
Analysis of Soft Decision Decoding of Interleaved Convolutional 
Codes over Burst Channels 

Cecilio Pimentel and Leandro Chaves Rego 
Communications Research Group - CODEC 

Department of Electronics and Systems 
Federal University of Pernambuco 

P.O. Box 7800, 50711-970 Recife - PE - Brazil 
E. mail:cecilio@npd.ufpe. br 

Abstract- We study the performance of a de- 
cision feedback decoder (DFD) for convolutional 
codes over an interleaved burst channel. The 
DFD adaptively estimates channel reliability in- 
formation from previous decisions. The effect 
of ermr propagation, finite interleaving and the 
length of the initial training sequence is explicitly 
studied. A binary Gilbert-Elliott channel is used 
to model the wmla t ion  structure of the e m f  
p m e s s .  Comparison of the DFD and the hard 
decision decoding with Hamming metric mveals 
a cmssover between the performance curves, de- 
pending on the interleaving parameters and chan- 
nel statistics. 

I IXTRODUCTIOX 

The error process encountered in many digital communi- 
cation systems introduces distortion in the transmission 
process in such a way that errors occur in bursts. Be- 
cause of the statistical dependence in the occurrence of 
errors, the channel is said to  exhibit memory (an ex- 
ample of such a channel is the wireless channel). The 
achievement of reliable communication over channels with 
memory will strongly depend on the design of efficient 
coding schemes. 

Interleaving in conjunction with random error correct- 
ing codes has been applied to  correct errors on burst 
channels. An important parameter of an interleaving 
is the interleaving depth, denoted by Id,  which is de- 
fined as one less than the length of the shortest burst 
which can hit any codeword twice [I]. If the value of I d  is 
sufficiently long (also called perfect interleaving) the de- 
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coder usually considers the error sequence generated by 
the interleaved channel (the cascade of the interleaver, 
the burst channel, and deinterleaver) as the output of a 
memoryless channel and therefore, the well known the- 
ory of random error correcting codes is effective in this 
case. One virtue of the interleaving technique is its ro- 
bustness in the sense of changes in the channel statis- 
tics. Only knowledge of burst lengths is needed in order 
to  design the interleaving depth. Moreover, memory- 
less channels allow efficient implementation of recursive 
maximum likelihood decoding algorithms. 

The major drawback of such a solution is that the 
capacity of a memoryless channel is lower than that of a 
burst channel with the same average bit error rate [3]. It 
is important to  notice that the interleaving process does 
not cause capacity reduction in interleaved systems but 
rather the operation of the decoding algorithm which 
assumes that the channel is memoryless and ignores the 
memory in perfect interleaved channels [3]. 

A generalized minimum distance log-likelihood met- 
ric that. exploits the memory in interleaved channels and 
completely recovers the capacity loss was proposed for 
the special case of Gilbert-Elliott channels in [3], and 
more generally in [4]. The cascade of the metric calcu- 
lator and a soft decision Viterbi decoding Algorithm is 
called decision feedback decoder (DFD). The DFD uses 
previous decisions to  perform recursive estimations of 
the probability the next symbol is in error, conditioned 
on the previous channel errors. This approach typically 
involves initial adaptation using a training sequence and 
is vulnerable to  error propagation. The analytical model 
we adopt to  study burst channels is t.he GEC [a ] ,  whose 
parameters are conveniently chosen to reflect the char- 
acteristics of physical channels. 

In this paper, we analyze the performance of a com- 
munication system that employs a convolutional code, 
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an interleaved GEC and a decision feedback decoder. 
The residual bit error probability at the output of the 
decoder is used as the performance measure. A com- 
parison is made with the performance of a hard decision 
decoder that implements the minimum Hamming dis- 
tance (HVA) under different channel conditions. 

Previous analysis of soft-decision decoding of convolu- 
tional codes over GEC includes the following: An ad hoc 
estimate of the channel state [5], a joint estimate of the 
channel state sequence and the information sequence [6], 
sequential decoding algorithms utilizing a Fano-like met- 
ric [6, 71, and more recently, turbo decoders [8]. In [9] 
an analytical method for evaluating the performance of 
HVA over finite state channels was presented. 

Section I1 contains background material, including 
the system model and the DFD metric calculation. Er- 
ror performance is discussed in Section 111. The effect of 
error propagation, finite interleaving and the length of 
the training sequence is considered. Section IV contains 
our conclusions. 

I1 THE CoMMuxIcA'rIo?i SYSTEM 

A binary convolutional encoder is a linear finite-state 
machine that generates no bits for every ko bits pre- 
sented at its input. The rate of the encoder is R, = 
ko/no, and K is denoted the constraint length of the 
encoder. Fig. 1 shows an example of a shift register 
convolutional encoder of rate R, = 112, and constraint 
length K = 4. The information sequence is encoded 
into a single codeword of unbounded length, denoted as 
c = (cg, c ] ,  . . .), and transmitted across the interleaved 
channel. 

