been  utilized  for  further = network  performance
development. These BF techniques denote the horizontal, vertical and 3D BF
techniques. The basic feature of the horizontal BF technique is that, BS can
simultaneously provide service to several Mobile Stations (MSs) located in
different horizontal directions by choosing beams with different azimuths.
Consequently, the desired signal power increases and the CCI from adjacent
cells decreases. Furthermore, the horizontal antenna gain A (0) for each
sector antenna due to horizontal BF employment is expressed as follows [17]

4 f8]=—minifl2 [%]»ij ®

where A (0) indicates the antenna gain at an angle 0 in decibels (dB),
0 represents the angle between direction of interest and boresight of antenna
in horizontal dimension, 0s34g is the 3dB beamwidth of horizontal beam and
Gn front to back attenuation. However, it is found, that all MSs that are
served by beams with the same down-tilt angle can't be distinguished at the
same time [18] as depicted in Fig. 2. Therefore, deploying the horizontal BF
technique in this case is not the best choice tocover many CEUs
simultaneously. Consequently, the vertical BF technique is used to perform
this target.




Line of horizontal . {’I, )>

Fig. 2 Drawback of horizontal BF technique

The vertical antenna gain A (¢) is calculated from the following

relation [18]
4 (@)= —min{lz{%}.ﬂ(}r] (10)

where A (¢) represents the antenna gain at an angle ¢ in dB, ¢
symbolizes the angle between the direction of interest and the boresight of
the antenna in vertical dimension, ¢sqg characterizes the angle of which the
antenna gain is 3 dB lower than the antenna gain in the main-beam direction
of the wvertical beam, ¢y denotes the down-tilt angle in the transmitter
and SLGyis the maximum attenuation of the side-lobe. Additionally, the
parameters G, and SLG, are set to be 20 dB. Also, the reference values of
these parameters are taken from [17] and [18]. The BF concept for both

horizontal and vertical BF techniques is shown in Fig. 3.

Vertical BF technigque
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Fig. 3 Concept illustration of horizontal and vertical BF techniques

On the other hand, the rapid growth of high rise buildings in modern
cities results in a growing range of floors in which users may stay on. Thus,
3D BF technique is used where it can improve the transmission efficiency
greatly over the Two-Dimensional (2D) BF techniques such as (horizontal
and vertical BF techniques) [18] as shown in Fig. 4.

3D BF technique

e r

\..

Fig. 4 Difference illustration between 2D BF and 3D BF technique

The 3D antenna gain is the sum of the horizontal and elevation
patterns antenna gain. Therefore, generation of 3D pattern from two
perpendicular cross-sections azimuth and elevation patterns is given by the

following formula [18]

4(8.¢)-—min(-[4(8)+4(¢)].G.) (1

where A (0, ¢) is the 3D antenna gain at angels 6 and ¢ in decibels
(dB). Therefore, CEU’s SIR of the considered model is calculated by
applying these BF techniques with BS to reduce CCI effect. Thus, Eq. (8) can

be reformulated to calculate CEU's SIR expression as follows

_ A,.(6.¢)(x +y7) (12)
_ZE]A;H (6: .9 }[(I X )‘ "'[:J" e }‘:|
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where SIRppps denotes the CEU's SIR after applying BF technique
with BS, Aps(0 , ¢)represents thegain in (6 , ¢) directions
of serving BS in the outer region and Ajgs (01, ¢1) characterizes the gain in
(01 and ¢y) directions of the interfering BS in the outer region. In addition, the
parameters A (0,9) and Ajgs (01, ¢1) can be calculated from Eq.(9) when
horizontal BF is applied. Also, these parameters can be obtained from Egs.
(10) and (11) when vertical and 3D BF are respectively deployed.
Consequently, three different scenarios in this model are considered. These
scenarios represent sectored FFR do horizontal BF, sectored FFR do vertical
BF and sectored FFR do 3D BF. Additionally, the exact values
of Ags (0,9) and Ajps(0y, ¢1) are conducted for different BF techniques.
Hence, a formula describing the CEU’s SIR of sectored FFR do horizontal

