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Abstract

Both turbo codes and LDPC codes form two new ckassfecodes that offer energy
efficiencies close to theoretical limit predicteg Glaude Shannon. The features of turbo
codes include parallel code catenation, recursigavautional encoders, punctured
convolutional codes and an associated decodingitdgo The features of LDPC codes

include code construction, encoding algorithm, anéssociated decoding algorithm.

This dissertation specifically describes the pread@sencoding and decoding for both turbo
and LDPC codes and demonstrates the performancpacmon between theses two codes
in terms of some performance factors. In additemmore general discussion of iterative
decoding is presented.

One significant contribution of this dissertation a study of some major performance
factors that intensely contribute in the perforneant both turbo codes and LDPC codes.
These include Bit Error Rate, latency, code rateé @@mputational resources. Simulation
results show the performance of turbo codes and@ Dédes under different performance
factors.
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Chapter 1 Introduction 1

Chapter 1

Introduction

In recent years, the demand for efficient and lbéiaigital data transmission and storage
systems has increased to a great extent. The tbéaryor detecting and correcting codes
is the branch of engineering and mathematics wtedls with the reliable transmission

and storage of data. Information media is not 1@8Hfable in practice, in the sense that
noise frequently causes data to be distorted. Bb with this undesirable but inevitable

situation, the concept of error control coding mpayates some form of redundancy into the
digital data that allows a receiver to find andreot bit errors occurring in transmission and
storage. Since such coding incurred in the commatinic or storage channel for error

detection or error correction, it is often refertecs channel coding.

Error correcting codes are particularly suitablewthe transmission channel is noisy. This
is the case of wireless communication. It is welbwn that wireless links are very
vulnerable to channel deficiency such as channaenanulti-path effect and fading.
Nowadays, all digital wireless communications us®recorrecting codes. And iterative

decoding is one of the most powerful techniquesdiwect transmission errors. lterative
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decoding can be defined as a technique employsajtaoutput decoding algorithm that is
iterated several times to provide powerful errarecting capabilities desired by very noisy
wired and wireless channels. Turbo codes and lawsitieparity-check codes are two error
control codes based on iterative decoding. Theifestof turbo codes include parallel code
concatenation, recursive convolutional encodingn-miform interleaving, and an
associated iterative decoding algorithm. Low-dgngarity-check (LDPC) codes are
another method of transmitting messages over rnoaysmission channels. LDPC code
was the first code to allow data transmission ralese to the Shannon Limit, where
Shannon limit of a communication channel is th@tégcal maximum information transfer

rate of the channel.

This chapter begins with a brief overview of wisdeersonal communications. The basic
concepts of some error correcting codes other ifeaatively decodable codes are then

presented later in this chapter.

1.1 Wireless communications

An Italian electrical engineer, Guglielmo Marconade the first wireless transmission
across water in 1897. Wireless is an old-fashiomech for a radio transceiver. Radio
transceiver is a mixed receiver and transmitterickevThe original application of

wireless was to communicate where wires could motTdroughout the next century,
great strides were made in wireless communicagchriology. During the First World

War, the idea of broadcasting emerged, but broadstions were generally too
awkward to be either mobile or portable. During 8exond World War, the contest for

superior battle field communication capabilitiesyg#®irth to mobile and portable radio.

In modern usage, wireless is a method of commupitcdahat uses low-powered radio
waves to transmit data between devices. The tefersrdo communication without

cables or cords, mainly using radio frequency arichied waves. Low-powered radio
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waves are often unregulated. Wireless is now irstngdy being used by unregulated

computer users.

The development of mobile radio paved the way gnspnal communications. The first
widespread non-military application of land mobiadio was pioneered in 1921 in
Detroit, Michigan (Hamming 1950, pp. 147-160). Thain purpose of it was to provide
police car dispatch service. Until 1946, land mebddio systems were unconnected to
each other or to the Public Switched Telephone NKWPSTN). A major milestone
was attained in 1946 with the development of thdi&alephone in the U.S., which to
be connected to the PSTN. At first, high powerassmitter and large tower were used
to provide service to each market, and by thisdahmarkets could complete only one
half-duplex call at a time. In 1950, Technologitaprovements doubled the number of
concurrent calls, and the doubled the number aigatine mid 1960’s. During that time,
automatic channel trunking was introduced and duiplex auto-dial service became
available. However, the auto-trunked markets qyidddcame saturated. For example,
in 1976, only 12 trunked channels were availabletlie entire New York City market
of approximately 10 million people. The system cbuinly support 543 paying
customers and the waiting list exceeded 3700 pg&appaport 1996).

1.1.1 Cellular communication systems

A mobile or cellular telephone is a long-range,table electronic device for personal
telecommunications over long distances.It was qaligious that a new approach to
mobile telephony was necessary due to overcrownlirtge radio spectrum. During the
1960's, the concept of cellular telephony was estergn the U.S. at AT&T Bell
Laboratories and also in several other countriegdnpous telecommunication companies
as well. The proposal of cellular telephony to Bezleral Communications Commission
(FCC) was made by AT&T in 1968 (Rappaport 1996 idea behind cellular telephony
is that a simple hexagon is used to represent plexnobject. The geographical areas are

covered by cellular radio antennas. These areasadlszl cells. Cells that are located far



Chapter 1 Introduction 4

apart can be assigned the same frequency. Theofetational commercial cellular
system in the world was fielded in Tokyo in 1979 MyT (Mitsishi 1989, pp. 30-39).
Service in Europe soon followed with the Nordic Melilrelephone (NMT), which was
developed by Ericsson and began operation in Scawidi in 1981(Kucar 1991, pp. 72-
85). Service in the United States first began irnc&jo in 1983 with the Advanced
Mobile Phone System (AMPS), which was placed irviser by Ameritech (Brodsky
1995).

By late 1980's, it was clear that the first generatellular systems, which were based on
analog signaling techniques, were becoming outda®edgress in integrated circuit
technology made digital communications not onlycfical, but more economical than
analog technology. Digital communications allow thelization of advanced source
coding techniques that suit for greater spectrdiciehcy. Besides, with digital

communications it is possible to use error coregctcoding to provide a degree of
resistance to interference that plagues analogemgst Digital systems also enable

multiplexing of dissimilar data types and more @ént network control.

Worldwide deployment of second generation digiglutar systems began in the early
1990's. The main difference to previous mobile plet;e systems was that the radio
signals that first generation networks used weedagy while second generation networks
were digital. Second generation technologies cardibeled into TDMA-based and
CDMA-based standards depending on the type of pteking used. In the TDMA
standard, also known as United States Digital Gell(USDC), several users can
transmit at the same frequency but at differenesimin the CDMA standard, known
initially as Interim Standard 95 (IS-95) and laéar cdmaOne, several users can transmit
at both the same frequency and time, but modulee signals with high bandwidth
spreading signals. Users can be separated in CDbbtauUse the spreading signals are
either orthogonal or have low crosscorrelation ¢gaand Hoek M V D 2006).

Europe led the way in 1990 with the deployment M5 (TDMA-based), the Pan
European digital cellular standard. Before the dgmplent of GSM, there was no unified

L UsDC is also known as Interim Standards 1S-5418at36
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standard in Europe. In Scandinavia there were tensions of NMT (NMT-450 and
NMT-900), in Germany there was C-450, and elsewlbese was the Total Access
Communication System (TACS) and R-2000 (Rappa®@86}, (Goodman 1997).

The situation in the United States was completdfigrént than in Europe. In the U.S.,
there was but a single standard, AMPS. Since thvaejust one standard, there was no
need to set aside new spectrum. However, the AM&®lard was becoming obsolete
and it was obvious that a new technology would dmguired in crowded markets. The
industry's response was to introduce several neanmpatible, but bandwidth efficient,
standards. Each of these standards was specified tlual-mode systems. That is, they
supported the original AMPS system along with ohéhe newer signaling techniques.
Second generation systems in the U.S. can be diviide analog systems and digital
systems. The second generation analog system isaand AMPS (NAMPS), which is
similar to AMPS except that the bandwidth requifedeach user is 10 kHz, rather than
the 30 kHz required by AMPS (Farely and Hoek M \2@D6).

At the same time the 900 MHz band was being tram&t from AMPS to the new
cellular standards. New spectrum became available.8. in the 1.9 GHz band. The
systems that occupied this band used similar tdobgoas their second generation
siblings in the 900 MHz hand. Collectively, thesstems were called Personal Com-
munication Systems (PCS), implying a slightly diéiet range of coverage and services
than cellular (Farely and Hoek M V D 2006).

Cellular service has proven to be extremely suégksSellular phones have evolved
from a niche item reserved for the rich to a massket consumer product. The
exponential growth in customer demand has led tweme congestion in cellular
networks serving large metropolitan areas. In thecellular has the potential to provide
service to an arbitrary number of customers bydiig cells into smaller and smaller

areas through the process of "cell-splitting" (1981, pp. 19-23).
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However, practical and economic factors limit jhastv much a cell can be emaciated.
Each cell must be serviced by a centrally locagsklstation. Base stations are expensive
and require unsightly antenna towers. Many localegaments block the placement of
base station towers for reasons of aesthetics anzkiped health risks. In addition, the
network architecture is becoming more complex bygraasing frequency due to

occurrence of more cells.

1.1.2 Paging systems

While cellular telephony was evolving, progress vedso made with other wireless
devices and services including paging, wirelesa,debrdless telephony, and satellite
telephony. Paging is considered as an importantpooent of the growing wireless
market. With paging, messages are sent in one waygtidn, from a centrally located

broadcasting tower to a pocket sized receiver [gsgskby the end user.

Paging was the first mobile communication servioe ditywide paging systems and it
was operating as early as 1963 in the USA and Eurdopgthe 1970's, with the emergence
of the POCSAG (Post Office Code Standardization isaly Group) standard,
alphanumeric paging became possible. Initially PAGSupported a simple beep-only
pager but later incorporated numeric and alpha neegsaging. Although the POCSAG
standard was reliable, it operated at extremelydata rates so only short messages were
permitted. New high speed standards have receetiy Installed and that allow faster

transmission, and longer messages (Budde 2002).

In 1993, Motorola's FLEX system began its servitghe U.S.A. and in several foreign
markets, while in Europe the ERNIES (European Radessaging System) began its
operation. Newer paging system, such as Motor®aRLEX, allows two-way paging. It
allows the user to send back short responses aal email. Motorola's InFLEXion
protocol allows the delivery of voice-mail messagesr the paging channel (Brodsky
1995).
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1.1.3 Wireless data networks

Another emerging area of wireless communicatiohretogy is wireless data networks.
The demand for wireless computer connectivity risesause of increasing popularity
of both the Internet and laptop computers. Wireldata services are designed for
packet-switched operation in contrast to the cirsuitched operation of cellular and
cordless telephony. Each wireless data servicebeanategorized as either a wide-area

messaging service or a wireless local area net(MytlAN).

Wide-area messaging services use licensed bandiguatomers pay operators based on
their usage. Paging can be considered as a typ@&lefarea messaging service, although
it is usually considered separately for historicebhsons.Examples of messaging
services include the Advanced Radio Data Inforrmat8ervice (ARDIS) and RAM
Mobile Data (RMD). Both of them use the Specializbtbbile Radio (SMR)
spectrum near 800/900 MHz (Padgett, Gunther antbHa0995, pp. 28-41).

A wireless LAN or WLAN is a wireless local areawetk, which is the linking of two or
more computers without using wires. Unlike comnaroessaging services, WLANS use
unlicensed frequency bands such as the ISM (InddisScientific and Medical) bands
that were allocated by the Federal Communicatiomsi@ission (FCC) in 1985. In the
U.S.A., the IEEE 802.11 spread-spectrum based WLstdndard has become
increasingly popular, and in Europe the HIPERLAMnNslard is gaining acceptance
(Pahlavan, Probert and Chase 1995, vol. 33, pm®535-A new technology, named
Bluetooth, has been introduced by an industry grouprovide low cost, short range (10
meter) ad hoc communication networks in the unlsszh 2.4 MHz band between
personal computers and other consumer electronmicedeand appliances. Bluetooth is
an industrial specification for wireless personsdaanetworks (PANs), also known as
IEEE 802.15.1.
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1.1.4 Cordless telephony

“A cordless telephone or portable telephone islepteone with a wireless
handset which communicates with a base station emtad to a fixed
telephone landline (POTS) via radio waves and ¢dy lbe operated close
to (typically less than 100 meters of) its baséata

(Cordless telephone 2006)

Cordless telephones were first emerged in the d&80's as a consumer product. The
benefit of cordless telephony is straight-forwaitdallows the user to move around a
house or business while talking on the phone, aiptbvides telecommunication service

in rooms that might not be wired.

There are some limitations in first generation ¢=sd phones. The analog signaling
technique is prone to interference, spying, anddraspecially as the number of users
increased. In addition, the user is unable to heghone when he or she goes out of the
range of its base station. Modern cordless telephgtandards have addressed these
deficiencies. In the U.S.A, there are seven frequévands that have been allocated by
the Federal Communications Commission for uses dhdre are several proprietary
cordless systems operating in the 900 MHz bandsé&lsystems use advanced digital
signaling techniques such as spread spectrum. Thesemore robust against in-
terference, and are more secure. In Europe, the TDHEUgital European Cordless
Telephone) and CT-2 standards not only offer digitgnaling, but allow connectivity
beyond the home base station by employing a cellida infrastructure. A similar
system in Japan, the Personal Handyphone Syster8)(Ptds become extraordinarily

successful (Rappaport 1996), (Goodman 1997).
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1.1.5 Satellite telephony

Satellite telephony is similar to cellular teleplowith the exception that the base
stations are satellites in orbit around the eabDbpending on the architecture of a
particular system, coverage may include the erfeeth, or only specific regions.
Satellite telephony systems can be categorizedrdicgpto the height of the orbit as
either LEO (low earth orbit), MEO (medium earth ibxbor GEO (geosynchronous
orbit).

GEO systems have been used for many years to coivaterielevision signals. GEO
telephony systems, such as INMARSAT, allow commainons to and from remote
locations, with the primary application being shkgpshore communications. The
advantage of GEO systems is that each satellite ahdsrge footprint, and global
coverage up to 75 degrees latitude can be providigld just 3 satellites (Padgett,
Gunther and Hattori 1995, vol. 33, pp. 28-41). Teadvantage of GEO systems is that
they have a long round-trip propagation delay afat?250 milliseconds and they require
high transmission power (Miller 1998, vol. 35, 26-35).

LEO satellites orbit the earth at high speed, |tttuale orbits with an orbital time of 70—
90 minutes, an altitude of 640 to 1120 kilometrd80(to 700 miles), and provide
coverage cells. With LEO systems, both the propagatime and the power
requirements are greatly reduced, allowing for numst effective satellites and mobile
units (Satellite phone 2006).The main disadvantagfetEO systems are that more
satellites are required and handoff frequently cg@s satellites enter and leave the field
of view. A secondary disadvantage of LEO systenhesshorter lifespan of 5-8 years
(compared to 12-15 in GEO systems) because ofastrg amount of radiation in low
earth orbit (Miller 1998, vol. 35, pp. 26-35).

MEO systems represent a compromise between LECemmgstand GEO systems,
balancing the advantages and disadvantages of Eaamples of LEO systems include
Motorola's Iridium (66 satellites, 1998 startup ejatQualcomm/Loral's Globalstar (48
satellites, 1999 startup), Mobile Communicationddiws' Ellipso (14 satellites, 2000
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startup), as well as the proposed Teledesic syq{288 satellites, 2002 startup).
Examples of MEO systems include ICO (10 satellit2@D0 start up), and TRW's
Odyssey (12 satellites, 1998 startup) (Miller 1988, 35, pp. 26-35).

1.1.6 Third generation systems

3G is short for third-generation technology. Itused in the context of mobile phone
standards. At the close of the"™2€entury, mobile communications are characterized b

diverse set of applications using many incompatidedards.

In order for today's mobile communications to beedmly personal communications in
the next century, it will be necessary to consaédae standards and applications into a
unifying framework. The eventual goal is to defiaeglobal third generation mobile
radio standard originally termed the Future Pullamd Mobile Telecommunications
System (FPLNITS), and later renamed for brevity H2d00, for International Mobile
Telecommunications by the year 2000 (Berruto, Guaisan, Menolascino, Mohr and
Pizarosso 1998, vol. 36, February, pp. 85-95).

1.2 Other applications of error control coding

In this section, some error control codes othen tharatively decodable codes are
briefly introduced. The first two subsections imtuce ECC concepts of two different
linear binary codes and the following section idiioes a minimum set of concepts
necessary for the understanding of binary cyclideso Hamming codes are perhaps the
most widely known class of block codes, with thesgible exception of Reed-Solomon
codes. The binary Golay code is the only nontrielehmple of an optimal triple-error

correcting code.
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1.2.1 Hamming codes

Hamming codes are the first class of linear codesisgéd for error correction
(Hamming 1950, pp. 147-160). These codes and Wagiations have been widely used
for error control in digital communication and darage system. The fundamental
principal embraced by Hamming codes is parity. Hamgmcodes are capable of
correcting one error or detecting two errors butt rcapable of doing both

simultaneously.

For any positive integerm >3, there exists a Hamming code with the following
parameters.

Code length: n=2"-1

Number of information symbols: k=2"-m-1
Number of parity-check symbols: n-k=m
Error-correcting capability: t=1, whered = 3

A Hamming code word is generated by multiplying tfaga bits by generator matrix

using modulo-2 arithmetic. This multiplication'ssudt is called the code word vector

(c,c,...., G )consisting of the original data bits and the calted parity bits.

The generator matriXG is used in constructing Hamming codes consistd (the

identity matrix) and a parity generation matAx
G=[I:A (1.1)
Hamming codes are a good mechanism to catch bogiesand double bit errors or to

correct single bit error. This is accomplished Isyng more than one parity bit, each

computed on the different combination of bits ie thata.
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1.2.2 The binary Golay code

The binary form of the Golay code is one of the nioportant types of linear binary block
codes. It is of particular significance, sincesitone of only a few examples of a nontrivial
perfect code. A-error-correctingcode can correct a maximum numbet efrors. One of

the major properties of a perfeeerror-correcting code is that every word lies within a

distance of to exactly one code word.

Equivalently, the code has minimum distandg, = 2t+1, and covering radius where the

covering radius is the smallest number such that every word liélsinva distance of to a

codeword.

There are two closely related binary Golay codés @xtended binary Golay code encodes
12 bits of data in a 24-bit word in such a way tuay triple-bit error can be corrected and

any quadruple-bit error can be detected. The segnadthe perfect binary Golay code, has
codewords of length 23 and is obtained from therede¢d binary Golay code by deleting

one coordinate position. Conversely, the extendeary Golay code can be obtained from

the perfect binary Golay code by adding a parityMorelos-Zaragoza 2002).

1.2.3 Binary cyclic codes

Cyclic codes form an important subclass of lineates. These codes are attractive for two
reasons: first, they can be efficiently encoded @ecbded using simply shift-registers and
combinatorial logic elements, based on their repradion using polynomials; and second,

because they have considerable inherent algeliragiise.

Cyclic codes were first studied by Prange in 1989@niming 1950, pp. 147-160). Since
then, many algebraic coding theorists are encoogatie study of cyclic codes for both

random-error correction and burst-error correction.
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BCH codes are family of cyclic codes. A B@Bse, Ray-Chaudhuri, Hocquenghem) code
is a much studied code within the study of codingoty and more specifically error-
correcting codes. In technical terms, a BCH codea multilevel, cyclic, error-correcting,

variable-length digital code that is used to cdrrealtiple random error patterns.

1.3 Purpose and structure of thesis

It is well known that wireless links are very vutable to channel imperfection such as
channel noise, multi-path effect and fading. lteaidecoding is a powerful technique
to correct channel transmission errors, and thysore the bandwidth efficiency of

wireless channels.

The essential idea of iterative decoding is to twg@ or more soft-in/soft-out (SISO)
component decoders to exchange soft decoding imfilom This soft decoding
information is known as extrinsic information. ¥ the exchange of the extrinsic
information that provides the powerful error cotneg capabilities desired by very
noisy wired and wireless channels.

Turbo codes and low-density parity-check (LDPC) eodre two error control codes
based on iterative decoding. These codes are widséd in various international
standards, such as W-CDMA, CDMA-2000, IEEE 802drid DVB-RCS. The purpose
of this study is to investigate the performancévad error control codes, namely, turbo
codes and LDPC codes based on iterative decodidgdamonstrate the performance
comparison between these two codes, in terms of eesilient performance, latency,
and computational resources. In the first parthed thesis, the fundamental of wireless
networks were presented along with some brief egilan of other error control codes.
Chapter 2 begins with the history of turbo coded BBPC codes, and then gives an

overview of block, convolutional and concatenatedes.
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Chapter 3 discusses the fundamentals of turbo cededsLDPC codes. Chapter 4
focuses on encoding and decoding strategies thatuaed to implement turbo
processing systems, and describes the major clagse®ft-input and soft-output
decoding algorithms. Chapter 5 focuses on encodimdy decoding strategies that are
used to implement LDPC processing systems. Chdptdiscusses the performance
analysis for both turbo codes and LDPC codes aloitly some simulation results. In
the end it demonstrates the performance comparsiween these two codes. The

conclusions and recommendations are found in Chapte
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Chapter 2

Error correction coding

The approach to error correction coding taken bgeno digital communication systems
started in the late 1940’s with the revolutionamrkvof Shannon (Shannon 1948, vol. 27,
pp. 379-423 and 623-656), Hamming (Hamming 1950,14F-160), and Golay (Golay
1949, vol. 37, p. 657). In his paper, Shannon sklothat it was possible to achieve
reliable communications over noisy channel provitieat the source’s entropy is lower
than the channel’s capacity. Shannon did not eilglistate how channel capacity could
be practically reached; he just stated that thagg attainable.  The aim of this project
is to investigate turbo codes and LDPC codes, whidre many of the same concepts
and terminologies of both block and convolutionaties. For this reason, it would be
helpful to first provide an overview of block andnwvolutional codes before proceeding
towards the discussion of turbo codes and LDPC <odibis chapter starts with the
history of turbo codes and LDPC codes and thensgive concise history of block codes,
convolutional codes and concatenated codes. Latehis chapter, the preliminary

description of these two main iteratively decodabteles is presented. The code
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construction and the algorithms that are used twde turbo codes and LDPC codes

are detailed in the following chapters.

2.1 History

Iterative decoding technique was first introduced 954 by P. Elias when he showed his
work on iterated codes in his papéirfor-Free Coding” (Elias 1954, vol. PGIT-4, pp.
29-37). Later, in the 1960s, R. G. Gallager and.JMassey made an important
contribution. In their papers, they referred todteve decoding as probabilistic decoding
(Gallager 1962, vol. 8, no. 1, pp. 21-28), (Mas$863). The main concept then and as it
is today, is to maximize the a-posteriori probapilbf sending data which is a noisy

version of the coded sequence.

Over the past eight years, a substantial amourgésgfarch effort has been committed to
the analysis of iterative decoding algorithms arel ¢onstruction of iteratively decodable
codes or “turbo-like codes” that approach the Sbanhimit. Turbo codes were
introduced by C. Berrou, A. Glavieux and P. Thijsiéma in their paperNear Shannon
Limit Error-Correcting Coding and Decoding: Turb&odes”in 1993 (Berrou, Glavieux
& Thitimajshima 1993, pp. 1064-1070).

In 1962, R. G. Gallager in his papdrotv-Density Parity Check Codesihtroduced a
class of linear codes, known as low-density pashgck (LPDC) codes, and presented
two iterative probabilistic decoding algorithms (@ger 1962, vol. 8, no. 1, pp. 21-28).
Later, R. M. Tanner in his pap&A Recursive Approach to Low Complexity Codes”
extended Gallager’s probabilistic decoding algonitto the more general case where the
parity-checks are defined by sub codes, insteasingple single parity-check equations
(Tanner 1981, vol. IT-27, no. 5, pp. 533-547). \.Ayablov and M. S. Pinsker in their
paper‘Estimation of the Error- Correction Complexity f@alleger Low-Density Codes”
have showed that LDPC codes have a minimum disttrategrows linearly with the

code length and that errors up to minimum distasmdd be corrected with a decoding
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algorithm with almost linear complexity (Zyablov Rinsker 1975, vol. 11, no. 1, pp. 26-
36). D. J. C. MacKay and R. M. Neal have showedl tDC codes can get close to the
Shannon limit as turbo codes (MacKay & Neal 1996, 82, pp. 1645-1646). Later in

2001, T. J. Richardson, M. A. Shokrollahi and R.Urbanke have showed irregular
LPDC codes may outperform turbo codes of approxiyate same length and rate,
when the block length is large (Richardson, Shoksadii & Urbanke 2001, vol. 47, no. 2,

pp. 619-637).

However, such codes have been studied in detajl fonlthe most basic communication

system, in which a single transmitter sends datagmgle receiver over a channel whose
statistics are known to both the transmitter aredrédteiver. Such a simplistic model is
not valid in the case of wireless networks, whendtiple transmitters might want to

communicate with multiple receivers at the sameetoner a channel which can vary
rapidly. While the design of efficient error corien codes for a general wireless
network is an extremely hard problem and henceetleniques of iterative decoding are

still under experimentation and study.

2.2 Basic concepts of error correcting coding

Let us consider a digital communication channeidmaitting binary series (0Os and 1s) by
entering them into the channel input. The chanoekists of a modulator, the physical
transmission medium and a demodulator. The modutataverts input Os and 1s to pairs
of signals suitable for transmission through thelioma. During transmission, these signals
are distorted and disturbed by noise. The infisét of the received signals is then
converted back to Os and 1s by the demodulatogusidecision rule. These decisions,
however, are not free of errors. The probabilityeobr would certainly be reduced if the
transmitted power or the duration of the signals imareased. These methods are not used
because neither poor efficiency nor low transfeée ia desirable. Fortunately, there is a
procedure called Error Correcting Coding (EGG)keep the probability of transmission
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errors at an acceptably low level. Figure 2.1 shdis representation of a typical

transmission by a block diagram.

