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This paper presents implementation of a new non-polynomial approach to design a high throughput with reduced bit error
probability Viterbi decoder. Increase in d, _hasbeen achieved by proposed non-polynomial convolutional coding method. A
decoder system (code rate k/n=1/6, constrain length K=4) has been implemented on Xilinx VERTEX-E. Performance of
Viterbi decoder with proposed method has been improved from 27% to 75%. High speed (60.299 Mbps) and low bit error rate
(BER) are achieved for Viterbi decoder. Proposed Viterbi decoder provides satisfactory probability of error (P,) performance
and high operating speed under conditions including AWGN, co-channel interference and adjacent channel interference

environments.
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Introduction

Viterbi decoders are used to decode convolutional
coding, which has been used in deep space
communications as well as wireless communications.
A wireless cellular standard for CDMA (code division
multiple access), IS-95, employs convolutional coding.
Viterbi algorithm works well for less-complex codes,
indicated by constraint length K. For decoding more
powerful codes with large constraint lengths, adaptive
Viterbi algorithm (AVA) has been developed!. For many
signal-processing systems?, it is possible to exploit
variations in signals to vary computation and memory
requirements.

For high-speed communication, Chan' implemented
an adaptive Viterbi decoder, which discards some states
(in trellis) with high path metrics dynamically during
decoding process®*, suggesting the use of a scarce state
transition (SST) scheme. The scheme employs a simple
pre-decoder followed by a pre-encoder to minimize
signal transitions at the input of a conventional Viterbi
decoder, which leads to lower bit error rate (BER). Kang
et al’ studied designing a low probability of error (P,)
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Viterbi decoder for IS-95 CDMA system. Lin et al®
implemented a soft decision decoder for 8-level (3 bit),
16 level (4 bit) and 32 level (5-bit) quantization.
Increasing quantization level improves error probability
and reduces signal-to-noise ratio but has increased
hardware complexity. To address BER requirements of
WLAN and Broadband applications, 3-bit soft decision
Viterbi decoder was implemented as a reconfigurable
VHDL macrocell.

Per-survivor processing (PSP) Viterbi decoder’, which
performs noncoherent sequence detection for Bluetooth,
simplifies overall hardware architecture of decoder. At a
typical target BER (10%) for Bluetooth devices?, hardware
implementation of PSP decoder requires signal-to-noise

ratio (SNR) (10 dB); therefore, it achieves a performance

gain of >6 dB compared to simpler discriminater
detectors®. Despite being limited by speed performance
of FPGA, maximum decoding rate of PSP Viterbi decoder
(20 Mbits/s) far exceeds 1 Mbits/s, required by bluetooth
standard?®.

This paper presents a low probability of error Viterbi
decoder suitable for future wireless communication
applications.

.
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Polynomial Based Convolutional Encoder

Among encoder representation (generator polynomial,
state diagram, trellis diagram), state diagram is chosen
as it shows a more compact structure in describing
possible states and outputs of encoder. For encoder,
generator polynomials are gl (x), g2 (x)...... g6 (x), as

gl(x) = 1+4X+X*+X° (D
22(x) = 1+X+ X*+X3 ..(2)
23(x) = 1+ X4+X3 (3
g4(x) = 1+ X4+X° (4
g5(x) = 1+X+ X3 ..(5)
26(x) = 1+X+ X° ...(6)

Lower order terms in polynomial correspond to input
stage. Output sequence is given as

n,(x) = m(x) g(X), D)

where, 1,j=1,2,...6.

Convolutional encoder requires a number of 0 bits to
be appended to the end of input of data sequence for
clearing or flushing encoding shift register of data bits,
called redundant or parity bits. A convolutional encoder
belongs to the class of finite state machines. ‘Finite’
refers that there are only a finite number of unique states
that machine can encounter'®. In state diagram (Fig. 1),
circles represent states of encoder and paths between
states represent output branch word (BW) resulting from
such transitions. The 6 bits in transition branch denotes
output sequence and dotted lines show transition
triggered by 1 and solid lines show transition triggered
by 0.

