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Abstract

Abstract:

Reliable data transmission is a fundamental challenge in modern wireless communication systems,
especially under adverse channel conditions such as noise and fading. Among various techniques
developed to address this issue, Trellis Coded Modulation (TCM) stands out as an efficient
approach that combines coding and modulation to enhance error performance without increasing
bandwidth. This study explores the principle of TCM, its technical implementation, and its
effectiveness across different wireless channel models.

Trellis Coded Modulation (TCM) is a technique that enhances the reliability of data transmission
by combining convolutional coding with modulation, without increasing the required bandwidth.
By introducing redundancy and exploiting the structured transitions of a trellis diagram, TCM
improves error correction capability, making it particularly effective in challenging wireless
environments.

Simulation studies reveal that TCM significantly reduces the Bit Error Rate (BER), especially in
fading channels. The best performance is observed in AWGN channels, while in Rayleigh and
Rician fading environments, TCM offers substantial robustness compared to uncoded systems.

The TCM system integrates convolutional coding, which introduces controlled redundancy to aid
error correction, and a Viterbi decoder, which efficiently estimates the most probable transmitted
sequence by navigating the trellis structure. Two modulation schemes are utilized:

o 8-PSK, used for uncoded reference scenarios.
e 16-QAM, a higher-order modulation offering higher spectral efficiency but increased
noise sensitivity, mitigated by TCM.

Three wireless channel models are considered:

e AWGN (Additive White Gaussian Noise): A baseline channel introducing random noise.

o Rayleigh Fading: Models severe multipath conditions with no line of sight.

e Rician Fading: Represents environments with a dominant direct path alongside multipath
reflections.

TCM demonstrates clear performance gains across all channel types. Its ability to reduce BER is
especially noticeable in fading environments, making it a valuable solution for improving
reliability in modern wireless communication systems.

Key words: Trellis Coded Modulation (TCM), Bit Error Rate (BER), AWGN, Rayleigh Fading,
Rician Fading, 8-PSK, 16-QAM, Viterbi Decoder.



Abstract

Résumé :

La transmission fiable des données constitue un défi majeur dans les systémes de communication
sans fil modernes, notamment face aux conditions défavorables des canaux telles que le bruit et
le fading. Parmi les techniques développées pour améliorer la performance dans ces
environnements, la modulation codée en treillis (TCM) se distingue comme une approche
efficace combinant codage et modulation, sans augmenter la bande passante. Cette étude
présente le principe de la TCM, ses détails techniques ainsi que son efficacité sur différents
modeles de canaux sans fil.

La modulation codée en treillis (TCM) est une technique qui améliore la fiabilité de la
transmission de données en combinant le codage convolutif avec la modulation, sans nécessiter
de bande passante supplémentaire. En introduisant de la redondance et en exploitant la structure
organisée du treillis, la TCM renforce les capacités de correction d'erreurs, ce qui la rend
particulicrement efficace dans les environnements sans fil difficiles.

Les simulations montrent que la TCM réduit significativement le taux d'erreur binaire (BER),
notamment dans les canaux soumis au fading. Les meilleures performances sont observées dans
le canal AWGN, tandis que dans les environnements Rayleigh et Rician, la TCM apporte une
robustesse notable par rapport aux systémes non codés.

Le systeme TCM intégre :

o Le codage convolutif, qui ajoute de la redondance controlée pour faciliter la correction
d'erreurs.

e Le décodeur de Viterbi, qui estime efficacement la séquence transmise la plus probable
en explorant la structure du treillis.

Deux schémas de modulation sont utilisés :

o 8-PSK, utilisé pour modéliser les séquences non codées.
e 16-QAM, une modulation d'ordre supérieur offrant une meilleure efficacité spectrale, mais
plus sensible au bruit, un inconvénient atténué par la TCM.

Trois modeéles de canaux sans fil sont étudiés :

e AWGN (Bruit Blanc Gaussien Additif) : canal de référence avec bruit aléatoire.

o Fading de Rayleigh : modélise des conditions séveres de multi-trajets sans ligne de vue
directe.

o Fading de Rician : représente des environnements avec un trajet direct dominant en plus
des réflexions.

La TCM démontre des gains de performance clairs dans tous les types de canaux. Sa capacité a
réduire le BER est particulierement remarquable dans les environnements soumis au fading, ce
qui en fait une solution précieuse pour améliorer la fiabilité des systémes de communication sans
fil modernes.

Mots clés : Modulation codée en treillis (TCM), taux d'erreur binaire (BER), AWGN, Canal
Rayleigh Fading, CanalRician Fading, 8-PSK, 16-QAM, décodeur Viterbi.



Abstract

suadlal

Al e Oy lall b (3 Loy s i) 2SIl VL) sl 3 1S Gl Ggfse ISty UL B alas A
Wlall 228 355 coled) odn w3 o5 g 3yl Sy oy (fading). o sMly gl e clgial
e Gl a2 m o370 Bladl (20 (3 8345 093 bkadly paidl o mats JB S (TCM) 820y 5,454
ASLOU Slgadll e 2l 23U e Lendlas SUUSy il Loty « TCM Las
Bl o ) arl) 0g5 ¢ ftadl e QU i 2l mas IS e UL B 3530 35 Golol TCM i aad
i Wb Lkt L ol Y s 1,8 TCM e aeal) 2oy 2l Joanely S Jlss] s ey 3L
Al Sl sl 3 ol
LU 2,5 g i) (3 b ¥ ¢ (BER ) (3 Lt Juss o0 Bymls [ty JIE TCM 0f 55141 lef
TCM oiRician y Rayleigh 55 ez g oled @bl by « AWGNGL 3 il fail c oyl 13,
Said) e s YU B deely A i
i TCM s 035

s e gt Bz G5 il s QY gl o

A Ay DLeSan) s e Al 1 5L 3 e ks 85T 5SS 38 ol Viterbi: jeph UISiE o
heal) ez lisiaal & 15

B e ekl 2 ded pasai8-PSK: o

it i il ny el i ST V) (il 2 50U 130 e Law16-QAM: .

TCM. ks,

AL i) 3L B Anls ¢ LS

Sy oy By 38 JLOY gl 20w AWGN o

Ala ) bax 09y Sl saad as By b i Rayleigh: o o

LSO il ) e ol Sl e 55 ol and Rician: % o
Sl 3 aols dbymle b BER Wi e 18,055 (olgadll gl w3 2 sly ool (S 522 TCM il
At 2 SL VLY aolil 2 g50e ppad 05 Y Lelag Lo 300 22l
— s AWGN ¢ (BER)otd @ bt Juws « (TCM)aS—adb 22l fadll: £-lail) OllSJ)
Viterbi. ;.5 2Sie (16-QAM 8-PSK ¢ Rician s 55 (Rayleigh
swRayleigh 23 s AWGN (BER) el las Jaee (TCM) pondl a2l cpeadl:i-iis SlalS
sizdl aViterbeas o 16-QAM e 8-PSKrezicRician a3






CONTENTS

Contents
DL ettt et b e e tee et e e bt e ea bt et eeebe e tteenbe e st eenbeeneeenbeeseeenseeneeenne II
ACKNOWLEDGMENT ......cooouiiiiiiitiieiteiseiseis ettt ss st ssenees 111
LISTE OF FIGURES: ... .ottt ettt e st e st e s e e I
LISTE OF ABBREVIATION: ...ttt ettt et e et e e e e eaveeennnee s III
General INTrOAUCTION: ........oiuiiiiiieiieier et sb et sttt et be et saaenaeens 1
CHAPTER 1:INTRODUCTION TO DIGITAL COMMUNICATION SYSTEMS...............cocoovvevnnn. 1
00 1Yo oo [T ot o T DO PP PP PPPP 4
1.2 Overview of Digital CommuNICation SYSTEMS ..cceiiiiiiiii e e e 4
1.3 Key Elements of a Digital Communication System ... 4
1.3.1 Source and INPUL TrAaNSAUCET ........uuuuiiiiiiiiiiiiiieeeeeeeeeee e e e e e e e e e e esseesnraarseatrasresaseereesaeaaaaaaaeeeeesenesnanns 5
1.3.2 SOUICE ENCOTE ...eiieiiiie ettt ettt e ettt e et e e et e e s abe e e s aabe e e snbeeesanbaeessabeeesanbeeeesaneeessanees 5
1.3.3 Channel ENCOTE ..coo ittt ettt ettt e et e e st e e s sab et e snb e e e s s abeeessabeeesanbeeeesareeessanees 5
1.3.4 Digital MOAUIGLON ..o e e e e e e e e e e e e e e e e e e b et et e e e e e e e e e eeeeeaaaaeaeeeeeseneananan 6
1.3.5 CommuUNICation ChaNNEl ......ccuuiiiiiii e e s e s e e s ar e e e saneas 6
1.3.6 Digital DemMOAUIGLON ..o ra e e e e aaaaaaaaaaaeeaaeaaaaan 6
1.3.7 Channel DECOTET ..cceueiieeeiiie ettt ettt sttt e st e e st e s sabe e e s mreeesaareeessaseeesamreeessnreeessanees 6
1.3.8 SOUICE DECOTE ...eeieiiiieeeitie ettt ettt sttt e ettt e e st e e s aab et e s sar e e e e s are e e s sabeeesmbeeesaasaeessabeeesanreeeesnrenessanens 7
1.3.9 Destination and OULPUL TraNSAUCET .......uiviiiiiieieieeeeeeee e e e e e e e eeeeeeeaaaaeaeeseesensennnnn 7
1.4 Sampling and QUAaNTIZAtION ... e e e e e e e e e e e e e e e e e e e e enaan 7
0 Y=Y 0 Yo T =4 1 Y=Y =T o o PPN 8
1.4.2 QUANTIZAION PrOCESS ...ciieieiieiee ettt ettt e e e e e s e e e e s e e e e e e s s annrrne e e e s s s nnrneeeeeeas 9
1.5 Source Coding and Data CoOMPIESSION......uuiiiiiiiiiiiieeeeeee e e e e e e e eeeeececcreerre e rrrrerererereeeaaaaeaeeeeeseneesaas 9
1.5.1 Entropy and INformation TREOIY .......eiii ittt e e e e e e e e eara e e e e e e e aaraeeeeaean 9
1.5.2 Lossless COmMPression TEChNIQUES ......eeiiiiieiiiiee et e e eecte e e e e et e e e e e s eaaree e e e e e s nnraeeeaeeennnsaneeas 10
1.5.3 LosSy COMPresSioN TECANIQUES .......uuiiiiiiieiiiieiieeeeeeee e e e e e s eeeeeseseanreestreereeeerereeseeaeaaaaeeseessesessannnnnes 10
1.6 Channel Coding and Error CONTIOl........uuiiiiiiiiiiiieiccce e e e e e e e e e e e e e e e e s e e s e e 10
1.6.1 Purpose of Channel COOINE ......couicuiiiiiie et e e e e e et e e e e e e s abae e e e e e e s abraeeaeeeennraneeas 10
1.6.2 LiN@Ar BIOCK COUES. ...ccuuieiuiiieiiee ittt ettt ettt ettt ettt e sb et et e s bt e e b e e bt e s sbeeesbeeeneeenneeenbeeenns 10
1.6.3 CONVOIULIONAI COURS ... uuiiiuiiiiiieiite ettt ettt ettt e e bt e e sbe e e bee e sbeeesbeeessteesaeeenreeenns 11
1.6.4 Advanced CodiNg SCNEMES ... ..uuueiiiiiiiiiitr e e s e e e e eeeeeaaaaeeseesseneenannnnnes 12

