INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UM! films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper

alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand corner and continuing
from left to right in equal sections with small overlaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

ProQuest Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI






it

e i e ol e ol e e el e Sl el et el el el el St el fel el el

15l e el e e e sl e el el bl e e el el e bl el el el 7

————

RELIABILITY ANALYSIS OF ATM NETWORK

WITH ERROR CONTROL

BY
MAHFOOZ SALEH BIN MAHFOOZ

A Thesis Presented to the
DEANSHIP OF GRADUATE STUDIES

KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN, SAUDI ARABIA

In Partial Fulfillment of the
Requirements for the Degree of

MASTER OF SCIENCE

In
ELECTRICAL ENGINEERING

MAY 2001

¥ *FWWW%WWW%%WWWW&

Vel

%H%TWH%F@WW@%W%WW



UMI Number: 1404201

®

UMI

UMI Microform 1404201

Copyright 2001 by Bell & Howell Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

Bell & Howell Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, MI 48106-1346



KING FAHD UNIVERSITY OF PETROLEUM AND MINERALS
DHAHRAN 31261, SAUDI ARABIA

DEANSHIP OF GRADUATE STUDIES

This thesis, written by Mahfooz Saleh Bin Mahfoez under the direction of his Thesis
Adpvisor and approved by his Thesis Committee, has been presented to and accepted by
the Dean of Graduate Studies, in partial fulfillment of the requirements for the degree of
MASTER OF SCIENCE IN ELECTRICAL ENGINEERING.

Thesis Cornmittec/

Dr. Maan A. Kousa (Chairman)

% 5 B
%Cm,m\ ) /A\Wr‘"’ %ﬁ

Dr. Essam Hassan (Member)

S~

Dr. Mohammed A. Khan (Member)

Oz

Department Chairman

AL

Dean of Graduate Studies

Date



DEDICATED TO MY FATHER AND MOTHER

iii



ACKNOWLEDGMENT

Acknowledgment is due to King Fahd University of Petroleum & Minerals
for supporting this work.

I would like to express my appreciation to Dr. Maan Kousa, my principal

advisor, for his careful guidance and encouragement through this research.

I am also grateful to other committee members Dr. E. Hassan and Dr. M.

Khan for their useful and valuable suggestions.
Thanks are also due to all friends who helped and/or encouraged me during
the work in this thesis. Among all, many thanks to Osamah Faris,

Mohammed Abu-Sada and Ahmed Nawajha.

Last but not least, thanks are due to all my family members for their

patience, support and sacrifice.

iv



TABLE OF CONTENTS

Table of CONTENLS....coiin et eeee e e e e e e ce e e ee e ee e e saaeennes
LISt Of FIGUIES ...ttt e et e s e e e et ee s e e ees e s e e e
LiSt Of SYMBOLS «eeeeeneeeieeeeee e eeeee et e
ADBSITact (ATADIC).cconneneiiiiee ettt et te e enee e
ADbstract (EnGLish) ..ocooeiiiiiieeeee e ettt ee

CHAPTER 1

Introduction and Literature Review

LT ATM NEIWOTKS «.cooiiiii e eee i ceeeetcet ettt et e e e camne e e e ess s smn e
LI ATM Technology . ... et maee e seee e

1.1.2 ATM CharacteriStiCs - .coceueeeemummmmmeorertemnnreercnceraesmrneseresesssseaseesees

1.1.3  ATM Protocol Hierarchy -......cccceeiiiimiiiiiiiiniceeeeeeeeeeeeeees

1.1.4 ATM Cell StIUCIUTE ....oeeeeeceeeeeeeteeteieeceeceee e eeeeernneeeeeeeeeeeeeeaeeee

1.1.5 ATM SWItCHINEG ...ttt tee e ce s e

1.1.5.1 Input Buffering......ccccccccceimmiiiiinciimninciienenenaee

1.1.5.2 Output Buffering .......ccceceveereriiemnrcciinienncineeenceeee

1.1.5.3 Shared Buffering ......cccoceeeeeiiiiiiiiiiniiiiieeiecceceeee

1.1.6 Congestion in ATM ....ocoiimiiiceicerceeee et eeeneree s

1.1.7 Wireless ATM ... ettt e eeaeeaae

1.2 Channel Coding ..ot ecece e e
1.2.1 Error correction and detection........cocccoeeiiiniiiincerenencceceene

1.2.2 Error Control Coding ....cccveuiiiiiiimiiiiieiiiiieccnccetenencneeees

1.2.2.1 CRC COAES ciiiiiieeciciiiiiriiiiieiicitecr e ceeeececeeeecceeecc s

1.2.2.2 Parity-Check Codes.......ccooomiiiiiiciiciieieeirecenccennenes

1.3.2.2 Product Codes...cccommmmiimiiiiciiiiiccreeecneeecceeceeeeeecaeees

1.2.3 Erasure Decoding........cccoociiiiiiieiictecec e e

1.3 Literature ReVIEW . .oiiiii e ceec e cee e s e s aecee e e e e eeeecanaees

1.4 Proposed WOTK ...c.oocoiiiiemieirie e eee et aes e see s s n



CHAPTER 2
RELIABILITY STUDY: INFINITE BUFFER CASE

2.1 INEOAUCHON ... .. eeeiiee et e e eee e e e e e e s s e e e e e snnssnnsaaeas 35
2.2 Random channel CASE.......cooueeueuremieieeeeeeeeeeceeeeetee e eeeeeeeee s aenesssseseneneaaen 40
2.2.1 Pre-decoding probabilities ......c..cocririoioimiiiiiiiicieiricece 40
2.2.2 Post-decoding probabilities..........cccceeeremirorcccceecenrecriereeneneennnnnen. 41
2.2.3 Discussion and results.......oooeeeereriicieimiiiirreeenceee et e 44
2.2 Correlated channel Case .....ccocoeviiiecciiiiieiciccce e 50
2.2.1 Simulation of correlated channel ..........ccccoooiiiii 53
2.2.2 Discussion and results........c.coooiiiiiiiiceiiieee e 56
2.4 Simulation FESULLS ..ottt rce e ce e neee s e e e 64
ARSI Fiaehs oF:1 o 20O 68
CHAPTER 3
RELIABILITY STUDY: FINITE BUFFER CASE
S0 B 6 s 1n o Te 10 (o3 4 (o) « SN S OO 69
3.2 Random traffic 10ading ..c.c.ceueemmiiiiie 71
3.2.1 Pre-decoding probabilities .........cccceeeveimmmmimimimmiieeeeeeee 71
3.2.2 Post decoding probabilities ........cccoueeeeeerimiiinniiiin e 75
3.2.3 Discussion and results.....c...coooiiiiiiiiiiiiiiiiciii e 76
3.3 Bursty traffic 10ading .....cccceemeeiiiiiie e 87
3.3.1 Input traffic model ... 87
TR TE314 0101 F: 15 1o « NN UL 91
3.3.3 Discussion and results for random channel...........cooooreeel. 94
3.3.4 Discussion and results for correlated channel..........cccccoornnec. 107
3.4 SUIMIMATY ......ooeieiieieeeeereeee e ocoeceseesaeee s s eeeees s essss e s s s ee s e ass s e aee s s s s s msesa st e aaea e 116
CHAPTER 4
Conclusions and Suggestions for Further Work.... teeseerescassacssnnrasenns 117
References... teceseeeressesseseestarnItIsIttItetssennRrRIIEISssssResastItaseetessesnasanannnttasasesasene 120

vi



Figure

1.1
1.2
1.3
1.4
1.5
1.6
1.7
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
29
2.10
2.11

2.12

2.14

2.15
2.16

List of Figures

Pages
ATM NEtWOTK LAYELS ...eeeeeeiieiceeeeeeeeeee e e e 6
ATM Cell fOrmaLt......ccooimioiiieeee et s e eeeneene 7
Structure of the Header of ATM cells for both interfaces......................... 9
ATM Switch SChemMAtIC....ceeeiieieeeeeeeeeeeeeeee e 12
Buffering strategies of ATM SWItChes .........ccoovmioiiiiieeeeeeeeeeeeeene. 12
General shape of product codes -......cocoeeeieumemieieeeieeeeeeeeeeceeee e 25
Example of a single parity product code...........ccooemveemiiieieeeeeeee. 25
Configuration of the FEC model.........c.oovveiieiieiiiiieeeeeeeeeeeeeeeeeeeeeenn, 36
Format of the coding matriX......cccceieeeieiieiieeeeeeeeee e 37
The Data and Parity cell formats ... ...coeeveumeommeeieeeeeeeeeeeeeeeeee e 37
Lost Cell reZeNeration ......c.couveeveeeiemeeeeieieeieeetee e ee e eeaeaae 39
Effect of matrix size on cell 0SS rate.........c.ooeveeeeeeeeieieeeieceeeeeeeeeeeeeen. 45
Cell error rate for 16x16 MAatriX SIZe.......coceveveeeeeveiieeieeeeceeeeeeeeeeenene. 47
Comparison of row-column-wise decoding and BIII in [34].....cccuueue..... 49
Two state Markov process correlated channel model.............cccccooeeeeee. 51
Study of channel correlation coefficient effect .........cccovveeeoeeereeeeeaenne. 52
Flow chart of correlated channel ..........c.c.ccoooviiieeiieiiieeeeeeeee 55
Comparison of random channel and correlated channel for pre-decoding
CLLIOSS TALE ..ottt s m e e e nneene 57
Comparison of random channel and correlated channel for pre-decoding
[ S 4 £o) o -1 { OO U 58
Simulation of correlated channel with correlation coefficient 0.0 (pre-
decoding cell 0SS Tate)....cceeeeemreeeeeireeienieiieceeee e e e 59
Simulation of correlated channel with correlation coefficient 0.0 (pre-
decoding Cell LOSS TALE) ...cccueeeereeiieeeieeeee e et 60
Cell loss rate for correlated and random channels .............ooovueeeeeeeeeeenn.... 62
Cell error rate for correlated and random channels..............cccovvevereeenenenn. 63



2.17
2.18
2.19
2.20
3.1
3.2
33
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21
3.22
3.23
3.23
3.24

Simulation results of cell error rate for random channel........................... 65
Simulation reswults of cell loss rate for correlated channel ........................ 66
Simulation res-ults of cell error rate for correlated channel....................... 67
Output Buffered ATM SWItCh ........ovmiiiiiiieeeeeeeeeee 70
Cell loss rate for random channel with infinite buffer.............................. 78
Cell loss error for random channel with infinite buffer ..........ccccccooeveeeen... 79
Effect of buffer size oncell loss rate........cooeeeieeeeiiemiieeeceeee e 80
Effect of traffic intensity on Cell 0SS Fate ....ooviiiineieeeeeeeeeeeeeeeeeeeeeaens 81
Cell loss rate versus buffer Size..........ooooimiiiiiieeie e 83
Cell loss rate for correlated channel with finite buffer size ...................... 84
Simulation of cell loss rate for random channel with finite buffer ........... 85
Simulation of cell error rate for random channel with finite buffer.......... 86
ATM node Movdel ...t 89
Markov Chain model of one source.........ccoevieeeeieceeeiiieeceeee 89
Flow chart for Simulation the code performance with bursty traffic ........ 93
Effect of sourcee burstiness on cell loss rate .........ccooeevevveiiieiiiiiinn. 96
Simulation of bursty source with clustering coefficient 1.0...........c.......... 97
Effect of traffic intensity on cell loss rate under bursty traffic.................. 99
Effect of buffer size on cell loss rate under bursty traffic........................ 101
Effect of buffer size on cell loss rate under bursty traffic.........cc.euue....... 102
Cell loss rate versus buffer size for bursty traffic ......ccccoeevveeeeeeveeiceeenennn. 104
Cell loss rate v-ersus buffer size for random traffic........ccecoeveeveerveennenn.. 104
Cell loss rate v-ersus clustering coefficient for random channel................ 106
Effect of traffic burstiness on cell loss rate for correlated channel............ 108
Effect of traffic intensity on cell loss rate for correlated channel ............. 110
Effect of buffer size on cell loss rate for correlated channel..................... 112
Effect of buffex size on cell loss rate for correlated channel..................... 113
Comparison bestween random and correlated channel performance under

