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Module 6

Trellis Coded
Modulation(TCM)

Section 9.10, pages 573-590
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Grey Code

count in binary

a10 001

Transmitted
symbol

only one bit
that's changing

101 110

Gray Code
011 ‘ a0t
010 000
110 100
111 101
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Correction code

Gray code: a first step...

Temporal correlation can be introduced to
symbols

TCM
Combine modulation and correction code
No longer treat both independently
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Distance between symbols...
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TCM

K message bits
n=k+p bits of code
p parity bits
Number of symbols without coding 2X
Number of symbols with coding 2k+P
Changing 24QAM to 24+ QAM

No bandwidth expansion

Closer symbols
Coding to improve performance despite closer symbols
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TCM

Contrast with

Module 6

Coding of binary sequences

information

Convolutional

source ;

m=my, My, ... Mj..J.
Input sequence

e ore / »1  Modulate
U =G(m)
= U1, U2,..., Ui"

where U =Riq;, . . ., uj

Codeword sequence

voeee Ui

Information | _

Convolutional

{s;(t)}

AWGN
channel

sink - /

i -47—— Demodulate

A

~ ~ )
m=my, My, ... M.

GEL7114

z=21,22,. -
where Z; = zy;,. . ., zjj, . .
and Z;; is the jth demodulator output

Zi, . o

o Zni

symbol of branch word Z;

{5(0}



TCM

Contrast with

Coding of binary sequences
Modulation of bits into sym

Module 6

Hols

Information Convolutional
source ? encode / 1| Meodulate
m=mq, my, ... m,. .k U =G(m)
Input sequence =, Ul .. ;...
Codewprd sequence
where Ui = .11], o B U;i ..... Uni
Information Convolutional
; - — -
sink /4 decode / Demodulate
r?1=r’t\1,,r’7\12,...,r"ﬁ;,... 2=2,25 ..., Zi, ...
where Z; = zy;,. . ., Zji, . . ., Zp
and Z;; is the jth demodulator output
symbol of branch word Z;

Si(t) }

AWGN
channel

{5t}



TCM

Information Convolutional Modulat
source / encode ? QOLIALe
m=my, my, ... m, U= G(m) {s;(t)}
Input sequence =Uq, Uy .. Uy, Y
Codeword sequence AWGN
where Ui = U0 uji' - oo Up channel
TCM

|

Information Convolutional
: € |
sink / decode “7—‘ Demodulate
Fa A FaY Fa Y
m=my, my, ... m,... Z=2,,245 . ..,Z, . .
where Zi =Ly Zii, v ovr Zpi

Module 6

and z;; is the jth demodulator output
symbol of branch word Z;
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TCM

Contrast with
Coding of binary sequences
Modulation of bits into symbols

Changing 24QAM to 241 QAM
Best compromise of gain and complexity
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Uncoded 4-ary PAM

/

—— —

Uncoded 4-ary PSK

\

— & — ;I:(
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-t

/

Uncoded 16-ary QAM

] L
L] L]
® L]
L @

Rate 2/3 coded 8-ary PAM

Rate 2/3 coded 8-ary PSK

(a)

(b)

Figure 7.19 Increase of signal set size for trellis-coded modulation.



Distance between symbols...
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Set partitioning Fig 9.22

>

3 1\ dg=2sin (n/8)=0.765

4 Ag O /E

.
®<®
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Set partitioning 16QAM

Ag = 16-QAM
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Set partitioning Fig. 9.32

Ag

7 6 5 4 3 2 1 0 -— Waveform number

L L L & } L L L 4 &

—7 -5 -3 —1 1 3 5 7 —-— Euclidean distance

/ \ T g=2
By B

6 4 2 0 7 5 3 1
® ® f L *— L ® } * *—
-5 —1 3 7 —7 -3 1 5

Co C
4 0 6 2 5 1 7 3
*—1 49— & } — & - *— —& —
-1 7 -5 3 -3 5 -7 1
— dy =8
100 000 ; 111 011 110 010 101 001—=— Codeword 14
| repesentation