All error correcting codes are based on the sarse lminciples. The encoder takes the
information symbols from the source as input andsag@dundant symbols to it. In a basic
form, redundant symbols are appended to informatyonbols to obtain a coded sequence
or codeword. Most of the errors that are introdudedng the process of modulating a
signal, transmission over a noisy medium and detatida, can be corrected with the help
of those redundant symbols. Such an encodingdstedie systematic. Figure 2.2 shows the
systematic block encoding for error correction, mehérst k symbols are information

symbols and remaining-k symbols are some functions of the information syls\bTrhese

n-k redundant symbols are used for error correctiafetgction purposes. The set of all code

sequence is called an Error Correcting Code (E@@)tas denoted b¢.

i - X
Information |Y | Encoder | V | Modulation
source L -
= | | v
= i | Noisy
Medium
Information | ! Decoder Demodulation |
destination | (j T Sy
ECC . CODED i

| MODULATION

_______________________________________________

Figure 2.1: A digital communication system
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n symbols

Information Redundancy

<+— ksymbols —><%— n - ksymbols —

Figure 2.2: Systematic block encoding for error corection.

2.3 Shannon capacity limit

In 1948, Claude E. Shannon published his era makapeger (Shannon 1948, vol. 27, pp.
379-423 and 623-656) on the limits of reliable samssion of data over unreliable
channels and methodologies of achieving thesedinhit that paper, he also formalized
the concept of information and investigated bourfiols the maximum amount of
information that can be transmitted over unreliatilannels. In the same paper Shannon

introduced the concept of codes as ensembles tdrgabat are to be transmitted.

Form Figure 2.1, let's assume the information seurproduces a message
u={u}, yo,1, 0 <is< k-, ofkdata bits. The data bits are passed through anehan
encoder, which adds structured redundancy by panfgr a one-to-one mapping of the
messagel to a code wordk ={x}, xd X, X, 0 < i< n1 of ncode symbols, where

X, and X, are symbols suitable for transmission over thenebh Hence, the code has a

rate ofr = k/n bits per symbol. The codewoid is transmitted over a channel with some

capacity bits per channel use.

Given a communication channel, Shannon provedttieak exists a number, called the
capacity of the channel, such that reliable trassion is possible for rates arbitrarily

close to the capacity, and reliable transmissioroigpossible for rates above the capacity.
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The channel capacity depends on the type of chamtkit measures the number of data

bits that can be supported per channel use (SHakr@003, pp.2-3).

Now, let’'s presume the received version of the eand y is passed through a channel

decoder, which estimatdas of the message. If the channel allows for errbrsn there is
no general way of telling which codeword was seith @bsolute certainty. However, one
way to find the most likely codeword is simply lisl the 2 possible codewords, and
calculate the conditional probability for the indival codewords. Then find the vector or
vectors that yield the maximum probability and retane of them. This decoder is called
the maximum likelihood decoder.

Shannon proved a random code can achieve chanpatitafor sufficient long block
lengths. However, random codes of sufficient lengte not practical to implement.
Practical codes must have some structure to abenehcoding and decoding algorithms
to be executed with reasonable complexity. Codas approach capacity are very good
from a communication point of view, but Shannoh'sorems are non-constructive and

don't give a clue on how to find such codes (Shitdino2003, pp.2-3).

2.4 Block codes

During the time that Shannon was defining the tbgoal limits of reliable
communication, Hamming and Golay were busy in depielg the first practical
error control schemes. Their work gave birth to uccessful branch of applied
mathematics known as coding theory. In 1946, Ridhldamming, wahired by Bell
Labs to work on elasticity theory. However, Hammiogind that he spent much of
his time working on computers which were highly ellable at that time. The
computers were equipped with error detection cdjeds, but they would halt the
execution of the program while detecting an erfidnis led Hamming to search ways
to encode the input so that the computer couldembrisolated errors and continue

running. His solution was to group the data intessaf four information bits and
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then calculate three check bits which are a lineadmbination of the information
bits. The resulting seven bits code word was thed ito the computer. After
reading the resulting codeword, the computer raougph an algorithm that could
not only detect errors, but also determine the tiocaof a single error. Thus the
Hamming code was able to correct a single erroa inlock of seven encoded bits
(Hamming 1950, pp. 147-160).

Although Hamming codes were a great progressionad some undesirable proper-
ties. Firstly, it was not very efficient. It wasg@ring three check bits for every four
data bits. Secondly, it had the ability to correnty a single error within the block.
These problems were addressed by Marcel Golay, gdéreralized Hamming's
construction. During his process, Golay discovengd very astonishing codes on
which the binary Golay code has already mentionmucisely in Section 1.2.2. The
second code is the ternary Golay code, which operan ternary, rather than binary,
numbers. The ternary Golay code protects blocksiofternary symbols with five
ternary check symbols and has the capability toemrtwo errors in the resulting
eleven symbol code word (Golay 1949, vol. 37, )65

The general strategy of Hamming and Golay code® wess same. The ideas were to
group g-ary symbols into blocks ok-digit information word and then add-k
redundant symbols to produce ardigit code word. The resulting code has the
ability to correctt errors, and has code rate k/n. A code of this type is known as

a block codeand is referred to as 4,(n, k, t)block code.

2.5 Convolution codes

Although, block codes have attained lots of succ#ssy have several fundamental
drawbacks. Firstly, because of their frame oriectegtacteristic, the entire code word must
be received before decoding procedure starts.CHmsntroduce an intolerable latency into

the system, particularly for large block lengthec&dly, the block codes require precise
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frame synchronizatiohThirdly, most of the algebraic-based decoderbliock codes work
with hard-bit decisions, rather than with "soft"tputs of the demodulator. With hard-
decision decoding, the output of the channel igrnalo be binary, whereas the channel
output is continuous-valued with soft-decision dboeg. However, in order to achieve the

performance bounds predicted by Shannon, continualugd channel output are required.

The drawbacks of block codes can be avoided bygakidifferent approach to coding and
one of them was convolutional coding. Convolutiocadles were first introduced in 1955
by Elias (Elias 1955, vol. 4, pp. 37-47). Ratheanttsplitting data into distinct blocks,
convolutional encoders add redundancy to a contisigtream of input data by using a
linear shift register. In convolutional codes, ebtitk ofk bits is mapped into a block of
bits but thes@ bits are not only determined by the predenformation bits but also by the
previous information bits. This dependence candpuced by a finite state machine. The
total number of bits that each output depends @alled the constraint length, and denoted
by K. The rate of the convolutional encoder is the nemds data bitk taken in by the
encoder in one coding interval, divided by the nembf n coded bits during the same
interval. While the data is continuously encodédan be continuously decoded with only
small latency. In addition, the decoding algoritho@ make full rise of soft-decision

information from the demodulator.

After the development of the Viterbi algorithm, gofutional coding began to be utilized in
extensive application of communication systems. Tdanstraint lengthK, = 7
"Odenwalder" convolutional code, which operatestdsr = 1/3 and = 1/2, has become a
standard for commercial satellite communicationliapfions (Berlekamp, Peile and Pope
1987), (Odenwalder 1976). Convolutional codes wised by several deep space probes
such as Voyager and Pioneer (Wicker 1995).

All of the second generation digital cellular stard$ incorporate convolutional coding;
GSM uses & = 5,r = 1/2 convolutional code, USDC us&a= 6,r = 1/2 convolutional

code, and 1S-95 usesa = 9 convolutional code with= 1/2 on the downlink and= 1/3

2 Frame synchronization means that the decoderrmsl&dge of which symbol is the first symbol in a
received code word.
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on the uplink (Rappaport 1996). Globalstar als® @€, = 9,r = 1/2 convolutional code,
while Iridium uses & = 7 convolutional code with= 3/4 (Costello, Hagenauer, Imai and
Wicker 1998, vol. 44, pp. 2531-2560).

2.6 Concatenated codes

Convolutional codes have a key weakness and thatlerability to burst errors. This
weakness can be eased by using an interleateh scrambles the order of the coded bits
prior to transmission. At the receiver end, a dglatwver is used that places the received
coded bits back into the proper order after denadaud and prior to decoding. The most
common type of interleaver is the block interleavdrich is simply arM, x N, bit array.
Data is placed into the array column-wise and ttead out row-wise. A burst error of
length up ta\, bits can be spread out by a block interleaver shahonly one error occurs
in everyM, bits. All of the second generation digital celluttandards use some form of
block interleaving. A second type of interleaverthe convolutional interleavewhich
allows continuous interleaving and deinterleavimgl as ideally suited for use with
convolutional codes (Ramesy 1970, vol. 16, pp. 338).

2.7 Iterative decoding for soft decision codes

Iterative decoding is defined as a technique emplpya soft-output decoding
algorithm that is iterated several times to impraoke error performance of a coding
scheme, with the aim of approaching true maximumlihood decoding (MLD),
with less complexity. After designing the underkyiarror correcting code, the error
performance can be improved by simply increasirggrthmber of iteration. In terms
of the application of iterative decoding algorithniSCC schemes can be generally
categorized into two classes, i.e., Turbo codesldnWdC codes. This section presents

an overview of these two main iteratively decodatudes.



Chapter 2 Error correction coding 24

2.7.1 Turbo codes

Turbo codes are a new class of error correctioresdbdat was introduced in 1993, by
a group of researchers from France, along withaxtpral decoding algorithm. The
turbo codes are very important in the sense they @nable reliable communications
with power efficiencies close to the theoreticahiti predicted by Claude Shannon.
Hence, turbo codes have been projected for low-paapplications such as deep-
space and satellite communications, as well agsri@rference limited applications
such as third generation cellular and personal comaation services. Figure 2.3
shows the block diagram of turbo encoder.

Systematic Output

Data | Upper RSC >
| Encoder
> MUX
\ 4 Parity Output
Interleaver .| Lower RSC
Encoder

Figure 2.3: Encoder structure of a parallel concateated (turbo) code.

A turbo code is the parallel concatenation of twonmore Recursive Systematic
Convolutional (RSC) codes separated by an intedeaVwo identical rate = 1/2
RSC encoders work on the input data in paralledresvn in Figure 2.3. As shown in
the figure, the upper encoder receives the datctly, while lower encoder receives
the data after it has been interleaved by a pemmoutdunction a . In general, the
interleavera is a pseudo-random interleaver. It maps bits isitpmn i to position

a(i) according to a prescribed, but randomly generatéel Because the encoders
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are systematic (one of the outputs is the inpwlfitsand receive the same input
(although in a different order), the systematic poatit of the lower encoder is
completely unnecessary and does not need to bemitted. However, the parity
outputs of both encoders are transmitted. The dvexde rate of the parallel
concatenated code is = 1/3, although higher code rate can be achieved b

puncturing the parity output bit with a multiplex@iUX) circuit.

Deinterleave

A"

Systematic Data > Upper > Interleaver > Lower
> Decoder Decoder
: ’
|* Decoded output
DeMUX
Parity Data

Interleaver,

A 4

Figure 2.4: Block diagram of an iterative decoderdr a parallel concatenated code.

As an interleaver exists between two encoders,nogitidecoding of turbo codes is
incredibly complex and therefore impractical. Howev a suboptimal iterative
decoding algorithm was presented in (Berrou, Glavi& Thitimajshima 1993, pp.
1064-1070) which presents good performance at mowaler complexity. The idea
behind the decoding strategy is to break the oVetatoding problem into two
smaller problems with locally optimal solutions amal share information in an
iterative fashion. The decoder associated with eatlthe constituent codes is

modified so that it produces soft-outputs in thenfoof a-posteriori probabilities of
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the data bits. The two decoders are cascaded amshadrigure 2.4. As shown in the
figure, the lower decoder receives the interleavexsion of soft-output of the upper
decoder. At the end of the first iteration, thenderleaved version of soft-output of
the lower decoder is fed back to the upper decaddrused as a-priori information in
the next iteration. Decoding continues in an itemtfashion until the desired

performance is achieved.

The original turbo code of (Berrou, Glavieux & Timajshima 1993, pp. 1064-1070)
used constraint lengt; = 5 RSC encoders and a 65,536 bit interleaver. gdray
bits were punctured in such a way that the overalle was an = 131,072,k =
65,532) linear block code. Simulation results shovileat a bit error rate 010”

could be achieved at aB, /N, ratio of just 0.7 decibels (dB) after 18 iterasoaof

decoding. Thus, the author claimed that turbo canedd come within a 0.7 dB of
the Shannon limit. However, it is found that therffpemance of the turbo codes

increases as the length of the codescreases.

2.7.2 LDPC codes

LDPC codes are one of the hottest topics in cotlwegry today. Besides turbo codes,
low-density parity-check (LDPC) codes form anotblass of Shannon limit-approaching
codes. Unlike many other classes of codes, LDP@sade very well equipped with very
fast encoding and decoding algorithms by now. Tésgh of the codes is such that these
algorithms can recover the original codeword in fdee of large amount of noise. New
analytic and combinatorial tools make LDPC codesamby attractive from a theoretical

point of view, but also perfect for practical agglions.

In 1962, Robert Gallager (Gallager 1962, vol. 8, hopp. 21-28) invented low-density
parity-check (LDPC) codes in his PhD thesis. Sdter ¢he invention of LPDC codes, they
were mostly forgotten, and reinvented several tifoethe next 30 years. The comeback of

LPDC codes were one of the most fascinating aspédteeir history. Recently, however,
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they have been strongly promoted, and MacKay ik showed that LDPC codes are
capable of closely approaching the channel capaeitparticular, using random coding
arguments MacKay showed that LDPC code collectbamsapproach the Shannon capacity
limit exponentially fast with increasing code lemgiMacKay & Neal 1996, vol. 32, pp.
1645-1646).

LDPC codes are codes, specified by a matrix cangimostly 0’'s and relatively few 1's.
There are basically two classes of LDPC codes basdtie structure of this matrix, i.e.,

regular LDPC codes and irregular LDPC codes.

A regular LDPC code is a lineafw,, w,, N) code with parity-check matrid having the
Hamming weight of the columns and rows-bfs equal tow, andw, , where bothw, and

w, are much smaller than the code lergthin somewhat artificial sense, LDPC codes are
not most favorable of minimizing the probabilityadgcoding error for a given block length.
It can be shown that the maximum rate at which ti@ybe used is bounded by the channel

capacity. However, the simplicity in the decodinghesme can compensate these
disadvantages.

As previously mentioned, a regular LDPC code isrgef as the null space of a parity-
check matrixH. This parity-check matrixias some structural properties which are given

below:

1. The parity-check matribH has constant Hamming weight of the columns and
rows equal tow, and w, , where bothw, andw, are much smaller than the code
length.

2. The number of 1's in common between any two colynademoted by, is no
greater than 1. This implies that no two rowshbfhave more than one 1 in

common. Because botw, and w, are small compared with the code length and

the number of rows in the matik, hence the matrix has small density of 1's.
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This is the reason whi is said to be a low-density parity-check matrixgd dhe code

specified byH is hence called a low-density parity check (LDIeGje.

An irregular LDPC codes are obtained, if the Hamgnireights of the columns and rows
of H are chosen in accordance to some nonuniform hligton (Richardson,
ShokroLLahi & Urbanke 2001, vol. 47, no. 2, pp. €%). An irregular LDPC code has
a very sparse parity check matrix in which the ooiuweight may vary from column to
column. In fact, the best known LDPC codes aregular; they can do better than
regular LDPC codes by 0.5 dB or more (Luby, M Giddnmacher, Shokrollahi, M A
and Spielman, D A 2001, vol. 47, ng.[@p. 585-598).

2.8 Chapter summary

This chapter has focused on the basic concepts®mtlasses of ECC codes, i.e., turbo
codes and LDPC codes. Both turbo codes and LDPscadilize a soft-output
decoding algorithm that is iterated several timesniprove the bit error probability,
with the aim of approaching Shannon capacity limith less complexity.. The basic
concepts of error correcting codes and Shannoncigpamit were presented. Turbo
codes have many of the common concepts and terogiesl of block codes,
convolutional codes and concatenated codes. LDRIEscalso share some idea of block
codes. Hence, an outline for each block codes, alotiunal codes and concatenated

codes was presented separately.

Presently turbo codes are being utilized in the liappons of satellite
communications, third generation cellular and peadocommunication services. .
LDPC codes with new analytic and combinatorial $sobave also become perfect for

practical applications.
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Chapter 3

Turbo codes: Encoder and decoder construction

This chapter focuses on the encoder constructidrdanoding algorithms of turbo codes.
Turbo codes share many of the same concepts antht#ogies of both block codes and
convolutional codes. For this reason, it is helgtuffirst provide an overview of block

codes and convolutional codes before proceeditigetaiscussion of turbo coeds.

3.1 Constituent block codes

Block codes process the information on a block-lmgh basis, treating each block of
information bits independently from others. Typigala block code takes &-digit
information word, and transforms this into digit codeword. At first, the encoder for a
block code divides the information sequence intessage blocks ok information bits
each. A message block is then represented by ttaeyik-tuple O = (Up, W, ..., W.1). SO

there are total of Aifferent possible messages. The encoder transfeach message
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independently into am-tuple v. = (v, W,...,\b.1 ). Hence, corresponding to the 2
different possible messages, there dralifferent possible code words at the encoder
output.

3.1.1 Encoding of block codes

The encoding process consists of breaking up tke idéo k-tuplesu called messages,
and then performing a one-to-one mapping of eacksageu to ann-tuple v, called a
code word. LetC denote a binary linean( K, dhin) code. SinceC is ak-dimensional
vector subspace, any codewaord] Ccan be represented as a linear combination of the

elements in the basis:

V=V Gyt Yy, (3.1)

where u 0{0,1},0<i<k-1. Equation (3.1) can be described by the matrix

multiplication

V=TG, (3.2)

whereG is thek x n generator matrix.

\70 VO,O V0,1 e Von— 1
G= Vl — Vl,O V1,1 o Vln— 1 (3 3)
\_/k—l Vk—l,O Vk—l,l Ve in1

Since C is k-dimensional vector space M, there is anr( - K - dimensional dual
spaceC™, generated by the rows of a matkk called the parity-check matrix, such

thatGH'™ =0, whereH "denotes the transposetof
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The Hamming distancd,, (v, V,) is the number of positions that two code wordgedif

It can be found by first taking the modulo-2 sumtbé two code words and then
counting the number of ones in the result. The mum distancel.,, of a code is the

smallest Hamming distance between any two words
Ao = Min{d, (%, %) | 4% . (3.4)

A code with the minimum distanak, is capable of correcting all code words witbr

fewer errors, where

— dmin -1
|t @9

whereLxJ denotes the largest integer less than or equal to

The Hamming weight can be found by simply counting number of ones in the code
word. For linear codes, the minimum distance is shellest Hamming weight of all

code words except the all-zeros code word

dmin :man\(\{) (36)

i>0

3.1.2 Systematic codes

A code is said to be systematic if the messagis contained within the codeword.

The generator matris of a systematic code can be brought to systerfatic

Gsys:[l kI P]’ (37)
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where |, is thek x kidentity matrix andP is ak x (n - k) parity sub-matrixsuch that

po,o p0,1 oo pOn—k— 1

pl,O pl,l T pln—k— 1

P= (3.8)

pk—l,O pk—l,l o pk— Ik 1

SinceGH' =0, it follows that the systematic forn_ ., of parity-check matrix is

sys?

Hsys:[PTl In—kl]' (39)

3.2 Constituent convolution codes

3.2.1 Encoding of convolution codes

A convolution encoder has memory, in the sensetltigabutput symbols depend not only
on the input symbols, but also on the previous t®@u outputs. The memom of the
encoder measured by the total length of shift tegg81. Constraint lengthk; = m + 1, is
defined as the number of inputs[i[, u[i- 1], ... u[i-m]) that affect the outputs (
VOT,...,v®™[i] ) at timei. An encoder withm memory elements will be referred to as a
memorym encoder. Figure 3.1 shows an example of a conwakit encoder. For this

encoder, memorgn = 2, the code rate= 1/2 and the constraint lendth = 3.
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v O
()

S S

()]
O

Figure 3.1: An encoder of memory-2 rate-1/2 convotional encoder.

3.2.2 State diagram

A memorym rate In convolution encoder can be represented by a diaggam. An
encoder withm memory elements there ar@ &ates. Figure 3.€hows the state diagram
of the memory-2 rate- 1/2 convolution code. As ¢hisronly one information bit, hence
two branches enter and leave each state and taégtmied byi[i] / V[i],...,v"i).

0/00 1/11

0/01

Figure 3.2: State diagram of a memory-2 rate-1/2 ewolutional encoder.
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3.2.3 Generator matrix

For an encoder with memoryn-rate-1/2, the impulse responses can last at mostl

time units and can be written & = (g, ¢©,---, ¢®) and g® =(g®, g®,---, g¥).

The impulse responseg® and g® are called the generator sequences of the endader.

general, when referring to a convolution code,gbéperators are expressed in octal form.
In order to stress the dynamic nature of the encalde indeterminat® (for “Delay”) is

used and the generators are written as polynomid&s g®(D),---,g" (D).

A convolutional encoder is a linear time-invariaygstem, with impulse responses given

by the code generatorg®(D),---,g" (D), where
g'’(D)=g’+g"'D+ g’ D+ + ¢) D, (3.10)

for 0< j <n. In term of the generators of a code, the outpguences can be expressed

as

VO[] = dli-1g [N, whereO< j <n (3.11)

1=0
In particular, for a rate-1/2 memorng-encoder, if the generator sequend@g® and

g®" are interlaced, then they can be arranged in thtgixnin such that

CRC R O T -
05 606 . g @
- 006 . d%aY, dldd ) d|(312)
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where the blank areas are all zeros. We can theite the encoding equations in

matrix form as

V =TG, (3.13)

where all operations are modulo-2. TGematrix is then called the Generator matrix

of the encoder.

Hence, the output sequenced’ (D), 0< j<n, as mentioned, are equal to the discrete
convolution between the input sequenca(D) and the code generators
g?(D),g"™(D),---,9" V(D). Let, V(D)=V(D)+ DWW (D)+---+ D"V V(D). Then

the relationship between input and output can betemras follows:

V(D) =U(D)G(D), (3.14)

where, generators of a rateronvolutional code are arranged in matrix and retéto

as a polynomial generator mati@&(D) .

3.2.4 Trellis diagram

A trellis diagram expands the state diagram to show the states change with time. A
trellis diagram is constructed by placing the stdi@ggram of the code at each time
interval with branches connecting states betwewaitiandi + 1, in correspondence with
the encoder table. The inputs and outputs are showly in the fist trellis as any two of
the same state-to-state transitions have the satpete and inputs. Thus, not all outputs
are needed to be showed and hence reduce the.driggere 3.3 shows six sections of the

trellis of a memory-2 rate-1/2 convolutional encode
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Figure 3.3: Six sections of the trellis of a memorg rate-1/2 convolutional encoder.

3.2.5 Punctured convolution codes

If convolutional codes are rate ofnlthe highest rate that can be achievedssl/2. For
many applications it may be desirable to have hightes such as= 2/3 orr = 3/4. One
way to attain these higher rates is to use an en¢bdt can take more than one input stream
and thus having rate = k/n, wherek > 1. However, this increases the complexity of
decoder’s add-compare-select (ACS) circuit expoakyntin the number of input streams
(Wicker 1995). Hence, it is desirable to keep thmber of input streams at the encoder as
low as possible. An alternative of using multipleceder input streams is to use a single

encoder input stream and a process called pungturin

Puncturing is the process of systematically dedetor not sending some output bits of a
low-rate encoder. The code rate is determined éyntimber of deleted bits. For instance,
one out of every four bits is deleted from the atitpf a rate 1/2 convolutional encoder.
Then for every two bits at the input of the encodbree bits remain as outputs after

puncturing. Hence, the punctured rate is 2/3. Tdwvalutional codes of rate 3/4 can be
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generated from the same encoder by deleting twmfavery six output bits. One of the

main benefits of puncturing is that it allows tream® encoder to attain a wide range of
coding rates by simply changing the number deléiesd (Hagenauer 1988, vol. 36, pp.

389-400).

When puncturing is used, the location of the ddldi#gs must be explicitly stated. A
puncturing matrixP specifies the rules of deletion of output biRgs ak x n, binary matrix,
with binary symbolg; that indicate whether the corresponding outpuiskitansmitted §;

= 1) or not p; = 0). For example, the following matrix can bedise increase a rate 1/2
code to rate 2/3

£

v Vv, ©
O O

Figure 3.4: An encoder of a memory-2 rate-2/3 PCC.

The corresponding encoder is depicted in FigureABebded sequence

= — 0 1 0),f1 0 1 0
V= (o VOV YOV O (O

1421270 %3i
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of the rate- 1/2 encoder is transformed into cadgisnce

<
I

N2 0 1 0) \ 41 0
p = GOV D VMG NS, )

i.e., every other bit of the second output is @el¢Morelos-Zaragoza 2002).

One of the goals of puncturing is that for a varathigh-rate codes, the same decoder can
be used. One way to achieve decoding of a puncowadolution code using the viterbi
decoder of the low-rate code is by the insertioridefeted” symbols in the positions that
were sent. This process is known as depuncturingpécial flag is used to mark these

deleted symbols.

3.2.6 Recursive systematic codes

If a data sequence being encoded becomes a p#re @ncoded output sequence, that

codes are referred to as systematic.

! Vi(O)

v

A

O,

A 4
A 4

o

e
J

Vi(l)

v

Figure 3.5: An encoder of a memory-2 rate-1/2 recuive systematic convolutional encoder.
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Convolutional codes can be made systematic withedicing the free distance. A rate

1/2 convolutional code is made systematic by fiedtulating the remaindey(D) of the
polynomial divisiont(D)/ g‘”(D). The parity output is then found by the polynomial
multiplication v®(D)=y(D)g”(D), and the systematic output is simply
v?(D) =tu(D). Codes generated in this manner are referred teassive systematic

convolutional (RSC) codes. RSC encoding proceedsirbly computing the remainder
variable

il =U1+ ¥ gf] (3.15)
and then finding the parity output
VoL =Y yi-Tg] (3.16)

A systematic encoder is also an example of dis¢mele linear time-invariant system.
While conventional convolutional encoders are @nitnpulse response filters, RSC
encoders are infinite impulse response (lIR) ftbecause the generator matrix contains
rational functions. RSC encoders are finite stadehimes and can be represented by state
and trellis diagrams. The state diagram of a mer@ate- 1/2 RSC encoder is shown in

Figure 3.6 and the trellis diagram for this encadeshown in Figure 3.7.