1.7 ModUlation TECHNIQUES.......c.cccece e et e e e e e e eeeeeeaaaeeeeeesesssnanannnes 12


file:///C:/Users/Administrateur/Documents/MATLAB/PFE2025نهائية%20(1).docx%23_Toc202556953

Abstract

1.7.1 Binary Modulation SCHEMES ......cc.uiiiiiee ettt e e e e e e e e e e e aabr e e e e e e nenaneeeas 12
1.7.2 M-ary MOAUIALION ....veeiiiieciiieciie ettt ettt et e e et estaeesstaeesssaeesssaeensseeesseennns 13

1.7.3 PerfOrmManCe IMEEIICS ...cceiuiiieiiieee ettt ettt e st e e st e e st e e s sbe e e smreeesanreeesmreeesanreeesanne 19

1.8 Synchronization and MUIIPIEXING .....uvviriiiiiiiiiiieec e e e e e e e e e e e e e e e e e e e e 19
1.8.2 Multiplexing TeCRRIQUES ...................ccc.oooecueeeiueeeiiieeiiieeeieeeieeeeiteesieeesaeeessseeessseeennneesnns 19
1.9 COMCIUSION ...ttt et ettt et sat e e b st e e enanes 20

CHAPTER 2: PRINCIPLES OF TRELLIS-CODED MODULATION (TCM) AND CHANNEL
MODELS ...ttt ettt e bt e et e e bt e e bt e s he e et e e e at e e bt e sabe e bt e ente e bt e enbeenees 4
2. Introduction to Trellis-Coded Modulation (TCM) ..............cccooiiiiiiiiiiieeecee e 22
2.1 Convolutional Codes INn TCM.......c..ccooiiiiiiiiiiie ettt 22
2.1.1 Combining Convolutional Codes with Modulation Schemes.....................c.ccceeeviennnnn. 23
2.1.2 The Trellis DIaBrami............ccoooiiiiiiiiiiiiiiiie e et e et e s e e s 24
2.2 Channel MOdEIS ...........coooiiiiiiiiii ettt et e 25
2.2.1 Additive White Gaussian Noise (AWGN) ........coooiiiiiiiiiiiiieeeee e 25
2.2.2 Characteristics 0f AWGN........ooiiiiiii et 25
2.2.3 Performance of TCM in AWGN ..o 26
2.3.2. Characteristics of Rayleigh Fading ..................ccocccoooiiiiiiiiiiieeee e 27
2.3.3 Performance of TCM in Rayleigh Fading.................ccoccoiiiiiiiiiniincceecee 27
2.3.5 Mathematical Model of Rayleigh Fading.....................ccoooiiiiiiniiieee, 28
2.3.8 Techniques for decreasing Rayleigh Fading.................cc..cccoooiiiiiiiiiine, 30
2.3.9 When is Rayleigh Fading Not Applicable? ...............coooiiiiiiiiiii e, 30
24 RiCIAN FAAIN@...........ooiiiiiiii ettt e et e e tae e e seb e e essbeeeaseeennreeas 31
2.4.1 Characteristics of Rician Fading: ................ccoccoiiiiiiiiieee e 31
2.4.2 Performance of TCM in Rician Fading.................cccooooiiiiiiiiiiiii e 31
2.4.3 Concepts of Rician Fading Channels......................ccoooiiiiiiiiiiieeee e 32
2.4.5Parameters of Rician Fading Chanmnels....................c..ccociiiiiiecee 33
2.5 Comparison of Channel Models: ................coooiiiiiiiiiiiie e 34
2.0 COMCIUSION ..ottt ettt et et sate e bt e saneenee 34
CHAPTER 3: SIMULATION FRAMEWORK AND PERFORMANCE ANALYSIS OF TRELLIS-

CODED MODULRTION ..........ccoooiiiiiiitiieeteee ettt sttt sttt st 22
Bl INEFOAUCTION: ...ttt ettt ettt e bttt e b e saee e b e naee s 37
3.2 Simulation Methodology ............cooooiiiiiiiiiie e e e e e e e 37
3.2.1 System ArChiteCtUre...........cc.oooiiiiiiiiieiie e et e e e e e et eeeaaeeennaee s 37


file:///C:/Users/Administrateur/Documents/MATLAB/PFE2025نهائية%20(1).docx%23_Toc202556985
file:///C:/Users/Administrateur/Documents/MATLAB/PFE2025نهائية%20(1).docx%23_Toc202556985
file:///C:/Users/Administrateur/Documents/MATLAB/PFE2025نهائية%20(1).docx%23_Toc202557006
file:///C:/Users/Administrateur/Documents/MATLAB/PFE2025نهائية%20(1).docx%23_Toc202557006

CONTENTS

3.2.2 MATLAB Implementation ............c...ccociiiiiiiiiiiiiniieieieeieeseeetesee e 38
3.3 TCM Encoding and Modulation.................ccooooiiiiiiiiiiiii et 38
3.4Channel MOEling ............cccoooiiiiiiiiiiiiie ettt et e e tee et e e s 39
3.4.1 Additive White Gaussian Channel: ...................c..cii e 39
3.5Rayleigh Fading Channels: ...............ccccoooiiiiiiiiiiiiceeee e e e 39
3.6 Rician Fading Channels: ...............cooccoiiiiiiiiiii et 40
3.7 Demodulation and Viterbi Decoding ...............cccoooeiiiiiiiiiiiiiieeee e 41
3.7.1 Parameter SeleCtion: .............cocooiiiiiiiiiiiiiiiee et 43
3.8 Performance Evaluation ................coooiiiiiiiiiiiiii e 44
3.8.1Effect of codes on BER: ... 44
3.9 Comparative ANALYSiS..........ccc.oooiiiiiiiiiiiie e e e s 48
3.9.1 BER Performance Across Channels..................ccoooiiiiiiiiiiceeceee 48
4 Discussion 0f ReSUILS .............cooiiiiiiiiiii e 49
S COMCIUSION ...ttt sttt et et e st e e st e bt e saeeebeesaneeneenes 50
GENETal COMCIUSION: ...........ooiiiiiiiece ettt e e et e e st e e s b e e e ssaeeessaaeessseeesseennes 52

Bibliography and References: ................cocooiiiiiiiiiiiiee e 54






LISTE OF ABBREVIATION

LISTE OF FIGURES:

FIGURE 1:BASIC ELEMENTS OF A DIGITAL COMMUNICATION SYSTEM ...uuvttteeeurteeessiuneeeessnureseessauseeeessussseessannseeeesssnssneessanneeeessnnn 5
FIGURE 2: SAMPLING AND QUANTIZATION PROCESS
FIGURE 3:SAMPLING PROCESS
FIGURE 4: QUANTIZATION OF AN ANALOG SIGNAL

FIGURE 5:LINEAR BLOCK CODES......ttteeeiuuttttessurteeessusteeessuteeeessauseesessssssseessassesessssssseessanssesessssssseesssnssseessssssseesssnseeeesnnns 11
FIGURE 6: CONVOLUTIONAL CODES .....cciiitttitttttttunttuuuueaaaesaeeeeeaeeeeteeetatatessssannaaa s aaaeaeaeeeeaeeeeeeeesennssnnnnnnnnannaassaaaaeaaaaes 11
FIGURE 7:BPSK MODULATOR .......uvvvvrereeennn.

FIGURE 8: BPSK DEMODULATOR

FIGURE 9: M-ARY ASK SIGNALS WITH THE DECISION REGIONS ....eeeeeeeeeeetieeeeeentenstinennuaaeessaeeeeaeeeeereeneennssnnssnnnnnnnnnnsaaeeeeeeens 14
FIGURE 10: M-ARY ASK IMIODULATOR ....ccetttttitttttuntutuiaaaeeseeeeeeeeeeeteeettetaeeesstaasa e s s aeseeaaeaeaeeaeseeeeeeeessnnssnnnaa e seaeeeeaeens 14
FIGURE 11: M=-ARY ASK DEMODULATOR ....cettteuttteessautteresaureteessaueeeessauseseessasseeessssssaeessssssseesssssseesssnsseeessssnseeeessnseeeesnns 14
FIGURE 12: SIGNAL CONSTELLATION OF 8-PSK....eittiiitiiiiiiiee ettt e e e e e e e e e e e e et e e eeeeeeeeenebeans s e e e e e eeeeas 16
FIGURE 13: IM-ARY PSK IMIODULATOR «..ceeetttttttttttntttiuaaaeeseeeeeeeeeeeteeetettateassaaasaa e s s aeeeeaaeeeaaeeeeeeeeteeesssnssnnnaan e seaeeeeaaens 16
FIGURE 14: M=-ARY PSK DEMODULATOR ....ttteeeutttteessurtetesautereessauseeessauseseessasssesessssssseesssssseeesssssseesssnsseeesssssseeesssnseeeesnns 17
FIGURE 15: SIGNAL CONSTELLATION OF 16-QUAIM ...ttt e e e e e e e e e e e e e e e et ee e e e nn s e e e e e e eeeeas 18
FIGURE 16:M-ARY QAM MODULATOR

