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Multi-Microprocessors
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SUMMARY The Viterbi algorithm is a well-established
technique for channel and source decoding in high performance
digital communication systems. However, excessive time con-
sumption makes it difficult to design an efficient high-speed
decoder for practical application. This paper describes the
implementation of parallel Viterbi algorithm by multi-
microprocessors. Internal computations are performed in a
parallel fashion. The use of microprocessors allows low-cost
implementation with moderate complexity. The software and
hardware implementations of the Viterbi algorithm on parallel
multi-microprocessors for real-time decoding are presented. The
implemented method is based on a combination of forming a set
of tables and calculations. For efficient operation under fully
parallel Viterbi decoding by microprocessors, we considered:
(1) branch metrics processing, path metrics updating, path
memory updating and decoding output for microprocessor, (2)
efficient decomposition of the sequential Viterbi algorithm into
parallel algorithms, (3) minimization of the communication
among the microprocessors. The practical solutions for the
problems of synchronization among the miroprocessors, inter-
connection network for communication among the mircroproces-
sors and memory management are discussed. Further more the
performance and the speed of the parallel Viterbi decoding are
given. For a fixed processing speed of given hardwares, parallel
Viterbi decoding allows a linear speed up in the throughput rate
with a linear increase in hardware complexity.

key words: coding, error correction code, convolutional code,
Viterbi decoding, parallel algorithm, parallel Viterbi decoding,
coding by microprocessor

1. Introduction

The Viterbi Algorithm (VA) is widely used for
decoding convolutional codes.) Although it is an
optimum decoding algorithm, its computational com-
plexity grows exponentially with the constraint length
of the encoder. To enhance the achievable throughput
rate of an implementation algorithm, parallel and/or
pipelined architectures are used. The fully parallel
Viterbi decoding algorithm was first proposed by
Forney.® The main stumbling block for implement-
ing parallel Viterbi decoding is its complexity in syn-
chronization and contention among the processors and
occupation of large space by connection lines. Usually
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pipelined algorithms provide inferior throughput but
fewer timing problems, so it is a trade-off between the
throughput rate and the implementation complexity.
For high-speed implementation of an algorithm, archi-
tectures are desired that lead to a linear increase in
hardware complexity for a linear speedup in the
throughput rate if the limit of computational speed of
the hardware is reached. Much research has been done
in recent years®~ on VLSI implementation of paral-
lel/pipelined VA. Some research aimed at micro-
processor implementation for VA are found.®-09
While Viterbi decoding by two microprocessors is
implemented by Zhao,*V practical implementation of
parallel VA by microprocessors has not yet been made.

In this paper a fully parallel implementation of
VA by microprocessors is proposed where one state is
assigned for a microprocessor. A convolutional code
of constraint length K has 2¥ states, and hence, 2%
microprocessors. For values of K greater than 8,
Viterbi decoding becomes increasing complex and
impractical. On the other hand, the required hardware
logic speed is only 1/2¥ operations per symbol inter-
val. This type of full parallel layout, though dominat-
ed by a large interprocessor wire area, is the architec-
tural organization with the highest possible through-
put for a given microprocessor.

Viterbi decoding by a microprocessor is briefly
described in Sect. 2, emphasizing on branch metrics
processing, path metrics updating, path memory updat-
ing and decoding output for microprocessor. A fully
parallel VA for multi-microprocessors is introduced in
Sect. 3, where details are given on decomposition of the
sequential VA into parallel VA and problems to be
solved in the parallel Viterbi decoding by microproces-
sors. Hardware implementation of parallel Viterbi
decoding is described in Sect. 4, where practical imple-
mentation of synchronization among the microproces-
sors, interconnection network for communication
among the microprocessors and memory management
are discussed. Section 5 describes the results.

2. Viterbi Decoding by a Microprocessor

The VA is mainly used for decoding
convolutional codes. W02~ n general, the Viterbi
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Fig. 1 General serial architecture of a Viterbi decoder.
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Fig.2 The /-th stage trellis diagram of (4, 1, 3) convolutional
code.

decoding process can be divided into three stages:
branch metric generation, path metric updating and
path memory (survivor) updating. In this section we
describe VA by a microprocessor and propose new
implementation methods on branch metric generation,
path metric updating and path memory updating. The
proposed methods differ from other schemes®-09 in
that they are based on a combination of forming a set
of tables and calculations, and thus can reduce the
execution time. Let us consider the Viterbi decoding
by a microprocessor for decoding (n, k, m)
convolutional code where m is the memory (constraint
length=m+1) and k/n is the code rate. Figure 1
shows the block diagram of a serial Viterbi decoder.

