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Abstract

In most studies on the effect of co-channel interferers, the interference is assumed to be
Gaussian. In this thesis, a more realistic simulation model of multiple co-channel interferers in a
cellular packet data communication system using non-coherent frequency shift keying modula-

tion is developed for a non-fading and a fading environment.

The performance of the packet data traffic as the number of co-channel interferers
increases is investigated in terms of BER and BKER resﬁlts obtained from the simulation. Other
parameters studied are block length, propagation loss ‘expo‘nént, fading rate and background noise
level. It is found that as the number of interferers increases, error rates increase except for the
BER in slow Rayleigh fading which tends to be independent of the number of interferers. Eventu-

ally, the effect of the interference signal can be regarded as similar to that of Gaussian noise.

The spectrum efficiency with different system configurations and parameters is obtained
by assuming that the mobile is located near the cell boundary. The influence of the cluster size on

spectrum efficiency is investigated. The optimal value, K,

pr» Of the cluster size is found. In an

interference-limited environment, the spectrum efficiency tends to increase with the propagation

~ loss exponent because of the improved SIR value. It is found that the optimal spectrum efficiency

can be greatly increased with the use of directional antennas. In most non-fading and very slow

fading cases considered, K, is typically less than 7. However, K p increases with the fading rate.

Generally, measures such as FEC taken to counteract the effects of the interference result in a

smaller value of K. However, FEC does not necessarily improve the spectrum efficiency.

ii



Table of Contents

Abstract i
List of Tables vi
List of Figures ix
Acknowledgment xiii
Chapter 1 Introduction 1
| 1.1 Motivation and Scop'e of the thesiS .....ocvvvvceiiiceeeieeiaen, .................. 2

1.2 Outline of the thesis ......... SO e es st 3
Chapter 2 Background 5
2.1 Review of error probability formulas............ et se s ee s 5

2.1.1 Non-fading Channel with AWGN ......cccooriiiiiiiiieniecceieereeeeeire e eesneesrresenes 6

2.1.2 Fading CRANNEL......coiiiiiiii ettt sae e e sree s e e s e s e s sraeseas s ssannns 8

2.2 Basic Concept of Frequency ReUSe .........cooiiveiniiiniiniivcincniineieciininesennenineenne 10

2.2.1 Frequency Reuse DiStanCe.......ccccveriirriiiieieniienirensieesieestersesesseassssessesionnenns 11

2.2.2 Signal-to—lnterference Ratio (SIR) MOGEIS......eeeeereeeereeereeeseeeseeeseesseesserssenens 12

A SIR model for an omnidirectional antenna system...............ceueeevecee. 13

B SIR Model for a Directional Antenna SyStem........c..ccuueeuceeesserscinecs 15

2.2.3 Inclusion of the Second-Tier Co-channel Interferers..............ccovuvvevvrreeernenene. 17

Chapter 3 Design of the Communication System Model 21
3.1 About SPW™ e e 21

3.1.1 Basic Tools in SPWT™ ..o 21

3.1.2 DSP Block Library....’.; ...... ettt et te s e et e be st e e e s besr e seesae st arsesabent et teereentasean 22

3.L.3 How torun SPW™ i B 22

iii




Chapter 4

4.1

4.2

4.3

4.4

4.5

SIMUIALON MOAEL 1..vvvvvvvveroeevvesveeesessssssseeessesosssssseessessssssssseeiesssssnssssioneessnsrnee 23
3;2.1 TTANSMILIET STTUCTUTE ..ccovvveruieerreerrereereeersnsinneesseesssnssssessnsasssasssssisssansssessssassseeses 24
3.2.2 Channel Model ........................ ..................... 26
5.2.3 Receiver StTucture. .......eveerrreee.. eereessteesaeen st aestbe s e eesnae s seasraesssassnaesaas 30
3.2.4 Desired Signal Model ... o st 31
: 3.2.5 Co-channel Interference Signéls MOMEL....ocooeeee e, eeereeerenees 33
3.2.6 PATAMELETS ..o S S 33
Simulation Results and Discussion ' _ 36
Validation of the'Simulation MOEL.cueeeiieiiiiiieneee ettt ereeeee s srrecssraeaesaaraeens 36
4.1.1 Error Performance fof the Basic -Modelf...;.............- ......................................... 36
4.1.2 Corﬁparison with Previous Results for Tone; Interferers.......coceevveevcvervneennee. 39

Error Performance with Multiple Co-channel Interferers in a Non-fading

Environment.........c............ e eee e eete et eeateeaanresrananaeens ettt et eeereeeaneenaeeen 40
42.1 BER Results..........occivmniiininnienes e et eaaes 41
422 BKER RESULLS oottt et e eeeeaeeesteeeeeeseeseneeesaseaesessesssssseessssesssssaseanes 43

Error Performance with Co-channel Interferers in a very slow Rayleigh Fading
Environment : I -

4.3.1 BER RESUIIS ...ttt e 49
4.3;.2 BKER Results .....c..cccoeemrennernecnes ............... ........................... 50
Error Performance in a Rayleigh fading ENVIFONMENL .....vevvereeiveenreverereeeeeneeesenene 55
4.4.1 BER Results................. ........ ......... R —— e 55
4.4.2 BKER RESUIES oo e e 56
Error Performance with the First-and Second-tier Co-channel Interferers ............ 57
4.5.1 BER ReSUltS ..cooorvivrrnne S— SO S 58



452 BKER RESUILS it ee e ie it eeeeie e e eeeeseessessssssesssnsnsssnne

Chapter 5 Spectrum Efficiency in Cellular Systems

5.1 Analysis of Spectrum EffiCiency....c..cccoevveviiieecieneeniieciieieeeene,
5.2 Spectrum Efficiency in a Non-fading Environment....................

5.2.1 Omnidirectional Antennas................ eereeerteeentesnasosstaesaaens

..............................

..............................

..............................

5.2.2 Omnidirectional Antenna System with Forward Error Correction (FEC).......

5.2.3 Directional Antenna SyStem............ivueeiriviieniiiiencininnnes

..............................

5.3 Spectrum Efficiency in a (very slow) Rayleigh Fading Environment.......................

5.3.1 Omnidirectional Antenna SYSteM ........cceeeveeverveeeeneeeerenns
5.3.2 Omnidirectional Antenna System with FEC......................
5.3.3 Directional Antenna System.........ceeueee... Heeeerteeeesrateesrneaesanasssnnesessreaesrnnaesen

5.4 Spectrum Efficiency with Different ValueS Of fyl g eeveeeveeenennnnn

5.4.1 Omnidirectional Antenna SYSIEIM ......cccceevverrurriieriieriieniieserreesserereessaesseesseenees

5.4.2 Directional Antenna SYSteIM ........ccceevvvevveerverseeseessesereennens

5.5 Consideration of the Co-channel Interferers in the Second Tier
Chapter 6 Conclusions »
Glossary
Bibliography
Appendix A Block Diagram of the Simulation Models

Appehdix B Derivation of BER in Rayleigh Fading

..............................

..............................

..............................

..............................

..............................

58

60

60

62

62

65

67

70

70

72

74

76

77

79

81

84

87

89

93

97



Table 2.1
Table 2.2
Table 2.3

“Table 2.4

Table 2.5
Table 3.1
Table 3.2

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7

List of Tables

SIR (dB) for different K with first-tier interferers for B=4.......c..cccevvevveererreernnnnn. 17
SIR (dB) for different K with first-tier interferers for B=3........ccccceevvevverrrrcrnnnnse. 17
SIR (dB) with first and second-tier interferers in ideal assumption for f=4........ 19

SIR (dB) with first and second-tier interferers in conservative assumption for

B'— ........................................................................................................................ 20

The spectrum efficiency of an omnidirectional antenna system in a non-fading

E,
=

]

environment with 6 co-channel interferers, AWGN at 40 dB and N=255>

The spectrum efficiency of an omnidirectional antenna system in a non-fading

E |
environment with AWGN at = =40 dB and N=1023 Dits.....c.vcorsrrrcrcsvrcsn 63

7]

The spectrum efficiency, E, of an omnidirectional antenna system in a non-

fading envirpnment with AWGN at %=20 dB and N=255 bits......ccccceerreerrvernnens 64
The spectrum efficiency, E, of an omnidirectional antenna system with FEC in a
noq—fading environmeﬁt with AWGN at IEV!Z ¥40 dB and N=255 bits......ccccceeurennee 65
The spectrum efoﬁciency, E, of an. omnidirectional antenna system with FEC in a
non-fading environment with AWGN at IE.V—I: =40dB and N=1023..........c.ccceveeeence. 66
The spectrum efficiency, Eg, of an omnidirectional antenna system with FEC in a
non-fading environment with AWGN at 1% =20 dB and N=255.....cccccevvevvevvennnen. 67

The spectrum efficiency, E,, of a directional antenna system in a non-fading




Table 5.8

Table 5.9

Table 5.10

Table 5.11

Table 5.12

Table 5.13

Table 5.14

Table 5.15
Table 5.16
Table 5.17
Table 5.18
Table 5.19

Table 5.20

environment with B=4........cccccoviviiionininenierienens eererrestete st erate st esbe st esase st esbesasnans 68

The spectrum efficiency, E;, of a directional antenna system in a non- fadmg
environment with B=3........cccccecceviminrinmveierecrecrerennas eertreeeereataesesssataeansnrarnaeens 69

E; in an omnidirectional antenna system with very slow Rayleigh fading with

E
AWGN at Fb =40 AB ANA NZ255 DEES.veveoeeeeeeoee oo se s eses s sesseons 70

o

E in an omnidirectional antenna system with very slow Rayleigh fading with

E _
AWGN at ]vb =40 dB and N=1023 DitS.......ccecvevcrreminreriiiiercneeeneeeeeneeeeseeaenens 71
0 ' ‘.
E; in an omnidirectional antenna system with very slow Rayleigh fading with
E ' .
AWGN at ]T” =20 dB AN N=255 DiLS.......ocorrvveereeeeeesseeoneeeeeeer s eeoeers e sess e 72
o

Ein an omnidirectional antenna system with FEC in a very slow Rayleigh fadmg

E,
environment w1th AWGN at N -40 dB and N—255 0] 15 73
4}
E in an omnidirectional antenna system with FEC in a very slow Rayleigh fading
environment with AWGN at ]—\—]2 =40 dB and N=1023 bitS.....ccceeeeveeerrrreerenene s 73
(2]

E in an omnidirectional antenna system with FECina very slow Rayleigh fading

E
environment with AWGN at 2 =20 dB and N=255 BitS......orervvresrcrvsre 74

o

The spectrum efficiency, E, of a directional antenna system in a very slow fading
environment With B=4........ccccccevierirririiiicieeereese ettt erse s v eve s erne e er s benes 75

The spectrum efficiency, E, of a directional antenna system in a very slow fading
environment With B=3......c.ccccvriiinnriiirireieiissreeeie e eve et s s e 75

The spectrum efficiency, E, of a dlICCthIlal antenna system with FEC in a very
slow fading environment with 3 —4 ........................................................................ 76

The spectrum efficiency, E 5» in an omnidirectional antenna system in a fading
environment for f T, = ..ottt 77

The spectrum efficiency, E, in an ommdlrectlonal antenna system with FEC in a
fading environment for f,T, = I......cccececvuennne. eeveeeeerreaessaneesasnteeessbeaesreaesasaesan 78

The spectrum efficiency, E, in an omnidirectional antenna system in a fading

vil



Table 5.21
Table 5.22
Table 5.23

Table 5.24

environment for T, =5......cccoeeiiinn. s 79

The spectrum efficiency, E, in a directional antenna system (SIRs) in a fading
ENVITONIMENL .c..cevvetirieeeieeerresteeieeeteerestessessessaeseassessassessnessensens ceveeneetennesneressteneenens 80

The spectrum efficiency, E, in a directional antenna system (SIRs) with FEC in a

fading ENVITONMENL.....cc..eiiiiiiiiiicierecereerie st eertesraesteesrassresssasssassnesssassasssasssens 81
E in a non-fading environment for N=255 and N =40 dB......coiii 82
o
. ' . . E b
E;ina very slow fading environment for N=255 and N =40dB....corrriiinne 83
o

viil




Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6
'Figure 3.1
Figure 3.2
Figure 3.3
FigureA3.4
Figure 3.5
Figure 3.6

Figure 3.7

Figure 4.1

Figure 4.2

Figure 4.3
Figure 4.4

Figure 4.5

Figure 4.6

List of Figures

Block diagram of (a) a digital communication system (b) AWGN channel............ 6
Locations of base stations (a) Center-excited cells (b) Corner-excited cells. ........ 10
The (normalized) Reuse Distance..................... reeeereeereeeaeaattreeeeaenrtaaeeasrnsaadeanssan 11

Example of downlink situation with six co-channel cells in worst case scenario. 14

The worst case situation with two co-channel cells in 120° directional antenna

SYSIEITL. .oiiiiiiiiiiiiiiiiiii ittt sabe s sae e ssbe s n s sabessssessabessssesnasssaess L D
Cellular system with cluster size K=3.......c.ccccevvrerrcreenveerrecennnens s 19
Block diagram of simulated system model........c.cceceeerveevernennee e 24
Block diagram of FSK modulator. ........cccoceieiienieriiieienieerrienneieceseenrresssesssseenns 25
Rayleigh cumulative distribution function....'.' ......................................................... 27
Normalized level crossing rate of the envelope of thé E field. ..................... 28
Normalized durations of fade of the eﬁvelopesgf the E field. .................. 29
Energy detector used to demodulate the binary:N CFSAKM signal. ....................... ....30
The PSD of FSK signal.......ccoveviviiiieieeciececeeeeeree e ................... 32
BER in a non-fading and Rayleigh fading channel witﬁ AWGN. ......................... 37
BKER as a function of % in a non-fading channel Awith block length N=255

BEES. oot 38
BKER with no error correction as a fﬁnction of fT,, for (a) N=255 bits
(D) NZT023 BILS. ..ottt e st etegevaeesr e tesaessesesssssessassessasassessensessessans 38
Pf(M,N ) in a very slow Rayleigh'fadin.g channel for (a)‘va(O,255) and Pf(8,255)
(D) PA0,1023) and PH26,1023). c..covvivimiiiiiiiiciiiiitinciscicineienesctiseisiseieieinens 39
BER with (a) 1 tone interferer (b) 2 tone intcrferers. oo e eeee e 40

BER as a function of SIR for different number of interferers in a non-fading -




Figure 4.7
Figure 4.8
Figure 4.9
Figufe 4.10
Figure 4.11
Figure 4.12
Figure 4.13

Figure 4.14

Figure 4.15

. E .
) } b :
environment with AWGN at N Z40 ABo ettt eeeeeenertares e s ss e s s e saannanes 41

o

BER with interferers in a non-fading environment with AWGN at (a) —b_20dB

NO
E,
and (b) = =10dB. ....oociiiiiiniiiiieinietctesee ettt ettt e st st esens 43
NO
' . . . Ep . : :
BKER in a non-fading environment with N =20 dB for N=255 bits. .....c...ccu...... 45
o ...

