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ABSTRACT

This study analyzes the impacts of co-channel interference (CCI) on 4G wireless
communication systems. Both downlink and uplink CCIl analysis models are

developed to estimate the influences of CCI on system performance.

To improve the throughput performance of cell-edge users, the fractional
frequency reuse (FFR) technique has been commonly used in the deployment of
wireless broadband networks for balancing cell capacity and user fairness. In the
downlink simulation analysis, two FFR schemes are proposed to improve the
performance on user and system throughput. Mobile users are randomly distributed
to cell coverage, and the signal-to-interference-plus-noise ratio (SINRs) of mobile
users are calculated. Average throughput is adopted to evaluate the performance of
FFR schemes. The results indicate that the proposed methods can enhance edge user

throughput.

In the uplink analysis, a model is developed for estimating the impacts of CCI on
cell coverage. The method is based on the SINR requirement that each mobile user
transmit enough power to satisfy a minimum SINR. The simulation results indicate
that CCI can cause significant reduction in cell coverage, especially when the users

employ more subchannels for high-speed data transmission services.

The shadow fading propagation model and user random locations are taken into
consideration for both uplink and downlink analysis models. The developed model

can be used to analyze CClI in Long Term Evolution and IEEE 802.16m networks.

Key words: Co-channel interference (CCl), IEEE 802.16m, LTE, fractional frequency

reuse, coverage reduction



ACKNOWLEDGE

A4 B B o BRp T wAES L E o REHERE AR
- 7 o ip— B RKFHF LR RAERE '»#“‘f T gy

Sosi s dlm o HHEE e

ATz m A FARREHIFM Y FRFDE R EEEE 0 LA

T2 BB AR 0 31 A r @ ARL e BT YA o 2 Bk KB Y R

/

3«-*\

TEPEREHAER L SRA R WA RPERNER G X F
z%$%ﬁ%ﬁ%%’1%%¢@¢%ﬁ’%@i%¢%”%? A R
B EREPERERA RF DR EALEL LS B2 RBAENS o f

22 T EEREY o

b AU RF A v SR R Lo LR LR

Eios
%
\ N
2:}
’ﬂ
43%
&
&=
=
B

CAAAFERIREFENE eS8 SPEFT S 12k e

A B PR ERESE R > At - HRB

BAEE P S A BB LI SRR S St h AN 1 F B AT

N

'
LI %i CAES AT RmFELEA MR > 402 R S
AoV - BE > LT F vl BT LFEFEE AN G SRR
Podp B 2 B A B YHAGR AR FEEE S 4k B0

TR I AT S SRR T 8y T B 2R R e



RBEAA A gy P AT PEEFPL > A gi&&*l/».r_z{»lﬁ A

Bt BHAHEMCADTA  BHAAMLE FARTRT LA
P B A AR R KERTPA BT BN LREERY Y

7 9T:Tfraﬁrﬁglﬁﬂi%‘é—r9;{%%;\&@5‘?;%%@1;;O

T e 0 BRGSO R B M
it FHende 4 APRhZ BA O RSN pa B 0 P TRERE S D
Bz b B AREA R TR o B AR R TR B P A R
BORRAELES RE PR SOAPAREE R AP FEFF T2 LR
RS B ReeAcE ) L F S G A B RE 0 3 B e

g Iﬂ;ﬁﬂ b e ’}\'{ 45m’)ﬁ'%1*’\ifﬁb%l,: ez !

WAREE  ESE

2014-fE 8 B%?é;;%_)‘éfi%:/%



TABLE OF CONTENTS

% o [
ABSTRACT oot e e a e e rae s i
ACKNOWLEDGE .......ooiiiiiic et iii
TABLE OF CONTENTS ...ttt Vv
LIST OF TABLES ...t vii
LIST OF FIGURES ......ooiiiiiiicce ettt viii
NOMENCLATURE ..ottt snaeennes X
CHAPTER ONE: INTRODUCTION ........oiiiiiiiieiiee et 1
1.1 Study Background and Motivation...........cccoueeriieeniiiniee e 1
1.2 Objectives Of the STUAY .......ccceovvviiiiieiie e 2
1.3 SCOPE OF the STUAY .....vvveeiiiiee et 3
1.4 Organization of the StUAY .........cccooiieiiiiii e 3
CHAPTER TWO: LITERATURE REVIEW.......ccoociiiiiiiieiie e 5
2.1 4G Wireless Communication SYStEmS .........cccceevveeevivieesiieeesiiiee e 5
2.2 Interference Analysis and Mitigation Technique ...........c.cccceevivveennee. 12
2.3 System Performance ANalySIS........ccuvveeiiiiieie i 15
CHAPTER THREE: SYSTEM MODEL .....c.coooiiiiiiiii e 17
3.1 Co-channel Interference POWEN ..........cccooviiiiiiieiiiiicccee e 17
3.2 Antenna Radiation Pattern ...........cccoviiiiiniiii e 18



3.3 The Downlink Co-channel Interference Analysis Model.................. 20

3.4 The Uplink Co-channel Interference Analysis Model....................... 24
CHAPTER FOUR: NUMERICAL RESULT .....cvviiiiiiiieeiee e 30
4.1 The FFR Schemes Analysis in Downlink CCl..........cccccccvviiieiiinnnn 33
4.2 The Cell Coverage Analysis in Uplink CCl..........ccccoooiiiiiiiieennnnne 51
CHAPTER FIVE: CONCLUSIONS ... 61
5.1 CONCIUSIONS ...ttt 61
5.2 Limitations and Suggestions for Future Research ..............ccccceeveennn 63
BIBLIOGRAPHY ...ttt e e e e e e e 64
LIST OF ACRONYMS ...ttt 68

Vi



LIST OF TABLES

Table 2.1 802.16 physical layer reqUIremMeNntS...........cccevrviieiiiee e siee e sieeens 9
Table 2.2 Targets for LTE-A cell edge user throughput..........cccccovveiiiiieniiineninnnn. 10
Table 2.3 The flexible radio resources OF LTE .........ccccoviiiiiiie e 11
Table 4.1 The propagation model in different frequency bands.............cccccccoone. 32
Table 4.2 Parameter values in numerical calculations for downlink....................... 40

Table 4.4 Average interference power mitigation by proposed soft FFR schemes.. 51

Table 4.5 Average throughput increase by proposed FFR schemes...............c........ 51
Table 4.6 Parameter values in numerical calculations for uplink ........................... 53
Table 4.7 Receiver SINR aSSUMPLIONS. .........oiiiiiiieiiieeie e 54

vii



LIST OF FIGURES

Figure 2.1 Wireless evolution —2G t0 4G .......coovviiiiiiiie i 6
Figure 2.2 The radio resource grid Of LTE..........cccceiiiiiniiiee i 11
Figure 3.1 CCI from one of the interfere nodes in an adjacent area ....................... 17
FIgure 3.2 ONe BS SITUCIUIE ......ccoiuviiee e e e 19
Figure 3.3 Antenna pattern for base Station. ..........ccccoevviiiiiiiiiii e 20
Figure 3.4 Downlink CCI from adjacent Cells. ..........ccccoiiiiiiii 21
Figure 3.5 Baseline throughput for adaptive modulation scheme...............cccccue.... 24
Figure 3.6 Uplink CCI from one of the adjacent cells............cccooeviiiiiiinniinnenne, 25
Figure 4.1 Cell layout of the wireless NetWork. ........ccceevveiiiiiiiiiiiiiieic e 30
Figure 4.2 Partial frequency reuse schemes; (a) typical, (b) proposed. .................. 35

Figure 4.3 Interference sources to edge users; (a) typical PFR, (b) proposed PFR. 37
Figure 4.4 Soft frequency reuse schemes; (a) typical, (b) proposed. ...................... 38
Figure 4.5 Interference sources to edge users; (a) typical SFR, (b) proposed SFR. 39
Figure 4.6 Two path 10SS MOdels. ........coooviiiiiiiii e 41
Figure 4.7 Co-channel interference power in urban environment; (a) center users, (b)
10 [0 [ I T T £ PR UUROUPROPI 43
Figure 4.8 Co-channel interference power in rural environment; (a) center users, (b)
T [0 e =] SRS 44
Figure 4.9 Cumulative density function of SINR with proposed soft-FFR; (a) center
USETrS, (D) EUQE USEIS. .eeveeeiiiiiee et e e e e 46
Figure 4.10 Average throughput in urban environment; (a) center users, (b) edge
USBIS. e eeeeee e et ettt ettt e e e e e et e e e e e e e e e e e e e e e e e e e e e e e e e 47

Figure 4.11 Average throughput in rural environment; (a) center users, (b) edge users.

viii



Figure 4.12 Average channel capacity of the reference site; (a) urban environment, (b)
rural ENVIFONMENT. .....cooiiiiiie e 49

Figure 4.13 CCI impact on outage probability with maximum output power of 1 W.