Proposed System Design
Free Distance

In state diagram, d,,__ is minimum hamming distance
between any two different paths of any length 1, where
paths begin in same state (i) and end in same state (j),
where i need not to be equal to j. Minimum distance is
an important metric because it inherently gives error
correcting power of code word (CW). Value of d,__ gives
a measure of how many bits can be “flipped” in order
for received CW not to be a given CW n subspace C.
Daut"! derived a simple upper bound minimum free
distance of a rate 1/n convolutional code as

mm[ i1
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pee= 59| 771 € )n} ..(8)
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where l_x_l, largest integer contained in x; K, constraint

length; mb, m burst of errors of length b; n, number of
encoded output bits. d.__ increases if either constraint
length increases or code rate r decreases. These factors
affect system performance and implementation of
Viterbi decoder.

Fig. 2 shows determination of free distance for r=1/
6 and K=4 and labeling each branch with its hamming
distance from all-zeros CW instead of its BW symbols.
A path, at a distance 20 from all-zero paths, departs
from all zero paths at time t1 and merges at time t5.
Similarly, there are two paths at distance 20; one departs
at time t1 and merges at t6 and other departs at time t1
and merges at t7 and so on. From dashed and solid lines
(Fig. 2), input bits for distance 20 (t1-t5) are 1000; it
differs in only one bit from all-zero path. Similarly, input
bits for distance 20 (t1-t6) and 20 (t1-t7) are 11000 and
111000, which differ in position 2 and 3 from all-zero
paths. For d; = 20, total number of channel error bits
that can be corrected is 9. By following non-polynomial
structure, number of errors that can be corrected gets
increased > 9.

Probability of Error
Probability of error can be determined as

E E, \dT(D,L,N
Py SQ fodp == exd dp == aOLY
Ny Ny | aN

where, d ﬁ free distance; E /N, channel symbol energy
to noise power spectral density; Q(x), complementary

dT(D,L,N)
dN

=1 E/N, 1, code rate; E /N, information bit energy to

noise power spectral density. Low probability of error

can be achieved by increasing free distance.

There are two error probabilities associated with
convolutional codes, first event (P ) and bit error (P,).
P, is the probability that an error begins at a particular
time. P, is the average number of bit errors in decoded
sequence. For hard-decision decoding, P, and P, are
defined as

N=1,L=1,D=exp(-E_/ Ny)

...(9)

error function; , transfer function; EJ/N,

P.< T(D,L,N)ID = Japi-p),L =1,N =1 ...(10)



ARUN & RAJAMANL: DESIGN OF LOW PROBABILITY OF ERROR VITERBI DECODER 99

000000

- 001111

output branch
~ N 1M1 110011 -— word
110000 N ;’
110000 000000
N ?
~ )
@ b N / —>» Encoder state
~ / 110011
\ ~ -
Y 001111 - f
111100 ~ _ N 001160 111100
"\, 000011 +4 !
- N
| 001100
Legend
input bit 0
e — — input hit 1

Fig. 1—State diagram of polynomial based conventional encoder with K=4, r=1/6
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Fig. 2—Polynomial based Trellis diagram with d_ =20

dr(D,L,N)
dN

Complementary error function is given by Q(x) as
Ps<

,D =J4aPa@-P,L=1,N =1t (11)

2

2rEs | | . ; d
where, p=Q| y/ .~ | is probability of channel symbol Qkx) = e u ...(12)
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Table 1—Non-polynomial based convolutional encoder output transition table with d-free=21 and d-free=24

Non-polynomial based without repetition

Current state output symbols

Non-polynomial based with repetition
output symbols

Input =0 Input=1 Input =0 Input =1

000 111000 111111 000011 111111

001 111110 100010 111111 010100

010 110111 110000 111111 001100

011 110011 100000 001000 110100

100 011111 010010 111111 100001

101 011000 010011 001001 000110

110 010100 110010 101010 010110

111 010001 111101 011110 100010

For x>3, it can be approximated as Without Repetition of Branch Word

State diagram values (r=1/6 and K=4) consisting of
1 x* BW (Table 1), which are not repeated as in the case of
Qx)~ X \/E ©XPp 2 -..(13) original polynomial structure, are defined randomly with

Error correcting capability of code depends on
minimum distance. Since a convolutional code is a linear
code, minimum distance is just the distance between each
of CW sequences and all 0’s sequence. Error correcting
capability of code has been computed as

d "1
Jree
t=—- ...(14
2 (14)

where, t is maximum number of errors that can be
corrected.