E
BKER in a non-fading environment with A7b =40 dB for (a) N=255 bits (b)

o

N=1023 BILS. coovvvvevverreecereieesesesee e esssssssee e sessss s ssssens SOOI |

' : E
- CDF of the number of bit errors in a non-fading environment with 17b =20 dB

o

and SIR=4.5 dB for N=255 DitS. .....ccccccevmrenirrinirirerenrirreerenenseeressesseesessessessens 46

CDF of the number of bit errors in a block in a non-fading environment with

E .
]vb =40 dB for (a) SIR=3 dB and N=255 bits, (b) SIR=3 dB and N=1023 bits, (c)

o

SIR=7 dB and N=255 bits and (d) SIR=7 dB and N=1023 bits.........oo..cssrrrerrroe.... 47
E
P(8,255) as a function of SIR with Fb T X ST 48
(s} .
. . Ep y '
P(26,1023) as a function of SIR with N =40 dB...oeeeeeeeee e 48
o

: E
BER in a very slow fading environment with AWGN at (a) Fb =20 dB and (b)

o

N SA0 AB. oo e be e b e e br e e e ae s baesesrnreaas 50

o

BKER with interferers in a very slow fading environment with (a) AWGN at

E E
ATb =40 dB, N=255 bits (b) AWGN at ]vb =20 dB, N=255 bits and (c) AWGN

[ 14

E, o ‘ .
T L [ R 51

[2]




Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure A.1

Figure A.2

Figure A.3

Figure A.4

E
The CDF of the number of bit errors in a block at Fb =40 dB with different

o

number of interferers for (a) N=255 bits and SIR=8 dB, (b) N=255 bits 'and
SIR=20 dB, (c) N=1023 bits and SIR=8 dB and (d) N=1023 bits and
SIR=20 dB. ..ottt taeetbe e e e e saessss e rsessse s ssaesssesnssasnssesnsen 53

The PA8,255) and P{(26,1023) as a function of SIR in very slow Rayleigh -
E
fading with AWGN at 1717 =40 dB for (a) theoretical case, (b) 2 interferers,

o

(c) 6 interferers, (d) 12 interferers and (e)‘24 INtETfErers. ...oovvvivivnniiiiriniceinnn, 54

E
BER in a Rayleigh fading environment with interferers and AWGN at N—'b =40 dB

o

for (a) f;=5 Hz, (b) /;=20 Hz and (c) f;=100 Hz........cccecerrervvivrurririerennenn veoreenees 56
BKER ina Rayleigh fading environment with interferers and AWGN

E
at ]717 =40 dB for (a) f;=5 Hz and N=1023 bits, (b) f;=20 Hz and N=255 bits and

0 .
(C) £=100 Hz and N=255 BIts. .......cocuuuerreveemmcemeeeesmmceressssmsseesssmmecsesssssneecssssannne 57
E
BER with the first and second-tier co-channel interferers at 1\712 =40 dBin (a) a
: o
non-fading environment and (b) a slow Rayleigh fading environment.................. 59

BKER with first and second-tier co-channel interferers for N=255 bits and

Fb =40 dB in (a) a non-fading environment and (b) a very slow Rayleigh fading

o

CINVITONIMEIIL. «.iritiiitiiiiiiiiiiieiettteieanesttenesstoseecnsssssssrnsossssssasnsonessssrsssssssrensssessanses 59

Communication model with no co-channel interferer in a non-fading
ENVITONMENL. ...vovviiiiiiiiicriniieeeeaceneestereneaees e st er e enes 93

Communication model with 2 co-channel interferers in a non-fading'
environment. .................... Creereeaestes ettt bt e st er b s atsraserassa bSO aseRbsesassebssuse bt s e st os 94

Communication model with no co-channel 1nterferer in a Rayleigh fading
ENVITOMIMENT. .\vvviieiiiiiiiiiiiieeeeceiveeeeeserreeeennned eeertrrrrrrnrreeeseseorsseirrrataeseaesesessararas .95

Communication model with 2 co- channel interferers in a Rayleigh fading
ENVITOMITIENT. .voveivienriniieiiniterientetesteeuesee st etessasseessessessessaessassessassasssessassessasssessesserss 96

xi



Figure B.1° The_,B-ER for one synchrorﬁzed’ andhnsynchr..briized co-channel interferer in'a_
slow Rayleigh fading channel with no background noise..........ccoeeviivninninnionn 100




Acknowledgment

I would like to thank my supervisor, Dr. C. Leung, for his continuous guidance and
encouragement throughout the research work for this thesis. This work was supported by a UB.C.

University Graduate Fellowship, a Motorola Research Grant and NSERC Grant OGP0001731.




Chapter 1 Introduction

As a result of the limited availability of radio frequency. channels for mobile communica-
tions, spectrum efficiency is an important factor.‘ One techniqué to increa$‘e this efficiency is based
on the frequency reuse concept [19]. In frequency reuse, users in diffefent geographic locations
(différent cells) can use the sahﬂe frequency channel simultaneously. This way, the same sets of
channels used in one coverage area can be reused in another coverage areé. Although a frequency

reuse scheme can improve the spectrum efficiency, it causes co-channel interference.

Since the same set of channels are reused in co-charm_el cells in the frequency reuse
method, base stations or sﬁbséribers using the same channel in different cells can interfere with
each other. This kind of interference is called co-channel interference. The co-channel interfer-
ence can be reduced by (1) increasing the distance between co-channel cells, (2) using directional
anteﬁnas, (3) lowering the height of antennas at the base station [16]. The other c'ommovnvtype of
interference in cellular systems is called adjacent channel interference. Adjacent channel interfer-
ence arises when signal energy from an adjacent channel spills over into the channel of concern or
when the filter on the receiver is too “loose” and captures energy from a broader band. This
problem can be reduced by using proper channel assignment or a ﬁltef with a sharp falloff slopé.
Generally speaking, the co-channel interferenée problem is more severe than that caused by

adjacent channel interference in mobile cellular communication systems.

At present, there is a lot of interest in data communication over cellular systems [1]. In
most urban and many suburban areas, multipath fading poses the main threat to reliable data
transmission. One commonly used fading model assumes that there is no line-of-sight path from

the transmitter to the receiver [2,3,4]; this results in the amplitude of the received signal following



Chapter 1 Introduction 2

the Rayleigh distribution [5] and is termed Rayleigh fading. Generally, when a data packet
encounters a fade, there is a high probability that transmission errors will occur. In order to
improve performance in the presence of multipath fading, error control techniques such as

automatic repeat request (ARQ) and forward error correction (FEC) must be used [6].

1.1 Motivation and Scope of the thesis

The effect of co-channel interference in land cellular mobile radio systems has been
reported in numerous papers, ¢.g., [7,8,9,10,13]. In these papers, the co-channel interference
probability is evaluated, but there is no bit error rate (BER) or block error rate (BKER) analysis.
The BER performance has been studied in [11,121, but in these studies, the co-channel interfer-
ence is assumed to be Gaussian. In [22, 26, 41], the co-channel tone interferences are assumed to
be statistically independent and their phases are uniformly distributed from —x to 7, but constant
during one bit period. However, only the BER in a non-fading environment is studied. In this
thesis, a more realistic simulation model of multiple co-channel interferers in a digital system
using non-coherent frequency shift keying (NCFSK) modulation is developed. The performance in
terms of BER and BKER is evaluated using simulation. The interference signals are also NCFSK
signals. The simulation model is designed for the outbound (base to mobile) situation in which the
interferers are from the fixed base stations in co-channel cells. A similar model has been used in
[14,15] with Gaussian minimum shift keying (GMSK) modulation, but where only up to six co-
channel interferers_were considered. These papers also assume that the channel is nery slowly
fatiing (VSF), i.e. the received signal level is constant over._va block. However, this simplifying
assumption ts often not valid in t)ractice. In this thesis, we consider the effect on error perfor-

mance of increasing the number of co-channel interferers in both non-fading (NF), slow fading
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(SF) and VSF environments. In the fading situation, the desired signal and the interference signals

from the surrounding co-channel cells are assumed to be subject to Rayleigh fading.

One objective of this thesis is to investigate the effect of co-channel interference in a
| cellular packet data communication system. The effects of changing various parameters, such as
number of co-channel interferers, background noise level, packet length, propagation loss
| exponent and fading rate, are -studied in both non-fading and fading envirohment. The perfor-
mance criteria are BER, BKER and spectrum efﬁci;ncy. In a frequency reuse system, tﬁe
coverage area is divided into a certain number of cell clusters. A second objective is to study the
influence of the cluster size on spectrum efficiency for different system configurations. The
spectrum efficiency is defined as the average number of user data bits éérrectly received per
second per cell [10, 17]. The optimum cluster size to maximize the spectrum efficiency is
determined. The selection of the optimum cluster size for a cellular voice communication system
has been previously studied [16]. It was found to be 12 for an omnidirectional antenna system and
7 for a three sector directional antenna system [19, 23]. The selection of cluster size for a cellular |
packet data communicatioﬁ system has been done in [17], but the interfering signals were
modeled as additive white Gaussian noise (AWGN). The use of error correction and sectoriziation

as means to improve the system performance is also considered.

1.2 Outline of the thesis

This thesis is organized as follows. Chapter 2 contains a brief review of some basic error
probability results for several common binary modulation schemes as well as the basic concept of

frequency reuse. Chapter 3 describes the simulation model which was implemented using Signal

Processing Worksystem (SPWT™) [33]. The results of the simulation are described in Chapter 4.
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In Chaptér 5, the optimum cluster size is found for a variety of different system configurations.

The main conclusions and some recommendations for future work appear in Chapter 6.



Chaptér 2 Background

The purpose of this chapter is to present some basic error probability expressions for four
different binary modulation schemes, namely coherent phase-shift keying (CPSK), coherent
frequency shift ke&ing (CFSK), diﬂerentidlly coherent PSK (DPSK) and noncoherent FSK
i(NCFASK). The formulas are b.ased ona noh-fading channel with additive white Gaussian noise
(AWGN) and a very slow Rayleigh fading channel. The. formulas for NCFSK are used in
Chapter 4 to validate the simulation model. The second part of this chapter describes the concept
of frequency reuse in a cellular system. Five different signal-to-interference ratio (SIR) models

are discussed: The optimum cluster size depends on the particular SIR model used.

2.1 Review of error probability formulas

A simple block diagram of a digital data transmission communication system is shown in
~ Figure 2.1(a). The communication system is referred to as binary if the digital signal at the
" modulator input consists of a sequence of pulses, each of which can take on one of two possible
values. In binary digital modulation the binary waveform is superimposed on a carrier; phase
modulation and frequency modulation are commonly used [18]._ A digital system is referred to as
coherent if a local phase réference is available for demodulation that is in phase with the transmit-
ted carrier. Otherwise, it is referred to as non-coherent. A system is referred to as synchronous if a

periodic signal (clock) is available at the receiver that is in synchronism with the transmitted

digital signal.
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Digita! Signal Source Transmitted Received Qutput
' signal signal : ' signal
rooToTTTToTToTTTT T oot
1 ' : :
'. T | L M~ 7777  Destination
N . ]
: ’: Encoder |—®| Modulator —b I;a;:irgllssmn *| Demodulator _>1 Decoder ———»
| | ! I ) .
| Lo e — | Lo 1
! optional T | A A optional :
I, _ _______ 3 I__*___;__; ____________ 1
. 1 Noise, interference, ' Carrier ref.  Clock
Carrier | and distortion ! (coherent)  (synch.)
. e 2 ]
Transmitter Receiver
(a)
T x(t) y(t)
Transmitter — — Receiver

(+A, -A)
T n(t): PSD = No/2

(b)

Figure2.1 Block diagram of (a) a digital communication system (b) AWGN channel

2.1.1 Non-fading Channel with AWGN

The binary digital communication system with two values, +A or -A, in AWGN is

illustrated in Figure 2.1(b). The channel simply adds white Gaussian noise with two-sided power

spectral density (PSD) N,/2 to the signal. The bit error rate (BER) of the four binary modulation

techniques are given by [35]

CPSK: P,(Y) = %erfc(ﬁ) - @2.1)

CFSK: P,(y) = %erfc(Jg) | | (2.2)
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DPSK: P,(Y) = —exp( Y) | ' - (23)
 NCFSK: P.(y) = lexp( g) - Q4

where v = Fb is the ratio of signal energy per bit to the one sided noise PSD. The complemen-
o ‘ ' ‘ : : '

tary error function erfc(x) is deﬁned as [30,44]

oo

| erfc(x) = 1‘—(%1:)}4 (ﬁ)je dt. . | | (2.5) |

The packet data fransmission is based on the transmission of a block of N bits. The perfor-
mance with error correction depends on P(M,N), the probability of more than M bif errors in a
block of N bits. For CPSK, CFSK and NCFSK in AWGN, the block error raté (BKER) can be
obtained by assuming that the bit errors are independent. However, this assumption is not applica-
ble to the case of DPSK due to bit egror correlation. For CPSK, CFSK and NCFSK fnodulation,
the probability of exactly m errors in a block of N bits with independent bit errors is given by the

binomial distribution

(Mpora-pran™™ @6)

The BKER with no error correction, P(0,N) is given by

PONY = 1-(1-P,y)". @.7)

The probability, P( M,N), is given by
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N
psy = Y (NP =P "
m=M+1 : (2.8)
: M N m N-m
- 1- Z_O(mjpe(v) (1-P,or)" ™

2.1.2 Fading Channel

In a fading environment, the received y varies. Throughout this thesis, the fading is
assumed to be non-frequency-selective (flat in frequency over the spectrum bandwidth) Rayleigh
fading with different Doppler frequencies. Some theoretical results for BER in slow fading and

BKER in very slow fading have been derived [18,31,35]. The slow fading assumption means that

Y is constant over a bit. Then, the average BER, Py in Rayleigh fading is given by

Pi(v,) = [P, (Nf()dy 29
0

where f{'y) is the probability density function (pdf) of Rayleigh fading for the instantaneous signal

to noise power and is defined as

£y) = v_l(,e"p(‘%,)' ‘ . (2.10)

E.
- In(2.10), v, = Iv“ is the ratio of average energy per bit to noise PSD [18]. Substituting (2.1-2.4)

o

and (2.10) into (2.9) yields

CPSK: P, = -1-[1— Yo } @.11)
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1 Yo |
, _ 1 2.12
CFSK: P; 2{1 = 2} _ (2.12)
1 ,
: = .13
DPSK: P; e (2.13)
. — 1
NCFSK: P; = 5T (2.14)

In a very slow fading channel, the signal strength is assumed to be constant over a block of

N bits. The probability, Pf(M,N ), of more than M bit errors in a block of N bits in a very slow

Rayleigh fading channel with independent bit errors is given by

P/(M,N) = [P(M, N)f(V)dy. (2.15)
0 :

The derivation of Pf(M,N ) for all four modulations appears in [21]. In [29], an accurate

approximation to P{M,N) for NCFSK has been derived as

: M '
P(M,N)=1-PH0,x;r) Y, %’" (2.16)
m=0 : )

where

1,2,... 2.17)

(r)0=1,(r)m=r(r+1)...(r+m—1), m

and

T(x+ DI +7r)

P50, x;r) =
F0%0) = 2= T

(2.18)
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In (2.18), x is the number of bits in a block, r = 2 and I'( ¢ ) denotes the gamma function [30].
o

2.2 Basic Concept of Frequency Reuse

In order to overcome the pr(;blem of scarce bandwidth in cellular mobile radio systems,
frequency'reuse is employeAd. In a frequency reuse system, a certain number of channels is
assigned to a cluster Qf cells; the same channels can be reused in other clusters to cover different
areas which are separated from one another sufficiently to result in acceptable co-channel interfer-
ence. Each cluster contains the same number of cells, Each cell is viewed as the coverage area of a
particular land site and visualized as having the same shape. For design purposes, the shape of the
cell can be assumed to be square or hexagonal, bﬁt under some conditions the hexagonal coverage.
areas are expected to provide a better system configuration and has been adopted by Bell Labora-

tories [19]. The locations of base stations in a cell can be visualized in two different ways:

- (i) the base stations are located at the center of each cell, “center-excited” cells.