Figure 4.14 Influence of subchannel quantity assigned to mobile users on outage
probability; (a) required SINR=6 dB, (b) required SINR=11.5 dB....... 56
Figure 4.15 Influence of handset maximum power on outage probability; (a) required
SINR=6 dB, (b) required SINR=11.5 dB. ........ccoevrrrerrerrerrrrrrsrsrnnnns 58
Figure 4.16 Relation between cell coverage and the number of subchannels. ........ 59

Figure 4.17 CCI impact on cell coverage with maximum output power of 1 W. .... 60



NOMENCLATURE

Receive Node
Transmit Node

Interfere Node

the received power at RN

the transmission power of TN

the path loss between TN and RN

the antenna gain of TN

the antenna gain of RN

the interference power received at RN which radiate by IN
the radiation power of IN

the path loss between IN and RN

the antenna gain of IN

the transmission power of IN;

the path loss for the link between INi to RN
the antenna gains for IN;

the received power from BS, at MS,

the transmission power of BS,

the path loss between BS, and MS,

the antenna gain of BS,



the antenna gain of BS;
the antenna gain of MS,

the antenna gain of MS;

the antenna pattern of BS,

the antenna pattern of BS;

number of used RBs divided by the number of available RBs
the transmission power of BS;

the path loss for the link between BS; to MS,

the antenna gains for BS;

the antenna pattern of BS;

the constant of propagation model

the distance between the BSi and the MSi
the distance between the interference MS to victim BS,
the path loss exponent

the shadow fading of L;

the white noise power

the maximum normalized throughput

the radiation power of MS;

the path loss between BSy and MS;

the power that BS; must receive

the path loss from MS; to BS;

the cell radius

SINRpin the minimum of require SINR for a receiver

Xi



the minimum reception power in BS,

Prx the required transmission power for MS,
Prax the maximum output power of handset
Poutage  the service outage probability

deov the coverage of a cell

S the acceptable level for outage probability
Pc the transmission power to interior area
Pe the transmission power to edge area

Hegs the BS antenna height

Hvs  the MS antenna height

Xii



CHAPTER ONE: INTRODUCTION
1.1 Study Background and Motivation

In the past few years, the number of mobile phone users has rapidly increased
due to the attractive design of smart phones. Mobile communication services have
become deeply ingrained in people’s daily lives. The development of mobile
applications boosts the needs of data transmission for wireless networks. In order to
enhance the transmission data rate to meet the fast growth of transmission demand,
3rd Generation Partnership Project (3GPP) proposed the Long Term Evolution (LTE)
standard, and the Institute of Electrical and Electronics Engineers (IEEE) proposed
the Worldwide Interoperability for Microwave Access (WiMAX) standard for
broadband wireless transmission. These two systems are confirmed by International
Telecommunication Union (ITU) as fourth-generation (4G) wireless communication
systems for theoretical mobile transmission speed of over 100 Mbps and 1Gbps in

nomadic on the downlink [1]-[7].

In general, larger spectrum resources can generate higher transmission speed
and larger system capacity. But wireless spectrum resources are so rare that wireless
services operators are granted only a few spectrum to provide wireless
communication services to their subscribers. In this situation, aggressive frequency
reuse schemes are often adopted to correct the imbalances between demand and
supply of radio resources [8]. However, the aggressive reuse of spectrum reuse
would cause severe inter-cell co-channel interference (CCI). The inter-cell CCI
radiated from adjacent cells may degrade the transmission performance to an

increasing degree as frequency reuse schemes are increasingly used in deployment



of a broadband cellular network [9], [10].

Frequency reuse schemes such as reuse 1 or 3 are commonly adopted to solve
the spectrum insufficient conditions. The frequency reuse schemes improve average
network throughput but reduce cell-edge user throughput [11]. To improve the
performance for cell-edge users, fractional frequency reuse (FFR) technique has

been adopted when deploying wireless broadband networks [12]-[15].

In major 4G wireless systems such as WiMAX and LTE, orthogonal frequency
division multiplexing (OFDM) technology has been adopted to improve spectral
efficiency and to overcome the effect of multipath fading [16], [17]. However,
OFDM is more susceptible to CCI, compared with the code division multiple
accesses (CDMA) method adopted in 3G systems. Therefore, the impact of CCI on
system performance should be monitored and estimated carefully when deploying a
4G cellular network. Finding ways to mitigate the CCI influence is important to
help wireless services operators design their cellular network well and balance

spectral efficiency and demand satisfaction at the same time.

1.2 Objectives of the Study

This study seeks to analyze the co-channel interference in 4G wireless
communication networks. To do so, the research endeavors to accomplish the

following objectives:

(1) To develop a CCI analysis model to describe and model the CCI of 4G

communication networks.



(2) To estimate the CCI impact on system performance for 4G wireless

communication networks.

(3) To explore the effect and performance of CCI mitigation schemes.

1.3 Scope of the Study

This research focuses on the two wireless communication networks: IEEE
802.16m and 3GPP LTE-Advanced (release 10). Both these two systems are
confirmed as 4G wireless communication technologies by ITU. For the rest of the

thesis, the term “WiMAX” means IEEE 802.16m and “LTE” means LTE release 10.

In addition, this study focuses on inter-cell co-channel interference. Because a
well design directional antenna assumption, and co-channel interference power are
much higher than adjacent-channel interference power, intra-cell interference and

adjacent-channel interference are not addressed in this study.

This research develops a model to estimate the CCl impact on 4G
communication systems. The factors that influence the communication system
performance are analyzed, such as radiate power, site-to-site distance, frequency

reuse, and signal modulation.

1.4 Organization of the Study

The thesis is divided into five chapters, as follows. Chapter one provides an

introduction to the study, explaining the background and motivation, research



objectives, scope and organization of the thesis.

Chapter two introduces two 4G wireless communication systems briefly and
reviews the literature on interference analysis, interference mitigation techniques,
and communication system performance analysis. The aim of this chapter is to
identify how to approach analyzing the co-channel interference and evaluating the

system performance in wireless communication systems.

Chapter three develops the estimate model to calculate the power of CCI. The
propagation model, effect of shadow fading, user random locations, equipment

radiate power, and antenna pattern are considered in the CCI estimate model.

The analysis results are presented in Chapter four. This chapter shows how
much the communication system performance would decrease due to the presence
of CCI. The effects of interference mitigation techniques such as power control and
frequency reuse are also discussed in this chapter. Finally, the conclusions are

presented in Chapter five.



CHAPTER TWO: LITERATURE REVIEW

In this chapter, we briefly present an introduction to 4G wireless
communication systems. Two major subjects will be addressed, based on previous
studies. The first subject is related to how the CCI happens and the solution of
interference coordination or cancellation. The second subject is related to what

evaluation metrics can provide an overview of the system performance.

2.1 4G Wireless Communication Systems

Multiple cell-phone technologies over generations have led to 4G wireless
communication systems. The second generation (2G) brought digital technology to
the industry. Multiple 2G standards were developed, but only global system for
mobile communications (GSM) and IS-95A have survived. Next multiple third
generation (3G) standards were developed; WCDMA by the 3GPP and CDMA2000
by Qualcomm are two widely deployed standards. To support higher transmission
speed, the 3G standards were continually updated into 3.5G. WCDMA was
upgraded to HSDPA, and CDMA2000 was expanded to EV-DO releases A/B. The
HSPA+ upgrade from HSDPA can provide a theoretical throughput to 5.25Mbps
[18].

New applications and user demand for higher throughput are pushing operators
to provide higher data rates using spectrally efficient technologies. ITU is
addressing these needs with International Mobile

Telecommunications-Advanced (IMT-Advanced) systems.



The maximum transmission rate requirement of IMT-Advanced is 1 GB/s in
low mobility and 100 Mbps in high mobility scenarios. IEEE 802.16m and
LTE-Advanced (LTE-A) were submitted in October 2009 to reach the requirements

for IMT-Advanced [19], [20]. The evolution of wireless standards is illustrated in

Figure 2.1.
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Figure 2.1 Wireless evolution — 2G to 4G
2.1.1 WIiMAX

The IEEE 802.16 Working Group is a member of the IEEE 802 group for

Wireless Metropolitan Area Networks, in particular Part 16: Air Interface for



Broadband Wireless Access Systems. The working group develops standards and
recommended practices to support the development and deployment of fixed and
mobile broadband wireless access systems. The IEEE 802.16 activities were
initiated in August 1998 and the IEEE 802.16a project was approved in March 2000.
The 802.16a project involved the development of a new physical layer to support

enhancements to the basic data link layer.