2.1 Branch Metric Generation

The coded information is inputted by SIO and/or
PIO interfaces, and then branch metric calculations are
carried out. Figure 2 shows the /-th stage trellis
diagram of the (4,1,3) convolutional code. The
generation polynomial of the code is given by

G=[1+D*+D* 1+D+D* 1+ D+ D>
1+ D+ D*+ D?],

where S, M and Ui(i=1,,8,1=1, - L) denote
the i-th state of the /-th stages, the path metrics of S/
and the decoded information of S/, respectively. In the
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diagram, the solid lines mean input branch signal #,=
0, and the dashed lines mean input branch signal #,=
1. The 4-digit numbers over the solid and dashed lines
indicate branch codeword »,=v"v®v®y{®. When
decoding by a microprocessor, the branch metrics are
calculated for all possible branches at every stage I (m
<I<L). According to the /-th received branch r
(codeword), the Viterbi decoder computes the branch
metrics merging into a state S/(i=1,-,8,I=1,,
L):

AM{ " =d (r, v{"*), (D

where 4M/"* represents the branch metrics from state j
(at stage /—1) to state i (at stage /), and d (r, v{"?)
denotes the Hamming distance of r, and v/"". Since
there are two branches merging into a state, there are
two branch metrics AM/** to the state. For Viterbi
decoding by a microprocessor the calculation of d (ry,
»/") can be simplified as the form of looking up a
branch metric table. Since v{** is a known codeword
for certain i, j and /, we can makeup a table for branch
metrics as follows: When an 7, is received, it is used as
the lowest four bits of the beginning address of the
branch metric table, and AM/"* can be obtained by the
table. The speed of looking up a table is faster than
calculating the branch metric each time. For example,
for the state 1, there are two branches merging in, v
=1100 and ¥¥*=1111. If »=0000, then AM}M'=2,
AM?P*=4 and AM/*=+co for j=1,5. In the imple-
mentation, we only need to calculate two branch
metrics which merges to a state. Other branches do not
have really connection with this state, and we do not
need to calculate the branch metrics on these branches.
One state needs 32-memory units for the branch metric
table. For different », we can get different AM/**
according to the branch metric table.

2.2 Path Metric Updating

The branch metrics are used in conjunction with
the stored state metrics at stage /—1 to compute the
path metrics of the present stage /. It reads out an old
state metric value stored in a RAM, adds the corre-
sponding branch metric, and gets the path metric

M7 =Mi+AM/. (2)

In a binary symmetric channel, the minimum
Hamming distance of a code is considered to be the
criteria of the maximum likelihood decoding. The
Viterbi decoder compares two path metrics leading to
a state, and chooses the path metric which has the
minimum value as the state metric of the state

M/=min [M}?]. (3)

1=j<8
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2.3 Path Memory Updating

The Viterbi decoder selects a path which has the
minimum metric as the retained path of every state. Of
cause Eq. (3) is just the updating of the path metric.
The state j, from which the path of the minimum
metric (the most likely path) comes from, is given by

j=min"' [M/7], ‘ (4)

1=<;7=8

where min™' means to take the j that yields the

minimum value of M7?. Bquation (4) is used to keep
track of the most likely path. For any convolutional
code, some AM/* may not exist. This problem can be
usually solved by making AM;"* a very large number so
that this branch will never be chosen, but we can
simplify this procedure. Since in fact only two
branches marge into a state, Viterbi decoder only need
to process two paths merging into a state.
According to the retained path,
decoder gets the decoding information,

Ui=U/\+ 407", (5)

where + means bit concatenation, U7, is the esti-
mated decoded information of (I—1)-th stage, and
AU7 is the decoded branch information bits at j — i
branch in stage /. In order to obtain the minimum
error rate, the length of the information sequence
updating should be made as long as possible. The
difficulty with a long survivor path is the decoding
delay and storage needed for storing a long path plus
its metric. The compromise is to truncate the path
memory of the decoder by storing only the latest ¢
blocks of information bits for each survivor. The
choice of 7 involves a trade-off between two conflicting
factors: the decoding accuracy and the decoding
difficulty. Experiences and analyses have shown®? that
if 7 is on the order of five times the encoder memory or
more, all 2% survivors stem from the same information
block 7 time steps back, with probability approaching

the Viterbi
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(b) Two memory units.