(ii) the base stations are located at half of vertices of each cell, “corner-excited” cells.

o8

) Oe@-\
o oINS
D G

O Base station location

Figure 2.2  Locations of base stations (a) Center-excited cells (b) Corner-excited cells.
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These two configurations are shown in Figure 2.2. In this thesis, hexagonal cells with

“center excited” base stations are assumed.

Figure 2.3 The (normalized) Reuse Distance.

2.2.1 Frequency Reuse Distance

Co-channel interference is a major impairment in frequency reuse systems. Cells assigned
the same channels have to be separated sufficiently to ensure an acceptable level of interference.
The minimum distance, D, which allows the same frequency to be reused is called the frequency

reuse distance (see Figure 2.3). The (normalized) reuse distance, R,,, is defined as

(2.19)

where R is the radius of a cell, i.e. the distance from the center of a cell to any of its vertices. R, is

also related to the cluster size, K, as [19]

R, = 3K | (2.20)

where K is given by [19]
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K = &+ij+j°, i j=0,1,23,.. Co@2
where i, j, are termed the “shift parameters”.

2.2.2 Signal-to-Interference Ratio (SIR) Models

In this section, five different SIR rhodels will be described. In all SIR models, we consider
the worst casé scénario in which the_: mobile unit 1s at its own desired cellvboundary. In this
situation, the mobile unit will receive the weakest signal from its own desired cell but strong
interference from interfering cells. The first three SIR models are obtaiﬁed by using omnidirec- -

tional antennas. The last two SIR models are based on a sectorization technique using the

directional antennas. Since only the outbound situation is considered here, the signal-to-interfer-

ence (SIR) is defined as the ratio of the desired signal power to the total interfering power at the

desired mobile receiver. This SIR can be expressed as

SIR = J » (2.22)

where P, is the desired signal power at the mobile receiver, I; is-the interfering power from co-

channel cell i received at the mobile and M is the total number of interference cells.

In free space, the received signal power varies inversely with the square of distance.
However, in mobile communication, ground-wave propagation causes more severe attenuation of’

the received signal power. The received power P can be approximated by

Poep. P (2.23)
s Td . )
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where Py, is the transmitted power from the desired base station, r is the distance from the desired

base station to mobile and B is the propagation loss exponent, generally between 2 and 5.
- Similarly, I; is also inversely proportional to d iB

I, Prd? ' (2.24)

i
 where Py is the transmitted power from co-channel cell i and d; is the distance between the

interfering base station in co-channel cell i and the mobile.

In case of UHF propagation in cellular radio, a typical value for § is 4 [20,27] for most
urban and suburban areas. The relationship stated above is depicted in Figure 2.4. According to

(2.23) and (2.24), the signal-to-interference ratio of (2.22) becomes

P
§JR = T (2.25)

In (2.25), only the six first-tier interferers are considered.

A SIR model for an omnidirectional antennarsystem
It is shown in [19] that any cell has exactly six equidistant co-channel cells in the first tier.

In [16], it is noted that the interference cells from second tier and farther are negligiblé to first

order. Therefore, in this model, only six first-tier co-channel cells are considered and the distanpes

from the six first-tier co-channel interfering cells are shown in Figure 2.4.
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(o] Basgse Station (B.S.)

X Mobile Unit

Figure 2.4 Example of downlink situation with six co-channel cells in worst case scenario.

Model 1:

Since the transmitted power from any base station, either desired or interfering base

station, are equal, Py, is equal to Py; in (2.25). According to Figure 2.4, the SIR of (2.25) can be

approximated by

R‘B
SIR; = 5 5 5 (2.26)
2(D-R) "+2D "+2(D+R) .
Substituting (2.20) into (2.26), SIR,; can be expressed in terms of the cluster size, K, as
1
SIR, = (2.27)

AWK-)T+WBR P+ WBR+ DY

Model 2:

A conservative approximation for the shortest distance between a first-tier co-channel
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interferer and the mobile unit is D-R. If the shortest distance is used for all six interferers, then

SIR; is given by
-B
SIR, = ——
6(D-R) (2.28)
1
6(SAK-1)"
Model 3:

In an ideal assumption, the distance between a first-tier co-channel interferer and the

mobile unit is D and so the SIR3 is giVen by

1

SIR, = —.
T

(2.29)

B SIR Model for a Directional Antenna System

120° Directional Antenna

X Mobile
0O Base Station

Figure 2.5 The worst case situation with two co-channel cells in 120° directional antenna system.

In this SIR model, a three sector cell is considered. The coverage area in each cell is
divided into three sectors using 120° directional antennas. The number of first-tier interfering

cells is reduced from six to two. The worst case situation with two interfering cells in a directional
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antenna system is illustrated in Figure 2.5.

Model 4:.

The worst case SIR occurs when the mobile is at the location W [16]. This is because the
mobile receives the weakest signal from its own cell. The distance between the mobile and the

two interfering cells are D and D+0.7R. The SIR, is given by

. R—B
SIR, = 5 5 (2.30)
(D+0.7R) "+ D
Substituting Equation (2.20) into (2.30), we have
1
SIR, = (2.3

(A/§T<+o.7)“3+(JéT<)'B'

Model 5:

A conservative value for the shortest distance between the mobile and an interfering cell is

D. If this is used, (2.31) becomes

R—B

2p7P

N S
2(3K) "

SIR, =
(2.32)

The SIR values of the five SIR models corresponding to different values of K with six first-

tier co-channel interferers for B = 4 are shown in Table 2.1. For B = 3, the SIR values are

shown in Table 2.2. It can be seen that the SIR values for § = 3 are much smaller than those for
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B = 4. Therefore, the degradation with co-channel interferers increases for smaller f3.

Table 2.1: SIR (dB) for different K with first-tier interferers for p=4.

K SIR; SIR, | SRy SIR, SIRs
i -8.6 132 176 | 85 1 6.53
3 80 426 13 | 175 16.1
4 114 7.88 13.8 199 18.6
7 173 144 18.6 245 . 23.4
9 19.8 - 17.1 208 126.6 256
12 225 202 . 233 .29 28.1
13 233 .| 210 240 | 296 28.8
16 252 . 231 25.8 314 306
19 26.8 249 27.3 328 32.1

Table 2.2: SIR (dB) for different K with first-tier interferers fof' B=3.

K ' SIRy . SIRy SIR3 . SIR4 ~ SIRg
1 747 -11.85 062 - 5.82 4.15
3 4.49 : 125 653 1246 11.30
4 6.90 3.97 841 14.21 13.18
7 112 884 1205 17.65 16.82
9 13.03 1090 1369 1921 18.46
2. 15.07 13.19 1556 21.0 2033
13 1563 13.81 1608 . | 2149 20.86
16 17.07 . 1541 17.44 2279 222
19 1825 1671 18.56 23.87 23.33

2.2.3 Inclusion of the Second-Tier Co-channel Interferers
In a fully equipped hexagonal-shaped cellular system, there are always six co-channel

interferers in each tier as shown in Figure 2.6. It can be shown that the distances between the

center of the desired cell and the second-tier cells afe approximately equal to 2Dcos( g ). For an
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ideal aséumption', the maximum distance between the mobile and the second-tier co-channel

interferer is approximately equal to 2Dcos( g ). If the six second-tier interferers are included, the

SIR can be obtained by adding the term 6( 1.732;/3 K )_[3 to the denominator of (2.27), (2.28)

and (2.29) in an omnidirectional antenna system. For a directional antenna system, the number of

second-tier interferers is reduced from six to two and the SIR is obtained by adding the term
2( 1.732,\/3K)_B to the denominator of (2.31) and (2.32). For a conservative assumption, the

shortest distance between a second-tier co-channel interferer and the mobile is 2Dcos( g )-Rin an

omnidirectional antenna system and so the term 6(1.732,\/3K)_[3 is replaced by

6(1.732./3K - 1)_6. For a directional antenna system, the shortest distance is approximately
equal to 2Dcos( g ) and therefore SIR has the same value for both ideal and conservative assump-

tion.

Table 2.3 shows the SIR values for five different models with the first and second tier
intérferers of the ideal assumption for B = 4. For conservative assumption, the SIR Valpes are
shown in Table 2.4. In Table 2.4, only SIR;, SIR, and SIR; are shown because SIR4 and SIRq
hav¢ the same values for both ideal and conservative assumption. When the second-tier interferers
are considered, the difference between the ideal and conservative asshmption is less than 0.5 dB,
except for K= 1.. The ideal assumption of the SIR values for § = 3 is shown in Table 2.5. The SIR
values are significantly lower than for B=4. It can .be seen that the SIR values in Tables 2.3, 2.4

and 2.5 are less than the SIR values in Tables 2.1 and 2.2 by approximately 1 dB for any K.

Therefore, the effect of the second-tier interferers is quite small and can usually be neglected.
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Figure 2.6  Cellular system with cluster size K=3.

Table 2.3: SIR (dB) with first and second-tier interferers in ideal assumptjon for B =4.

First-tier interference

Second-tier interference

K SIR; SIR, SIR3 SIR4 SIRs
1 -8.6 -13.2 13 7.8 6.07
3 7.8 42 10.8 169 15.6
4 11.1 7.8 13.3 19.3 18.1
7 169 14.2 18.2 23.9 29
9 19.4 169 204 26.0 25.2
12 222 20.0 22.9 28.4 27.7
13 22.9 20.8 23.6 29.1 28.4
16 24.8 22.9 25.4 30.8 30.2
19 26.4 24.6 26.9 32.3 316

19
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Table 2.4: SIR (dB) with first and second-tier interferers in conservative assumption for

p=4. - '
K © SIRy SIR, _ SIR3
1 8.8 133 -0.18
3 7.5 4.0 103
4 10.8 7.64 129
7 16.7 T 14 17.9
9 19.2 16.8 20.1
12 22.0 '19.8 22.7
13 227 207 - 23.4
16 24.7 22.8 25.2
19 . 26.3 24.5 26.7

Table 2.5: SIR (dB) with first and second-tier interferers in ideal assumption for [ =3.

K SIR;" SIR, SIRy SIR, - SIRs
1 -7.64 -11.91 -1.39 474 338
3 .40 1.01 577 11.49 1054
4 634 - 3.68 7.64 13.26 12.41
7 10.57 846 11.29 1674 . |. 1606
9 1237 10.48 1292 18.31 17.7
2 - 14.38 1273 14.80 20.12 19.57
13 14.94 13.34 1532 | 2062, 20.09
16 16.36 1401 16.67 21.93 2144
19 17.53 16.19 1779 23.01 22.56
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Two important issues in the design of communication systems are performance evaluation
and trade-off analysis. Unfortunately, it is difficult to evaluate the performance of complex
systems using analytical techniques unless idealized or oversimplified models are adopted. Thus,
c‘omput,er-aide_d techniques provide a useful and effective solution to the proBlem of system
perfofmance evaluation. The computer-aided techniques for system analysis and design fall into

two categories: formula-based method and simulation-based method. This thesis uses the simula-
tion-based method. The software simulation tool is Signal Processing Worksystem (SPWTM)

[33]. In this vchapter, a brief description of SPWT™ and its functions is first given. Then, the

overall design of the communication system model used in the simulation is described.

3.1 About SPWT™

‘SPWTM is a powerful software tool for developing, simulating, debugging, and evaluating
digital signal processing (DSP) and communication systems. It provides a graphical user interface
for all aspects of system design, simulation and implementation. The software is divided into

program modules that run interactively and concurrently under a “windowing” environment on a

computer workstation. SPW™ provides tools and a DSP library block for users to design DSP

systems easily.

~ 3.1.1 Basic Tools in spw™

SpPwT™ provides many tools to implement, test, and simulate a communication system.

The basic tools are the File Manager, Block Diagram Editor (BDE), Signal Calculator (SigCalc)

and Simulate Program Builder (SPB). Table 3.1 summarizes the functions of each tool.
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Table 3.1 Summary of thé four basic tools in SPWT™

This tool is a unified “windowing” tool that can manage all types of SPW™ data
files. The SigCalc, BDE, and other libraries and data files can be selected from the
File Manager. '

This is the basic design environment of SPWTM. The BDE is used to create and edit
DSP system models and allows access to signal processing blocks in the DSP block
libraries. :

This tool can creaté, display, edit, process and analyze signal waveforms. The wave-
forms can be input or output signals in BDE block diagram. It can handle many sig-
nal value types, such as real, complex and vector etc.

SPB is the SPWT™ simulator. It analyzes the performance of a system design that
was created using the BDE along with signals created under SigCalc. The signals are
displayed in SigCalc.

In addition to the above basic tools, there are optional tools available in SPWTM (o

increase design versatility. Detail can be found in [34].

3.1.2 DSP Block Library

The blocks in the DSP block library can be used in BDE to build models of signal process-
ing systems. Each block can be modified or combined with other blocks to create new functional
blocks. The library éontains general purpose digital signal processing and communication blocks.
The blocks are stored in separate libraries and summarized in Table 3.2. “Custom-co‘ded” blocks

can be created if the existing blocks in the libraries are not adequate.

3.1.3 How to run SPW™

In order to simulate a system we must first construct a block diagram of the system in
BDE by using the functional blocks in DSP libraries. When a block diagram is finished, it is saved

in the database. To start a simulation, we recall the block diagram,.set parameter values, and use

the SPB. The results of a simulation are displayed and analyzed in the SigCalc which provides a
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variety of plots including time domain plots, frequency domain plots and other displays.

Table 3.2 Summary of DSP block libraries in SPW ™

It contains Least-Means Squared (LMS) and Recursive Least Square (RLS) adaptive
filter blocks.

It contains a set of blocks for communication design applications: encoders/decod-
ers, modulators/demodulators, estimator etc.

It contains the filter blocks of various types: frequency domain, time domain, Bessel,
Chebyshev etc.

It contains blocks which facilitate the interface of SPW '™ with HP and Acurex 7000
MDAS devices.

It contains the basic signal processing blocks such as linear and non-linear process-
ing blocks, math processing blocks etc.

3.2 Simulation Model

In any communication system, there are three basic components: the transmitter, channel,
and receiver és shown in Figure 2.1 (a). A block diagram of various parts of the simulated
communication lsystem model is illustrated in Figure 3.1. The output of the data source is
generated by a pseudo-random bit generator. The FSK signal is generated by feeding the data into
a FSK modulator. It is then transmitted through the mobile radio channel. The channel contains
the multiplicative process of Rayleigh fading and the additive processes of co-channel interfer-

ence and AWGN. Finally, the received signal is supplied to a NCFSK demodulator.

In this section, we describe each component in the simulation model in detail. The block

diagram of the model created by the SPW™ for four different cases are shown in Appendix A.
The four cases are 1) non-fading environment with no interference, 2) non-fading environment

with interference, 3) fading environment with no interference and 4) fading environment with

interference.
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Rayleigh Fading AWGN

Desired Signal Channel -

Data
Data | |FSK NCFSK e
Source modulator demodulator .

Rayleigh Fading -

\

Interference signals from co-channel cells

Figure 3.1 Block diagram of simulated system model.

3.2.1 Transmitter structure

The transmitter, as shown in Appendix A, consists of two major components, random
binary data source and FSK modulator. The functional block, “DATA RANDOM”, from (comm)

library generafes a random bit stream in the form of a pseudonoise (P.N.) sequence with a period

- of 2"-1, where n is the order of the shift register (maximum of 34).