FIGURE 17:M-ARY QAM DEMODULATOR ...ceeeeurtteessaunteresaureteessauseeesanussseessanssesessssssseesssssseeesssssseessssseeeessnsseeesssnsseeesnnns 19
FIGURE 18: SIGNAL CONSTELLATION PARTITIONING. ¢eettuuvttteesurrreessauueesessnuseseessassesessssssseesssssssessssssseesssnsssesssssssseesssnsseeesnnns 23
FIGURE 19: BLOCK DIAGRAM OF A TCIM SYSTEM. .. .tuuttuiiiaaaeeseeeeeeeeeeeeeeeteetateeebtaaaa s s e e e e e e e eeeeaeaeeeeeeteeeseensbannna e eaeeeeaaans 23
FIGURE 20:TRELLIS DIAGRAM FOR A CONVOLUTIONAL CODE .....ceiiiiiiieeeiieeteetiiitiiiees s s e e e e e e e e eeeeeeeeeeeeeansbaanssanaaaasssseaasaaaaaas
FIGURE 21: AWGN CHANNEL IMODEL.....utttteeeuttiteessiiteteeeittteessauuteeesssustaeessassseeessssssseesssnssaeessssssseessanssseesssnssseeessnsseeesnns
FIGURE 22: RAYLEIGH FADING CHANNEL IMIODEL....ttttttiiaaae e s e e e e e e e e e e ettt ettt ettt s e e e e e e e e e e e e e eeeeeeeteeesaensbanns e e e aeeeeaeeas
FIGURE 23:RICIAN FADING CHANNEL IMODEL «..tvvvvtuttttuiiiiaasseeseeeeeeeeseeeeeetnresssssssssasasssaasssesseseeseeseeessessssssssssnsnnsnnnssessssseses
FIGURE 24: BLOCK DIAGRAM OF THE TCM SIMULATION FRAMEWORK ...vveeeuuvrreessiuureresssirrteeesssuseeeesssssesessnsseesssssssseeessssseeessns

FIGURE 25: 16-QAM vs 8-PSK TRANSMITTED SYMBOLS UNDER AWGN CHANNEL
FIGURE 26: 16-QAM vs 8-PSK TRANSMITTED SYMBOLS UNDER RAYLEIGH CHANNEL
FIGURE 27: 16-QAM VS 8-PSK TRANSMITTED SYMBOLS UNDER RICIAN CHANNEL. .....eveeeurrteessrirereessirrteeessnnneeesssnreeeessnnseeessnnns
FIGURE 28: GOOD Vs BAD CODES FOR N=3
FIGURE 29: GOOD Vs BAD CODES FOR N=4
FIGURE 30: GOOD VS BAD CODES FOR N=5
FIGURE 31: BER PERFORMANCE OF 16-QAM TCM INAWGN ..ottt

FIGURE 32: BER OF 16-QAM TCM IN AWGN, RAYLEIGH, AND RICIAN CHANNELS. ....vuuerttneertteerrteeernneereneereneerrnneessneessneessnnns 48


file:///C:/Users/Administrateur/Documents/MATLAB/PFE2025نهائية%20(1).docx%23_Toc202556327

Abstract

LIST OF TABLES :

TABLEAU 1: SIMULATION PARAMETERSTABLEAU L.uuuuuiiereiiiieeeeeetttieeeeerttteeeeesestnnnseeesestnnesessssssnnsessssssnnseeessssnnneessssssnneesessrnns
TABLEAU 2: BER AT 19 DB SNR FOR DIFFERENT CHANNELS ...evvuueettueertueeetteeseseeersuneessnsessnsesssneesssnsessnnsessnneessnneessneesnnnessnnns
TABLEAU 3:CODING GAIN OF 16-QAM TCM AT A CERTAIN BER



LISTE OF ABBREVIATION

LISTE OF ABBREVIATION:

= AWGN : Additive White Gaussian Noise

= ASK : amplitude-shift keying

= BER: Bit Error Rate

= BPSK : Binary phase-shift keying

= BFSK: Binary frequency-shift keying

= CLT : Central Limit Theorem

= DSL : digital subscriber lines

= DCT : Discrete Cosine Transform

= DPCM : Differential Pulse-Code Modulation
= FSK: frequency-shift keying

= FEC : forward error correction

= FDM : Frequency-Division Multiplexing

= [ISI: Inter Symbol Interference

= LDPC : low-density parity-check

= LZW : Lempel-Ziv-Welch

= LOS: line-of-sight

= NLOS : No Dominant Line-of-Sight

= OFDM : Orthogonal Frequency-Division Multiplexing
= PDF : Probability Density Function

= PSK : Phase Shift Keying

= QAM : Qaudrature Amplitude Mudulation
= QPSK : Quadrature Phase-Shift Keying

= SQNR: Signal-to-Quantization-Noise Ratio
= SNR: Signal-to-Noise Ratio

= TCM: TrellisCoded Modulation

= TDM : Time-Division Multiplexing

=  WLAN:Ss : wireless local area networks












General Introduction

General Introduction:

The evolution of communication systems, from simple human interactions to complex wireless
transmissions, highlights the increasing need for reliable and efficient data transfer. In modern
digital communication, particularly wireless systems, the integrity of the transmission channel is
constantly threatened by various impairments such as noise, interference, fading, and multipath
propagation. These challenges can severely affect the quality and reliability of transmitted data.
To overcome these limitations, advanced coding and modulation techniques have been developed.
Among these, Trellis Coded Modulation (TCM), introduced by Gottfried Ungerboeck in the
1980s, represents a major breakthrough. By combining convolutional coding with signal
constellation mapping, TCM provides significant coding gain without increasing the bandwidth,
making it a widely adopted solution in systems such as DSL, satellite communications, and
WLANS.[7]

However, while TCM has demonstrated excellent performance under ideal conditions like additive
white Gaussian noise (AWGN) channels, its behavior under more realistic wireless environments
— characterized by fading, Doppler effects, and intersymbol interference — remains an active
areca of research.[8]

Wireless channels, such as Rayleigh and Rician fading models, introduce complex distortions
including amplitude fluctuations and time-variant impairments that degrade system performance.
In this context, a key research question arises:

How does TCM improve error performance in varied channel environments, particularly under
fading and  multipath  conditions compared to ideal AWGN  channels?
Addressing this problem is essential for the development of robust, adaptive communication
systems, especially for next-generation wireless networks like 5G and beyond.[2]

This dissertation aims to:

- Analyze the error performance of TCM across different wireless channel models, including
AWGN, Rayleigh, and Rician channels.

- Compare the performance of TCM systems with uncoded systems in terms of Bit Error Rate
(BER).

- Provide insights into the potential of TCM to enhance reliability in realistic, dynamic wireless
environments.

Ultimately, the goal is to contribute to the optimization of TCM schemes for practical applications
in modern and future wireless communication systems.

To achieve these objectives, the following approach is adopted:
- Theoretical Modeling: Review of TCM principles and channel characteristics.

- Numerical Simulations: Implementation of TCM systems using MATLAB, Python, or equivalent
simulation tools.
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- Performance Evaluation: Comparative analysis of Bit Error Rate (BER) across different channel
models and system configurations.[1]

- Empirical Validation: Simulation of realistic channel impairments to assess TCM's robustness.
The dissertation is organized into three main chapters:

1. Introduction to Digital Communication Systems: Overview of fundamental principles and
challenges.

2. Principles of TCM and Channel Models: In-depth exploration of TCM, its technical
implementation, and interaction with AWGN, Rayleigh, and Rician channels.

3. Simulation Results and Performance Analysis: Presentation and interpretation of simulation
results to evaluate TCM's effectiveness under various conditions.

Finally, this projectattempts to bridge the gap between idealized studies and real-world
applications, offering valuable insights into the optimization of TCM for modern wireless
communication systems. By advancing the understanding of TCM's capabilities and limitations,
this work aims to pave the way for more resilient and adaptive communication technologies[4]
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1.1 Introduction

Digital communication systems form the backbone of modern information exchange, enabling
reliable and efficient transmission of data across various media. Unlike analog communication,
which relies on continuous signals prone to distortion and noise, digital communication represents
information in discrete form, significantly improving robustness and flexibility. This chapter
provides a systematic overview of the fundamental components of digital communication systems,

their functionalities, and the underlying theories that govern their operation. [8]

The chapter begins with a broad perspective on digital communication, highlighting its advantages
over analog systems, such as enhanced noise immunity, error correction capabilities, and ease of
encryption. Following this, the discussion delves into the core building blocks of a digital
communication system, explaining each element in detail. Key topics include the conversion of
analog signals to digital form through sampling and quantization, the principles of source and
channel coding, modulation techniques, and synchronization methods. The chapter also explores

advanced coding schemes that optimize performance in noisy environments.
1.2 Overview of Digital Communication Systems

A digital communication system is designed to transmit information from a source to a destination
using discrete signals. The primary advantage of digital over analog communication lies in its
ability to mitigate noise and distortion. Since digital signals are represented by binary digits (bits),
they can be regenerated at intermediate points, reducing the cumulative effects of channel
impairments. Additionally, digital systems support sophisticated error detection and correction

mechanisms, ensuring data integrity even in adverse transmission conditions. [§]

The basic structure of a digital communication system consists of several key stages. The process
begins at the source, which could be a human voice, a video feed, or a text file. If the source is
analog, it undergoes digitization before transmission. The transmitter then processes the digital
data, applying source coding to remove redundancy, channel coding to introduce error control
redundancy, and modulation to adapt the signal for transmission over the physical medium. The
channel, which may be wired (e.g., optical fiber) or wireless (e.g., radio waves), introduces noise
and other impairments. At the receiver, the signal is demodulated, decoded, and reconstructed

before being delivered to the destination. [8]

1.3 Key Elements of a Digital Communication System



Chapterl: Introduction to Digital Communication Systems

INFORMATION
SOURCE AND SOURCE CHANNEL DIGITAL
INPUT ENCODER ENCODER MOUDULATOR
TRANSDUCER
ELECTRICAL
NOISE —— COMMUNICATION
CGANNEL
DESTI TRANS SOURCE CHANEL DEMOBULATO J
NATION oA DECODER DECODER >

Figure 1:Basic Elements of a Digital communication system

1.3.1 Source and Input Transducer

The source generates the information to be transmitted, which can be in analog or digital form.
Analog sources, such as speech or video signals, require conversion into digital format before
processing. The input transducer, such as a microphone or camera, captures the analog signal and
converts it into an electrical form. Digital sources, such as text files or computer data, are already

in a discrete format and can be directly processed by the system. [5]
1.3.2 Source Encoder

