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Abstract In order to improve the error performance particularly in a very noisy block wluch
requires excessive tree searches, a parallel decoding scheme for a multiple stack algorithm (MSA)
is proposed in this paper. In this scheme, apart from the main decoder working on the main stack,
a scalable set of multiple decoders working in parallel on their maltiple stacks are incorporated.
All the decoders are working almost independently with the help of the control processor, where
the decoding process and the termination rules are outlined. Two cases, 4-processor MSA and 16-
processor MSA, are employed as examples to investigate the performance of the proposed scheme.
Comparing with the conventional MSA, extensive computer simulations show that the bit error

probabilities (BER) are significantly improved.

Indexing terms: Multiple stack algorithm; Paralle! decoding: Convolutional codes

1. Introduction

Convolutional codes are widely used for error correction in both satellite and terrestrial
communications. There are two main techniques for decoding convolutional codes namely the
Viterbi algorithm (VA) and the sequential decoding [1]). For the sequential decoding, although it is
not optimal, arbitrarily low etror probabilities can be achieved since its decoding effort does not
depend on the code constraint length {2-3]. In addition, increasing the code constraint length
means o improve the error correcting capability of the code. However, the most undesirabie
aitnbute of the sequential decoding is that noisy blocks may require a large number of
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computations and decoding times can occasionally exceed the computational limit (C, ), causing

lim
the information to be lost or erased (marked as an erasure). Chevillat and Costello [4] proposed an
algorithm for erasurefree sequential decoding called the multi stack algorithm (MSA). The MSA is
developed from the single stack algorithm (SSA) [5] by splitting the stack into many stacks, where
the first stack is usually large and the second and higher order stacks with typically all the same
sizes are relatively small. The basic idea of the MSA is to make use of higher order stacks for

blocks that require an excessive number of computations to be decoded. The MSA decoding

process will be terminated when ecither a terminal node is found in the main stack or the
computation limit C,, is reached. However, decoding termination with C. usually gives very

high error rate. Later Y.Lin and S.H. Tu [6] proposed a modified multiple stack algorithm that
rearranged the memory used to implement stacks as a ring-like structure. The main advantage of
their work is the flexibility in defining the size of the top transferred nodes between stacks (7°)
and the size of higher order stacks (Z ) to be as large as desired in order to improve the bit error
performance. However, any increase in I” or Z requires more computation and thereby a long
delay may be occurred. Kallel and Li proposed a bidirectional multiple stack algorithm (BMSA) in
1999 [7]. Their technique was to apply the bi-directional tree search to the MSA. It has been
shown that the performance of the conventional MSA is significantly improved with the use of a
bidirectional decoding scheme.

Recently, in order to achieve high-throughput rate or to reduce decoding delay, parallel
decoding has gained some interest from many researchers in the coding community [8-13). In this
study, a parallel decoding scheme for the MSA is proposed. The main idea is to exploit scalable
multiple decoders working in parallel to search the correct path in the code tree. The scheme
comprises of a main decoder extending paths on the main stack and many scalable sub-decoders
extending paths on the sub-stacks. All the decoders work independently in parallel with the help of
the control processor. It is found by extensive computer simulations that the error performance of
our proposed scheme is better than that of the conventional MSA. The paper is organized as
follows. Background on the MSA decoding is briefly discussed in Section 2. In Section 3, the

proposed parallel decoding scheme for the MSA is described, where description of the scheme,
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decoding process and the termination rules are given. In Section 4, performance of the proposed
scheme is presented by computer simulation results in comparison with the conventional MSA.

Finally, Section 5 is the conclusion of this paper.

2. Background on the MSA

In the MSA, when the first stack fills up, the top T nodes with best metrics are transferred to a
second stack. Decoding then continues in the second stack using only these T transferred nodes.
If a path in the second stack reaches a terminal node before the stack fills up, the path is stored in a
special register called the tentative decision (TD). The decoder then deletes the remaining nodes in
the second stack and retumms to the first stack where decoding continues. Since 7' nodes were
removed there are now exactly 7 free places in the first stack. If the decoder reaches a terminal
node before the first stack fills up again, the metric of the new path is compared to that of the TD.
The path with the better metric is retained and becomes the final decoding decision. It can be
shown that a decision made in this way is as good as that made by the SSA with an arbitrarily
large stack. However, if the first stack fills up again before the end of the tree is reached, a new
second stack is formed by transferring from the top T nodes of the first stack. Additional stacks
are formed in a similar manner until a path to a terminal node is found. The decoder compares this
path with the TD and retains the path with the best metric. The rest of the nodes in the current
stack are then deleted and decoding proceeds in the previous stack. Occasionally, the decoder may

not reach a terminal node in the first stack after the number of node extensions (computations)
exceeds the computational limit C,,, . In this case, the TD becomes the final decoding decision. To
guarantee erasurefree decoding C,,, must be carefully chosen. For the case 7 =1 and a rate of
1/w convolutional code (where w is the codeword length in bits) with the constraint length v

the value of C,_ must be at least equal to the critical value C,_,, given by

C... =3 (Z,~D)+2(v-1) (1)

(EE Proceedings Review Copy Only 3
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where Z, is the size of stack i, and k the number of tree branches without tai} (the information

frame size). The decoding termination with C,_ in the MSA usually happens with very noisy
blocks that require excessive tree searches. The decoded bit error rate in this case is very high.