In a binary FSK modulation system, two sinusoidal waves of the same amplitude A_ but
different frequencies, f;, “mark”'frequency and, f5, “space” frequehcy, are used to represent
binary symbol 1 and O respeétively. The FSK signal in this model s generated by switéhing the

transmitter output line between two different oscillators controlled by the digital signal x(t) as

shown in Figure 3.2.
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Oscillator
" Freq.=f, : .
O—
|
o : Qe : FSK signal
Oscillator : e —

Freg.= f2 ?
© |

Binary data input
xt) —————-

Figure 3.2  Block diagram of FSK modulator.

The modulated signal is called discontinuous-phase FSK since the phase 0(¢) is discon-
tinuous at the switching times. The general expression for a discontinuous-phase FSK signal s(z)

is given by

A cos(2nfit+0,), O0<t<T,
s(t) = { (3.1) -

A cos(2Tf,rt+0,), 0<t<T,

where T,=1/R), is the bit period and 8, and 0, are the initial phases of the two oscillators. The

digifal frequency modulation index [35] is defined as

h=2fT, ST | (3.2)

where f,=f,-f; is the peak frequency deviation, assuming that f,>f;. A continuous-phase FSK

signal can be generated if £ is an integer number.
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3.2.2 Channel Model

The non-fading channel with AWGN is simulated from the functional block “NOISE

GENERATOR”. This block generates pesudo-random numbers which conform to a normal distri-
bution. The white Gaussian noise is generated with zero mean, and with variance, 02 , adjusted to

E,
N-—— .

provide the desired
_ , R

In the'fading models, both the desired signal and the interfering signals undergo Rayleigh
8 fading [2,3,4], because we 'as.sumé that - there is no line of sight between the transmitter and
rece.iver in the cellular mobile radio systém. In Appendix A, the ‘custom-coded’ functional block
“Rayléigh” used in the model implements a npn—frequency-selective (ﬂat) Rayleigh fading
channel. The Rayleigh fadjng waveform that arises due to multipath propagation is generated
using the method bf “filtered Gaussian noi§e’ [36,37]. This method is to construct a fading signal
from in-phase and quadrature Gaussian noise sources. Because the envelope of a complex
Gya.lussian noise process has a Rayleigh probability density function (pdf), the output of such a
simulator accurately simulates Rayleigh fading. The output of the Block “Rayleigh” is generated
b); passing in-phase and quadrature white Gaussian noise through a fading filter, and then interpo-
lating the output of fhe fading filter. The frequency response of the fading filter, also known as the
spectrum shaping filter, is based on Jakes’ model [25] and given by |
‘ -1

e = | '(f;_dfcﬂ? for 1f1%fs | (33)

0 for |f|>fd

where f, is the carﬁer ffequency and f;; is the Doppler frequency.
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The Rayleigh pdf for the signal amplitude, r, is represented by

2
p(r) = _r exp[—r:) ‘ (3.4)
22

~

where. 72 is the mean signal power. The Rayleigh cumulative distribution function (CDF) is

obtained by integrating (3.4):

R 2
P(r<R) = [p(r)dr = 1- exp[—R:} 3.5)
0 - r2
The simulation results obtained from the functional block “Rayleigh” and the theoretical curve of

(3.5) for Rayleigh CDF are illustrated in Figure 3.3. It can be seen that the simulation results

agree closely with the theoretical curve.

o
©
T

o
]
T

*  Simulation 7
— Theoretical

o©
N

o
)

ré-1.87

o o ©
[V R N ¢ 1]

Probability (Amplitude < Abscissa)

o©
n

0.1

1 1

0 0.5 1 1.5 2 2.5 3 3.5 4
Signal Amplitude

Figure 3.3  Rayleigh cumulative distribution function.
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The CDF is a first-order statistic because it is not a function of time [27]. Second order
statistics include the level crossing rate (LCR) and average fade duration (AFD) which are related

to vehicle ‘speeds. The LCR, Np, is defined as the expected rate which the envelope crosses a

specified signal level, r=R, in the positive direction. The expression for the LCR of the envelope

of an E7 field signal is [25]

Ny = J2Rf pexp(-p), (3.6)

where f is the Doppler frequency and

p =5 (3.7)

The expression in (3.6) for LCR is plotted in Figure 3.4 along with results from the simulation. In

Figure 3.4, R, is 1.367 and f,is 40 Hz.
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Figure 3.4  Normalized level crossing rate of the envelope of the E7 field.
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The AFD is defined as the averagé duration of fades below a signal level r<R. The AFD,

%, of the Ey field is [25]

~_exp(p)-1
T = 2k 7 . 3.8
Y G9

The expression in.(3.8) for AFD arid the simulation results are plotted in Figure 3.5.
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Figure 3.5 Normalized durations of fade of the envelopes of the E7 field.
First order and second order statistics of the functional block “Rayleigh” obtained from
the simulation were compared with theoretical results. It was found that the simulation results

agree very well with the theoretical results.
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3.2.3 Receiver Structure
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Figure 3.6  Energy detector used to demodulate the binary NCFSK signal.

The FSK signal is demodulated using an energy detector as shown in Figure 3.6. The

energy detector is implemented by a correlator and a squarer. With no co-channel interference and

noise distortion, the received signal corresponding to “mark” is given by

()= A_sin(®,t+0,).

Referring to Figure 3.6, we have

2,(0)= cos(®t)A,sin(®,t+8,)

A, . )
= — [sinB,+sin2w,t+6,)].

(3.9)

(3.10)
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‘Also,

T

Z,(T)= 7!31n6]+s1n(2w,t+91)dt
: 0. ‘ : o - (3.11)

AT
= Slnel,

2

where T is equal to T} The value of the output' of the squarer is

2.2 : .
AT ‘ _
Zi= ——(sind))". | (312
-In a similar way, the value of Z,?, Z5? and Z,% can be obﬁained as C4 (cos®, )2, 0 and O respec-

2.2
T

tively. The resulting value of Z is equal to , which is independent of the phase of the.

4
received signal. The energy detecto'f can thus be used as a non-coherent demodulator for a binary

NCFSK signal.

3.2.4 Desired Signal Model

’ Siﬁce the nbn-cphefen; demodﬁlétor is used, the phase information of the desired signal is
not important for the dgmbdulation. With .co;channel interference, the error performance depends
onvihe reiative phase angle ,bétWéen the co-éhannel int¢rferen¢e and the désired sigﬁal. Without -
loss of generallity, the phas¢ of the desired signal is arbitrary c.hosen asOatt = IO . The transmitter

will send a stream of data, 0 or 1. There is no delay for the desired signal from the transmitter to

reéeivér, We assume that the receiver is bit synchronized with the transmitter.
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The exact I.>SD. for FSK sighevllskis Qifﬁ_cult ‘to c\:va‘lﬁate for the éase of random da;é modula-
tion so that it is difficult to accurately détf;rming: the bandwidth. In [24], it is stéted that the
bandwidth requi;cment of FSK is somewhat larger than that of binary PS.K..Th‘e bandwidth
containing 90% of the total powér of binary PSK is about Zk b [18,24]. The PSD of the FSK signal
obtained from the simulation is shown in-Figure 3.7. The values of f; and f, are 20 and 40 kHz
respectively. The bit rate, Ry, is 5 kbit/s. It is found thaf the 90% bandwidth per channel is about
1.1R,. Therefore, the total 90% banvaidth is about 2.2Rb. Thfoughout this thesis, we assume the

bandwidth of the FSK signal to be 2.2R;,

File Edit View Select
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' PSD of FSK signal-
Mag | o.0e— - Points = 4608
ower Bin =512
(power} | o o] . $+ Pts = 8193
| Freq = 30000
‘ = Mag. = 8.34743e-07
0 1e+04 2e+04 3e+04 - 4e+04 S5e+04|Phase = 0.392699
3.14 , l
A 4 i
Phase ‘ d
(radians) { l
I -3.14

Figue 37 The PSD of FSK signal.
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3.2.5 Co-channel Interference Signals Model

The co-channel interference signals, like the desired signal, are also FSK signals. The data
bits for eaéh co-channel interferer are assumed to be independent. All transmitters send data in
blocks of N bits. The arrival times of data blocks at the receiver are independent and delayed
relative to the desired block by a random amount which is uniformly distributed between 0 and 1.
The fading channel for each interference signal is assumed to be independent because the signals
are transmitted from co-channel interferers in different locations. Hence, in the simulation model
in Figure A.4, each co-channel interferer is transmitted through an uncorrelated (Rayleigh) fading
channel. The power of each interference signal is attenuated as a function of the distance between

the mobile in the desired cell and the base station of the inteffering cell.

3.2.6 Parameters

In this section, the function and description of each parameter used in the simulation are

explained.
(1) sampling freq

The ‘sampling freq’ is the number of samples per second. In our model, ‘sampling freq’ is set at

480000 samples per second (e.g., see Figure A.1).
(2) freq 1

The ‘freq 1’ is the “mark” channel frequency used to represent symbol 1. The value of ‘freq 1’ is

set at 20 kHz in the model (e.g., see Figure A.1).
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(3) freq 2

The ‘freq 2’ is the “space” ehannel frequency used to represent symbol 0. The value of freq 2’ is

set at 40 kHz in the model.
(4) var (ref. Figure A.1)

The ‘var’ is the variance of the Gaussian noise with zero mean. In this thesis, error rates are

E,
N,

o

usually expressed in terms of — . The relationship between the ‘E/N,’ and ‘signal-to-noise’

power ratio (SNR) is

Ps _ EoRy | (3.13)

where P, is the signal power, o’ is the noise power, Ry, is the bit rate and B,, is the equivalent noise
bandwidth in the receiver. In the simulation, B,, is equal to half of the sampling frequency. Thus,

the power of the Gaussian noise used in the simulation can be calculated as
_sn _ (3.14)
(5) bit rate

The ‘bit rate’, Ry, refers to the bit rate for the both desired and interference signals. In our model,

the bit rate is 5 kbit/second. Therefore, the number.of samples per bit is 96 samples/bit.
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. (6) bit/bk -

The ‘bit/bk’ is the total nﬁmber, N, of bits in a data block.

(7) signal power

’ ‘The ‘signal power’ is the desired signal power received at the mobile.

(8) tot inter power
The ‘tot inter power’ is the total interference power received at the mobile.
(9) doppler freq (see. Figure A.3)

The ‘doppler freq’ is the Doppler frequency, f,, defined as

fa= (3.15)

>t

where V is the vehicle speed in metér/second, and A is carrier wavelength in meters. For example,

at f,=900 MHz and V=60 km/s, ;=50 Hz.

Although the simulation is done at baseband, the error performance’is the same as at the
carrier frequency since the error performance does not depend on the carrier frequency. For a
given ‘E}/N,’, the variance of the Gaussian noise can be obtained using (3.14). The ‘signal-to-

Signai Power
Total Interference Power’




Chapter 4 Simulation Results and Discussion

Initially, it is necessary to provide a validation of the simulation process. Thus, the simula-
tion model is first validated in this chapter. Then, the simulation results for four cases as
mentioned in Chapter 3 will be presented and analyzed. The results presented include the BER,

BKER without and with error correction and the CDF of the number of bit errors in a block. For

most of the simulation points obtained, the 99% confidence interval is within +5 % of the average

values shown. The worst case is within =8 %. . ,

4.1 Validation of the Simulation 'Mo'del‘

In the first part of this section, the BER and BKER obtained from the basic model !in both
non-fading and Rayleigh fading channels are compared with the theoretical results from
Chapter 2. Then, the BER with multiple co-channel interferers in a non-fading channel, as'shown

in Figure A.2, is compared with results from [22,26].

4.1.1 Error Performance for the Basic Model

The BER: values obtained from the simulation are shown in Figure 4.1 for both a non-
fading and a slow fading channel with AWGN. The theoretical results for the non-fading and

fading channels are obtained from (2.4) and (2.14) respectively. The slbw fading condition
implies that f,T, «1 [31] so that the signal strength remains constant over a bit. In Figure 4.1,
the parameter f,; used for the simulation is equal to 40 Hz and so f;T,=0.008. The simulation

results agree closely with the theoretical curves.

' The basic model refers to the communication model without co-channel interferer as shown in Figure A.1
and Figure A.3.

36
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Figure 4.1 BER in a non-fading and Rayleigh fading channel with AWGN.

The BKER assuming correction of up to M bit errors in a block of length N bits is given by
P(M,N). The curves for P(0,255), P(1,255) and P(2,255) obtained frqm simulation and (2.7) and
(2.8) in a non-fading channel with AWGN are depicted in Figure 4.2. In a very slow fading

channel, the product of f,T,,, where T, is time duration for a block of data, must be much less

than 1 so that the signal can be assumed to be constant over a block. The BKER as a function of

E .
fuT,, for ]—V—b = 18 dB are plotted in Figure 4.3 (a) and (b) for N=255 and 1023 bits respectively.

0

The theoretical BKER in very slow fading is thained from (2.'1 6). In Figures 4.3 (a) and (b), the
simulation results are close to the curve from (2.16) for de",n<0.0S. Since the bit rate is 5000 bit/s,
the corresponding values of f; for N=255 and 1023 bits must be less than 1 Hz and 0.25 Hz

respectively.
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The probability, P{M,N), in very slow Rayleigh fading are shown in Figure 4.4 (a) and (b).
The f; used for N=255 and 1023 bits are 0.5 Hz and 0.15 Hz respectively. The number of errors to

be corrected for N=255 and 1023 bits are 8 and 26 respectively. The theoretical results are

obtained from (2.16). It can be seen that the simulation results agree closely with the theoretical

results.
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Figure 44  P{M,N) in a very slow Rayleigh fading channel for (a) Pf(0,255) and Pf(8,255)
(b) Pf(0,1023) and Pf(26,1023).’

4.1.2 Comparison with Previous Results for Tone Interferers
In this section, the simulation BER results with tone interferers in a non-fading environ-

ment are compared with the results in [22,26]. In these papers, it is assumed that a (tone)

interferer transmits only one frequency signal, either f; or f,. In [22,26}, B, is assumed to be Ry,
and therefore the “signal-to-noise” (SNR) power ratio is equal to E;/N, from (3.13). Since the bit

rate of the interference signal is equal to that of the desired signal, the “interference-to-signal”

(ISR) power ratio in [26] is equal to I;/E},, where I}, is the interference signal energy per bit. The
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“interference per channel-fo-noise” (JNR) power rati_o in [22] is equal to (1,/2)/N,, from (3.13) by
substituting I, for E;,. The BER with 1 tone interferer at /,/E,=-2-dB is shown in vFigure 4.5(a).
Figure 4.5 (b) shows the BER with 2 tone interferers at ‘(Ib/Z )ﬂVoﬁlO dB. These simulation results

agree closely with results given in [22,26] (with ISR, SNR and INR replaced by I,/E,, E;/N, and

I,/2N, respectively). . -
' 0 o 0
10 10 - =
u - Equation (2.4) ——
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Figure 4.5 . BER with (a) 1 tone interferer (b) 2 tone interfere_rs.

4.2 Error Performance with Multiple Co-channel Interferers in a Non-fading |
Environment '

In this section, it is assumed that the received power at the mobile from each co-channel
interferer is equal. The effects of different background noise levels, block lengths and number of

co-channel interferers as well as error correction are investigated.
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4.2.1 BER Results

Usually the background noise power is much smaller than the co-channél interference
power [16,27]. The BER vs. SIR (defined as the signal power-to-total interference power received

at the mobile) curves for different number of interferers in a non-fading environment with AWGN

E
at —2=40 dB are presented in Figure 4.6. -
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Figure 4.6 BER as a function of SIR for different number of interferers in a non-fading environment

E
with AWGN at N—” =40 dB.