The source encoder plays a crucial role in reducing the redundancy present in the original data,
thereby improving transmission efficiency. By employing compression techniques, the source
encoder minimizes the number of bits required to represent the information without significant
loss of quality. Lossless compression methods, such as Huffman coding and arithmetic coding,
ensure perfect reconstruction of the original data, making them suitable for text and medical
imaging. Lossy compression techniques, such as those used in JPEG and MPEG standards, achieve
higher compression ratios by discarding perceptually insignificant information, making them ideal

for multimedia applications. [8 ]
1.3.3 Channel Encoder

The channel encoder introduces controlled redundancy into the data stream to facilitate error
detection and correction at the receiver. This redundancy allows the system to recover the original
data even if some bits are corrupted during transmission. Common channel coding techniques
include block codes, such as Hamming codes and Reed-Solomon codes, which operate on fixed-

length data blocks, and convolutional codes, which process data in a continuous stream. Advanced
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coding schemes, such as turbo codes and low-density parity-check (LDPC) codes, approach the
theoretical limits of channel -capacity, providing near-optimal performance in noisy

environments.[8]
1.3.4 Digital Modulator

The digital modulator converts the encoded binary data into analog waveforms suitable for
transmission over the communication channel. Modulation techniques vary in complexity and
performance, with simpler schemes like amplitude-shift keying (ASK) and frequency-shift keying
(FSK) being suitable for low-data-rate applications. More sophisticated methods, such as phase-
shift keying (PSK) and quadrature amplitude modulation (QAM), offer higher spectral efficiency,
enabling faster data rates within limited bandwidth. The choice of modulation scheme depends on

factors such as channel characteristics, power constraints, and required data throughput. [5]
1.3.5 Communication Channel

The communication channel serves as the medium through which the modulated signal travels
from the transmitter to the receiver. Channels can be classified as wired (e.g., coaxial cables,
optical fibers) or wireless (e.g., radio, satellite links). Each type of channel introduces specific
impairments, including additive noise, attenuation, and multipath fading. The additive white
Gaussian noise (AWGN) channel model is commonly used to analyze the effects of random noise,
while fading channel models, such as Rayleigh and Rician, describe the variations in signal

strength experienced in wireless environments. [6]
1.3.6 Digital Demodulator

At the receiver, the digital demodulator extracts the transmitted symbols from the noisy received
signal. The demodulation process involves filtering, sampling, and decision-making to recover the
original binary data. Optimal demodulation techniques, such as matched filtering and maximum
likelihood detection, minimize the probability of symbol errors by exploiting knowledge of the
transmitted signal structure. The performance of the demodulator is often evaluated in terms of the

bit error rate (BER), which quantifies the likelihood of incorrect bit decisions. [5]

1.3.7 Channel Decoder
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The channel decoder utilizes the redundancy introduced by the channel encoder to detect and
correct errors that occurred during transmission. For block codes, the decoder identifies errors by
computing syndromes and applying correction algorithms. Convolutional codes, on the other hand,
employ the Viterbi algorithm to determine the most likely transmitted sequence based on the
received data. The effectiveness of the channel decoder is critical in maintaining the integrity of

the transmitted information, especially in high-noise environments. [5]
1.3.8 Source Decoder

The source decoder reconstructs the original information from the compressed data received from
the channel decoder. In lossless compression systems, the decoder perfectly reverses the encoding
process, while in lossy systems, it approximates the original signal based on the received data. The
quality of reconstruction in lossy systems depends on the compression ratio and the encoding

techniques employed. [6]
1.3.9 Destination and QOutput Transducer

The destination is the final recipient of the transmitted information, which could be a human user
or a storage device. If the output is in analog form, such as speech or video, an output transducer,
such as a speaker or display, converts the electrical signal back into its original form. The overall
performance of the digital communication system is judged by the fidelity and timeliness of the

information delivered to the destination. [|6]
1.4 Sampling and Quantization

The transition from analog to digital communication begins with the conversion of continuous-
time signals into discrete-time signals through sampling, followed by quantization, which maps

continuous amplitudes into discrete levels. [8]
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Figure 2: Sampling and Quantization Process

1.4.1 Sampling Theorem

The Nyquist-Shannon sampling theorem states that a bandlimited signal with a maximum
frequency of B Hz can be perfectly reconstructed if sampled at a rate of at least 2B samples per
second. Sampling below this rate results in aliasing, where higher-frequency components distort
the reconstructed signal. Practical systems often use anti-aliasing filters to bandlimit the signal

before sampling, ensuring compliance with the Nyquist criterion.
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1.4.2 Quantization Process

Quantization converts the continuous amplitudes of the sampled signal into a finite set of discrete
values. Uniform quantization divides the amplitude range into equal intervals, each represented by
a fixed number of bits. Non-uniform quantization, used in applications like speech coding,
employs companding (compression-expansion) to allocate more levels to smaller amplitudes,
improving the signal-to-quantization-noise ratio (SQNR) for dynamic signals. The choice of
quantization parameters involves a trade-off between resolution and bit rate, with higher bit depths

providing better fidelity at the cost of increased data rates. [21]
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Figure 4: Quantization of an analog signal
1.5 Source Coding and Data Compression

Source coding aims to reduce the number of bits required to represent information by eliminating

redundancy, thereby improving transmission efficiency. [21]
1.5.1 Entropy and Information Theory

Claude Shannon's information theory establishes the fundamental limits of data compression
through the concept of entropy, which measures the average information content of a source. The
source coding theorem asserts that a source can be compressed to a rate close to its entropy without

significant loss, providing a theoretical basis for lossless compression algorithms. [21]
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1.5.2 Lossless Compression Techniques

Lossless compression algorithms, such as Huffman coding, exploit statistical redundancies in the
data to achieve compression without any loss of information. Huffman coding assigns variable-
length codes to symbols based on their probabilities, with more frequent symbols receiving shorter
codes. LZW(Lempel-Ziv-Welch) coding builds a dictionary of recurring patterns, replacing them

with shorter references during encoding. [8]
1.5.3 Lossy Compression Techniques

Lossy compression techniques achieve higher compression ratios by discarding perceptually
irrelevant information. Transform coding methods, such as the discrete cosine transform (DCT)
used in JPEG, decompose the signal into frequency components, quantizing the coefficients to
reduce data size. Predictive coding techniques, like differential pulse-code modulation (DPCM),
encode the difference between consecutive samples, leveraging temporal redundancy in signals

like speech and video. [8]
1.6 Channel Coding and Error Control

Channel coding enhances the reliability of digital communication by introducing redundancy that

enables error detection and correction.
1.6.1 Purpose of Channel Coding

Error control mechanisms are essential in mitigating the effects of channel noise and interference.
Automatic repeat request (ARQ) protocols detect errors and request retransmissions, while
forward error correction (FEC) codes allow the receiver to correct errors without additional
transmissions. The choice between ARQ and FEC depends on factors such as latency requirements

and channel conditions. [ 5]
1.6.2 Linear Block Codes

Linear block codes, such as Hamming codes and Reed-Solomon codes, operate on fixed-length
blocks of data, adding parity bits to facilitate error detection and correction. Hamming codes can
correct single-bit errors and detect double-bit errors, making them suitable for memory systems.
Reed-Solomon codes, with their strong error-correcting capabilities, are widely used in optical

communications and storage media like CDs and DVDs. [8]

10
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1.6.3 Convolutional Codes

Convolutional codes process data in a continuous stream, using shift registers and modulo-2 adders
to generate encoded outputs. The Viterbi algorithm, a maximum likelihood decoding technique,
efficiently decodes convolutional codes by tracing the most probable path through a trellis

diagram. These codes are particularly effective in satellite and deep-space communications. [8]
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1.6.4 Advanced Coding Schemes

Modern coding schemes, such as turbo codes and LDPC codes, achieve performance close to the
Shannon limit. Turbo codes use parallel concatenated convolutional codes with iterative decoding,
while LDPC codes rely on sparse parity-check matrices and belief propagation algorithms. These
advanced codes are employed in 4G/5G cellular networks and deep-space communication

systems.[6]
1.7 Modulation Techniques

Modulation translates digital data into analog signals suitable for transmission over physical

channels.
1.7.1 Binary Modulation Schemes

Binary phase-shift keying (BPSK) modulates the phase of the carrier wave to represent binary
data, offering robust performance in noisy environments. BFSK varies the carrier frequency

between two values, providing simplicity and ease of implementation.
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Figure 8: BPSK Demodulator
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1.7.2 M-ary Modulation

Higher-order modulation schemes, such as quadrature phase-shift keying (QPSK) and quadrature
amplitude modulation (QAM), transmit multiple bits per symbol, enhancing spectral efficiency.
QPSK uses four phase shifts to represent two bits per symbol, while 16-QAM and 64-QAM

combine amplitude and phase modulation to achieve even higher data rates.

a) Amplitude Shift Keying (ASK) : In an M-ary ASK scheme, the transmitted signals are defined
by:

S.(t)= z—f‘)ai cos(wt)  i=1,2,--.M

Where the symbols q, take their values in the alphabet  +1,43,---,+(M —1).

E, : the signal energy, which has the smallest amplitude and T, is the delay of each symbol m,

27rn, . .
W, = < n, €ll is the carrier frequency.

c

We take as basis function :
2
D,(1) = T cos(@,t) 0<¢t<T

Then:
S,(O=\Ea® () i=12,M

The ASK modulation is therefore linear unidimensional. Figure below shows a geometric

representation of M-ary ASK signals with the decision regions.

13
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Figure 9: M-ary ASK signals with the decision regions

Figure below shows an ASK modulator and demodulator, the signal Z(r)=S()+W(r) is

multiplied by ®, (), during each signaling interval of duration 7. That gives:[8]

Z,=|E,a+W, i=l-M

M-ary wavea, ./ N |
(polar form) ,\% > M-ary ask wave S;(t)
$1(t) = /2 con(wit)

Figure 10: M-ary ASK Modulator
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Figure 11: M-ary ASK Demodulator

14



Chapterl: Introduction to Digital Communication Systems

. . . ) N, .
Where W(#) is a Gaussian random variable of zero mean and variance ¢~ = 70 representing
W(?) in the space spanned by @, (7).

b) Phase Shift Keying (PSK) :

In M-ary PSK, the phase of the carrier takes on one of M possible values, namely, 6, = 2]:4—7[,

1

where i =0,1,---,M —1. So the PSK signals are given by the formula:

S.(H)= 2_Ecos(a)ct+9i), 9‘=E’ i=0,1,---,.M
r M

1

2
Where E is the signal energy per symbol. The carrier frequency @, = 7;\7" (n, ell)

We develop Si(?) to obtain:
S.(t)= % cos(w.t)cos(b,)— % sin(,t)sin(6))
thus each S(t) can be represented in terms of two basis functions, ®,(¢) and @, (), defined as:
2
D) = \/;cos(a)ct), 0<t<T
2 .
D,(1) = \/;sm(a)ct), 0<t<T

Both @, (z) and ®,(z) have unit energy, the signal constellation of M-ary PSK is therefore two-

dimensional. The M message points are equally spaced on a circle of radius JE and centered at

the origin, as illustrated in figure below for M=8.