The mobility management capabilities were added to the IEEE 802.16e project
in December 2005. The IEEE 802.16 standards have evolved from line-of-sight
(LOS) single-carrier fixed-wireless technology to Non-LOS (NLOS) multi-carrier

mobile broadband wireless technology [21].

To fulfill the IMT-Advanced requirements, the IEEE 802.16 Working Group
started the development of IEEE 802.16m in January 2007 and released the standard
at the end of 2010. Building upon IEEE 802.16e mobile WiMAX, 802.16m aims for
high data rate connections. IEEE 802.16m is designed as an all-IP network with a
flexible MAC scheme that enables adaptation to the requirements of future internet

services [20].

Orthogonal Frequency Division Multiplexing (OFDM) is adopted by the
physical layer of 802.16m. OFDM is designed for the NLOS environment. It is a
multicarrier modulation scheme, in which a high-rate data stream is split into several
low bit-rate streams. Each substream is modulated onto a separate carrier called a
subcarrier. Data are transmitted in parallel over orthogonal subcarriers. Compared to
other systems, OFDM offers greater ability to address multipath fading, and it

provides larger flexibility by allowing independent selection of the modulation



parameters over each subcarrier [22]-[24].

In the frequency domain, an OFDM symbol consists of three types of
subcarriers: the data subcarriers to transmit data, the pilot subcarriers for channel

estimation, and the null subcarriers for guard bands.

Orthogonal Frequency Division Multiple Access (OFDMA) is an extension of
OFDM, and it’s the multiple-access technique used in 802.16m and LTE-A. In
OFDMA, the available subcarriers are further divided into groups called subchannels,
which can be allocated to different users. Subcarriers assigned to a subchannel need
not be contiguous, letting them transmit their data in a subchannel that has better
transmit condition and thus allowing for a flexible assignment of data rates to users

[25]-[27].

The IEEE upgraded the 802.16e standard to 802.16m specifically for transmit
speed-up. Compared to 802.16e, one of the major goals of 802.16m is the increase
of data rate. By enhancing multiple input/multiple output (MIMO) antenna
technology in both downlink and uplink direction and adding a multi-carrier
operation, 802.16m is able to transfer more data than 802.16e in the same time
period. 802.16m supports both time-division duplexing (TDD) and
frequency-division duplexing (FDD). In general, TDD is the preferred duplexing
method because it allows for simpler and more flexible sharing of bandwidth between
uplink and bandwidth [28]. Table 2.1 provides a brief overview of the key PHY

features about 802.16m and 802.16e [20].



Table 2.1 802.16 physical layer requirements

Feature

IEEE 802.16m

IEEE 802.16e

MIMO / Antenna
configuration

Downlink:

2x2 (baseline), 2x4, 4x2, 4x4,
8x8, 4x8

Uplink:

1x2 (baseline), 1x4, 2x4, 4x4

Downlink:

1x1 (baseline), 1x2, 2x1, 2x2,
2x4, 4x2, 8x8, 4x8

Uplink:

1x1 (baseline), 1x2, 1x4, 2x4,
4x4

Operating
bandwidth

5 to 20 MHz per carrier
Carrier aggregation to achieve
bandwidths up to 100 MHz

5 to 20 MHz per carrier

Frame length

Fixed frame length 5ms with
Superframes (20ms), including
4 frames

Variable frame length from 2ms
to 20ms, without Superframes

Duplex scheme

TDD, FDD, Hybrid FDD (MS)

TDD, FDD, Hybrid FDD (MS)

Source: [20]

212 LTE

LTE mobile communication systems are deployed as a natural evolution of
GSM and universal mobile telecommunications system (UMTS). The LTE project
was initiated in 2004. The motivation for deploying LTE varies, including the desire
to reduce the unit cost, to use new and existing frequency bands flexible, to deploy a
simplified and lower cost network with open interfaces, and to reduce in terminal

complexity with an allowance for power consumption.

These high-achieving goals lead us to have more expectations for LTE,

9



including reduced packet latency and HSPA spectral efficiency improvements of
about three to four times in the downlink and two to three times in the uplink. The
flexible channel bandwidths are specified at 1.4, 3, 5, 10, 15, and 20 in both the
uplink and the downlink. FDD and TDD should be supported for existing paired
and unpaired frequency bands, respectively. This allows LTE to be flexibly

deployed in the presence of other systems [19], [29].

In the feasibility study for LTE-A, 3GPP determined that LTE-A would meet
the ITU-R requirements for 4G. LTE-A is set to provide higher bitrates in a cost
efficient way and focuses on higher capacity in the same time. To achieve these

goals, several enhancements are being considered in LTE-A.

To achieve spectrum efficiency requirements, LTE-A aims to support downlink
(8x8 antenna configuration) peak spectrum efficiency of 30 bps/Hz and uplink (4x4

antenna configuration) peak spectrum efficiency of 15 bps/Hz.

LTE-A also takes the cell-edge user into consideration. LTE-A defines the
cell-edge user throughput as the 5% point of the cumulative density function (CDF)
of the user throughput normalized with the overall cell bandwidth. Requirements for

cell-edge performance are given below in Table 2.2.

Table 2.2 Targets for LTE-A cell edge user throughput

Antenna configuration | Target (bps/Hz/user)

Uplink 1x2 [ 2x4 0.04/0.07

Downlink 1x2 [ 4x2 | 4x4 0.07/0.09/0.12

Source: [19]
10



One resource element

7 Symbols
(one slot = 0.5 ms)

Time
Figure 2.2 The radio resource grid of LTE

source: [30]

Figure 2.2 shows the resource grid of the uplink and downlink shared channels
of LTE. The smallest unit in the resource grid is the resource element (RE), which
corresponds to one subcarrier during one symbol duration. These resource elements
are organized into larger blocks in time and in frequency, where seven such symbol
durations constitute one slot of length 0.5 ms, and 12 subcarriers in one slot form
the so-called resource block (RB). The flexible channel bandwidths and radio

resources are shown in Table 2.3.

Table 2.3 The flexible radio resources of LTE

Channel bandwidth (MHz) 14 |3 5 10 15 20

Number of resource blocks 6 15 25 50 75 100

Number of occupied subcarriers 72 180 | 300 | 600 900 | 1200
Source: [19]

11



2.2 Interference Analysis and Mitigation Technique

When a receiver receives radio signals from an unintended source, the
unwanted signals are called interference. In the wireless communication systems,
the interference usually happens in uplink (UL) from mobile subscribers (MS) to base

station (BS), and downlink (DL) from BS to MS.

Wireless communication interference can be divided into CCI and ACI
(Adjacent-Channel Interference). CCI generally refers to interference from two
different radio links operating on the same frequency channel. The receiver will

receive the wanted signal and harmful interfering signal at the same time.

ACI is interference caused by extraneous power from a signal in an adjacent
channel. It happens when adjacent channels do not keep enough channel space or
have inadequate filtering so that the signals in adjacent channels interfering with each

other.

The ACI that receiver A receives from transmitter B is the power summary that
B emits into A’s channel. This unwanted emission is represented by the Adjacent
Channel Leakage Ratio (ACLR). The power that A picks up from B's channel is
represented by the Adjacent Channel Selectivity (ACS). These two interferences will

happen both at BS or MS [31].
2.2.1 Interference Analysis

A number of previous studies have been conducted on interference in

communication systems. In [32], the author calculated the signal-to-interference

12



ratio (S/I) under different system parameters such as cluster size, filter characteristics,
propagation exponent, tier coverage and directional antennae front-to-back ratio in
cellular communications systems. The author proved that the CCl and ACI cannot be
ignored because they may create severe performance degradation in some operating

environments.

In [33], the author studied the impacts of ACI on uplink capacity in a
multi-macrocell/multi-microcell wideband code-division multiple access (WCDMA)
system. To describe the ACI impact, the author randomly distributed the mobile users
and accounts shadow fading in uplink interference analysis. The results indicated that
both the base station separation and adjacent channel interference power ratio (ACIR)

affect system capacity reduction.