"k+l  
+ U k  u k - 1  u k - 2  U k - 3  

Fig. 1. Encoder for a rate R, = 1/2, constraint length K = 4 ,  
convolutional code. 

We assume an (Id, no LII )  block interleaver. Such an 
interleaver consists of an array of no Ll, columns and 
I d  (interleaving depth) rows, where LL) is the decoding 
depth of the Viterbi algorithm. The coded symbols are 

written into the array by rows and read out by columns. 
The output sequence of the interleaver is corrupted by 
an additive, binary, error sequence {ek}g1 statistically 
distributed according to  a GEC model. 

The GEC model is a two-state Markov chain com- 
posed of a good state, state 0, where errors occur with 
small probability, and a bad state, state 1, where errors 
occur with higher probability. The transition proba- 
bilities of the Markov chain are Q and q, as shown in 
Fig. 2. When the chain is in the good state the error 

Q 

1 - b  1 - g  

Fig. 2. Gilbert-Elliott model for burst channels. 

bit e k  is zero (correct) with probability 1 - g, or one 
(error) with probability g. Otherwise, when it is in the 
bad state, the error bit is zero with probability 1 - b,  or 
one with probability b. The probability the bit error is 
a 1, P(1) = P(ek =- l), is given by: A 

(1) 
P(1) = + + h  

= 4 g +  I+;  i-T;b, 

where p = q / Q  is the good-tubad ratio. The average 
length the Markov chain is the bad state is X = l /q .  

The deinterleaver restores the original order of the 
transmitted symbols. The received symbols are written 
into by columns and read out by rows. Table I illus- 
trates the rearrangement of error symbols with a (3,4) 
block deinterleaver. Let e(i, j )  be an error symbol at the 
( i , j ) th  entry of the deinterleaving. In the example of 
Table I, e(1,l)  = el,  e(l ,2) = e4 , etc. Notice that two 
consecutive received symbols in each row of the dein- 
terleaver are corrupted by two error symbols separated 
exactly by Id. If Id is large enough the errors in each 
row are effectively independent of each other. However, 
the errors in each column correspond to consecutively 
channel symbols and are highly dependent. The metric 
increment used by the DFD exploits this dependence 
and is defined below. 

Let e(i,j) = [e(i - l , j ) , . . . , e ( l , j ) ]  be a sequence of 
consecutive errors in the column above the (i, j ) th  entry 
of the deinterleaving. The metric increment used by 
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TABLE I 
A (3,4) BLOCK DEINTERLEAVER. 

the current received symbol z ( i , j )  = c ( i , j )  + e( i , j )  is 
defined as: 

A where q ( i , j )  = P[e(i , j )  = 1 I g ( i , j ) ] .  A recursive rela- 
tion for q ( i , j )  for the GEC model is given by [3]: 

(3) 
A where p = g + ( b  - g)Q and p = 1 - q - Q is the chan- 

nel memory. The metric increment m(i , j )  is supplied to  
the soft-decision Viterbi decoding that generates an esti- 
mate 2 of the transmitted codeword. Since the previous 
channel error e(i- 1 , j )  is not known by the DFD, the es- 
timated symbol Z ( z - l , j )  = ~ ( z - l , j ) + z ( z - l , j )  (where 
addition is modulo 2) is used in (3) to  compute an esti- 
mate i ( i , j )  of the probability q ( i , j ) .  Thus, for a com- 
munication system with low error probability after de- 
coding, very few estimation errors are expected. Accord- 
ing to  (2) and (3) the estimate i j ( i , j )  and consequently 
the metric increment for the DFD is a function of model 
parameters, i ( i  - l,j), and Z ( i  - 1,j). The initial value 
for q ( l , j ) ,  j = l,.--,noL~, on the first row of the dein- 
terleaver is a constant equal to  P(l) given by (1). In this 
case, no channel information is available to  the decoder 
and this mismatch may degrade the decoding operation. 
One common solution to  initialize the metric calculator 
is t o  incorporate an &-row preamble sequence at the 
beginning of each interleaving frame. During the ini- 
tialization period the DFD knows precisely the previous 
channelerrore(i-1,j) = c (z - l , j )+z ( i - l , j ) , and  con- 
sequently, it knows the perfectly estimated probability 
q ( i , j ) .  

I11 SIMULATIONS RESULTS 

We have carried out extensive simulations to access the 
performance of the DFD under different channel condi- 
tions and compared it with the HVA decoder. Unless 

otherwise stated the encoder parameters are shown in 
Fig. 1. We have set the decoding depth of the Viterbi 
Algorithm to LO = 30. 