15
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¢) Quadrature Amplitude Modulation QAM:

For a high number of points M, neither ASK nor PSK constitute a satisfying solution to effectively
use the transmitted energy. The error probability is a function of the minimum Euclidian distance
between the constellation's points. The best modulation (for a gaussian channel) is that in which
the distance for a given average power is maximum. so a better choice than ASK where the
constellation points are on straight line and the PSK where the points are on a circle, is to use
amplitude modulation with two carriers in Quadrature, let the signals

S.() =, /%ai cos(w.t) —, /%bi sin(a@,t), 0<¢t<T

Where Ej is the energy of the signal with the lowest amplitude, ajand b; is a pair of independent
integers.

The signals S;(t) can be expressed in terms of a pair of basis functions:

D,(¢) = \/%cos(a)ct)

D,(1)= \/%sin(a)ct) 0<t<T

The coordinates of the i message point are (a,4/E,,b,\/E,) where (a,,b,) s an element of the
Lx L matrix
(-L+1,L-1) (-L+3,L-1) - (L-1,L-1)

(a,,b,) = : : :
(-L+1,-L+1) (-L+3,-L+1) -+ (-L-1,-L+1)

where L is the amplitude levels of the basis axis in the signal space. For example for L=4, M=16
whose signal constellation is depicted in figure below where L=4, we have the matrix

17



Chapter 1: Introduction to Digital Communication Systems

(-3,+3) (-1,+3) (+1L,+3) (+3,43)
34D (FL+D (LD (43,+])

(a,,b)=
(_3a_1) (_19_1) (+1’_1) (+3>_1)
(_39 _3) (_19 _3) (+13_3) (+3a _3)
4\%(t)
° ™ ° °
™ ™ ° °
> y(2)
™ ™ ™ ™
™ ™ ° ™
Figure 15: Signal constellation of 16-QAM
Converter of
level 2to L T
Binary S/P \/Z M-ary
_ ) T cos(w,t) QAM
Sequence converter wave
Converter of
level 2to L | ¢

T\/gsin(a)ct)

Figure 16:M-ary QAM Modulator

18



Chapterl: Introduction to Digital Communication Systems

7 z; |Decision circuit
— w®Jfdt with
T 0 l ;
Z(t) = Si(t)+W(1) (L-1) threshold binary
\/? P/S converter
e e cos(w,t) —
T z Decision circuit sequence
L .®—Jfdt with
0
T (L-1) threshold

2
T sin(w,t)

Figure 17:M-ary QAM Demodulator

1.7.3 Performance Metrics

The performance of digital modulation schemes is evaluated using metrics such as bit error rate
(BER) and bandwidth efficiency. BER measures the probability of incorrect bit detection, while
bandwidth efficiency quantifies the data rate per unit bandwidth. These metrics guide the selection

of modulation schemes based on channel conditions and system requirements.
1.8 Synchronization and Multiplexing
1.8.1 Synchronization

Synchronization ensures that the receiver accurately interprets the transmitted signal by aligning
its clock and carrier phase with the transmitter. Carrier recovery techniques, such as the Costas
loop for PSK signals, extract the carrier phase, while symbol timing recovery methods, like the

early-late gate, synchronize the sampling instants. [6 ]
1.8.2 Multiplexing Techniques

Multiplexing enables multiple signals to share a common communication channel. Time-division
multiplexing (TDM) allocates distinct time slots to different signals, while frequency-division
multiplexing (FDM) assigns separate frequency bands. Orthogonal frequency-division
multiplexing (OFDM), used in Wi-Fi and LTE, divides the channel into orthogonal subcarriers,

enhancing resistance to multipath fading.[6]

19



Chapter 1: Introduction to Digital Communication Systems

1.9 Conclusion

This chapter has presented a comprehensive introduction to digital communication systems,
covering their fundamental components, signal processing techniques, and coding schemes. The
discussion highlighted the advantages of digital over analog communication, emphasizing noise
immunity, error correction, and efficient data handling. Subsequent chapters will explore advanced
topics, including wireless channel modeling, multiple-access techniques, and emerging

technologies in digital communications.
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Chapter2: Principles of Trellis-Coded Modulation (TCM) and Channel Models

2. Introduction to Trellis-Coded Modulation (TCM)

Trellis-Coded Modulation (TCM) is a powerful technique that combines error correction coding
and modulation to improve the performance of digital communication systems over noisy
channels. Unlike traditional systems where coding and modulation are treated as separate entities,
TCM integrates these two processes, allowing for more efficient use of bandwidth and improved
error performance. TCM was first introduced by Gottfried Ungerboeck in the early 1980s.The
fundamental principle of TCM is to use a convolutional code to increase the Euclidean distance
between signal points in the modulated signal space, thereby enhancing the system's ability to
resist noise and interference. This is achieved by integrating convolutional coding with modulation

schemes, such as Phase Shift Keying (PSK) or Quadrature Amplitude Modulation (QAM).
The fundamental components of TCM are:

1. Convolutional Encoder:This is a finite-state machine that takes in a stream of input bits and
produces a stream of output bits. The encoder is characterized by its constraint length and generator

polynomials, which determine the structure of the trellis diagram.

2. Signal Constellation: This is the set of possible signal points that can be transmitted over the
channel. In TCM, the constellation is typically larger than what would be used in an uncoded

system, allowing for the introduction of redundancy without increasing bandwidth.

3. Mapping Function: This function maps the output bits from the convolutional encoder to the
signal points in the constellation. The mapping is designed to maximize the Euclidean distance

between signal sequences, which improves the error performance of the system.

4. Viterbi Decoder: At the receiver, the Viterbi algorithm is used to decode the received signal.
The Viterbi decoder searches through the trellis diagram to find the most likely sequence of

transmitted symbols, taking into account the redundancy introduced by the convolutional code[7].
2.1 Convolutional Codes in TCM

Convolutional codes are a class of error-correcting codes that generate parity symbols via a sliding
application of a Boolean polynomial function to a data stream. In TCM, convolutional codes are
used to map input bits to a set of modulated symbols. The encoder operates on a continuous stream
of data, producing a sequence of coded bits that depend not only on the current input bits but also

on previous inputs, creating a memory effect [8].
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The key idea in TCM is to use a convolutional encoder to select a subset of the available signal
points in the modulation scheme. This subset is chosen to maximize the minimum Euclidean
distance between any two valid signal sequences. By doing so, the system can achieve a coding

gain without increasing the bandwidth or power requirements [9].
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Figure 18: Signal Constellation Partitioning

2.1.1 Combining Convolutional Codes with Modulation Schemes

In TCM, the convolutional encoder and the modulator are designed jointly. The encoder's output
determines the sequence of symbols to be transmitted, and these symbols are mapped to points in
the signal constellation. The mapping is done in such a way that the Euclidean distance between

sequences of symbols is maximized, which directly translates to improved error performance

[10].
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Figure 19: Block Diagram of a TCM System
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For example, consider a system using 8-PSK modulation. Without coding, each symbol represents
3 bits of information. In a TCM system, a convolutional encoder might be used to map 2 input bits
to a 3-bit output, which is then mapped to one of the 8-PSK symbols. The extra redundancy

introduced by the encoder allows the receiver to correct errors caused by channel noise [11].

The Euclidean distance dg between two signal pointss; and s; in the constellation is given by:

N

2

dg = Z|Si,k — s
=1

where N is the number of dimensions in the signal space. The minimum Euclidean distance dy;,

is the smallest distance between any two valid signal sequences, and it determines the error

performance of the TCM system [12].
2.1.2 The Trellis Diagram

The trellis diagram is a graphical representation of the convolutional encoder's state transitions
over time. Each node in the trellis represents a possible state of the encoder, and each branch
represents a possible transition between states, labeled with the corresponding input and output
bits. The trellis diagram is essential for decoding TCM signals using the Viterbi algorithm, which
finds the most likely sequence of transmitted symbols by searching for the path through the trellis

with the minimum cumulative metric [13].

The cumulative metric M for a path in the trellis is given by:

L
M= erk — s5i|?
k=1

where 131s the received symbol at timek, s, is the transmitted symbol corresponding to the path,
and L is the length of the sequence. The Viterbi algorithm selects the path with the smallest

cumulative metric as the most likely transmitted sequence [14].
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Figure 20:Trellis Diagram for a Convolutional Code

2.2 Channel Models

The performance of TCM systems depends heavily on the characteristics of the communication
channel. Different channel models are used to represent various real-world scenarios, each with
its own set of challenges. In this section, we review three common channel models: Additive

White Gaussian Noise (AWGN), Rayleigh fading, and Rician fading.

2.2.1 Additive White Gaussian Noise (AWGN)

The AWGN channel model is the simplest and most widely used model for analyzing
communication systems. It assumes that the only impairment to the transmitted signal is the
addition of white Gaussian noise, which is characterized by a constant power spectral density

and a Gaussian distribution of amplitudes [15].

Channel

Transmitted signal Recieved signal

s(t) r(t)=s(t)+n(t)

n(t)

White Gaussian Noise

Figure 21: AWGN Channel Model

2.2.2 Characteristics of AWGN

The AWGN channel is often used for initial analysis and simulation of communication systems

because of its simplicity. However, it does not capture the effects of multipath propagation or
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fading, which are common in wireless communication systems. The main characteristics of

AWGN are:

>

Additive: The noise is added to the signal, and the received signal is the sum of the
transmitted signal and the noise.

White: The noise has a constant power spectral density across all frequencies, meaning
that it is uncorrelated in time and frequency.

Gaussian: The noise is Gaussian distributed, which means that the probability density
function (PDF) of the noise is a bell-shaped curve.

Thermal Noise: AWGN models the thermal noise generated by the receiver's electronic
components. This noise is present in all communication systems and is typically the
dominant noise source in well-designed systems.

Flat Frequency Response: The AWGN channel has a flat frequency response, meaning
that all frequency components of the signal are affected equally by the noise.

Usefulness: The AWGN model is useful for initial analysis and design of communication
systems because it provides a baseline performance metric. It is also used to compare the

performance of different modulation and coding schemes [16].

2.2.3 Performance of TCM in AWGN

In an AWGN channel, the performance of a TCM system is primarily determined by the minimum

Euclidean distance between signal sequences. The coding gain achieved by TCM over uncoded

modulation can be quantified by comparing the bit error rate (BER) of the two systems at the same

signal-to-noise ratio (SNR).

The probability of bit error P, for a TCM system in AWGN can be approximated by:

2
dmin

Py~ Q SN,
0

where Q (x)is the Q-function, d,;,is the minimum Euclidean distance, and N is the noise power

spectral density [17].

