
 Eindhoven University of Technology

MASTER

Implementation of a soft-decision Viterbi codec

Nouwens, W.J.W.M.

Award date:
1985

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/8e2b395e-995e-4679-9c63-b0540047bef4


TECHNISCHe HOGESCHOOL
EINDHOVEN

STUOIEBIBlIOTHEEK «
II' ELEKTHO-rECHNJEK .,.

AFDELING DER ELEKTROTECHNIEK
TECHNISCHE HOGESCHOOL EINDHOVEN
VAKGROEP TELECOMMUNICATIE EC

I~PLEMENTATION OF A SOFT-DECISION
VITERBI CODEC

door ~.;r.J.W.M. NOUWENS

Verslag van het afstudeerwerk
uitgevoerd van februari tot december 1984
Afstudeerhoogleraar: prof.dr. J.C. Arnbak
Begeleirlers: ire A.P. Verlijsdonk/ S.H. ~neney M.A.Sc.

De afdeling der elektrotechniek van de Technische
Hogeschool Eindhoven aanvaardt geen verantwoordelijkheid
voor de inhoud van stage- en afstudeerverslagen.



CONTENTS

SUMMARY 1

LIST OF NOTATIONS 4

1. INTRODUCION 5

2. REVIEW OF CONVOLUTIONAL CODING AND VITERBI DECODING 7
2.1. Convolutional coding 7
2.2. Viterbi algorithm 8
2.3. Distance properties of convolutional codes 9

3. SOFT DECISION VITERBI DECODING 12
3.1. Communication channel model 12
3.2. The metric for an AWGN channel 13
3.3. The upperbound of the bit error probability 14

3.3.1. The evaluation of ~ 14
3.3.2. The evaluation of ~ 16

3.4. The analyses of the soft decision channel 17
3.4.1. Optimum threshold spacing 18

4. THE DESIGN OF THE VITERBI CODEC 25
4.1. The encoder 25
4.2. The decoder 25

4.2.1. The input section 26
4.2.2. The branch metric computation section 27
4.2.3. The state metric computation section 28
4.2.4. The path memory 29
4.2.5. The output select section 30
4.2.6. The control section 30
4.2.7. The decoder timing 31

5. MEASUREMENTS 33
5.1. The test setup 33
5.2. The results 34

6. CONCLUSION 46

ACKNOWLEDGMENTS 48

LITERATURE 49

APPENDIX A: PROGRAMS FOR BIT ERROR PROBABILITY
COMPUTATION 51
A.1. VITERBIBOUND/Q4/E 51
A.2. VITERBIBOUND/Q4/N 54
A.3. VITERBIBOUND/Q8/E 57
A.4. VITERBIBOUND/Q8/N 60

APPENDIX B: THE DESIGN DIAGRAM 63
B.1. Schematic diagram 63
B.2. Input section 64
B.3. Branch metric computation section 65

2



B.4. ACS section 66
B.S. Path memory 67
B.6. Output control section 68
B.7. Control section 69
B.B. Normalization and clock sections 70
B.9. List of integrated circuits 71

APPENDIX C: LIST OF THE MEASUREMENTS EQUIP~ENT 73

3



SUX~ARY

This report describes the implementation of a soEt­
decision Viterbi decoder. The effects of the threshold
spacing and the number of quatization levels (Q) on the
bit erreor probability are investigated. An upper bound on
the bit error probability i~ derived and computed as
function of the threshold spacing and ~ INo for Q=4 and
Q=8.For the threshold spacing, two cases are considered:
The threshold spacing normalized to the noise-power
density (a) and the threshold spacing normalized to the
signal energy per code symbol (6). The degradation of the
bit error ~robability performan~e is not significant even
if the the threshold spacing differ considerably from the
optimum values. Therefore a soft decision Viterbi decoder
with 8 quatization levels is chosen. In view of the
desired high decoding rate, a parallel realization of the
decoder is chosen. The theoretical minimum decoding data
rate is at least 4 Mbits/s. The bit error rate performance
of the decoder is measured with a polar ba'seband channel.
The measured and computed results agree well. The bit
error rate of the channel without coding is also measured.
The code gain of the decoder is 3.4 dB for Q=8 and 3.1 dB
for Q=4.
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1. INTRODUCTION