Chapter 3 Turbo codes: Encoder and decoder constnic 40

0/00 1/11

0/01 1/10

Figure 3.6: State diagram of a memory-2 rate-1/2 @rsive systematic convolutional encoder.

Figure 3.7: Six sections of the trellis of a memor rate-1/2 recursive systematic convolutional
encoder.
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It can be noticed that the state and the trelleydims for the RSC code are almost
identical to those for the related non-systematiovolutional code. Actually, the only
difference between the two state diagrams is thatinput bits labeling the branches
leaving nodes (10) and (01) are complements of anether. In conventional
convolutional codes, the input bits labeling the tranches entering any node are the
same. Conversely, for RSC codes, the input bitsliladp the two branches entering any
node are complements of one another. Since thetsteuof the trellis and the output bits
labeling the branches remain the same when the ®deade systematic and the

minimum free distance remain unchanged.

3.3 Classes of soft-input, soft- output decoding algahms

3.3.1 Viterbi algorithm

Viterbi Algorithm (VA) is the optimum-decoding algthm for convolutional codes. It
finds the sequence of symbols in the given tréliet is closest in distance to the received
sequence of noisy symbols. This sequence compsitbe iglobal most likely sequence.
Therefore, VD is also known asaximum likelihood decoder

The likelihood between the received sequencafter transmission over a noisy channel

and the actual coded sequencés given by the conditional probability

P(r V)= |] P(r [v) (3.17)

To compute the global most-likely sequence, the At recursively computes the
survivor path entering each state. After the swwipaths entering all states are
computed, the survivor path that has the minimuth paetric is selected to be the global
most likely path.
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In VA, the branch metric is defined as the Hamndigjance between the received noisy

symbol, T and the ideal noiseless output symbol,At stagd, the branch metrics is
BM® = d, (Til, V[ 1), (3.18)
b= Z:;V,[I]Zn_l_' , associated with the outputsv[i] of every branch and thereceived
bits TTi] .
For each stateS¥, k=0,1;--,2"- 1, path metrics is defined as the as the distance
between the survivor path and the sequence of sgispols. It is calculated as follows

M(S¥) =min{ M($9)} + BM™, M &) + BN (3.19)

After the most likely transition to state iais computed, the path metric for statel,at

M (S¥), is updated and the survivor paths is updatealésafs, with the output of the

winning branch\_/kj , 04, 2},
v = (N ). (3.20)

The path metrics and the survivor paths are updatedll states at each step. In the end,

the survivor path with the minimum path metric éested to be the most likely path.

VA is the optimal maximum likelihood detection methin AWGN channel when
Euclidean distance is used as a distance measiitte ré&gpect to the VD algorithm with

Hamming distance, two changes are required:
1. The branch metric is computed as follows,
BM® = (1 ~m(y))* (3.21)

Let E denote the energy of transmitted symbol. The nmgppile is Binary Phase-
Shift Keying (BPSK),
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m(y) :{ A (3.22)

-JE if,v =1

2. Instead of taking the minimum path metrics, the YdRes the maximum path

metrics.

3.3.2 Soft-output Viterbi algorithm (SOVA)

A Viterbi algorithm is implemented to minimize thensmission errors of messages
through the system by computing the most likelyessquence of a hard decision or soft
decision input and then outputting it as a hardsiee. The Viterbi Algorithm attempts to
minimize bit errors of the output by estimating tloeiginal input bits. This is
accomplished by calculating the different input gbdities of a specific output symbol
and then assigning a confidence level to thoseteniat have the most likely probability
of actually having occurred. An extension of thasslcal Viterbi Algorithm is the Soft
Output Viterbi Algorithm (SOVA), which attempts tainimize bit errors as well. The
SOVA differs from the classical algorithm in thatoutputs soft decisions, rather than
hard decisions. The SOVA computes soft output @& ithformation bits as a log-
likelihood ratio (LLR),

(3.23)

A) = Iog{—Pr{ui =1|T}J

Pr{u =0T}
WhereT refers to the received sequence.

In a SOVA decoder, the Viterbi algorithm needs é&odxecuted twice. In the first time,
decoding proceeds as with the conventional VA, i exception that path metrics at
each decoding stage are needed to be stored. dttiss peferred as forward processing.

The second part is referred as backward procedsirtge second part the VA transverses
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the trellis backwards, and computes metrics ankdspatarting ai =N —1 and ending at
i =0. In this stage, there is no need to store theigng/paths, but only the metrics for
each trellis state. Finally for each trellis staigd, <i < N, the soft-outputs are computed

(Morelos-Zaragoza 2002).

M, ... can be used to denote the metric of the mosylikequences found by the Viterbi

algorithm. A-Posteriori Probability (APP) of thesasiated information sequenadg

given the received sequente is proportional toM while

max ?

Pr{(|T} =Pr{V] T} =& (3.24)

From (3.21) and (3.22), the APP of information tpitcan be written as

Pr{iu =1|T}=e"®,

where M;(1)=M .. Now, let assumeM,(0) denote the maximum metric of paths

associated with the complement of information symipoThen the soft-output

A) =M (D)= M (0). (3.25)

Hence, at timei, the soft-output can be obtained from the diffeeerbetween the

maximum metric of paths in the trellis with =1 and the maximum metric of paths with

In the SOVA algorithm, at stage the most likely information symbal. = j, j[0{0,1}, is

determined and the corresponding maximum metrichvig found in the forward pass of

the VA is set toM,(u). The path metric of the best competitdv], (u J1), can

computed as ( Vucetic and Yuan 2000),
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M, (v 01 = min{M, (§%) + BM®(uDD+ g ($)} . (3.26)

wherek;, k,0{0,1,2,---,2" - 1},
- M, (S%) is the path metric of the forward survivor at tiinel and stateS™
- BM®(y 01) is the branch metric at time for the complement information
associated with a transition form st&&’ to S*, and

- M, (S*) is the path metric of the backward survivor atgtimand stateS" .

Lastly, the soft-output is computed as

A() =M, @)- M, (0). (3.27)

3.3.3 Maximum- a — Posteriori ( MAP ) algorithm

The symbol-by-symbol maximum a-posteriori (MAP) @ithm was formally presented
in 1974 by Bahl et al as an alternative to the Mitalgorithm for decoding convolutional
codes (Bahl, Cocke, Jelinek, and Raviv 1974, vol20, pp. 284-287). The MAP
algorithm finds the most likely information bit th&as been transmitted in a coded
sequence. This is unlike the Viterbi algorithm whimds the most likely sequence that
has been transmitted. The difference of error perémce between the MAP and Viterbi
algorithm is negligible when the decoded bit-errate (BER) is small. The Map
algorithm has been largely ignored as it is sigaifitly more complex than Viterbi
algorithm. However, at low signal-to-noise ratid\@®) or Ex/Ng and high bit-error rate
(BER), MAP can do better than SOVA by 0.5 dB or eadfor turbo code it is very
important as the output BER’s from the first stagkgerative decoding can be very high.
Hence, any improvement that can be obtained aethigh BERs will directly result in
performance increases.
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The MAP algorithm calculates the a-posteriori ptuliy (APP) of each state transition,

given the noisy observatian. The state transitions in the trellis have proliéds
P{S™| ST}, (3.28)
and for the output symbolg,
g(x|m,m=pPr{x= % 8, 9} (3.29)
wherex = + 1, andx, = m(v}) = (-1)%,0<i <N.

The sequenc& is transmitted over AWGN channel and received ascquence , with

transition probabilities

Pr(r 1) = [ BT = [ ] o 1%, (3:30)
where p(r ; | % )is given by
p(; 1%) = B, (5 ~m(y)). (3.31)

Let, BY be the set of branches connecting sg&fteto stateS™ such that the associated

information bity; = j, j O {0, 1}, Then

PuljlT}= Y, PHSY, §" 8= X a(m m (3.32)

(m,mogh (m mo B

Here, the value ot (m', m)is equal to

o (m,m=a_(m)y" (m Mg (m (3.33)
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where the joint probabilityy, (m) = Pr{ $m),_5} is given recursively by

a (M) =Y a, (M3 /0 (o, m, (334)

and is referred to as the forward metric.

The conditional probability!” (m', m) = Pr{ $™, 71| $} is given by
y(mum =% p(m MPr{ x= % &, S}Pr{ Ir} (3.35)

where p.(m| m)=Pr{$” | 8§}, which for the AWGN channel can be put in thenfor

Y (m,m=Pr{y= }L(m rf)-exp(-Nini(iE - % )2) (3.36)

0 g=0

where g;(m,m) = 1 if {m, MO B”, and §,(m m) = 0 otherwise. )’ (m',m) is

referred to as the branch metric.

The conditional probability3 (m) = Pr{T, | S™} is given by

A= B (). e (m, m, (3.37)

and referred to as the backward metric.

Combining all the above equations, the soft oufpuR) of information bitu, is given by
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Pr{u =1|T} > 2 @My (m', m A (m
A(u‘):'OQ(WJ: 9SS anmyom, mam |

with the hard-decision output is given By=sgn(\ {4 )) and the reliability of the bit; is
IA@W)I.

The MAP algorithm proceeds as follows

1. Forward recursion.
(@) Create an array(j,i),0<j <2"-1,0<i <N This array will store the results

of the forward recursion and is initialized as dalb:

. 1if j=0
a(j,00=4_ ..

O if j#0

(b) Begin with time index = 1.

(c) Form=0,1, ... ,2™-1, computea according to
l .
a (m) =) a_,(m).> y" (m, m,
m' j=0

(d) Increment.
(e) If i =N, the end of trellis has been reached - continustép 2. Otherwise,

return to step 1(c).

2. Backward recursion.
(@) Create an arrag j(i, ) 0j < ™ 10 <N . This array will store the results

of the backward recursion and is initialized asofek:
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) 1if j=0
,N)= L
AUN) {O if j#0
Otherwise, if the trellis is not terminated

o1
,B(J,N)—ZmDJ

(b) Begin with time index = N-1.

(c) Form=0,1, ... ,2™1, compute according to
l .
Bm) =2 B..(m).> %4 (m, m,
m' j=0

(d) Decrement.
(e) If i =0, the end of trellis has been reached - coatitwustep 3. Otherwise,
return to step 2(c).

3. Fori= (0, ...,N-1), compute the LLR according to

33 a,(m) /O (m, m A (1)
M =I09) S5 /O (A (m |

3.3.4 Max —Log- MAP and Log- MAP algorithms

In principle, the MAP algorithm is able to calcuwairecise estimates of the a-posteriori
probability of each message bit. However, it has s&vere practical problems. First, it
is computationally intensive. Second it is sensitte the round-off errors that occur

when representing numerical values with finite mi®n. These two problems can be
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assuaged by performing the entire algorithm inltégedomain, rather than waiting until

the last step to take the logarithm of the liketidaatio.

To reduce the computational complexity of the MABoaithm, the logarithms of the
metrics may be used. This result is called log-M&#gorithm. From (3.34) and (3.37)
(Robertson, Villeburn and Hoeher 1995, pp. 10093)01

loga, (m)=|og(z exd logr, , (' log/? M m)J

1
=0

log B (m) = Iog(zzl: exy{ logB., ) log/” (m ',m)] (3.39)

Pt

Taking the logarithm of/” (m’, m) in (3.36),

n

log " (m',m)= g (m, n){logpr{iu: }—Ni " - %)Z} (3.40)

0 g=0

By defining@ (m) =loga, (m), B(m)=logAZ (m) andy'’(m'm) =log ) (m n), (3.38)

can be written as

¥ Y exp(@., )+ 7 ', m)+ 4 (m)
Alu) =1 m_m — , 3.41
=09 S exp(@ )7 eme A () o

and an algorithm that works in the log-domain isagted.

A computationally efficient, suboptimal derivatie# the MAP algorithm is the Max-
Log-MAP algorithm. The main benefit of executing thlgorithm in the Max-Log-MAP

algorithm is that multiplication becomes additittowever in this case, addition is not
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straight-forward. According to Jacobian logarithaddition is performed in the log-
domain as follows (Robertson, Villeburn and Hoel@95, pp. 1009-1013):

log(e* + €2) = max@, J, )+ log(t €%

=max(@, .0, )+ f. (10,9, |) (3.42)

In addition, it can be noted tha and o, are not similar and the correction function

f.(.) is close to zero. Thus, reasonable approximatdhe above is found by,
log(e* + €2) = max@, J, ) (3.43)

As a result, the log-likelihood ratio of informatidit u, is given by

AW) = maxi@_,(m)+ 7 (m, m+ 4 ()

—max{@_,(m)+y® (m, m+ 4 (m}. (3.44)
The forward and backward computation can now beesged as

(M) =X g )+ (. )

A (m) = maxmax{@., (my+y (m', m}. (3.45)

Thus, the max-log-MAP algorithm proceeds as follows

1. Forward recursion.
(@) Create an array(j,i),0<j < 2"-1,0<i <N This array will store the results

of the forward recursion and is initialized as dolb:
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1if j=0

ﬁ(j'o)z{-m if %0

(b) Begin with time index = 1.

(c) Form=0,1, ... ,2™1, computed according to

4 (m) = max max,, (my+ (', m.

(d) Increment.
(e) If i =N, the end of trellis has been reached - continugtép 2. Otherwise,

return to step 1(c).

2. Backward recursion.
(f) Create an arra§(j,i),0<j < 2"-1,0<i <N . This array will store the results

of the backward recursion and is initialized a$ofek:

j=0
if j#0

_ 1 if
B(j,N) ={
—00
Otherwise, if the trellis is not terminated

B(i,N)=0 0j.

(9) Begin with time index = N-1.
(h) Form=0,1, ... ,2™-1, compute according to

A(m) = max maxd@,, (my+ ' (m', m}.
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(i) Decrement.
() If i =0, the end of trellis has been reached - coatitoustep 3. Otherwise,
return to step 2(c).
3. Fori=(0,...,N-1), determine the LLR according to

A(W) = maxia , (m) + 7 (!, m+ & ( )

~max(@.,(m)+ 7 (m, m+ 5 (}.

For binary codes based on raten Tonvolutional encoders, in terms of decoding
complexity, SOVA requires half of that of the mag¢MAP algorithm. The log-MAP
algorithm is approximately twice more complex conggola to the max-log-MAP

algorithm.

3.4 Encoding of turbo codes

Figure 3.8 shows the block diagram of an encodex pérallel concatenated code, better
known as a turbo code. The turbo encoder is condposévo RSC encoders, which are
usually identical. The first encoder receives ttiei@ data and the second encoder receives
the data after being permuted by an interleaverbd godes appear random only because
of this interleaver. As the interleaver must haxed structure and generally works data in
a block-wise manner, turbo codes are by necedsitk loodes. If the interleaver has a fixed
size and both RSC encoders start with the all-zetate, then turbo codes are linear block

code.
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Systematic Output

Data | Upper RSC >
| Encoder
»  MUX
A 4 Parity Output
Interleaver .| Lower RSC
Encoder

Figure 3.8: Encoder Structure of turbo code.

In Figure 3.8 rate- 1/2 RSC codes are used andetizdders represent the term

0,(D)/9,(D) in the polynomial generator mat®( D). The inputs to the encoders are

U and[]T, where[] denotes a permutation mattassociated with an interleaver.

The systematic output of the turbo encodéf) is taken from the first (upper) RSC

encoder. The two parity outpwS) and v!? are taken from the first (upper) and second
(lower) RSC encoders’ parity outputs, respectivigyj = 1, 2, ...,N, whereN is the block
length. The output streams are multiplexed to forthe code word
v:(vgo),vf,l), \éz’,...,\(,‘)_)l,\ﬁ_)l,\{f_’l). In general, code rate of a turbo code is 1/3wkk
convolutional codes, this rate can be increasegumcturing. As for instance, a rate 1/2
turbo code can be achieved from the rate 1/3 tadole by using the following puncturing

matrix

% A permutation matrix is a binary matrix with ordpe nonzero entry per row and per column.
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11
p=l1 o (3.46)
0 1
U
Vi(O)
)
Y, N
I V(l) A
o s lE ]
v
)
o
Ui /\A
l i
Wl
v v
P

Figure 3.9: Example of turbo encoder.



Chapter 3 Turbo codes: Encoder and decoder constnc 56

3.5 Overview of turbo decoding

3.5.1 Soft-input, soft- output decoding

Soft-bit decisions typically are represented aspésteriori) log-likelihood ratio$LLRS)

of the form

_ Pru =1|1}
Au) = Iog[Pr{Ui =0|T}J' (3.47)

A soft-input, soft-output (SISO) decoding algorittamcepts a priori information at its
input and produces a-posteriori information atisput. Both the Viterbi algorithm and

MAP algorithm can be modified to accept soft-inpatl produce soft-outputs.

The systems employed by the binary phase shiftnke¢BPSK) is characterized by the

following input/output relationship
r'=a\/ES(2v—1)+ n', (3.48)

where a is a fading amplitude,\/Es(Zv—l) is the BPSK modulated code symbol
(v{0,1}), Es4 is the energy per code symbol, arids a zero-mean Gaussian random

variable with variances? = N,/2. Whena is a constant, the channel is said to be an

additive white Gaussian noise (AWGN) channel. Otlee, the channel is said to be a
flat-fading channel, i.e. flat Rayleigh fading chah An alternative and most convenient

expression for (3.48) is

r=a(2v-1+n, (3.49)

* E,is related to the energy per i, and the code rateby E, = nE,
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where the noise variance is naw = N,/ 2E,.

The log-likelihood at the output of a SISO decodsing any channel model can be

expressed as

A@U) = Ay +A, () +A,(C), (3.50)

where A is known as the channel LLR and given by

A, :Iog£ p(r | X =-1)J
p(r | % =+1)

(1" Iog(l_TpJ ,  for a BSC channel with paramegper
= Nir" for an AWGN channeld? =N, /2); ar (3.51)
0
Nia. r, for a flat Rayleigh fading channel,
0
the quantity
Pr{x =-1} Pr{y =0}
A, () =log —— |=log| ———— |, 3.52
a(W) Ql(F,r{)g :+1}J Q(Pr{u _” (3.52)

is the a-priori LLR of the information symbol, and

N

> I‘Jp(n,x)

X6 (1) 1=
A,+(C) =log| — , (3.53)

xqu(mu p(r, %)

| #i

is the extrinsic LLR, which is specified by the constraints imposed liy ¢ode on the

other information symbols.
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As mentioned previously, in turbo code’s generatwo binary rate-1/2 RSC encoders
are used as components. In an iterative decodiagepure, the extrinsic information

provided byA, .(C) can be fed back to the decoder as a a-priori jibtyafor a second

round of decoding. According to equation (3.38sattion 3.3.3, the extrinsic LLR can

be written as

> anMm)E(m, mB(m
A (C)=] (m,mO0B (1) , 3.54
(C) =log > gL (m)éE(m, ma(m .

(m,m)0 B (0)

wherea;(m) and S (m) are given by (3.34) and (3.37), respectively.

A modified branch metric is needed to compute ttieresic LLR,

G(m',m=9(m m)exr{NEHZ_lig ng (3.55)

0 9=l

where, as beforej, (m, m) = 1if {m, } O B”, and g, (m, m) = 0 otherwise.

3.5.2 Turbo decoder schematic

The schematic for turbo decoder is shown in Figui®. Assuming zero decoder delay in

the turbo-decoder, the decoder 1 computes a stgtton® from the systematic data, code
information of encoder 1 and a-priori informatioh?(C). From this output, the
systematic data and a-priori information af¢?(C) subtracted to get the extrinsic
information Af)(C) of the decoder 1. The extrinsic information of ttlecoder 1 is

interleaved, and used as a priori information leydecoder 2. Decoder 2 takes as input the

interleaved version o;r\fle’ (C) , the code information of second encoder andrtezleaved
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version of systematic data. Decoder 2 generatesftaostput A®, from which the
systematic data and a-priori informatioh(C) are subtracted to get the extrinsic
information /\i(i)(C) of the decoder 2. The extrinsic information prastiiby the decoder 2

is deinterleaved and used as the a priori inpthe¢alecoder 1 during the next iteration. The
multiplications are the scaling factor and calléthirmel reliabilityL. to compensate the
distortion. After certain number of iterations, fireal estimate of the message is found by

deinterleaving and hard-limiting the output of #eEond decoder.

.1 if A®P=0
u=
0 if A?<0

NZ(C) A2(C)

Parity Data - l -

| siso | siso
» DECODER 2 Pla DECODER >
_,@_, 1 2

-
>

A

LA 4
[>

DeMUX

Systematic Data

l

Decoded output l

Figure 3.10: Turbo decoder schematic.
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3.5.3 Example of turbo decoding

Figure 3.11 shows simulation results of turbo cofte a block size of 1024. It can be
noticed in the figure that the BER improves drawcety during the first few
iterations. During later iterations, there is stiiprovement; however the amount of

improvement begins to reduce.

Block size = 1024

‘ f ‘ f
¢ —— iteration = 1
10 szccpzzzzzzzzzzgzzz —S~—iteration=2 |
[CZ-C-I-C-C-C-CII-C-I-ZZ-Z-ZZZ SZICIZCCZIZCCIZCI] —%— jteration=3 |
7777777777777777777777 \ —/A—— jteration =6 |
”””””” —<— iteration = 10 |~

BER

o
[ S
N E--
whE--
Ny E—_
al

Eb/No(dB)

Figure 3.11: Performance of rate-1/2 parallel condanated (turbo) code with memory-4, rate-1/2
RSC codes, generators (37, 21) and block size = 402
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3.6 Chapter summary

This chapter has presented an overview of codiegrthand of turbo decoding. In
order to introduce notation and terminology, a eewiof block and convolutional
codes has been presented. Two representationsofosolutional codes have been
discussed - the state diagram and the trellis dragit has been shown how the rate
of the convolutional codes can be increased by gugmncturing concept. An
overview of the trellis-based soft-input soft-outpgdecoding algorithms has been
presented. The algorithms are based on either tiberbv algorithm or the MAP
algorithm. The soft-output Viterbi algorithm (SOVAg an extension of the Viterbi
algorithm that provides the reliability of the béstimates. The MAP algorithm
calculates the a-posteriori probabilities directlyhe max-log-MAP and log-MAP
algorithms perform the MAP algorithm in the log daim

Once a foundation of the basic concepts of codiag Ibeen presented, turbo codes
have been introduced. It has been shown that @ ttoe is the parallel concatenation
of two RSC codes that are given the same datarnmyted order. The importance of

soft-input soft-output components decoders is dised in the context of the decoding
of turbo codes. The concept of extrinsic informatioas been introduced, and the

schematic for a typical turbo decoder has beenepitesl.
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Chapter 4

LPDC codes: Code construction and decoding

LDPC codes (also referred to as Gallager codeddq@al 1962, vol. 8, no. 1, pp. 21-28)
have greater performance than turbo codes in s@sesc The implantations of iterative
decoding algorithms are easy with LDPC codes apéhdteration complexity much lower
than that of turbo decoders. LDPC codes are alsall@aable in hardware. This chapter

focuses on the code construction and decodingitiigoof LDPC codes.

4.1 Code construction

Throughout this chapteN will be usedo denote the length of the code &htb denote its
dimension and the redundanky= N — K> . A low density parity check code is a linear

block code which has a very sparse parity checkixnidt Since the parity check matrices

°In previous chapters, k,andm are used to describe the code. In this chaptersee andm as indices,
suggesting by them that they are index length addndancy components.
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that are considered are generally not in a systéma, symbolA will be used to represent
parity check matrices, reserving the symiddbr parity check matrices in systematic form.
As previously mentioned in Section 2.7.2 the pachgck matrix should also be such that

no two columns have more than one row in which el@min both columns are nonzero.

The weight of a binary vector is the number of rozelements in it. The column weight
is the weight of a column of a matrix; likewise fow weight. An LDPC generator is said
to be regulaif the column weights are all the same and the waights are also all the

same. The first step to generate a regular LDP@ tothe selection of column weigi ,

the block lengtiN and the redundandyl. Then arM x N matrix A is generated which has

weight w;, in each column and row weighy in each row. In a regular LDPC code the row
weight w. has to be uniform and that requiresN = w M to be true. Such a regular code

is called a(w,, w,, N) (also calleqw,, w,)) code.

One way of constructing a parity check matrix fode (w,, w,) is given below:

Construct the matrixd, ,

1111

A = w . (4.1)

with N/w = M/ w rows and\ columns. This defines @,w, ) regular parity check code.

ThenA is formedby stacking permutations @4,
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[ (A ]
m,(A,)
A=| 1 (A) 4.2)

KAGN

where eacltvz (A)) denotes a matrix obtained by permuting the coluafing,. Obviously,

the distance structure of the code is determinettiédghoice of the permutations. However,
a random choice of permutation usually producescal gode. Gallager showed that if each
permutation is chosen at random out of Miepossible permutations, then the average

minimum distancelyi,increases linearly withl. Such codes are called good codes.

An example of anDPC parity check matrix for a (3, 4)-regular LDRGde in Gallager’s
paper (Gallager 1962, vol. 8, no. 1, pp. 21-28),

111100000000000000O0O0]
000011110000000000O0O0,|
00000000111 10000000O0,|
0000000D0O0O0O0O0O1111000|
0000000D0O0O0O0O0OOO0O0O0T1T11
1000100010001 000000]
0100010001000000T100,|

A=/0 01 00010000001000T10]
00010000001 0001000T1]|
000000010001 00010 001
100001000001 00000T10]
0100001000100001000,|
001000010000100000T1]|
0001000010000100100|
000010000100001000 0|

It can be noticed, there are 13 linearly indepeho®ams in the above matrix.
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The above constructions do not ensure that all rdves of the matrix are linearly
independent, so thi@ x N matrix created is the parity check matrix of a@#ncode with

rate at leasR= K/ N, where as previously mentiongd=N — M.

4.2 Tanner graphs

LDPC codes are linear codes obtained from spabggartite graphs which are also
known as Tanner graphs (Morelos-Zaragoza 2002,9p. For a linear(w_, w,, N) code

C, there exists a Tanner gra@hwith N left nodes (called message nodes or code nodes),
X , associated with code symbols, and at I&astN - Kright nodes (called check nodes
or parity nodes),z,, associated with parity check equations. The wodés are those
vectors (c,...,c,) such that for all check nodes the sum of the rmghg positions

among the message nodes is zero. Figure 4.1 dtestthe graph foh from the above
example. A graph such as this, consisting of tvatinlit sets of nodes and having edges
only between the nodes in different sets, is cadlddpartite graph. For a regular LPDC

code, the number edges from the code nodes orummper of degrees are equal W

and the degrees of the check nodes equej to

However, not every binary linear code has a repriad®n by a sparse bipartite graph.