2.3.1 Rayleigh Fading

Rayleigh fading is a statistical model for the effect of a propagation environment on a radio signal,

such as that used by wireless communication systems. It is particularly applicable to urban
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environments where there is no direct line-of-sight (LOS) path between the transmitter and

receiver, and the signal is reflected off buildings, vehicles, and other obstacles [18].

Figure 22: Rayleigh Fading Channel Model

2.3.2. Characteristics of Rayleigh Fading

» Multipath Propagation: In a Rayleigh fading channel, the transmitted signal arrives at
the receiver via multiple paths, each with a different delay and phase shift. The combined
effect of these paths results in a signal that fluctuates randomly in amplitude and phase.

» No Line-of-Sight: Rayleigh fading assumes that there is no dominant LOS component.
The received signal is the sum of many scattered components, leading to a Rayleigh
distribution of the signal amplitude.

> Frequency Selectivity: In a frequency-selective fading channel, different frequency
components of the signal experience different levels of fading. This can lead to intersymbol
interference (ISI) in wideband systems

» Rayleigh Distribution: The amplitude of the received signal follows a Rayleigh
distribution, which is astatistical distribution that describes the magnitude of a complex
random variable with zero-mean Gaussian components.The Rayleigh fading channel is a
good model for urban wireless environments, where the signal is likely to experience
significant multipath propagation. However, it does not account for the presence of a strong

line-of-sight component, which is common in other environments[19].

2.3.3 Performance of TCM in Rayleigh Fading

In a Rayleigh fading channel, the performance of TCM is affected by the random fluctuations in
the signal amplitude. The diversity gain provided by TCM can help mitigate the effects of fading
by ensuring that errors are spread out over time rather than occurring in bursts. The use of
interleaving in conjunction with TCM can further improve performance by breaking up error

bursts.

The probability of bit error P, for a TCM system in Rayleigh fading can be approximated by:
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1 14
P~ —|1-— |[—
b™ 9

1+y

where yis the average SNR per bit [20].
2.3.4 Concepts of Rayleigh Fading Channels

(A) Multipath Propagation
- In wireless channels, signals travel from the transmitter to the receiver via multiple paths due to
reflections, diffractions, and scattering.
- Each path has:

- A different time delay (causing time dispersion).

- A different attenuation (amplitude variation).

- A different phase shifi (due to varying path lengths).
(B) No Dominant Line-of-Sight (NLOS) Component
- Rayleigh fading occurs when there is no strong direct path (LOS) between the transmitter and
receiver.
- The received signal is the sum of many scattered signals with random phases and amplitudes.
(C) Central Limit Theorem (CLT) Justification
- The sum of many independent random phasors (due to multipath) leads to a complex Gaussian
distribution for the received signal. [10]
- The envelope (magnitude) of this signal follows a Rayleigh distribution.
- The phase is uniformly distributed in [0,27]

2.3.5 Mathematical Model of Rayleigh Fading
The received signal r(t) can be represented as[3]:
r(t) = Re{h(t)-e""|

where:

> h(t) = h (t) +Jh (t) is the complex baseband channel impulse response.

> h (t) and h, (t) are independent, zero-mean Gaussian random processes (due to CLT).

Envelope Distribution (Rayleigh)

28



Chapter2: Principles of Trellis-Coded Modulation (TCM) and Channel Models

The magnitude | h(t)|= A +h, follows a Rayleigh PDF:

ro,
fo(r)= —Ze_'z/z‘72 , r>0
o

where:
e o’ =average power of the multipath components.
Phase Distribution (Uniform)
The phase 6 = tan’l(hQ / h;) is uniformly distributed:
f®(6’):i, 0<0<2r
2
2.3.6 Causes of Rayleigh Fading:
Rayleigh fading arises primarily in environments with rich multipath scattering, where signals
reflect off numerous obstacles (e.g., buildings, trees) without a dominant line-of-sight (LOS)
component. The absence of a strong direct path means the received signal is the sum of many
scattered waves with random phases and amplitudes, leading to destructive/constructive
interference.
This phenomenon is classified as small-scale fading because signal strength varies rapidly over
short distances (on the order of the radio wavelength). For instance, a mobile receiver moving at
vehicular speeds may experience significant signal fluctuations within a few centimeters.
Additionally, Doppler spread exacerbates fading when the transmitter, receiver, or surrounding
scatterers are in motion. The relative movement shifts the frequency of multipath components,

creating time-varying channel conditions. In urban or indoor NLOS scenarios, these factors

combine to produce the characteristic Rayleigh fading statistics.

2.3.7 Parameters of Rayleigh Fading Channels

1. Coherence Bandwidth B_: The frequency range over which the channel is approximately flat.
It is Related to delay spreadz_, by:
1

T

max

B ~

c

2. Coherence Time 7 : The time duration over which the channel remains roughly constant.

It is Related to Doppler spread f,, by:
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1
T ~—

S
3. Fading Rate: How quickly the channel changes due to mobility.
2.3.8 Techniques for decreasing Rayleigh Fading
Rayleigh fading causes significant signal degradation due to deep fades, which can severely impact
wireless communication reliability. To counteract these effects, several advanced techniques are
employed:
1. Diversity Techniques
Diversity Techniquesleverage multiple independent signal paths to improve reception. Space
diversity uses multiple antennas (MIMO systems) to exploit spatial variations, while frequency
diversity (e.g., spread spectrum and OFDM) spreads the signal across different frequencies to
minimize simultaneous fading. Time diversity introduces redundancy through error correction
and interleaving, allowing the receiver to reconstruct lost data.
2. Equalization: helps compensate for channel-induced distortions by using adaptive filters to
reverse the effects of multipath propagation. This ensures the received signal closely matches
the transmitted waveform.
3. Channel Coding & Interleaving: enhance robustness by incorporating error-correcting
codes such as Turbo codes and Trellis Coded Modulation. These codes add structured
redundancy, enabling the receiver to detect and correct bit errors caused by fading. Interleaving
further disperses errors, preventing concentrated bursts of signal loss.
By combining these methods, wireless systems can significantly reduce the impact of Rayleigh

fading, ensuring stable and efficient communication even in challenging environments.[24]
2.3.9 When is Rayleigh Fading Not Applicable?

Rayleigh fading is not a suitable model in scenarios where a strong line-of-sight (LOS) component
exists between the transmitter and receiver. In such cases, the fading characteristics follow a Rician
distribution rather than Rayleigh, as the dominant LOS signal significantly alters the statistical
behavior of the channel.

Additionally, Rayleigh fading does not apply in free-space propagation environments, where
there is no multipath scattering. In free space, the signal experiences minimal fading since it travels
unobstructed without reflections or diffractions, resulting in a near-constant channel response.
Thus, Rayleigh fading is specifically relevant in non-line-of-sight (NLOS)multipath-rich
environments, such as urban areas or indoor wireless systems, where no single dominant signal

path exists.
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2.4 Rician Fading

Rician fading is a more general model than Rayleigh fading and is applicable to environments
where there is a dominant LOS component in addition to scattered components. This model is
often used to represent semi-rural or mixed environments where the receiver has a partial view of

the transmitter [21].

Figure 23:Rician Fading Channel Model

2.4.1 Characteristics of Rician Fading:

The Rician fading channel is a good model for semi-rural or mixed environments, where there is
a clear line-of-sight path but also significant multipath effects. The Rician K-factor is an
important parameter in this model, as it determines the relative strength of the LOS component

compared to the multipath components.

» Line-of-Sight Component: In a Rician fading channel, the received signal consists of a
dominant LOS component and multiple scattered components. The presence of the LOS
component results in a Rician distribution of the signal amplitude.

» K-Factor:The Rician K-factor is the ratio of the power in the LOS component to the
power in the scattered components. A higher K-factor indicates a stronger LOS
component and less severe fading.

» Fading Severity: Rician fading is less severe than Rayleigh fading because the presence
of the LOS component reduces the likelihood of deep fades [22].

» Rician Distribution: The amplitude of the received signal follows a Rician distribution,
which is a statistical distribution that describes the magnitude of a complex random
variable with non-zero-mean Gaussian components. The Rician distribution 1is
characterized by the Rician K-factor, which is the ratio of the power in the LOS component

to the power in the multipath components.

2.4.2 Performance of TCM in Rician Fading
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In a Rician fading channel, the performance of TCM is influenced by the strength of the LOS
component. As the K-factor increases, the channel becomes more like an AWGN channel, and the
performance of TCM improves. However, even in the presence of a strong LOS component, the
scattered components can still cause some fading, and TCM can provide additional robustness

against these effects.

The probability of bit error P, for a TCM system in Rician fading can be approximated by:

2Ky

P, ~ —
b~ Q 1+K+7

where K is the Rician K-factor and y is the average SNR per bit [23].

2.4.3 Concepts of Rician Fading Channels
(A) Multipath Propagation with a Dominant LOS Component
Unlike Rayleigh fading, Rician fading includes:[8]
» A strong direct (LOS) signal(e.g., from a base station).
» Multiple weaker scattered (NLOS) signals (reflections, diffractions).
» The total received signalis the sum of the LOS and NLOS components.
(B) Rician K- Factor
The Rician K-factor defines the ratio of the LOS power to the scattered power:

Power in LOS component

K=
Power in scattered components

» When K = 0, the channel reduces to Rayleigh fading (no LOS).
» When K — 00, the channel becomes AWGN (only LOS, no fading).
(C) Mathematical Model of Rician Fading

The received signal 7(¢) can be written as [9]:
r(t) =Re {h(r)-¢"***|
where the complex channel gain 4(7) is:

h(t) = Ae™ + (6 + jhy(2)

Random scattered components
e A = amplitude of the LOS component.
e ¢ = phase shift of the LOS component.

o I (t), h,(t) = independent Gaussian random variables (scattered components).
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Envelope Distribution (Rician)

The magnitude | h(?) |= /(A +h,)* + h, follows a Rician PDF:

r 4
frr)=—e 20° IO(—ZJ, r=0
o o
where:

> o’ = average power of the scattered components.

> 1,() = modified Bessel function of the first kind (order 0).