Fig. 3 Decoded information arrangement in a memory.
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1, and there is no ambiguity in making the decoding
decision. For (4, 1, 3) convolutional code AU/ is a
one bit information, and r=5m=15 is selected as the
length of the survivor path memory. In practical cases
a scheme is used in which the first 8 bits are sent out in
parallel after decoding 24 bits of information. The
delay varies randomly from 16 bits to 24 bits. U/ will
occupy three memory units (one memory unit is 8
bits). The method of management of the decoded
information bits is shown below. When U7 is less than
8 bits, only one memory unit is used. The process of
Eq. (5) is finished by putting U/, in the left-most 81de
of a memory unit and concatenatmg one bit AUK 7
right side next to the U/ 1. For example, if Ul,=
10100 and AU/ =1, then U/=101001 as shown in the
upper panel of F1g 3.

When the length of U/ exceeds 8 bits, another
memory unit is concatenated. For example, U/l,=
10100101011 and AU/*=1, then U/(=101001010111)
is expressed as shown in the lower panel of Fig. 3. This
method saves the CPU time because at any time only
one bit needs to be inserted in one memory unit and
not shift operation is required as conventional schemes
do.

2.4 Decoding Output

When U/ reaches to 24 bits, a decoding decision
must be made on the first memory unit of 8 informa-
tion bits. There are several possible strategies for
making this decision.’? Here we select an arbitrary
survivor, and the first § bits on this path are chosen as
the decoded bits. After the first decoding decision is
made, additional decoding decisions are made in the
same way for each new received block processed.
Hence, the decoding decisions are always delayed from
decoder input by an amount equal to the path memory
size (i.e., ¢ blocks). The delay varies randomly from
16 bits to 24 bits.

. In practical schemes for the implementation of
Viterbi decoder, it is apparent that the description of
the Viterbi decoding algorithm cannot be used as a
practical starting point for any implementation. As a
consequence, we will first propose a major
simplification of the algorithm, and furthermore, intro-
duce a new and formal notation suitable to efficiently
describe the search procedure on the trellis. At the first
stage, only state 1 has two branch leading to stage 2.
We can assume that the state metric of state 1 at 1st
stage is zero (M"=0), and that state metrics of other
states at Ist stage are sufficiently large positive value.
So these paths will never be selected as the survivor
path except for the path coming from state 1. It can be
seen that at stage m all the survived paths are traced
back to the state 1 at stage 1. Thus this simplified
procedure is equivalent to the original one.
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Fig.4 The Viterbi decoding flowchart.

Figure 4 shows the flowchart of the proposed
Viterbi decoding scheme.

3. Parallel Viterbi
microprocessors

Algorithm for Multi-

3.1 Principle of Parallel Viterbi Algorithm

' The principal limitation on the practical applica-
tion of the VA is that the complexity of decoding is
proportional to 2%, the number of encoder states. The
decoder memory is proportional to 2%. Also, since 2%
comparisons must be performed per unit time, decod-
ing time is proportional to 2¥. This exponential
dependence on K limits the use of the VA to the value
of K equal to 8 or less. :

The speed limitation of the VA can be alleviate
by employing parallel decoding. There is a special
requirement for the dynamic feedback of Viterbi
decoding that the next stage calculation can only be
carried out after the previous stage is finished. From
this point of view, we employ the parallel processing
only within a single level of trellis.

Major factors to be considered in the parallel
processing system are: decomposition of the sequential
VA into equal parts suitable for parallel Viterbi decod-
ing, communication among CPUs, memory manage-
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ment, synchronization and contention among the
CPUs. Since the number of communication steps
varies with scheduling, it is very important to find
optimal scheduling that minimizes the number of
communication steps.

