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Date Text Contents

#9 July 9 4.6 Error correction coding

June 12 No class

#10 July 19 Adaptive modulation coding

#11 July 23 4.3 Inter symbol interference and adaptive equalizer

#12 July 26 3.5 Orthogonal frequency division multiplexing (OFDM)

#13 July 30 Array signal processing and MIMO communications

#14 Aug 2 Collaborative exercise for better understanding 2

#15 TBD All Final examination
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n Performance of MRC diversity

n Antenna signal processing

n Error rate in fading channel 
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Contents

• Structure of channel coding
• Block coding
• Convolutional coding
• Viterbi decoder (hard decision)
• Viterbi decoder (soft decision)
• Puncture & eraser
• Fading & interleaver
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Source Coding & Channel Coding

Channel coding

Source coding

Coding to compress information by removing redundancy

ModChannel
coding

Source
coding

Demod Channel
decode

Source
decode

Coding to make it tolerant against error by adding redundancy

(e.g.  zip, mpeg, etc.)
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Structure of Channel Coding

Error Detection (ED) coding

Coding to detect error event at the 
receiver, the detected information is 
used for Automatic Repeat reQuest��
��� (e.g. even parity, CRC)

Inter
leaverPunctureFEC

coding
ED

coding

Forward Error Correction (FEC) coding

Puncture

Mod

Interleaver
Coding to make it tolerant against 
error by adding redundancy (e.g. block 
coding (Hamming, Read Solomon), 
convolutional coding (CC, Turbo)

To control coding rate
by removing parity bits
adaptively

Randomizer to avoid 
burst error due to fading  



Block Coding
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(n, k) block coding

Linear coding

Hamming distance

Potential of error correction

(3, 1) repetition code

Message Codes

Message sequence

Coded sequence

Coding rate
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Convolutional Coding

1-Z 1-Z
)(tm

)(1 tx

)(2 tx

Coding rate Constraint length

Generator polynomial

2
1=r N = 3

5,7 21 == gg

Input (messages) Output (codes)

0  0  0  0 00  00  00  00

0  1  0  0 00  11  10  11
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Trellis Graph 1-Z 1-Z
)(tm

)(1 tx

)(2 tx

A

B

C

D

A A A A

B B B

D D

C C

0t 1t 2t 3t 4t
]0,0[

]1,1[]1,1[]1,1[=Tx
]1,1[ ]1,1[

]1,1[

]0,0[

]0,1[

]1,0[
]1,0[

]0,1[]0,1[

]0,0[ ]0,0[ ]0,0[

]0,1[ ]0,1[

]1,0[]1,0[
]1,0[

]0,0[

( )00=A ( )01=B
( )10=C ( )11=D

States

Input 0
Input 1

Input Output
0  1  0  0 00  11  10  11

Branch

Path
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State Diagram & Transfer Function
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Viterbi Decoder (Hard Decision)
Receive signal

A

B

C

D

A A A A

B B B

D D

C C

1t 2t 3t 4t]0,0[

]1,1[]1,1[]1,1[=Tx
]1,1[ ]1,1[

]1,1[

]0,0[

]0,1[

]1,0[
]1,0[

]0,1[]0,1[

]0,0[ ]0,0[ ]0,0[

]0,1[ ]0,1[

]1,0[]1,0[
]1,0[

]0,0[

Branch metric

Path metric

Survived path

Decoded sequence

Ttrtrt )](),([)( 21=r

( )ACAC ),(ham)( xr ttb =
( )AAAA ),(ham)( xr ttb =

( ) i
i

i baå Å=ba,ham

)()1()( AAAAA tbtptp +-=
)()1()( ACCAC tbtptp +-=

)](),(min[)( ACAAA tptptp =
Path decision

)](),(),(),(min[arg)(ˆ DCBA tptptptptm =



Example of Viterbi Decoding
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] 0  0  0  0  1  0[=m

]000011101100[=x

]000011011100[=r

[ ] 0  0  1  0ˆ =m

Message sequence

Coded sequence

Receive signal

Decoded message

Tail bits

Error event

(Hard decision) Viterbi decoding
1t 2t 3t 4t]0,0[

]1,1[]1,1[]1,1[=Tx
]1,1[ ]1,1[

]1,1[

]0,0[

]0,1[

]1,0[
]1,0[

]0,1[]0,1[

]0,0[ ]0,0[ ]0,0[

]0,1[ ]0,1[

]1,0[]1,0[
]1,0[

]0,0[

0 2

2
2 3

1
0

1

1

2

3

0

1
1

2
0

2

1

1

0

2

3

0

3

3

2

3

2
0 0

1
1 2

1
1

2 0



Complexity of Viterbi Decoding
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A A A A

B B B

D D

C C

1t 2t 3t 4t]0,0[

]1,1[]1,1[]1,1[=Tx
]1,1[ ]1,1[

]1,1[

]0,0[

]0,1[

]1,0[
]1,0[

]0,1[]0,1[

]0,0[ ]0,0[ ]0,0[

]0,1[ ]0,1[

]1,0[]1,0[
]1,0[

]0,0[

Trellis graph

Total search space

Convolutional coding

n,  k( ) = 8,  4( )