DULSEY trALTIC .o e e e e s e smaes 115



LIST OF SYMBOLS

AAL : ATM Adaptation Layer
ARQ : Automatic Repeat Request
ATM : Asynchronous Transfer Mode
B : Buffer Size

B-ISDN : Broadband Integrated Services Digital Network
BER : Bit Error Rate

c : Clustering Coefficient
CER : Cell Error Rate

CLR : Cell Loss Rate

CRC : Cyclic Redundancy Code
f : Buffer overflow probability
FEC : Forward Error Correction
HEC : Header Error Control
ISDN : Integrated Service Digital Networks
QoS > Quality of Service

RS : Reed Solomon Codes

P : Traffic Intensity

1) : Correlation Coefficient

ix



Al ) (a-ila

L gine o el L3 gina sl
ATM CilSed 8 e UaalVY oSadl) Lok 5. LS A o sl ol gis

300 HeSH Aniglh 1 asaidill

AYEYY jia oA Fy G

YL Lo 5l 9385 dolica (6 ) GBRE G578 KLU AR VLAY 5 ag od) S Sall iS0s
o Aol Llle il 5l gy 2a3 A G aaf G uSad ATM Oal Jiall sue Jiill gk 40 of Ulls
Gl giall Jia @S gliall Gl i@l e Jla Y aie LOAN gladé 50 ATM QS5 Slad Gileglaall J85 Sl
¢ il gall 03a Jid | (Buffer overflow) cuidatl saa g gl s LOAN Glass Y ALayl A SL
Balaius el LU 5 S aladiuls olE Canl 138 53 4iiall LAY o3 i g 55 of camg eUhalYL Sadill ol
ALATM WA JS8 Aidlae 5 WA e ddadad Aabuy allaill 138 5aais ATM ClSed 850580 LA
Aral el gl i3y el (el 43 g3l e eUndYL aSanll JUsiN 138 5o US 5 elaf Al o a3

Ay il A gdall Jlaa¥l e die o 3aTN Baa g s G gaa dle Adileae o SIS

poladl A yicatall da o
Crileall g J g tall agd cllal) daala
A0 graad) Ao ) ASLaall - )l gl



ABSTRACT

Name: MAHFOOQOZ SALEH BIN MAHFOOZ

Title: RELIABILITY ANALYSIS OF ATM NETWORK
WITH ERROR CONTROL

Major Field: Electrical Engineering

Date of Degree: May 2001

High-speed Broadband networks and Wireless mobile communications are
presently the two major driving forces in the telecommunication industry. Asynchronous
Transfer Mode (ATM) has emerged as a promising high-speed transport technology for
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CHAPTER 1

INTRODUCTION AND LITERATURE

REVIEW

High-speed Broadband networks and Wireless mobile communications are presently the
two major driving forces in the telecommunication industry. Asynchronous Transfer
Mode (ATM) technology has been adopted as the platform for Broadband Integrated
Service Digital Networks [1]. ATM has been designed to be used over high quality
transmission links, such as optical fiber, characterized by high data speed and low bit
error rates. The ATM employs only header error control to protect ATM cell header from
bit errors. Since ATM specification have been developed for high quality optical fiber
transmission stream, header error control was sufficient for desired performance in ATM
networks. There has been great interest lately in the utilization of ATM over wireless

1
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links. The transmission of ATM cells over noisy links requires powerful correcting
mechanism to protect the ATM cell, which includes protection of the header to reduce the

cell loss rate and protection of the payload to make the noisy link more reliable.

Since the research in this thesis falls in the area of error control in ATM networks,
this chapter provides an overview of these two subjects. Some important concepts of
ATM networks are summarized in section 1.1. To keep it short, the aspects discussed for
ATM networks are those related to our study in this thesis. A general overview of
channel coding and error control techniques is given in section 1.2. An up-to-date
literature survey of error coding schemes for ATM network is provided in section 1.3. A

detailed statement of the problem of this work is furnished in section 1.4.

1.1 ATM Networks:

Asynchronous Transfer Mode (ATM) is a new communications technology, which is
fundamentally and radically different from previous technologies. Its commercial
availability marks the beginning of what promises to be a genuine revolution in both the
data communications and telecommunications industries.

Around 1988 the telecommunications (carrier) industry began to develop a concept
called Broadband Integrated Services Digital Network (B-ISDN). This was conceived as

a carrier service to provide high-speed communications to end-users in an integrated way.
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ATM is the switching technique recommended by International Consultative Committee

for Telecommunication and Telegraphy (CCITT), to carry B-ISDN traffic [2].

1.1.1 ATM Technology:

ATM is a cell-based switching and multiplexing technology designed to be a general-
purpose, connection-oriented transfer mode for a wide range of services. ATM is also
known as cell relay. The word asynchronous in ATM comes from the fact that time slots
are not assigned to specific users as it is the case with synchronous transfer mode (STM);
instead time slots are available to any user who is ready to transmit data [3].

ATM differs from other technologies such as packet switching and frame relay in

providing simple routing, guaranteed switching delays and light protocols.

In ATM networks, all information is formatted into fixed-length cells. The fixed
cell size ensures that time-critical information such as voice or video is not adversely
affected by long data frames or packets. At the edges of the network, user data frames are
broken up into cells. At the destination side of the network, the user data frames are
reconstructed from the received cells and returned to the end user in the form (data
frames, etc.) that they were delivered to the network. This adaptation function is

considered part of the network but is a higher-layer function from the transport of cells.



1.1.2 ATM Characteristics:

ATM has basic characteristics that distinguish it from other switching techniques [4].

e No error protection or flow control on a link-by-link basis:
Since optical links of an ATM network have a very low bit error rate, no action is
taken when an error occurs during transmission. Moreover no flow control functions
are being considered and end-to-end protocols are employed to correct transmission
errors.

e Connection oriented mode of operation:
A connection setup is needed before any information transfer. Resources are reserved
during the setup phase and the connection is rejected if no sufficient resources are
available. Upon call completion, network resources are released. With this mode of
operation minimal cell loss rate is guaranteed. This mainly simplifies cell routing and
minimizes cell header information.

e Reduced header functionality:
The information contained in the cell header is very limited. Basically it contains the
identification of a connection and its route. This guarantees fast processing and
consequently short delays between communicating parties.

e Relatively small information field:
The small fixed-size information field (48 octets) has advantage of reducing the

buffering requirements and hence reducing the queuing delays.



1.1.3 ATM Protocol Hierarchy:

ATM networks have layered architectures. However, the functional layering in the B-
ISDN protocol model does not follow the international standard Open System
Interconnection (OSI) model [4]. The B-ISDN/ATM hierarchy consists of the physical
medium-dependent layer (PMD), the ATM layer, the ATM adaptation layer (AAL), and
the higher service layer(s).

The PMD layer is responsible for the proper bit transmission and performs
functions which are necessary to insert/extract the cell flow into/out-of a transmission
frame.

The ATM layer contains all the details of the ATM technique, and is common to all
services. This layer is physical medium independent. The data unit of this layer is the cell
and the ATM layer performs the function of delivering cells from the source to the
destination. This layer also performs the cell-based multiplexing/demultiplexing and cell
delineation.

The AAL and higher services layers of the ATM protocol model are service-
dependent. The boundary between the ATM layer and the AAL corresponds to the
difference between functions applied to the cell header and functions applied to the
information field. AAL provides an interface between user and the ATM layer for
applications with similar services requirement. AAL is not part of user plane at the
intermediate ATM switches inside the network. Different AALs are defined to support

different types of traffic.
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Preparing the received data to the ATM Layer

CHANNEL

Figure 1.1: ATM Network Layers



1.1.4 ATM Cell Structure:

The structure of the cell is important for the overall functionality of the ATM network
[5]. A large cell gives a better payload to overhead ratio, but at the expense of longer,
more variable delays. Shorter packets overcome this problem, however the amount of
information carried per packet is reduced. A compromise between these two conflicting
requirements was reached, and a standard cell format chosen. The ATM cell consists of
53 bytes. Out of these there are 5 bytes that constitute the header, and 48 bytes that
constitute the payload, as shown in Figure 1.2.

The information contained in the header is dependent on whether the cell is
carrying information from the user network to the first ATM public exchange (User-
Network Interface UNI), or between ATM exchanges in the trunk network (Network-
Node Interface — NNI). They are similar except for the first byte. Both types are shown in

Figure 1.3.

5} o0
'§ Payload =
m [7-]
« L »-
5 Bytes 48 Bytes

Figure 1.2: ATM Cell Format
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The ATM cell header illustrated in Figure 1.3 consists of five fields: virtual path
identifier (VPI), virtual channel identifier (VCI), payload type (PT), cell loss priority
(CLP), and header error check (HEC). At a demarcation point between an ATM end
station and the network, the cell header also includes a generic flow control (GFC) field.
This 4-bit field is part of VPI in the network [6].

GFC provides a framework for flow control and fairness to the user-to-network
traffic and does not control the traffic in the other direction (i.e., network-to-user traffic
flow).

In ATM, end-to-end virtual channels are established between end stations before
the traffic can start flowing. Routing of cells in the network is performed at every switch
for each arriving cell. The routing information of a cell is included in the two routing
fields of the header: VPI and VCI. The two levels of routing hierarchies, virtual paths
(VP) and virtual channels (VC), are defined as follows:

= VC: A concept used to describe unidirectional transport of ATM cells associated
by a common unique identifier value, referred to as VCL.
= VP: A concept used to describe the unidirectional transport of cells belonging to
VCs that are associated by a common identifier value, referred to as VPL.
The PT is used to specify whether the contents of the payload consists user data or
management data. Also the PT is used for including the congestion notification bits.

The CLP is one bit field used for cell loss priority. Cells with CLP set (low priority)

may be discarded earlier at congested switches than cells with CLP bit not set (high

priority). One example would be if voice is encoded in to equal numbers of high and low
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order bits and sent over cells that alternately carries high and low order bits. If the CLP
field of the low order bit cells are assigned by 1, they will be the first cells to discard
during congestion hoping for minimal degradation in voice quality [7].

The HEC field is used mainly for two purposes: for discarding cells with corrupted
headers and for cell delineation. CRC-8 code parity is used in the HEC field to protect the
valuable information of the header, which is used in one of two modes: pure error
detection or single error correction and multiple error detection. When errors are detected

(and can not be corrected), the cell is discarded.

Bit8 Bitl Bit8 Bitl
GFC VPI VI Octet 1
VPI VCI VPI VCI
VCI VCI
VCI PT |CLP VCI PT |CLP
HEC HEC Octet 5
UNI NNI

Figure 1.3: Structure of the Header of ATM cells for both the interfaces.
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1.1.5 ATM Switching:

The simplest form of an ATM switch is illustrated in Figure 1.4. A number of
communication links are connected with some receiving cells and others transmitting
them. These links, while logically separate, are paired such that one inbound and one
outbound connection are joined to form a physical full-duplex link. Cells are received by
the switch and retransmitted on one of the outbound links according to the routing rules
of ATM.
The core of the switching process is as follows [2]:

1. A cell is received on an inbound link and its header is examined to determine on

which outbound link it must be forwarded.
2. The VPI/VCI fields are changed to new values appropriate to the outbound link.

The cell is retransmitted towards its destination on an outbound link.

)

4. During this process the system is constrained to deliver cells to the appropriate
output port in the same sequence as they arrive. This applies to each VC (there is
no requirement to retain the sequence of cells on a VP provided that on each VC

the cells remain in sequence).