The
namely

The Telecommunication Division of the Eindhoven University
of Technology is carrying out a research project (EC-18)
entittled "Satellite communication for rural zones", in
which a information distribution system by satellite has
been proposed [1]. Many African countries have a
infrastructure which is only developed in the urban areas.
While over 75% of the population lives in the rural areas
where the main occupation is farming. A information
distribution network is needed for education, weather
forecast, news and information on market prices. Since
most African countries have a vast size and low density of
population, the cost of a terrestial communication network
would be high. Therefore the proposed information
distribution system uses a existing satellite link.
system offers four services on a time-shared basis,

a) a still picture plus speech service
b) a teletext plus speech service
c) a teletext service only
d) a scribophone service

The system configuration is illustrated in fig. 1.
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fig. 1 Block diagram of information distribution system
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The proposed digital satellite link is composed of a
standard-B INTELSAT earth station [1], a dedicated SCPC
channel and a low- cost non-standard receiving station.
A SCPC channel is a narrowband channel with its own
carrier. The SCPC channel has a bandwidth of 38 kHz, the
64 kbit/s data stream being modulated on the carrier with
a QPSK-modulator. The non-standard receiving station has a
figure of merit G/T=16.4 dB/K, compared to reception by a
standard-B earth station which has a figure of merit
G/T=37.7 dB/K. A INTELSAT link with bit error rate (BER)
of 10- 5 is based on transmission and reception by standard­
B earth stations. Therefore the EIRP of the QPSK carrier
radiated from the satellite should be increased by about
IS dB, to reach the non-standard earth station. A forward
error correting (FEC) coding scheme is used to reduce the
extra EIRP required by about 3 dB. The remaining 12 dB
should be gained by increasing the carrier power radiated
from the satellite.
This report describes an implementation of the forward
error correcting scheme. Convolutional coding and soft­
decision Viterbi decoding have been chosen, because con­
volutional coding can decode continously without the
complex synchronisation mechanism required when using
block coding. The adopted code is a non-systematic
convolutioal code [2] with constraint length K=3. This
code and soft-decision Viterbi decoding gives a reasonable
code gain (in the order of 3 dB) with a modest decoder
complexity. Furthermore, the effects ot the threshold
spacing and the number of quantization lecels on soft­
decision decoding are investigated.
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2. REVIEW OF CONVOLUTIONAL CODING AND VITERBI DECODING

2.1. Convolutional coding

Convolutional codes are a subclass of the linear codes and
they outperform block codes of the same complexity. Th~s

class of codes is called "convolutional" codes because the
output sequence v can be expressed as the convolution of
the input data sequence ~ and a generator sequence £ [3].
The convolutional encoder is a linear finite state
machine t composed of a K-stage shift register and n
modulo-2 adders t each forming one code symbol. The data
will be shifted into the register b bits at a time (b<n).
The length of the register is called the constraint length
K of the code. The rate R of the code is R=b/n. The
encoder used in this project has constraint length K=3 and
rate R=1/2 (fig. 2).

data in

fig. 2 a convolutional encoder

The code word x depends on the new data bit and the
previous 2 data bits. The permutations of the last bits of
the shift register are the state of the encoder t so there
are 2K-1 states. The transitions from one state to another
are called branches. All the branches together form the
possible decoder paths and these are represented in a
trellis diagram (fig. 3). The branches representing a
input "0" are shown as solid lines and the branches repre­
senting a input "1" are shown as dashed lines. Each branch
in this diagram is accompanied with its code word (c1c2)'
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a=OO

0=01

c=10

d=ll

fig. 3 Trellis diagram (K=3,R=1/2)

2.2. Viterbi algorithm

The Viterbi algorithm is a maximum-likelihood decoding
algorithm for convolutional codes. A straightforward
maximum-likelihood decoding scheme compares the received
sequence y with all possible sent code sequences x and
chooses the most likely sequence. The decision crIterion
is the log likelihood function or metric

B
1 n II p (Yi 1xr )

i=l

B

= L In p(~ Ix~ )
i=l

(1)

with B : the message length.
~ : a received symbol.
xr: the code symbol of the ~h message sequence.