In [8], the authors analyzed the reduction in cell coverage caused by CCl in an
IEEE 802.16m system. The analysis model was based on the SINRs requirement in
which each BS must receive enough power to maintain a minimum SINR for their
mobile users. The results showed that CCI can cause significant reduction in cell
coverage, especially when mobile users need a large amount of spectrum resources

for high speed data transmissions.
2.2.2 Inter-cell Interference Coordination

Aggressive frequency reuse schemes due to scant spectrum resources lead to
the wireless communication systems suffering from inter-cell co-channel
interferences. An interference-limited system cannot achieve the full potential
capacity that the 4G standard can support without the implementation at the BS and

MS of one or more viable interference mitigation techniques [11]. There are two

13



major solutions of inter-cell interference coordination (ICIC) techniques: power

control and fractional frequency reuse (FFR).
2.2.2.1 Power Control

The main goal of power control in wireless communication systems is limiting
or controlling inter-cell interference, in particular for cell edge users. In [34], the
authors proposed an analytical approach for the study of fractional power control
compensation factor in LTE networks. The research outcomes showed that the
optimal compensation factor is highly dependent on the path-loss coefficient.
Fractional power control can also lead to huge gains of cell spectral efficiency over

full compensation power control.

In [35], uplink fractional power control in LTE was analyzed. They found that
there are trade-off between cell edge bitrate and cell capacity. Compared to the
traditional full compensation open or closed loop, fractional power control
improved the cell-edge bitrate, average bitrate, and system capacity up to 20% and

reduced the power consumption at the same time.
2.2.2.2 Fractional Frequency Reuse

In wireless communication networks, co-channel interference is mainly caused
by frequency reuse. Since a large amount of spectrum is hard to come by,
aggressive frequency reuse is required for the deployment of a broadband cellular
network [8]. Frequency reuse means that spectrum allocated for the system is reused
multiple times. The ratio of carrier to interference powers(C/I) will decrease at the
periphery of cells if the co-channel interference is not minimized. The lower C/I
causes diminished system capacity, more frequency handoffs and dropped calls. It is

14



demonstrated in [11] that the most aggressive frequency reuse pattern (reuse
factor=1) improves average network throughput but reduces cell-edge user

throughput because of severe CCI.

To improve the performance of cell-edge users, the fractional frequency reuse
(FFR) technique has been adopted in the deployment of wireless broadband networks
[12]-[15]. The FFR scheme usually partitions a cell into two geographical regions:
the interior area and the edge area [14]. The basic idea of this scheme is to employ a
small frequency reuse factor (i.e. reuse factor=1) for cell-interior users who, in
general, have high SINRs and to use a large frequency reuse factor (i.e. reuse
factor=3) for cell-edge users. The FFR schemes also divide the whole frequency band
into several sub-bands that would be assigned to different regions. FFR can be used in

uplink or downlink transmissions, but is generally adopted in the downlink [15].

2.3 System Performance Analysis

The research reported in [36] examined the impact of CCl and ACI on system
capacity in cellular radio systems. The CCI and ACI influence the transmission bit
error rate (BER), and there exists a trade-off between system capacity and BER. The
authors’ simulation results showed that CCI is more harmful than ACI in some
situations. When the channel spacing is greater than or equal to signal bandwidth, the

ACI will decrease to zero, but the CClI is still present because of channel reuse.

In [37], the authors investigated the performance of FFR schemes by
throughput. The average cell throughputs can be calculated from SINR. The cell

average throughput changes when given different interior region radius. The
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optimal distance threshold can identify the cell-center and cell-edge users for FFR

schemes.

In [38], the author performed analysis to find the optimal FFR in multicellular
OFDMA system. The cell throughput and the interior region radius for various FFR
factors of the exterior region were calculated to evaluate the effects of FFR factor.
Results showed that the optimal interior region radius is 0.63Km when the cell
radius is 1Km, and that the optimal frequency reuse factor of the exterior region is

3.

According to the previous studies about wireless communication systems, we
will present cell coverage, the user SINR, and network throughput as our system
performance evaluation metrics, with the interior region radius in FFR schemes set

as 0.6.
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CHAPTER THREE: SYSTEM MODEL

In this chapter, the analysis model of CCI in wireless communication networks

will be developed.
3.1 Co-channel Interference Power

Consider the co-channel signal transmissions in a cellular system, as shown in
Figure 3.1. We first examine the CCI power from one of the adjacent cells. For any
given receive node (RN), it receives both the desired signal from the transmit node
(TN) in the communication link and CCI signals from the interfere node (IN) that

uses the same frequency channel in adjacent cells.

Interfere node
s (IN)

Receive .‘: Transmit node
node (RN) (TN)

_— Communicating signal

——————— > Interfering signal

Figure 3.1 CCI from one of the interfere nodes in an adjacent area

In this situation, the received power P, ., at RN from TN can be expressed as

r

Pr_RN = Pt_TN .L'TN 'GTN 'GRN (3'1)
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where P

t_TN

Is the transmission power of TN; L., is the path loss between TN and

RN;and G,, and G, are the antenna gain of TN and RN, respectively.

On the other hand, the interference power I, received at RN from IN is

given by

IIN = Pt_IN 'LIN 'GIN 'GRN (3'2)

where P, |, isthe radiation power of IN; L, is the path loss between IN and RN;

and G, isthe antenna gain of IN.

Assume there are k INs in the network. The total co-channel interference

power received at RN can be calculated as

CCl :Z:;l Pt_lNi 'I—INi 'GlNi -Gy (3'3)

where P, is the transmission power of IN;; L, is the path loss for the link

between IN; and RN; and G, is the antenna gain for IN;.

3.2 Antenna Radiation Pattern

The basic BS structure in this research is presented as Figure 3.2. The base
station is deployed in the center of three hexagon sectors: S;, S,, and S;. The BS
radiates to each sector by directional antennas. The interference analysis model in

this research will take the BS antenna pattern into consideration.
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Figure 3.2 One BS structure

The BS antenna pattern A(6) used in the simulation in each sector in

three-sector cells is specified in [39], [40] as

0

A(6) 45, = —Min {12( )2 Am} —180°< 0 <180° (3-4)

3dB
where 65,5 is the 3dB beam width (which corresponds to 70 degrees in IEEE
802.16m and 65 degrees in LTE-A) and A, = 20 dB is the maximum attenuation from
-180° to 180°. The antenna pattern is shown in Figure 3.3. The BS antenna gain is
assumed to be 15 dBi. For mobile station antennas, an omni-directional radiation

pattern with a gain of 0 dBi is assumed.
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Figure 3.3 Antenna pattern for base station.

3.3 The Downlink Co-channel Interference Analysis Model

Consider downlink transmissions in a cellular system, as shown in Figure 3.4

Any given mobile station receives both the desired signal from its serving BS and
CCl signals from adjacent BSs.
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BS;
2\ BS.

/// \
3 \
\
/&
BS;
AX BS,

——— > Serving signal
————————— > Interfering signal

Figure 3.4 Downlink CCI from adjacent cells.

Taking the antenna pattern effects into consideration, the received power from

BS, at MS, can be extended from (3-1) as

Po=FoL 'GBS0 'GMS0 - A (6, —60°), (3-5)

where Py is the transmission power of BSy; L, is the path loss between BSy and MSy;

Gy, and G, are the antenna gain of BS, and MS,, respectively; & is the

included angle of MSy and BSy cell sideline, and A, is the antenna pattern of BS,,
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and the &, should be minus 60° to fit the definition about & in (3-4). Note that the

pattern of MSs is assumed to be omni-directional.

This analysis model attempts to calculate the maximum capacity that a BS can
provide in the presence of inter-cell CCI. Assume the reference site (BSy) is operated
in fully loaded condition, in which all the available resource blocks (RBs) are used.
Each MS obtains just one RB and could receive interference signals coming from
adjacent BSs. Figure 3.4 shows how the victim mobile station MS, experiences

downlink CCI from the adjacent BSs.

Assume there are k interfering BSs in our model. Given BS;, the traffic load #; is
defined by the number of used RBs divided by the number of available RBs. The total

interference power received at MS, can be calculated as
CCliw =D 4177 Pi - L -Gy, -Gy, - A (6, —60°) (3-6)

where Py is the transmission power of BS;, L; is the path loss for the link between BS;

and MS,, Gy is the antenna gain for BS;, ¢, is the included angle of MS, and BS;

cell sideline, and A, is the antenna pattern of BS;.

Taking the shadow fading effect into account, the propagation model can be
modeled as

L =C.r*.10", (3-7)

where C is a constant, r; is the distance between the BS and the MS, and y is the path
loss exponent; &;, which represents the shadow fading effect, in general is a Gaussian

random variable with zero mean and standard deviation ¢ [41].
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In the analysis of wireless communication network performance, the baseline
throughput primarily depends on the SINR values of a communication link. In the
downlink analysis that takes the MS receiver noise-figure (NF) into account, the
SINR received at the victim MS is

PtO ) I—o 'GBs0 'GMSO ’ Ao(‘go _600)

‘ —, (3-8)
(NFMS ) No)"'zi:lni 'Pti 'Li 'GBSi 'GMSO 'Ai(‘gi —60 )

SINR, =

where N, is the white noise power. Given n RBs, the noise power in dB scale can be

calculated by
No dB)= -174 dBm/HZ'f'lOlOglo(nXBWrb), (3'9)
where BW,;, is the bandwidth of a resource block.