Although, the error performance of the MSA can be improved by increasing the value of C,_ or

lim
increasing the size of the first stack, this choice may not be possible in some applications where
decoding delays are not acceptable or the memory storage is limited with a single-processor

decoder. [n such situations we propose the use of a Parallel decoding process.

3. A Parallel Decoding Scheme for the MSA
QOur main goal is to apply a scalable set of multiple decoders concurrently searching the cortrect
path in the code tree. Therefore, the probability of finding 1he correct path is raised up with our

proposed scheme,

3.1 Description of the proposed scheme
The proposed parallel decoding scheme for the MSA is shown in Fig. 1. The arrangement and the
processing of the scheme are as follows.

n It consists of the following components: the main (first) decoder (DEC#1), scalable

multiple sub-decoders (DEC#2, DEC#3.,..., DEC#n ), the control processor (CP), the main
(first) stack (Z,), n—1 primary sub-stacks ( Z, ), which equal to the number of sub-decoders

and several secondary sub-stacks ( Z ).

2) The main decoder extends paths of the main stack only based on the SSA.

3 Each sub-decoder is identical. One sub-decoder extends paths of its primary sub-stack
and secondary sub-stacks based on the conventinnal MSA.

4) The CP is used for the following tasks: {(a) Stop the decoding when a decoding
termination rule is found (b) noufy the main decoder whenever there is a sub-decoder
available, compare and update the best path with best metric as the TD in a special register

whenever a decoder finds a terminal node
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&) The main stack Z, is usuaily large. The primary sub-stacks Z, and the secondary

sub-stacks Z are very small and all have equal size.

3.2 Decoding of a data block

The decoding begins with placing the root node in the main stack where the DEC#1 extends paths
is based on the SSA. When the first stack is full, the CP is informed by the DEC#1. The CP then
checks if there is one sub-decoder available. If it finds one, the top T nodes of the main stack are
transferred to the corresponding primary sub-stack where the available sub-decoder will extend
paths based on the conventional MSA. After that the main decoder and the sub-decoder will
simultaneously extend the top paths of their own stacks. This operation is different from the
conventional MSA in which the node extensions in the first stack cannot be continued when the
first stack is full. With this scheme, it is the task of the sub-decoder to extend those transferred
nodes of its own sub-stacks. Then the first decoder can continu= the node extension in the first
stack straight away without having to wait for the sub-stacks to be deleted. The node extension in
the first stack cannot continue only when there is no sub-decoder available. The probability of the
first stack to be suspended is decreased with the number of sub-decoders increases. The advantage
of this scheme is that whenever the first stack is full, some top nodes are transferred to a sub-stack
as long as there is at least one sub-decoder available. All the decoders are working in parallel on
their own stacks to search for the most likely path in the code tree.

For a sub-decoder, a new secondary sub-stack will be created whenever the primary sub-
stack is full. Then the top T nodes will be transferred to the current secondary sub-stack as in the
conventional MSA. The decoding will proceed this way until a decoding termination rule is found.

The following example shows the contents of some stacks during the decoding in progress.
Assuming that two sub-decoders (n =3} are employed, Fig. 2(a) shows the stacks contents at the
beginning stage at which only the main decoder is busy with the node extensions in the main stack
while the two sub-decoders are standstill. When the first stack is full (see Fig. 2(b)), the top T
nodes are transferred to the primary sub-stack of DEC#2 (see Fig. 3(a)). Then DEC#1 and DEC#2

will extend the top nodes of their stacks simultaneously while DEC#3 is still doing nothing (see
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Fig. 3(a)). Fig. 3(b) shows the situation when the first stack is full for the second time. At this
point the top T' nodes are transferred from the first stack to the primary sub-stack of DEC#3 (see
Fig. 4(a)), after that all the decoders are working in parallel.

Fig. 4(b) shows the situation when the first stack and the primary sub-stack of DEC#2 are
full. At this point the first stack is in suspension stage as there is no sub-decoder available, DEC#2
creates a secondary sub-stack and then transfers the top 7 nodes from the primary sub-stack to the
current secondary sub-stack and DEC#3 continues extending paths of its primary sub-stack (see
Fig. 5(a)).