Design of Proposed Non-Polynomial Based Structure

Encoding is accomplished through the addition of
redundant bits to transmit information symbols.
Redundant bits make decoders capable to correct
transmission errors. Convolutional codes' form a set of
popular error-correction codes. The d_ and P, are
calculated based on polynomial approach and non-
polynomial approach for a constant code rate for
different constraint lengths. The d, _of convolutional
coder is increased to a high value by non-polynomial
method. By increasing free distance, number of errors
that can be corrected is increased and BER is reduced.
The d, , can be increased by changing branch words of
encoder with repetition values and without repetition
values.

adjacent BWs having difference of three bits. So, this is
called as non-polynomial based structure. By selecting

like this, d, . is increased up to 21 and BER is reduced

to some extent compared to the previous polynomial
structure. Output transition occurs whenever input bit
is 1 or 0. Catastrophic error can be avoided by giving
non-zero weight to branch word of closed loop.

Since free distance depends on hamming weights of
2,3, 5 and 9" branches of trellis, by keeping these values
to a maximum, dfm can be increased. By this way, one
getsad,  of 21 (Fig. 3) and total number of errors that
can be corrected gets increased to 10 using Eq. (14).

With Repetition of Branch Word

State diagram (r=1/6 and K=4) consisting of BW, is
repeated more than twice such that d_, gets increased
up to 24 (Fig .4). These values are defined randomly
with adjacent BWs having difference of 4 bits. Since
d,.. depends on hamming weights of 2,3,5 and 9*
branches of trellis and maximum value is 6 for all
branches, by keeping this value to all these branches,
d-free can be increased to a maximum. By this way, one
getsad, of 24 (Fig. 5) and total number of errors that
can be corrected gets increased up to t=12 using
Eq. (14). BER is reduced to maximum extent compared
to previous polynomial structure and BW without
repetition using this method.

Architecture of Viterbi Decoder

Viterbi algorithm'2 determines a minimum distance path
with regard to hamming distances applied to each
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Fig. 3—Trellis diagram for non-polynomial based without repetition of branch word (d,, =21)
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Fig. 4—State diagram of non-polynomial based encoder with repetition of branch word (d, _=24)

received symbol. A limiting factor in Viterbi decoder
implementations is the need to preserve candidate paths
at all 2% trellis states for each received symbol. This
requirement leads to an exponential growth in the
amount of computation performed and amount of path
storage retained as constraint length K grows. Most

hardware implementations of Viterbi algorithm'? are split
into three parts: i) branch metric generators (BMG); ii)
add-compare-select (ACS) units; and iii) survivor
memory unit. A BMG unit determines hamming
distances between received and expected symbols. An
ACS unit determines path costs and identifies lowest-
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Fig. 5—Trellis diagram for non-polynomial based without repetition of branch word (d, , =24)

cost paths. Survivor memory stores lowest cost bit-
sequence paths based on decisions made by ACS units.
Hardware implementation of algorithm demonstrates
benefit of Viterbi algorithm. This architecture takes
advantage of parallelization and specialization of
hardware for specific constraint length and decoder
hardware to changing channel noise characteristics
(Fig. 6).

Branch Metric Unit (BMU)

Branch metrics are difference values between received
code symbol and corresponding modified BWs from
encoder trellis. Encoder BWs are code symbols that
would be expected to come from encoder output as a
result of the state transitions. Hamming distance
d(X, Y) between X and Y is defined as equal the number
of differing elements. Maximum value of hamming
distance corresponds to the number of bits in symbol.
Minimum value is zero, when received symbol and
encoder symbol are equal. BMG determines difference
between received n-bit (6) value and 2" possible expected
values. A total of 2%%D branch metrics has determined
by BMG.