Phase Distribution (Non-Uniform)
Unlike Rayleigh fading, the phase is not uniform due to the dominant LOS component.
2.4.4Causes of Rician fading:
Rician fading occurs in wireless communication scenarios where the signal propagation includes
both a dominant line-of-sight (LOS) component and weaker multipath signals. This phenomenon
typically arises in environments with partial LOS conditions, where a strong direct path between
the transmitter and receiver coexists with scattered reflections. Common examples include satellite
and microwave communication links, where the dominant LOS signal is accompanied by minor
reflections from atmospheric conditions or surrounding terrain. Similarly, in indoor wireless
environments such as Wi-Finetworks, Rician fading can occur when the access point is visible to
the device but the signal still experiences reflections from walls, furniture, or other obstacles.
These combined effects of a strong direct path and scattered multipath components characterize
the Rician fading model, distinguishing it from Rayleigh fading where no dominant LOS path is
present. [11]
2.4.5Parameters of Rician Fading Channels
The behavior of Rician fading channels is primarily characterized by three key
parameters:[11]
1. Rician K-Factor
The K-factor is a critical parameter that quantifies the ratio of the power in the Line-of-
Sight (LOS) component to the power in the scattered (multipath) components. A
higher K-factor indicates a stronger dominant LOS signal, leading to less severe
fading and a more stable received signal. Conversely, when K=0, the channel reduces
to Rayleigh fading, where no dominant path exists.
2. Coherence Bandwidth & Coherence Time

Similar to Rayleigh fading, Rician channels experience frequency-selective fading (due
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to multipath delay spread) and time-selective fading (due to Doppler effects). However,
the presence of a strong LOS component makes these effects less severe compared to
Rayleigh fading. The coherence bandwidth (B.) and coherence time (7¢) still depend on
delay spread and Doppler spread, respectively, but the impact of fading is mitigated by
the dominant path.

3. Doppler Spread
In Rician fading, mobility-induced Doppler effects primarily influence the LOS
component, leading to slow fading variations. Since the LOS signal dominates, Doppler
spread causes gradual changes in the channel response rather than rapid fluctuations. This
is in contrast to Rayleigh fading, where the absence of a strong LOS path results in faster,

more unpredictable signal variations.
2.5 Comparison of Channel Models:

The choice of channel model depends on the specific environment in which the communication
system is operating. The AWGN channel is the simplest model and is useful for initial analysis
and simulation. However, it does not capture the effects of multipath propagation or fading, which

are critical in wireless communication systems.

The Rayleigh fading channel is a good model for urban environments where there is no direct line-
of-sight path and the signal is subject to significant multipath propagation. The Rician fading
channel is more appropriate for environments where there is a strong line-of-sight component, but

there are also significant multipath effects.

In practice, the performance of a TCM system will vary depending on the channel model. For
example, in an AWGN channel, the performance of a TCM system is primarily determined by the
Euclidean distance between signal sequences. In a Rayleigh fading channel, the performance is
also affected by the diversity of the signal paths, which can help to mitigate the effects of fading.
In a Rician fading channel, the presence of a strong LOS component can improve the performance
of the system, but the multipath components can still cause significant fluctuations in the received

signal.

2.6 Conclusion

Trellis-Coded Modulation (TCM) is a powerful technique that combines convolutional coding

with modulation to improve the performance of digital communication systems. By carefully
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designing the encoder and modulator, TCM can achieve significant coding gains without
increasing bandwidth or power requirements. The performance of TCM systems depends on the
characteristics of the communication channel, and different channel models, such as AWGN,

Rayleigh fading, and Rician fading, are used to represent various real-world scenarios.

In AWGN channels, TCM provides a clear advantage over uncoded modulation by increasing the
minimum Euclidean distance between signal sequences. In fading channels, TCM can mitigate the
effects of random signal fluctuations and provide diversity gain. The choice of channel model is

crucial for accurately predicting the performance of TCM systems in different environments
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Chapter3: Simulation Framework and Performance Analysis of Trellis-Coded Modulation

3.1 Introduction:

The performance evaluation of Trellis-Coded Modulation (TCM) under various channel
conditions is critical for understanding its practical implementation in digital communication
systems. This chapter presents a comprehensive simulation study conducted in MATLAB to
analyze the effectiveness of TCM in mitigating errors induced by additive white Gaussian noise
(AWGN), Rayleigh fading, and Rician fading channels. The primary objectives are to model the
complete TCM system, quantify its performance gains through key metrics such as bit error rate
(BER) and coding gain, and compare its efficiency against uncoded modulation schemes. The
analysis focuses on two modulation techniques—S8-PSK and 16-QAM—integrated with TCM to

evaluate the trade-offs between spectral efficiency and error robustness.

The chapter is structured as follows: Section 3.2 details the simulation methodology, including the
system model and MATLAB implementation. Section 3.3 describes the parameter selection
process for the simulations. Section 3.4 presents the performance metrics and their interpretations,
supported by numerical results and graphical plots. Section 3.5 provides a comparative analysis of
TCM across different channel conditions, followed by a discussion of the results in Section 3.6.

Finally, Section 3.7 summarizes the key findings and suggests directions for future research.

3.2 Simulation Methodology

3.2.1 System Architecture

The TCM simulation framework consists of three primary components: the transmitter, the
channel model, and the receiver. At the transmitter, input bits are first encoded using a
convolutional encoder, which is then mapped to a modulated symbol constellation using either 8-
PSK or 16-QAM. The encoded and modulated signal is passed through one of three channel
models—AWGN, Rayleigh fading, or Rician fading—where noise and fading effects are
introduced. At the receiver, the signal is demodulated and decoded using the Viterbi algorithm to

recover the original bitstream.

The system’s block diagram is illustrated in Figure 24, where each functional block is
implemented in MATLAB to ensure modularity and reproducibility. The simulation leverages
MATLAB’s Communications Toolbox for accurate modeling of channel impairments and signal

processing operations.
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BER
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Figure 24: Block Diagram of the TCM Simulation Framework

3.2.2 MATLAB Implementation

The simulation was implemented using MATLAB R2013a, with scripts designed to automate the

generation of BER curves and coding gain calculations. Below are the key implementation steps:
3.3 TCM Encoding and Modulation

The convolutional encoder is configured using a rate-1/2 trellis structure with a constraint length
of n=3,4,5, ...etc. The encoder output is mapped to a 16-QAM constellation using Gray coding to
minimize bit errors in adjacent symbols. The following MATLAB snippet demonstrates the

encoding and

modulation process:

seqlen=100000;

Psig=10; %normalised signal power

SNRdB=25; %signal to noise ratio in dB
noise_power=Psig/10”~(SNRdB/10); %noise power

n=3; %The constraint length of the convolutional encoder
numstates=27n; %Number of states

genl=7;Genrating polynomial 1

gen2=5; Genrating polynomial 2

% 16-QAM constellation points

Mx=[3 3 -1 -1;1 1 -3 -3;11 -3 -3;3 3 -1 -1];

My=[-1 3 3 -1;-1 3 3 -1;-3 11 -3;-3 1 1 -3];

% 8-PSK constellation points

r=2/(sqrt(2-sqrt(2)));

rr=1/sqrt(2);

MPx=[r r*rr @ -r*rr -r -r*rr 0 r*rr];

MPy=[@ r*rr r r*rr 0 -r*rr -r -r*rr];
sl=randsrc(1l,seqlen,[0,1]); %Bit stream 1 to be Encoded
s2=randsrc(1,seqlen,[0,1]); %Bit stream 2 (Uncoded)
s3=randsrc(1,seqlen,[0,1]); %Bit stream 3 (Uncoded)
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3.4Channel Modeling

3.4.1 Additive White Gaussian Channel:

The channel introduces AWGN, Rayleigh fading, or Rician fading effects. For Rician fading, a
K-factor of 3 is used to simulate a moderate line-of-sight (LOS) component. The MATLAB code

below illustrates the channel modeling process:

nx=wgn(1l,seqlen,noise_power, 'linear', 'real');
ny=wgn(1,seqlen,noise_power, 'linear’', 'real');

16-QAM TCM Transmission under Rician Fading Channel 8-PSK Transmission under Rician Fading Channel

Figure 25: 16-QAM vs 8-PSK transmitted symbols under AWGN Channel

3.5Rayleigh Fading Channels:

Rayleigh fading is a statistical model used to describe the effect of a propagation environment on
a radio signal, particularly in wireless communication systems where there is no dominant line-
of-sight (LOS) component between the transmitter and receiver. It is commonly encountered in

urban and indoor environments where multipath propagation dominates.[7]
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functionsRx = rayleigh_chan2(sTx,N, N_taps,hMean)
hSigma = hMean/20;
h = (randn(N_taps, N) + 1i * randn(N_taps, N)).*repmat(hSigma."' /

sqrt(2), 1, N) + repmat(hMean.', 1, N);
sRx = zeros(size(sTx));
for k = 1:N_taps

delay = k - 1;
delayed_signal = [zeros(1, delay), sTx(1l:end-delay)];
sRx = sRx + h(k,:).* delayed_signal;
end
end

16-QAM Constellation points under AWGN 16-QAM Constellation points under AWGN
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Figure 26: 16-QAM vs 8-PSK transmitted symbols under Rayleigh Channel

3.6 Rician Fading Channels:

Rician fading is a statistical model used to describe wireless channels where there is a dominant

line-of-sight (LOS) component along with multiple scattered (NLOS) components. It is

commonly observed in environments such as satellite communications, rural areas, and

microcellular systems with a clear direct path.
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functionsRx = rician_chan2(sTx,N, N_taps,hMean,K)
hSigma = hMean/20;

h = (randn(N_taps, N) + 1i * randn(N_taps, N)).*repmat(hSigma.' / sqrt(2),
1, N) + repmat(hMean.', 1, N);
SRx = zeros(size(sTx));

h(1,:)=h(1,:)*sqrt(K/(K+1));

h(2:end, :)=h(2:end, : )*sqrt(1/(K+1));
fori = 1:N_taps

delay =i - 1;

delayed_signal = [zeros(1, delay), sTx(1l:end-delay)];
sRx = sRx + h(i,:).* delayed_signal;
end
end

16-QAM TCM Transmission under Rician Fading Channel 8-PSK Transmission under Rician Fading Channel
T 4 6 T
| | |
| | |
=N |
o ALY 0 eeotlem gt
Sose o 220 8 % & T % 3 s
. |y =Ry : N .2
4 o0, 3 ATCAR S 1e 1 4 4
S bt @l g~
LY | e- P N
E : P2
e L A
o o e
2 D 2 & 2
L o | oo
.
3 ~%
v ; v
o boe o
¥ U
0 Kal H'J 0
. e o .
LY L
X
A %
2 - 9. = 2
20 530 o o s
b X34 % T e
3 -5" | ., *
o s S
4 o |°% by d ek Y 4
"'"‘-“3".':.‘: v LIS L Ak
s Ve T e e LA .
me e ISR -
| | | |
| | | |
r r r 6 r
6 -4 -2 0 2 4 6 -6 4 2 0 2 4 6

Figure 27: 16-QAM vs 8-PSK transmitted symbols under Rician Channel

3.7 Demodulation and Viterbi Decoding

The received signal is demodulated and decoded using a hard-decision Viterbi decoder. The

BER is computed by comparing the decoded bits with the original transmitted bits:
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perr=0;
surv=0;
cuml=zeros(numstates,l);
cum2=zeros(numstates,1);
states=starting_state;
for j=1:n
k=1;
for m=states
p1=0;
p2=0;
mind1=0;
mind2=0;
[nextl,next2]=nextstates(m,n);
csnbl=coset(nextl,genl,gen2,n);
[mindl,pl]=distances(csnbl,px(j),py(j),Mx,My);
sprevious(nextl+1,j)=m+1;
sindex(next1+1,j)=pl-1;
cum2(nextl+1)=cuml(m+1)+mind1;
csnb2=coset(next2,genl,gen2,n);
[mind2,p2]=distances(csnb2,px(j),py(j),Mx,My);
sprevious(next2+1,j)=m+1;
sindex(next2+1,j)=p2-1;
cum2(next2+1)=cuml(m+1)+mind2;
states(2*k-1)=nextl;
states(2*k)= next2;
k=k+1;
end
cuml(:)=cum2(:);
end
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3.7.1 Parameter Selection:

The simulation parameters were carefully selected to ensure a comprehensive evaluation of TCM

performance. The SNR range was varied from 3 dB to 19 dB in 1 dB increments to observe the

system’s behavior under low, moderate, and high noise conditions. Two modulation schemes: 8-

PSK for uncoded bit streams and 16-QAM for convolutional coded bit stream were tested to

assess the trade-off between spectral efficiency and error resilience.