If it does, then the code is called a low-denshayity-check (LDPC) code.

Tanner graphs can be used to estimate codewords afPDC codeC by iterative
probabilistic decoding algorithms, based on eithard or soft decisions. In Section

4.4 the basic iterative decoding algorithm introediby Gallager is presented.

® To be more precise, sparseness only applies tesegs of matrices. A sequenceark n-matrices is
calledc-sparse ifnntends to infinity and the number of nonzero eletmémthese matrices is always less
thanc, wherec = max (m, n.
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Figure 4.1: Tanner graph of Gallager’s (3, 4, 20)ade.
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4.3 Encoding algorithm

An encoding algorithm for a binary linear code ahdnsionK and block lengtiN is an

algorithm that computes a codewo@ from K original bits (X, X,,..., %, ). Although

LDPC codes have an efficient decoding algorithnthwinear complexity in the code
length, the encodingefficiency is quadratic in the block length, sinde requires
multiplication by the generator matrix which is rsparse. However, (Richardson &rd
Urbanke R L 2001, vol. 47, no. 2, February, pp.-688) presents that it is possible to
encode with a reasonable complexity, with someipusly performed processing prior to

encoding.

Before encoding, the following steps are perfornigadrow and column permutations, the
parity check matriXt is brought into the form as showed in Figure #4.2an be noticed
from the figure, that the upper right corner of trewly formedH is a lower triangular
matrix. Because it is obtained only by permutatidheH matrix is still sparse. The newly

formedH can be denoted as

“—— Ny —P¢ g —>¢— M_g—>

: : 0 T
: : M-g
A | B |
M : :
: T
e t
. E :

Figure 4.2: Result of permutated rows and columns.
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{A B T}
H = (4.3)
C DE

and it can be said thét is in approximate lower triangular form. From thgufe 4.2,g is

the gapof this representatio. is a (M —g)x(M - g) lower triangular matrix with ones

along the diagonal and hence is invertible. Nbve multiplied by the matrix

I 0
H{_ET_l J (4.4)

to doing Gaussian elimination to clear the mdgixhich produces the form

- I 0 A B T
A= ., [H=| __| . . (4.5)
~ET? | ~ET*A+C -ET*Br D 0

For a message vectorof lengthK, the codeword is as followed,

u
c=|p (4.6)
P>

wherep, and p, represent parity information. The parity checkatzpn Hc =0 gives rise

to two equations,

Au+Bp +Tp, = C (4.7)

(-ETA+ Qu+ (- ET* B+ Dp,=0. (4.8)

In (4.7),X can be used to denofeET'B+ D) by assigningX =(—-ET'B+ D). So, from
4.7)
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p,=—-X"(-ET A+ Qu. (4.9)

Here, it is assumed thatis nonsingular. If it turns out thatis singular, then columns of

H can be permuted to obtain a nonsingilar

The gx(N-M) matrix -X*(-ET*A+ Q can be previously computed and saved, so
that p, can be computed with a complexity ©{ g(N- M)). Oncep, is obtained,p, can

calculated as followed,
p, ==T *(Au+ Bp). (4.10)

The process of computing and p, comprises the encoding process. The overall engodi

algorithm has the complexity dD(N+ g*). Hence, it is clear that the complexity of the

algorithm will be less with smalley.

4.4 Overview of LPDC decoding

4.4.1 The sum-product algorithm

In this section, an iterative belief-propagatioBR) decoding algorithm is presented.
This algorithm is also known as “sum-product dectdelr. David J. C. MacKay in
his paper “Good Error-Correcting Codes Based ony\V@parse Matrices” gave an
extensive description of this decoding algorithma@{ay 1999, vol. 45, no. 2, pp. 399-
432).

They referred to the elementg, corresponding to each rom = 1..M of H as

checks. They assumed the set of bitsand checkszas making up a “belief



Chapter 4 LDPC codes: Code construction and dea@pdin 70

network”, in which every bity, is the parent ofw, checksz , and every checlg, is

the child ofw, bits.

This algorithm is appropriate for a binary chanmaddel in which the noise bits are
independent — for example, the memory-less bingngrmsetric channel, or the
Gaussian channel with binary inputs and real oustplihe following notation is

convenient in describing algorithm. Lgfdenote the entry dfi in thei-th row andj-

th column. Let

L(m) ={I: h,, =1}, (4.112)

denote the set of bitlsthat participate in then-th parity- check equation. Similarly,

the set of checks in which Hiparticipates,

M (1) ={m: h,, =1}. (4.12)

The algorithm has two alternating parts, in whiaautities g, and r;, associated

with each nonzero element in tRematrix are iteratively updated. The quantdy, is
meant to be the probability that théh bit of v has the value, given the information
obtained via check nodes other than check modEhe quantityr,, is meant to be the

probability of checkm being satisfied when bitof v is considered fixed at and the
other bits are independent with probabilitfgs,, I' JL(m)\ }. The algorithm would

produce the exact posteriori probabilities of dik tbits after a fixed number of
iterations, if the Tanner graph is defined by thatmmx H contained no cycles. In the
following, binary transmission over an AWGN chanm&lassumed. As before, the

modulated symbolan(v) are transmitted over an AWGN channel and receiasd
r.=m(v)+n, wheren is a Gaussian distributed random variable witlozaean and

varianceN,/2E,, 1<i<N.
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Initialization

Let p’ = P(y =0), (the prior probability thaty, is 0) and letp' = P(y =1)=1- .
For | {1, 2,---N}, initialize the a-prior probabilities of the codede,

1 1

=, (4.13)
4
l+exp r,—
i
and p’ =1- p'. For every [, m) such thath,, =1,
=R G =R (4.14)

Horizontal step

In the horizontal step of the algorithm, it runsaigh the checker and compute for
two probabilities eacH OL(m): first, r2, the probability of the observed valug,

1 ml?

arising wheny, =0, given that the other bitgv.: I' 2} have separable distribution

given by the probabilitie§qgy,, q.,} , defined by:

= >, Pz v=0{v:IOLmM\} (4.15)
{v:roL(m\ b
x O

1oL ml

and secondr?

m

., the probability of the observed valug, arising wheny, =1, defined

by

= D Pz, vi=1{v:I'OLm\} (4.16)

(v O\ )
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Vi
X O -
1ok

The conditional probabilities in these summatioresether zero or one, depending on

whether the observed, matches the hypothesized valuesYoand the{v,}.

These probabilities can be computed in various wegsed on (4.15) and (4.16). A

particular convenient implementation of this congtign uses forward and backward

passes in which products of the differenckg, = ¢}, — ¢, are computed. We obtain

or =r2 —r> from the identity

Oy, = (=)™ My (4.17)

oL (m

Finally, r% +r' =1, and hence’ =(1+dr,_)/2 andr} =(1-0r, )/ 2.

Vertical Step

The vertical step takes the computed values’ofand r}, and updates the values of

the probabilitiesq?, and g°,. For eacH, m, compute

qr?],l = plo rn?',l’ qun,| = ﬂl Mo (4.18)

mOM(1)\m mOM()\m

and normalize , withe =1/(q?, + ),

qr?nl :aqgw,w qun,l :a(ﬁw (4.19)

For eacH, compute the a-posteriori probabilities
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a=n"[] m a=0 ] W (4.20)

mOM (1) mIM(1)
and normalize, withy =1/(¢° + ¢'),
o = ad, o =ad. (4.21)

These quantities are used to create a tentativeddsg v, the consistency of which is

used to decide whether the decoding algorithm @din h
Decoding

If the Tanner graph of the code is really withoytles, the values of the pseudo
posteriori probabilitiesg’ and g at each iteration would correspond exactly to the

posteriori probabilities of bit given the states of all the checks in a truncatelieb

network centered on bitand extending out to a radius equal to twice thelmer of

iterations. The decoding procedure sgb 1 if ¢ >0.5, for i = 1,2, ...N.

4.4.2 Example of LDPC decoding

Figure 4.3 shows a simulation result for Gallag€B, 4, 20) code. For convenience
all information data have been made zero. It candieced in the figure that the BER
improves as the iteration number increases. Dutatgr iterations, there is still

improvement; however the amount of improvement he¢o reduce.



Chapter 4 LDPC codes: Code construction and dea@pdin 74

Gallegers (3, 4, 20) code

——+— jteration =1 |
</— iteration = 2

- —s%— iteration = 3
4 jteration = 6

BER

Eb/No(dB)

Figure 4.3: Performance of Gallager’s (3, 4, 20) d® with iterative probabilistic decoding.

4.5 Chapter summary

This chapter has presented an overview of LDPC @whstruction and decoding. An
idea of code construction has been presented,hendoincept of Tanner graph has been
introduced. In contrast to the turbo code caseclwvhias linear encode complexity, the
complexity of the encodingfficiency is quadratic for LDPC codes. Here, acagling
procedure with a reasonable complexity has beesepted. One of the potential
drawbacks to LDPC codes is the large number of diagoiterations that may be
required, resulting in increased latency and dewptiardware complexity. At the end of
the chapter, an overview of iterative probabilistiecoding algorithm has been

presented.
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Chapter 5

Performance comparison between turbo codes and LDPC
codes

This chapter focuses on the performance analysiarob codes and LDPC codes. It
gives an overview of some major performance factbet have impacts on turbo
codes and LDPC codes to some extent. Later indhépter, simulation results are
presented along with discussions and comparisohsee® turbo codes and LDPC

codes.

5.1 Performance analysis of turbo codes

The bit error probability of an, K linear block code over an additive white
Gaussian noise (AWGN) channel can be bounded asKidr1995)
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Ry Q[ e J (5.0
where
Q2= \/—j e2dx %0, (5.2)

is the Gaussia- function, w

/ is the weight of the message sequence ofittie
messaged. is the Hamming weight of the codeword aBgl/ N, is the signal- to- noise

ratio (SNR) per bit.
The computation of (5.1) requires knowledge of Weights of all 2-1 nonzero
codewords and their corresponding messages. Thepwamonal complexity of

(5.1) prevents its use for all but the smallesueal ofk. Grouping together codewords

of the same Hamming weight, the bound on the priéibabf bit error can be written as

%Si\%Q[ dZEE’J 3 VMN‘Q[/ ZR] (5.3)

where N, is the number of codewords of weightind W, is the average weight of

the N, messages that produce weightodewords. At high signal to noise ratios,

the bit error probability is approximated by thestiterm of (5.3)

_ Wy No o 2RE,
R, = Q( Ain N, ] (5.4)

which is called the minimum distance asymptote.
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In (5.4), the message lengkhappears in the denominator of the leading coedfiti

For sufficiently large interleaverk = L. Here,L represents the size of interleaver.
Hence, the asymptotic BER of a turbo code is (apjpnately) inversely

proportional to the size of its interleaver. The BBf a turbo could therefore be
lowered by increasing the size of the interleavecanversely raised by decreasing
its size. Undeniably, the size of the interleavas ha significant impact on the
performance of turbo codes. Although the most ddd& selection is the largest
possible interleaver, larger interleavers introdlomgger decoding latencies, require
more memory in the decoder and increase comput@tioomplexities. Hence, the
interleaver size must be chosen to match the bargratency and decoder memory

requirements of the system.

Turbo codes can approach the Shannon limit as twogistraint lengthK_ increases

but the complexity of their best known decodingaaithms grows exponentially
with the constraint length. In particular, consttaiength does not significantly
influence the performance of turbo codes at lownalgo-noise ratios. For this
reason, turbo codes typically use simple constitumdes with constraint length

3< K, <5. However, for a sufficiently large block of framegnstraint length can be a

secondary determinant of the location of the “BE#®A’ region of the performance (Wu
1999).

Another factor that influences the performance wfbb codes is code rate. The
performance of turbo codes degrades as code rateases. If puncturing is used to
increase the code rate then the puncturing marmatso a performance factor for
turbo codes. The joint optimization of interleawserd puncturing matrix is perhaps

the most important aspect of turbo code designk@@nd Ryan).

The communication delay or “latency” in a turbo eddsystem is directly proportion
to the frame size. As previously mentioned, the enorcrement will be made in

frame or interleaver size the more communicatiolayevill occur.
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5.1.1 Simulation results

In this section, the effect of interleaver sizedeaate, constraint length and latency

are investigated by means of simulation.

For different interleaver size
T T T T

1k —+— Interleaver size = 128
10 = spzzzz== o . =
= ~— Interleaver size = 256 |

777777 ‘ -~ - | —=— Interleaver size = 1024 |

S e \ —4— Interleaver size = 2056 |
10 Eocccccoocoroozoozzoey x=| — < Interleaver size = 16384 |=

BER

Eb/No(dB)

Figure 5.1: Performance of parallel concatenated (frbo) code for different block interleaver size
with memory-4, rate-1/2 RSC codes and generators {321).

Figure 5.1 shows the simulated performance for fiifeerent interleaver sized: =
128,L = 256,L = 1024,L = 2056,L = 16384. Here, the turbo code is composed of a
pair of K, =5 RSC encoders with feedback gener#8), and feed forward generator

(21),. The interleavers are designed at random. The @ddéas 1/2 and iteration number

is 6.The encoded bits are BPSK modulated and AWBahicel is considered.
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For different Code rate
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Figure 5.2: Performance of rate-1/2 and rate- 1/3 grallel concatenated (turbo) code with
memory-2, generators (7, 5) block interleaver size 1024 and iteration = 6.

Figure 5.2 shows the simulated performance for different code rates: = 1/2,r =
1/3. Here, in both cases the turbo code is compo$edpair of K, = 3 RSC encoders
with feedback generato(7), and feed forward generatq®),. The interleavers are

designed at random and the size of the interleater 1024. In both cases, the decoding
algorithm was run for 6 times. The encoded bits BRSK modulated and AWGN
channel is considered.

In Figure 5.1, an acceptable range of BER’s caml@ined for the rate 1/2 turbo
code in an AWGN channel by holdini§, / N, to a constant value of 3.0 dB. The BER

and latency is listed in Table 1 for the rate Litbo code in AWGN channel witk, / N,
set to 3.0 dB.
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Interleaver Size (bits) Latency BER
- 18 | 3lmsec | 6r&0d |
256 63msec 1.30E-04
1024 235msec 3.190E-05
2056 501msec 1.60E-05
16384 4.06sec 5.39E-06

Table 1 Quality of Service for rate 1/2 turbo codén AWGN at E,/N, = 3.0 dB.

Figure 5.3 shows the simulated performance for thfferent constraint lengthK_

= 3, K, = 5. For K, = 3, the turbo code is composed of a pairkgf = 3 RSC
encoders with feedback genera{@), and feed forward generat@),. For K. = 5, the
turbo code is composed of a pair & = 5 RSC encoders with feedback generator
(37), and feed forward generat¢l),. In all cases, the interleaver size= 1024, code

rate is 1/2 and iteration number is 6. The encdadedare BPSK modulated and AWGN

channel is considered.
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For different constraint length
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Figure 5.3: Performance of rate-1/2 parallel concatnated (turbo) code with different constraint
length.

5.2 Performance analysis of LDPC codes

LDPC codes have excellent distance properties.a@atll showed that for random
LDPC codes, the minimum distandgi, between codewords increases witlwhen
column and row weights are held fixed (Moon, T KOZJ) and it makes the low
density parity check matrix very sparse. The bestilts can be obtained from LDPC
codes by making the weight per column as small as possible. It has been proved
that as the block lengtN — o and the low-density parity check matrix becomes

more sparse, LDPC codes can reach channel capadmtyurprisingly, code with

large block length improves the performance of LDétdes.
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Because the codes are constructed from very spasteces, they have simple and
practical decoding algorithms, which work, empilligaat good communication rates.
The decoding complexity of LDPC codes has the cewrityl linearly proportional to the

block length.

Another factor that influences the performance ®fPIC codes is the number of
cycles exists in the matrices. The original masishouldn’t have cycles with not
more than length of 4. This constraint has beemdioto be beneficial. If there exists
cycles with length of 6, 8, ..., the columns shoutddeleted to further improve the
performance. However, it is found that these madtiions do not make very

impressive difference.

There are, obviously, some potential disadvantage$DPC codes. As previously
mentioned, the best code performance is obtainedey long codes. This long block
length of code and the need for iterative decodingoduce latency which is
unacceptable in many applications. The latenclgaditme taken by the decoder to decode

one frame of received information block. Anothesadivantage is that, since tHematrix

is not necessarily sparse, the encoding operatmnhave complexityO(N?). In a brute-

force approach, the time to create a Gallager cuaées asN°®, whereN is the block
length (Shokrollahi 2003, pp.2-3).

5.2.1 Simulation results

Figure 5.4 shows the simulated performance of &@ll's (3, 4, 20) code for
different iteration numbers. Herd = 20,K = 5,M = 15, w, = 3 andw, = 4. For

convenience all-zero codewo@l= 0is sent. The information bits are BPSK modulated
and AWGN channel is considered. Here, the code Rate).25.
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Gallegers (3, 4, 20) code
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Figure 5.4: Performance of rate-1/4 Gallager’'s (34, 20) code with iterative probabilistic
decoding for different iteration number.

In Figure 5.4, an acceptable range of BER’s camli@ained for the rate 1/4 LDPC
code in AWGN channel by holding, / N, to a constant value of 8.0 dB. The latency is

listed in Table 2 for the rate 1/4 LDPC code in AW@hannel withE /N, set to 8.0

dB.
Iteration number Latency
500 31msec
1000 47msec
1500 63msec
2000 78msec
10000 375msec

Table 2 Quality of Service for rate 1/2 LDPC codéin AWGN at E,/N, = 8.0 dB.
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Figure 5.5 shows the simulated performance of @Galls (3, 6, 96) code for
different iteration numbers. Herdl, = 96,K = 48,M = 48, w, = 3 andw, = 6. For
convenience all-zero codewo@l= 0Ois sent. The information bits are BPSK modulated

and AWGN channel is considered. Here, the code Rate).5.

Gallegers (3, 6, 96) code

—+— jteration =1 |
</ iteration = 2

—=— iteration = 3
—4— jteration = 6

10 =

BER

Figure 5.5: Performance of rate-1/2 Gallager’s (36, 96) code with iterative probabilistic
decoding for different iteration number.

Figure 5.6 shows the simulated performance of @alls (3, 6, 816) code for
different iteration numbers. Herdl = 816,K = 408,M = 408, w, = 3 andw, = 6.
For convenience all-zero codewo@ = 0 is sent. The information bits are BPSK

modulated and AWGN channel is considered. Herecdlde rateR = 0.5.
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Gallegers (3, 6, 816) code
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Figure 5.6: Performance of rate-1/2 Gallager’s (36, 816) code with iterative probabilistic

decoding for different iteration number.

Form Figure 5.4, 5.5 and 5.6, it is clearly seet tbr LDPC codes as the block length

increases the BER improves.

5.3 Performance comparison

Form Figure 5.7, we can see that at error prolsilof aboutt0, LDPC codes are not

able to get quite so close to the Shannon limituaso codes. However, turbo codes as

originally presented are known to have an erradif at aboutl0®, that implies that the

error probability of these turbo codes no longearrdases rapidly with increasirig, / N,

below this floor. In LDPC codes, there is no eviceof such error “floor”. Hence it is

possible that at very low-bit error probabiliti€®PC codes outperform turbo codes.
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Turo codes and LDPC codes
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Figure 5.7: Comparison between turbo codes and LDPCodes.

LDPC codes may also have an advantage over turbescm terms of their decoding

complexity. In some cases, LDPC codes have greatéormance than turbo codes with
iterative decoding algorithms which are easy tolement and are also parallelizable in
hardware. Per-iteration complexity of turbo codesnuch higher than the per-iteration
complexity of LDPC codes. In addition, for turbodes the decoding becomes more

complex as the interleaver size and the consti@mgith increases.

LDPC codes of any rate and block length can betedesimply by specifying the shape
of the parity check matrix, while the rate of turtbades is dependent on of the structure
of puncturing matrix. Hence, flexibility in the cedate for LDPC codes is obtained only

through considerable design effort.
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On the other hand, LDPC codes have a significamtyer encoding complexity than
turbo codes. For turbo codes, the encoding hasaimplexity linearly proportional to the
block length. However, the encoding of LDPC codegeanerically quadratic in the code
dimension, although this can be reduced somewhabMT K 2005). Besides, LDPC
decoding may require many more iterations thanotwi®coding and this may introduce

latency and increase decoding hardware complexity.

5.4 Chapter summary

This chapter has presented the performance analydisrbo codes and LDPC codes
individually at first. Then the performance compan between these two codes has been
presented. In order to get the best performanae fsoth turbo codes and LDPC codes
some trade-offs have to be made. The impacts oertioe performance of both of these
codes for some major performance factors have peesented here along with some

simulation results.
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Chapter 6

Conclusions

In modern days, wireless is a method of commurocathat uses low-powered radio
waves to transmit data between devices. But thesdess links are very vulnerable to
channel deficiency such as channel noise, mutlh peffect and fading. Iterative
decoding is particularly suitable when the transmis channel is noisy. The concept of
iterative decoding may be defined as a method dizing a soft-output decoding
algorithm that is iterated several times to keep globability of error at an acceptably
low level. Turbo codes and low-density parity-chexdes are two error control codes
based on iterative decoding. In this dissertatite, concepts of both turbo codes and
LDPC codes have been presented. This dissertatiees gan overview of code
construction, iterative decoding procedures antbpmance analysis for both turbo codes
and LDPC codes. Turbo codes are a novel error cdare technique that was first
introduced by a group of researchers from Francel983 (Berrou, Glavieux &
Thitimajshima 1993, pp. 1064-1070). The essengatures of turbo codes are parallel
concatenation, recursive systematic convolutionadoding, random interleavers and
iterative decoding. Low-density parity-check (LDP&)des were originally proposed by
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Robert Gallager in 1962 (Gallager 1962, vol. 8, hopp. 21-28). The essential features
of LDPC codes are code construction, tanner gragispding codes and iterative belief

propagation (IBP) decoding algorithm.

It has been showed that both turbo codes and LORE€schave the ability to perform at
their best but under some conditions. Tradeoffsveen some major performance factors
have to be made to get the best output from tudates and LDPC codes. Turbo codes
have been shown to exhibit remarkable performarieavthe interleaver size is large and
a sufficient number of decoding iterations is perfed. However, decoding complexity
and latency are an invariant to interleaver siaepBperly choosing the interleaver size,
a tradeoff between performance and efficiency aamhbde. LDPC codes can approach to
Shannon capacity limit, if the block lenghh — o and the low-density parity check
matrix becomes more sparse. However, this longkblieegth of code and the need for
iterative decoding introduce latency. Unsurprisinglthe increasing number of
decoding iterations improves the performance of CDd®ddes which also introduces

communication delay.

In some cases, LDPC codes can outperform turboscdéae LDPC codes, the decoding
complexity of per information bits is linearly prapional to block size, whereas for turbo
codes the decoding becomes more complex as the fs@e increases. Conversely, the

encoding complexity for LDPC codes is quadratic fmrdurbo codes it is linear.

6.1 Future work

While doing this project | have been able to corhprel and implement two error
correcting codes, i.e., turbo codes and LDPC cddesve also been able to demonstrate
the performance comparison between these two dadesms of bit error rate, latency,
code rate and computational resources. Howevsrsiiown that for both turbo codes and

LDPC codes, the researchers mostly depend on thelaion results to analyze the
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performance. In this dissertation, the performaanalyses of these two codes under
some major performance factors have been presatdrd with some simulation results.
Suggestions for extensions of this work might ideluthe analytical techniques of
performance analysis for both turbo codes and L@B@es; i.e. extrinsic information
transfer (EXIT) charts for turbo codes, EXIT chdasLDPC codes, Density evolution.

Another inclusion can be the investigation of iukg LDPC codes. Although a brief

overview of irregular LDPC codes has been presehézd, an intensive analysis can be
made on this type of codes based on this projesdediation. As it is showed that

irregular LPDC codes may outperform turbo codeapgroximately the same length and
rate, when the block length is large.
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University of Southern Queensland
FACULTY OF ENGINEERING AND SURVEYING

ENG 4111/4112 Research Project
PROJECT SPECIFICATION

FOR: Tawfiqul Hasan Khan
TOPIC: Iterative Decoding for Error Resilient Wees Data Transmission
SUPERVISORS: Dr. Wei Xiang

ENROLMENT: ENG 4111 - S1, D, 2006
ENG 4112 - S2, D, 2006

PROJECT AIM: This project seeks to investigateghgormance of two error
control codes, turbo codes and low-density paritge& codes
based on iterative decoding and demonstrate tHerpeance
comparison between these two codes.

PROGRAMME: Issue A, 15" March 2006

1. Study the background of Error Control Codes.

2. Implement and analyze Viterbi algorithm, Soft outpiterbi algorithm and
Maximum-a-posteriori (MAP) algorithm and Soft-Ingabft-Output (SISO)
algorithm.

3. Examine and implement Turbo codes and their itegatecoders.

4. Examine and implement low-density parity check (KI)lRodes and their
iterative decoders.

5. Demonstrate the performance comparison between turtbes and LPDC codes
in terms of bit error rate, latency and computatliaoesources.

Time permitted:
6. Ascertain the advantages and disadvantages of tudes and LPDC codes, in

terms of error resilient performance, latency amohgutational resources.