In the figure, when the SIR is less than 2 dB, the BER decreases with the number of co-
channel interferers, n;. However, the BER increases with r; for SIR values above 2 dB. The

incremental increase becomes smaller with increasing n;. Eventually, the curves approach to the

theoretical BER curve for binary NCFSK, obtained using (2.4). The one-sided PSD, N, of the

lGaussian noise used in (2.4) in calculating the theoretical curve is replaced by the sum, N, ;, of
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the PSD of the Gaussian background noise and that of the interference signal. Hence, the joint co-
channel interference-plus-noise signal is assumed to have a Gaussian distribution. Figure 4.6

shows that as n;jincreases, the co-channel interference signal can be modeled as Gaussian. The

PSD, 1, of the interference signal is obtained by

=

-~

I, = | (4.1)

~.

where P; is the total received interference power and B; is the bandwidth of the interference signal.
As discussed in Chapter 3, we use the 90% bandwidth of the interference signal i.e. B;/=2.2 R, For
a large n;, the BER can be accurately estimated by replacing the interference signal power, P;, by

bandlimited Gaussian noise of power

- Bl‘l
N, = =P | (4.2)

| E
The BER with higher Gaussian background noise levels of Ivb =20 dB and 10 dB are

o

depicted in Figure 4.7 (a) and (b) respectively. It can be seen that as n; increases, the BER curves
approach (2.4). The curves in Figure 4.7(b) are not as sensitive to rn; because the background noise
is more dominant. In fact, for SIR>15 dB, the BER is more or less independent of n;. As expecfed,

a higher background noise level results in a higher irreducible BER.
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Figure 4.7 BER with interferers in a non-fading environment with AWGN at (a) }\Tb =20dB and (b)

[

b _10dB
]T = .

[

4.2.2 BKER Results

The BKER results in the presence of co-channel interferers in a non-fading environment

are presented next. The block lengths used in the simulation are N=255 and 1023 bits with AWGN

E | E
at ]Vb =20 dB and 40 dB. The BKER (with no error correction) curves with Fb =20 dB and N=255
. . . ) o

o

bits are shown in Figure 4.8. Figures 4.9 (a) and (b) show the BKER (with no error correction)

E
with I—V_é =40 dB, for N=255 and 1023 bits respectively. Unlike BER, the BKER increases with n;

o
for all SIR values considered. The incremental increase becomes very small and the BKER is

upperbounded-by the theoretical BKER curve, obtained from (2.7) by assuming that bit errors-are

independent with a BER value obtained from the theoretical BER curve using (2.4). With a large
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value of n;, the BER is approximately equal to the BER from (2.4) as noted in the previous

section. However, the BKER with co-channel interference can be significantly lower than (2.7).
The reason is thét the errors occur in a more bursty manner with co-channel interference as
opposed to (2.7) in which bit errors are assumed to be independent [28]. For high SIR values, the
BKER should be close to (2.7) bgcause the co-channel interference is very small compared with

the background noise.

The probability, P(M,N), is an important quantity when using block coding in an error

 control scheme. The CDF of the number:’of bit errors in a block with different number of interfer-

E ' .
ers at ]vb =20 dB and SIR=4.5 dB for N=255 bits is shown in Figure 4.10. The Gaussian CDF is

o

given by

Pr{number of errors <M} = 1-P(M, N) 4.3)

where P(M,N) is obtained from (2.8) with a BER calculatéd as diécussed in Section 4.2.1. In
Figure 4.10, it can be seen that the CDF is about the same for a large number of interferers and is
quite different from the Gaussian CDF. It can be observed that the probability of more than 10 bit
errors in a block with 6 or more co—chaﬁnel interferers is larger than that ob‘tained with the
Gaussian CDF. This is because errors occur in a more bursty manner with interferers. For 2

interferers, the P(M,N) is much lower than that obtained from (2.8), because the BER is much

smaller than the BER from (2.4). The CDF of the number of bit errors in a block at —N—b- =40 dB

o

with different SIR values and block lengths are presented in Figure 4.11(a)-(d).
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SIR=4.5 dB for N=255 bits.

The probability, P(M,N), with error correction are presented in Figure 4.12, for M=8,

E . E
N=255 bits and ﬁll =40 dB. Figure 4.13 shows P(M,N) for M=26, N=1023 bits and N—IZ =40 dB.

o : ‘ 0
With efror correction, the improvement of the Gaussian case using (2.8) is greater than with the
co-channel interferers in both figures, because the channel with interferers is moré bursty. The
improvement for 6 or more co-chahnel interferers is greater than for 2 co-channel interferers. This
is because the errors oécur in a less bursty manner with a larger number of the co-channel interfer-

CrS.
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o

for (a) SIR=3 dB and N=255 bits, (b) SIR=3 dB and N=1023 bits, (c) SIR=7 dB and

N=255 bits and (d) SIR=7 dB and N=1023 bits.
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4.3 Error Performance with Co-channel Interferers in a Very Slow Rayleigh
Fading Environment |

In this section, the system with multiple co-channel interferers is studied in a very slow

Rayleigh fading environment. The values of f,; are chosen to be 0.5 Hz and 0.15 Hz for N=255 and

1023 bits respectively. The received power at the mobile is assumed to be the same from each co-

channel interferer.

4.3.1 BER Results

The BER simulation results with multiple co-channel interferers in a very slow fading

environment are presented in Figures 4.14 (a) and (b), with AWGN at Ivb =20 dB and 40 dB

o
respectively. It can be seen that the BER is more or less independent of the number of co-channel
interferers and is well approximated by the theoretical BER curve for binary NCFSK in slow

Rayleigh fading. The theoretical BER in slow fading is obtained from (2.14) as a function of

Y, = ]vb . The one sided PSD, N,, of Gaussian noise in (2.14) to calculate the theoretical curve is
o

replaced by the sum, N, ;, of the PSD of the Gaussian background noise and that of interference
signal. In terms of bit error performance in a very slow fading environment, it can be assumed that
the co-channel interference signal has a Gaussian distribution regardless of the number of interfer-

ers and the interference signal power can be well approximated by N, as given in (4.2). An expres-

sion for the BER for multiple co-channel interferers with bit synchronized in a slow Rayleigh

fading environment is derived in Appendix B.
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Figure 4.14 BER in a very slow fading environment with AWGN at (a) IVb =20dB and (b) N_b =40 dB.

0 o

4.3.2 BKER Resulits

The BKER simulation results in very slow Rayleigh fading with different background

noise levels and block lengths are shown in Figures 4.15(5)-(c). As njincreases, the BKER

increases towards the theoretical BKER for NCFSK’in very slow Rayleigh fading given by (2.16).
The value of N, in (2.16) is replaced by N, ;. In Figure 4.15(a) the simulation BKER is lower:
than (2.16) by 20 to 50% for 3<SIR<20 dB, but fof SIR>25 dB, the difference is less than 5%. In
Figure 4.15(b), the simulation BKER is lower than (2.16) by 10 to 30% for 3<SIR<20 dB. The
BKER is appro?dmately equal to (2. 16) for(large SIR values because the Background (Gaussian)
noise is dominant. The BKER for N=1023 (Figure 4.15(c)) is only slightly lower than for N=255 |
(Figure 4.15(a)). This is because the BKER for both;values of N is close to 1 for SIR values below

5 dB. For higher SIR values, the BKER for N=1023 can bé up to 4 times that for N=255, but both

BKER’s will be quite small.
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The CDF of the number of bit errors in a block are presented in Figures 4.16 (a)-(d), for

' E
N=255 and 1023 bits and SIR=8 dB and 20 dB, with AWGN at Ivb =40 dB. The Gaussian CDF is

o

given by

Pr{number of errors <M}=1 - 'Pf(M, N) | (4.4)

where PJ;(M,N) is obtained from (2.16) by replacing the N, in (2.16) by N, ;. As n; increases,
Pr{errors < M} decreases gradually. The shapes of the CDF curves look similar to that of the -

Gaussian CDFE
The probability, P{M,N), with a BCH code of rate approximately equal to 0.75 with

E : '
AWGN at 17b =40 dB and different number of interferers are shown in Figures 4.17(a)-(e). The

0
number of errors, M, to be correcied are 8 and 26 for N=255 and 1023 bits respectively. With error
correction, the improvement for the Gaussian case using (2.16) is greater than that for co-channel
interferers. For a small number of interferers, say 2 or 6, the improvement is very small for low
SIR values. But for high SIR, the improvement becomes as good as the Gaussian case because the
background noise is dominant and the interference-plus-noise signal becomes more Gaussian.

Also, the improvement increases with n;. This occurs because the channel becomes less bursty as

n; increases.



Chapter 4 Simulation Results and Discussion 53

f—f 1
0.99
0.98
= =
\2. Q 0.97
ol K Gaussian el 0.96 " Gaussian
06 ¥ 24 interferers = - - - - 0os |- 24 interferers - - + - -
» 6 interferers -0 i : 6 interferers - Q-
0.5 2 interferers - —— - 094 _ 2 interferers - —A— -
i L | -
0 4 | I 1 l ] | | | | | ] 0 93 | l ! I | ,
0 30 60 90 120 150 180 20 40 60 80 100 120 140 160
M | M
(a) (b)
1 —) 1
099 |-
09 K
; - 098 -
__ 08 & i
Z ; E 0'97
7 1 -/
4 Y y
£ 07 s 096 [7;
o \ . (%) N
et i Gaussian = 095 G .
06 I | 24interferers -~ + - - ’ Gaussian
T - 6 interferers O~ 0.94 6 interferers 0
0.5 5 interferers - —\— - 2 interferers - —A— -~
0.93
oa L1 1| PO I SN O
0 100 200 300 400 500 600 0 100 200 300 400 500
M ' M
(©) (d)

E
Figure 4.16 The CDF of the number of bit errors in a block at N_b =40 dB with different number of

0
interferers for (a) N=255 bits and SIR=8 dB, (b) N=255 bits and SIR=20 dB, (c) N=1023
bits and SIR=8 dB and (d) N=1023 bits and SIR=20 dB.




Chapter 4 Simulation Results and Discussion

'
LA oz |

bttt

|

54

2 ~N
0k I .
[ [P(26,1023) - — — - N
3 P(0.1023) NN
10 | | Py8255) oo T
g P{0.255) - - — - - E
10““....|....|....|.,“J_..|....|....|..,.<
0 5 15 20 25 30 . 35 40
SIR in dB
0 (@) 0
10 p | 10 = ]
F N ] N ]
10 E 10 E
e Lf 1 = Jf ]
810k 4 Sk E
m - ] m F E
F [P (26,1023) - — — - ] F [P26,1023) - — — - :
3 P(0,1023) N - P(0,1023) SR
10 F | P8255) =-ooo E 10 F | P82s3) oo -4
; P{0.255) - - — - - ] i P(0,255) -~ — - - E
10 TN N T T TN 10 R TN N TN PN T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
SIR in dB ' SIR in dB
o (b) 0 ©
10 ‘ . 10 -
- I | -1 i i
10 = 10 3
g | | g | f
CQ _2— ) m _2_ AN )
10k [P61023) - — — - - 10 | P@61023) - — —- AN |
E | P0,1023) 3 E | P(0.1023) N\ E
i P(8,255) -+ 3 1 i P(8.255) +--r-vtees RRNANR 3
s P{0255) ~ - — - - D ] P(0255) - - — - - 300
10'3 NP R PR FEU PN BUTE SRR I 10'3 T T
0 5 10 15 20 25 30 40 0 5 10 15 20 25 30 35 40
SIR in dB i SIR in dB
@ ©)

Figure 4.17 The Pj( 8,255) and Pj( 26,1023) as a function of SIR in very slow Rayleigh fadihg with

E,
AWGN at —

N

o

interferers and (e) 24 interferers.

=40 dB for (a) Gaussian case, (b) 2 interferers, (c) 6 interferers, (d) 12




Chapter 4 Simulation Results and Discussion . , 55

4.4 Error Performance in a Rayleigh fading Environment

In the past, expressions for BKER have been olbtained assuming a very slow Rayleigh
fading [21,29]. Unfortunately this assurﬁption is not always valid in practice. In this section, the
error performance with multiple co-channel interferers in a Rayleigh fading environment which is
not very slowly fadiﬁg is presented. The received power at the mobile is assumed to be the same

from each co-channel interferer.
4.4.1 BER Results

| E
The BER with co-channel interferers and AWGN at 17b=40 dB is presented in

0o

Figure 4.18 (a)-(c), for f,;=5, 20 and 100 Hz corresponding at 900 MHz to vehi;:le speedé of 6 ki/
hr, 24 km/hr and 120 km/hr respectively. The product of f,T, for f,= 5, 20, 100 Hz are 0.001,
0.004 and 0.02 respectively. It can be seen that the BER is independent of number of interferers.
In Figure 4.18 (a) and (b), the BER can be well approximated by the theéretical curve obtained
from (2.14) for VCI:‘y slow fading. In Figure 4.18 (c), thé curve labelléd “Gaussian hoise” is
obtained from simulation by using Gaussian noise of the same PSD value in place of the interfer-
ence signals. It can seen that the BER becomes lower than the value obtained from (2.14); when
SIR exceeds about 20 dB. This indicates that channel forfd=100 Hz can not be described as slow

fading. The reason is that f4Tp 1s not small enough‘ so that the signal strength can no longer be

assumed constant over a bit.
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(a) f7=5 Hz, (b) f4=20 Hz and (c) fd=lQO Hz.
4.4.2 BKER Results

The BKER results with co-channel interferers in a Rayleigh fadirig environment are

‘shown in Figure 4.19(a)-(c), for f;=5, 20, 100 Hz, with AWGN at Fb =40 dB. As n; increases, the

o
BKER increases towards the “Gaussian noise” curves which is obtained from simulation by using

Gaussiarn noise of the same PSD in place of interference signals. For large nj, the interference
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signal can be modeled as Gaussian noise of the same PSD value.
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f=5 Hz and N=1023 bits, (b) f;=20 Hz and N=255 bits and (c) f;=100 Hz and N=255 bits.

4.5 Error Performance with the First and Second-tier Co-channel Interferers

In this section, the co-channel interferers in the first and second tier are considered. Each

tier has six co-channel interferers. For simplicity, the distances.from a first-tier and second-tier co-

channel cell to the mobile are assumed to be D and ﬁD, as described in section 2.2.3. The

received powers from the first-tier and second-tier co-channel interferers are proportional to p®




. ' E
fading environment are shown in Figure 4.21(a) and (b), for N=255 bits and AWGN at va =40
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and (,\/§D)_B respectively. This is in contrast to previous sections in which the received powers

are equal from all interferers. The propagation loss exponent, 3, is assumed to be 4. Thus, the SIR

is given by

P

SIR = 45)

6D~ +6(1.732D)™

4.5.1 BER Results

The BER results with co-channel interferers in 2 tiers in a non-fading and a slow Rayleigh

E
fading e_nvirorlment with AWGN at Ivb =40 dB are presented in Figure 4.20 (a) and (b). In Figure

0

4.20(a), the BER with 6 and 12 interferers in the first tier with equal power are compared. It can

‘be seen that the BER with 6 co-channel interferers in tier 1 and 6 in tier 2 is between the two

curves. In Figure 4.20 (b), the BER is approximately equal to the theoretical curve from (2.14) as

well as to the BER with different number of interferers in the first tier. Thus, in a fading environ-

ment, the BER’s are the same for interferers with equal or different powers. This is consistent with

the observation in [15,32].