Since the 2% comparisons in the Viterbi decoding
that must be performed at each time unit are identical,
2% identical processors can be provided to do the
comparisons in parallel. Each processor computes the
metric values of the 2 paths entering a state, selects the
path with the minimum metric, and stores that path
and its metric in the decoder’s memory. This parallel
implementation of the VA therefore implies a factor-
of-2¥ speed improvement over a standard decoder, but
requires 2% times as much hardware.

3.2 Architectures of Parallel Viterbi Decoder

As we have seen that at every time instant / (m <
[< L), 2" states will be processed one by one. we can
assign a processor for each state by parallel computa-
tion.

For high speed operation, several parallel process-
ing architectures have been proposed.t®17  They
include pipeline processors, array processors, and full
parallel processors. There are four kinds of architec-
tures in parallel processors: SISD (Single Instruction,
Single Data), SIMD (Single Instruction, Multiple
Data), MISD (Multiple Instruction, Single Data), and
MIMD (Multiple Instruction, Multiple Data).

We use the MIMD microprocessors architecture
here for parallel VA as illustrated in Fig. 5, which is
much more effective than the other architectures, but
more difficult to realize. The MIMD machine consists
of M .processors, M memory units, interconnection
network, and M controllers. The advantage of MIMD
architecture is that processors can execute different
instructions at same time. Such a multiprocessor
system can achieve a linear speed-up factor.

The MIMD microprocessor architectures for Viter-
bi decoding has the following characteristics:

1. In each step, 2¥ processors are used simultaneously.
2. All processors in every stage execute different sets of
instructions, because each processor is assigned a
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Fig. 5 MIMD microprocessors. (C: control unit, P: processor,
IN: interconnection network, M: memory)
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control unit.

3. The interprocessor communication between two
consecutive steps is independent of the results of
processing in these steps.

4. There are memory read conflicts.

5. All processors must compute synchronously at every
stage.

Because the VA is related to dynamic program-
ming and has a data-dependent feedback loop, the
most difficult problems for fully parallel implementa-
tion are the timing and contention. In order to make
the best use of them, waiting periods in computation
should be avoided.

3.3 Factors that Affect Decoding Speed in Parallel
Algorithm

There are some cases in which parallel algorithm
is not helpful in reducing execution time of an algo-
rithm, because some processes cannot be divided into
parts and cannot be assigned multiple CPUs to process
them synchronously. As shown in Fig. 4, only the
parts in the right panel can be processed in parallel and
these parts take most of the time in Viterbi decoding
(from state 1 to state 2€). Processes shown in the left
panel of Fig. 4 cannot be done in parallel algorithm.
In parallel Viterbi decoding two factors affect the
decoding speed: 1) Not all the processes can be done
in parallel, 2) inside the parallel decoding there are
also some processes which can not reduce calculating
time, such as “take the received branch #,” for which
M CPUs will take exactly the same time as one CPU
does. In serial decoding one CPU will take the
received branch 7; once and in parallel decoding each
of M CPUs will take the received branch » once.

4. Technical Consideration on Hardware Imple-
mentation

4.1 Control Units

Control units consist of EPROMSs, in which
management programs and Viterbi decoding programs
are stored. Every processor is assigned a control unit,
and instructions for the CPU are stored in the control
unit. At any given time each processor can execute
different instructions, and programs should be
designed to let all the processors calculate
synchronously in every stage.

4.2 Memory Arrangement

For parallel Viterbi decoding, 2% CPUs will
access a memory frequently and synchronously. In this
case contention will happen. In order to solve this
problem two methods can be used: 1) Let CPUs
access a memory one after another. In this way many
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Fig. 6 Distribution of S state memory area at /-th and /
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wait steps occur. 2) Use separate memory blocks.
Each CPU is assigned a memory block. Every CPU
can access a different memory block synchronously.
This second way is chosen here and 2% separate
memory blocks are used to store the information of the
2% states. At any stage /, each memory block stores
Ml(i), Ml(_i)l, AMZ(_?, AMI(,?, ﬁl(i), and ﬁl(i)l, (lzl, v,
2%} as shown in Fig. 6, where one memory unit (8
bits) is used for each M/?, M, AM{? and AM{, and
three memory units (24 bits) are used for each US? and
Uf%). When a CPU calculates at a stage, the informa-
tion at the previous stage is required. In each memory
block, the memory is divided into two areas for storing
the information at stage /—1 and at stage / respective-
ly, and these two memory areas are used alternately as
shown in Fig. 6.