If the ATM switch is nonblocking, there will be a path from every input to every output
port [8]. Even if the switch is nonblocking internally, contention for output port could
take place since cells arriving at two or more inputs may try to go to the same output

simultaneously. If the time that the contention persists is short, contention can be handled
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by buffers. The position of buffers within a switch greatly influences the switch
performance, and at a high level of abstraction three possible disciplines can be used:

= Input buffering

= QOutput buffering

=  Shared buffering
A combination of these three variants can also be considered to optimize the

implementation cost and performance.

1.1.5.1 Input Buffering:

Buffers at the input port (Figure 1.5(a)) may be used against both internal blocking and
output contention. In general, an input buffer is implemented as a First In First Out
(FIFO). A cell that cannot be switched to its output port during the current cycle occupies
the Head of Line (HOL) position at the FIFO and retries during the consecutive cycles. In
this case, cells behind the HOL cell are forced to wait in the FIFO until they reach the
HOL position in the queue. In particular, during a cycle, a path from an input port to the
output port of non-HOL cells waiting in the queue can be established without causing any
internal or output blocking of any HOL cell at other ports. However, input buffering does
not allow such cells to be switched during the current cycle, thereby forcing some
internal links to be idle even though there are cells waiting in the system that can use

these links.
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Input Output
Links i Links

| Switch 1 >

— —>

Figure 1.4: ATM Switch schematic

I+ B e T+
T+ , : T
{1+ S ' LTI+
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(a) (®)
:. [ B: Buffer Size
()

Figure 1.5: Buffering strategies of ATM switches: (a) Input buffering; (b) Output
buffering; (c) Shared buffering



1.1.5.2 Output Buffering:

Due to output contention, an internally nonblocking switch may still block at the output
ports. If output buffering is not used, only one of the contending cells can go through the
output port. Depending on the scheme used, other contending cells may be dropped (i.c.,
lost) or stored at either input or internal buffers. With output buffering (Figure 1.5(b)), all
cells contending for the same output port are stored at the output ports until they can be
read out by the corresponding transmission link. Hence, output buffering results in a
better switch throughput than input buffering, since only one of the contending cells from
different input ports can be delivered to the output in the latter. The output buffering is
optimal in terms of throughput and delays, but it needs some means of delivering
multiple cells per cell time to any output. Hence, either the output buffers must operate at
some factor times the port speed, or there should be multiple buffers at each output. In
both cases, the throughput and scalability are limited, either by the speedup factor or by

the number of buffers.

1.1.5.3 Shared Buffering:

In the shared buffering (Figure 1.5(c)) the queueing buffers are not dedicated to a single
input or output, but shared between all inputs and outputs. The shared buffering behaves
exactly as the output buffering. However, since multiple queues are combined in a single

physical memory, a major advantage of the shared buffering is reflected in the number of
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cells to be stored in the buffer, but more complicated control logic is required to ensure

that the FIFO discipline for each output link is performed in the single shared memory.

1.1.6 Congestion in ATM:

Symptom congestion is when the number of cells within the network causes the
performance to fall off dramatically [9]. Specific to ATM, congestion occurs when
offered load from the user to the network approaches or exceeds the network design limit
for guaranteeing the Quality of Service (QoS) agreed upon. The sources of congestion are
limited resources such as buffer size, and inherent characteristics of switching nodes such
as multiplexing delay. Generally in a congested switch, low priority cells are rejected
once the switch buffer is full. Priority cells are rejected when there are no low priority
cells to discard from the queue (buffer). Priority cells may contain critical data such as

control information, so losing such cells could affect the QoS provided.

1.1.7 Wireless ATM

The growth of wireless communications paired with the rapid developments in
asynchronous transfer mode (ATM) networking technology signals the start of a new era
in telecommunications. The growth of cellular radio communications in the past decade

has been remarkable. The number of cellular users has exceeded all predictions on
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cellular's use. Demand for cellular communications has placed a heavy demand on the
capacity of wireless/air interfaces and the network resources available. The success of
cellular mobile communications has spurned the telecommunications industry to push the
implementation of Personal Communications Services (PCS). PCS will provide voice,
text, video and data. As a result, the demand for higher transmission speed and mobility
is even greater.

A wireless ATM network, which is designed to provide high-speed isochronous and

asynchronous communications for wireless users, is a good match for these demands.

The introduction of ATM in wireless environment creates many interesting
challenges including how to deal with wireless links at high and variable error rates. The
problem arises as ATM was designed for very low error rate environment and hence
strong error control was not provided. For example, only the header of ATM is protected
by a HEC field, capable of detecting single and multiple bit errors in the header. There
are several ways to counteract the errors caused by wireless links such as the use of
equalization, diversity, error detection and retransmission, error correction, error
correction and retransmission (also called hybrid ARQ), and error resilience.

Equalization is used to combat Inter-symbol interference (ISI) that occurs due to
multipath propagation of signal from transmitter to receiver over wireless link, thus it
compensates for the average range of expected channel amplitude and delay

characteristics. It requires the use of periodic training sequence to effectively cancel ISI.
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It is used in systems where data is transmitted in a short time blocks (TDMA is well
suited for equalizers).

Diversity is a powerful communication technique to compensate for channel
impairments. It can be of antenna diversity, time diversity or frequency diversity.
Interleaving that convert burst errors to random errors for transmission over burst error
channel is considered a time diversity technique.

One way to counteract channel errors is to allow receiver to detect and/or correct
errors by sending redundant bits. This is also termed as error control coding, and it will
be discussed in the next section.

Error resilience, which is the ability to deal with errors that can not be corrected for
some reasons, can be achieved in data transmitted over wireless links by using
specialized procedures. These include error concealment, temporal localization, and
spatial localization. One example is MPEG-2 standard, where elaborate procedures are

developed for achieving error resilience.

1.2 Channel Coding

It is known that Bit Error Rate (BER) is a function of the signal to noise ratio (E,/N. ,)

and the modulation scheme used. The desired level of accuracy in the information
delivered, i.e. desired BER, can be achieved by supplying enough power in the

transmitted signal or by the use of more powerful modulation scheme to overcome
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channel disturbance that produce errors. An alternative to increasing signal power is to
use error control coding in which the same BER can be achieved with less transmitted
power or the same power can produce a better BER.

The utility of coding was demonstrated by the work of Shannon [10]. In 1948,
Shannon proved that if the data source rate is less than a quantity called channel capacity,
communication over noisy channel with an error probability as small as desired is
possible with proper encoding and decoding.

Channel coding is used to improve the reliability of data delivered to the user. The
channel encoder accepts information bits from the source and adds redundancy bits to it
to form a codeword that is transmitted through the channel.

The redundancy added by the channel coding is used for Error detection and/or
Error correction. In some cases this redundancy may be used in different way for

Erasers Decoding. These techniques are explained briefly in the following subsections.

1.2.1 Error correction and detection:

The received coded data may contain some errors due to channel imperfections. In the
receiver, the decoder tries to identify the invalid codewords. Any valid codeword is
assumed to be correct. This process is called error detection. The decoder will fail in error
detection if and only if the errors cause the codeword to become another valid codeword.

On the other hand in error correction the decoder may attempt to correct some of the
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received words. Error detection and error correction are achieved using the redundancy
added by the encoder. The redundancy bits are added according to the rules of the used
code. Any block code is characterized by the Hamming distance d. A code with

Hamming distance d can detect up to d-1 errors when used for error detection only, or

correct up to { J errors when used for error correction only. In general, a code with

minimum distance 4 can correct up to 7 errors and simultaneously detect up to A errors

suchthat d =¢t+ A +1 [11].

1.2.2 Error Control Coding:

There are two error control strategies have been popular in practice, namely Forward
Error Correction (FEC) and Automatic Repeat Request (ARQ). In the ARQ, if no errors
are detected by the decoder, the original information bits are delivered to the user.
Otherwise, the receiver discards the received word and sends back a negative
acknowledgment (NACK) requesting for a retransmission of the same codeword.
Theoretically this process is repeated until the codeword is successfully received.
Obviously, in any ARQ system the availability of a feedback channel is a must From the
above, it is clear that coding is used for the sole purpose of error detection. That is why
high rate error detecting codes are used in ARQ systems.

There are three basic protocols of retransmission in an ARQ system: stop-and-wait

(SW), go-back-N (GBN) and selective-repeat (SR). In SW-ARQ the transmitter stops
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after each transmission and remains idle waiting for acknowledgment (ACK) to be
received back. If ACK is received, a new cell is transmitted, while NACK means to re-
transmit the same cell. In GBN-ARQ and SR-ARQ the transmitter continuously transmits
cells until it receives NACK. In the case of GBN-ARQ the system re-transmits the
negatively acknowledged cell and successive cells as well. In SR_ARQ, only the NACK
cells are retransmitted.

In FEC systems the redundancy added by the channel encoder is used by the
decoder for error correction of the detected invalid code word. When the decoder detects
the presence of errors in a received word it attempts to locate and correct them, and
delivers the decoded word to the user. The number of overhead parity check bits needed
for error correction is much larger then those needed for error detection. Also number of
parity bits is increased as the number of errors that the code could correct increase.
However, as more and more parity check bits are added, the required transmission
bandwidth goes up as well. Because of the resultant increase in bandwidth, more noise is
introduced and the probability of error increases. Also, as the code length is incremented
it becomes increasingly more difficult and expensive to design good decoders. Therefore
the goal is to choose parity bits to correct as many errors as possible, while keeping the
communications efficiency as high as possible [10], [12].

The performance of digital communication systems is usually evaluated by their
“throughput” and “reliability”. Throughput is known by the ratio of useful information

bits accepted by the receiver to the total transmitted bits per unit time. Reliability is a
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measure of correctness of the received data. Both error control strategies enhance the
reliability of communication system at the cost of the throughput.

In FEC the decoded word must be delivered to the user regardless of whether it is
correct or not. This implies that the reliability of systems using FEC technique is less than
those using ARQ systems especially for poor channels. As matter of fact, ARQ can give
almost the same reliability as that of an ideal channel. The only degradation of reliability
from the ideal case comes from the possibility that an erroneous word passes undetected.
The probability of this event is very low in relatively good channels especially when a
strong error detecting code is used.

Since there are no retransmissions in a FEC system, it provides constant throughput
efficiency, set by the code rate, regardless of the channel conditions. In an ARQ system,
the process of retransmission degrades the throughput efficiency especially for poor

channels.

In summary, both techniques have relative advantages and disadvantages. A
combination system that has the advantages of both ARQ and FEC systems is termed in
the literature Hybrid ARQ. In such systems an FEC is used in conjunction with ARQ to
enhance the reliability with minimum degradation of the throughput.

In hybrid ARQ, an error detection code is used for ARQ and another code is used
for FEC. At the receiver, the decoder first attempts to correct any error in the received
codeword using the error correction code. Then the error detection code tries to detect

any error in codeword received from the previous stage. If the decoder fails to detect an
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error, it assumes that it is a correct codeword and it is delivered to the user. Otherwise if
an error is detected the receiver discards the code word and requests a retransmission of

he same codeword.

There are many types of codes that can be used in channel coding. Examples of the
most famous types of codes are parity check codes, Hamming codes, CRC codes, Bose-
Chaudhuri-Hocquenghen (BCH) codes and Reed-Solomon (RS) codes. Those codes are
all from one family called block codes. Another family of codes is convolutional codes.
Component codes can be used to enhance the error correction capability as in product
codes, concatenated codes and turbo codes. Most of the codes can be used for error

detection and/or error correction.

In the following subsections some of coding schemes will be explained that will be

used in our work.