4.5.2 BKER Results

The BKER with co-channel interferers in 2 tiers in a non-fading and a very slow Rayleigh

o

dB. In both figures, this BKER lies between the BKER with 12 interferers and 6 interferers in the

first tier.
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The deﬁnitionlof spectrum efficiency as in [10,17] is used. This spectrum efficiency
depends on the cluster siéé K as well as the probability of successful packet reception. In this
chapter, the spectrum efficiencies for different values of K in a cellular packet data communica-
tion.system for Various‘ system configurations and parameters are obtained, i.e., different SIR
mode}s, block lengths, background noise levels, propagation loss exponents and fading rates.
Values of the cluster size. which maxifrliie the spectrum efficiency are fouﬁd. The probability of

© successful packet reception is obtained from the BKER results presented in Chapter 4.

5.1 Analysis of Spectrum Efficiency
The unnormalized spectrum efﬁciehcy, E, is defined as the throughput (average number of
user data bits correctly received per second) per cell. The average packet throughput, M P is

defined as

n, = PsxRp (5.1

where P; is the probability of successful packet reception and R, is packet transmission rate. The

packets are assumed to be N bits long, each packet consisting of I information bits, p bits for error

correction and b overhead bits for synchrbnization, addressing, etc., i.e. I=N-p-b. The average

user bit throughput, 1, , is

Ny = P.XR, X1

N-p-b (5.2)
N .

= P, X R, X

s
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where R, = NxXR, is the bit rate. Assuming that the total system bandwidth is B and the
bandwidth per channel is B,, the number of channels available in the system is given by
A = B/B,. With a cluster size of K cells, the number of channels per cell is A/K . Thus, we can

write

A
: E—nbxl—<

_B_N-p-b_R,
_Kx N XBXP5~

t

(5.3)

For convenience, we set the ratio of R,/B, to unity as in [10,17]. In reality, this ratio will depend

on the modulation scheme used [39]. However, its value does not affect the optimum value of K or

the relative spectrum efficiency values. The (normalized) spectrum efficiency, E, is defined as

(5.4)

> Wik

-p-b f_
Nk

12

In the numerical results to be presented, an overhead of =100 bits/packet is assumed. In

the following sections, the values of E for five different SIR models (as described in Chapter 2) in
a non-fading and a Rayleighv fading environment are calculated. (For SIR,, SIR; and SIRS, the Py
values can be obtained from the BKER results in Chapter 4 which assume that the received
bowers from all interferers are equal. But for SIR; and SIR, the received powers are not assumed
to be équal from all interferers, and the BKER is obtained from a separate simulation.) The use of

BCH codes [38] of approximate rates 0.75 for error correction is also studied. -
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5.2 Spectrum Efficiency in a Non-fading Enviromhent

In this section, only the first-tier co-channel interferers are considered. Both omnidirec-

tional as well as directional antennas are examined.

5.2.1 Omnidirectional Antennas

The six first-tier co-channel interferers in an omnidirectional antenna system are .consid-

ered. The SIR models are SIRy, S_IRZ and SIRj (see Chapter 2). Table 5.1 shows the spectruni

E,
N =

[

efficiency for different values of K and  with AWGN at 40 dB and N=255 bits. In this and

subsequent tables, ~0 is used to represent a value less than 10710,

Table 5.1: The spectrum efficiency of an omnidirectional antenna system in a non-

fading environment with 6 co-channel interferers, AWGN at X/ﬁ =40 dB
and N=255 bits.
B=4 : B=3
K
SIR; - SIR, SIR3 " SIRy SIR, SIR3
! 0 A0 4251072 S0 | S0 ] 608x10*

1.01x102

8.68x1072 8.68x1072 8.68x102 8.68x102

9 6.75x102 6.75x102 6.75x102 6.75x1072 6.75x1072 6.75x1072

12 5.06x1072 5.06x10% | 5.06x102 5.06x1072 5.06x102 5.06x1072

" In SIR; and SIR,, for K=1, E; is quite small because.SIR values (see Table 2.1) is

negative; in other words, the total interference power is greater than the desired signal power. The

optimél value of K is higher in SIR; than in SIRi and SIRj because SIR; results in greater
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interference than the others. Note that E; has the same value in all models for K 24 with =4
and K 27 with B=3. The.reason is that for these Fésés, P, is nearly équal to 1 because the
interference signals become negligible. For K <4 ,' E, with B=3 is iower than with =4 because
the interference for =3 is greater (see Tables 2.1 and 2.2). For K 27, E has the same value for
both values of B béca_use the effect of co-channel intefference is very 'small and P, is nearly equal

to 1. The optimal value, KO;,, of K in SIR; and SIR, with 3 =3 is higher than with P =4.

Corresponding :esults for N=1023 bits (instead of 255 bits) are shown in Table 5.2.

- Table 5.2: The spectrum efficiency of an omnidirectional antenna system in a non-

fading environment with AWGN at £y =40 dB and N=1023 bits.

N()
B=4 | B=3
K :
SIR; SIR, SIR; SIR; 'SIR, SIR3
1 ~0 ~0 4.78x1072 ~0 ~0 9.02x10°

0.166 1.42x102

0.226 8.57x1072

7 0.129 0.129 0.129 0.129

9 0.100 0.100 0.100 0.100 0.100 0.100

12 7.52x102 . 7.52x10°2 7.52x102 7.52x1072 7.52x1072 7.52x102

The value of K, for SIR; is higher than for the other SIR models. Similarly, E, with =4

is higher than with B=3 for K <4 due to the greater interference with B=3. Compared to

. Table 5.1, K,,,, is the same for both N=255 and 1023 in all SIR models. From the results in

previou’s chapter, BKER With N=1023 is higher than with N=255 bits for the SIR values with

K <4 so that for K <4, P, with N=1023 is lower than with N=255. For K >4, Py is nearly equal |
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to 1 for both N because BKER is nearly equal to 0. However, from Table 5.1 and 5.2, it can be

seen that E, with N=1023 is always"higher than with N=255 for all K 'because_ the factor, I/N, in

(5.4) increases the spectrhm efficiency with increasing N.

The spectrum efficiency of SIR;, SIRz and SIRj; for different values of_ K and B with

E ' ,
AWGN at Ivb =20 dB and N=255 bits are shown in Table 5.3.

o

Table 5.3: The speétrum efﬁciency, E,, of an omnidirectional antenna system in a

non-fading environment with AWGN at 1%-’3 =20 dB and N=255 bits.

o

B=4 » . B=3

SIR; SIR, SIR3 SIR; SIR, SIR3

~0 2.12x102 ~0 ~0 6.08x1077

8.51x102 8.87x102 3.04x1073

0.152 5.17x10°2 0.151

7 8.68x1072 8.68x1072 8.68x1072 8.68x1072

9 6.75x1072 6.75x102 6.75x1072 6.75x1072 6.75x102 6.75x102

12 5.06x1072 5.06x107 506x102 | 5.06x1072 5.06x1072 5.06x1072

Similar to previous .observations, E, with B =4 is higher than with =3 due to greater
interference with f=3. K,,,, with p=3 is aiso higﬁer than with p=4 in SIR; and SIR,. Compared
.to Table 5.1, E is lowér (for X < 4) because of the gAreater Gaussian background noi.se. For
AK 27, E has thé'séme Vﬁjue in Table 5.1 and 5.3 because P approaches to 1. Compared to the

resulvts of cése 1 and case 2: in {17], the values of K|,

p¢ in SIR, and SIR3 with =4 in Tables 5.1

and 5.2 are somewhat lower. This is because the error performance for a given interference power
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calculated with the model in [17] is higher than that obtained f_rom the simulations or theoretical

model in Section 4.2.2. The SIR value needed to obtain a given BKER is about 10 log; 2.2 dB

1ower than in [17].

5.2.2 Omnidirectional Antenna System with Forward Error Correction (FEC)

FEC can bg used to. improve the error perfbrrﬁah;e. Here, BCH codes [38] of rater approx- -
ifnately equal to>0.75. aré 'employed; The paramefers (n,k, t) for N=255 and 1023 bits are
(255,191,8) and (1023,768,26), i.e. the nu_fnber of bit. errors to be corrected for N=255 and 1023
bits are 8 and 26 respecti%zely‘. ‘The values of p are 64rand 255 respectively. The spectrum.

efficiency of an omnidirectional antenna system with FEC is shown in Table 5.4, for different

values of K and B with AWGN at ]Vb =40 dB and N=255 bits. .

o .
Table 5.4: The spectrum efficiency, E, of an omnidirectional antenna system with
 FECina non-fading environment with AWGN at % =40 dB and N=255

o

bits.

SIRy SIR, SIR3 SIR; SIR, SIR3

~0 3.20x10°2

. 0.119

4 -8.92x102 8.92x102 8.92x1072 8.92x1072 - 8.92x1072

7 5.10x1072 5.10x1072 5.10x102 | 5.10x10% 5.10x102 5.10x1072

9 3.97x107? 3.97x102 3.97x1072 3.97x102 3.97x102 | 3.97x107

12} 297x1072 2.97x10°2 2.97x10°2 2.97x107 2.97x102 | 2.97x10%

With the use of FEC, K, decreases slightly from 4 to 3 in SIR; and 3 tol in SIR; with
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B =4. For B=3, K,y decreases from 4 to 3 in SIR; and 7 to 4 in SIR ;. Compared to Table 5.1, E, is
- higher in SIR, for K=3 and in SiR3 for K=1 and B =4. For =3, E, is higher in SIR, for K=3,4 and
in SIR3 for K=1. However, for other values of K, E is '.lower because Py is nearly equal to 1 even

with no FEC and E, with FEC is reduced due to the overhead bits used for error correction.

. E
Table 5.5 shows E; for different values of K and 3 with AWGN at va =40 dB and N=1023

o

bits.
| Table 5.5: The spectrum efficiency, E, of an omnidirectional antenna system with

FEC in a non-fading environment with AWGN at % =40 dB and N=1023.

0

B=4 B=3

SIRy SIR, SIR3 SIRy SIR, SIR3

0 0 ~0 4.24x102

0.163 0.163

0.163

0.163

7 9.33x102 9.33x1072 9.33x102 9.33x102 9.33x102 9.33x1072

9 7.26x1072 7.26x102 7.26x1072 . 7.26x1072 7.26x1072 7.26x102

12 5.44x1072 5.44x1072 5.44x102 5.44x102 5.44x102 5.44x1072 -

It can be seen that K, has the same value for N=255 and 1023 bits. E is higher than the

opt

corresponding values for N=255 in Table 5.4 due to the factor I/N. Compared to Table 5.2, K,
decreases slightly and E; is improved for low values of K in some SIR models.

. E
Table 5.6 shows E; for different values of K and B with AWGN at ]vb =20 dB and N=255.

(4]
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As expected, E; with higher background noise is lower. Compared to Table 5.3, Kopt decreases
slightly and E; is improved only for small values of K in some SIR models. Although FEC

reduces block error rates, it does not necessarily improve the spectrum efficiency. Typically, FEC

can improve Ej for values of K which are lower than the K,,,, value with no FEC.

Table 5.6: The spectfum efficiency, E, of an omnidirectional antenna system with

o

FECina non-fading environment with AWGN at % =20 dB and N=255.

B =4 B=3
SIR; SIR,.  SIR; SIR; SIR, SIR3

1 ~0 3.57x1072
3 0.119 2.97x10°2

4 8.92x1072 8.91x10°2 8.92x1072 8.91x10°2 8.92x1072
7 '5.10x102 5.10x1072 5.10x102 5.10x1072 5.10x1072 5.10x1072
9 3.97x1072 3.97x10°2 3.97x1072 3.97x1072 3.97x102 3.97x1072
12 2.97x102 | 2.97x1072 2.97x1072 2.97x1072 2.97x1072 2.97x1072

5.2.3 Directional Antenna System

In a 120 © directional antenna system, each cell is divided into three sectors. The number

of co-channel interferers is reduced from six to two. Two SIR models, SIR4 and SIR (see Chapter

2), are considered. For error correction, BCH codes with rate of approximately 0.75 are again

assumed.

The spectrum efficiencies in a directional antenna system with different values of K, N and

background noise levels for B =4 are shown in Table 5.7.
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Table 5.7: The spectrum efficiency, E, of a directional antenna system in a non-

fading environment with 3 =4.

68

% =40 dB % =20 dB
K N=1023 bits =255 bits N=255 bits
SIR4 SIRg SIR4 SIRg . SIRy SIRg
3 0.301 0.301 0.203 0.203 0.203 0.203
4 0.226 0.226 0.152 0.152 0.152 0.152
7 0.129 0.129 8.68x1072 8.68x1072 8.68x1072 8.68x1072
9 0.100 0.100 6.75x10°2 6.75x10% | 6.75x10 6.75x1072
12 | 7.52x102 7.52x102 5.06x102 5.06x1072 5.06x10 5.06x102

It can be seen that the optimal value, K|,

pr» Of K in SIR4 and SIRs is 1. The spectrum

efficiency, E,, has the same value in both SIR models because from Section 4.2.2, the BKER for 2
interferers in a non-fading environment is very low for the SIR values corresponding to K > 1.
Therefore, P, is nearly equal to 1 for all X in both SIR models. E, for K=1 is at least 3 times higher

than that for K>1.The spectrum efficiency in a directional antenna system is improved greatly as

compared with E; in an omnidirectional antenna system. The reasons are that (1) the BKER is

much lower with 2 interferers than with 6 interferers even for a given SIR value (2) the

corresponding SIR values with 2 interferers for each K is higher i.e. the interference is much
smaller. However, for K 2 7, E, has the same value in both systems because P, is almost equal

to 1.

.Corresponding results for B =3 (instead of B =4) are shown in Table 5.8. With § =3, K,
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is still equal to 1. In Table 5.7 and 5.8, E has the same value with AWGN at I—Vb- =40 dB although

]
the interference for B =4 is lesser than for  =3. This is because BKER is quite small for the
correéponding SIR values and P is nearly equal to 1.

Table 5.8: The spectrum efficiency, E, of é directional antenna system in a non-

fading environment with $=3.

E, _ E, _
7 =40 dB W =20 dB
K N=1023 bits N=255bits N=255 bits
SIR; SIRs | SIRy | SIRs SIR; SIRs

3 0.301 0.301 0.203 0203 0.203 0.203
4 0.226 0.226 0152 0152 0.152 10.152
7 0.129 0.129 8.68x102 | 8.68x1072 8.68x10% 8.68x1072
9 0.100 0.100 - 6.75x1072 6.75x1072 6.75x102 | 6.75x102

12 7.52x102 752x102 | 5.06x102 5.06x102 5.06x1072 5.06x102

In a directional antenna systém with no FEC, P, is very close to 1 for all cases (except for

N

o .

E : . . : )
K=1, B =3 and =20 dB) so that there is no benefit to using FEC. With FEC, P, is nearly equal

to 1 in all cases in Tables 5.7 and 5.8. The corresponding E values in both tables are reduced by

the factor I/N due to the effect of the overhead correction bits. Compared-to the omnidirectional

antenna system, the optimal value of E is about three times higher.
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5.3 Spectrum Efficiency in a (vefy slow) Rayleigh Fading Environment

In this section, the spectfum efficiency in a very slow Rayleigh fading environinent is

obtained. Ohly the first-tier co-channel interferers are considered as well.

| 5.3.1 Omnidirectional Antenna System

‘The spectrum efﬁciency, E inan omnidirectional system is shown in Table 5.9, for differ-

ent K and B with AWGN at

N

(7]

E, .
— =40 dB and N=255 bits.

Table 5.9: E| in an omnidirectional antenna system with very slow Rayleigh fading

with AWGN at f_,b.

o

~40 dB and N=255 bits.