The memory unit for state metric is finite, so that
overflow must be prevented. Since one memory unit (8
bits) is assigned to each state metric, the maximum
value of a state metric is 2°—1=255. When an
overflow occurs, the minimum AM}? state metric is
selected as a common factor, and it is subtracted from
all the state metrics producing the new state metrics.

4.3 Interconnection Network
From Fig. 2, we can see that every CPU will access

three memory blocks: two in the previous stage, and
one in the present stage. Every memory block will be
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accessed by three CPUs. When CPUs access the same
RAM they use the same bus. So the CPUs will be
connected to the common bus. As CPUs are connected
to the common bus, they can use the bus only one after
another. To solve this problem, an interconnection
network (IN) has been designed. It has two functions:
1) data exchanges among CPUs and RAMs, and 2)
preventing contention when CPUs use the same bus
simultaneously. Usually two kinds of IN are used:
One is using a single-set of common bus, and the other
is using multi-set of common buses. The former has
the advantage of simpler bus structure and hence
reduces the area occupied by the buses, but if micro-
processors use the buses synchronously, contention
will happen. The latter will occupy a lot of area, but
CPUs can use the buses synchronously and thus save
the process time. Owning to the special structure of the
trellis of Viterbi algorithm we propose an IN structure
as shown in Fig. 7, which is different from the above
schemes. It has the advantages of both of the above
schemes and overcomes the disadvantages. It has the
following characteristics: 1) A CPU cannot access
another CPU directly, 2) A CPU can access three
RAMs, but one RAM at a time, 3) The IN is
controlled by CPUs. .

Here we give the details of the proposed IN. It
consists of connection lines and three-state control
gates. One three-state control gate consists of three
7415245 chips. One chip can control 8 lines. When a
CPU wants to access a RAM block, the corresponding
three-state gate is turned on and the three buses (data
bus, address bus, and control bus) are connected to the
RAM. Otherwise, the three-state gate is off, and the
three buses of CPU cannot connect to the RAM. Three
control gates are needed for each CPU, because every
CPU can access three different RAM blocks. The
purpose of using three-state control gates is to isolated
the CPUs from each other. CPUs can access different
RAM blocks at the same time and the same RAM
block at different times, but cannot use the same RAM

block at the same time. Our scheme on IN can save a
lot of space occupied by connection lines and the
control gates compared with the conventional multi-
bus IN and still keeps the performance.

4.4 Synchronization of CPUs

For parallel operation of Viterbi algorithm, syn-
chronization is essential, and a precise timing scheme is
required. The following two methods are used in
realizing synchronization: 1) Central processor
controlling synchronization, When decoding start, the
central processor sends out a signal, and all the proces-
sors start decoding synchronously. 2) Program syn-
chronization; Because all the processors in any step
execute different sets of instructions and must compute
synchronously at every stage, program synchronization
is used. That is to let all the processors take the same
calculating time at every stage. When some processors
use the same memory block at the same time, conflicts
will occur. In this scheme, it is avoided by the program
designs and the IN. Since the 2% separate memory
blocks are used for storing the information of 2% states,
every CPU will access three memory blocks, drawing
out information from two memory blocks at (/ —1)-th
stage and storing information in one memory block at
[-th stage state. We can let the CPUs to use different
memory blocks every time. For CPUs of state 1 and
state 3, CPUI can first access S*%}, and then S}, and
CPU3 can first access S} and then Sf). ‘In this
manner conflicts are avoided and the CPUs can com-
pute continuously without waiting.

5. Experiments and Results
5.1 Experimental Setup
First, programs for serial Viterbi decoding algo-

rithm (shown in Fig. 4) are designed and tested on a
single microprocessor. The Z-80A microprocessor is
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Fig. 8 Parallel Viterbi decoding by two microprocessors.

used to carry out Viterbi decoding. The programs are
written by assembly mnemonic, translated into
machine codes, and then stored in EPROMs. The use
of assembly mnemonic has the advantages of directly
using all the resources in a system, and that the exact
executing time can be calculated.