BF scenario is implemented and simplified as follows

SIR s =W 1o ([ 77W5 1 W, |+[13°W ¢/ T, |+[16°T, /W, [+ [19°T; / W, || * (13)

where SIRygs indicates the attained CEU’s SIR from the scenario
of sectored FFR do horizontal BF. Moreover, W,, W3, Ws, Wg, Wi, Ti,
T, and Tz denote constant values shown in Table 2. Furthermore, for the
scenario of sectored FFR do vertical BF, the CEU’s SIR equation is

calculated and simplified as follows

SRygs =04 ([7°05 /0, |+[ 13705/ X, | +[16° X, 1X; |+ [19°X 01])'1 (14)

where SIRygs symbolizes the achieved CEU’s SIR from the scenario
of sectored FFR do vertical BF. Furthermore, O,, O3, O4, O, Os, Xi, X,
X3 and X4 represent constant values displayed in Table 2. Moreover, the
effect of applying 3D BF technique with sectored FFR is computed and
reformulated as follows

SR pp =M, ['_[:f“M4 IMy | +H[137M /M, |+[167 M,/ M, |+[197 M, .-"M_:];]_l (15)
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where SIR3pps represents the reached CEU’s SIR from the scenario

of sectored FFR do 3D BF. Also,

M27

symbolize constant values shown in Table 2.

M3a M4a M67 M77

M13 and M17

Table 2 Parameters' values of sectored FFR do BF

Sectored FFR do hor.
BF

Sectored FFR do
vertical BF

Sectored FFR do 3D BF

W,=2.251799813x10"

0,=4.503599627x10"°

M,=1.152921x10"

W;5=1.37339601x10"

0,=1.437387172x10"°

M;=5.7646075x10"

We=3.022994811x10"

0,=1.125899906x10"

M,=1.68537439x10"

Ws=2.81474976x10"

0¢=2.875753244x10"

M=7.552021340x10"

Wi0=2.0911

05=0.8589

M-,=8.117761096x10"

T,=1.125899906x10"°

X,=2.251799813x10"°

M 3=7.77806801x10"°

T,=2.013177238x10"

X,=1.79642069x10"

M17=0.9175

T5=1.465097859x10"

X;3=2.814749763x10"

X4=5.750823694x10"°

2.3 Analysis of R-A sectored FFR technique

Two tier R-A sectored FFR system is assumed as shown in Fig. 5 (a).

This system is the same as sectored FFR but with employing relaying

technique to improve the link performance and reliability. Thus, in this

system, each cell has a BS and a certain number of RSs arranged in a regular
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pattern at distance equal to R4 (Rq= 0.75 of R¢e) from the BS as shown in
Fig. 5 (b). Consequently, each FB in outer region is further portioned in two
different sets of sub-bands to reduce the interference level between the RSs
and BSs. The first set represents (f>.; f3.;and fy.;) sub-bands which are
allocated to BSs. In addition, the second set denotes (f>., f3. and fi,) sub-
bands which are assigned to RSs as depicted in Fig. 5 (c). Furthermore, in
this system, FD AF RSs are considered due to their simplicity and
efficiency in utilizing spectrum resources. Accordingly, the communication is
completed in two time slots. In first time slot, RS remains idle, while BS
transmits the signal to both RS and MS through relay and direct link,
respectively. In second time slot, RS forwards the previously received signal
to the MS through access link after amplification process whereas the BS

remains silent.

Userof mmres (0.1

Power level

Freqmem:_\T

e ©

Fig. 5 Two-tier R-A sectored FFR system (a) system layout (b) cell layout (c)

assigned frequency division

Consequently, MS combines these two time slots' SIRs by using
Maximum Ratio Combined (MRC) technique as shown in Fig. 6. As a result,
the CEU's SIR expression at MS is calculated as follows [19]

MRC o =1"T 8 o +2°T S (16)

(51 )
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where MRCgr, 1 T.S.sir and 2% T.S.gr denote the MRC of the two
time slots' SIRs, obtained CEU's SIR from the first time slot and achieved
CEU's SIR from the second time slot, respectively. Thus, the analysis of two
time slots is conducted in the following two subsections to calculate MRC

closed form expression.

;

Fig. 6 Concept illustration of maximum ratio combining technique

Direct Iink (first time slot)

2.3.1 Analysis of first time slot

In this time slot, BS transmits the signal to both RS and MS while
RS keeps idle. Thus, the interfering sources are all neighboring BSs that use
the same FB as the serving BS. Therefore, CCUs suffer from 18 interfering
BSs resulted from reuse one frequency (f;) in the inner region as depicted in
Fig. 5 (a). Furthermore, CEU suffers from 7 interfering cells that use the sub-
band frequency (f,.;) in cells number (5, 6, 14, 15, 16, 17, and 18). Therefore,
the analysis of this time slot is identical with the sectored FFR
analysis because in this time slot the communication is done completely by
the BS. So, CEU's SIR closed form expression can be evaluated from Eq.