. B =4 B=

K , - ‘

SIRy © SIR, SIR3 SIRy SIR, SIR;
1 ~0 ~0 0.158 . ~0 7.29x10°2
3 8.31x1072 :
4 0.127 0.137 9.57x1072 6.08x1072 0.109
7 8.28x1072 7.88x1072 8.31x1072 6.99x107 7.77x1072
9 6.53x1072 6.36x1072 6.56x1072 '6'.-00x10_'2 5.61x1072 6.21x10°%
120 496x102 |- 49x102 498x102 | 4.64x102 | 448x102 | 4.68x102
131 460x102° | 4.54x102 4.61x1072 433x1072 4.18x102% |+ 4.35x1072
16 3.76x10° 3.73x102 " | 3.76x102 3.57x10% | 3.50x102 | 3.65x10°

- E for SIR, is lower than for other SIR models and Kop;

for SIR, is higher than for other
SIR models due to greater interference. For K =2 12, E_ in all SIR models is very close to each

. other because the interference level is negligible. Compared to the non-fading case in Table 5.1,

E, is lower because P is lower in very slow fading. Compared to [17], E is higher for all K
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because in [17] the errors occurring on the Rayleigh fading environment are assumed to be

independent (idealized (infinite) interleaving assumption) and so the BKER is higher.

Table 5.10 shows E; for N=1023 bits. Compared to Table 5.9, K., is unchanged. In
Tables 5.9 and 5.10, K, increases slightly only for SIR; (from 4 to 7) when § is reduced to 3.

Therefore, B does not greatly affect the optimal value of K. For both non-fading and fading
environments, K,,, has the same value for N=255 and 1023 bits. Thus K,p: 1s not very sensitive to
block length.

Table 5.10: E; in an omnidirectional antenna system with very slow Rayleigh fading

with AWGN at % =40 dB and N=1023 bits.

o

l_)) =4 B =3

K

SIR; SIR, SIR; SIRy SIR, SIR;3
1 ~0 0.230 ~0 ~0 0.122
3 6.62x102.
4 0.180 0.206 0.127 8.91x10°2 0.156
7 0.120 0.117 0.123 0.117 0.108
9 9.64x107 9.44x1072 9.71x107 8.72x107? 8.00x102 | 8921072
12 7.35x1072 7.24x102 736x102 | 6.89x102 6.62x102 | 6.96x10
13 6.80x1072 6.73x102 6.81x1072 6.44x1072 6.19x1072 6.45x1072
16 5.55x1072 5.50x1072 5.56x1072 5.31x1072 5.22x1072 5.35x102

Table 5.11 shows E with higher Gaussian background noise at

bits. For 3 =3, the E; values are obtained only for SIR, and SIR because the simulation results

for SIR; were not available due to time constraints.

N

o

Eb
—2 =20 dB and N=255
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Table 5.11: Es in an omnidirectional antenna systeni with very slow Rayleigh fading

with AWGN at 1% =20 dB and N=255 bits.

o

B =4 B=3
K
SIRy SIR, SIR3 SIR, SIR;

) ~0 ~0 0.131 ~0 3.95x1072
3 401x1072
4 - 0.109 0.119- 9.12x1072
7 1 7.35x10% 6.90x1072 7.47x1072 5.30x1072 6.34x1072
9 5.84x102 . 5.67x102 5.89x1072 4.69x102 5.27x102
12 | 448x102 4.41x102 4.50x10_ 3.90x102 4.10x102

Compared to the non—féding case in Table 5.3, E is lower, but K, has the same value

except that K,,,, is reduced from 7 to 4 in SIR, for 3 =3. Even though BKER is higher in the very

P

slow fading environment, K,

pr 1S not increased.

Corﬁpared to the n0n¥fadiﬁg environment, for K>1, E is lower due to the higher BKER.
However, for K=1, E; is higher’ in SIR3 (for SIR; and SIR,, E; is very small in bdth environ-
ments). The reason is that for K=1, the SIR value is less than about 2 dB as seen in Tables 2.1 and
2.2. In a non-fading environment, the BKER is nearly equal to 1, but the BKER in fading is less

than 1 due to the bursty nature of the errors.

.5.3.2 Omnidirectional Antenna System with FEC

The effect of using approximate rate 0.75 BCH codes was considered. The E values are
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N

o

E ‘ -
shown in Table 5.12, with AWGN at —2=40 dB and N=255 bits. Table 5.13 shows E, with

AWGN at ]-V—” =40 dB and N=1023 bits. Table 5.14 shows E, with AWGN at 17” =20 dB and

o ) o

N=255 bits.
Table 5.12: E in an omnidirectional antenna system with FEC in a very slow

Rayleigh fading environment with AWGN at % =40 dB and N=255 bits.

o

B =4 B=3
K .

SIR; SIR, SIR3 SIRy SIR, SIR3
1 ~0
3 0.105 - 3.93x102 8.33x102
4 7.85x1072 8.31x102 6.38x1072 8.03x1072
7 4.95x10? 4.79x10 4.96x1072 4.39x107 4.05x10°2 4.59x10°2
9 3.88x1072 3.82x1072 3.89x1072 3.64x102 3.43x1072 3.69x1072
12 2.94x107 2.91x102 2.94x1072 2.81x10°2 | 2.74x1072 2.83x1072

Table 5.13: E in an omnidirectional antenna system with FEC in a very slow

Rayleigh fading environment with AWGN at ]\7” =40 dB and N=1023 bits.
B =4 B =3
K :
SIR{ SIR, SIR3 SIRy SIR, SIR;
1 ~0 -
3 0.194 8.16x1072 0.141
4 0.140 . 0.153 0.110 0.129
7 8.91x102 8.81x102 9.17x102 8.76x102 7.56x1072 8.49x1072
9 7.11x102 6.99x1072 7.13x102 6.73x1072 6.42x1072 6.80x1072
12 5.56x102 5.34x102 5.37x102 5.16x102 5.06x102 5.20x102
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Table 5.14: E in an omnidirectional antenna system with FEC in a very slow

Rayleigh fading environment with AWGN at

[.’32 =20 dB and N=255 bits.

[

_ B =4 B =3
K
SIR; SIR, SIR3 SIR, ~ SIR3

1 ~0 ~0 ~0 '6.07x1072
3 5.83x1072 9.64x1072 3.63x1072

4 7.34x1072 7.63x1072 6.43x1072
7 4.66x1072 4.49x107? 4.72x1072 3.70x1072 4.21x1072
9 3.71x102 3.61x102 371x102 3.17x1072 3.,41,(10-2'
12 2.80x1072 2.78x107? 2.80x1072 12.56x102 2.66x1072
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The spectrum efficiency, E,, is higher for N=1023 bits than that for N=255 bits due to a-
higher factor I/N. The longer block length N or higher background noise level >ders' not change
K

opt:

Compared to no FEC, K,y

¢ is reduced for SIR; for =3 and SIR ; because FEC improvés the

error performance; however, FEC does not generally improve E.

5.3.3 Directional Antenna System
The E values for SiR4 and SIRs in a directional antenna system with different values of X,

N and backgrqurid noise levels for B =4 are shown in Table 5.15. Values for B =3 are shown in
Table 5.16. It can be seeﬁ that in both tables the optimal vélue of K is 1. The spectrum efﬁcienc‘y,
- Eg, in SIRg 1S léwer than that in SIRy4 becéuée the interference is greater. E for K=1 is abéut tvx;o
‘times higher than that for K > 1. The E value in Table 5.15 for K=1 and N=255 at Eb/No=20ldB

is higher than that in Table 5.16 at E;/N,=40 dB because of the increased interference with the

lower B . For K>1, the lower background noise becomes more important. For K > 9, E, are about
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the same because the effect of the interference is negligible. Compared to no fading, the E; values

are lower, but K, ; does not change.

pt

Table 5.15: The spectrum efficiency, E, of a directional antenna system in a very

slow fading environment with 3 =4.

Ev _40aB Eb 20 aB
N, . N,”
K - -
N=1023 bits N=255 bits N=255 bits
SIR,4 SIR5 SIR, SIRs SIR,4 SIRg
1
3 0.290 0.286 0.194 0.192 0.169 0.165
4 0.218 0.217 0.147 0.146 0.128 0.127
7 0.127 0.126 " 8.57x1072 8.56x1072 7.73x1072 7.68x1072
9 9.91x102 9.88x107 6.70x1072 6.68x1072 6.02x107 6.02x102
12 7.46x10-2 7.45x10-2 5.04x10-2 5.03X10'2 _ 4.53X10'2 : 4.53x10'2
13 6.89x102 6.89x102 4.65x102 4.65x102 4.18x102% | 4.18x1072

Table 5.16: The spectrum efficiency, E, of a directional antenna system in a very

slow fading environment with {3 =3.

Er 40 4B b 20 dB
N, N,
K N=1023 bits N=255 bits N=255 bits
. SIRy4 SIRg SIR4 SIRg SIRg
1
3 0.271 0.248 0.181 - 0.176 0.154
4 0.208 0.206 0.140 0.139 0.122
7 0.123 0.123 8.44x10°? 8.29x1072 7.25x1072
9 9.70x107? 9.65x107? 6.56x102 6.56x107 5.84x107
12 7.33x102 7.31x102 5.01x102 4.95x10° 4.46x10°
13 6.78x1072 6.75x1072 4.58x107 4.58x107? 4.09x102
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The spectrum efficiency in a directional anteﬁna system with FEC for B =4 is shown in
Table 5.17. With FEC, K, is still équal to 1in all SIR models. Compared to no FEC, the
spectrum efficiency is reduced although -Ps is increased because of the overhead (FEC) bits.
Comparéd to the omnidirectional antenna system, the optimal E; in the directional antenna system

is much higher.

Table 5.17: The spectrum efficiency, E;, of a directional antenna system with FEC in

a very slow fading environment with 3 =4.

Ev 4048 Ey 20 4B
NO N() B

N=1023 bits N=255 bits -~ - N=255 bits

SIR4 SIRg SIR4 SIRg SIR; SIRz

0.108

3 0.212 0.209 0.115 0.113 0.109
4 0.160 0.157 8.72x10% | 8.67x1072 8.25x1072 8.23x102
7 9.25x10°2 9.24x1072 5.05x10°2 5.05x1072 481x102 | 4.80x102
9 7.22x1072 7.21x1072 3.94x1072 3.94x1072 3.75x1072 3.75x1072

12 5.42x102 5.42x102 | 2.96x1072 2.96x1072 2.82x1072 2.82x1072

5.4 Spectrum Efficiency with Different Values of f,T,,

In this section, the spectrum efficiency in a Rayleigh fading environment which cannot be

characterized as very slow fading, i.e. the parameter f;7T,, is not much less than 1, is obtained.

Values of f,T,, = I and 5 are used. Only the six and two co-channel interferers in the first tier are

considered in an omnidirectional and a directional antenna system respectively.
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5.4.1 Omnidirectional Antenna System

77

For the omnidirectional antenna system, E; in SIR, and SIRj are obtained. Table 5.18

- shows the values of E; for f,T, =1 with different K, N, B and AWGN at

values of f,; for N=255 and 1023 bits are set to be 20 and 5 Hz respectively.

N

o

E
—b_40 dB. The

Table 5.18: The spectrum efficiency, E,, in an omnidirectional antenna system in a

fading environment for f,T, ~1.

N=255 bits N=1023 bits

K p=4 p=3 B= p=3
SIR, SIR3 - SIR, SIR;3 SIR, SIR; SIR, SIR3

11 ~0 1.22x1072 ~0 6.78x107 ~0 9.02x10™ ~0 9.02x10°
3 | 1.11x102 | 7.09x102 | 2.03x102 | 2.74x102 | 4.51x107 | 8.96x102 | 1.50x104 | 3.01x102
4 | 2.89x102 7.60x103 | 3.04x1072 | 3.38x1072 3.38x103 | 3.72x1072
7 6.12x102 | 1.91x102 5.48x102 | 7.99x102 | 2.55x107
9 | 432x102 | 5.20x102 | 2.16x102 | 3.24x107 7.08x102 | 2.91x102 | 4.01x10
12§ 3.80x102 | 4.20x102 2.89x102 § 5.11x102 | 5.86x1072 3.65x1072
13 | 3.62x102 | 4.00x102 | 2.26x102 | 2.80x102 | 4.96x102 | 5.55x102 | 2.78x102 | 3.50x102
16 | 3.13x102 | 332x107 | 2.13x107 | 2.48x107 | 4.37x102 | 4.65x107 | 2.71x107 3,30,;10-2
19 1 5951072 | 3:17x102 | 1.98x102 | 2.24x102 | 3.89x102 | 4.13x102 | 2.59x102 | 2.94x1072

In SIR,, Ej is lower and K,,,,; is higher. E for N=1023 is higher than that for N=255 except -

for the lowest values of K, i.e. K=1 or 3, in each SIR model. In previous tables, Kopt has the same

value for both N=255 and 1023. But in Table 5.18, K, is slightly higher for N=1023 than for

N=255 in SIR, with B =4. Compared to a very slow fading environment, E; is lower for all values

of K because of higher BKER. The optimal value of K is also higher for all SIR models.




Chapter 5 Spectrum Efficiency in Cellular Systems : 78

E
With FEC, E; for different K, N and B is shown in Table 5.19, with AWGN at ]Tb =40 dB.

o

It can be seen that the optimal value of K with § =4 for N=1023 bits is slightly higher than for

N=255 bits in SIR, and SIR3. Compared to no FEC, K|,

Dt is reduced in all cases. However, in

previous sections, K,,,, with FEC is not reduced in all cases because in some cases, K, in no FEC

' is the lowest value of K. For K < K opt in Table 5.18, E; with no FEC is lower than that with FEC

because P, is increased substantially with FEC. But, for K 2K opt?

E, is higher with no FEC
because P, is nearly equal to 1 even with no FEC. Compared to a very slow fading environment,

E; is lower for FEC and no FEC because the higher fading rate results in a lower P.

Table 5.19: The spectrum efficiency, E, in an omnidirectional antenna system with FEC

in a fading environment for f,T, ~1.

N=255 bits N=1023 bits
K p=4 B=3 B =4 , B =3
SIR, | SIR3 SIR, SIR; SIR; SIR3 SIR, SIR;
1 ~0 3,93x107? ~0 3.57x1073 ~0 4.24x10° ~0 6.53x10
3 | 2.38x102 1.16x102 | 4.52x102 | 3.70x102 | 0.141 7.62x107 | 6.97x1072

7.32x102 | 1.78x1072 6.86x1072

6.53x102

3.82x1072 8.73x102

7 | 421x102 | 4.93x102

9 | 3.69x102 | 3.93x102 | 2.68x102 | 3.27x102 | 6.54x102 | 7.04x102 | 4.64x102 | 5.66x1072

12 | 2.90x102 | 2.95x102 | 2.38x102 | 2.60x102 | 5.22x102 | 5.39x102 | 4.16x102 | 4.63x102

13 | 2.60x102 | 2.73x102 | 2.26x102 | 2.48x102 | 4.88x102 | 4.99x102 | 4.00x102 | 4.34x1072

16 | 221x102 | 2.23x102 | 1.94x102 | 2.10x102 | 4.04x102 | 4.07x102 | 3.45x102 | 3.72x10°2

19 | 187x102 | 1.86x102 | 1.73x102 | 1.80x102 | 3.42x102 | 3.43x102 | 3.06x102 | 3.21x10?
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The spectrum efficiency for f,T,

o

79

~ 5 , N=255 bits and AWGN at =40 dB with no

FEC and with FEC is tabulated in Table 5.20. The value of f; is set to be 100 Hz. It can be seen

thah 19. For K<K0P

K2K,,,

system performancé degrades with higher Doppler frequency and K,

Table 5.20: The spectrum efficiency, E, in an omnidirectional antenna system in a

t

fading environment for f,7, =5.