AGREED: (student) (Supervisors)

(dated) /|
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ACS Add-Compare-Select

AMPS Advanced Mobile Phone System

APP A-Posteriori Probability

ARDIS Advanced Radio Data Information Service
AWGN Additive White Gaussian Noise (channel)
BCH Bose, Ray-Chaudhuri, Hocquenghem

BER Bit Error Rate

BPSK Binary Phase Shift Keying

CDMA Code Division Multiple Access

ERNIES European Radio Messaging System
EXIT Extrinsic Information Transfer

FER Finite Impulse Response

FPLNITS Future Public Land Mobile Telecommunications Bygst
GSM Global System Mobile

IBP lIterative Belief Propagation

IEEE Institute of Electrical and Electronics Engineeri
IIR Infinite Impulse Response

LDPC Low-density parity check

LEO Low Earth Orbit

LLR Log-Likelihood Ratio

MAP Maximum-a-posteriori

MEO Medium Earth Orbit

MLD Maximum-Likelihood Decoding

NMT Nordic Mobile Telephone

PAN Personal Area Network

PCC Punctured Convolutional codes

POCSAG Post Office Code Standardization Advisory Group
PSTN Public Switched Telephone Network

RMD RAM Mobile Data

RSC Recursive Systematic Convolutional

SISO Soft-Input, Soft-Output
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SOVA Soft-Output Viterbi Algorithm

SMR Specialized Mobile Radio

SNR Signal to noise power Ratio

TACS Total Access Communication System
TDMA Time Division Multiple Access
USDC United States Digital Cellular

VA Viterbi Algorithm

VD Viterbi Decoder

WLAN Wireless Local Area Network
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The name of all ‘C’ files and

descriptions:

File name

1. main_turbo_punc.c

2. main_turbo.c

3. main_ldpc.c

‘text’ files are lest below along with their brief

Description

It is a turbo simulation program. The punctured
matrix has been used to make the code rate 1/2.1t
uses two RSC codes encoder to generate codes. It
utilizes two Soft-Input Soft-Output MAP decoders
to decode the code. A user defined length of random
interleaver has been used to make sure that MAP
decoder can estimate information symbols
independently at each iteration. It writes the autp
into “turbo_punc.txt” file. Hence, the executabie f
“main_turbo_punc.exe” of this program has to be

stored into the computer first before running.

It is a turbo simulation program. Here, the code ra

is 1/3. It utilizes two Soft-Input Soft-Output MAP
decoders to decode the code. A user defined length
of random interleaver has been used to make sure
that MAP decoder can estimate information symbols
independently at each iteration. It writes the autp
into “turbo.txt” file. Hence, the executable file
“main_turbo.exe” of this program has to be stored

into the computer first before running.

It is an LDPC simulation program. It uses the low-
density parity-check matrix and iterative belief
propagation (IBP) decoding algorithm for decoding
LDPC codes. It writes the output into
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4, gal(3,4,20,5)r1_4.txt

5. gal(3,6,96,48)r1_2.txt

6. gal(3,6,816,408)r1_2.txt

“LDPC_output.txt” file. Hence, the executable file
“main_ldpc.exe” of this program has to be stored

into the computer first before running.

It is a text file which contains the informatiof @
specific low-density parity-check matrix. Heid,=
20,K = 5,R=0.25w, = 3 andw, = 4. Source: <
http://www.inference.phy.cam.ac.uk/mackay/codes/
data.html >

It is a text file which contains the informatiof @
specific low-density parity-check matrix. Heid,=
96,K = 48,R=0.5,w, = 3 andw, = 6. Source: <
http://www.inference.phy.cam.ac.uk/mackay/codes/
data.html >

It is a text file which contains the
information of a specific low-density parity-
check matrix. HereN = 816,K = 408,R =

05 w, = 3 and w, = 6. Source: <

http://www.inference.phy.cam.ac.uk/mackay

/codes/data.html >
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/I Name: main_turbo_punc.c

/I Author: Tawfiqul Hasan Khan

/I Description: It is a turbo simulation program.

1 used to make the code rate 1/2.1t

1 generate codes. It utilizes two So

1 decoder to decode the code. An use
1 interleaver has been used to make
1 estimate information symbols indep

/I Date of creation: 13/7/2006
[

#include <stdio.h>
#include <math.h>
#include <string.h>
#include <stdlib.h>
#include <limits.h>

int ITERATIONS; // Global variable for number of

int NUM_STATE; // Global variable for state num
double variance; // Global variable for variance

/* Declaration of puntured matrix */

int punc_mat[3][2]={ 1, 1,

0,1}
/* Declaration of structure for trllis*/
typedef struct {
int from_state[2]; /[ Initial state
int fin_state[2]; /I Final state
int output[2]; /I Output coded sym
Hrel;

/* Declaration of structure for decoding*/
typedef struct{

double alpha; /l Forward metric

double beta; /I Back ward metric
double gamma[2]; /I Branch metric
double gamma_l[2]; // Branch metric

}state_metric;

/* Functions prototypes */

int random_generator();

void* create_interleave_deinterleave(unsigned *inte
unsigned *dein

double gaussian_noise(double mean, double variance)

void encoder(trel *trel_state,int *data,int *parity
int memory);
void create_encode_table(trel *trel_state,int state
void interleave(int *data,unsigned size,unsigned *i
void deinterleave(int *data,unsigned size,unsigned
void decode(trel * trel_state,double *channel_data
double *channel_parity2, int size, int
unsigned *interleave_mat,unsigned *dei
void deinterleave_double(double *channel_data, int
unsigned *deinterle
void interleave_double(double *channel_data, int si

void decoder_map(trel * trel_state,double *channel_

M

The punctured matrix has been

uses two RSC codes encoder to

ft-Input Soft-Output MAP

r defined length of random
sure that MAP decoder can
endently at each iteration.

M

iterations
ber

bols (branch label)

rleave_mat,
terleave_mat, int size);

,unsigned size, int force,

_num,int memory);
nterleave_mat);
*deinterleave_mat);

, double *channel_parity1,
*data,

nterleave_mat);

size,

ave_mat);

ze,unsigned *interleave_mat);
data, double *channel_parity,
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int size, state_metric **sta
int decode_num, int loop);

int generator[10];

/* Main function*/
int main(int argc, char *argv[]){

int *data, *parityl,*parity2; /I Varia
parity2

double *channel_data, *channel_parityl,*channe
channel data, channel parityl, channel parity2

trel *trel_state;

unsigned *interleave_mat; /I lterl

unsigned *deinterleave_mat; /I Deint

int size; /I Inter

double rate; /I The ¢

/* Declaration of some necessary variables*/
unsigned long seed;

intij;

int memory;

int temp1,temp2;

int total_size;

int total_error;

int temp_data;

double dB,init_dB,fin_dB,inc_dB;
int max_sim;

FILE * fp;

I USER INPUT /i
printf("Enter the data size:");
scanf("%d",&size);

printf("Enter seed:");

scanf("%ld",&seed);

printf("Enter number of memory:");
scanf("%d",&memory);

printf("Enter number of iteration:");
scanf("%d", &I TERATIONS);

printf("Enter feedback generator in octal:");
scanf("%o0",&generator[0]);

printf("Enter feedforward generator in octal:"
scanf("%o0",&generator[1]);

HHHHHTHTHITTTIT INITIALIZATION /i1

data= (int*)malloc(size*sizeof(int));
if(data==NULL){

printf("ERROR: Could not allocate memory
exit(0);

parityl= (int*)malloc(size*sizeof(int));
if(parityl==NULL)

printf('ERROR: Could not allocate memory
exit(0);
}

parity2= (int*)malloc(size*sizeof(int));
if(parity2==NULL){

ge_metric, double *Log]],

bles for data, parityl &

|_parity2; // Variables for

eaver matrix
erleaver matrix
leaver or frame size
ode rate

M

M

space for data\n");

space for parityl\n");
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printf('ERROR: Could not allocate memory space for parity2\n");
exit(0);
channel_data= (double*)malloc(size*sizeof(doub le));

if(channel_data==NULL){

printf("ERROR: Could not allocate memory space for channel_data\n");
exit(0);

}

channel_parityl= (double*)malloc(size*sizeof(d ouble));

if(channel_parityl==NULL){

printf('ERROR: Could not allocate memory space for
channel_parity1\n");
exit(0);
}
channel_parity2= (double*)malloc(size*sizeof(d ouble));

if(channel_parity2==NULL){

printf("ERROR: Could not allocate memory space for
channel_parity2\n");
exit(0);
}

interleave_mat= (int*)malloc(size*sizeof(int))
if(interleave_mat==NULL){

printf("ERROR: Could not allocate memory space for interleave_mat\n");
exit(0);

}

deinterleave_mat= (int*)malloc(size*sizeof(int ));

if(deinterleave_mat==NULL){

printf('ERROR: Could not allocate memory space for
deinterleave_mat\n");
exit(0);

}

NUM_STATE= pow(2,memory);

trel_state= (trel *)malloc(NUM_STATE*sizeof(tr el));
if(trel_state==NULL){

printf("Could not allocate space for trel \n");
exit(0);
}

fp=fopen("turbo_punc.txt","w");
if(fp==NULL){
printf("ERROR: Could not open file");
exit(0);

}
M Setting value for simula tion /TN

init_dB=0.0;
fin_dB=6.0;
inc_dB=0.5;
max_sim=LONG_MAX;
rate=0.5;
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M CREATE ENCODE TABLE /11
create_encode_table(trel_state, NUM_STATE,memor
I CREATE INTERLEAVE AND DEINTERLE

srand(seed);
create_interleave_deinterleave(interleave_mat,

M STARTING SIMULATION /

M

)
AVE MATRIX /HHHHTHITIHI

deinterleave_mat,size);

M

printf("\n\n\t\t ===\n");
printf("\t\t|| I\ n");
printf("\t\t]]| WELCOME to TURBO SIMULATION ||\ n");
printf("\t\t|| Created By I\ n");
printf("\tt|| TAWFIQUL HASAN KHAN ||\ n");
printf("\t\t|| Rate-1/2 I\ n");
printf("\t\t \ n");
printf("\t\t| I\ n");
printf("\t\t| Block Size:%18d |\n",size);
printf("\t\tj Memory Length:%15d |\n",memory);
printf("\t\t| State Number:%16d [\n",NUM_STATE );
printf("\t\t| Iteration Number:%12d |\n",ITERA TIONS);
printf("\t\t| I\ n");
printf(" \n");
printf(" dB  BER Total Error Total bits  Block
size\n");
printf(" \n");

M Starting simulation /111
for (dB=init_dB; dB<fin_dB+1.0e-1; dB +=inc_d

total_size=0;
total_error=0;
variance = 1.0/(2.0*rate*pow(10.0,dB/10.0

while (total_error<=1000 && total_size< m
for (i=0;i<size;i++){
data[i] =random_generator(); /*

/* First RSC encoder*/
encoder(trel_state,data,parityl,size
interleave(data,size,interleave_mat)
/* Second RSC encoder*/
encoder(trel_state,data,parity2,size
deinterleave(data,size,deinterleave_

for (i=0;i<size;i++){

channel_data[i]= pow(-1,data]i]

channel_parity1[i]= pow(-1,pari

channel_parity2[i]= pow(-1,pari
}

/* Adding gaussian noise, mean=0, va
for (i=0;i<size;i++){

channel_data[i] = channel_data[
gaussian_noise(0,variance);

M

B){

);

ax_sim){

Generating RANDOM data*/
,1,memory);

,0,memory);
mat);

FLO);
yafip(-1.0);
ty2[i)*(-1.0);

riance=No/2Es */

i+
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channel_parity1[i] = channel_pa

gaussian_noise(0,variance);

channel_parity2[i] = channel_pa

gaussian_noise(0,variance);

}

}

/* Decoding with two SISO MAP decode

decode (trel_state,channel_data,chan
size,data,interleave_mat,dein

/* Checking error*/

for (i=0;i<size;i++){

temp_data = (channel_datal[i] ==

if (data[i] '= temp_data)
total_error++;
}

total_size = total_size+size;

[* Printing simulation results in the con
printf ("%5.2If %10.7e %6ld %21ld %d
(total_error/(double)total_size), t
size);
fprintf(fp,"%5.2If %10.7e %6ld %21ld
(total_error/(double)total_size), t
size);

}
HIHHHTHTHTTHTTTTTIDEALLOCATING

free(data);
free(parityl);
free(parity2);
free(channel_data);
free(channel_parityl);
free(channel_parity2);
free(interleave_mat);
free(deinterleave_mat);
free(trel_state);
fclose(fp);

I T

/I Function name: random_generator()

/I Description: Generate random numbers
I

int random_generator()

}

double temp;
temp=(double)rand()/LONG_MAX;

if(temp>0.5){
return 1;

}else {
return O;

}

rity1[i]+

rity2[i]+

r*/
nel_parityl,channel_parity2,
terleave_mat);

1)?1:0;

sole */
\n", dB,
otal_error, total_size,

%d\n", dB,
otal_error, total_size,

MEMORY/iHTHTTTHTTHTTTTHTIT

M

M
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T
/I Function name: create_interleave_deinterleave
/I Description: Create interleave and deinterleave
T

void* create_interleave_deinterleave(unsigned *inte
*deinterleave_mat, int size)

{

int *temp, temp_pos,i;

temp= (int*)malloc(size*sizeof(int));
if(temp==NULL){

return NULL;
}

for (i=0; i<size; i++){
templi] = O;

/* Writing interleaver */
for (i=0; (i<size); i++){

do {
temp_pos = rand()%size;
} while ( temp[temp_pos] );

temp[temp_pos] = 1;
interleave_mat[i] = temp_pos;

/* Writing deinterleaver */
for (i=0; (i<size); i++){

deinterleave_mat[interleave_mat]i]]=i;
}
free(temp);
return;

}

M

/I Function name: gaussian_noise

/I Description: Create gaussian noise with 0 mean a
M

double gaussian_noise(double mean, double variance)

{
double s1, s2, rand_n, r, g_noise;
do {

rand_n = (double)(rand())/LONG_MAX;
sl=rand_ n*2-1.0;

rand_n = (double)(rand())/LONG_MAX;
s2=rand_n*2-1.0;

r=sl*sl+s2*s2;
} while(r>=1);

g_noise =mean + sqrt(variance)*(s1 * sqrt( (-2

return g_noise;

M

matrix
M

rleave_mat,unsigned

M

nd given variance
M

.0*log(n)/r ));
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M

/I Function name: decode

/I Description: Utilizes two SISO MAP decoder to de
M

void decode (trel * trel_state,double *channel_data
double *channel_parity2, int size, int *data,unsign
*deinterleave_mat)

{
double *Log[2];
state_metric **stage_metricl; /* For decoder 1
state_metric **stage_metric2; /* For decoder 2

int i,j,input,state,loop;
double Lc;

/I Create matrix for LLR
for (input=0;input<2;input++){

Log[input] = (double*)malloc(size*sizeof(
stage_metricl = (state_metric**)malloc(size*si
stage_metric2 = (state_metric**)malloc(size*si
for (i=0;i<size;i++){

stage_metric1[i]

=(state_metric*)malloc(NUM_STATE*sizeof(state_metri

stage_metric2][i]
=(state_metric*)malloc(NUM_STATE*sizeof(state_metri

}

/* Initialization of iteration arrays */
for (state=0;state<NUM_STATE;state++){

stage_metric1[O][state].alpha = stage_met
stage_metric2[0][state].alpha = (state==0) ? 1.0 :
}
/* Initialization of extrinsic information arr
be used in decoder 1 */

for (i=0;i<size;i++){

Log[1][i] = 0.0;
Lc = 2.0/variance;
/* Run the decoding for number of ITERATION ti
for (loop=0;l00p<ITERATIONS;loop++){

M 1st decoder //

decoder_map(trel_state,channel_data,channel_parityl
p);

HHHH i

for (i=0;i<size;i++){
Log[O][i]=Log[O0][i]-Lc*channel_data]i

M

code the codes
M

, double *channel_parity1,
ed *interleave_mat,unsigned

*
*/

double));
zeof(state_metric*));

zeof(state_metric*));

o)
o)

ricl[size-1][state].beta =

ay for decoder 2, that will

mes*/

NI
,Size,stage_metricl,Log,1,lo0
NI

1 - Log[1][il;
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decoder_map(trel_state,channel_data,channel_parity2

p);

[*Interleaving */
interleave_double(Log[0],size,interleave_
interleave_double(channel_data,size,inter

Hitnin 2nd decoder //

HHITTHTTHITHITTHTTT
if(l0op<ITERATIONS-1){

for (i=0;i<size;i++){
Log[1][i]=Log[1][i]-Lc*channel_data]i

deinterleave_double(channel_data,size,dei

deinterleave_double(Log[1],size,deinterle
deinterleave_double(Log[0],size,deinterle

}

/* Makeing decisions */
for (i=0;i<size;i++){

if ( Log[1][i] > 0)

channel_data[i] = 1.0;
else

}

Wi free memory Ml
for (i=0;i<size;i++){

channel_data[i] = -1.0;

free(stage_metricl[i]);
free(stage_metric2[i]);

}
free(stage_metricl);
free(stage_metric2);

for (input=0;input<2;input++)
free(Log[input]);

}

T
/I Function name: deinterleave_double

/I Description: deinterleave the given matrix

M

void deinterleave_double(double *channel_data, int

*deinterleave_mat)

t
inti;
double *temp;

temp = (double*)malloc(size*sizeof(double));

if(temp==NULL){

printf("ERROR: Could not allocate place for

mat);
leave_mat);
M

,Size,stage_metric2,Log,2,loo

M

1 - Log[O][il;

nterleave_mat);
ave_mat);
ave_mat);

M

M

M

size,unsigned

temp\n");
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for (i=0;i<size;i++){

templi] = channel_data(i];

}
for (i=0;i<size;i++){
channel_data[deinterleave_mat[i]] = temp][

free(temp);

}

I T

/I Function name: interleave_double

/I Description: interleave the given matrix
T

void interleave_double(double *channel_data, int si

t
inti;
double *temp;

temp = (double*)malloc(size*sizeof(double));
if(temp==NULL){

printf("ERROR: Could not allocate place for
for (i=0;i<size;i++){

temp][i] =channel_data[i];

for (i=0;i<size;i++){
channel_data[interleave_mat[i]] = templi]

free(temp);

T

/I Function name: create_encode_table

/I Description: Create encoder table based on the m
matrices

I TN

void create_encode_table(trel * trel_state,int stat

{
register int i, j, result, temp, feed;
int K; //the constraint length
int data, init_state,temp_output,temp_state;

for (init_state=0;init_state<state_num;init_st
for (data=0;data<2;data++){

feed=0;

K=memory+1,
temp=init_state<<1 | data ;
for(i=1;i<=K;i++){

feed=feed ” ((generator[0]>>(K-i))
0x01);

M

M

ze,unsigned *interleave_mat)

temp\n");

M
emory length and generator
M

€_num,int memory)

ate++){

&0x01) & ((temp>>(K-i)) &
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}

temp_output=0;
temp=init_state<<1 | feed ;

for(i=1;i<=K;i++){

temp_output=temp_output * ((genera
((temp>>(K-i)) & 0x01);

trel_state[init_state].output[data]=te

temp= pow(2,memory)-1;
temp_state=init_state;
trel_state[init_state].fin_state[data]
temp;
trel_state[trel_state[init_state].fin_
= init_state;
}
}
}

o

/I Function name: encoder

/I Description: Encode data based on encoder table
I

void encoder(trel *trel_state,int *data,int *parity
int memory)

t
intij;
int state;
state=0;

for (i=0;i<size;i++){

/I force the encoder to zero state at the end

if (i>=size-memory && force){

if (trel_state[state].fin_state[0]&1)
data[i] =1;
}else{
data[i] =0;

}
j = data[i];

[* Calculate output due to new mesg bit */

parity[i] = trel_state[state].output[j];
[* Calculate the new state */
state = trel_state[state].fin_state[j];

tor[1]>>(K-i))&0x01) &

mp_output;

= ((temp_state<<1)| feed) &

state[data]].from_state[data]

M

M

,unsigned size, int force,
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M

/I Function name: interleave

/I Description: interleave the given matrix
M

void interleave(int *data,unsigned size,unsigned *i
{

int i,*temp;

temp = (int*)malloc(size*sizeof(int));
if(temp==NULL){

printf("ERROR: Could not allocate place for
for (i=0;i<size;i++){

templi] = data[i];

for (i=0;i<size;i++){
datafinterleave_mat[i]] = temp]i];

free(temp);

T

/I Function name: deinterleave

/I Description: deinterleave the given matrix
T

void deinterleave(int *data,unsigned size,unsigned
{

int i,*temp;

temp = (int*)malloc(size*sizeof(int));
if(temp==NULL){

printf("ERROR: Could not allocate place for
}

for (i=0;i<size;i++){

templi] = data[i];

for (i=0;i<size;i++){
data[deinterleave_mat[i]] = templi];

free(temp);

M

M

nterleave_mat)

temp\n");

M

M

*deinterleave_mat)

temp\n");
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M
/I Function name: decoder_map
/| Description: Decode codes in according to Maximu
M

void decoder_map(trel * trel_state,double *channel_
int size, state_metric **stage_metric, double *Log][
{

int i,input,state,index,punc_index;

double soft_input;

double soft_output;

double denominator;

double min,temp;

double num_deno[2];

double Lc;

Lc = 2.0/variance;
if(decode_num==1)
index=1;
punc_index=1;
telsef

index=0;
punc_index=2;

}
for (i=0;i<size;i++){

[* Calculate branch metric using puncture
for (input=0;input<2;input++){

soft_input = (input==0) ?-1.0: 1
for ( state=0;state<NUM_STATE;state+

soft_output = (trel_state[state
:1.0;

if (punc_mat[punc_index][i%2]==

stage_metric[i][state].gamma_I[input]=exp(0.25*Lc*c

else{
stage_metric[i][state].ga

stage_metric|i][state].gammalin
exp(0.25*soft_input*(Log[index][i]+

Lc*channel_data[i]))*stage_metric[i][state].gamma_|

}
}

/* Calculate Forward metrics */
for (i=1;i<size;i++){

denominator=0;
/* Calculate denominator */
for (state=0;state<NUM_STATE;state++){

denominator+= stage_metricfi-
1][trel_state[state].from_state[0]].alpha

M

m-a posteriori algorithm
M

data, double *channel_parity,
].int decode_num, int loop)

d matrix*/

.0;

+{
]-output[input] == 0) ? -1.0

I

hannel_parity[i]*soft_output)

mma_l[input]=1.0;

put]=

[input];
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* stage_metric[i-
1][trel_state[state].from_state[0]].gammal[0]

+ stage_metricl[i-
1][trel_state[state].from_state[1]].alpha

* stage_metric[i-
1][trel_state[state].from_state[1]].gamma[1];

/* Using normalization*/
for (state=0;state<NUM_STATE;state++){

stage_metric][i][state].alpha = ( sta
1][trel_state[state].from_state[0]].alpha
* stage_met
1][trel_state[state].from_state[0]].gamma[0]
+ stage_met
1][trel_state[state].from_state[1]].alpha
* stage_met
1][trel_state[state].from_state[1]].gamma[l] )
/ denominat
}

}

/* Calculate Backward metrics */
if (loop==0 && decode_num==2){
denominator=0;

/* Calculate denominator */
for (state=0;state<NUM_STATE;state++){

denominator += stage_metric[size-
1][trel_state[state].from_state[0]].alpha
* stage_metric[size-
1][trel_state[state].from_state[0]].gamma[0]
+ stage_metric[size-
1][trel_state[state].from_state[1]].alpha
* stage_metric[size-
1][trel_state[state].from_state[1]].gamma][1];

/* Using normalization*/
for (state=0;state<NUM_STATE;state++){

stage_metric[size-1][state].beta = (
1][trel_state[state].from_state[0]].alpha
* stage_met
1][trel_state[state].from_state[0]].gammal[0]
+ stage_met
1][trel_state[state].from_state[1]].alpha
* stage_met
1][trel_state[state].from_state[1]].gamma[l] )
/ denominat
}

}

for (i=size-1;i>=1;i--){
denominator=0;
/* Calculate denominator */

for (state=0;state<NUM_STATE;state++){

denominator +=
stage_metric[i][trel_state[state].from_state[0]].al

ge_metricl[i-
ric[i-
ric[i-
ric[i-

or;

stage_metric[size-
ric[size-
ric[size-
ric[size-

or;

pha
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*
stage_metric[i][trel_state[state].from_state[0]].ga
+
stage_metric[i][trel_state[state].from_state[1]].al
*

stage_metric[i][trel_state[state].from_state[1]].ga

/* Using normalization*/
for (state=0;state<NUM_STATE;state++){

stage_metric[i-1][state].beta = (
stage_metric[i][trel_state[state].fin_state[0]].bet
* stage_metrici
+
stage_metric[i][trel_state[state].fin_state[1]].bet
* stage_metric[i
denominator;

}
}
/* Compute the extrinsic LLRs */
for (i=0;i<size;i++){

min=0;

/* Find the minimum product of forward me
branch metrics */
for (input=0;input<2;input++){
for (state=0;state<NUM_STATE;state++

temp = stage_metric[i][state].a
* stage_metric[i][state].g
*

stage_metric|i][trel_state[state].fin_state[input]]
if ((temp < min && temp = 0)||
min = temp;

}
/1 if all else fails, make min real

if (min ==0 || min > 1)
min = 1E-100;

for (input=0;input<2;input++){

num_deno[input]=0.0;
for(state=0;state<NUM_STATE;state++)

num_denol[input] += (stage_metri
stage_metric|i][state].gamma_I[input]

stage_metric[i][trel_state[state].fin_state[input]]
}
if (num_deno[0] == 0)
num_deno[0] = min;
else if (num_deno[1] == 0)
num_deno[1] = min;

Log[decode_num-1][i] = (log(hum_deno[1]/n

mma][0]
pha

mma[1];

a
][state].gamma[0]

a
|[state].gamma][1] )/

tics, backward metrics,

)

Ipha
amma_l[input]

.beta;

min == 0)

small

{

c[i][state].alpha *

.beta );

um_deno[0]));
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for (i=0;i<size;i++){
Log[decode_num-1][i]=Log[decode_num-1][i] + Lc*channel_datali] +
Log[index][i];
}

}
e = N sy M
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T

i

/I Name: main_turbo.c

/I Author: Tawfiqul Hasan Khan

/I Description: It is a turbo simulation program.