(8).

2.3.2 Analysis of second time slot

In this time slot, each RS forwards its amplified signal to MS while
BSs are still. Therefore, the worst case CEU's SIR of user u located at cell

edge in the second time slot is estimated by the following formula

(L



Smm(w):% ¢k

where Ipec 1S the interference factor due to CCI from all RSsin
neighboring cells that use the same sub-band frequency as the serving RS. It
is considered, that user of interest is served by RS which deploys sub-band
frequency (f;») in the central cell. So, there are 7 interfering RSs in
cells number (5,6, 14, 15, 16, 17 and 18) that use the same sub-band
frequency (f,2) as shown in Fig.5 (a). The coordinates of these 7
interfering RSs are shown in Table 3. Consequently, the parameter Igse is
evaluated from the following formula

T, (x:y:]:.hz-f[(x+le ]1+(y+ Vi, ]1:|=' (18

Jp=l

where jr denotes the group of interfering RSs that use the same sub-
band frequency (f,.;) as the serving RS. By substituting the value of Eq. (18)
into Eq. (17), the worst case SIR of CEU with coordinates (0, 1) is expressed
as follows

o =(e) [2((6%6}a +(574e) +(21?15)a)+(16915)3 T (19)

where SIRgg signifies CEU's SIR of the second time slot for R-A
sectored FFR network.




Table 3 Interfering RSs 'Coordinates for R-A sectored FFR network

Interferiillllgcl;? If((:(?rdinates X Y
o Y/¥V- /Y-
1 \VARY; A
¥ Y/¥AY- /Y-
Yo ¥v- £/4-
ki . £/4-
VY vy £/4.
YA Y/¥AY ¢y

Accordingly, by substituting the values of Eq. (8) and Eq. (19) into
Eq. (16), the worst case MRC closed form formula for R-A sectored FFR can

be computed.
2.4 Analysis of R-A sectored FFR do BF technique

Although RSs deployment attains several benefits to the
communication systems, it causes additional interference.
Thus, BF techniques have been addressed to reduce interference related to
RSs employment. The network performance improvements through reducing
CCI are evaluated using three different configurations of applying BF. These
configurations represent RS do BF only, BS do BF only and both RS and BS
do BF. Also, in this technique, the considered BF techniques denote the
horizontal, vertical and 3D BF technique. Therefore, each configuration
consists of three different scenarios. Accordingly, nine different scenarios
are studied. Therefore, MRC of the considered technique is calculated by

(Y



applying the BF techniques with the two time slots as shown in the following

two subsections.
2.4.1 Analysis of first time slot

In this time slot, as mentioned above, RS remains silent and BS
transmits the signal to MS and RS. Therefore, BF techniques are applied with
BS to reduce CCI effect. Thus, three different scenarios in this time slot are
considered. These scenarios represent BS do horizontal BF, BS do vertical
BF and BS do 3D BF. Here, the interfering sources are all neighboring BSs
that use the same FB as the serving BS. Thus, CCUs suffer from 18
interfering BSs resulted from reuse one frequency (f;) in the inner region as
depicted in Fig. 5 (a). Furthermore, CEU suffers from 7 interfering BSs that
use the sub-band frequency (f.;) in cells number (5, 6, 14, 15, 16, 17 and 18).
Accordingly, the analysis of this time slot is identical with sectored
FFR do BF technique analysis because in this time slot the communication
is totally completed through the BS. Consequently, Egs. (13), (14) and (15)
can be used to represent CEU's SIR closed form expressions when horizontal,
vertical and 3D BF techniques are applied, respectively. Thus, by substituting
the values of Egs. (13) and (19) into Eq. (16), the MRC expression for the BS
do horizontal BF scenario can be calculated. Moreover, by substituting the
value of Egs. (14) and (19) into Eq. (16), the MRC closed form formula for

the scenario of BS do vertical BF can be computed
2.4.2 Analysis of second time slot

In this time slot, as discussed above, RS amplifies the previously
received signal and forwards it to the MS where BS stills idle. So, BF
techniques are applied with RS only. Thus, CEU's SIR formula of this system
is calculated by considering BF effect with Eq. (17) as follows