Using the link adaptation model specified in [40], the normalized throughput

over a channel with a given SINR can be given by

0 for SINR < SINR,,,,
Thr =<a-10g,(1+SINR) for SINR,,, <SINR <SINR,,,, (3-10)
Thr, for SINR > SINR,,

where 10g,(1+SINR) is the Shannon bound representing the maximum theoretical
throughput; « is the attenuation factor; and Thryax is the maximum normalized
throughput, which is equal to 4.4 bps/Hz in this study. For downlink transmission, a
Is set to 0.6. The SINRyn(dB) is about -15 dB where the throughput value approach
to 0 and the SINRyax(dB) is about 22.05 when the throughput is 4.4. The

relationship between normalized throughput and SINR(dB) is shown in Figure 3.5.
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Figure 3.5 Baseline throughput for adaptive modulation scheme.

3.4 The Uplink Co-channel Interference Analysis Model

In studying the uplink CCI analysis model, we first examine the average CCI
power from one of the adjacent cells. As shown in Figure 3.6, two mobile users MS,
and MS; communicate with BS, and BS;, respectively. Assume they use the same
frequency channel. In this situation, the communication link between MS; and BS,
will suffer from uplink CCI because BS, can receive the co-channel signal radiated
from MS;. Based on Figure 3.6 and the reference [8], we can build the uplink CCI

analysis model.

The interference power received at BS, from MS; is given by

l,=F- La 'GMS1 'GBS0 ) Ao(ga —60°), (3-11)

24



where Py is the radiation power of MS;; L, is the path loss between BSy and MS;; G,
and G, are the antenna gain of MS; and BS,, respectively; and A, represents the

antenna pattern of BS,.

Figure 3.6 Uplink CCI from one of the adjacent cells.

Also, MS; must provide sufficient power for the communication link between

MS; and BS;. In other words, P; is determined by the power P, that BS; must receive.

That is,

P =P L -Gy, -G, - A6, —60°), (3-12)

where L, is the path loss from MS; to BS,, G, Is the antenna gain of BS,, and A;

represents the antenna pattern of BS;.

25



Assume the two BSs have the same antenna gain. Substituting (3-12) into (3-11),
we can obtain

o Lo A0, -60%)

r (3_13)
L, A, (6,—60°)

I, =
Taking the shadow fading effect into account, the path loss from MS; to BS,,

similar to (3-7), can be expressed as

L =C,.r* 1070, (3-14)

a

where C, is a constant, u, is the path loss exponent, and &, represents the shadow

fading effect.

Similarly, the path loss from MS; to BS; is given by
L, =C, .1 * 1070 (3-15)

For simplification, assume C,=C,=C, u,=u1=u, and &, and ¢, are two identical
and independent random variables. The shadow fading can be modeled as a random
variable with lognormal distribution in the mobile communication environment.
From equations (3-13)-(3-15), we can observe that the power level of I, depends
primarily on the random location of MS; and the two fading effects. Assume the
mobile user’s random location and the random variables of shadow fading are

independent. The expected value of I, is given by [33]:

o efgeno] gl (5] A6, —60°) ]
E(I,)=Pr-E[10 ] E{(r J Al(91—60°)} (3-16)

a

Further, since &, and ¢, are two identical and independent random variables with
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lognormal distribution, their difference is still a lognormal random variable with zero

mean and variance 2> . Hence we can obtain
E[lo(ga—gl)/lo:l: eo-z(O.l-Inlo)2 (3_17)

The random location effect of the interfering source on the interference power
can be modeled by integration over the sector area where mobile user MS; is located.

Therefore, the expected value of I, can be rewritten as

2z H _ o
E(l,)=Pr .@o" (01In10)? ‘J‘RJ‘? n M f(r,6,)dédr, (3-18)
°o\r) A(6,-60°)
where R is the radius of BS;. Note that f(ry, 8,) is the probability density function
for the random location of MS;. If the random location is uniformly distributed over
the 120° sector, the probability density function is

f (rl’ ‘91) = f (rl)' f (‘91)

3-19
:2—2-1:3“2, O<r1<R,0<¢91<2—7r ( )
R 2 7R 3

To calculate the interference power at BS,, we also need to determine the power
P, that BS; must receive. In practice, a minimum of SINR is required for a receiver to
demodulate signals into a bit stream. Also, taking receiver’s noise figure (NF) into

consideration, from [26], we have

P =SINR.. -NF-N,, (3-20)
where Ny is the white noise power. Given n subchannels, the noise power can be
calculated by (3-9).

If there are k interfering cells, the total interference power received at BSy is
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given by
CClyu =2, Ell|] (3-21)

Next, the CCI impact on system performance, which accounts for the handset
output power limitation, is analyzed. When the interference signals are present at the

victim BS,, its minimum reception power can be expressed as

P&, =SINR, -(NF-N,+CCl,,)- (3-22)

min

Then, we need to examine whether MS, has enough transmission power to
support the above power requirement. The required transmission power for MS,,

denoted by Prx, must satisfy the following power link budget

P

r_BS,

=P, -C-1;*1070.G,,. -Gy A6 —60°). (3-23)

Equation (3-23) can be rewritten as

P
PTX _ r_BS, (3_24)

C.r# .10 Gy, -Ges, - A (6, —60°)

Because each handset has a constraint on output power, the communication
service is not available when the required transmission power is greater than the
handset’s maximum output power. Therefore, the service outage probability is given

as
Poutage:P( PTX >Pmax ); (3'25)
where Py IS the maximum output power of handset.

The greater the distance of a mobile handset from its home BS, the greater the
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probability of the user experiencing service outage. Therefore, as in [26], the

coverage of a cell can be expressed as
de,, =max{r:P,.,.<d} (3-26)

where ¢ is an acceptable level for outage probability. In this study, ¢ is set to 0.1. In
the next chapter, we will present the results for the reduction in cell coverage caused

by CCI.
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CHAPTER FOUR: NUMERICAL RESULT

The numerical result shown in this chapter comes from simulations. In the
downlink CCI analysis, the performance of different FFR schemes are analyzed. To
reduce CCI in the downlink and to improve the network capacity, FFR schemes
allocate different power levels to cell-interior users and cell-edge users. In the
uplink CClI analysis, the handset output power limitation is taken into consideration.
The cell coverage affected by CCI can be ascertained through service outage
probability analysis. A radio network with a total of 19 BSs is employed in the study.

The cell layout of our wireless network is presented in Figure 4.1.

Figure 4.1 Cell layout of the wireless network.
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4G networks can operate in multiple frequency band, in which the carrier
frequency changes the propagation model. Hata’s propagation formulation, suited to

the frequency band from 150 to 1500 MHz, for an urban area is [40]
PLurban(dB):69-55+26-16|oglo( f )-13.82'0910(H55)
+(44.9-6.55l09;0(Hgs))l0g10( 1 )-a(Hwus), (4-1)

where Hpgs is the antenna height of BS and Hys is the antenna height of MS. The
parameter r is expressed in kilometers, and f is expressed in megahertz. In a big city,

the a(Hwvs) would be
a(Hus)=3.2(10g16(11.75Hs))>-4.97.
Hata’s formulation [40] for a rural area is
PL urat @)= PLurban @8)-4.78(l0g10( f ))?+18.33logso( f )-40.94. (4-2)

The extended COST-231-Hata model is based on the frequency band from
1500 to 2000 MHz. In an urban environment with carrier frequency 2000 MHz, the

propagation model is [40]
PLurban(@s)=128.1+37.610010( 1 )+21logso( /2 ), (4-3)

where r is expressed in kilometers and f. is expressed in gigahertz. In a rural area,

the extended COST?231-Hata propagation model is
PL uraigs)=46.3+33.9100;( f )-13.82100:0(Has)
+(44.9-6.55l0g10(Hes))10g1o( 1 )-a(Hws), (4-4)

and the a(Hys) equals the a(Hys) in Hata’s formulation.
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When the carrier frequency is up to 2.5 GHz, the COST-231-Hata model for

urban area with a frequency scaling factor is used as a propagation model [39]. The

propagation formulation is
PLurban(as)=(44.9-6.5510010(Hss))10g10( 1)
+26.46+5.83l09,(Hgs)+26l0g:0( f./2), (4-5)

where r is expressed in meters and f. is expressed in gigahertz. The propagation

model use in rural area on frequency 2.5 GHz is [39]:
PLurai(as)=PLurban(ae)-2(1.5528+10go( fc ))*-5.4, (4-6)

When Hgs is 30 m and the Hys is 1.5 m, the propagation models can be

simplified as shown as Table 4.1.