I It utilizes two Soft-Input Soft-Ou

1 decoder to decode the code. An use
1 interleaver has been used to make
I estimate information symbols indep

/I Date of creation: 10/7/2006
[T

#include <stdio.h>
#include <math.h>
#include <string.h>
#include <stdlib.h>
#include <limits.h>

int ITERATIONS; // Global variable for number of
int NUM_STATE; // Global variable for state num
double variance; // Global variable for variance

/* Declaration of structure for trllis*/
typedef struct {
int from_state[2];
int fin_state[2];
int output[2];
Hrel;

/I Initial state
/l Final state
/I Output coded sym

/* Declaration of structure for decoding*/
typedef struct{

double alpha; /I Forward metric

double beta; // Back ward metric
double gamma[2]; /I Branch metric
double gamma_l[2]; // Branch metric

}state_metric;

/* Functions prototypes */

int random_generator();

void* create_interleave_deinterleave(unsigned *inte
unsigned *dein

double gaussian_noise(double mean, double variance)

void encoder(trel *trel_state,int *data,int *parity
int memory);
void create_encode_table(trel *trel_state,int state
void interleave(int *data,unsigned size,unsigned *i
void deinterleave(int *data,unsigned size,unsigned
void decode(trel * trel_state,double *channel_data
double *channel_parity2, int size, int
unsigned *interleave_mat,unsigned *dei
void deinterleave_double(double *channel_data, int
unsigned *deinterle
void interleave_double(double *channel_data, int si

void decoder_map(trel * trel_state,double *channel_

int size, state_metric **sta
int decode_num, int loop);

int generator[10];

M

Here, the code rate is 1/3
tput MAP

r defined length of random
sure that MAP decoder can
endently at each iteration.

M

iterations
ber

bols (branch label)

rleave_mat,
terleave_mat, int size);

,unsigned size, int force,

_num,int memory);
nterleave_mat);
*deinterleave_mat);

, double *channel_parity1,
*data,

nterleave_mat);

size,

ave_mat);

ze,unsigned *interleave_mat);
data, double *channel_parity,
ge_metric, double *Log[],
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[* Main function*/
int main(int argc, char *argv[]){

int *data, *parityl,*parity2; /I Varia
parity2

double *channel_data, *channel_parityl,*channe
channel data, channel parityl, channel parity2

trel *trel_state;

unsigned *interleave_mat; I lterl

unsigned *deinterleave_mat; /I Deint

int size; /I Inter

double rate; /[ The c

/* Declaration of some necessary variables*/
unsigned long seed;

intij;

int memory;

int temp1,temp2;

int total_size;

int total_error;

int temp_data;

double dB,init_dB,fin_dB,inc_dB;
int max_sim;

FILE *fp;

[ USER INPUT /i
printf("Enter the data size:");
scanf("%d",&size);

printf("Enter seed:");

scanf("%ld",&seed);

printf("Enter number of memory:");
scanf("%d",&memory);

printf("Enter number of iteration:");
scanf("%d",&I TERATIONS);

printf("Enter feedback generator in octal:");
scanf("%o0",&generator[0]);

printf("Enter feedforward generator in octal:"
scanf("%0",&generator[1]);

M INITIALIZATION /i1

data= (int*)malloc(size*sizeof(int));
if(data==NULL){

printf('ERROR: Could not allocate memory
exit(0);
}

parityl= (int*)malloc(size*sizeof(int));
if(parityl==NULL)

printf("ERROR: Could not allocate memory
exit(0);
}

parity2= (int*)malloc(size*sizeof(int));
if(parity2==NULL){

printf("ERROR: Could not allocate memory
exit(0);

bles for data, parityl &

|_parity2; // Variables for

eaver matrix
erleaver matrix
leaver or frame size
ode rate

M

M

space for data\n");

space for parity1\n");

space for parity2\n");
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}

channel_data= (double*)malloc(size*sizeof(doub le));
if(channel_data==NULL){

printf("ERROR: Could not allocate memory space for channel_data\n");
exit(0);

}

channel_parityl= (double*)malloc(size*sizeof(d ouble));

if(channel_parityl==NULL){

printf('ERROR: Could not allocate memory space for
channel_parity1\n");
exit(0);
}
channel_parity2= (double*)malloc(size*sizeof(d ouble));

if(channel_parity2==NULL){

printf("ERROR: Could not allocate memory space for
channel_parity2\n");
exit(0);
}

interleave_mat= (int*)malloc(size*sizeof(int))
if(interleave_mat==NULL){

printf("ERROR: Could not allocate memory space for interleave_mat\n");
exit(0);
deinterleave_mat= (int*)malloc(size*sizeof(int ));

if(deinterleave_mat==NULL){

printf('ERROR: Could not allocate memory space for
deinterleave_mat\n");
exit(0);

}

NUM_STATE= pow(2,memory);

trel_state= (trel *)malloc(NUM_STATE*sizeof(tr el));
if(trel_state==NULL){

printf("Could not allocate space for trel \n");
exit(0);

}

fp=fopen(“turbo.txt","w");

if(fp==NULL){

printf("ERROR: Couldn't open file");
exit(0);

}

TN Setting value for simula tion /TN
init_dB=0.0;

fin_dB=4.50;

inc_dB=0.5;

max_sim=LONG_MAX;

rate=0.3333,;

NI CREATE ENCODE TABLE / I

create_encode_table(trel_state, NUM_STATE,memor y);
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[T CREATE INTERLEAVE AND DEINTERLEAVE M ATRIX /T

srand(seed);

create_interleave_deinterleave(interleave_mat,

M STARTING SIMULATION /

deinterleave_mat,size);

M

printf("\n\n\t\t ===\n");
printf("\t\t|| I\ n");
printf("\t\t]]| WELCOME to TURBO SIMULATION ||\ n");
printf("\t\t|| Created By I\ n");
printf("\t|| TAWFIQUL HASAN KHAN ||\ n");
printf("\t\t|| Rate-1/3 I\ n");
printf("\t\t \ n");
printf("\t\t| I\ n");
printf("\t\t| Block Size:%18d |\n",size);
printf("\t\tj Memory Length:%15d |\n",memory);
printf("\t\t| State Number:%16d [\n",NUM_STATE );
printf("\t\t| Iteration Number:%212d |\n",ITERA TIONS);
printf("\t\t| I\ n");
printf(" \n");
printf(" dB  BER Total Error Total bits  Block
size\n");
printf(" \n");

M Starting simulation ///1/

M

for (dB=init_dB; dB<fin_dB+1.0e-1; dB +=inc_d B){
total_size=0;
total_error=0;
variance = 1.0/(2.0*rate*pow(10.0,dB/10.0 ));
while (total_error<=1000 && total_size< m ax_sim){

for (i=0;i<size;i++){
data[i] =random_generator(); /*

/* First RSC encoder*/

Generating RANDOM data*/

encoder(trel_state,data,parityl,size ,1,memory);

interleave(data,size,interleave_mat) ;

/* Second RSC encoder*/

encoder(trel_state,data,parity2,size ,0,memory);

deinterleave(data,size,deinterleave_ mat);

for (i=0;i<size;i++){
channel_data[i]= pow(-1,data]i] )*(-1.0);
channel_parity1[i]= pow(-1,pari ty1[i))*(-1.0);
channel_parity2[i]= pow(-1,pari ty2[i)*(-1.0);

}

/* Adding gaussian noise, mean=0, va
for (i=0;i<size;i++){

riance=No/2Es */

channel_data[i] = channel_data[ i]+
gaussian_noise(0,variance);

channel_parity1[i] = channel_pa rity1[i]+
gaussian_noise(0,variance);

channel_parity2[i] = channel_pa rity2[i]+

gaussian_noise(0,variance);
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}

/* Decoding with two SISO MAP decode

decode (trel_state,channel_data,chan
size,data,interleave_mat,dein

/* Checking error*/

for (i=0;i<size;i++){

temp_data = (channel_datali] ==

if (data[i] '= temp_data)
total_error++;
}

total_size = total_size+size;

/* Printing simulation results in the con
printf ("%5.2lf %10.7e %6ld %21ld  %d
(total_error/(double)total_size), t
size);
fprintf (fp,"%5.2If %10.7e %6Id %21Id
(total_error/(double)total_size), t
size);

}
HIHHTHTHTHTTTTTIDEALLOCATING

free(data);
free(parityl);
free(parity2);
free(channel_data);
free(channel_parityl);
free(channel_parity2);
free(interleave_mat);
free(deinterleave_mat);
free(trel_state);
fclose(fp);

M

/I Function name: random_generator()

/| Description: Generate random numbers
M

int random_generator()

}

double temp;
temp=(double)rand()/LONG_MAX;

if(temp>0.5){
return 1;

}else {
return O;

}

r*/
nel_parityl,channel_parity2,
terleave_mat);

1)?1:0;

sole */
\n", dB,
otal_error, total_size,

%d\n", dB,
otal_error, total_size,

MEMORY//HiHHTHTHTHTHTTTTHTIT

M

M
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I
/I Function name: create_interleave_deinterleave
/I Description: Create interleave and deinterleave
I T

void* create_interleave_deinterleave(unsigned *inte
*deinterleave_mat, int size)

{

int *temp, temp_pos,i;

temp= (int*)malloc(size*sizeof(int));
if(temp==NULL){

return NULL;
}

for (i=0; i<size; i++){
templi] = 0;

[* Writing interleaver */
for (i=0; (i<size); i++){

do {
temp_pos = rand()%size;
} while ( temp[temp_pos] );

temp[temp_pos] = 1;
interleave_mat[i] = temp_pos;

/* Writing deinterleaver */
for (i=0; (i<size); i++){

deinterleave_mat[interleave_mat[i]]=i;

free(temp);
return;

}

I

/I Function name: gaussian_noise

/I Description: Create gaussian noise with 0 mean a
I

double gaussian_noise(double mean, double variance)

{
double s1, s2, rand_n, r, g_noise;
do{

rand_n = (double)(rand())/LONG_MAX;
sl=rand_n*2-1.0;

rand_n = (double)(rand())/LONG_MAX;
s2=rand_n*2-1.0;

r=sl1*sl+s2*s2;
}while(r>=1);

g_nhoise =mean + sqrt(variance)*(s1 * sqrt( (-2

return g_noise;

M

matrix
T

rleave_mat,unsigned

M

nd given variance
I

.0*log(n)/r));
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[T
/I Function name: decode

/I Description: Utilizes two SISO MAP decoder to de

M T T

void decode (trel * trel_state,double *channel_data
double *channel_parity2, int size, int *data,unsign
*deinterleave_mat)

{

=(state_metric*)malloc(NUM_STATE*sizeof(state_metri

=(state_metric*)malloc(NUM_STATE*sizeof(state_metri

double *Log[2];
state_metric **stage_metricl; /* For decoder 1
state_metric **stage_metric2; /* For decoder 2

int i,j,input,state,loop;
double Lgc;

/I Create matrix for LLR
for (input=0;input<2;input++){

Log[input] = (double*)malloc(size*sizeof(
stage_metricl = (state_metric**)malloc(size*si
stage_metric2 = (state_metric**)malloc(size*si
for (i=0;i<size;i++){

stage_metric1[i]

stage_metric2[i]

}

[* Initialization of iteration arrays */
for (state=0;state<NUM_STATE;state++){

stage_metric1[0][state].alpha = stage_met

stage_metric2[0][state].alpha = (state==0) ? 1.0 :

decoder_map(trel_state,channel_data,channel_parityl
p);

}

/* Initialization of extrinsic information arr
be used in decoder 1 */

for (i=0;i<size;i++){
Log[1][i] = 0.0;
Lc = 2.0/variance;
/* Run the decoding for number of ITERATION ti
for (loop=0;l00p<ITERATIONS;loop++){

M 1st decoder //

HHHHHHTHT T

for (i=0;i<size;i++){

M

code the codes
M

, double *channel_parity1,
ed *interleave_mat,unsigned

*/
*

double));
zeof(state_metric*));

zeof(state_metric*));

c));
c));

ricl[size-1][state].beta =

ay for decoder 2, that will

mes*/
T
,Size,stage_metricl,Log,1,l00

M
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Log[O][i]=Log[O0][i]-Lc*channel_data]i ] - Log[1][i];

[*Interleaving */
interleave_double(Log[0],size,interleave_ mat);
interleave_double(channel_data,size,inter leave_mat);

Hin 2nd decoder // M

decoder_map(trel_state,channel_data,channel_parity2 ,Size,stage_metric2,Log,2,l00
p);

T T
if(l0op<ITERATIONS-1){

for (i=0;i<size;i++){
Log[1][i]=Log[1][i]-Lc*channel_datali 1- Log[O]il;

deinterleave_double(channel_data,size,dei nterleave_mat);
deinterleave_double(Log[1],size,deinterle ave_mat);
deinterleave_double(Log[0],size,deinterle ave_mat);

}

/* Makeing decisions */
for (i=0;i<size;i++){

if ( Log[1][i] > 0)

channel_data[i] = 1.0;
else

}

M free memory T M
for (i=0;i<size;i++){

channel_data[i] = -1.0;

free(stage_metricl[i]);
free(stage_metric2[i]);

}
free(stage_metricl);
free(stage_metric2);

for (input=0;input<2;input++)
free(Log[input]);

}

T M
/I Function name: deinterleave_double
/I Description: deinterleave the given matrix

[T M
void deinterleave_double(double *channel_data, int size,unsigned
*deinterleave_mat)
t

int i;

double *temp;

temp = (double*)malloc(size*sizeof(double));
if(temp==NULL){
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printf("ERROR: Could not allocate place for temp\n");
for (i=0;i<size;i++){

temp]i] = channel_data[i];

for (i=0;i<size;i++){

channel_data[deinterleave_mat[i]] = temp[ il;
free(temp);
I T T

/I Function name: interleave_double
/I Description: interleave the given matrix

T M
void interleave_double(double *channel_data, int si ze,unsigned *interleave_mat)
{

inti;

double *temp;

temp = (double*)malloc(size*sizeof(double));
if(temp==NULL){

printf("ERROR: Could not allocate place for temp\n");
for (i=0;i<size;i++){

templi] =channel_datali;

}
for (i=0;i<size;i++){

channel_data[interleave_mat[i]] = templi] ;

free(temp);
}
I T I
/I Function name: create_encode_table
/I Description: Create encoder table based on the m emory length and generator
matrices
I T T
void create_encode_table(trel * trel_state,int stat €_num,int memory)
{

register int i, j, result, temp, feed;
int K; //the constraint length
int data, init_state,temp_output,temp_state;

for (init_state=0;init_state<state_num;init_st ate++){
for (data=0;data<2;data++){

feed=0;

K=memory+1,
temp=init_state<<1 | data ;
for(i=1;i<=K;i++){

feed=feed " ((generator[0]>>(K-i)) &0x01) & ((temp>>(K-i)) &
0x01);
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}

temp_output=0;
temp=init_state<<1 | feed ;

for(i=1;i<=K;i++){

temp_output=temp_output ” ((genera
((temp>>(K-i)) & 0x01);

trel_state[init_state].output[data]=te

temp= pow(2,memory)-1;
temp_state=init_state;
trel_state[init_state].fin_state[data]
temp;
trel_state[trel_state[init_state].fin_
= init_state;
}
}
}
I
/I Function name: encoder

/I Description: Encode data based on encoder table
M

void encoder(trel *trel_state,int *data,int *parity
int memory)
b

int ij;

int state;

state=0;

for (i=0;i<size;i++){

/I force the encoder to zero state at the end

if (i>=size-memory && force){

if (trel_state[state].fin_state[0]&1)
data[i] =1;
telse{
datali] =0;

—

}
j = data[il;

[* Calculate output due to new mesg bit */

parity[i] = trel_state[state].output[j];
[* Calculate the new state */
state = trel_state[state].fin_state][j];

tor[1]>>(K-i))&0x01) &

mp_output;

= ((temp_state<<1)| feed) &

state[data]].from_state[data]

M

M

,unsigned size, int force,
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I

/I Function name: interleave

/I Description: interleave the given matrix
I T

void interleave(int *data,unsigned size,unsigned *i
{

int i,*temp;

temp = (int*)malloc(size*sizeof(int));
if(temp==NULL){

printf("ERROR: Could not allocate place for
for (i=0;i<size;i++){

temp]i] = datali;
}

for (i=0;i<size;i++){
data[interleave_mat[i]] = templi];

free(temp);

I

/I Function name: deinterleave

/I Description: deinterleave the given matrix
I

void deinterleave(int *data,unsigned size,unsigned
{

int i,*temp;

temp = (int*)malloc(size*sizeof(int));
if(temp==NULL){

printf("ERROR: Could not allocate place for

for (i=0;i<size;i++){

temp]i] = datali];

for (i=0;i<size;i++){

data[deinterleave_mat[i]] = templi];

}

free(temp);

M

M

nterleave_mat)

temp\n");

M

M

*deinterleave_mat)

temp\n");
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M
/I Function name: decoder_map
/| Description: Decode codes in according to Maximu
T

void decoder_map(trel * trel_state,double *channel_
int size, state_metric **stage_metric, double *Log][
{

int i,input,state,index,punc_index;

double soft_input;

double soft_output;

double denominator;

double min,temp;

double num_deno[2];

double Lc;

Lc = 2.0/variance;
if([decode_num==1)
index=1;
punc_index=1;
else{

index=0;
punc_index=2;

}
for (i=0;i<size;i++){

/* Calculate branch metric */
for (input=0;input<2;input++){

soft_input = (input==0)?-1.0:1
for ( state=0;state<NUM_STATE;state+

soft_output = (trel_state[state
:1.0;

stage_metric[i][state].gamma_I[input]=exp(0.25*Lc*c
7 stage_metric|i][state].gammalin
exp(0.25*soft_input*(Log[index][i]+

Lc*channel_data[i]))*stage_metric[i][state].gamma_|

}
}

/* Calculate Forward metrics */
for (i=1;i<size;i++){

denominator=0;
/* Calculate denominator */
for (state=0;state<NUM_STATE;state++){

denominator+= stage_metric|i-

1][trel_state[state].from_state[0]].alpha

* stage_metric[i-
1][trel_state[state].from_state[0]].gammal[0]

+ stage_metricl[i-
1][trel_state[state].from_state[1]].alpha

* stage_metric[i-
1][trel_state[state].from_state[1]].gamma[1];

M

m-a posteriori algorithm
M

data, double *channel_parity,
].int decode_num, int loop)

.0;

X
J-outputfinput] == 0) ? -1.0

hannel_parity[iJ*soft_output)

put]=

[input];
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/* Using normalization*/
for (state=0;state<NUM_STATE;state++){

stage_metric][i][state].alpha = ( sta
1][trel_state[state].from_state[0]].alpha
* stage_met
1][trel_state[state].from_state[0]].gammal[0]
+ stage_met
1][trel_state[state].from_state[1]].alpha
* stage_met
1][trel_state[state].from_state[1]].gamma[1] )
/ denominat
}

}

/* Calculate Backward metrics */
if (loop==0 && decode_num==2){
denominator=0;

/* Calculate denominator */
for (state=0;state<NUM_STATE;state++){

denominator += stage_metric[size-
1][trel_state[state].from_state[0]].alpha
* stage_metric[size-
1][trel_state[state].from_state[0]].gamma[0]
+ stage_metric[size-
1][trel_state[state].from_state[1]].alpha
* stage_metric[size-
1][trel_state[state].from_state[1]].gamma][1];

/* Using normalization*/
for (state=0;state<NUM_STATE;state++){

stage_metric[size-1][state].beta = (
1][trel_state[state].from_state[0]].alpha
* stage_met
1][trel_state[state].from_state[0]].gamma[0]
+ stage_met
1][trel_state[state].from_state[1]].alpha
* stage_met
1][trel_state[state].from_state[1]].gamma[l] )
/ denominat
}

}

for (i=size-1;i>=1;i--){
denominator=0;
/* Calculate denominator */

for (state=0;state<NUM_STATE;state++){

denominator +=
stage_metric[i][trel_state[state].from_state[0]].al
*

stage_metric[i][trel_state[state].from_state[0]].ga
+

stage_metric[i][trel_state[state].from_state[1]].al
*

stage_metric[i][trel_state[state].from_state[1]].ga

ge_metricl[i-
ric[i-
ric[i-
ric[i-

or;

stage_metric[size-
ric[size-
ric[size-
ric[size-

or;

pha
mma][0]
pha

mma[1];
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[* Using normalization*/
for (state=0;state<NUM_STATE;state++){

stage_metric[i-1][state].beta = (

stage_metric[i][trel_state[state].fin_state[0]].bet
* stage_metric|i
+

stage_metric|i][trel_state[state].fin_state[1]].bet
* stage_metric|i

denominator;

}
}

/* Compute the extrinsic LLRs */
for (i=0;i<size;i++){

min=0;
/* Find the minimum product of forward me
branch metrics */
for (input=0;input<2;input++){
for (state=0;state<NUM_STATE;state++

temp = stage_metric[i][state].a
* stage_metric[i][state].g
*

stage_metric[i][trel_state[state].fin_state[input]]
if (temp < min && temp != 0)||

min = temp;
}

/'if all else fails, make min real
if (min==0]| min > 1)

min = 1E-100;
for (input=0;input<2;input++){

num_deno[input]=0.0;
for(state=0;state<NUM_STATE;state++)

num_denol[input] += (stage_metri
stage_metric[i][state].gamma_I[input]
*

stage_metric[i][trel_state[state].fin_state[input]]
}
if (num_deno[0] == 0)
num_deno[0] = min;
else if (num_deno[1] == 0)
num_deno[1] = min;
Log[decode_num-1][i] = (log(num_deno[1]/n
for (i=0;i<size;i++){

Log[decode_num-1][i]=Log[decode_num-1][i]
Log[index][i];
}

}
e = N sy

a
][state].gamma[0]

a
][state].gamma[1] )/

tics, backward metrics,

)

Ipha
amma_l[input]

.beta;

min == 0)

small

{

c[i][state].alpha *

.beta );

um_deno[0]));

+ Lc*channel_datali] +

M
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I

1

/I Name: main_ldpc.c

/I Author: Tawfiqul Hasan Khan

/I Description: It is an LDPC simulation program.
1 parity-check matrix and iterative

1 decoding algorithm for decoding LD

/I Date of creation: 13/7/2006
I

#include <stdio.h>
#include <math.h>
#include <float.h>

#include <limits.h>
#include <stdlib.h>

int ITERATIONS; // Global variable for number o
double variance; // Global variable for variance

/* Declaration of structure for parent nodes */
typedef struct parent_node {

int size; /I column
check matrix
int *index_child; /l indexe

Inode_parent;
/* Declaration of structure for child nodes */

typedef struct {
int size; /I row w
check matrix
int *index_parent; /I index
int syndrome;
Inode_child;

/* Function prototypes*/

void perl_decoder(int N,int M, double *channel_data

node_child *node_check, int *decoded_data);

double gaussian_noise(double mean, double variance)

/* Main function*/

main()

{
int N; /I Transmitted blockle
int K; /I Source blocklength
int M; /I Number of rows in A
intL; /I Number of columns o
float rate;

int *data, *decoded_data;
double *channel_data;

node_parent *node_code;
node_child *node_check;

int max_size _t; /I maximam number of
int max_size_tr; /I maximum nuber of 1

M

It uses the low-density
belief propagation (IBP)
PC.