1.2.2.1 CRC codes:

The Cyclic Redundancy Codes (CRC) are extremely well studied and widely used for
error detection only [13], [14]. That is why they are some times defined as high speed
error detecting codes [14]. CRC codes are very popular due their powerful capability and

the simplicity of implementing encoders and decoders. CRC is widely used in computer
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industry [11]. The following is a list of famous CRC codes with their generator

polynomials [14]:

CRC CODE

CRCH4
CRC-7
CRC-8
CRC-12
CRC-ANSI
CRC-CCITT
CRC-SDLC
CRC-24
CRC-32,
CRC-32g

GENERATOR POLYNOMIAL

g x)=x*+x +x? +x+1

g, () =x" +x° +x* +1

g:(x) =’ +x* +xP +x F+x+ DO Fx+Dx+]D)

gn(x) =" +x? +D)(x+1)

€ ang (X) = (" +x+D(x+1)

Ceenr () =x" +x? +x° +1

Eic(@)=x" +x" +x® +x7 +x* +x* +x+1

8 (X¥)=x¥ +xP +x" +x% 4 x® +1

g, () =xZ +x x2S x4 T xS 45 £ x

8, () =x +xF +xP +xP 4+ X+ X+ T+ r P x4

When an (n,k) CRC code is used for error detection only, they are powerful enough to

detect all the following types of errors [13],[14]:

All combinations of d,,, —1 random errors or less.

All errors of length < (n—k) .

1—2"*" of error bursts of length n—k +1

1—2%" of error bursts of length > n—k +1

All the error patterns of an odd number of errors, provided that g(x) has an even number

of nonzero coefficients.
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1.2.2.2 Parity-Check Codes:

In single parity check codes, a single parity bit, or check bit, is appended to a block of k£
information bits, the check bit being chosen to satisfy an overall parity rule for the
codeword. Encoding of the single parity check code is described by the equation
i+, +--+i, +p; =0 mod 2

where i,1,,...,i, are arbitrary information bits, and p, is the parity bit. The equation
specifies that the parity bit be chosen so that the codeword have even parity, that is an
even number of ones. Odd parity codeword is obtained by letting the modulo-2 sum of
the equation equal to one. Most, though not all, coded systems in operation today use the
even-parity rule [12]. The even parity check codes are error-detecting codes; they are able

to detect any odd number of errors.

1.2.2.3 Product Codes:

A product code is a code which uses some simple codes to build a relatively more
complex and powerful code. Elias (1954) introduced the idea of the product code,
constructing a two-dimensional array from two given component codes [15]. Product
codes are achieved by arranging the information bits in a two-dimensional array. Then
rows are encoded using some code (C;) and then the columns are encoded using code

(Cy). The codes C; and C, are block codes, which may be the same code or different
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codes. In general, product codes are much easier to decode than non-product codes with
same size and rate. Figure 1.6 gives the general shape of the code. In general, each block
unit in the matrix may represent a bit or an array of bits. Product codes are capable of
correcting random errors as well as burst errors [15]. The simplest example of a product
code is that where C; & C, are single-parity check codes. Such code has a Hamming
distance of 4=4 and thus capable of single error correction. When used for erasure
decoding it is capable of recovering any pattern of three or less erasures, and many

patterns of larger arrangements.

The code under study in this work is a simple single parity check code that is
applied to rows and columns. Applying code to ATM networks, each block unit of the
code is taken to be an ATM cell. The code is constructed by arranging cells in a matrix.
Those cells are encoded by appending a parity check cell to each row and each column.
The parity check cell at the end of each row is obtained by bit-by-bit, mod-2 addition of
the cells in that row, while the parity check at the end of the column is obtained by mod-2
addition of the cells in that column. Note that only the information field of an ATM cell
is encoded while the same header is applied to the parity cell. A simple example with
small packet size is presented in Figure 1.7. Figure 1.7 shows the code for a matrix size

5x5 and cells of 5-bit long.



Checks on

Information
rows —
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columns checks
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Figure 1.6: General structure of two-dimensional product codes.

11011 | 10001 | 00011 | 10101 | 00110 | jEigiEG
01010 | 01110 | 10111 | 11001 | 00010 | &E0G0O
11110 ) 01001 | 11111 | 10011 OO
10011 | 10101 ] 00110 | 01011
10000 | 10010 | 10001 | 01101

GRG0 | 1050 | fa0 | |

Figure 1.7: Example of a single parity product code.
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Decoding of the two-dimensional product code for recovery of lost cells is fairly simple
in the area of erasure deeding described in sectionl.3.3. The decoder starts by scanning
the first row. If a single cell is lost it will be recovered by mod-2 addition of all cells in
that row. If more than one cell is lost, the decoder will not perform any recovery job. The
decoder continues scanning all the successive rows and acts in the same way described

above. The same decoding procedure is then carried out for all columns.

1.2.3 Erasure Decoding:

In the above discussion we have assumed that the channel has introduced errors in the
received words; that is some bits have been inverted. There are cases where some of the
transmitted bits or complete packets are missing or erased from the receiving data. In
these cases the code must perform erasure decoding.

Erasures can take place for different reasons. For example in soft decision
decoding, erasures are introduced when the received energy level is too low for the
decoder to make reliable decision; hence the bit is erased. Decoders, sometimes,
intentionally introduce eraser to simplify decoding. An example is found in some
decoding algorithms of product code. In some network protocols complete packets may
be discarded, lost or erased. In ATM networks an error in the header causes the cell to be

discarded, also cell may be discarded due to buffer overflow.
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For any code, its ability to fill erasures is double its ability to correct errors [16].
Therefore, a code with Hamming distance 4 can fill d-1 erasures if used for erasure
decoding only. If the code is used for erasure filling and error correcting simultaneously,

then it can fill s erasures and correct e errors such that d =2e+s+1 [10].

1.3 Literature Review:

The growing interest in wireless communication services has pushed the research
community to consider the use of the ATM technique into wireless access networks [17].
To make wireless links fit into ATM world some error control methods must be applied.
Several methods were proposed in different papers to overcome this problem using
different FEC techniques, which include convolutional codes, applying FEC to header
and other schemes [18-25]. For non-delay sensitive applications the use of hybrid
ARQ/FEC schemes was proposed [26-29]. The use of matrix code is also proposed for

recover of lost cells [30-35].

Among the powerful FEC techniques are Convolutional codes. They were proposed
to be used with ATM cells either alone, associated with fragmentation and puncturing
[18], or concatenated with RS codes [19,20], with the use of higher layer ARQ to recover

lost cells.
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Some papers have proposed schemes in which forward error correction is applied to
the header only [21,22] to protect cell from being lost due to channel errors. A powerful
BCH code is applied to the header instead of HEC to overcome random errors and, thus,

make the cell discard on the wireless links less frequent.

The use of separate codes for header and payload has also been proposed [23,25].
Rice and Moore [23] proposed an FEC scheme with two different codes. One code is
applied to a compressed header used over mobile wireless links as suggested by [24]. The
other code, variable rates code scheme based on the concept of multiple shortened code,
is used to protect payload. Variable rate coding schemes are used to provide different

error protections for different QoS parameters using the same code generator.

Aikawa et al. [25] also proposed an FEC scheme with two different codes that
modify the ATM cell format. One code is a powerful BCH code used for the header, in
place of HEC, to overcome cell loss. The other code is a higher rate BCH code applied to
the payload to improve the BER or reliability sufficiently. The performance of the coding

scheme was analyzed and compared to the HEC performance.

In case of non-delay sensitive applications the use of hybrid ARQ/FEC have been
proposed in [26-28]. Chiani and Volta [26] investigated ARQ techniques and FEC codes
for connection-oriented, non-delay critical and variable bit rate services. An adaptive

error control scheme was proposed that chooses the control techniques for each
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connection according to its requirements described by the connection. Two new specific
layers have been introduced: the Wireless Physical layer (W-PHY) and the Wireless Data
Link Layer (W-DLL). The network is structured in Pico-cells with a base station at the
center of each cell. Three types of ARQ protocols were analyzed: selective repeat ARQ,
selective repeat Type I Hybrid ARQ/FEC, and selective repeat Type II Hybrid
ARQ/FEC. Infinite length of receiver buffer was assumed with noiseless feedback

channel.

Andereadis et al. [27] proposed a new system for the interconnection of two ATM
nodes via a wireless link for the transmission of data and multimedia services. The ATM
cell format and length are modified in the wireless link, but the structure is maintained
‘compatible’ with ATM to simplify conversion procedure between the base station and

sub-network station.

Jung et al. [28] suggested several error control methods to overcome the
performance degradation in wireless links caused by burst errors. They provided
performance comparison between several FEC and ARQ schemes through the use of
packet error rate and throughput. FEC schemes were considered for delay sensitive traffic
while ARQ were considered for non-delay sensitive traffic. A concatenated FEC scheme
with inner convolutional code and outer non-binary BCH code was compared to an FEC

scheme with two different codes for payload and header.
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Borgonovo and Capone [29] investigated the problem of error control at the access
interface of a wireless ATM in a channel with bursty errors and tight service-delay
constraints. The efficiencies of three different error control schemes are compared,
namely, FEC BCH code with interleaving, a real time ARQ scheme, and block erasure
codes. It was found that delay constraints could severely limit the performance of the

FEC code BCH with respect to other approaches.

The use of matrix code was proposed in [30-35], in which one dimension coding
[30-32] and two-dimensional coding [33-35] used to recover cells that have been lost due
to channel impairments or buffer overflow. Ohta and Kitami [30] proposed node-to-node
and end-to-end FEC approaches. In the node-to-node approach, losses were detected at
virtual path (VP) terminating nodes. The issue of lost cell detection was also addressed.
In the end-to-end approach, sequence number (SN) is used to detect lost cells. While in
node-to-node approach, virtual channel identifiers (VCI) in addition to the SN is used to
form cell recognition patterns (CRP), which are used to detect lost cells. Data cells are
gathered in a matrix and each row is terminated with a cell loss detection cell (CLD) to
housekeep the data cells in a row. Each column in the matrix is terminated with a parity
cell using simple parity coding (i-e. modulo-2 addition). A single lost cell in a column can
be detected and corrected. Therefore a burst of lost cells of length at most equal to row
length can be handled successfully. Longer bursts produce double lost cells in a column,

which cannot be recovered by the parity cell.
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In [31,32] a detailed analysis of a hybrid ARQ/FEC cell loss recovery scheme that
is applied to virtual circuits of a multi-hop ATM network is given. The coding scheme
used is similar to that used by Ohta and Kitami [30]. Error detection was performed on
each hop, while coding and decoding for recovery of lost cells was performed at end-to-
end basis. Different network parameters were encountered in the analysis such as number
of transit nodes, traffic intensity and ARQ packet length. Also cell error performance was
analyzed and used as a measure for the reliability of recovered cells. It was shown that

the cell recovery matrix was very efficient technique for recovering lost cells.

In [33] a major improvement of the simple FEC technique in [30-32] is made by
extending the parity check for lost cells recovery to be two dimensional. That was done
simply by placing one column at the right of the matrix as a row-wise parity check and
one row at the bottom of the matrix as column-wise parity check. By this method more
lost cells patterns can be corrected. The analysis of cell loss rate in [31] shows a clear

improvement over the one-dimensional case for the same amount of redundancy.

In [34], a novel study about the structure of lost cell patterns in two-dimensional
matrix code was presented. The work introduces a new concept of basic patterns, from
which all cell loss patterns may be generated. The pattern is the possible arrangement of
lost cells in a decoding matrix. For a given number of lost cells these basic patterns are
classified to recoverable basic patterns and unrecoverable basic patterns. And using the

unrecoverable basic patterns three upper bounds B-I, B-II and B-IIT was derived for the
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post-decoding cell loss rate. Every bound is obtained by tightening of the previous bound.
B-III was considered the tighter bound which gives the optimum post-decoding cell loss
rate that can be achieved by the code. The performance of the cell loss recovery scheme
over noisy ATM was analyzed, assuming cell loss is only due to error detection in the
cell header. Also the effect of using ARQ to recover lost cells by requesting

retransmission of those cells or the whole matrix was investigated.

Ayanoglu and Oguz [35] analyzed the performance of two-level FEC cell recovery
scheme. Their approach is very similar to the approach devised by Ohta and Kitami [30]
except they apply the code in two directions, i.e. to rows and columns, instead to columns
only. Also they used RS codes instead of simple parity coding. They studied the code
performance under bursty traffic loading and finite buffer size. Detailed performance
calculation are discussed and compared with simulation results. This approach, although

highly tolerable to cell loss, is computationally complex and costly.