Grey vs. TCM 8PAM

Grey code
000 001 011 010110111 101 100

TCM
101 111 110 100 001 011 010 000

2~
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Why “T”CM

T = trellis
Coding with convolutional code

u ! First
& L | code symbol

Input bit " - Output
P m 7 : : branch word

? u j Second
2 | code symbol
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Two metrics dist(z,u,)

Hamming distance
For hard decisions

dist(z,,u,) =# different bits

=

Euclidian distance
For soft decisions

. T _ 2 °
dlSt(lezl) _gi .%i p— (Zi,l —Ml.,l) +...+(Zi,n —I/ll-,n)
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b=10e

c=01e0

d=11e ® ® ]
. An error occurs when
— —— — Transmitted sequence U received symbols are
Alternate sequence V closer in distance to
V thanto U

Figure 7.20 Illustration of an error event.
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TCM Coding

No coding;

bit associated with rather distant symbols
Firs -
dit:} m; o o uy First coded bit —
bit

1j oj’ 1f oj 1] oj 1[—9;&2:3

100 000 1M on 110 010 101 001 =— Codeword
repesentation
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TCM Coding

No coding; bit associated with rather distant

symbols
First : //—
data » m; o O ujy First coded bit

bit
u, Second coded bit K: ‘7

7
SmﬂmW+ n="
bit

uz Third coded bit
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TCM Coding

No coding; bit associated with rather distant

symbols
First : <//—-
data » m; o O ujy First coded bit

bit
u, Second coded bit K:3

-

bit

Second
data m2 O

uz Third coded bit

Module 6 GEL7114 21



TCM Coding

No coding; bit associated with rather distant

symbols
First : //—
data » my o O ujy First coded bit

bit
u, Second coded bit K:3

K; k=2

bit

Second
data My O—=—i

uz Third coded bit
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TCM Coding

No coding; bit associated with rather distant

symbols
First : <//—-
data my o O uq First coded bit

bit
u, Second coded bit K:3

k=2

X; n=3

bit

Second
data m2 O

uz Third coded bit

Module 6 GEL7114 23



TCM Coding

No coding; bit associated with rather distant
symbols

First : //—
data » m; o O ujy First coded bit

bit
u, Second coded bit K:3

k=2
-l N

data 7123

" | gl=[111]
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TCM Coding

No coding; bit associated with rather distant

symbols
First : //-
data » m; o O ujy First coded bit

a s secondcommabi - K=3
k=2

X; n=3
ol=[111"
g2=[ 101

bit

Second
data Moy O——p

uz Third coded bit
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Simple code & trellis

! First

8 o | code symbol b= 10
Inputbit ____ | ‘6, . Output
P m branch word
? us ) Second
| code symbol

c=01

Module 6 GEL7114 26



Final trellis

First
data m; o O uq First coded bit
bit
3 00 "
vz
a=00m
Second-]
data j My O——d
bit
b=10
s
c =01
i E | ——

Module 6 GEL7114
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Final trellis

First
data my o O u, First coded bit
bit

u

2 -
a=00 &

Second -]
data My O——dm
bit

5| ———

o
1]

Module 6 GEL

Branchword
LI1 U2 U3

W




Ay
7 6 5 4 3 2 1 0 -— Waveform number
L L L & } L L L 4 &
—7 -5 -3 —1 1 3 5 7 —-— Euclidean distance
/ \ T g=2
By B
6 4 2 0 7 5 3 1
® ® f L *— L ® } * *—
-5 —1 3 7 —7 -3 1 5
/ \ / \ @ =
Co C C, Cs
4 0 6 2 5 1 7 3
& } 99— & } 99— . 4 4 9 —® —®
-1 7 -5 3 -3 5 -7 1
— do =8
100 000 ; 111 011 110 010 101 001 =-— Codeword

repesentation
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Fig. 9.32

30

001 -— Codeword

000 111 011 110 010 101

100

repesentation



101 ﬁﬁ\ 110 @} 001 @ 010 ﬁ@\
AN AR ). \/

Parallel pairs o
< 000/100 (7)&(-1) A=8 > =~
COI7I1L (3) &(-5) A=8 >

010/111 (5) & (-3) A=8
001/101 (1) & (-7) A=8
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TCM code & trellis