M

f iterations

weigth in low-density parity

s of children

eigth in low-density parity

es of parents

, node_parent *node_code,

ngth of a code
of a code

. M=N-K

fA. L=N

1's per column
's per row
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/* Declaration of some necessary variables*/
int total_size;

int total_error;

double dB,init_dB,fin_dB,inc_dB;

int max_sim;

long seed;

int error;

FILE *fp, *fp2;

intij;

char filename[20];

M FILE Input /1T M

printf("Enter file of low-density parity check matrix:");
scanf("%s" filename);

fp=fopen(filename,"r");
if (fp == NULL){

printf("incorrect input file name ...\n") ;
exit(0);

}

fp2=fopen("LDPC_output.txt","w");

if(fp2==NULL)
printf("incorrect input file name ...\n") ;
exit(0);

/* Reading the matrix*/
fscanf(fp, "%d %d", &N, &K);
M=N-K;

L=N;

MU INITIALIZATION /i1 M
data=(int*)malloc(K*sizeof(int));
if(data==NULL){

printf("Error: cannot allocate spcae for da ta\n");
decoded_data= (int*)malloc(N*sizeof(int));

if([decoded_data==NULL){

printf("Error: cannot allocate space for de coded_data");

}

channel_data=(double*)malloc(N*sizeof(double))
if(channel_data==NULL){

printf("Error: cannot allocate space for ¢ hannel_data");
fscanf(fp, "%d %d", &max_size_t, &max_size_tr) ;

node_code=(node_parent*)malloc(N*sizeof(node_p arent));
node_check=(node_child*)malloc(M*sizeof(node_c hild));

for (i=0; i<L; i++){
fscanf(fp, "%d", &node_code][i].size);
node_code[i].index_child=(int*)malloc(nod e_code[i].size*sizeof(int));
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}
for (i=0; i<M; i++){
fscanf(fp, "%d", &node_check][i].size);

node_check]i].index_parent=(int*)malloc(node_check|

for (i=0; i<L; i++)

for (j=0; j<node_codeJi].size; j++){
fscanf(fp, "%d", &node_codeJi].index

}
for (i=0; i<M; i++)

for (j=0; j<node_check]i].size; j++){
fscanf(fp, "%d", &node_check[i].inde
}

}
fclose(fp);
M USER INPUT /i1

printf("Enter the number of iteration:");
scanf("%d",&I TERATIONS);

T Setting value for simulat
init_dB=0.5;

fin_dB=10;

inc_dB=0.5;

max_sim=LONG_MAX;

rate = (float) K/ (float) N;

M IS TARTING SIMULATION/H

i].size*sizeof(int));

_child[j]);

X_parent([j]);

M

ion [T

M

printf("\n\n\t\t ===\n");
printf("\t\t|| I\ n");
printf("\t\t|| WELCOME to LDPC SIMULATION ||\ n");
printf("\t\t|| Created By I n");
printf(\t\f]] TAWFIQUL HASAN KHAN n");
printf("\t\t|| (IBP decoding Algorithm) |\ n");
printf("\t\t|| I\ n");
printf("\t\t n");
printf("\t\t| I\ n");
printf("\t\t| N:%27d [\n",N);
printf("\t\t| K:%627d |\n",K);
printf("\t\t| M:%27d |\n",M);
printf("\t\t| Rate:%24If |\n",rate);
printf("\t\t| Iteration Number:%12d |\n",ITERA TIONS);
printf("\t\t| I\ n");
printf(" \n");
printf(" dB  BER Total Error Total bits  Block
size\n");
printf(" \n");

TN check TN
/*
printf("%d %d\n", L, M);

M
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printf("%d %d\n", max_size_t, max_size_tr);
for (i=0; i<L; i++)

printf("%4d", size_t_mat[i]);
printf("\n");

for (i=0; i<M; i++)
printf("%4d", size_tr_mat[i]);
printf("\n");

for (i=0; i<L; i++)

for (j=0; j<size_t_mat[i]; j++)
printf("%4d", set_t_mat[i][j]);
printf("\n");

printf("\n");
for (i=0; i<M; i++)

for (j=0; j<size_tr_mat[i]; j++)
printf("%4d", set_tr_mat[i][j]);
printf("\n");

printf("\n");
*/
I check end /il
srandom(seed);

N STARTING SIMULATION /
dB=init_dB;
for (dB=init_dB; dB<fin_dB+1.0e-1; dB +=inc_d

total_size=0;

total_error=0;

variance = 1.0/(2.0*rate*pow(10.0,dB/10.0

/Isigma=1.0/(2.0*0.3333*dB);

/Isigma = 1.0/(2.0*3*(dBY/);

[l snr_rms = 2.0*rate*(pow(10.0,(snr/10.0

/I snr_rms = 2.0*(pow(10.0,(snr/10.0)))

/Isnr_rms = 2.0*sqrt(2.0*rate*(pow(10.0,(
bit

while (total_error<=1000 && total_size< m

/* FOR CONVENIENCE, MAKE DATA EQUAL

for (i=0; i<K; i++){
data[i] = 0;

}
/* BPSK MAPPING: "0" --> +1, "1" --
for (i=0; i<N; i++){

channel_data[i] = 1.0;

}
/* ADDITIVE WHITE GAUSSIAN NOISE CHA

for (i=0; i<N; i++){
channel_data[i] = channel_data[i
gaussian_noise(0,variance);

/* ITERATIVE DECODING BY BELIEF PROP

perl_decoder(N,

M,channel_data,node_code,node_check,decoded_data);

/* Checking error */

M

M
B){

)k

));  // SNR per bit
;I SNR per symbol
snr/10.0)))); // SNR per

ax_sim){
TO ZERO */

>-1%

NNEL */

1+

AGATION */
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for (i=0; i<N; i++){

if (decoded_datali]){
total_error++;
}

}
total_size = total_size+N;

}
printf ("%5.2If %10.7e %6ld %21ld %d
(total_error/(double)total_size), t
N);
fprintf (fp2,"%5.2If %10.7e %6ld %21Id
(total_error/(double)total_size), t

N);

}

HIHHTHITHININTHTIDEALLOCATIN

free(data);

free(decoded_data);

free(channel_data);

for(i=0; i<L; i++){
free(node_code[i].index_child);

}

for(i=0; i<M; i++){
free(node_check(i].index_parent);

}

free(node_code);

free(node_check);

fclose(fp);

fclose(fp2);

M

/I Function name: perl_decoder()

/I Description: Iterative decoding by belief propag
1 ayesian network Based on Pearl's bo
M

void perl_decoder(int N,int M, double *channel_data
node_child *node_check, int *decoded_data)

{

inti,j,l,loop;

double *p_I1,*p_l0O;
double **q_mlO, **q_ml1;
double **r_mlO, **r_ml1;
double **deltar_ml;
double alpha;

double *q_lO, *q_l1;
double Lc;

p_l1=(double*)malloc(N*sizeof(double));
if(p_I1==NULL){

printf("Error: cannot allocate space for p_

p_lo=(double*)malloc(N*sizeof(double));
if(p_l0==NULL){

printf("Error: cannot allocate space for p_

\n", dB,
otal_error, total_size,

%d\n", dB,
otal_error, total_size,

G MEMORY/iHHTHHTTHTTHTINT

M

ation in code's B
ok and MacKay's paper
M

, node_parent *node_code,

117);

10");
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}

g_l0=(double*)malloc(N*sizeof(double));
if(g_l0==NULL){

printf("Error: cannot allocate space for q_ 10™);
g_l1=(double*)malloc(N*sizeof(double));
if(g_I1==NULL){

printf("Error: cannot allocate space for q_ 11");
g_ml0=(double**)malloc(M*sizeof(double*));
if(g_mIO==NULL){

printf("Error: cannot allocate space for q_ ml0");

}

g_mll=(double**)malloc(M*sizeof(double*));
if(q_ml1==NULL){

printf("Error: cannot allocate space for q_ mi1");
deltar_mi=(double**)malloc(M*sizeof(double*));
if(deltar_ml==NULL){

printf("Error: cannot allocate space for de ltar_ml");
r_ml0= (double**)malloc(M*sizeof(double*));
if(r_mIO==NULL){

printf("Error: cannot allocate space for r_ ml0");

r_ml1l=(double**)malloc(M*sizeof(double*));
if(r_mI1==NULL)

printf("Error: cannot allocate space for r_ mi1");

}
for (i=0; i<M; i++){

g_mlO[i]=(double*)malloc(N*sizeof(double) );
g_ml1[i]=(double*)malloc(N*sizeof(double) );
deltar_ml[i]=(double*)malloc(N*sizeof(dou ble));
r_mlO[i]= (double*)malloc(N*sizeof(double ));
r_ml1[i]= (double*)malloc(N*sizeof(double ));

}

Lc=2.0/variance;

/I Prior probabilities

for (i=0;i<N;i++)
p_I1[i] = 1.0/ (1.0 + exp(channel_data[ i]*Lc) );
p_l0[i] = 1.0 - p_I1]i];

for (i=0; i<M; i++){
for (j=0; j<node_check][i].size; j++)

g_mlO[i][j] = 0.0;
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g_ml1[i][j] = 0.0;
}
for (i=0; i<N; i++){
nodes

for (j=0; j<node_codeJi].size; j++){
children nodes

g_mlO[node_code(i].index_child[j]-1]
g_mll[node_codeli].index_child[j]-1]
}
}

for(loop=0;l00p<ITERATIONS;loop++){
M Horizontal step /M

for (i=0; i<M; i++) {
for (j=0; j<node_check]i].size; j++)

deltar_ml[i][node_check][i].inde
for (I=0; I<node_check][i].size;

if (node_check]i].index_pa
node_check]i].index_parent[j]{

deltar_ml[i][node_che
g_mlO[i][node_check[i].index_parent[l]-1] -

g_ml1[ij[node_check]i].index_parent[l]-1]);
}

r_mlQ[i][node_check]i].index_pa
deltar_ml[i][node_check[i].index_parent[j]-1] );

r_ml1[i][node_check[i].index_pa
deltar_ml[i][node_check[i].index_parent[j]-1] );

}
}

I Vertical step /T

for (i=0; i<N; i++){
for (j=0; j<node_codeJi].size; j++)

{

g_mlO[node_code[i].index_child[j
g_ml1[node_codeli].index_child[j

for (I=0; I<node_codeli].size;
if (node_code[i].index_chi
node_codel[i].index_child[j])

g_mlO[node_codeli].in
r_mlO[node_code][i].index_child[l]-1][i];

g_ml1[node_codeli].in
r_mll[node_code[i].index_child[l]-1][i];

}

I/l run over code

/l run over

[ = p_Iofi];
[ = p_I1fi];

M

X_parent[j]-1] = 1.0;
[++)

rent[l] I=

ck[i].index_parent[j]-1] *= (

rentj-1]1=0.5* (1.0 +

rent[j]-1]=0.5* (1.0 -

M i

111 = p_Iofi};
4] = p_ 11l

I++){
Id[l 1=
dex_child[j]-1][i] *=

dex_child[j]-1][i] *=
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}
alpha = 1.0/ (g_mlO[node_code[

1][i]+g_ml1[node_codeli].index_child[j]-1][i]);

}

g_mlO[node_code[i].index_child[
g_mll[node_codeli].index_child[

}
}

for (i=0; i<N; i++)

q_lOf[i] = p_IOfi];
q_I1[]] = p_I1{il;

for (j=0; j<node_code][i].size; j++)
q_IO[i] *= r_mlO[node_code][i].i
g_I1[i] *= r_ml1l[node_codeli].i

alpha = 1.0/ (g_IO[i]+q_I1[i]);

g_l0[i] *= alpha;
g_I1[i] *= alpha;

if (q_I1[i] > 0.5)
decoded_data[i] = 1;
else
decoded_data][i] = 0;
}

for (i=0; i<M; i++){

free(g_mlO[i]);
free(q_ml1[i]);
free(deltar_mil[i]);
free(r_mlO[i]);
free(r_ml1[i]);

}

free(p_I1);
free(p_l0);
free(q_l0);
free(q_I1);
free(q_mlO);
free(g_mll);
free(deltar_ml);
free(r_ml0);
free(r_mll);

il.index_child[j]-

i1-1]0i] *= alpha;
1-1]0i] *= alpha;

ndex_child[j]-1][i];
ndex_child[j]-1][i];
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I

/I Function name: gaussian_noise

/I Description: Create gaussian noise with 0 mean a
I

double gaussian_noise(double mean, double variance)
{

double s1, s2, rand_n, r, g_noise;

do {

rand_n = (double)(rand())/LONG_MAX;
sl=rand_ n*2-1.0;

rand_n = (double)(rand())/LONG_MAX;
s2=rand_n*2-1.0;

r=sl*sl+s2*s2;
}while(r>=1);

g_nhoise =mean + sqrt(variance)*(s1 * sqrt( (-2

return g_noise;

M

nd given variance
T

.0*log(n)/r));
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T T

i

1 Filename: gal(3,4,20,5)r1_4.txt

I Description: It is a text file which contains th e information of a

1 specific low-density parity-check matrix. He re, N=
1l 20, K=5, R=0.25, W, =3 and W, = 4. The format

i of the files specifying the structure of thes e
1l matrices (or the Tanner graphs) is the same a s that
/1 used by David MacKay, that is, the "alist" (a djacency
i list) format. (Mackay, D J C)

i

I I

205

34

33333333333333333333
A444444444444444
1611
1712
1813
1914
2615
2711
2812
21013
3614
3715
3912
31011
4613
4814
4915
41012
5714
5811
5913
51015
1234
5678
9101112
13141516
171819 20
15913
261017
371418
4111519
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81216 20
161218
271116
381319
491417
51015 20
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MU M

1 Filename: gal(3,6,96,48)r1_2.txt
I Description: It is a text file which contains th e information of a
1 specific low-density parity-check matrix. He re, N=
1 96, K = 48, R= 0.5, W, =3 and W, = 6. The format
i of the files specifying the structure of thes e
/1 matrices (or the Tanner graphs) is the same a s that
/1 used by David MacKay, that is, the "alist" (a djacency
i list) format. (Mackay, D J C)
Z///////////////////////////////////////////////// I
96 48
36
33333333333333333333333333 33333333333333
33333333333333333333333333 33333333333333
3333333333333333
66666666666666666666666666 66666666666666
66666666
10 30 40
5 32 45
16 18 39
12 22 38
15 19 47
2 17 34
9 24 42
1 29 33
4 27 36
3 26 35
11 31 43
7 21 44
20 48
14 23 46
6 28 37
13 25 41
14 32 43
23 37
31 36
28 34
7 25 47
10 21 33
15 30 35
16 26 48
3 22 46

12 20 41
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8 18 38
4 19 45
6 24 40
9 27 39
13 17 42
11 29 44
24 34
25 36
19 43
20 46
14 27 42
7 22 39
13 18 35
4 26 40
16 29 38
15 21 48
11 23 45
17 47
28 44
12 32 33
2 30 41
10 31 37
10 18 36
4 23 44
29 40
27 38
30 42
12 28 43
11 20 37
1 19 35
15 31 39
16 32 41
26 33
3 25 45
13 21 34
14 24 48
17 46
22 47
27 40
11 18 33
2 32 35
10 28 47
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12 25 37
3 19 39
14 31 44
16 30 34
13 20 38
22 36
17 45
4 21 42
15 29 46
26 43
23 48
1 25 42
15 22 40
21 41
18 47
27 43
11 30 46
31 35
20 36
14 17 38
16 28 45
4 32 37
13 23 33
12 26 44
29 48
24 39
10 19 34

20 36 56 80 81
19 47 52 67 95

28 40 50 77 91
18 45 59 69 88

15 29 34 64 76 85
12 21 38 63 65 87
13 27 33 53 79 83
7 30 35 51 75 84

22 48 49 68 96
11 32 43 55 66 86
4 26 46 54 70 93
16 31 39 61 74 92
14 17 37 62 72 89

23 42 57 78 82
24 41 58 73 90
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31 44 63 76 89
27 39 49 66 84
28 35 56 71 96

13 26 36 55 74 88
12 22 42 61 77 83
4 25 38 64 75 82
14 18 43 50 80 92
7 29 33 62 69 95
16 21 34 60 70 81
10 24 40 59 79 93
9 30 37 52 65 85
15 20 45 54 68 90

32 41 51 78 94
23 47 53 73 86

17 46 58 67 91
22 46 59 66 92
20 33 61 73 96

10 23 39 56 67 87
9 19 34 49 75 88
15 18 48 55 70 91

27 41 52 74 89
30 38 57 71 95
29 40 51 65 82

16 26 47 58 69 83
7 31 37 53 77 81
11 17 35 54 79 85
12 32 45 50 72 93
2 28 43 60 76 90
14 25 36 63 78 86
5 21 44 64 68 84

13 24 42 62 80 94



Appendix C List of codes 143
T T

i

1 Filename: gal(3,6,816,408)r1_2.txt

Il Description: It is a text file which contains th e information of a

1 specific low-density parity-check matrix. He re, N=
Il 816, K=408, R=0.5, W. =3and W, =6. The format

1l of the files specifying the structure of thes e
1 matrices (or the Tanner graphs) is the same a s that
1 used by David MacKay, that is, the "alist" (a djacency
1l list) format. (Mackay, D J C)

i

o I

816 408

36

33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
33333333333333333333333333
3333333333333333
66666666666666666666666666
66666666666666666666666666
66666666666666666666666666
66666666666666666666666666
66666666666666666666666666
66666666666666666666666666
66666666666666666666666666
66666666666666666666666666
66666666666666666666666666
66666666666666666666666666
66666666

57 253 348
33 140 340
133 173 349
34 209 405
58 249 397
72 227 301
66 250 404
23 189 391
12 218 392
42 238 319
118 157 344
132 201 387
50 179 376
75 199 325
108 204 382

78 207 306

33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333
33333333333333

66666666666666
66666666666666
66666666666666
66666666666666
66666666666666
66666666666666
66666666666666
66666666666666
66666666666666
66666666666666
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46 232 365
135 246 316
21 137 315
73 264 390
134 161 282
25 200 407
7 224 333
113 178 342
122 168 299
92 216 300
52 195 285
32 186 374
82 258 288
104 228 281
49 271 402
130 242 328
89 172 312
2 260 364
63 208 284
131 158 375
83 243 373
16 252 329
35 138 331
18 150 320
56 213 274
120 181 279
43 269 406
88 196 283
71 259 273
111 176 309
85 241 359
4 212 347
101 143 295
107 263 326
13 190 389
30 222 353
65 185 318
98 230 357
67 223 354
97 193 336
84 202 358
55 162 385
68 210 308
51 152 287
116 147 291
100 154 394
102 231 381
81 235 363
99 261 352
117 237 361
93 272 401
10 214 384
94 221 378
26 144 395
69 146 379
6 217 292
14 205 372
125 247 296
62 164 360
112 183 332
9 262 396
74 141 311
106 198 286

19 160 367
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28 175 322
11 239 339
8 166 369
15 225 297
29 254 400
27 174 307
48 177 293
126 233 314
3 219 371
87 187 345
90 153 334
59 170 341
54 203 317
119 211 362
41 182 338
129 234 408
37 155 346
31 169 294
22 240 343
91 145 330
53 265 403
95 251 356
124 148 323
79 156 388
115 266 399
105 220 398
80 191 302
60 165 366
77 197 380
121 159 305
61 151 335
109 244 298
17 194 313
128 149 303
96 171 337
70 180 327
38 142 350
103 257 304
24 188 321
40 163 276
20 255 386
114 206 393
86 139 275
36 226 383
127 268 289
5 267 280
110 236 377
123 184 351
45 215 278
64 248 324
47 167 368
76 270 277
39 192 355
136 245 310
44 229 370
1 256 290
136 159 283
18 233 301
119 172 333
101 259 342
81 164 408
13 165 344
74 153 305

35 150 396
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2 155 399
86 149 349
67 232 352
92 242 379
129 272 336
22 190 281
111 268 322
46 193 335
91 207 407
95 271 290
118 212 286
10 175 296
107 249 330
11 171 405
14 148 280
52 191 313
131 209 288
24 187 341
113 203 326
44 160 402
115 178 350
6 188 381
66 170 277
134 139 347
1 266 406
80 168 383
9 201 353
50 185 339
121 184 299
130 198 401
41 157 390
37 262 345
85 230 354
79 146 395
8 237 317
76 253 340
27 228 363
93 247 403
54 152 324
33 169 285
97 223 400
5 260 318
36 231 372
127 239 308
98 263 276
83 250 359
84 158 370
100 225 404
42 154 362
124 167 394
88 218 355
71 220 360
72 243 316
112 258 382
47 163 315
82 204 274
123 261 298
99 210 384
114 145 289
65 162 393
106 226 309
40 195 378
23 140 292

62 143 311
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60 248 278
108 216 369
34 251 295
53 245 391
56 246 374
120 227 351
43 199 377
61 221 282
25 224 294
55 202 357
125 213 334
73 229 297
29 264 367
19 252 371
59 234 273
90 217 366
21 254 329
12 192 397
68 206 388
78 138 368
75 196 314
28 177 380
39 182 323
128 161 320
38 244 321
20 256 385
109 222 287
63 142 373
94 208 328
49 180 398
64 255 331
122 174 343
58 194 375
7 238 303
103 166 332
51 151 338
26 240 361
77 200 386
126 215 327
69 219 358
15 179 319
105 211 356
17 265 284
16 176 364
117 236 348
110 241 291
45 257 389
116 183 325
57 267 387
4 186 306
3 156 279
32 137 307
133 269 376
70 235 293
96 270 275
87 141 302
89 147 392
135 214 346
132 144 365
31 197 337
104 189 300
30 173 304
48 205 310

102 181 312
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31 255 307
12 259 313
46 196 299
8 199 290
74 260 396
79 157 358
55 250 329
24 262 367
131 238 273
99 166 278
111 189 277
6 231 335
77 148 369
57 251 399
58 211 406
62 269 383
7 226 280
101 202 287
36 252 276
100 216 322
78 270 298
129 197 366
21 228 387
121 187 295
26 173 274
3 164 300
92 156 332
72 220 365
81 139 286
96 249 403
76 218 378
19 258 324
22 188 357
41 143 379
11 241 351
17 152 279
63 194 391
47 215 334
33 263 315
122 204 301
126 140 353
10 176 331
34 268 360
38 185 337
119 168 341
1 240 354
68 183 328
83 219 377
104 146 305
69 266 349
18 158 359
136 213 333
51 248 398
49 167 314
70 272 350
39 191 327
113 175 308
9 267 372
90 178 384
97 221 326
125 142 407
30 237 364
23 222 302

16 201 371
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45 243 294
28 264 292
94 165 374
85 217 344
128 169 356
88 181 296
112 239 316
5 141 395
95 223 373
84 172 363
66 208 303
67 236 380
87 150 283
44 161 346
133 145 389
120 170 394
64 138 402
105 206 291
110 232 297
91 190 338
43 247 330
25 195 355
116 203 390
107 171 320
60 227 352
123 160 405
93 244 318
89 200 317
13 182 312
115 163 370
80 261 397
134 180 339
132 257 393
50 154 336
52 179 400
37 233 382
103 162 284
98 265 311
124 174 408
56 198 361
14 242 325
48 256 386
29 224 376
15 230 310
114 246 342
53 151 348
109 155 304
130 177 309
65 225 285
102 253 362
117 234 293
135 212 282
75 137 321
20 209 347
118 192 281
42 210 289
54 184 368
106 186 323
4 159 404
86 214 381
35 235 306
71 245 388
40 147 343

2 144 345
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59 153 375
127 207 288
27 271 401
61 149 275
82 229 385
108 254 319
32 193 392
73 205 340
86 166 402
59 237 274
3 194 387
92 248 382
129 271 313
71 184 285
132 263 361
102 249 293
46 173 384
22 247 406
135 145 325
44 183 398
77 170 305
114 156 308
121 140 376
63 169 351
17 209 399
19 244 368
117 196 302
69 220 281
124 153 294
84 149 357
81 189 370
56 165 360
58 137 356
24 268 358
36 243 347
5 206 341
123 190 296
23 171 407
31 158 344
96 262 374
97 192 315
15 148 350
119 197 306
111 232 362
116 238 403
95 185 379
122 259 348
54 151 342
118 208 278
20 163 390
108 200 345
6 168 324
32 224 286
16 245 343
78 267 273
80 138 337
39 255 391
65 222 372
115 188 335
48 157 383
2 191 330
76 241 364
93 160 304

28 150 392
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126 155 279
62 210 307
67 235 322
120 240 311
51 226 326
1 152 401
85 146 318
70 239 352
125 167 300
7 198 327
127 159 373
37 172 367
113 234 359
74 261 323
14 203 408
34 218 289
101 181 339
53 251 371
105 233 363
35 162 328
82 182 336
104 199 275
75 174 333
57 264 353
68 180 287
79 219 298
26 141 346
73 214 334
33 236 338
131 177 331
42 217 396
60 266 378
98 175 301
83 246 388
128 201 314
38 228 283
13 215 284
90 142 297
47 265 366
87 269 389
11 154 380
66 147 385
4 260 365
55 230 292
130 193 288
30 242 400
88 250 280
91 161 405
103 252 354
12 223 290
43 212 404
10 139 332
40 178 320
25 204 395
45 270 312
72 213 309
29 179 291
9 256 375
94 143 329
107 229 340
100 187 299
112 205 394
136 227 316

64 257 397
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52 231 319
41 144 349
21 258 277
134 164 386
49 272 377
110 211 355
109 216 303
99 254 310
8 207 321
61 176 317
106 225 276
133 253 381
89 186 295
50 195 393
18 202 282
27 221 369
42 230 404
131 152 281
70 271 383
21 224 407
135 218 332
96 189 399
79 186 380
108 210 282
2 199 344
24 249 390
136 196 298
33 206 277
67 246 275
71 237 402
37 190 358
10 179 369
93 255 367
18 223 297
113 170 319
104 258 294
41 264 374
14 175 333
95 174 341
73 201 305
44 137 405
64 250 364
38 236 317
46 239 309
49 147 280
15 182 291
25 146 331
35 229 403
63 247 368
76 144 350
88 202 406
123 191 391
62 198 340
60 155 299
40 254 300
109 211 316
85 178 353
98 145 345
22 205 335
19 272 396
99 215 289
118 140 308
50 159 355

1 139 292



Appendix C List of codes 153

66 265 334
56 267 306
12 238 283
121 194 290
68 177 276
132 245 329
84 154 349
59 253 392
133 157 286
27 240 348
16 243 339
122 221 352
87 268 354
106 209 328
61 192 384
94 225 393
74 213 303
51 176 363
13 171 323
72 172 371
54 252 366
11 219 394
58 165 387
82 166 287
65 248 378
119 242 376
91 162 310
124 261 400
31 143 362
26 169 338
20 149 343
48 188 285
28 241 395
100 150 326
3 167 397
77 141 342
78 161 361
111 207 304
5 183 359
101 256 381
92 204 372
52 156 336
130 222 314
4 184 302
110 200 357
23 185 346
6 235 288
45 260 301
107 160 293
80 180 351
57 195 307
112 214 324
102 193 273
89 203 311
134 142 360
7 164 320
117 257 330
86 138 370
53 148 274
29 269 373
127 226 321
105 158 385
39 153 318

36 151 327
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126 263 389
75 220 386
17 208 365
120 259 278
103 168 325
90 244 296
8 262 347
47 251 337
116 234 382
9 227 379
97 232 284
69 163 279
81 212 295
43 228 322
129 266 388
30 197 356
128 216 313
32 187 312
55 173 375
114 181 377
34 233 408
115 270 401
125 231 315
83 217 398
105 224 290
3 271 274
113 195 386
61 173 300
111 158 286
79 160 366
106 245 371
52 259 352
84 159 345
107 253 295
108 156 350
34 201 383
28 222 355
90 189 344
97 171 299
44 144 326
80 251 372
48 184 388
83 226 381
54 221 308
95 244 405
47 256 382
96 148 305
88 214 374
73 137 293
29 155 406
128 225 384
98 232 325
2 231 320
57 162 390
114 212 292
21 220 328
62 268 329
85 206 304
17 235 376
19 247 339
18 198 379
66 203 294
75 250 337

129 179 309
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50 138 334
7 163 287
32 257 394
20 266 332
39 176 392
103 152 389
136 249 380
15 269 378
55 141 359
30 200 373
9 241 368
26 238 278
89 246 298
10 218 330
69 157 327
93 252 316
38 172 275
64 183 289
112 161 348
126 181 370
1 270 284
100 267 319
74 204 365
82 193 340
22 228 354
42 151 306
131 210 362
71 211 407
77 174 358
123 227 313
60 207 387
70 229 377
135 197 399
99 168 283
118 217 395
78 254 343
5 146 408
41 194 323
124 260 336
117 145 322
8 167 367
37 242 403
16 234 397
25 142 356
31 140 311
109 180 385
35 236 393
101 216 307
133 263 346
56 143 363
132 264 402
53 248 291
127 223 401
120 233 398
110 237 391
36 219 312
134 175 279
23 205 288
81 178 318
58 262 301
63 272 404
122 239 396
13 186 333

40 139 361
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130 154 273
6 240 276
119 188 375
72 187 315
11 191 277
43 255 317
125 190 341
121 208 369
27 213 351
115 215 342
104 147 349
45 170 364
102 192 353
65 182 347
12 166 400
86 165 280
14 261 281
46 150 302
49 230 335
91 209 321
4 185 314
51 265 360
33 243 357
24 196 285
59 202 338
94 149 310
67 177 297
92 164 282
87 169 303
116 258 331
68 199 324
76 153 296
136 169 318 470 592 741
34 145 400 461 553 709
89 259 298 411 627 682
48 258 395 507 636 805
126 186 344 436 631 757
72 166 284 452 639 786
23 242 289 474 648 722
83 179 276 537 663 761
77 171 330 522 666 731
68 156 314 516 560 734
82 158 307 505 614 789
9 226 274 514 595 799
51 142 365 501 611 783
73 159 377 479 566 801
84 249 380 442 574 728
38 252 336 454 603 763
113 251 308 425 659 715
40 138 323 543 562 717
80 222 304 426 588 716
121 234 390 450 623 724
19 225 295 531 548 712
99 150 305 418 587 745
8 207 335 438 638 778
119 162 280 434 554 808
22 217 358 518 575 764
70 245 297 491 622 732
86 181 403 544 602 793
81 230 338 464 625 693
85 221 379 521 652 706
52 270 334 510 672 730
98 268 273 439 621 765