1.4 Proposed work:

The single-parity matrix coding scheme found in {30],[31],[32], and its extension to two

dimensions [33],[34], [35] is very attractive for at least three reasons:
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1. It does not modify the format of the cell. Thus the data cells remain unaltered in
this coding procedure. Also, the parity cells use the standard cell format.
2. Itis extremely simple to encode and decode (modulo-2 addition)

3. The two-dimensional scheme is amazingly powerful in cell loss recovery

However, it is found that all of the above schemes have simplified the analysis by making

some or all of the following assumptions:

(a) Random channel errors
(b) Infinite Buffer Size (no buffer overflow)
(c) Finite buffer size

(d) All recovered cells are correct

For example, [31],[32] made assumption (a) and (c), while [30] made the assumption (c).
The two dimensional scheme in [34], [33] was analyzed under the assumptions (a), (b)

and (d).

Motivated by its advantages, the two-dimension single-parity coding scheme, is adopted
for this work. A detailed study of the performance of the code when used to recover lost
cell over a noisy ATM link is carried out. We alleviate all the assumptions imposed in
previous works in order to get a more accurate evaluation of the scheme under practical

conditions.



In particular, we study the following effects
(1) Random error channels as well as correlated error.
(2) Finite buffer size. Both random traffic loading and bursty traffic loading are
considered.

(3) Cell error rate which provides measure for the reliability of the data at the output

of the system.

The proposed work is organized in two chapters. The code performance is analyzed with
infinite buffer size for both random and correlated channel in Chapter 2. The effect of
finite buffer size on the code performance with random traffic loading and bursty traffic
loading is studied in Chapter 3. We conclude with Chapter 4, where we summarize the

findings of this work and suggest directions for future work.



CHAPTER 2

RELIABILITY STUDY: INFINITE

BUFFER CASE

2.1 Introduction

In this chapter we analyze the two-dimensional matrix code under the infinite
ouffer case. We consider both random and correlated channels. The two-dimensional
matrix code is applied to ATM traffic when it is transmitted over a noisy or poor ATM
link, such as wireless link, as shown in Figure 2.1. It is assumed that the ATM traffic

traverses single noisy ATM link.

35



36

The FEC code matrix of M x N cells a&s formed by arranging the data cells in an
(M -1)x(~v —1) matrix, then appending a paritty cell to each row and column as depicted
in Figure 2.2. The column (row) parity cells awe simply generated by applying module-2
addition to all data cells in the column (row). The data cell and parity cell format is
shown in Figure 2.3. It should be noted that the mod-2 addition, used to generate parity
cells, is applied to the payload segments except for the field of sequence number SN. The

SN field is used to detect any lost cell or wrong:ly inserted cell in a row or series of cells.

Noisy~ link
Encoder |u s » ma u » u { Decoder

Figure 2.1: Configuration of the FEC model
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Data cells

Parity cells

Figure 2.2: Format of the coding matrix
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Header PAYLOAD

(a) Data Cell

q Ce“fHeZ;der | "”Qﬂ Row (column)-wise, mod-2 sum of all
(Same for all cells) g row (column) data cells

(b) Parity Cell

Figure 2.3: The Data and Parity cell formats
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The data cells fill a coding matrix row-wise for encoding as being transmitted in parallel.
Thus, with the simple mod-2 encoding used, the delay introduced by the encoder is very
small. The encoder generates parity cell for every row, under the control of a peak rate
policing mechanism, i.e. the number of cells will not exceed the guaranteed value of peak
cell rate. Similarly, a parity cell is generated for each column and transmitted after the

last row.

The decoding is performed at the receiving end, where the received cells are re-
arranged in an M x N matrix format. It is assumed that the positions of missing cells are
known and are replaced by dummy all-zero cells. Usually this is done by the use of
special cell known as Cell Loss Detecting cell which are appended at the end of each
row. This cell contains cell recognition patterns corresponding to the cells in the row.
Using the cell recognition patterns and comparing them to the received cells the position
and number of lost cell in a given row are found. It is assumed that this mechanism is
applicable and it will not be considered in our work. Then the decoder performs column-
wise and row-wise decoding to recover lost cells. When a single cell is lost in a row or
column, it can be recovered by a simple parity checking (mod-2 addition). The process of
lost cell regeneration is shown in Figure 2.4. If two or more cells are found lost in a row
(column), that row (column) is skipped.

In general, many rounds of decoding may be carried out (row, column, row, ...)
until all lost cells are recovered or no more recovery is possible. However it is found that

[34] the majority of lost cells are recovered in two rounds. The insignificant improvement



in doing further rounds does not, for most of time, justify the increased delay in decoding.
For this reason we limit the decoder to two rounds.

Two performance criteria are evaluated: the cell loss rate and cell error rate. Both
random channels and correlated channels will be considered. We will study the effect of
varying the channel bit error rate, the matrix size and the correlation coefficient, in case

of correlated channel, on the two performance criteria.

Data cell

Dummy cell

The dummy cell is
replaced with the
Parity cell regenerated cell

Regenerated lost cell

Figure 2.4: Lost cell regeneration
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The performance of two-dimensional code is evaluated in the following for both random
channel and correlated channel errors. The cell loss due to channel errors only will be

considered in this chapter.

2.2 Random Channel Case:

In the following we evaluate the performance of the code under random error channels.

2.2.1 Pre-decoding probabilities:

At the ATM node, the header is checked for errors; if errors are detected the cell is
discarded.

Denoting,

p = bit error probability of the noisy link

n = number of bits of payload

n’ = number of bits of the header

m = cell size in bits =n+n'

The probability P, that the cell is received correctly, which takes place when both the

header and payload segments survive the physical layer errors, is given as,
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P =(1-p) .1

On the other hand, a cell is received in error when the header is received correctly but the
payload segment is affected by channel errors. In deriving 2.1 it was assumed that all
error patterns in the header segment are detectable. Considering the power of CRC-8
code, which is used in HEC, in error detection, this assumption is well justified. Denote

the probability of this event by P,. Then,

P=0-p)1-(-p)1 (2.2)

A cell is lost when the header is found in error, regardless of the state of the payload.

Therefore, the probability P; of cell loss is then given by

B=1-(-p) (2.3)
Note that,
B+P+P =1

2.2.2 Post Decoding Probabilities:

Next we evaluate the post-decoding probabilities. Let’s start by considering the first

round of row decoding. It is easily seen that exactly one lost cell per row could be
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recovered, but two or more lost cells lead to unrecoverable cell loss. Therefore, the cell

loss probability after row decoding (i.e. the residual cell loss probability) is,

X (N W
PL,R=;Z{ JP,‘(I—P,) (2.4)

i=2 i

Next, we calculate the post-decoding probability that the cell is correct, F.,, and the
post-decoding probability that cell is in error, P ,. The amount of reduction in the cell
loss rate (PL —PL_R) will be added to the other two post-decoding probabilities, with

certain percentage as follows. When a lost cell is recovered it will be correct if all the
other (NV-1) cells in the row are correct, whereas if there is at least one cell in error in the
remaining (N-1) cells in the row, the recovered cell will be in error. The post-decoding

probabilities are therefore obtained by modifying the pre-decoding probabilities in (2.1)

and (2.2) as follows:
pr- )
Fer=F "'NT'C_—'(PI - PL.R) 2.5)
pipN-it
i=0
& i, N-iml
P'P"T
“ etc \
Poo=PB+it———(P—P4) (2.6)
PIP N—-i-l
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Note that,
PC,R + PL,R + PE.R =1 2.7)

Now we consider the probabilities after the second round of decoding, column

decoding, denoted by 7, p-, F. o and P; g - It is possible to assume that the statuses of

cells in any column are uncorrelated. Hence, by following exactly the sarme logic of the

first round these probabilities can be expressed as:

1 M ; i
PL.CR =_Zi( ; )PL.R (I_PL_R)M (2.8)
=2

M-l

P
PC.CR = PC.R +ya = ot (PL.R - PL.CR) 2.9)
PE.R PC.R
=0
':\il ‘ M-i-1
PE.RIPC.R o
Pecr = Per + 3 — (PL,R - PL,CR) (2.10)
Z PE.R Pc,zz

i=0

The subscript R and CR denotes to row and row column decoding respectivrely.



2.2.3 Discussion and Results:

The post-decoding cell loss rate based on the above analysis is given in Figure 2.5 for
different matrix sizes. It is clear that a smaller matrix performs better than a larger matrix.
This is natural because of the increased redundancy in a smaller matrix. For example the
redundancy in an 8 x8 matrix is 23 % while it is 12 % in 16x16 matrix and 6 % in a
32x32 matrix. Figure 2.5 shows the improvement of going from single round of
decoding, i.e. row wise decoding, to two rounds of decoding, i.e. row-column-wise
decoding. The matrix size of 16x16 will be adopted for the rest of the thesis unless

mentioned otherwise.
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For a matrix size 16 x16 Figure 2.5 shows the improvement in recovering cells from non-
coded case to decoding row-wise and row-column-wise. Thus, Figure 2.5 provides a
good indication of the powerfulness of this simple coding scheme in recovering lost cells.

The post-decoding CLR is many orders of magnitude smaller than the pre-decoding CLR.

The pre-decoding and post-decoding cell error rate (after two rounds of decoding) is
plotted in Figure 2.6. It is observed that the post-decoding error rate is very close to the
pre-decoding error rate, thus giving an indication that most of the recovered cells are
recovered correctly. At high bit error rate it appears in the figure that the post decoding
cell error rate is higher than that of pre-decoding showing that some of the recovered

cells are recovered in error.
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For matrix size 16x16, the cell loss rate performance of the code after row-wise and
column-wise decoding is compared to the performance using Bound-IIl (B-II) in [34] is
given in Figure 2.7. The work in [34] introduces a new concept of basic patterns, from
which all cell loss patterns may be generated. The pattern is the possible shape or
arrangement of lost cells in a decoding matrix. For a given number of lost cells these
basic patterns are classified to recoverable basic patterns and unrecoverable basic
patterns. And using the unrecoverable basic patterns three bounds was derived for the
post-decoding cell loss rate, each with some degree of tightness. The B-III obtained in
[34] is giving the theoretical limit on the capability of the code. The comparison is
performed to validate the analytical results obtained in this work. The figure shows
difference in B-III and the results obtained in this work, and this is because of the

following reasons:

¢ The bound obtained in [34] is obtained by performing row and column-wise
decoding in many rounds until all cells are recovered or no further recovery is
possible, thus it gives the optimum decoding capability. While in our study,
only two rounds of decoding are performed, i.e. row-wise and column-wise.

» The assumption of uncorrelation between the two rounds of decoding.
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2.3 Correlated Channel Case:

The effect of correlated channel is studied ins this section, where noise samples are
assumed to be correlated. The correlated channeel is modeled using first order two-state
Markov process specified by the transition probeabilities, as shown in Figure 2.8. In this
model the channel is assumed to be either in the “correct” state where the transmission is
error-free, or in the “error” state where the transsmission is always erroneous. The steady
state behavior, described by the limiting probabdilities of the “1” and “0” states, is given

by [36]:

x, = Pr[correct] = L=x, (2.1D)
—Xoo T Xy1
x, = Pr[error] = L= Xop (2.12)
—Xgo ~ Xy

Thus the channel bit error rate p is given by x;. T he transition probabilities of the channel
model are obtained for given correlation coefficiesnt and channel bit error rate.
The correlation coefficient ® of the process is giv-en by [35,36],

@ = x40 + 3, 1| € (0,1) (2.13)

where x, is the transition probability from state / to state, i, j=0,1.
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In general, the closer ® to 1 is, the burstier the channel becomes. For example, when
p (0,0.1], equation (2.12) and (2.13) imply x, €[0.921) and x, €[0.2,0.28) for
o = 0.2, meaning the errors tend to be dispersed over time. On the other hand, we have
X4 € [0.99,1) and x;, € [0.9,0.9 1) for @ = 0.9, and errors are likelier to be in groups, i.e.

correlated. Figure 2.9, shows a typical realization of the channel error pattern obtained

over 200-slot periods for p =0.05 and p = 0.1, illustrating the respective random and

bursty characteristics for ® =0.2 and » =0.9.