Tableau 1: Simulation ParametersTableau 1

Parameter Value/Range Description
SNR Range 3-21 dB (1 dB steps) Evaluated SNR levels
Modulation Schemes 16-QAM, 8-PSK With and without TCM

Channel Models AWGN, Rayleigh, Rician (K=10) | Fading scenarios
Constraint length n 34,5 Different constraint lengths
Generating polynomials for Good Bad Good vs bad codes
n=3,4,5 Genl Gen2 | Genl | Gen2

5 7 1 3

13 14 3 7

26 29 3 17
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3.8 Performance Evaluation
3.8.1Effect of codes on BER:

a) n=3

Good vs Bad Codes for n=3
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Figure 28: Good vs Bad Codes for n=3
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b) n=4
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Figure 29: Good vs Bad Codes for n=4
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Figure 30: Good vs Bad Codes for n=5
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3.8.2 Bit Error Rate (BER) Analysis

The BER performance of TCM was evaluated under AWGN, Rayleigh, and Rician fading
channels. Figure 33 shows the BER vs. SNR curves for 16-QAMTCM in AWGN, highlighting the
significant improvement over uncoded 8-PSK. At a BER of 107, TCM provides a coding gain of

approximately 4.4 dB in AWGN.

BER

10

10

10”7

10

10"

BER Performance of 16-QAM TCM in AWGN

Q\b
\

Q

“\

\
Z —O— 16-QAM TCM )‘3%
Z| —B— Uncoded 8-PSK \
r r T r r r r Y
2 4 6 8 10 12 14 16 18 20 22

SNR (dB)

Figure 31: BER Performance of 16-QAM TCM in AWGN

Tableau 2: BER at 19 dB SNR for Different Channels

Scheme AWGN Rayleigh Rician (K=10)
Uncoded 8-PSK 2.9x1073 1.16x1072 5.9x1073
TCM 16-QAM 1.33x107° 5x1074 3.33x1075

The results demonstrate that TCM significantly reduces BER, particularly in fading channels

where the improvement can exceed two orders of magnitude.
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3.8.3 Coding Gain Calculation

Coding gain, defined as the reduction in SNR required to achieve the same BER as an uncoded

system, was calculated for each channel condition. Table 3.3 summarizes the coding gains for

16-QAMTCM.

Tableau 3:Coding Gain of 16-QAM TCM at a certain BER

Channel Coding Gain (dB)
AWGN 4.4 (BER=107%)
Rayleigh 2.8 (BER=4x107)
Rician (K=10) | 2.9 (BER=10"%)

3.9 Comparative Analysis

3.9.1 BER Performance Across Channels

Figure 34 compares the BER performance of 16-QAM TCM in AWGN, Rayleigh, and Rician
channels. The results indicate that Rician fading, due to its dominant LOS component, performs

closer to AWGN than Rayleigh fading.

BER Performance of 16-QAM TCM over AWGN, Rayleigh, Rician Channels
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Figure 32: BER of 16-QAM TCM in AWGN, Rayleigh, and Rician Channels
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4 Discussion of Results

The simulation results highlight several key insights:

1. TCM’s Superior Error Resilience: TCM provides substantial coding gains across all channel

conditions, with the most significant improvements in AWGN.

2. Fading Channel Behavior: Rician fading exhibits intermediate performance between AWGN
and Rayleigh fading, underscoring the impact of LOS components.

3. The constraint length n and good vs bad codes are investigated in this project to conclude that

codes must be chosen carefully to obtain high performance TCM systems
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5 Conclusion

This chapter presented a detailed simulation study of TCM, demonstrating its effectiveness in
improving BER performance without bandwidth expansion. The results validate TCM’s

robustness in fading channels and.
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Conclusion General

general Conclusion:

This dissertation has examined the error performance of Trellis Coded Modulation (TCM) across
a range of wireless channel conditions, including Additive White Gaussian Noise (AWGN),
Rayleigh fading, and Rician fading environments. Through a combination of theoretical insights
and simulation-based analysis, it has been demonstrated that while TCM performs reliably in
AWGN channels, its robustness is challenged under fading conditions typical of real-world
wireless systems.

The findings reveal that fading channels, particularly Rayleigh and Rician, introduce amplitude
and phase distortions that significantly impact the Bit Error Rate (BER) of TCM systems.
Nonetheless, TCM continues to provide notable coding gains over uncoded modulation schemes
even under these adverse conditions, reaffirming its value as a bandwidth-efficient and error-
resilient technique for modern wireless applications.

The study has also highlighted the importance of adopting adaptive modulation strategies and
channel-aware design to fully exploit TCM's potential in time-varying environments. Integrating
techniques such as channel estimation, diversity methods, or hybrid modulation schemes could
further enhance system performance, especially in the context of next-generation wireless
networks like 5G and beyond.

Ultimately, this research bridges the gap between theoretical performance and practical
deployment by offering insights into TCM’s behavior under realistic channel conditions. It lays a
foundation for future work aimed at optimizing TCM in conjunction with advanced technologies
such as OFDM, MIMO, and cognitive radio systems. By deepening the understanding of TCM’s
strengths and limitations, this study contributes to the development of more reliable, efficient, and
adaptive digital communication systems.

Future work could explore adaptive TCM systems that dynamically switch between modulation

orders based on real-time channel conditions, as well as the implementation of soft-decision
decoding for further performance enhancements.

52






BIBLIOGRAPHY

AND -
REFERENCES ‘

|

000







Bibliography and References

Bibliography and References:

[1]- Goldsmith, A. (2005). Wireless Communications. Cambridge University Press.

[2]- Sklar, B. (1997). Rayleigh fading channels in mobile digital communication systems Part
I: Characterization. IEEE Communications Magazine, 35(7), 90-100.

[3]- IGI Global. "Modeling and Analyzing Trellis Coded Modulation on Power Line
Communication Systems." Retrieved May 20, 2025.

[4]- Benedetto, S., & Biglieri, E. (1999). Principles of Digital Transmission: With Wireless
Applications. Springer.

[S]- Lathi, B. P., & Ding, Z. (2009). *Modern Digital and Analog Communication Systems*.

Oxford University Press.

[6]- Shannon, C. E. (1948). *A Mathematical Theory of Communication*. Bell System

Technical Journal.

[7]. Ungerboeck, G. (1982). "Channel Coding with Multilevel/Phase Signals." IEEE
Transactions on Information Theory, 28(1), 55-67.

[8]. Proakis, J. G., & Salehi, M. (2008). Digital Communications. Sth Edition, McGraw-
Hill.

[9]. Goldsmith, A. (2005). Wireless Communications. Cambridge University Press.

[10]. Rappaport, T. S. (2002). Wireless Communications: Principles and Practice. 2nd
Edition, Prentice Hall.

[11]. HayKkin, S. (2001). Communication Systems. 4th Edition, Wiley.

[12]. Viterbi, A. J. (1967). "Error Bounds for Convolutional Codes and an Asymptotically

Optimum Decoding Algorithm." IEEE Transactions on Information Theory, 13(2), 260-
269.

[13]. Forney, G. D. (1973). "The Viterbi Algorithm." Proceedings of the IEEE, 61(3), 268-
278.

[14]. Simon, M. K., &Alouini, M.-S. (2000). Digital Communication over Fading Channels.
Wiley.

54



Bibliography and References

[15]. Tse, D., & Viswanath, P. (2005). Fundamentals of Wireless Communication.

Cambridge University Press.

[16]. Biglieri, E., Proakis, J. G., &Shamai, S. (1998). "Fading Channels: Information-
Theoretic and Communications Aspects.'" IEEE Transactions on Information Theory,

44(6), 2619-2692.

[17]. Sklar, B. (2001). Digital Communications: Fundamentals and Applications. 2nd
Edition, Prentice Hall.

[18]. Jakes, W. C. (1974). Microwave Mobile Communications. Wiley.

[19]. Clarke, R. H. (1968). " A Statistical Theory of Mobile-Radio Reception." Bell System
Technical Journal, 47(6), 957-1000.

[20. Lee, W. C. Y. (1982). Mobile Communications Engineering. McGraw-Hill.

[21]. Rice, S. O. (1948). "Statistical Properties of a Sine Wave Plus Random Noise." Bell
System Technical Journal, 27(1), 109-157.

[22]. Schwartz, M., Bennett, W. R., & Stein, S. (1966). Communication Systems and
Techniques. McGraw-Hill.

[23]. Stiiber, G. L. (2001). Principles of Mobile Communication. 2nd Edition, Kluwer

Academic Publishers.

[24]. Rappaport, T. S. (1996). Wireless Communications: Principles and Practice (2nd ed.).
Prentice Hall.

55



Bibliography and References

Appendix: MATLAB Code for BER Curve Generation

SNR = 3:1:19;

BER_TCM_AWGN = [--,--,--,--,uw..--]; % Fill in BER values for TCM

BER _Uncoded = [--,--,--,--,uun.--]; % Fill in BER values for Uncoded 8-PSK
semilogy(SNR, BER_TCM_AWGN, '-o0', SNR, BER_Uncoded, '-s');

xlabel('SNR (dB)');ylabel('BER");gridon;

legend('8-PSK TCM', 'Uncoded 8-PSK', 'Location', 'southwest');
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