28 260 407 453 674 723
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2 184 311 493 556 807
4 211 315 480 677 692
39 144 397 484 576 767
124 187 291 435 656 776
97 176 372 476 559 762
117 233 316 500 571 737
133 231 328 457 655 725
120 206 399 517 583 784
95 175 306 530 565 758
10 193 392 495 545 746
43 215 357 515 670 790
135 164 350 420 569 696
129 255 337 519 640 796
17 152 275 417 572 802
131 199 310 503 664 702
87 271 378 460 624 698
31 238 326 533 573 803
13 172 370 542 501 721
60 244 325 469 610 806
27 160 371 529 634 688
101 212 382 482 651 772
93 183 393 448 613 700
58 218 279 508 675 729
41 213 376 432 594 770
1 257 286 488 643 710
5 241 287 433 615 780
92 223 401 410 600 809
108 209 361 496 582 751
111 216 404 538 607 684
75 208 288 466 581 713
35 236 309 424 577 781
130 239 353 528 570 738
53 204 385 458 617 798
7 167 347 506 593 718
55 147 348 467 557 811
59 227 319 489 597 815
71 248 322 428 668 735
116 262 327 472 547 752
45 196 398 414 558 748
6 197 300 520 612 788
20 220 408 492 568 705
78 143 277 478 609 743
14 229 389 487 658 719
132 180 303 462 578 816
109 246 285 421 628 749
16 228 293 455 629 756
104 178 278 490 551 686
107 170 367 456 642 697
64 141 301 431 669 779
29 200 405 485 616 744
37 190 320 498 680 699
57 191 346 430 599 689
47 177 340 471 585 714
123 146 396 409 650 800
90 264 349 504 605 813
44 195 342 511 579 704
33 265 364 541 646 733
91 224 331 502 662 694
100 153 356 512 619 804
26 148 299 412 633 812
67 182 363 463 561 736
69 237 339 523 608 810
102 154 345 446 567 701

115 263 302 440 550 703
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56 185 332 441 667 695
54 189 374 497 586 708
65 202 282 536 589 754
62 192 292 525 626 742
49 140 290 481 632 768
63 272 386 416 645 797
118 243 373 513 661 726
30 269 321 486 564 795
106 250 354 483 654 681
79 205 394 539 606 687
50 157 360 524 641 690
15 210 406 451 5562 691
112 235 383 535 584 766
127 254 355 534 637 775
46 151 283 444 630 685
76 198 343 526 644 739
24 163 329 477 563 683
122 203 381 422 676 711
105 165 366 459 678 794
61 256 359 445 665 814
66 253 387 427 649 760
11 155 391 449 590 755
94 139 317 443 618 787
42 214 352 468 660 774
110 173 296 423 596 792
25 240 312 447 604 782
128 201 362 437 580 750
103 194 375 429 620 759
74 219 333 473 679 791
88 247 313 465 657 740
125 188 402 475 653 773
114 232 341 499 673 707
96 149 294 413 671 720
32 174 384 509 635 785
36 161 281 494 546 747
12 267 369 415 598 771
3 261 351 540 601 769
21 168 368 532 647 777
18 266 388 419 549 753
134 137 324 527 555 727
19 260 389 433 569 705
39 228 353 456 650 721
123 168 301 516 592 784
2 207 313 423 590 765
78 264 344 491 628 729
117 236 333 502 647 764
49 208 306 523 621 770
70 267 400 530 578 696
100 203 351 419 586 760
71 178 321 471 575 757
61 265 399 506 573 795
103 159 285 442 651 703
114 146 404 430 623 810
40 144 349 464 626 802
111 244 382 448 656 746
60 183 308 470 546 726
91 143 401 429 655 816
62 193 370 505 599 785
97 145 383 465 582 706
104 259 299 422 634 691
11 175 278 460 601 735
36 191 323 439 654 685
110 137 395 475 591 689

80 164 362 463 641 686
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21 232 350 512 629 739
58 204 373 484 619 710
120 199 366 450 668 722
75 141 298 532 648 812
108 142 339 432 615 800
83 243 282 409 616 799
131 194 326 473 627 761
25 170 317 452 661 754
98 184 341 424 622 813
92 167 352 421 563 796
115 158 360 438 611 695
33 139 346 476 612 737
3 270 297 417 675 684
86 240 375 487 567 749
81 156 329 497 566 777
46 252 314 538 610 725
87 230 384 494 597 811
24 165 331 517 585 779
13 249 371 521 560 720
116 238 368 489 642 766
42 272 342 481 676 740
95 231 365 485 574 798
76 256 319 420 631 738
128 173 393 414 636 698
53 172 316 446 638 805
28 258 394 541 551 783
90 162 296 525 674 788
119 166 305 459 624 787
8 269 283 431 550 694
51 150 356 437 559 791
107 160 328 461 580 789
133 226 391 441 607 797
56 152 407 509 645 744
113 241 309 411 596 758
27 206 358 542 643 683
44 229 275 427 555 808
109 268 294 443 672 753
79 174 376 474 581 717
14 215 276 486 553 815
22 246 364 451 637 730
12 171 336 499 568 692
57 218 290 543 579 809
93 163 359 479 646 718
15 200 312 518 633 743
73 271 408 526 587 778
122 227 354 436 556 714
16 153 402 537 630 751
35 237 347 449 659 792
4 161 390 425 606 804
59 202 392 466 5562 747
94 250 287 534 584 748
48 155 388 515 669 711
41 219 324 520 609 793
68 266 396 492 644 704
129 247 310 501 589 794
26 210 292 535 673 768
72 224 340 495 680 755
9 195 303 480 549 734
89 248 320 490 614 776
106 196 300 428 658 712
69 216 332 544 604 700
52 235 335 458 635 693
55 185 345 514 562 773

23 217 379 453 548 681
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84 192 385 539 608 707
124 205 289 469 653 699
6 214 361 527 666 750
30 181 295 500 670 745
135 220 405 524 576 752
54 177 380 508 545 803
63 187 284 529 679 709
17 147 355 444 667 708
88 138 372 483 677 774
96 223 387 477 665 763
64 262 397 467 639 715
127 253 348 493 571 767
66 179 334 410 558 775
10 242 281 445 595 732
82 188 343 472 572 782
99 245 318 468 602 786
47 254 307 462 625 731
32 148 377 510 618 762
37 197 337 435 603 807
112 233 363 426 662 701
134 212 398 454 598 687
18 213 381 498 557 733
74 182 357 418 577 716
130 209 325 412 617 772
5 157 302 416 554 727
7 190 279 511 570 719
102 211 286 482 664 697
38 222 291 513 613 736
1 180 386 540 600 690
85 225 406 536 583 756
121 239 273 457 561 790
136 234 378 522 632 702
118 255 369 528 649 723
29 198 304 531 564 814
45 140 274 447 660 688
34 186 277 507 640 759
65 201 367 478 620 801
77 176 280 440 663 780
50 189 311 415 657 769
20 221 338 488 565 771
101 251 374 503 593 806
105 169 322 496 671 724
126 257 330 455 594 742
125 151 315 434 605 713
43 261 288 504 652 728
132 263 293 519 678 741
31 154 403 413 547 682
67 149 327 533 588 781
45 223 281 455 645 785
41 200 297 410 651 682
123 263 404 486 557 737
120 189 291 539 597 786
132 167 283 531 556 789
129 209 282 449 660 732
42 259 308 465 668 777
126 159 289 511 573 800
30 150 391 428 546 801
21 216 388 543 5562 812
44 137 349 500 595 754
35 251 373 501 667 741
27 184 385 414 624 808
79 155 301 453 601 685
60 235 290 489 616 722

29 161 402 509 639 778
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125 203 392 480 589 738
136 154 276 514 596 681
61 254 354 521 574 772
72 207 338 508 592 711
87 262 387 416 641 705
98 217 337 429 564 718
49 211 296 541 669 690
74 156 342 437 662 816
84 220 355 502 562 811
112 201 293 490 555 733
25 173 275 525 582 695
26 269 298 473 583 684
6 138 312 497 640 780
107 264 335 427 636 802
114 242 347 535 609 813
118 270 383 463 630 714
110 143 321 421 568 703
16 258 397 443 594 746
86 260 273 466 643 768
59 188 329 422 590 700
46 205 384 520 572 720
134 271 380 536 619 810
78 208 374 468 646 765
33 272 365 519 674 776
113 160 274 413 673 750
88 229 326 499 635 805
19 199 311 441 679 788
18 197 343 527 584 736
93 179 364 538 571 790
53 186 363 471 655 779
10 249 406 529 563 742
40 232 360 517 648 709
119 233 389 537 653 804
81 151 292 467 670 760
103 231 394 478 611 758
130 183 304 452 644 815
14 256 377 419 661 708
50 163 332 469 626 696
116 247 328 474 656 735
32 237 319 484 606 712
38 225 279 523 598 713
100 157 357 461 649 734
39 239 314 494 575 814
76 243 299 516 549 724
23 139 324 487 566 783
91 219 310 492 593 721
111 152 284 459 587 803
56 149 370 485 634 759
115 268 316 456 664 719
95 244 356 493 622 809
82 172 368 481 603 716
2 180 408 524 581 744
92 162 317 436 567 791
24 140 381 448 628 794
99 240 399 454 623 756
11 142 340 439 553 694
90 176 400 451 586 689
97 266 350 491 638 769
48 168 390 435 663 798
1 253 382 447 602 739
3 146 322 530 599 795
117 165 327 442 578 691
128 214 307 424 642 793

65 147 361 472 604 688
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52 171 313 488 585 797
55 177 318 513 605 745
133 195 358 534 591 693
102 250 341 433 672 764
54 218 305 430 637 807
57 248 278 434 559 749
47 190 323 477 631 729
75 196 315 432 647 806
66 245 376 415 629 784
94 193 386 444 621 747
64 181 346 483 610 770
34 252 334 462 570 796
17 267 300 507 659 743
108 224 294 503 613 686
80 221 280 476 561 761
131 228 393 426 577 731
83 210 285 544 560 792
135 191 366 431 650 740
89 222 336 482 612 687
73 187 330 458 633 697
37 236 345 475 652 730
28 213 339 440 565 704
36 241 401 522 675 787
13 261 379 423 618 715
127 215 320 533 676 752
69 206 303 496 617 728
71 148 306 446 666 717
109 230 348 505 551 727
63 166 396 540 632 699
15 198 372 412 665 702
124 170 288 460 547 692
68 202 331 417 607 707
58 234 405 506 654 766
121 246 378 532 658 683
12 257 295 411 615 751
104 227 398 498 671 698
51 255 351 504 657 726
20 175 359 450 554 710
8 212 309 457 580 775
9 265 407 464 600 725
122 204 369 542 608 767
62 194 352 526 614 723
70 178 344 518 625 755
77 144 277 495 588 782
5 226 367 528 627 763
106 238 325 420 680 774
105 145 286 425 550 753
85 185 371 510 620 799
67 174 403 470 678 773
31 164 353 409 558 771
101 182 302 445 576 762
7 192 395 515 545 781
4 158 362 512 569 701
43 169 287 418 579 706
22 153 333 438 548 748

96 141 375 479 677 757
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Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0 1.50E-01 1072 7168 1024
0.5 1.34E-01 1097 8192 1024
1 1.19E-01 1099 9216 1024
1.5 1.03E-01 1058 10240 1024
2 7.59E-02 1011 13312 1024
2.5 3.70E-02 1024 27648 1024
3 1.21E-02 1005 82944 1024
3.5 2.74E-03 1002 365568 1024
4 5.39E-04 1001 1857536 1024

Table 3 Performance of a rate-1/2 parallel concatated (turbo) code with memory-4 rate-1/2 RSC
codes, generators (37, 21). Block interleaver sizel024. Iteration = 1.

Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size

0 1.56E-01 1117 7168 1024

0.5 1.35E-01 1106 8192 1024

1 1.14E-01 1047 9216 1024

1.5 1.00E-01 1025 10240 1024

2 6.14E-02 1006 16384 1024

2.5 1.49E-02 1007 67584 1024

3 6.63E-04 1002 1512448 1024

3.5 4.96E-05 1001 20193280 1024

Table 4 Performance of a rate-1/2 parallel concatated (turbo) code with memory-4 rate-1/2 RSC
codes, generators (37, 21). Block interleaver sizel024. Iteration = 2.

Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size

0 1.49E-01 1070 7168 1024

0.5 1.40E-01 1004 7168 1024

1 1.26E-01 1029 8192 1024

1.5 1.00E-01 1028 10240 1024

2 5.24E-02 1020 19456 1024

2.5 4.89E-03 1041 212992 1024

3 5.70E-05 1001 17569792 1024

Table 5 Performance of a rate-1/2 parallel concateted (turbo) code with memory-4 rate-1/2 RSC
codes, generators (37, 21). Block interleaver sizel024. Iteration = 3.
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Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size

0 1.5513393e-01 1112 7168 1024

0.5 1.3992746e-01 1003 7168 1024

1 1.1718750e-01 1080 9216 1024

1.5 9.7034801e-02 1093 11264 1024

2 4.8925781e-02 1002 20480 1024

2.5 6.3006004e-04 1001 1636352 1024

3 3.1897770e-05 1001 31381504 1024

Table 6 Performance of a rate-1/2 parallel concatated (turbo) code with memory-4 rate-1/2 RSC
codes, generators (37, 21). Block interleaver sizel024. Iteration = 6.

Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size

0 1.66E-01 1020 6144 1024

0.5 1.42E-01 1021 7168 1024

1 1.16E-01 1071 9216 1024

1.5 1.02E-01 1040 10240 1024

2 4.75E-02 1071 22528 1024

25 3.13E-04 1001 3203072 1024

3 3.17E-05 1001 31611904 1024

Table 7 Performance of a rate-1/2 parallel concatated (turbo) code with memory-4 rate-1/2 RSC
codes, generators (37, 21). Block interleaver sizel024. Iteration = 10.

Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0 1.43E-01 1004 7040 128
0.5 1.27E-01 1010 7936 128
1 1.14E-01 1010 8832 128
1.5 8.55E-02 1007 11776 128
2 4.19E-02 1009 24064 128
25 8.32E-03 1007 121088 128
3 6.72E-04 1001 1488896 128
35 7.21E-05 1001 13878656 128
4 2.26E-05 1001 44232832 128

Table 8 Performance of a rate-1/2 parallel concateted (turbo) code with memory-4 rate-1/2 RSC
codes, generators (37, 21). Block interleaver sizel28. Iteration = 6.
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Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0 1.51E-01 1007 6656 256
0.5 1.34E-01 1032 7680 256
1 1.21E-01 1022 8448 256
1.5 8.89E-02 1001 11264 256
2 4.78E-02 1003 20992 256
2.5 4.26E-03 1004 235520 256
3 1.30E-04 1001 7689216 256
3.5 2.90E-05 1001 34548736 256
4 1.12E-05 1001 89264896 256

Table 9 Performance of a rate-1/2 parallel concatated (turbo) code with memory-4 rate-1/2 RSC
codes, generators (37, 21). Block interleaver size256. Iteration = 6.

Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size

0 1.53E-01 1257 8224 2056

0.5 1.38E-01 1132 8224 2056

1 1.28E-01 1054 8224 2056

1.5 9.72E-02 1199 12336 2056

2 6.66E-02 1096 16448 2056

2.5 1.58E-04 1001 6342760 2056

3 1.60E-05 1002 62710056 2056

Table 10 Performance of a rate-1/2 parallel concahated (turbo) code with memory-4 rate-1/2 RSC
codes, generators (37, 21). Block interleaver size2056. Iteration = 6.

Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size

0 1.49E-01 2448 16384 16384
0.5 1.40E-01 2288 16384 16384
1 1.26E-01 2071 16384 16384
15 9.89E-02 1620 16384 16384
2 6.04E-02 1980 32768 16384
25 6.10E-05 1001 16416768 16384
3 5.39E-06 1001 1.86E+08 16384

Table 11 Performance of a rate-1/2 parallel concahated (turbo) code with memory-4 rate-1/2 RSC
codes, generators (37, 21). Block interleaver sizel6384. Iteration = 6.
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Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.00 1.62E-01 331 2048 | 2048
0.50 1.39E-01 285 2048 | 2048
1.00 1.13E-01 232 2048 | 2048
1.50 1.01E-01 207 2048 | 2048
2.00 6.74E-02 138 2048 | 2048
2.50 2.48E-04 101 407552 | 2048
3.00 2.52E-05 101 4003840 | 2048
3.50 4.67E-06 101 21606400 | 2048
4.00 1.40E-06 102 72859648 | 2048
4.50 1.38E-06 102 74006272 | 2048

Table 12 Performance of a rate-1/2 parallel concahated (turbo) code with memory-4 rate-1/2 RSC
codes, generators (37, 21). Block interleaver size2048. Iteration = 6.

Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.5 1.91E-01 1002 5240 20
1 1.75E-01 1003 5740 20
1.5 1.58E-01 1001 6320 20
2 1.32E-01 1001 7600 20
2.5 1.21E-01 1003 8280 20
3 9.89E-02 1001 10120 20
3.5 8.52E-02 1004 11780 20
4 6.99E-02 1001 14320 20
4.5 5.37E-02 1001 18640 20
5 4.28E-02 1002 23400 20
5.5 3.15E-02 1002 31840 20
6 2.14E-02 1001 46820 20
6.5 1.25E-02 1001 80320 20
7 8.54E-03 1001 117240 20
7.5 4.54E-03 1001 220380 20
8 2.57E-03 1001 389300 20
8.5 1.28E-03 1001 784380 20
9 5.26E-04 1001 1903320 20
9.5 2.04E-04 1001 4899480 20
10 7.48E-05 1001 13383100 20

Table 13 Performance of Gallager’s (3, 4, 20) coder iteration 1.
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Eb/No(dB) | Bit-error rate (BER) Total error Total bl ock size | Interleaver size
0.5 1.74E-01 1003 5760 20
1 1.63E-01 1005 6180 20
1.5 1.38E-01 1001 7240 20
2 1.23E-01 1001 8120 20
2.5 9.42E-02 1006 10680 20
3 8.18E-02 1005 12280 20
3.5 6.00E-02 1002 16700 20
4 4.56E-02 1001 21940 20
4.5 3.64E-02 1001 27520 20
5 2.24E-02 1005 44800 20
5.5 1.42E-02 1001 70260 20
6 8.74E-03 1003 114760 20
6.5 5.08E-03 1001 197100 20
7 2.66E-03 1005 377860 20
7.5 1.30E-03 1001 771300 20
8 4.98E-04 1003 2012060 20
8.5 1.96E-04 1001 5108840 20
9 6.89E-05 1001 14532100 20
9.5 2.10E-05 1001 47589000 20
10 5.30E-06 1001 189044260 20
Table 14 Performance of Gallager’s (3, 4, 20) coder iteration 2.

Eb/No(dB) Bit-error rate Total error Total block Interleaver

(BER) size size
0.5 1.66E-01 1002 6040 20
1 1.56E-01 1002 6420 20
1.5 1.33E-01 1003 7520 20
2 1.17E-01 1002 8580 20
2.5 8.58E-02 1001 11660 20
3 7.27E-02 1001 13760 20
3.5 5.30E-02 1002 18920 20
4 4.07E-02 1002 24640 20
4.5 3.09E-02 1001 32400 20
5 1.89E-02 1004 53220 20
5.5 1.03E-02 1002 97020 20
6 6.87E-03 1001 145640 20
6.5 3.44E-03 1002 291200 20
7 1.79E-03 1001 560540 20
7.5 7.51E-04 1001 1332640 20
8 2.76E-04 1003 3633140 20
8.5 1.03E-04 1001 9758640 20
9 2.93E-05 1003 34234060 20
9.5 7.24E-06 1003 138451040 20

Table 15 Performance of Gallager’s (3, 4, 20) coder iteration 3.
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Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.5 1.57E-01 1005 6420 20
1 1.52E-01 1003 6620 20
1.5 1.21E-01 1003 8280 20
2 1.01E-01 1002 9940 20
2.5 7.86E-02 1004 12780 20
3 5.97E-02 1001 16760 20
3.5 4.64E-02 1003 21620 20
4 3.66E-02 1001 27320 20
4.5 2.33E-02 1006 43200 20
5 1.41E-02 1003 71240 20
5.5 8.10E-03 1004 123900 20
6 4.65E-03 1002 215520 20
6.5 2.52E-03 1005 399160 20
7 1.15E-03 1005 875100 20
7.5 3.91E-04 1005 2569680 20
8 1.61E-04 1002 6227880 20
8.5 4.99E-05 1003 20104420 20
9 1.49E-05 1002 67291220 20
9.5 3.37E-06 1002 297664340 20
Table 16 Performance of Gallager's (3, 4, 20) coder iteration 6.
Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.5 1.21E-01 302 2496 96
1 1.08E-01 310 2880 96
1.5 8.59E-02 305 3552 96
2 7.49E-02 302 4032 96
2.5 5.52E-02 302 5472 96
3 4.15E-02 303 7296 96
3.5 2.71E-02 302 11136 96
4 1.80E-02 301 16704 96
4.5 1.05E-02 302 28704 96
5 7.13E-03 301 42240 96
5.5 3.53E-03 301 85344 96
6 1.49E-03 301 201408 96
6.5 6.09E-04 302 496128 96
7 2.32E-04 301 1297920 96
7.5 6.94E-05 301 4339776 96
8 1.86E-05 301 16203840 96
8.5 5.07E-06 301 59365344 96

Table 17 Performance of Gallager’s (3, 6, 96) coder iteration 1.




Appendix D Tables

170

Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.5 1.12E-01 311 2784 96
1 1.00E-01 308 3072 96
1.5 7.71E-02 311 4032 96
2 5.63E-02 308 5472 96
2.5 3.50E-02 302 8640 96
3 2.17E-02 304 14016 96
3.5 1.22E-02 303 24768 96
4 6.44E-03 301 46752 96
4.5 2.75E-03 302 110016 96
5 8.56E-04 301 351840 96
5.5 3.22E-04 301 935520 96
6 9.68E-05 301 3108096 96
6.5 2.00E-05 301 15073920 96
7 5.07E-06 302 59564832 96
Table 18 Performance of Gallager’s (3, 6, 96) coder iteration 2.
Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.5 1.07E-01 307 2880 96
1 9.53E-02 311 3264 96
1.5 6.82E-02 301 4416 96
2 4.19E-02 302 7200 96
2.5 3.04E-02 301 9888 96
3 1.35E-02 303 22464 96
3.5 6.40E-03 308 48096 96
4 2.95E-03 301 102144 96
4.5 7.94E-04 301 379296 96
5 2.73E-04 304 1115328 96
5.5 6.55E-05 301 4592544 96
6 1.49E-05 301 20140320 96
6.5 2.81E-06 301 107117280 96

Table 19 Performance of Gallager’s (3, 6, 96) coder iteration 3.
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Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.5 1.04E-01 318 3072 96
1 8.44E-02 316 3744 96
15 5.47E-02 315 5760 96
2 3.11E-02 305 9792 96
25 1.69E-02 307 18144 96
3 6.59E-03 305 46272 96
3.5 4.64E-03 303 65280 96
4 8.65E-04 306 353952 96
4.5 2.54E-04 302 1188960 96
5 8.33E-05 306 3672480 96
5.5 1.69E-05 303 17885760 96
6 3.42E-06 301 87926592 96
6.5 5.95E-07 302 507929376 96
Table 20 Performance of Gallager's (3, 6, 96) coder iteration 6.
Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.5 1.27E-01 415 3264 816
1 1.05E-01 344 3264 816
1.5 8.87E-02 362 4080 816
2 7.60E-02 310 4080 816
25 5.46E-02 312 5712 816
3 4.48E-02 329 7344 816
35 2.66E-02 304 11424 816
4 1.96E-02 320 16320 816
4.5 1.04E-02 305 29376 816
5 6.51E-03 303 46512 816
5.5 3.30E-03 302 91392 816
6 1.59E-03 303 190944 816
6.5 6.16E-04 301 488784 816
7 2.20E-04 301 1365984 816
7.5 8.28E-05 301 3635280 816
8 2.08E-05 301 14474208 816
8.5 4.69E-06 301 64220832 816

Table 21 Performance of Gallager's (3, 6, 816) cedor iteration 1.
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Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.5 1.22E-01 399 3264 816
1 9.31E-02 304 3264 816
1.5 7.31E-02 358 4896 816
2 5.29E-02 302 5712 816
25 3.40E-02 305 8976 816
3 2.04E-02 316 15504 816
35 1.05E-02 307 29376 816
4 5.27E-03 301 57120 816
4.5 1.86E-03 302 162384 816
5 5.03E-04 301 598944 816
5.5 1.38E-04 302 2192592 816
6 2.64E-05 301 11422368 816
6.5 4.05E-06 301 74281296 816
Table 22 Performance of Gallager’s (3, 6, 816) cedor iteration 2.
Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.5 1.16E-01 379 3264 816
1 8.60E-02 351 4080 816
15 5.81E-02 332 5712 816
2 3.82E-02 312 8160 816
25 2.50E-02 306 12240 816
3 9.00E-03 301 33456 816
35 4.26E-03 306 71808 816
4 7.85E-04 301 383520 816
4.5 1.31E-04 301 2305200 816
5 2.26E-05 302 13378320 816
5.5 1.92E-06 301 156603456 816
Table 23 Performance of Gallager's (3, 6, 816) cedor iteration 3.
Eb/No(dB) Bit-error rate Total error Total block Interleaver
(BER) size size
0.50 8.58E-02 | 140 1632 816
1.00 9.19E-02 | 150 1632 816
1.50 4.58E-02 | 112 2448 816
2.00 4.82E-02 | 118 2448 816
2.50 4.21E-03 | 103 24480 816
3.00 7.52E-04 | 108 143616 816
3.50 2.72E-05 | 101 3711984 816
4.00 1.32E-06 | 101 76603632 816
4.50 5.62E-08 | 101 1797770400 816

Table 24 Performance of Gallager's (3, 6, 816) cedor iteration 6.
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