L = 2n = 256

N = 3

Complexity of Viterbi decoding

L = 2N−1 ⋅2 ⋅ k = 32

Complexity of Trellis search 

L = 2N−1 ⋅2k = 64

C

D

B

D

C

]1,1[ ]1,1[

]1,0[

]0,1[]0,1[

]0,1[ ]0,1[

]1,0[
]1,0[

]0,0[ ]0,0[
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Error Rate of Viterbi Decoding

A

B

C

D

A A A A

B B B

D D

C C

1t 2t 3t 4t]0,0[

]1,1[]1,1[]1,1[=Tx
]1,1[ ]1,1[

]1,1[

]0,0[

]0,1[

]1,0[

]1,0[

]0,1[]0,1[

]0,0[ ]0,0[ ]0,0[

]0,1[ ]0,1[

]1,0[]1,0[
]1,0[

]0,0[

]00000000[1 =x

]11101100[2 =x

Hamming distance between codes

Pair-wise error probability

Code error probability
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Puncture

1-Z 1-Z
)(tm

)(1 tx

)(2 tx

Puncture

ú
û

ù
ê
ë

é
11
01
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Message

Codes

Puncture

)2(),1( 11 xx
)2(),1( 22 xx

)2(),1(),1()3(),2(),1( 221 xxxzzz =

3
2=r

2
1=r 3

2=r 4
3=r 5

4=r
N

3

P mind P mind P mind P mind

5 3 3 21 0
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Eraser
Puncture

Eraser

1-Z 1-Z
)(tm

)(1 tx

)(2 tx

Puncture

ú
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11
01

)3(),2(),1( zzz
Mod

Demod
)3(~),2(~),1(~ rrr Eraser

ú
û

ù
ê
ë

é
11
01

!r(1),1 2

)3(~),2(~ rr
)(ˆ tm(Soft)

Viterbi
decoder

Insert neutral symbol with no effect on
hamming (Euclid) distance
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BER Performance
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AWGN (Additive White Gaussian Noise) channel
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Interleaver
Without interleaver

Coder)(tm

Inter
leaver

With Interleaver

Coder
)(tx )(~ tx

Memory type interleaver

Write

Read

1
2
3
4

1234

Avoiding burst error
by time dirversity

pe γbad( )k

Joint error probability
of k bits 

Fading channel

pe γ1( ) ⋅ pe γ2( )!pe γ k( )



BER Performance in Fading Channel
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Rayleigh fading channel



Summary
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n Convolutional coding & Viterbi decoding 

n Error rate of Viterbi decoding

n Interleaver & time diversity

Avoiding burst error
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Viterbi Decoder (Soft Decision)
Receive signal

1t 3t
A

B

C

D

A A A A

B B B

D D

C C

2t 4t

]1,1[ -

]1,1[ --

]1,1[]1,1[]1,1[=Tx
]1,1[ ]1,1[

]1,1[

]1,1[ --

]1,1[ -

]1,1[-
]1,1[-

]1,1[ -]1,1[ -

]1,1[ -- ]1,1[ -- ]1,1[ --

]1,1[ -

]1,1[-]1,1[-
]1,1[-

]1,1[ --

Branch metric

Path metric

Survived path

Decoded sequence
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Example of (Soft) Viterbi Decoding
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] 0  0  0  0  1  0[=m

]111111111111[ -------=x

]1 11 19.0 1.11.0 1.09.0 1.19.0 1.1[ -------=r

[ ] 0  0  1  0ˆ =m

Message sequence

Coded sequence

Receive signal

Decoded message

Tail bits

Symbol with large noise

Soft decision Viterbi decoding
1t 2t 3t 4t

]1,1[

]1,1[

]0,1[

2

-2
-2

2

0.2

-0.2

0
0

-0.2
0.2

-0.2

0

0

0.2

2

0.2

6

-0.2

4

-2

0

-2

-2
2 2

0.2
-0.2 -2

-0.2
0.2

]1,1[ --

]1,1[]1,1[]1,1[=Tx
]1,1[ ]1,1[

]1,1[

]1,1[ --

]1,1[ -

]1,1[-
]1,1[-

]1,1[ -]1,1[ -

]1,1[ -- ]1,1[ -- ]1,1[ --

]1,1[ -

]1,1[-]1,1[-
]1,1[-

]1,1[ --

2

1.8

5.8

6.2

6

7.89.8
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Error Rate of Soft Viterbi Decoding 

]11111111[~
1 --------=x

]11111111[~
2 ---=x

Hamming distance

Pair-wise error probability

Code error rate

( )21,ham xx=d

( )122 )( ppPdP >=

( )ddP gerfc
2
1)(2 = if BPSK

)(2 2e
min

min dPP
dd

d-då
¥

=

<

A

B

C

D

A A A A

B B B

D D

C C

2t 4t]1,1[ --

]1,1[]1,1[]1,1[=Tx
]1,1[ ]1,1[

]1,1[

]1,1[ --

]1,1[ -

]1,1[-
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]1,1[ -- ]1,1[ -- ]1,1[ --
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]00000000[1 =x
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