Add-Compare-Select (ACS) unit

Critical-path of a traditional ACS computation
extends through sequential execution of two parallel
additions, a comparison and a selection. Let smi(n)
represent path metric for state i, and bmij(n), branch
metric of a corresponding transition from state i to state

J» with time step denoted by n. Then, an example of ACS
recursion corresponding to state O is shown as

8o (1) + by, (n)

5o(n) + byy(n) - (15)

so(n+1) =min{

Structure of ACS unit consists of two-input adders
and a multiplexer. A comparison between two sums of
branches is followed by selection of appropriate
minimum value, and finally, addition of two
corresponding branch metrics and structure of ACS unit
(Fig. 7). v

Trace Back Unit

Trace back is area efficient and is better than REA
(Register Exchange Array). Storage can be implemented
as RAM and is called path memory. After at least 1
branches have been processed, trellis connections are
recalled in reverse order and path is traced back through
trellis diagram. Since 1 bits must be traced back before
bits the path can be considered reliable as output bits,
this technique requires more than one branch to be traced
back for every time unit. For high-speed decoder,
implement a number of parallel processes. Once state
update is done, path memory for all states must be
updated. Path memory is the set of sequences of decision
bits that lead to each state at current time. Path for each
new state is the path of its predecessor state with the
decision bit for new state appended to its end. Rather
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Fig. 6—Architecture of Viterbi decoder based on non-polynomial approach

than moving entire paths from one memory location to
another, a more efficient technique is to store all
decisions for all states into a RAM as decisions are made.
RAM is organized as a rectangular page where each
column contains all decisions made for a given bit time,
and moving back one column along a row is equivalent
to backing up a bit time. State forms row address and
bit time forms column address.

A set of ACS operations is completed. Resulting
decisions are written into appropriate column of RAM.
At the end of a state update cycle, path memory contains
all decisions from current bit time as well as all decisions
from previous N bit times. To determine path that led to
a given state, as the row address and the current bit time
as the column address. Left shifting the old row address
and adding the bit just read as the LSB then forms a
new row address. Column address is decremented and
another bit is read. This is repeated until the trace back
has gone far back enough so that the path can be assumed
to have converged. At that point the data bits on the path
are output as corrected data, but in reverse order this
data is stored in last in first out (LIFO) stack, which
outputs data in correct sequence.

Path converges most rapidly if trace back starts at the
state with best (lowest) metric. Usually, trace back is
limited to about 4 to 10 constraint lengths, at which point
degradation from a theoretical design is only one or two
tenths of a dB. Higher code rates generally require more
path memory depth than low rates. One decoded bit can
be carried out from each trace back cycle. Fewer
operations are required to output multiple bits per trace

Fig. 7—Internal Structure of ACS

back, but performance is slightly worse than recovering
each bit from a path traced all the way to end of the path
memory.

Results

To validate non-generating polynomial Viterbi
decoder and evaluate its decoding performance in terms
of probability of error, decoding delay, speed and
resource usage, by using VHDL language, a
synthesizable core of decoder has been developed and
implemented on Xilinx VERTEX-E FPGA device.
Performance measures for channel decoding are low
BER and bandwidth efficiency, which is determined by
code word chosen and type of modulation used. SNR
has determined BER performance. Constraint length and
d,.. values have improved SNR of Viterbi decoder. In
non-polynomial Viterbi decoder, d,_, is higher than



104 JSCIIND RES VOL 68 FEBRUARY 2009
.00E-07 ' o ' i 0tiginal tyeq
1.00E09
1.00E11 - —o—d,_, without
0o 1.00E-13 repeation
O 100E45 ——d, wilh
1.00E17 - repeation
1.00E-19 1
1.00E-21 1
1.00E 23 4
1.00E -25
1 2 3 4 5 6

free

Fig. 8—Free distance (d,_) versus probability of error (P,)

Table 2—Comparison of d

free

Constraint Conventional polynomial
length method
K

dﬁ‘ee Ph dﬁ'ee
3 16 7.06E-09 16
4 20 6.87E-11 21
5 24 6.60E-13 26
6 27 2.00E-14 31
7 30 6.90E-16 36
8 34 6.62E-18 41