Ags (6.0)(x7 (v —0.75)°) -

SRy (2.3 ) = : =
> A (6.0) (x—x5) + (v =3 ) |
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where SIRgrpr indicates the CEU's SIR of second time slot
after applying BF technique with RS, Ags (01,¢y) represents the gain in
(0 and ¢) directions of serving RS and Ajrs (01,¢1) symbolizes gain  in
(Brand ¢1) directions of the interfering RS. Accordingly, in this time
slot, there are another three different scenarios. These scenarios
signify RS do horizontal BF, RS do vertical BF and RS do 3D BF. For the
scenario of RS do horizontal BF, the CEU’s SIR equation is evaluated and
simplified as follows

SIR g = 4°W o ([19°W 3 /W 4 |+ [43°W (I W, [+ [49°F o/ Wy |+ [61°W wE])_l (21)

where SIRyr denotes the attained CEU’s SIR from the scenario of RS
do horizontal BF technique. Additionally, Ws and W5 are constant values
presented in Table 4. Accordingly, by substituting the value of Eq. (8) and
Eq. (21) in Eq. (16), the worst-case MRC closed-form formula for this
scenario can be formulated. Additionally, the effect of deploying vertical BF

technique with RS is computed and simplified as follows

SIRyy =470, ([19°0,/0,]+[4370,10,]+[4970410,]+ [61"0;!01])_1 2

where SIRyr symbolizes the achieved CEU’s SIR from the scenario
of RS do vertical BF. Moreover, Os and O; denote constant values displayed
in Table 4. Therefore, by substituting the value of Eq. (8) and Eq. (22) in Eq.
(16), the worst-case MRC closed-form formula for this scenario can be
evaluated. Furthermore, for the scenario of RS do 3D BF, the CEU’s SIR

equation is evaluated as follows

SIRspg =4"M 1 ([19°M /M, ]+ [43°M ;I M |+[49° M 5/ M, |+ [ 617 M MSD_I (23)

where SIR;3pr indicates the obtained CEU’s SIR from the scenario of

RS do 3D BF. Furthermore, M5 and Mg denote constant values demonstrated
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in Table 4. Consequently, by substituting the value of Eq. (8) and Eq. (23) in
Eq. (16), the worst-case MRC closed-form expression for this scenario can

be calculated

Table 4 Parameters' values of RS do BF configuration

RS do horizontal BF RS do vertical BF RS do 3D BF

Ws=5.6294995x10'*  [05=5.750026357x10"°  Ms=1.916261x10"

W-=1.4650978x10"°  0,=5.750823694x10"°  M=1.4411518x10"7

Moreover, if both BS and RS apply different BF techniques, there
will be additional three different scenarios. These scenarios represent both
RS and BS do horizontal BF, both RS and BS do vertical BF and both RS
and BS do 3D BF.

3 System Performance Evaluation Metrics

In this section, performance evaluation metrics are used to compare
different configurations and scenarios. These metrics represent the channel

capacity and Spectral Efficiency (SE).
1. Different cellular networks spectral efficiency estimation

SE refers to the rate of information which can be transmitted over a
certain BW. So, it is a measure of how efficiently a restricted frequency

spectrum is used. Accordingly, the SE is evaluated as follows [16]

SE = }?\IlogJ (1+CEU s SIR) (24)

where N is the inverse of the FRF which is defined as .
3.2 Capacity evaluation for different cellular networks

The potentially achievable link rates in networks are computed by
using the Shannon capacity formula [17] that is given by the following

equation
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C=BWlog, (1+CEUs SIR) b/ (25)

where C and BW denote the channel capacity and frequency BW,

respectively.
4 Results and Discussion

This work introduces an analytical treatment of different interference
mitigation techniques to enhance network QoS. This treatment resulted in
closed-form expressions of the worst-cases CEU's SIR and CCU's SIR. These
expressions are used to evaluate various performance metrics. Accordingly, a
comparison of the considered interference mitigation techniques is presented
in this section. This comparison is done through three stages. The first step
determines the best scenario in sectored FFR do BF. The second stage
defines the superlative scenario in R-A sectored FFR do BF. Then, these
scenarios are considered in the last stage of the comparison to represent their
respective techniques. Consequently, the outcomes of this work give a clear
idea about the behavior of each interference reduction technique. The change
of SIR with PL exponent under different BF effects is depicted in Figs. 7-10.
From these figures, it is observed, that PL gain increases due to PL exponent
increase that in turn compensates the signal attenuation. Consequently, the
SIR increases with PL exponent increase. Furthermore, it is noticed,
that the performance of sectored FFR do vertical BF scenario is close to
that of sectored FFR do 3D BF scenario in low PL exponent
range as revealed in Fig. 7. Accordingly, applying vertical BF technique has
the preference from the network cost and power consumption points of
view. The reason of this result, thanks to the ability of vertical BF to provide
nearly the same SIR values as 3D BF with lower cost and power
consumption. However, this scenario lost its superiority inhigh PL
exponent range. This result can be attributed, to the inability of vertical BF
technique to direct in a precise way the beam to the desired user when