A message sequence with length B has 28 possible code
sequences. The message length B can easily be several
hundred bits, so the complexity of the decoder becomes
enormous. The Viterbi algorithm uses the properties of the
convolutional codes and therefore the complexity of the
decoder depends on the constraint length K, instead of on
the message length B.

o

o

o

o

o

o

o

o o

o

o

o

o

fig.4 Merging paths in trellis diagram

When two paths merge in the ith node (fig. 4), the most
likely path is chosen and the other is discarded. The
Viterbi algorithm makes, for every received code symbol
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and for each of the states, a decision which paths will
survive. A memory of length B is needed to store the
survivors. The state metric SMi is the log likelihood
function of path ending at state Si (i=a,b,c,d) and the
branch metric B~m is the log likelihood function of a code
branch ~ ,where n,m are the corresponding code bits of
branch ~ .The new state metrics are computed as the sum
of the previous state Metrics and the branch Metrics
(table 1).

SMoo = max[ SHoo + BMoo SMa, + BMII
SMo, = max[ SM,o + BM lo SH" + BHol

SMlo = max[ SMoo + BMII SMo, + BM oo
SM = max[ SM,o + BMo, SM I1 + BMlo

table 1 State metric computation

The path memory length d can be reduced because the sur­
vivor path will merge with high probability after a cer­
tain length of about 4 or 5 constraint lengths [4]. By
resticting the memory path length d to be 5 times the con­
straint length (d=5K), there will be a neglible degrada­
tion.

2.3. Distance properties ~ convolutional codes

The distance properties of convolutional codes are impor­
tant for the analysis of the error performance of the
codes. The error probability for linear codes can be
bounded in terms of the weight of all the code vectors.
The weight of the linear codes corresponds to the set of
Hamming distances from anyone code vector to all others.
The Hamming distance is the number of different code bits
between two code vectors. Linear codes have another
interesting property. The set of Hamming distances from a
given code vector to all other code vectors is the same
for all code vectors. Thus we can consider one code vector
and have the results for all the code vectors [5].

a=OO

b=Ol

c=lO

d=ll

fig. 5 Trellis diagram labelled with distances
from all-zero path
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We assume an all-zero code vector to be sent and look at
all the paths that merge with the all-zero path for the
first time at an arbitrary node j. There is one path with
distance 5 which diverges 3 branches back and there are
two paths with distance 6 which diverge 4 and 5 branches
back.It is possible in this manner to calculate the
distances of all diverging paths. The generating function
can be derived from the state diagram (fig. 6). We label
the branches with DO, D and 0 2 , where the exponent corres­
ponds with the distance of the branch and D is a formal
parameter. The state diagram is split open at node a=OO
because this is the close loop which corresponds to the
all-zero path.

D
r-

I I

d:ll

/
y D

-d /
D ~2

1J
0'- _ -

"-

8:00 c:lO 1 b:Ol a:OO

fig. 6 State diagram labelled with distances
from all-zero path

The generating function T(D) can be computed by summing
all possible path through the state diagram [6].

D5

T(O) = ------­
1 - 20

5= D 1\ K.5"
+ ••• +2D + ••• ( 2)

This expression indicates that there are 2 K paths at a
distance K+5 from the all-zero path. We can generalize the
generating function by adding the length of the diverging
path with formal parameter L and the number of input "1"
in the diverging path with formal parameter N (fig. 7).
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DIN

I I

/

DLN /
/

/dLN
o----4---------}>----O

c=lO LN b=Ol a=OO

fig. 7 State diagram labelled with D, Land N

The generating function T(D,L,N) can be computed accor­
ding to eq. 2. The exponents of the formal parameters D, L
and N are the distance from the all-zero path, the length
of the diverging path and the number of input "1" in the
diverging path.