Table 4.1 The propagation model in different frequency bands

900 MHz
PLurbanas)=49.15+35.2100;0 ( I )+26.16l0910( f) r=kilometers,

PLruraI(dB):8-2+35-2|0910( r )+4449|Oglo( f )'478(|0g10( f ))2 f=MHz

2000 MHz

r=kilometers,

PLurban(dB):128-1+37-6loglo( r )+21|0g10( fc/2 )

f=GHz

r=kilometers,
PL urais)=25.9+35.210010 ( r )+33.910910( f)

f=MHz
2500 MHz
PLurban(s)=35.07+35.2100;0( I )+26l0g;0( fe/2 ) r=meters,
I:)I—rural(dB): PLurban(dB)'2(1-5528+|0910( 1:c ))2'5'4 fC:GHZ

Source: [39], [40]
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4.1 The FFR Schemes Analysis in Downlink CCI

Due to the limited spectrum, we need to develop frequency reuse schemes and
assign frequency bands to each cell or sector. Applying the propagation model to
each transmission link, we can evaluate the SINR for mobile users, and then calculate

the throughput performance.

We focus on the cell performance of sector S; because of the symmetry of cell
layout. The other sectors (cells) may contribute considerable powers of CCI. For
downlink communications, mobile stations are the victims and the interfering signals
come from BSs. The CCI powers received at MSs in sector S; can be calculated based
on a propagation model including path loss and shadow fading effect. The MSs in S;
can receive only a little power radiated from the BS antennas at S, or S; due to their

directional antenna pattern.

Two typical FFR deployment schemes have been presented in the literature [42],
[43]: partial frequency reuse (PFR) and soft frequency reuse (SFR). In the PFR
scheme, a reuse factor of three is used in cell-edge regions and a reuse factor of one in
cell-center regions. PFR can improve cell-edge performance but with severe penalty
to the overall throughput. In the SFR scheme, the cell-edge region uses 1/3 of the
available bandwidth and forms a structure of cluster size of 3. The cell-interior region
Is assigned the frequencies used in the cell-edge regions of adjacent cells. High

transmission power is allocated to the cell-edge users.

In this section, two new schemes are proposed to improve the system
performance of existing FFR schemes. One proposed scheme is based on typical

PFR, and the other is based on SFR. This section analyzes the CCI power received by
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mobile stations that are the victims of downlink transmissions. The CCI signals
received by cell-interior and cell-edge users are calculated and compared using
different FFR schemes. Average throughput is adopted to evaluate the performance
of FFR schemes. Random user locations and the shadow fading propagation model
are employed to calculate the average SINRs of mobile users. Different FFR schemes
are also used to discuss the throughput performance of cell-interior and cell-edge
users. In addition, the impact of various propagation environments (urban and rural)
on FFR performance is investigated. The research results provide an overall picture

of system capacity when FFR is employed in wireless communication networks.

To reduce CCI in the downlink, FFR schemes allocate different power levels to

cell-interior users and cell-edge users.

The transmission power of BS can be expressed as

(4-7)

P., forinterior area
‘" |P, foredgearea

In general, P, < P.. Assume that a mobile station MS, is within the coverage of

BS,.

There are two main FFR schemes, PFR and SFR. In the PFR scheme, the whole
channel bandwidth is divided into four groups of subbands. One of the four groups is
assigned for the center region in each cell. The other three groups are used for the

edge regions.

A typical PFR layout is shown in Figure 4.2 (a). The three sectors of a BS use

three different subband groups. This frequency assignment pattern is reused for every
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Figure 4.2 Partial frequency reuse schemes; (a) typical, (b) proposed.

To enhance the throughput performance, we propose a new partial frequency
reuse scheme in which the three sectors of a BS use the same subband group. This
frequency assignment pattern is repeated for every three BSs. The proposed partial
frequency reuse is presented in Figure 4.2 (b). Since cell-interior users in general

suffer from less path loss, BSs could transmit small power levels for the interior

Uusers.
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Figure 4.3 shows how the CCI mitigation effects of proposed PFR for edge
users. In Figure 4.3, the BS antennas in the sectors with slanted lines will radiate
interference signals to the edge MSs in the reference sector S;. The proposed partial
frequency reuse scheme can increase the distance between two co-channel
communication links and hence reduce the CCI. Figure 4.3 (a) and 4.3 (b) shows
how the number of interference sources can be reduced from eight to six by this

proposed partial frequency reuse.

In the SFR scheme, the system channel bandwidth is divided into three groups.
Figure 4.4 (a) presents the typical soft frequency reuse scheme. Each sector contains
all three subband groups, in which two are assigned for the region close to BS and the
other one is assigned for cell-edge region. From a BS point of view, the three sectors

use all three subband groups.

In the proposed soft frequency reuse scheme, as shown in Figure 4.4 (b), the
three edge regions of a BS shares the same subband group. This frequency

assignment pattern is repeated for every three BSs.
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Figure 4.3 Interference sources to edge users; (a) typical PFR, (b) proposed PFR.
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Figure 4.4 Soft frequency reuse schemes; (a) typical, (b) proposed.

Figure 4.5 shows the effect of the proposed SFR on interference source
mitigation to edge users. \Vertical or crisscross lines indicate that the BS antenna in
this sector is a low-power (P.) or a high-power (P,) interference source for the edge
MSs in reference sector S;. In our analysis of 19 BSs, Figure 4.5 (a) shows the
typical SFR contains three high-power interference sources and three low-power
interference sources in the first-tier and five high-power interference sources and
seven low-power interference sources in the second-tier. It can be found in Figure
4.5 (b) that the proposed SFR reduces the interference to six low-power sources in

the first-tier.
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Figure 4.5 Interference sources to edge users; (a) typical SFR, (b) proposed SFR.
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The primary parameters used in the numerical calculations are listed in Table 4.2.
Although the 4G networks can provide flexible channel bandwidth, we use a channel
bandwidth of 10 MHz, which consists of 600 subcarriers for data transmissions. The
channel bandwidth can provide 50 RBs. Each RB consists of 12 subcarriers, and each
subcarrier has a bandwidth of 15 kHz. We also assume that the available spectrum for
downlink is in the LTE band 1 (2110-2170 MHz). The inter-site distance is set to 750
m in the urban area and 1500 m in the rural area. Each site has three sectors, and each

sector is equipped with a directional antenna with the pattern shown in Figure 3.3.

Table 4.2 Parameter values in numerical calculations for downlink

Parameters Values
Frequency band 2140 MHz
Channel bandwidth 10 MHz
Total resource blocks 50
Subcarrier per resource block 12
BS maximum transmission power 46 dBm

BS transmission power to interior area | 33 dBm

Subcarriers bandwidth 15 kHz

BS antenna gain 15 dBi

MS antenna gain 0 dBi

MS noise figure 9dB

Standard deviation of fading 8 dB

BS antenna height 30m

MS antenna height 1.5m

Site to site distance 750m/1500m (urban/rural)
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In this section, the path loss formulas are applied to urban and rural areas (on
frequency band 1, 2000MHz) for macro cell configuration, as shown in Table 4.1.
The gap between the path loss values in urban and rural areas is shown in Figure 4.6.
The path loss in the urban environment is about 20 dB greater than that in rural area.

The carrier frequency is set to 2.14 GHz (or 2140 MHz).
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0 ] | i |
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Figure 4.6 Two path loss models.

We evaluate the throughput performance of FFR schemes in this study.
Extensive simulations are performed using the Monte Carlo snapshot method.
Mobile users are randomly located in the coverage of each cell. Each mobile user is
randomly located in 1000 different positions. For each position, we obtain a total

CCI value from all interference sources to that mobile user, and then calculate the
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SINR and throughput for that mobile user. After calculating the mobile user with
1000 different locations’ throughput, we can get the average throughput for a

frequency channel.

The threshold radius to separate the center region and edge region is set as 0.6 of
the cell radius [38]. It is 225 m in urban environment and 450 m in rural environment.
The maximum power of a BS is 46 dBm [5], and the radiation power to interior area
is set as 33 dBm to simplify the simulation. Note that the larger interior radiated
power can increase the received power to center-users, but the interference power
from adjacent cells will rise too. Assume that the transmission power is uniformly
allocated to each RB. Because there are 50 RBs in the wireless network, an RB can
obtain maximum radiation power of 29 dBm. As mentioned in (4-7), we need to
allocate less power to the links for cell-interior users to reduce CCI. Hence, P, is set

to 16 dBm and P, is 29 dBm.