State a =00 t\
~

First

data » m; o O ujy First coded bit
bit

uy Second coded bit

Second K;

data My O——
bit
uz Third coded bit
Module 6 GEL7114

Branchword
U1 U2 U3

L

000 i+




Module 6

GEL7114
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-3 -1 1 3
8 PAM
—7 -5 3 1 3 5
(a)
4 PAM re-normalized
-6.15 -2.05 2.05 6.15
(b)
Module 6 GEL7114
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Correspondence for TCM

101 111 110 100 001 011 010 000
7 -5 -3 11 3 5 7
(@) Eq=168/8 = 21
00 10 11 01 >
-6.15 -2.05 2.05 B.15
{b)

Es = 84/4 = 21
Correspondence for Gray
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y, 000 t 000 w 000 w o 8 o %
—a

State a=00 K -

= . ™~ ~ ~
.
N 011 AN \3\1 Y NL
- ~ ~ N ~ Codeword
S N 011 ~ \\ branch
N ~ 11 ~ 11 N
b=10e »
\ N 00/ RN 00// \ 00//
\ N S \ ~ \ s
"N 010
e 10 /\( 10 /\/ 10
N\ // \ 7N\ <\
c=01e ® \ % \ \
\ \ \ \
) % \ N
\
\01 01 \01 01 \01 01 \01
\ N i N
d=11e e @ ¥ — — - —— — —8
10 10 10

Legend

Input bit 0
————— Input bit 1 @ OOO OOO VS @@. 11

101 111 110 100 001 011 010 000

i Fl i L l
T ! T

Modul —7 *'15 =3 =] | 'i w w W 6




Coordinates in 1Q %
7
State a= 00 l ! - d
3 \

c=01e ®

d?=(7-3) +(7-5) +(7-3) =36

b=10®

d=11@ ® ® ®
Module €
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Asymptotic Gain

With good normalization

min

d; 6
G (dB) =10log,, 7 —1010g10(4 % j=3.3 dB

Without normalization

2
G (dB) =1010g10£ f//E]
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TCM Gain

TABLE 7.5 Coding Gain Obtained for 8-ary PAM with Rate 2/3
Trellis Coding

Number of Constraint Average power
trellis states length (K) gain (dB)
4 3 3.31
8 4 3.77
16 5 4,18
32 6 4.56
64 7 3.5
128 8 3.3
256 9 5.83

Source: G. C. Clark, Jr. and J. B. Cain, Error Correction Coding
for Digital Communications, Plenum Press, New York, 1981, p.
388.
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take out a pencil ...
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Example

Suppose the received signals (soft decisions) in a
Gaussian channel are (-5, 1, —7, 3). The transmitter
uses 8PAM trellis coded modulation (TCM).

8 PAM
101 111 110 100 001 011 010 000
~7 -5 -3 ~1 1 3 5 7

Find the most probable path in the trellis diagram using
Euclidean distances.
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Branchword
U1 U2 U3

A

i 000 i+

8 PAM
10
—.LT 1:1 llo 1?0 { 0?1 3.” 0{10 0?0 b=10
-7 -5 -3 -1 1 3 5 7
! Fii ¢ =01
h | codes
, o)
Input bit ; ‘*6.___
m
7 u2J Sect
| code s

o
n

1




information
source

Va

m=m1,m2,...,mi,...
Input sequence

Information
sink

A A A
m=my, My, ..