Second, programs for parallel Viterbi decoding of
two CPUs are designed and circuits for two-CPU
parallel Viterbi decoding are designed and tested. The
two-CPU parallel Viterbi decoder is based on the
Z-80A microprocessor. One CPU is borrowed from
the Z-80A microprocessor system including a CPU, a
PIO, an SIO, a CTC, an internal clock, a power on
reset circuit etc. Circuits for the other CPU system
(including an EPROM, a PIO, an SIO, an interconnec-
tion network etc.) are designed. Combining these two
parts by the interconnection network we get the paral-
lel Viterbi decoder. The configuration of the parallel
Viterbi decoder using two CPUs is shown in Fig. 8.

The two CPUs use the same external clock of 4
MHz. We call the CPU in the Z-80A microprocessor
system as the main CPU and the other as the sub-CPU.
The sub-CPU, which is equivalent to the one as used
for the main CPU, works only in parallel Viterbi
decoding. The main CPU has following functions:
receive codeword, control the sub-CPU in synchroniza-
tion, do Viterbi decoding parallel with the sub-CPU,
send out decoding information, and determine whether
decoding is finished or not. So the main CPU is the
control CPU of the parallel Viterbi decoding system.

When the data transmission rate is higher than the
decoding speed, codewords are temporarily stored in a
RAM. After solving the previous group of codewords,

gDei:Zrator Simulated channel Receiver]|
(a) Off-line simulation mode.
Data

[Transmit Encoder}—{Channel}—Decoder}—Data receivd

(b) On-line simulation mode.

Fig.9 Simulation system for the parallel Viterbi decoding by
multi-microprocessors.

CPUs process the present group of codewords stored in
the RAM. When the transmission rate is lower than
the processing speed, the CPUs will wait for the code-
word.

5.2 Results

As the Viterbi decoding has a fixed decoding
speed, the channel error rate do not affect the decoding
speed. The process speed of the parallel Viterbi decod-
ing by multi-microprocessors is determined in follow-
ing two ways:

1. Calculation of the programs execution time.
Because programs are designed by assembly mne-
monic, every instruction has known execution time.
By computing the execution time of instructions in
the decoding programs we can know the decoding
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Fig. 10 Performance of the parallel Viterbi decoding.

speed.
2. Simulation test. The decoding speed is directly
measured using a simulated input signal.

‘Simulation system is made by multi-
microprocessors system as shown in Fig. 9, where the
data generator, the encoder, the transmission channel
and the decoder are simulated by microprocessors.
The upper panel of Fig. 9 shows the off-line mode,
with which the performance and speed can be ana-
lyzed. The lower panel of Fig.9 shows the on-line
mode, where the encoder and the decoder can be
connected to other hardware for realtime applications.
A software pseudo-noise generator was used to simu-
late digital noise on the binary symmetric channel
(BSC). The channel error probability is chosen by the
user during the measurements. In order to obtain good
statistical measurements the number of samples mea-
sured should be very large. In this experiment, 1 Mbit
samples are measured.

Figure 10 shows the decoder performance of the
proposed scheme. The performance deterioration from
the VA to the truncated VA is very small (less than 0.1
dB at E,/N,=3 dB) and the simulation results of the
performance are very close to the theoretical calcula-
tion. From the calculation and simulation, the speed
of the serial decoding of one microprocessor is 20
kbits/s. For parallel Viterbi decoding of two CPUs,
the decoding speed can reach 38 kbits/s. It is expected
from this experiment that for the parallel Viterbi
decoding of 8 CPUs the decoding speed can reach 120
kbits/s.

6. Conclusion

In this paper the implementation of parallel
Viterbi decoding and the problems which need to be
considered in parallel Viterbi decoding by micro-
processors have been discussed. Multiple microproces-
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sor architecture is used which results in a decoder of
moderate complexity and cost as compared to a spe-
cially designed Viterbi decoder using a VLSI. The
presented method of implementing the Viterbi algo-
rithm allows the use of hardware with a limited proces-
sing speed to achieve a high throughput rate.
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