Fig. 5(b) shows the situation when a terminal node is found in the primary sub-stack of
DEC#3. This terminal node will be kept in a special register as the TD. Then the primary sub-stack
of DEC#3 is deleted and DEC#3 retumns to standstill (see Fig. 6(a)). After that DEC#1 is informed
of the availability of DEC#3 by the CP and then the top 7 nodes are transferred to the primary
sub-stack of DEC#3 for the second time. All the decoders are now working in parallel again (see

Fig. 6(b)). The decoding process continues in this way until one of the termination rules is found.

3.3 Termination rules

The decoding process will be terminated when one of the following rules is found:

(1) The computational limit, C,,_, is reached (same as the conventional MSA).

(2) If a terminal node is found in the first stack and all the sub-decoders return to be
standstill.

This decoding process is different from the conventional MSA in which the decoding is terminated

when a terminal is found in the first stack. The reason of not stopping the decoding straight away

when a terminal node is found in the first stack is that the correct path may be hidden in one of the

sub-stacks where a sub-decoder is working on.

3.4 Discussion

Note that in our process the CP allows all the decoders to work at their full speeds without having

to exchange information with each other and the usual communications bottleneck is thereby kept
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at minimum. The advantage of having several sub-decoders working on the sub-stacks can be
summarized as follows.

(1) The probability of finding the correct path is raised as the availability of sub-decoders
helps the main decoder extend the nodes of sub-stacks allowing the main decoder to continue the
node extensions in the first stack straight away without having to wait for the deletion of the
primary sub-stacks as happened in the conventional MSA

(2) More terminal nodes can be found as several paths are extended simultaneously. Therefore

better TD is made with the same value of C,, compared to the conventional MSA.

4. Performance comparison with the MSA

By computer simulation, the performance comparison of our proposed scheme with the MSA is
investigated by comparing bit error rate (BER), where 160 000 frames of length L =250 were
transmitted through an additive white Gaussian noise (AWGN) channel. The simulator was written
in the C language and was run on a LINUX operating system. The cases of 4 and 16 were mostly
investigated in this paper. The 4-processor scheme comprises of one main decoder and the other
three sub-decoders. Similarly, the case of 16-processor scheme comprises of one main decoder and
fifteen sub-decoders. For convenience, we name 4-processor and 16-processor cases as 4MSA and
16MSA, respectively. The code used is a nonsystematic rate R =1/2 code with the code constraint
length v =15 and generators used are in octal 65231 and 43677 (optimum d,,_, code [2]). In order
to make a fair comparison between the conventional MSA and our proposed scheme, the amounts
of memory storage capacity of both systems are kept the same.

Fig 7 shows the BER curves as a function of the computational limit C,,,, at the signal to
noise ratio of £,/N,=5.5dB with Z =800,Z=11,7 =3 for all the three algorithms. As it can be
seen from the Figure, the BER performance of 16MSA is lowest among the three. For example, at
C.. =20000 the MSA and 4MSA reach BER values of 59x10” and 5.6x10"* respectively, while
the 16MSA reaches a BER of value 4.1x10”. Also as expected, the value of C_, (the value

which guarantees erasurefree decoding) is lowest for the 16 MSA. This is due to the multiple path

extensions by the main decoder and sub-decoders. From the Figure, the value of C,, for the
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16MSA is approximately 2200, while the values of C_, for the cases of 4AMSA and MSA are
approximately 2800 and 3000, respectively. It should be noted that the value of C_, is
approximately determined from the value of C,, at which the BER reaches the peak. Keeping the
parameters the same as those used for Fig 7 except changing Z, to 1100, the similar results are
shown in Fig 8. The humps of the curves for the I6MSA in Fig 7 and Fig 8 can be explained as
follows. When increasing C,,, up to C,, the decoding process begins to perform erasure-free
decoding. After the value of C,, is further increased the decoding process is done in parallel by
the main decoder and the sub-decoders. The probability of finding the correct path is then
increased, resulting in a further improvement in the BER performance when compared to the BER
at the valueof C,,,, .

Fig. 9 shows the BER curves with Z=11,7 =3, the computational limit C,, =10000 as a
function of Z, at E,/N, =5 dB. From the Figure we can see that the 4MSA has lower BER than
the MSA. The improvement in the decoded BER is more proncunced when increasing the number
of sub-decoders from 3 (4MSA) to 15 (16MSA). When the first stack size increases, the decoded
BER of the three algorithms tend to be closer. This is because more frames finished the decoding
in the first stack before it fills up for the first time when Z, is increased. Fig. 10 shows BER
curves as a function of Z, at £,/N, =5.5dB with the same parameters used for Fig. 9. The results

are similar for both Figures.