D

;1 increased.

that K, is reduced greatly by using FEC. For B =3 with no FEC, the optimalivalue of K is higher
with no FEC, E; with no FEC is lower than with FEC. However, for

E; with no FEC is higher again. A comparison of Tables 5.19 and 5.20 shows that the

No FEC - FEC
K B =4 B=3 B =4 B =3
SIR, | SIR; SIR, SIR3 SIR, SIR; SIR, SIR;3
1 ~0 6.08x10°° ~0 6.08x1077 ~0 1.19x1073 ~0 3.57x107.
3 | 2.03x10* | 1.42x102 | 2.03x10 | 2.03x10* | 8.33x10° 5.95x10% | 321x102
4| 152x103 | 1.52x102 760x10°% | 1.52x10% § 3.26x102 | 7.72x102 | 6.47x103 | 3.57x102
7 | 1.04x10? | 3.91x10% | 1.30x103 | 7.38x1073 5.04x102 | 2.17x102
9 | 2.30x102 3.71x103 | 8.44x10 | 3.87x102 | 3.95x102 | 2.50x102 | 3.43x1072
12 | 2.68x102 | 3.70x102 | 6.08x107 | 1.09x102 | 2.90x102 | 2.96x1072 2.80x1072
3.55x102 | 632x10° | 1.33x107 | 2.73x107 2.75x102 | 2.37x102 | 2.63x102
16 | 2.77x102 | 3.13x102 | 8.16x10° | 1.41x102 | 2.23x1072 | 2.23x102 | 2.10x102 | 2.19x107
19 } 2.58x102 | 2.77x102 | 1.02x102 | 1.46x102 | 1.88x102 | 1.88x102 | 1.82x102 | 1.86x1072
5.4.2 Directional Anfenna System

In this section, the spectrum'efﬁciency'for SIR; is obtained. Table 5.21 shows E for
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E
different K, N, B and f; with AWGN at ]Vb =40 dB. K,,; is 3 for f,T, =1, butis higher for

o

faT;, =35 because Py is lower for higher values of f;. Compared to a very slow fading environ-

ment, E is decreased significantly and K., is increased.

. Table 5.21: The spectrum efﬁcienqy, E, in a directional antenna System (SIRs) in a
fading environment. '

N=1023_ bits _ N=255 bits
K f=5Hz £/=20 Hz £,;=100 Hz
B =4 B =3 B = B =3 B =4 B =3
0.135 1 9.02x102 6.69x1072 1.22x1072 6.08x10™*

6.04x102 1.32x102

4 0.149 0.102 0.110 7.60x102

1.90x1072
7 0.116 7.67x1072 7.25x1072 5.64x102 6.51x1072 2.82x102
9 ] 8.37x10% 6.57x1072 5.91x102 4.90x102 5.61x1072

12 6.75x102 5.41x1072 4.66x1072 3.90x1072 4.56x102 2.81x102

131 6.31x102 5.07x107? 4.36x1072 3.69x102 4.25x1072 2.78x1072

With FEC, the E values are shown in Table 5.22. It can be seen that K,,,, is reduced in all

cases. For K<K with no FEC, E; is improved by using FEC. However, compared to the very
slow fading case in Table 5.17, E is reduced significantly. From Tables 5.18 to 5.22 for N=255
bits, it can be seen that with no FEC, the E values for f;=20 Hz is higher than for f;=100 Hz for

all K. But with FEC, E| for f;=20 Hz is lower than for f;=100 Hz for K>K,,

pr Obtained from £,=100

Hz. The reason is that with no FEC, the BKER for £,=20 Hz is lower than for ;=100 Hz for the

SIR values corresponding to the values of K considered. However, with FEC, the BKER for
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£,=100 Hz is reduced by a greater amount than for f;=20 Hz because as f; increases, the bit errors

tend to less bursty.

Table 5.22: The spectrum efficiency, E, in a directional antenna system (SIRs) with
FEC in a fading environment.

N=1023 bits , N=255 bits
K f;=5Hz f;=20 Hz £,;=100 Hz
| B=s B= B =4 B= B =4 B=3

1 9.28x1072 2.68x1072
3 0.181 0.152 0.108 8.62x10°2 7 14x10°2
4 0.156 0.129 8.58x102 | 7.27x102 8.85x1072

7 | 9.25x102 8.54x1072 5.06x10% | 474x10%. | 5.10x10 4.98x1072
9 7.24x102 |  6.92x102 3.96x1072 3.81x102 3.97x1072 3.93x1072
12} 5.44x102 5.31x102 2.97x10°2 2.91x102 2.94x1072 2.96x1072

5.5 Consideration of the Co-channel Interferers in the Second Tier

In previous sections, the spectrum efficiency was determined considering only first-tier co-
channel interferers. In this section, the influence of the second-tier co-channel interferers on E;
and K, is investigated for an omnidirectional antenna system with SIR3. There are'six co-

channel interferers in each tier. The mobile receiver are assumed to be received with equal power

by all the interferers in each tier. From SIR3 in Chapter 2, it can be found that the distances from
the mobile to the first-tier interferers and the second-tier interferers are D and 2Dcos( g) respec-

tively.

E .
E for different values of K, § with N=255 bits and AWGN at ]vb =40 dB in a non-fading

(4]
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environment is shown in Table 5.23. The cofresponding SIR for each K is obtained from Tables

2.3 and 2.5. The results for a very slow fading environment are shown in Table 5.24.

Table 5.23: E; in a non-fading environment for N=255 and 52 =40 dB.

o

SIR,

No FEC

FEC

B=4

B =3

3.95x1072

0.119

B =3

5.35x102

4 0.152 0152 8.92x107? 8.92x1072
7 8.68x1072 8.68x1072 5.10x1072 5.10x102
9 6.75x10°2 6.75x10°2 3.97x107? 3.97x102
12 5.06x1072 5.06x107 2.97x1072 2.97x1072

With FEC, E| is improved for K=1 only. For other values of K, E; is lower. Compared to

the results in Tables 5.1 and 5.4, E; is smaller for K < 3 because the BKER is higher with 2 tier

co-channel interferers (see Section 4.5.2). But for K=1 and B =3 with FEC, E; is higher than the

value in Table 5.4, because the corresponding SIR value for K=1and P =3 is very low, (-0.62 dB),

and the BKER with only 1 tier interferers and 2 tier interferers are then equal to 1. However, the

BKER after FEC for 2 tier interferers is lower than for 1 tier interferers due to a reduced

burstness. For K > 3 , E¢ has the same value because P; is nearly equal to 1.
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Table 5.24: E for SIRj in a very slow fading environment for N=255 and % =40 dB.

o

No FEC FEC

B = B=3 B=4 B=3

6.38x1072

9.93x102

4 - 0.134 0107 8.28x102 7.07x102
7 . 831x1072 7.16x102 4.96x1072 4.59x10°2
9 6.57x1072 5.88x102 3.90x1072 3.65x107
2 4.97x1072 4.61x1072 2.94x1072 2.80x1072

From Table 5.24, it can be seen that the FEC used does not improve the spectrum
efficiency for any value of K (except for K=1 and P =3). The value of K, 1s the same for the non-
fading and the very slow fading cases. Compared to Tables 5.9 and 5.12, E is lower for all values

of K due to greater interference. As a general comment, if the second tier co-channel interferers

are considered, the spectrum efficiency decreases somewhat, but the optimal value of K remains

unchanged.
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In this thesis, a simulation model of a communication system with ‘multipl'e>co—channel
interferérs using NCFSK modulation was developed. This model has been thoroughly tested and
validated. The er;dr pe'rfopmance of a cellular packet data communication system (in the
outbound directio:n). with multiple co-channel inter‘ferers was first invéstigated. The Ispectrum
efficiency for a number of different SIR-m'odels was then evaluated. Finally, the optimal cluster
size to maximize the specfrurh efficiency for different system configurations and parameters was

examined.

The BER and BKER simulation results were presented. In a non-fading channél, the BER

- was found to increése with the number, n;, of co-channel interferers for SIR \;alues above about 2
dB. The BER curves converge to the theoretical curve given by (2.4) in which N, is replaced by
N, ,; Therefore, és'n, increases, the interference signal can be modeled as Gaussian noise of the
same PSD value. It was also found that the BKER increases with »; for all SIR Valuesb c‘ons‘idered

and are upperbounded by the “theoretical” BKER curve given by (2.7). If we assume that the
interference signal is modeled as Gaussmn for BKER, the results are pess1mlstlc Analy51s of the

CDF and P(M,N) showed that the burstiness. of errors decreases with n I

In a very slow Rayleigh fading channel, the BER is more or less independent of n; and is

well approximated by (2.14) in which the PSD of the interference signal is assumed to be equal to

that of the Gaussian noise. As n; increases, the BKER increases toWa;ds the theoretical BKER
given in (2.16) with N, replaced by N, ;. For large SIR values, the interference signal can be

modeled as Gaussian for BKER. With random error correction, the improvement in packet

84
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decoding success rate increases with n; because the channel becomes less bursty.

" The spectrum efficiency, E;, and optimal cluster size, Kop,, in a non-fading (NF), a slow
fading (SF) and a very slow fading (VSF) environment were studied. In interferenée-limited

cases, it was found that E; tends to increase with the propagation loss exponent, B. K,pt 1s usually
lower for 3 =4 than for $=3. The value of opt 18 MOt very sensitive to the block length N for

N=255 and 1023 bits, although the E, values with N=1023 are always higher than those with

N=255.

In a VSF channel, E| is lower than that in a NF channel fér all SIR models considered. For
both NF and VSF in an omnidirectional antenna system, K, is 3,4 or 7, depending on B and SIR
models. In a directional antenna system, K, is equal to 1 regérdless of the system configurations
and parameters. The optimal value of E| in the directional antenna system is at leést three times

more than that in the omnidirectional antenna system. Although the rate 3/4 BCH error correcting
code reduces BKER, it does not generally improve the spectrum efficiency in the SIR models

considered. However, it tends to lower K,,,,,.

The SF results show a large degradation in E.. As the fading rate increases, E decreases
ge deg s g s
and K, increases. In this situation, E; can be improved substantially (and K, reduced) by using

FEC.
Among the related topics for further study are the following:

(1) To analyze the near-far effect by assumin'g that a mobile is uniformly distributed in a -

cell.
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(2) To improve the spectrum efficiency by applying diversity.

(3) To obtain empirical formulas based on simulation results to estimate the BKER [40]. The

E
parameters involved are f, 1—\71’- , N and n;.
o

(4) To extend the present study to other modulation schemes.




AWGN
BKER

BER

ny
pdf

PSD

Glossary

- Additive White Gaussian N 6ise

- Block Error Rate

- Bit Error Rate

- Bandwidth of interference signal

- Equivalent noise bandwidth

- Cummulative Distribution Function

- Minimum distance between two co-channel cells
- Energy per bit

- Spectrum Efficiency

- Forward Error Correction

- Doppler frequency

- PSD of interference signal

- Cluster size

-Non-Fading

- Equivalent bandlimited Gaussian noise power
- One-sided PSD of Gaussian noise
-SumofN,and ],

- Number of co-channel interferers

- Probability Density Function

- Power Spectrai Density

- Probability of successful packet reception
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P(M,N)

SF
SIR

VSF

- The probability of more than M bits error in a block of N bits

- Radius of a cell

- Bit rate

-Slow Fading

- Signal-to-interference power ratio
-Very Slow Fading

- Propagation loss exponent

Equal Ey
- Equal to =

o
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Appendix A Block Diagram of the Simulation Models
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Appendix B | Derivation of BER in Rayleigh Fading

The BER equa'tion in slow Rayleigh fading with an arbitrary number of co-channel
interferers is derived. Assume that the co-channel interference signals are bit synchronized with
the desired signal and no background noise. In a slow fading environment, the amplitude and
phase of the signals do not vary substantially during a bit time duration and the signals add
vectorially. Since both desired and interference signals have a complex Gaussian distribution,
vector addition of the signals results in a sum signal with a Rayleigh amplitude distribution and an
exponential power distribution. Thus, the power at the output of fhe detector in each channel has

an exponential distribution and the pdf for the instantaneous power, p;, is

fr(p) = &e for i=0 or 1, - (B.1)

4

where |, and {1, are the mean powers at the output of detector for channel ‘0’ and channel ‘1°

respectively. Without loss of generality, assume that the desired signal sent is a ‘1’. The probabil-

ity of error is defined as
Pr(érror | desired signal is ‘1°) = ZPr (error | / interferers send ‘0’)Pr(]), (B.2)
‘ l

where Pr(l) is the probability that [ co-channel interferers send a ‘0’ and is given by

Pr(l) = (’Dz’” (B.3)

where 7 is the total number of ¢o-channel interferers.
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Then Pr(error | [ interferers send a ‘0’) is given by
Pr(error | | interferers send a ‘0’)=Pr(Py>P;)
= .[prlfp()dpodpl
0p,
oo Pleo _Po
1 Ly Ho
= ——|e e dpyd
Mok - ‘[ o
0 P
o (Ll
_ _L e pI(H1+H0)d
T Pi (B.4)
0
(e -
_ Ho —e '\ Mk
Hy+Hy
0
Ky | |
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~Let p; and p,; be the mean power of the interference signal and the desired signal respectively

) \
Then, py = I, and p; = pu,+(n-10)Y; and (B.4) becomes

u.
Pr(error | [ interferers send ‘0’)= al . (B.5)
Wy + np o

The probability of error in (B.2) becomes

. _ . )
Pr(error | desired signal is ‘1”)= z al X (n)Z "
: - Oud +nl; \l

H; o
= —2"y 1( )
Ky +nl,; l

1=0
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[=0
cn-1
_ _nn"z (n—l)
KLy +ny,; —o\ ™
m= (B.6)
- A!J, 2—n n-1
Hg+ny;
K; n
= X —
ny+ny; 2
_ 1
2+2><ﬁ
n

where —2 is the average desired signal-to-interference signal power ratio (SIR). Since
i

Pr(error | desired signal is ;O’)=Pr(error | desired sigﬁal is ‘1), | B.7)

the average probability of error is given by

|

24+2x%xSIR (B.8)

Pr(error)=

(B.8) shows that for a given SIR value, the BER does not depend on n. This agrees with the
observation in Section 4.3.1. As discussed in Section 4.3.1, the BER with (unsynchronized) co-
channel interference signal in a Rayleigh fading environment can be approximated by (2.14) in

which N,, is repiaced by N, ; For the case of no background noise, the BER can be approximated

by
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The simulation results for (1) one synchronized and (2) one unsynchronized co-channel interferer
are shown in Figure B.1 and compared with the results obtained frorﬁ (B.8) and (B.9). It can be
seen that the BER for one syr;chronized interferer agrees closely with (B.8). 4The BER for one
unsynchronized interferer can be approximéted by (B.9). The BER with an synchronized

interferer is slightly higher than with an unsynchronized interferer.

-1

10
AQ\
QA\ ‘ B9 — — —
- A 1 unsynchronized interferer, simulation A
2 \\ B.8) -
10 |- Q.. 1 synchronized interferer, simulation o
o AN
B o
a4 - &‘*\
84 3 e
/M i e
<L
-3 \\ o
10 | R
E & \\
i Q.
: o \\
LR,
- B
10-4 L 1 1 L | L 1 1 1 l 1] ] L L I 1] L L 1 I 1 L L L
10 15 20 25 30 35
SIR in dB.

Figure B.1 The BER for one synchronized and unsynchronized co-channel interferer in a slow
Rayleigh fading channel with no background noise.