The reference BS is assumed to operate in a full load condition in which all
available RBs are used. Each downlink with a RB in the reference site may receive
CCI from adjacent BSs if the same RB is also used in any other sites. To analyze the
influence of traffic load on CCI, we set different levels of traffic load for the adjacent
BSs. Note that the traffic load is defined as the number of used RBs divided by the

number of available RBs.

First, we need to examine the CCI power received by cell-interior users and edge
users. Figure 4.7 presents the average CCI power received at MSs as the function of
traffic load for different FFR schemes. As expected, the CCI power is increased when

the traffic load increases.
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Figure 4.7 Co-channel interference power in urban environment; (a) center users, (b)
edge users.
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Figure 4.8 Co-channel interference power in rural environment; (a) center users, (b)
edge users.
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We can observe that the proposed soft-FFR can reduce edge user CCI by 50%,
about 3 dB, compared to the typical soft-FFR. Our partial-FFR has a similar result.
Moreover, in the cell-interior region, the two partial-FFR schemes cause less CCl
than the soft-FFR schemes. Figure 4.8 shows the CCI power in a rural environment.
Due to the smaller path loss in the rural environment, the victims receive more CCI
power, particularly the cell-edge users. The proposed FFR schemes still can reduce

CCI power to edge user by 50% in rural environment.

In the presence of CCI, we can calculate the SINR for each link. Figure 4.9
presents the cumulative density function (CDF) of SINR using the proposed soft-FFR.
It can be observed that high traffic loads lead to more reduction in SINR. For instance,
if 30% of RBs are used, the average SINR for edge users is about 18 dB. When the
traffic load increases to 80%, the average SINR decreases dramatically to about 10
dB. Figure 4.9 also shows that the cell-edge users see a greater SINR than do

cell-interior users when the proposed SFR is used.

After obtaining SINR for each link, we can calculate the normalized throughput
from (3-10). The user-normalized throughputs for the case of an urban environment
are presented in Figure 4.10. Both the proposed partial-FFR and proposed soft-FFR
can significantly enhance edge-user throughput, as shown in Figure 4.10 (b). We can
also observe from Figure 4.10 (a) that the partial-FFR scheme provides better
throughput performance for cell-interior users than soft-FFR does. Similar results can

be found in Figure 4.11 for the rural environment.
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Figure 4.9 Cumulative density function of SINR with proposed soft-FFR; (a) center
users, (b) edge users.

46



45 T T T T T T T T

: : — Typical partial frequency reuse
4 T R SRR sy — — —Typical soft frequency reuse
: ; E g | v Proposed partial frequency reuse
—— Proposed soft frequency reuse

w
I

)
L
o
o
)
‘2'_2‘5 .....................................
L
=
=
o
_E A e R A B S e e T R P PR AR R R R s
i}
fa)
s :
z ' z
b R R T R T T S T R SIS ...................... _
G s A R A T A R I P R R ...................... -
0 1 ] 1 i ] | | ]
0.1 0.2 0.3 0.4 045 06 07 0.8 09 1

Traffic load intensity

(@)

45 T I | I 1 1 1 1
: — Typical partial frequency reuse
A S A RS iy — — —Typical soft frequency reuse
: : : R (fccocea s Proposed partial frequency reuse
e i 2N, Y. TR —&— Proposed soft frequency reuse
iy
= 3 :
o .
oo .
= :
325 iy sl iongs Seeraet s s ey
= & -
o= . L e W,
3 : : gy
-._E_. P S R ............................................... H‘-‘h- ................................
% b I‘-""-~_-_
; 4 ol A 8
g D o e T R O D s T B S R s R, Fall
< :
3 Bt e SR ............................................................................................... il
05_, ............................................................................................. -
0 i i ] ] 1 i i 1
0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 09 1

Traffic load intensity

(b)

Figure 4.10 Average throughput in urban environment; (a) center users, (b) edge
users.

47



45 T T T T T T T I
: 3 — Typical partial frequency reuse
] SR s BRI ........... ....... — — —Typical soft frequency reuse
: 3 & x |mueEieh Proposed partial frequency reuse
—&— Proposed soft frequency reuse

Average throughput (bps/Hz)

0 1 | i ] | 1 | i
0.1 0.2 0.3 0.4 0.5 0.6 07 08 08 1
Traffic load intensity
(a)
45 | T T | T 1 | T
: — Typical partial frequency reuse
okl Eiians Rt PO e — — —Typical soft frequency reuse
w : 3 : S 2o o0 Proposed partial frequency reuse
—&— Proposed soft frequency reuse

iy

o | SRRERTEEES VORRPRPP

w

= 1

=

‘3'_2.5 .....................

A ey

fazl .

= .

S 9 I ST e -5 S e

£ ~—— é i ’

= . B — . S

roud “-~"-..

3 15_ ........... T-.._,_:
L e e P e o A O A S A Gt P e Gt IS ..................... o
(B o e Ty ...................... -
0 l | | l 1 i | 1
0.1 0.2 03 0.4 05 0B 07 08 09 1

Traffic load intensity

(b)

Figure 4.11 Average throughput in rural environment; (a) center users, (b) edge users.
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Figure 4.12 Average channel capacity of the reference site; (a) urban environment, (b)
rural environment.
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Figure 4.12 shows the average channel capacity for the reference BS, which
consists of three sectors. The channel bandwidth used in the cellular network is 10
MHz. Among the four FFR schemes, the proposed soft-FFR can provide the highest
channel throughput. Compared to the typical partial-FFR, the proposed partial-FFR
has no significant improvement of channel throughput, but it can improve the
throughput performance for cell-edge users. From Figure 4.12 we also find that if the
system is operated in interference-free condition (traffic load=0), the average channel
throughput can reach up to 100 Mbps/channel. When the interfering BSs are in fully
loaded operation (traffic load=1), the total throughput reduces to about 30
Mbps/channel with proposed PFR and 45 Mbps/channel with proposed SFR due to
the inter-cell CCI. This result reveals that the CCI can significantly reduce the system

throughput when the cells are operated in a fully loaded situation.

Table 4.3 to Table 4.5 summarizes the performances about interference reduce
and throughput increase to edge users by proposed PFR and proposed SFR schemes.
Table 4.3 summarizes the interference power mitigation performance of proposed
PFR to edge users. Compared to the typical PFR, the proposed PFR can reduce
interference power by 39% in an urban environment and 57% in a rural
environment. No matter which environment, the proposed SFR can reduce
interference power to edge users by over 50% compared to typical SFR, as
summarized in Table 4.4. Regarding system capacity, Table 4.5 lists the proposed
FFR schemes’ performance of edge users. The proposed PFR and proposed SFR can

increase the edge user average throughput by 6% to 27%.
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Table 4.3 Average interference power mitigation by proposed partial FFR schemes

Prop(_)sedPFR (mW) Typical PFR-Proposed PFR (dB)
Typical PFR

Urban 39% 2.2

Rural 57% 3.7

Table 4.4 Average interference power mitigation by proposed soft FFR schemes

ProposedPFR W

Typical PFR (mW) Typical SFR-Proposed SFR (dB)
Urban 52% 3.2
Rural 52% 3.2

Table 4.5 Average throughput increase by proposed FFR schemes

Proposed SFR
(compared to typical SFR)

Proposed PFR
(compared to typical PFR)

Urban

25%

6%

Rural

27%

13%

4.2 The Cell Coverage Analysis in Uplink CCI

In our simulations, the values of primary parameters are set mainly according to
the evaluation methodology document for IEEE 802.16m [44]. Table 4.6 lists the

parameter values used in our numerical calculations. The channel bandwidth
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assigned to each sector is 10 MHz. The fast Fourier transform (FFT) size is set to
1024, corresponding to 1024 subcarriers. The subcarrier spacing is about 11 kHz. In
the 802.16m standard, a large part of the available subcarriers are partitioned into 48
subchannels. Each subchannel accommodates 18 subcarriers and has an effective
bandwidth of 176 kHz. According to the 802.16m standard, a mobile node can obtain

several subchannels for its data transmission needs.

In the uplink analysis, we assume that the BS’s directional antennas are well
designed and the antennas receive the signals in the 120" area only. From the cell
layout of our analysis network shown in Figure 4.1, the scope of uplink analysis
will narrow to 9 BSs. Figure 4.13 shows the uplink analysis cell layout. The mobile

users in striped cells will radiate interference signals to victim BS,.