Xo X11

Xo01
Correct
state
X10

Figure 2.8: Two state Markov process correlated channel model
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2.3.1 Simulation of Correlated Channel:

There is no closed analytical form for the probabilities with correlation. Therefore,
simulation is used to determine the pre-decoding probabilities with correlation effect. The
evaluated pre-decoding probabilities from the simulation are applied to Equations (2.4-
2.10) to evaluate the two-dimensional matrix code performance with correlated channel.
The flow chart used for correlated channel simulation to obtain the pre-decoding
probabilities is shown in Figure2.10.

In the initialization state we specify the channel bit error rate and the correlation
coefficient ®. The correlation coefficient is taken to be w=0.75 throughout the thesis.
Taking the values of the channel bit error rate and the correlation coefficient the
transition probabilities are evaluated using Equation 2.12 and Equation 2.13. The bits are
generated which represents correct or error bit and filled in a cell that has the same size as
ATM cell. When the channel cell is filled the header and payload portions are checked.
Four different scenarios are possible: header is correct and payload is correct (HCPC),
header is correct and payload is erroneous (HCPE), header is erroneous and payload is
correct (HEPC) and header is erroneous and payload is erroneous (HEPE). The ATM cell
will be lost if the header is in error, i.e. the cases (HEPC and HEPE), thus this will give
the pre-decoding cell loss rate. The received cell will be in error if the payload portion is
in error and the header is correct, i.e. (HCPE) case, thus this will give the cell error rate as

follows,



P = Ryepc + Pyeeg
) =

- (2.14)
P = ”H;PE (2.15)
P.=1-P —P (2.16)

where,

T = total number of cells in simulation

Ny = number of cells where header is in error and payload is correct
nype = number of cells where header is in error and payload is in error

nyp; = number of cells where header is in error and payload is correct

54



Initialization
D,®

Generate bit

Fill in the cell

No

Yes

Check header and

payload; Reset cell

Header
correct

Payload
correct
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2.3.2 Discussion and Results:

The results of the simulation for the pre-decoding cell loss and cell error rate is given in
Figure 2.11 and 2.12 respectively. For the sake of comparison, the results of pre-coding
probabilities for random channel are also shown in the same figures. The figures show
that both cell loss rate and cell error rate are smaller for the correlated channel as
compared to the random channel at the same bit error rate. This can be explained as
follows. The correlated channel gives some kind of relation in the errors in the payload
and header, such that when header is affected by channel errors the payload is also
affected by a probability that is higher than that of the random channel case. Therefore,
when a cell is lost it is most likely to be in error. On the other hand, the percentage of
surviving cells that are correct is higher. Also, for the correlated channel, since errors
occur in bursts less cells will be effected by errors for the same channel bit error rate,

which gives better pre-decoding cell loss and error rates.
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To verify the results of the simulation, the correlation coefficient was set to zero, i.e.
uncorrelated channel. The results are presented in Figure 2.13 and Figure 2.14 for cell
loss and cell error rate respectively, and compared with the case of random channel. The
comparison shows identical results for both simulated and analytical random channel

result for pre-decoding cell loss and error rates.
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The pre-decoding values obtained using the simulation are substituted in Equations (2.4-
2.10) to obtain the post-decoding cell loss and error rate probabilities. Note that Equation
2.5 and others assume random cell loss. This model is valid even at correlated channel
case because cells are transmitted in a direction opposite to that at which they will be first
decoded. Also the length of the cell is large (424 bits), therefore it is possible to assume
that the errors are independent from cell to cell. The results of post-decoding probabilities
are shown in Figure 2.15 and Figure 2.16 for correlated channel. For comparison the
performance of random channels are shown in the same figures. As expected the Figure
2.15 shows that a large percentage of the lost cells were recovered. The post-decoding
cell error rate is very close to the pre-decoding one as shown in Figure 2.16, which shows
that most of the recovered cells are correct. Also the figures shows that the performance

of correlated channel is better than that of random channel for the same bit error rate.
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2.4 Simulation Results:

Simulation of the two-dimensional matrix code has been performed to confirm the results
of the analysis. The simulation result of the random channel cell loss and cell error rate is
shown in Figure 2.17 and Figure 2.18 respectively, which shows the pre-decoding and
post-decoding probabilities. The effect of channel burstiness is shown in Figure 2.19 and
Figure 2.20, for cell loss and error rates respectively. The figures show that the simulated
results agrees with the analytical results. Therefore, the analysis gives a true measure of

the code performance.
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Figure 2.17: Simulation and analytical results of cell loss rate for random channel
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2.5 Summary:

In this chapter, we presented a detailed analysis of the code performance over noisy ATM
link in terms of cell loss and cell error rate. The cell loss due to channel errors is
considered in this chapter by assuming infinite buffer size. The effect of both random
channel errors and correlated channel errors were investigated and compared. The pre-
decoding probabilities of correlated channel are found using simulation, because there is
no analytical formula that gives the effect of correlated channel on ATM cell, and these
pre-decoding probabilities are used to evaluate the code performance. Finally, simulation
was performed to verify the analytical results. In the following chapter, we will include
cell loss due to buffer overflow and study the effect of finite buffer size on the code

performance.



CHAPTER 3

RELIABILITY STUDY: FINITE

BUFFER CASE

3.1 Introduction

One of the major sources of errors in the ATM systems is the buffer overflow, which
results in ATM cell losses that degrade the quality of service. In this chapter the cell
losses due to buffer overflow, in addition to the losses due to channel errors, will be
handled. The performance of the two-dimension matrix code will be analyzed with the
effect of finite buffer on the system for random traffic loading, and simulation is

performed for the case of bursty traffic loading.
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Consider the case where the FEC two-dimensional matrix code is applied to a
certain source traffic when it traverses a poor link. Denote this traffic by tagged traffic.
The traversing cells are arrived at the input of an X' xY ATM switch, their header is
checked for errors, and a cell with erroneous header is discarded. The cells that survive
channel errors are forwarded to the appropriate output. Output buffering scheme is
adopted in the structure of the ATM switch fabric, where all the queuing is done at the
outputs of the switch with a separate FIFO buffer provided for each output as shown in
Figure 3.1. At the output port cells are buffered for further processing, and the cells are
discarded when the buffer is full. The tagged cells that survive both channel errors and
buffer overflow are filled in the matrix and the missing cells are replaced by the all-zero
dummy cell. Decoding is performed to recover lost cells as explained in Chapter 2.

The performance of the two-dimension matrix code is studied in terms of cell loss
and cell error rates. In the process we investigate the interactive effects of several
parameters such as traffic intensity, buffer size, burstiness of the traffic, and channel bit

error rate on the performance of the code.

Figure 3.1: Output Buffered XxY ATM switch
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3.2 Random Traffic Loading

In the following, we evaluate and investigate the performance of the FEC matrix code for
random traffic loading with a buffer of finite size in addition to the effect of channel

CITOIS.

3.2.1 Pre-decoding probabilities:

The analysis is similar to that carried in the infinite buffer case in the previous chapter.
The only difference will be in the pre-decoding probabilities, which will be modified to
reflect the effect of buffer overflow on the performance. It is assumed that the cell discard
due to buffer overflow and that due to channel errors are independent.

Let fdenote the probability of cell loss due to buffer overflow.

A cell will be received correctly with probability P.r ( f stands for finite buffer ) if it

survives both the physical layer errors and buffer loss, and is given as

P, =P(1-/) (3.1)

where P, is the probability that the cell survives channel errors, which was calculated in

Chapter2.
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Assuming all errors in the header portion are detectable, a received cell will be in error
when the cell encounters no buffer loss and the payload portion is received in error, thus

the probability of error P.ris given as,

P, =@1-1)P. (3.2)

where P, is the probability that the payload portion of the survived cell is affected by

channel errors.

Using the pre-decoding cell error and correct probabilities; the probability that the cell is

lost is then given by

Py =1-P P, (33)

To evaluate the buffer overflow probability we adopted the random traffic loading model
in [37]. The cell arrivals on the X switch inputs, for X xY ATM switch, are modeled by
independent and identical Bernoulli processes. With output buffering, all queuing is done
at the outputs with a separate FIFO queue of size B cells at each output port of the ATM
switch fabric. In the analysis, we fix our attention on a particular (i.e., tagged) output
queue. Defining the random variable 4 as the number of cell arrivals destined for the

tagged output in a given time slot, then the probability, a,, of k£ cells arriving at given
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time slot, which is the unit time required to transmit a cell over the output link, at the

tagged output is given by,

R R S

=0,1,...X (3.4)

where p is the total normalized traffic load input to the switch. It is assumed that the

effect of the channel on the traffic intensity that reaches the buffer is negligible. That is,
those cells that are discarded because their headers are wrong do not modify the traffic of

the tagged sources.

Let O, denote the number of cells in the tagged queue at the end of the mth time slot. It is

then given by
0, =min{max(0,0,_, + 4, —1), B} (3.5)

where 4,, denotes the number of packet arrivals during the mth time slot.

When Q_, =0 and 4, >0, one of the arriving cells is immediately transmitted during

the mth time slot; i.e., a cell flows through the switch without suffering any delay. For

finite X and B, Q. is modelled by a finite-state, discrete-time Markov chain with state

A
transition probabilities P, =Pr[Q,,, = j|Onat =i] given by [37],
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a0+al i=0,j=0

2o 1<i<B,j=i-1
‘;j-iﬂ 1<j<B1,0<i<j (3.6)
> a, Jj=BO0<i<j
'"=J—‘6[ otherwise

where ay is given by (3.4). The steady-state queue size can be obtained directly from the

Markov chain balance equations to yield

a=Pro=1]= gl'—"a"’—)q (3.7)
(1 al) a,
q, Pr[ n]= —Z s 2<n<B (3.8)
q k=2 Gy
where
2pdo=0]-—— (G.9)
1+Y.9,/4

n=1

A cell will not be transmitted on the tagged output line during the mth time slot if, and

only if, Q,,=0 and A4,=0. Therefore, letting U, denote the normalized switch

throughput, we have [37]
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U, =1-4g,a, (3-10)

A cell will be lost if it finds the output buffeer already containing B cells. Dividing the

utilization of the output line U, by the total soffered load p, we obtain the cell success

probability. Therefore, the buffer overflow prokbability is given by [37],

f=1-=-2 (3.11)

3.2.2 Post Decoding Probabilities:

The post decoding probabilities for M x N mmatrix size are the same as those for the

infinite buffer case Equations (2.4-2.10), and thhey are rewritten here for convenience

18 (M i —
Pox= _AZZ{ i JPL'R (-~ ) (3.12)

Feer=Fcprta5— (PL.R —PLC.R) (3.13)
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3.2.3 Discussion and Results:

The performance of the code will be investigated for 16x16 matrix size and X=16 inputs
to the ATM switch through out this chapter unless stated otherwise. The cell loss
performance for the code is shown in Figure 3.2 for random channel with buffer size of

B=16 cells and random traffic loading with normalized traffic intensity p =0.8. The cell

loss rate for uncoded and coded systems are shown in the figure. The high capability of
the code in recovering the lost cells is obvious. The figure also shows the curves for the
infinite buffer case. It can be seen that the curves of finite buffer case exhibit a floor
effect, which occurs because of buffer overflow.

At the floor region (low bit error rate) of the curves the cell loss probability due to buffer
overflow dominates the cell loss probability 'due to channel errors hence no effect is
observed for variation in channel bit error rate. On the other hand, at higher bit error
rates, the cell loss due to channel errors becomes more dominant and therefore the finite

buffer case exhibits essentially the same performance as the infinite buffer case.