Proposed non-polynomial
method without repetition
of branch word

and P, for polynomial and non-polynomial approach with constant code rate 1/6

Proposed non-polynomial
method with repetition of
branch word

Pb dﬁ'ee Pb
7.06E-09 18 7.16E-10
2.25E-11 24 6.90E-13
6.90E-14 30 6.95E-16
2.12E-16 36 6.85E-19
6.65E-19 42 7.36E-22
2.16E-21 48 7.20E-25

Table 3—Comparison of d_, for polynomial and non-polynomial approach with constant constraint length 4

Code rate Conventional

r polynomial method
dﬁee

172 6

1/3 10

1/4 13

1/5 16

1/6 20

1/7 23

1/8 26

Proposed non-
polynomial method with

Proposed non-polynomial
method without repetition

of branch word, d repetition of branch

word, d,
5 8
9 12
13 16
17 20
21 24
25 28
29 32

conventional polynomial approach. Increase ind,_tends
to increase SNR and thus improves BER. Here, a BER
of 6.90x10" is achieved for a constraint length of 4,
code rate 1/6 and d, , of 24. One can also demonstrate
overall decoding rate of 60.299 Mbps by reconfiguring
decoder unit. This performance of Viterbi decoder
system in terms of probability of error based on non-
polynomial approach has been improved to 75 % for
detecting and correcting error than reported results®.

For a constant code rate (1/6) and for different

constraint lengths, performance is better when BWs are
repeated since free distance gets increased compared to
other two methods (Table 2). For a constant constraint
length (K=4) and for different code rates, performance
is better when BWs are repeated since free distance gets
increased compared to other two methods (Table 3). For
a constant code rate (1/6) and for different number of
states, coding gain for original free distance and
increased free distance with repetition and without
repetition of BWs are shown in Table 4. Coding gain
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Table 4—Code gain comparison for proposed methods

Constraint length  Number of states Conventional method Proposed method Proposed method code
coding gain code gain without gain with repetition105
repetition
3 4 4.25 4.25 4.7
4 8 5.22 5.44 6.02
5 16 6.02 6.36 6.98
6 32 6.53 7.13 7.78
7 64 6.98 7.78 8.45
8 128 7.53 8.34 9.03
Table 5—Comparison of P, with different E /N and constant code rate r = 1/6
E/N, Conventional Proposed non-polynomial ~ Proposed non-polynomial
(Signal to noise polynomial method without repetition  method with repetition of
ratio) method of branch word branch word
P, P, P,
4.5 7.34E-6 3.34E-6 3.22E-7
5.5 2.47E-8 9.64E-9 5.76E-10
6.5 2.35E-10 7.88E-11 2.77E-12
7.5 4.34E-12 1.26E-12 2.78E-14
8.5 1.03E-13 2.3E-14 3.25E-16

can be calculated using Eq. 10 for all three methods
(Table 4).

Code gain increases when number of states increases.
Also, when BWs are repeated, code gain is maximum.
For a constant code rate (1/6) and for different E /N_
ratio, probability of error for original free distance and
increased free distance with repetition and without
repetition of BWs are shown in Table 5. E /N, (SNR)
increases with P, decreasing. Also, when BWs are
repeated, P, gets decreased compared to other two
methods.

Conclusions

A novel Viterbi algorithm was designed and
implemented using non polynomial approach at Xilinx
VERTEX-E FPGA for achieving low bit error rate and
high throughput rate. Larger d,_ have chosen to achieve
the best performance of the system. An attempt has been
made to study the effect of d, , on constraint length and
code rate. Proposed method gives maximum throughput
at encoder section (423.93 Mbps) and decoder section
(60.299 Mbps) of architecture. Probability of error for
constraint length 4 and code rate 1/6 is 6.90x10"*-Overall
performance of Viterbi decoder architecture for proposed

method is 75% than existing value of 25%. Proposed
Viterbi decoder provides satisfactory probability of error
(P,) performance and high operating speed under
AWGN, co-channel interference and adjacent channel
interference environments.
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