Module 6

My, ...

Convolutional
- T Modulate
U=G{m) {Si(t)}
=U1,U2,...,Ui,. Y
Codeword sequence AWGN
where Ui = U0 uji' - oo Up channel
TCM
Convolutional
e “7—— Demodulate -JI—-—\
Z=Z-',22,...,Zi,... {gl(t}}
where Zi S Zyjr e Zii, v ovr Zpi
and z;; is the jth demodulator output
symbol of branch word Z;
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Branchword

U1 U2 U3
Nt
t; 000 7 Y+
Statea = 00 @~
~N N

8 PAM
_121 1:1 ﬂ:,o 1?0 { 0?1 211 0}0 0?0 b=10
-7 ~5 -3 -1 1 3 5 7
Uy ! Fil c=01
code s
| & !
Input bit ; ‘*6.__
K 0
us J Sect

Y e

o
n




Fill the trellis
with coefficients

b=10 @

c=01e

d=11e@

Module 6 GEL7114
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Calculate local distances

b=10 @

c=01e

d=11e@
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Calculate local distances

b=10 ®

c=01 ¢

d=11 @

Module 6 GEL7114
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Calculate local distances

b=10 ®

c=01 ¢

d=11 @

Module 6 GEL7114
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Calculate local distances

Z= -5 1 -/

b=10 ®

c=01 ¢

d=11 @

Module 6 GEL7114
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Calculate local distances

b=10 ®

c=01 ¢

d=11 @
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eliminate greater distances

b=10 ®

c=01 @

d=11 @

Module 6 GEL7114
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Calculate global distances

a=00 @ ---,_4) PO Ve 2) o dist’=
~9 Y
b=10 ® e "o dist’=
c=01 o dist’=
~ dist’=0
d=11 @ ° °
Module 6 GEL7114
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Calculate global distances

az00 @ =2) o (=m2) o distP=47+2°=16+4=20
b=10 ® e dist=4*+22=20
c=01 @ \ dist’=4>+0° =16
\“:/
~ dist’=0
d=11 @ ° ®
Module 6 GEL7114

93



Calculate global distances t=3

distance?
chemin chemin chemin
en haut en bas gagnant
a=00
b=10 ©
c=01 ¢
d=11 @

Module 6 GEL7114
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Calculate global distances

distance?

chemin chemin chemin

en haut en bas gagnant
a=00 20+36 =56
b=10 ® 20+4 =24
c=01 ¢ 20+16 =36

20

d=11 @

Module 6 GEL7114
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Calculate global distances

distance?

chemin chemin chemin

en haut en bas gagnant
a=00 20+36=56 42422 =20
b=10 ® 20+4=24 4>+6°=52
c=01 @ 20+16=36 0

20 16
d=11 @

Module 6 GEL7114
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Calculate global distances

distance?
chemin chemin chemin
en haut en bas gagnant
- *
a=00 S (S 5 5 BAS
4°+2° =20
b=10 ® 20+4 =24 HAUT
c=01 o 0 BAS
d=11 @ 16 BAS
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Calculate global distances

distance?
chemin chemin

en bas dagnant

b=10 ®

c=01 o

d=11 @
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Calculate global distances

distance?
chemin chemin chemin
20 en haut en bas gagnant
= e
a=00 20+16=36 0
b=10 ® 20 16

c=01 @ 244+2>=28 16+2°=20

24422 =28 16+2°=20

d=11 @
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Calculate global distances
=4

distance

chemin chemin

en haut en bas
1=00 ®_ 0
b=10 ® 16
c=01e 20
d=11 @ 20

Module 6 GEL7114

chemin
gagnant

BAS

BAS

BAS

BAS
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Final result

a=00 Q\

b=10 ®

c=019¢

d=11 @
Data 1 1

m, m, my m, m; m, m; My
Module 6 GEL7114
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