several users have the same elevation angle. Hence, the interference effect

N



increases. Accordingly, the CEU's SIR decreases. Furthermore, it is noticed
that in general, the scenario of sectored FFR do 3D BF tops the other
scenarios. The reason of this result can be accredited, to the capability of 3D
BF to serve several users simultaneously even who have the same elevation
or azimuth angle. Therefore, the interference sources are reduced.
Accordingly, the interfering signals are decreased. Hence, the CEU's
SIR increases. Consequently, this scenario attains the highest SIR value in
sectored FFR do BF technique. So, this result denotes the first stage in the

comparison.

— — — Sectored FFR do 3D BF scenario : T
Sectored FFR do vertical BF scenario H
20 || T 5 Sectored FFR do horizontal BF scenario

SIR

H = : i
%_6 2.8 3 3.2 3.4 3.6 3.2 =+
Fathloss exXponent

Fig. 7 SIR against PL exponent when sectored FFR do BF 1s used.

Fig. 7 SIR against PL exponent when sectored FFR do BF is used.

The next results represent the second stage of the comparison. This
step defines the best three scenarios in R-A sectored FFR do BF technique.
As mentioned above, nine different scenarios are considered in this technique
according to the applied BF technique with each configuration. The outcomes
of this stage contribute to determining the best scenario to be used with each
BF technique.




ol | Py g ey : _';;L

=2 = Hoih BS and RS do vertical BF scenario 2 -

2= L = — Both BS and RS do 3D BF scenario - ‘__.."'- .

— & R-A secitored FFR e Turniopwae =

— e Sectored FFR do 31D BF scenario
Sectored FFR techndgue

Fathloss Exponent

Fig. 8 SIR of different interference mitigation techniques against PL

exponent when both RS and BS do various BF techniques.

Fig. 8 depicts the change of SIR with PL exponent when both RS and
BS do different BF techniques. It is observed, that scenario of both BS and
RS do 3D BF is superior to other scenarios and techniques. The reason of this
result thanks, to the ability of 3D BF to direct the signal to desired user
without causing interference. Therefore, CEU’s SIR increases. Accordingly,
applying 3D BF with both BS and RS increases the achieved CEU’s SIR of
the two time slots. Consequently, this scenario achieves the highest CEU’s
SIR. Furthermore, it is noticed, R-A sectored FFR outdoes other scenarios of
applying BF. This result can be attributed, to the inability of 2D BF
technique to direct the beam in a precise way towards the desired user only.
Hence, the interference effect increases especially between CEUs who have
the same elevation or azimuth angle. Accordingly, the CEU's SIR decreases.
So, applying vertical or horizontal BF with both BS and RS has respectively
the third and fourth opportunity.
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Fig. 9 SIR of various interference mitigation techniques against PL
exponent when BS do different BF techniques.

Fig. 9 displays the variation of SIR with PL exponent when BS
do different BF techniques. It is observed, that performance of R-A sectored
FFR technique is close to that of the three scenarios of BS do BF in low PL
exponent range. Accordingly, this technique has the preference in use from
the network budget and energy reservation perspectives. The reason of this
result, thanks to the ability of R-A sectored FFR technique to provide nearly
the same SIR values as BS do BF with lower cost and power consumption.
However, in high PL exponent range, the scenario of BS do3D BFis
superior to other scenarios and techniques. This result can be credited, to the
capability of the antenna array system in 3D BF to trace the user location and
supply a dynamic coverage. Therefore, the system performance
increases which affects positively the reliability of  the
communication. Hence, the CEU's SIR increases. Accordingly, applying 3D
BF with BS enables the system to achieve high SIR. Consequently, the
scenario of BS do 3D BF outperforms other scenarios and techniques.
Fig. 10 depicts the change of SIR with PL exponent when the different BF
techniques are used with RS. It is mentioned above, that 3D BF has the
capability to dynamically focus the desired beam to the user of interest