Next we investigated the influence of size of Z on the decoded BER at E, /N, =5.5dB. Fig.
11 shows the BER curves with Z, =700,7 =3,C,,, =10000 for various values of Z . It is seen from
the Figure that no significant influence of Z on the BER for all the MSA, the 4MSA and the
16MSA. Similar results are shown in Fig. 12 for the BER curves as a function of Z when
increasing Z, from 700 to 800.

Fig 13 displays the BER curves as a function of T at E£,/N,=55dB with
Z,=800,Z=11,C,,, =10000. As shown, an increase in T has no noticeable improvement in the
BER for the MSA and 4MSA while the BER performance of the 16MSA is somewhat improved

when increasing 7 . This is due to larger value of T and more sub-decoders allow the main stack
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to continue the node extension more frequently after it fills up. For example, the BER reduces
from 4.3x10°° to 3.7x10” when changing T from 2 to 5. Similar results are shown in Fig 14 for
the BER curves as a function of T when changing Z from 11 to 30. As expected, the BER
performance of the |6MSA is the best among the three.

Next we considered the influences of the number of the top nodes transferred from Z, to Z,
and the size of Z,. Let T' be the number of the nodes transferred from Z, to Z, when Z, fills up.
Fig 15 displays the BER performance of the 16MSA as a function of 7' for various values of z,.
The parameters used for the Figure are Z, =800,Z =20, T =3, and C,, =10000 at E, /N, =5.5 dB.
We can see that any increase in Z, obtains the improvement in the BER performance. This is
because the larger value of Z, allows more node extensions in the primary sub-stack thereby
raising the probability of finding a terminal node in the primary sub-stack. When a terminal is
found in a primary sub-stack, this sub-stack will be deleted and then the top nodes from the main
stack can be transferred. This allows the node extension in the main stack to be continued therefore
the probability of finding the correct path in the main stack is raised. The Figure also shows that
any increase in 7' tends to improve the BER for a given value of Z,

Figure 16 shows the comparison of the BER performance for various values of signal to
noise ratio (E,/N,) for the MSA, the 4MSA, the 8MSA, the 16MSA, and the 32MSA. The
parameters used are Z, =1000,Z =20,T =8 and C,, =20000 for all the curves and Z, =300,7"'=50
for the 4MSA, the 8MSA, the 16MSA, and the 32MSA. As expected, the BER performance is
improved with our proposed parallel decoding scheme. For example, at signal to noise ratio of 5
dB, the BER of the MSA is 2.5x10™, the BER of the 4-MSA is 1.8x10™, the BER of the 8-MSA
is 1.5x107*, the BER of the 16-MSA is 8x10™° and the BER of the 32-MSA is 6x10™*. It is clearly
shown that when increasing the number of processors the BER is significantly decreased.

From the simulation results presented above, a guideline for parameter selection in parallel

decoding scheme can be given as follows.

1. The value of C,

should be large enough to guarantee erasure-free decoding.
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2. The size of Z, should be made as large as possible. This depends on the available memory

storage.
3. The size of Z can be independently selected. Therefore small size of Z is recommended.
4. The sizes of T and T' should be as large as possible.

5. The size of Z, should also be chosen as large as possible according to the results on

Figure 5.

5. Conclusions
A parallel decoding scheme for the MSA is proposed and investigated in this paper. The idea of
parallelism in the MSA mainly aims at the improvement of the bit error probability of the MSA for

some blocks, which requires excessive searches. In the conventional MSA when the number of

tree searches is limited with the value of C,_ but a terminal node is not yet found in the main

lim
stack, the decoder will usually give very poor error performance. In this paper we investigated the
application of parallel decoding for the MSA in which multiple paths in the code tree are
simultaneously extended by a set of scalable decoders. Simulation resuits show that the average bit
error rate of the MSA is significantly improved with our proposed parallel decoding scheme. In
addition, the BER performance is further improved when the number of processors is increased.

Parallel decoding for MSA appears to be an interesting scheme for decoding convolution codes

especially in applications where low probabilities are required.
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A Scalable multiprocessor-based multiple stack algorithm
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Abstract— A parallel decoding scheme for the multiple stack algorithm (MSA) is proposed in this
paper. The proposed scheme is composed of a main decoder working on the main stack and a scalable
set of multiple decoders working on their multiple stacks. All the decoders are working almost
independently with the help of the control processor. Two cases, 4-processor MSA and 16-processor
MSA, are employed to investigate the performance of the proposed scheme. Extensive computer
simulations show that the bit error probability of the MSA is improved. We also demonstrate that
parallel decoding for the MSA appears to be an interesting scheme for decoding convelutional codes
especially in applications where low error probabilities are required.
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