Figure 4.13 Cell layout in uplink interference analysis

52



Table 4.6 Parameter values in numerical calculations for uplink

Parameters Values
Frequency band 2.5 GHz
Sector bandwidth 10 MHz/sector
FFT size 1024
Frequency reuse factor 3
Subchannel bandwidth 198 kHz
BS antenna gain 15.0 dBi
MS antenna gain 0 dBi
BS noise figure 5dB
Standard deviation of fading 8 dB
BS antenna height 30m
MS antenna height 1.5m
Handset output power 23 dBm
Site to site distance 750 m

The values of required SINR for different modulation schemes are listed in
Table 4.7 [2]. In this study, we use the COST-231 Hata propagation model to fit the
2.5 GHz in urban area. This model corresponds to C = 10°%"" and p = 3.5 in equations

(3-14) or (3-15) if the carrier frequency f.is 2.5 GHz.
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Table 4.7 Receiver SINR assumptions

Modulation Coding rate Required SINR (dB)
QPSK 1/2 6
QPSK 3/4 8.5
16-QAM 1/2 115
16-QAM 3/4 15

First, we examine the impact of CCI on the service outage probability. Consider
a single subchannel assigned in each sector. Figure 4.13 presents the outage
probability as a function of the distance between BS, and MS,. We assume 6,=60°,
and every MS is assigned one subchannel in the simulations. The communication
link has a significant increment in outage probability due to the co-channel signals
from other cells’ mobile users. This outage probability increment will lead to cell
coverage reduction. In other words, the CCI will make it difficult for mobile users at
cell boundaries to maintain necessary link quality. Assume the acceptable level for
outage probability is set to 0.1 for the calculation of cell coverage. We can observe

from Figure 4.13 that the cell coverage is reduced to about 160 m for SINR=11.5 dB

due to the CCI when the handset maximum output power set as 1W.
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Figure 4.13 CCI impact on outage probability with maximum output power of 1 W.

If mobile users need to send a large amount of data, they must use more
subchannels for their transmissions. In this heavy traffic situation, the CCIl may have
a more serious impact on the service outage probability. Figure 4.14 shows the
influence of subchannel quantity assigned to mobile users on outage probability in
the presence of CCI. We assume the mobile users who use co-channel f; get the same
number of subchannels. As expected, the outage probability is increased when
mobile users radiate more subchannels. We can also observe that as the link distance
approaches and exceeds than 200 m, the outage probability reaches an unacceptable
level. In other words, mobile users must locate in the vicinity of the BS to obtain high

enough link quality when they require high speed transmissions.
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For uplink communications, the mobile device’s power source, usually a DC
battery, will significantly affect the communication link quality. In general, this kind
of power supply cannot support long distance or high quality communications due to
the limited power provisions. Figure 4.15 shows how a device’s maximum power
affects the service outage probability. We assign twelve subchannels to every user in
this case. It can be found that when required SINR=6 dB, the cell coverage is about
105 m for the maximum power of 200 mW and will extend to about 165 m if the
output power is increased to 1 W. Unfortunately, on the cell boundary (r=375m), all
outage probabilities are greater than 0.5, even if the mobile device output power is up

to 1W.

Next, we examine the relation between cell coverage and the number of
subchannels used by mobile users. The maximum output power of mobile devices is
setto 1 W in this case. Figure 4.16 presents the relation between cell coverage and the
number of subchannels, taking the CCI effect into account. From the figure, we find
that if mobile users need more subchannels or bandwidth — for example, six
subchannels — their communication distances fall to 52 percent of the cell radius,
200 m. To obtain greater coverage, mobile users need to adopt a fewer subchannels or
employ low spectral efficiency modulation schemes, such as QPSK, that require a
lower SINR. For instance, if a mobile node uses one subchannel and QPSK
modulation with 1/2 code rate (corresponding to SINR=6 dB), the communication
distance can extend as long as 327 m, even if CCI exists. We can also find from the
result that if mobile users need more than 12 subchannels, they should be located at a

distance less than 160 m from their own BSs.
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Figure 4.15 Influence of handset maximum power on outage probability; (a) required
SINR=6 dB, (b) required SINR=11.5 dB.
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Figure 4.16 Relation between cell coverage and the number of subchannels.

Finally, we want to examine the reduction in cell coverage due to CCI. As shown
in Figure 4.17, we find that for the case of SINR=11.5 dB and just one subchannel,
the coverage radius can reach about 769 m without considering the CCI effect. To
calculate the maximum service radius without CCI, we focus on the reference BS and
ignore the cellular structure. Hence, the service radius could be greater than 375 m,
which is the cell radius in the cellular configuration. If the CCI effect is taken into
account, the service radius will significantly reduce to about 159 m. Similarly,
consider the case of SINR=6 dB and 10 subchannels. The coverage radius will reduce
to 170 m from 572 m due to the CCI effect. The above results reveal that the CCI can
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cause dramatic reduction in cell coverage. Considering the limitation of radio
spectrum that can be used to deploy a wireless network, one of the possible solutions
to mitigate the CCI impact is to increase the number of BSs, i.e., reduce the cell
coverage. However, this solution can be cost-prohibitive, especially when the BS

price is extremely high.
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Figure 4.17 CCI impact on cell coverage with maximum output power of 1 W.
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CHAPTER FIVE: CONCLUSIONS

This chapter consists of two sections. The conclusions drawn from this study are
summarized in Section 5.1. Section 5.2 explains the limitations of this study and

suggests areas for future research.
5.1 Conclusions

The first objective of this study is to develop a CCI analysis model, calculating
the CCI power in the 4G wireless communication networks. This study develops a
CCI estimation model for both downlink and uplink communication links. The
frequency band, mobile user random locations, noise figure, propagation models,
effect of shadow fading, equipment radiated power, and antenna pattern are

considered in the CCI analysis models that we developed in this study.

The second objective of the study is to estimate the CCI impacts in 4G wireless
communication networks on a system level. A radio network with a total of 19 BSs
is employed in the study. The two-tier structure is based on the assumption that the

radiated power would be too slight to detect over two times the base station coverage.

The CCI analysis in the downlink estimates the users’ throughput based on the
SINR. The impact of CCI is shown by the decrease of users’ throughput. The lower
throughput causes service failuressic when mobile users need a large amount of

resources for high speed data transmissions.

Such as if a user accesses a video streaming service through the handset device.
The media streaming quality can be acceptable using data rate 500 kbps for a 480

progressive scan (480p, 640x480) video or 800 kbps for a 720p (1280x720) video.
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Users almost cannot watch the 720p video when CCI is taken into account. The

480p video streaming will lag when the system loading is greater than 0.5.

The analysis of the uplink estimates the reduction in cell coverage caused by
CCI. The analysis model is based on the SINR requirement that the mobile user
should radiate enough power to meet the BS minimum SINR requirement to ensure
the communication link with the BS. The service outage probabilities are derived by
taking handset output power limitations into consideration. The coverage reduction

due to CCI can be evaluated by service outage probability.

The third objective of the study is to explore the effect and performance of CCI
mitigation schemes. The FFR schemes are analyzed as the CCI mitigation schemes in
the study. Two new FFR schemes are proposed to improve the spectral efficiency of
4G networks, particularly for cell-edge users. The two proposed schemes are based
on typical PFR and SFR, respectively. Throughput performances that depend on the
SINR received at mobile stations are employed to evaluate and compare the spectral
efficiency of FFR schemes. The analysis compares the performance of FFR schemes
deployed in urban and rural environments. Further, the influence of FFR schemes on

cell-interior and cell-edge users discussed separately.

Under the limitation of radio spectrum, 4G operators must use frequency reuse
schemes. Reusing the same frequency band frequently in the wireless
communication system would bring co-channel interferences. Operators cannot
ignore this situation and should search for solutions to mitigation the CCI impacts.
According to our study, the FFR is an effective scheme to decrease the CCI

influence.
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5.2 Limitations and Suggestions for Future Research

There were several limitations to this study. First, to simplify the analysis, this
study uses point-to-multipoint (PMP) architecture to model the CCI power. The relay
architecture supported by both WiMAX and LTE is not included in this study. Second,
the fading effect in this study takes only slow fading into consideration; fast fading

is not addressed by our research.

This study uses two ICIC techniques, power control and FFR, to analyze how to
the mitigate of CCI. Other common techniques are identified as ICIC approaches for
wireless communication systems, such as spatial multiplexing, multi-user MIMO,
opportunistic spectrum access, and organized beamforming. The comparison of
different ICIC options can help 4G communication service providers to select

suitable approaches to mitigate the CCI.
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