only. Therefore, the interference effect decreases. Besides the received signal
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power increases. Consequently, the CEU's SIR increases. Thus, applying 3D
BF with RS contributes to achieving much higher CEU's SIR. In addition, it
is observed, thathorizontal BF technique can't distinguish many
users simultaneously who have the same down-tilt angle. Therefore, more
interference is resulted. Additionally, the negative effect of this interference
increases as the access link decreases. Thus, applying horizontal or vertical
BF with RS increases this effect. Accordingly, the CEU's SIR value
decreases. Consequently, R-A sectored FFR technique is preferable in use

when horizontal or

30 T
—— RS do horizontal BEF scenario A
— S — RS do vertical BF scenario - -
25 —&= —RS do 3D BF scenario | e v i b
—fi—— R - A sectored FFR technigue -_la L,
| — — 7 Sectored FFR do 3D BF scenario =

Sectored FFR techmndgue

Fathloss Exponent

Fig. 10 SIR of different interference mitigation techniques against PL
exponent when RS do different BF techniques.

vertical BF is used. Also, it is noted, that the superiority of using
this technique appears clearly in the high PL exponent range. These results
contribute to saving the power and reducing network cost. Table 5 illustrates
the comparison results between the different configurations of R-A sectored
FFR do BF according to the applied BF technique. Furthermore, SIR value is
the evaluation metric, where the best scenario gives the highest CEU's
SIR. For example, when 3D BF technique is applied, the best scenario to be
used is the scenario of both BS and RS doBF followed by the
scenario of BS do BF only. Additionally, the configuration of RS do BF perf

orms worse than other configurations when 3D BF technique is used. This

&



order provides an accurate and easy way to determine the

best configuration to be used with a certain applied BF technique.

Table 5 Comparison of R-A sectored

FFR configurations cooperative with different BF techniques

Performance evaluation . Vertical BF Horizontal BF
. 3D BF technique . .
metric technique technique
Highest SIR value Both BS and RS BS BS
BS RS RS
Lowest SIR value RS Both BS and RS | Both BS and RS

5 Conclusion

In this paper, the network performance improvements by reducing
CCI impact is addressed. These improvements are studied through four

interference mitigation techniques. These techniques represent traditional

sectored FFR, sectored FFR do BF, R-A sectored FFR and R-
A sectored FFR do BF. Additionally, each one of the techniques which uses
BF studies the horizontal, vertical and 3D BF

techniques. Consequently, sectored FFR do BF contains three different
scenarios. These scenarios denote sectored FFR do horizontal BF,
sectored FFR do vertical BF and sectored FFR do 3D BF. In addition, there
are three different considered configurations of applying BFin R-A
sectored FFR do BF. These configurations indicate RS do BF only, BS do BF
only and both RS and BS do BF. Moreover, each configuration consists of
three different scenarios according to the deployed BF technique.
Consequently, nine different scenarios are studied. A comparison of all
scenarios in  different  techniquesis  introduced to  enhance the
network QoS. Analytical treatments are conducted. These treatments result in

closed form expressions for worst case CCU' SIR, CEU's SIR and inner
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radius. Additionally, different performance metrics are evaluated to compare
the performance of different interference mitigation techniques. The results
show, that as unpredicted, R-A sectored FFR technique outperforms the other
techniquesin low SIR threshold rangeand high PL exponent
range. Therefore, this technique is preferable in use from SIR and network
cost perspectives. Accordingly, there is no need to deploy BF techniques
under these conditions. Furthermore, vertical BF shows performance close to
3D BF inlow PL exponent range. Therefore, applying vertical BF is
preferable with regard to the network budget and energy preserve. Moreover,
it is observed, that configuration of BS do BF has the preference in use when
horizontal or vertical BF is applied. The reason of this result can be
attributed, to the large distance of direct link which contributes to reducing
the interference impact. Therefore, the CEU's SIR increases. Accordingly,
this configuration is much superior to other configurations when one of these
two BF techniques is employed. Furthermore, it is noted, that 3D BF has the
ability to provide a dynamic coverage for the CEU. Thus, interference among
users decreases. Consequently, the configuration of both RS and BS do BF
outdoes the other configurations when 3D BF is deployed. However, as
unexpected, it performs worse than them when the other BF techniques are
applied. These results provide much higher CEU's SIR enhancements. Thus,
the network performance can be improved. Therefore, incoming calls will
experience lower blocking probability. Hence, the cell can support a greater

traffic density of users. Consequently, the total network cost is reduced.
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