78

Cell Loss Rate

O
) y/‘ﬂ
Uncoded /
10\5 / /
10"
Coded
10"
Finite Buffer
Infinite Buffer
107 /
¥ 7 ° 10° 10" 10° 10° 10"

10° 10 10 10
p, channel bit error rate

Figure 3.2 Comparison of Cell loss rate for random channel between infinite buffer

case and finite buffer with (B=16) at p=0.8



79

The cell error rate performance comparison between infinite and finite buffer sizes is
shown in Figure 3.3 for the coded system. The figure shows that the buffer has no effect
on the cell error performance. This is quite expected because the buffer causes cells to be

lost but does not affect the data within the cell.
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Figure 3.3 Comparison of Cell error performance for random channel between

infinite buffer case and finite buffer (B=16) at p=0.8
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The effect of increasing the buffer size from B=16 to B=32 is shown in Figure 3.4 for
p =0.8. The figure shows that by doubling the buffer size the performance has been
greatly improved. In fact the performance approaches that of infinite buffer. It is also

shown that increasing the buffer size pushes the floor region to lower bit error rate values.
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Figure 3.4: Studying the effect of different buffer sizes on cell loss performance for
random channel and random traffic loading with p=0.8
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Figure 3.5 shows the effect of traffic intensity on the cell loss rate for B=32. Two values

of p are considered p =0.85and 0.8. As we increase the traffic intensity, the buffer

overflow probability increases and, consequently, the cell loss rate is also increased.
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Figure 3.6 shows the cell loss rate versus the buffer size at p =10 and for different
values of traffic intensities. The figure shows that at traffic intensity of 0.8 the buffer size
of B =26 is large enough to assume essentially the same performance as that of infinite
buffer. The figure also shows the effect of increasing the traffic intensity from p =0.8 to
p = 0.85, increasing the cell loss rate. Increasing the buffer size to 36 combats the effect
of the increased traffic intensity. In other words, a buffer size of 36 provides the same
effect as an infinite buffer for a traffic intensity up to 0.85.

In general, as the buffer size increases the cell loss rate decreases up to a point where a
further increase in the buffer size does not improve the performance. At the point the cell

loss becomes mainly due to channel errors.
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Next we study the joint effect of finite buffer size and channel correlation. Figure 3.7
shows that cell loss rate at a correlation coefficient of 0.75 and buffer size B=16. The
traffic load is taken to be p =0.8. The figure shows that at high bit error rate’s region,
where the cell loss due to channel errors is dominant, the cell loss rate for the correlated
channel is smaller than that of random channel for reasons explained in the last chapter.
On the other hand, when the cell loss probability due to buffer overflow dominates, at
low bit error rates, the floor region effect occurs and the cell loss performance for both

random and correlated channels becomes the same.
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Figure 3.7: Studying the effect of Finite Buffer B=16, on correlated channel with

correlation coefficient ®=0.75, and comparison with the random channel case.
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Simulation of the two—dimension matrix code including the buffer effect is performed
and compared with the analytical results as shown in Figure 3.8 and Figure 3.9 for cell
loss rate and cell error rate respectively. The figures are obtained for random traffic
loading with traffic intensity of 0.8 and buffer size of B=16, and random channel errors.

The perfect match between analytical and simulation results prove the validity of our

analysis.
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Figure 3.8: Simulation and Analytical results for random channel for Uncoded and
Coded Cell loss rate with B=16 and p=0.8
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3.3 Bursty Traffic Loading:

The effect of buffer overflow under bursty traffic loading, which results in burst cell loss
under congested conditions, is investigated in this section. Because it is difficult to
formulate the burstiness of the input traffic and to reflect the bursty nature effect on the

matrix code analytically, a simulation is adopted instead.

3.3.1 Input Traffic Model

The model for the bursty traffic is adopted from [35]. Consider an X' x¥ ATM switch
with output queueing at the node as shown in Figure 3.1. One of the inputs is dedicated to
the tagged input traffic, which interferes with X —1 untagged traffic stream, and
concentrating on the tagged output port, the node is modeled by an X-to-1 ATM
multiplexer where the output buffer is a FIFO queue of capacity B cells shown in Figure
3.10.

We consider X independent discrete-time Markovian cell sources at the input of
the multiplexer, which has identical statistics. It is assumed that the tagged source, which
is coded, traverses a noisy link, while the untagged sources are coming through high
quality ATM links. The two-state Markov chain of one source is shown in Figure 3.11,
where states 0 and 1 correspond respectively to the “idle” and “active” states of the

source.
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The state transition occur once per time slot, which is the unit of time required to
transmit a cell over the output link, and a source generates one cell per time slot when it

is active.

The steady state behavior, described by the limiting probabilities of the “1” and “0”

states, is given by [35,36]

gy =—=B (3.18)

m=——2 _=p (3.19)

where p, is the normalized load offered by one source and & and S are the transition

probabilities within the states. Consequently, the normalized aggregate load becomes

X
pP= Zpl = Xp, (3.20)

m=1

since the sources are independent and identical for the uncoded systems.
When the tagged traffic is coded, the Markovian behavior of Figure 3.11 is
slightly distorted due to the periodic insertion of parity cells. This disturbance is ignored

here, and we assume that the Markovian behavior is preserved after encoding. Yet, we
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account for the parity overhead by inflating the normalized load of tagged source, for an

M x N coded matrix size, that is

MN

= 3.21
pel (M_IXN_I)pI ( )
Untagged Traffic

Tagged Traffic > N

B
Figure 3.10: ATM node model
9o =1-a
Qoo =& ‘0 » qu =5
4—
9o =1-7

Figure 3.11: Markov Chain model of one source
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The two-state Markovian source generates a correlated, or bursty, traffic in
general. The burstiness of a source is measured by the clustrering coefficient, c, defined as

(351,

c=a+pe(0,2) (3.22)

In general, the closer ¢ to 2 is, the burstier the source becomes. When c¢=1 the process
becomes an independent Bernoulli process, and a completely uncorrelated cell stream is
generated, thus, the model is reduced to the random traffic loading case studied in section

3.2.

The remaining K = X —1>1 untagged sources are grouped to form an aggregate source,

which is modeled by a (K +1) -state discrete-time Markov Chain. The state variable is the

number of active untagged sources, or equivalently, the number of simultaneous

untagged cells at the output link under concentration. The state of the tagged source is

denoted by ¢ e{O, 1} which indicates presence or absence of cell, while the untagged
source states are denoted by u = {O, 1,2,---, X —1} which represents the number of active

untagged sources at certain time slot.

Let g,,i,7=0, 1, 2, ..., K, be the state transition probabilities for untagged sources

Markov Chain. The transition from state i to state j occurs when / of i active sources
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become idle, and j —(i—~/) of K —i idle sources become active simultaneously in a slot.

Therefore the state transition probability for the untagged source is given by
o =3[ Na-gy s K71 Ytayams G2
d [=£ l j - i +l

where [/ =max(0,/— j) and [ = min(7, K — j). Note that when we set K=1, the transition

probabilities in Equation (3.23) reduce to the transition probabilities in Figure 3.11.

3.3.2 Simulation:

The flowchart used to simulate the performance of the matrix code under bursty traffic is
given In Figure 3.12. In the initialization we define the single source parameters a and §
using Equations 3.19 and 3.20 for given aggregate traffic intensity, p, and clustering
coefficient ¢. The untagged sources are superposed to form (K+1)-state Markov chain
where the state transition probabilities are computed using Equation 3.23. For the tagged
source the parameter B is modified to reflect the effect of the inflation of traffic due to the

added parity cells of the matrix code.

The generated cell from the tagged source, denoted by ¢, is passed through the channel to

the ATM switch. The cell header is checked and discarded if it contains errors. The
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untagged cells, u, pass through high quality link, and therefore, the cell loss due to

channel errors is assumed to be negligible.

The surviving tagged cells (from channel errors) and untagged cells are
multiplexed and passed to the buffer. The multiplexer is assumed to be internally non-
blocking and capable of transporting all the simultaneous input cells to the buffer in zero
time. If the buffer is empty, a randomly chosen cell of the new cells is transmitted
immediately over the output link, and the rest is stored in a random order. Otherwise, the
leading cell in the buffer is transmitted first, and the new cells are stored in a random
order, provided that there is enough room for them. Therefore, the buffer occupancy (the

number of cells in a time slot) is characterized by the relation,

b, = min(B,max(0,b,, +r, +ur, —1)) (3.25)

where the index s is the slot variable, tr € {0,1} is the state of the tagged cell that
survives after checking the header for channel errors, ur =u € {0,1,2,--~,X —1} is the
number of cells of untagged sources, and 6 e {0, 1,2,---, B} is the buffer occupancy after

tr + ur new cells arrive in a slot.



Figure 3.12: Flow chart for Simulation the performance of two-dimension code with

bursty traffic
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The maximum number of new cells that can be served in the slot s is B—5, +1.
Therefore, if there are fr, +ur, > B—b _+1 new cell arrivals, a randomly chosen set of
tr, +ur, —(B —b, +1) of them will be discarded. In particular if tr, =1, that is a tagged
cell is present and has survived channel errors, and ur, > B —b_, then the tagged cell will
be discarded with probability 1—(B -5, +1)/(1 + ur,), and the buffer becomes full.

The tagged cells that survive both channel errors and buffer overflow are restructured in
the coding matrix, where the locations of lost cells are filled with all-zero cells. Once the

code matrix is formed, decoding is performed in the usual manner.

3.3.3 Discussion and Results for Random Channel:

To study the effect of burstiness of traffic on the code performance simulation is
performed with different values of clustering coefficient c. The buffer size is set to B=32
and the aggregate traffic intensity is set to p =0.8. Figure3.13 shows the cell loss rate
versus channel bit error rate for random channel errors with different clustering
coefficient ¢; the uncoded is depicted in Figure 3.13 (a), where as coded system is
depicted in Figure 3.13 (b). The effect of the burstiness is clear on the buffer overflow,
which is reflected on the code performance. For a high clustering coefficient, such as
c=1.8, cells are transmitted in long bursts. Therefore, when a source at the input of the
ATM switch is transmitting a cell to a certain output link, it is most likely to transmit

cells during the consecutive slots to the same output link. And having different sources
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transmitting to the same output at the same time slot cause the buffer to be occupied by a
large number of cells during consecutive time slots, and thus the buffer overflow
becomes more frequent.

The figure shows that the code performance is poor for high bursty traffic, and for such
traffic cell loss during the congestion periods occur in bursts. These bursts may be longer
than the row size of the decoding matrix. It is also possible that two or more shorter
bursts take place within the same decoding matrix. Moreover, there are those cells lost
due to channel errors. As a result of all these scenarios, it is highly probable to find more
than one lost cell, in columns and rows, and are not recoverable.

When the burstiness of the source is decreased ¢=1.6, the cells are transmitted in shorter
bursts and thus the buffer occupancy by certain source is decreased, which cause the
congestion to occur less frequent. This will cause lesser cells to be lost and shorter bursts
to occur within decoding matrix, which allow more cells to be recovered and thus
improving the code performance.

In general, as the burstiness of the input traffic decreases the buffer overflow probability

is reduced and the burst length gets smaller, which makes the code more effective.
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To demonstrate that the model under study reduces to the model adopted for random
traffic loading, simulation is performed by setting c=1.0, the case of uncorrelated input
traffic. The buffer size was set B=32 and the aggregate traffic intensity to p =0.8. The

analytical and simulation results for cell loss rate are shown in Figure 3.14, respectively.