Fig. 3 displays curves of the information bit error 
probability, Pb, versus the ratio Ip /Id  (number of rows 
occupied by the preamble normalized by the total num- 
ber of rows of the deinterleaver). The average error rate 
introduced by the GEC is P( 1) = 2 x and the aver- 
age burst length is X = 50. We denote by I: the smaller 
value of Id that renders the channel memoryless for the 
HVA. For example, I;  = 500 for X = 50. Two interest- 
ing conclusions can be drawn from these figures. First, 
the performance of the DFD is roughly the same when I p  
increases. Therefore, the preamble sequence is unneces- 
sary for the channel parameters considered (results for 
others channel parameters show similar behavior, and 
are not report here for brevity). Because of these re 
sults, we will set I p  = 0 in subsequent analysis. Second, 
the advantage of the DFD is emphasized as the value of 
Id becomes substantially higher than I ; .  

0.001 ;j 

pb t I; = 500 i HVA 

l e  - 05 I I I 

0 0.1 0.2 0.3 0.4 

Ip /Id 

Fig. 3. Bit error probability p b  of the DFD and €K.4 versus Ip / Id  
for various values of the interleaving depth Id for a GEC with 
P ( 1 )  = 2 x 10W2, X = 50, Q = 1 x and q = 2 x l o p 2 ,  
b = 0.4, g = 10V3. 

To examine the consequences of estimation errors we 
consider an idealized DFD decoder (denoted GAD in the 
sequel) with a genie-aided metric calculator that knows 
precisely the probability q ( i , j ) .  Fig. 4 shows the be- 
havior of Pb versus Id for the DFD, HV-4 and GAD 
schemes, for two values of average burst length, X = 200 
and X = 400. We have set the average channel error rate 
to  P(1) = 2 x lop2.  As expected, as Id increases, the 
performance of the HVA will approach its  performance 
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on a memoryless channel, which depends on the coder’s 
distance spectrum and the channel error rate P(1). A 
similar error floor behavior was observed for the DFD 
and GAD, but the latter provides a much lower error 
floor. The curves reveal that, for each A, there is a 
crossover between the HVA and DFD curves for some 
value of I d .  If I d  is higher than this crosspoint, the 
DFD achieves better performance. However, stringent 
delay constraints may force the system t o  operate with 
small values of I d  resulting in substantial degradation of 
the DFD performance. The gap between the DFD and 
GAD is very significant and measures the performance 
loss due to  propagation errors. 

Fig. 5 shows P b  as a function of P(1), for X = 50. 
It is seen that the curve for the DFD decreases steeper 
than HVA’s as P(1) decreases. The performance gap 
between the DFD and GAD get smaller when the sys- 
tem is designed to operate at low error probability after 
decoding. In this case, the DFD performance degrada- 
tion due to  error propagation becomes less pronounced. 
The figure also shows the performance of a second genie- 
aided decoder, denoted by SID, which knows precisely 
the current state S( i , j ) .  The curve serves as a perfor- 
mance benchmark. The metric increment for the SID is 
as follows [5]: 

log & for z ( i , j )  = c ( i , j ) ;  

log for z ( i , j )  # c ( i , j ) ,  
m(i , j )  = 

if S ( i , j )  = 0, or 

log & 
log 9 

for z ( i , j )  = c ( i , j ) ;  

for z ( i , j )  # c ( i , j ) ,  
m(2, j )  = 

if S ( i , j )  = 1. 
The dependence on the burst nature of the channel 

is studied in Fig. 6, where P b  is plotted versus the ra- 
tio b l g ,  for X = 50, and P(l) = 2 x When the 
channel is very burst,y, say b / g  = lo4,  the performance 
of the DFD is comparable to the HVA. We observe an 
optimum value of b l g ,  in which the DFD curve attains 
its minimum value. If b l g  is higher than optimum the 
performance wcrsens mainly due to error propagation. 

IV Co?JcI,usroNs 

We have examined in this work the performance of the 
DFD decoder on a wide range of burst channels using 
the GEC model. Our simulations demonstrate that the 
DFD requires a very large interleaving depth for slowly 
varying channels. Also, the results show that the DFD is 
very sensitive to non-ideal interleaving conditions. The 
performance penalty due to error propagation for a DFD 

0.01 

0.001 

p b  

0.0001 

le-05 

\ 
GAD 

le-07 I I 

100 1000 10000 

I d  

Fig. 4. Comparison of the bit error probability Pr, of the DFD 
and IWA versus I d ,  having the average average burst length 
X as a parameter. For this channel, P(  1) = 2 x b = 0.4, 
g = 
q = 5 x when X = 200, and Q = 1.25 x arid 
q = 2.5 x 

The transition probabilities are Q = 2.5 x 

when X = 400. 

operating at P b  = lop4 is very significant. The DFD 
becomes attractive when the system is designed to  op- 
erate at low error probability after decoding (say below 
10-6 ). 
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Fig. 6. Bit error probability p b  as a function of b / g ,  for a channel 
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1 x 10-3 and q = 2 x Id = 500. 
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