The figure shows that the simulation results are identical to the results obtained

analytically.
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Figure 3.14: Cell loss performance comparison between random traffic loading
(Analytical) and bursty traffic loading with clustering coefficient ¢=1.0
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The effect of traffic intensity on cell loss rate is simulated and plotted in Figure 3.15.
Figure 3.15 (a) shows the probabilities for the uncoded system, while Figure 3.15 (b)
shows the probabilities for the coded system. Aggregate traffic intensities of
p =0.8and p =0.85 at various clustering coefficients are investigated. The buffer size
was set to B=32. The figure shows that increasing the aggregate traffic intensity from
p =08 to p=0.85 increases the burst length and hence increases the buffer overflow
probability. This, in effect, causes the cell loss rate to increase. The figure also shows the

effect of traffic burstiness for different traffic intensities.
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Figures (3.16, 3.17) study the effect of buffer size on cell loss rate. Figure 3.16 shows the
cell loss rate for two buffer sizes, namely 32 and 40, at an aggregate traffic intensity of
0.8, while Figure 3.17 shows the same for p =0.85. The figures show significant
reduction in cell loss rate by increasing the buffer size. The explanation is straight
forward; as the buffer size increases, it gives capacity for more cells and thus for given
clustering coefficient it reduces the probability that a cell will be lost due to buffer
overflow. Although increasing the buffer size has improved the performance, the buffer
overflow probability is still the dominant factor for cell loss, mainly because of the

burstiness nature of the input source.



10

Cell Loss Rate

. / —— c=1.8(8=32)
10 B —=—  ¢=1.8(B=40)
| I —>—  c=1.6(B=32)
- —e—  c=1.6(8=40)
/// —=—  c=1.4(B=32)
! —a—  c=1.4 (B=40)
10° L
10° 10* 10° 10° 10°
p. channel bit ervor rate
(a)
10° :
H 4
. |
10 :
>//;/
1™ - 4r4
_.—cx-"/ ] IV
74
3 16° S
« L
§ w%/ /,'/ ’/_‘:‘
= 4 - B
210 — v
/ #
o S| —e—  c=18(B=32)
75 ——n—  c=1.8(B=40) [
P ——  c=16(B=32)
o P —e—  ¢=1.6(B=40)
* — —a—  c=14(B=32) [
g ~—a—  c=1.4(B=40)
7 ¢
10 .3 5 el IJ -2
10 10 10 10 10
p. channel bit error rate

Figure 3.16: Study of Buffer size effect on cell loss rate for random channel with
aggregate traffic intensity p=0.8: (a) Uncoded system; (b) Coded system

(®)

101



102

10 ?
‘ p
10" =
//r///
>-— >
g i /
1] -
[+ 4
] 10— v ] f{/
= o
3 | //j.'r‘//
L T
u—’——"—"‘"’_'? ’_/ —e— c=1.8(B=32)
e ' —=—  c=1.8(B=40)
 —— —»— c=1.6(B=32)
—e—  c¢=1.6(B=40)
—— c=1.4(B=32)
—a—  c=1.4(B=40)
10‘ -] -5 - is‘l -2
10 10 10 10 10
p. channel bit error rate
(a)
10’
J
i p /
M -'/-
>~ * /‘//
e — 1
iR
£ =
2 10° 7
= —— v / )-’i
3 ,.____-_————'—/A g
[5] e /:(
10° i I
7 7 —+— c=18(B=32)
e —=— ¢=1.8(B=40)
,_,______.__..,_,/'/' ——  c=16(B=32)
10° - —es—  c=1.6(B=40)
I — —s—  c=14(B=32)
| ~—a—  c=1.4(B=40)
10* i
10° 10° 10° 10° 10°
p. channel bit error rate

(®)

Figure 3.17: Study of Buffer size effect on cell loss rate for random channel with
aggregate traffic intensity p=0.85: (a) Uncoded system; (b) Coded system



103

Cell loss rate versus buffer size versus for random channel with bit error rate p =10~
and a source with clustering coefficient ¢=1.4 is shown in Figure 3.18, while it is shown
for random traffic loading in Figure 3.19. The figures show the uncoded and coded cell
loss rate for two different values of aggregate traffic intensity p = 0.8 and p =0.85. Very
significant results can be drawn from these figures. Consider the curves in both figures
corresponding to the traffic load of 0.8. For the random traffic case, it is observed that a
buffer size of 20 cells is large enough to accommodate all incoming cells, where as buffer
size of at least 60 cells is needed to reach this stage for bursty traffic with clustering
coefficient of 1.4. Note that both cases the cell loss rate approach the same floor (= 107%)
at p = 0.8, which is a limit set by the channel bit error rate. The same observation can be
made for p = 0.85 at buffer size of 24 & 80. In other words, there is always a buffer size
value above which the operation of the buffer approaches that of infinite buffer. This
value is a function of the traffic load, but more importantly the bursty nature of the
traffic.

Also the figure shows that although the uncoded cell loss rates for both
p =0.8and p = 0.85 converge to the same at a buffer size of 50, the coded cell loss rates
do not. The difference is due to the burst nature of the lost cells. In the case of p = 0.85

the bursts are longer. Consequently, the decoding becomes less effective which results in

a higher cell loss rate.
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Cell loss rate versus clustering coefficient, ¢, with bit error rate p =10~ and a source
with aggregate traffic intensity o = 0.8 is shown in Figure 3.20. The figure shows the
uncoded and coded cell loss rate for different buffer sizes B=32 and B=40. As mentioned
before the effect of input traffic burstiness is apparent, i.e. when the input traffic
burstiness is high the cell loss performance is poor and as the burstiness decreases the cell
loss rate is decreased. Also, as the burstiness measure decreases the cell loss performance
approaches to the cell loss performance with random traffic loading.

The effect of the buffer size is also shown in the figure, thus increasing the buffer size
improves the cell loss performance. Note that when the burstiness measure is low the cell
loss performance with both buffer sizes becomes the same. This is with the results in
Figure 3.19 where we observed that any buffer larger than 24 cell approaches the

performance of the infinite buffer.
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3.3.4 Discussion and Results for Correlated Channel:

The same study performed on random channel is performed with correlated channel, with
correlation coefficient ©=0.75. Figure 3.21 shows the effect of traffic burstiness on
uncoded and coded cell loss probabilities for correlated channel, the buffer size was set to

B=32 and the aggregate traffic intensity was p =0.8.
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The effect of aggregate traffic intensity on the cell loss performance for correlated
channel is shown in Figure 3.22. The buffer size was set to B=32 and different values for

burstiness measure were used as indicated in the figure.
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The effect of Buffer size on correlated channel is plotted in Figures (3.23 and 3.24) with
different burstiness measure. Figure 3.23 shows the buffer size effect with aggregate
traffic intensity p =0.8, while Figure 3.24 shows it with aggregate traffic intensity
p=0385.

It is seen that all observation and conclusions made for the random channel case do apply

here.
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Figure 3.24: Effect of Buffer size on cell loss rate for bursty sources with
aggregate traffic intensity p=0.85: (a) Uncoded system; (b) Coded system
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The cell loss rates for random and correlated channel with bursty traffic loading are
compared in Figure 3.25. The performance is plotted for clustering coefficient c=1.4,
aggregate traffic intensity o = 0.8, and buffer size B=40. The figure shows that the cell
loss rate for the correlated channel is smaller than that for random channel over the range
of higher bit error rate (when the cannel errors dominate the overflow probability). At
low bit error rates, both channels perform essentially the same. Note that although the
uncoded probabilities for the correlated channel is lower than those of the random

channel at p =107, the coded cell loss rates are same for both channels. This is because

the code performance is limited by the bursty nature of the traffic.



Coll Loss Rate

115

‘l()(I T T
i H
3
ol T Uncoded (Random Ch.) //
—+—  Uncoded (Correlated Ch.) -
—=s-—  Coded (Random Ch.) ,«/,-" <“
{ h. G e
. —s—  Coded (Correlated Ch.) ] /.// = «
/l/ /"/ l" 4
10° " — > .
4 Vd /
10" < ;
ol‘." »‘{/
5 o i !
10 7 * 7 &
'-"; /"
¥ 4 - ;
-8 o b i
° I ;
. 7 :
107 : —i
10° 10° 10" 10° 10*

p. channel bit error rate

Figure 3.25: Comparison between random and correlated channel effect on cell loss
performance under bursty traffic loading with clustering coefficient ¢=1.4 and

aggregate traffic intensity p=0.8, and buffer size B=40
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3.4 Summary:

In this chapter, we studied the effect of finite buffer size on the two-dimensional matrix
code. First, we considered the effect of random traffic loading, which causes random cells
to be lost due to buffer overflow. Expressions for cell error rate and cell loss rate were
derived. Then we have investigated by simulation the effect of bursty traffic loading on
the code performance. The study of effect of finite buffer size was carried for both
random and correlated channels. A summary of our findings is provided in the following

chapter.



CHAPTER 4

CONCLUSIONS AND SUGGESTIONS

FOR FURTHER WORK

In this work we have considered a single-parity two-dimensional matrix code scheme for
lost cell recovery in ATM Networks. The performance of the code is studied over a noisy
ATM link. Two reliability measures were adopted: cell loss rate and cell error rate. First
we have considered the effect of cell loss due to channel errors only on the performance.
Under random channel errors an analytical expression was derived for the cell loss rate
and cell error rate. The case of correlated channel was considered next. Simulation has
been performed to evaluate the cell pre-decoding probabilities since there is no closed
analytical expression for it. A Two-state Markov source was used to model a channel of a

certain bit error rate and correlation coefficient.
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The cell loss due to finite buffer size and its effect on code performance was
considered in Chapter 3. Both the effect of random traffic loading and bursty traffic
loading have been handled. In the case of random traffic loading the cell discard due to
buffer overflow is random and assumed to be independent from cell loss due to channel
errors. The pre-decoding probabilities of cell loss derived in Chapter 2 were modified to
reflect the effect of buffer overflow and used to evaluate the code performance. With
bursty traffic loading the cell loss due to buffer overflow occur in bursts. Simulation is
carried out to reflect the effect of burstiness nature of cell loss on code performance.
Two-state Markovian chain was used to model bursty sources. The interactive effects of
source parameters (clustering coefficient and normalized traffic intensity) and buffer size

were investigated.

The code which was shown to be powerful for random channel, infinite buffer
case by previous work, is shown to be also powerful for correlated channel, finite buffer
under random and bursty traffic. The performance over correlated channel was found to
be better than that over random channel. This is because with correlated channel the
€rTors occur in bursts, causing lesser cells to be erroneous and lost. It was also noted that
in the case of finite buffer and at low channel bit error rates, when the loss due to buffer
overflow becomes dominant, the performance of correlated channel and random channels

becomes the same.

The code does not affect, particularly at small bit error rates, the cell error rate.

This gives an indication that most of the recovered cells are recovered correctly.
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It was found that for high bursty traffic the cell loss performance is severely hit
and the reliability of the code is very low. As the burstiness of the incoming traffic is
reduced the code performance becomes more effective in recovering larger amount of
cells. Increasing the buffer size improves the performance and helps to withstand higher

bursty sources.

In the finite buffer case, a finite buffer size value that gives performance
equivalent to that of infinite buffer case was found. For this value the cell loss rate is
limited by channel errors. It was found that for burstier traffic the buffer size value,
which gives performance of infinite buffer case, is larger than that required for random

traffic loading.

- Suggestion for further work:

In view of the findings of this work, we would like to make the following suggestions for

carrying out further work in this area:

1. In this study, it is assumed that the mechanism of lost cell detection is available
and did not consider its effect in the analysis. The effect of Cell Loss Detecting

cells on the code performance can be investigated.
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. Studying the code for matrix size larger than the 16x16 matrix used in this study.
This requires introducing more advanced method for cell loss detection.

. The use of more powerful parity check on rows and columns can be investigated
instead of simple parity check, especially for the case of high bursty traffic
loading.

Study the effect of payload checking on code performance, hence increasing the
reliability of the system.

. Invoking ARQ mechanism to increase the reliability of the system by
retransmitting the cells that can mot be recovered is another way to extend the

work in this thesis.
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