T(D,L,N)
1 - DL(l+L)N

= DS I! N + DI, L4 (1 + L) N1 + •••

+ Dl(~5I!"'?' (l+L)K Nl<t1+ ••• ( 3)
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3. SOFT-DECISION VITERBI DECODING

The satellite communication channel considered here is
composed of a QPSK-modulator. a satellite RF-link and a
QPSK-demodulator.The additive white Gaussian noise (AWGN)
channel is a good model for this satellite channel. H~rd

decision quantization using one threshold is the optimum
for non-coded data sent over an AWGN channel [7]. However.
hard decision causes a loss of about 2 dB for coded data
sent over an AWGN channel. Soft-decision quantization
using more than one threshold. can be applied to reduce
the loss.

3.1. Communication channel model

Many real communication channels can be modelled into an
AWGN channel and therefore the AWGN channel is the basis
for the soft-decision channel model. The received baseband
signal before quantization can be represented by:

r = +JS + n (4)

where S is the received signal power for acode symbol and
n is the Gaussian noise voltage with variance N 12 (N: the
noise power and No the one-sided noise power density).
The demodulated signal is quantized into a Q-level digital
word YL (i=O.1 •••• Q-1). using a AID converter with equally
spaced thresholds. This digital word is the input of the
Viterbi decoder. The transmitted signals are binary
symbols. So the over-all transmission channel can be
represented as a binary input Q-ary output symmetric
memoryless channel (fig. 7).

PID) Y=Yo
P(3)

X=l Pill Y=Y1

x=o
1'(2)

P(1) Y=Y2
P(3)

PID) Y=Y3

fig. 7 Binary input Q-ary output symmetric
memoryless channel (Q=4).

The transition probability P(i). i.e. the probability that
output symbol y is received when input symbol x=l is
transmitted. can be calculated by using. 5 if SiN and the
soft-decision thresholds {b } are given.

12



P(i) = Pr(y=~ IX=1)

= Pr (Y=YQ-l-i Ix=O)

1 bi+l
= f exp{ -(r- JS )/N } dr

.fNTI b,

with i=O,1, ••• ,Q-1,Q
b = -00

b = 00

b = (i-Q/2)T
T :the threshold spacing

3.2. The metric for an AWGN channel

. (5)

The metric or log likelihood function is the decision
criterion in the Viterbi decoding process. Therefore we
will derive in this section the metric for an AWGN channel
[6]. We use the notation that ~~ is the kth code symbol of
the jth branch and ~~ is the corresponding received
signal. Each binary symbol Xjk , which we take here for
convience to be +1, is sent with signal power S • Thus the
conditional probability density (or likelihood) function
of rjK given Xj", is

e x p { - (rjK -IS xJI() / N }
-------------------------

J;N
( 6)

The likelihood function for the jth branch of a particular
code path xm is

p (r Ix.) =
J J

n

IT
k=1

(7)

since each symbol is assumed to be affected independently
by the band-limited white Gaussian noise. Where n is the
total number of code symbols per branch. Then the metric
or log likelihood function for the jth branch is

n
In p (rj Ix; ) = L 1 n [ p (r3w. Ix~ )

k=1

1 n
[r. - IS X. ]'2. -

1
= L - In IT N

JII\ H<.
N k=1 2

13



2JS n S n

L rn L
,., ~

= r)1I x jl( [x· ] -JK
N k=1 N k=1

1 n 1

I 1- I n IT NrjlC
N k=1 2

n
= C I rJK Xj"K,- D ( 8)

k=1

where C and D are independent of m. The branch metric is
the sum of the symbol metrics and the symbol metric is the
product of the received signal rj~ and the transmitted
symbol Xj~' Similarly. the metric for any path is the sum
of the metrics of each of its branches.

3.3. The upper bound £i the bit-error probability

The bit error probability ps • the expected number of
errors normalized to the total number of errors in a
received sequence, is used to analyze the performance of
the Viterbi decoder [6]. The all-zero sequence considered
to be sent. The bit error probability can be bounded by:

where k

d-f
<1<

the distance from the correct path (see fig. 5)
the minimum or free distance of the code
the number of errors caused by paths with
distance k from the correct path
the probability that such a path is chosen

3.3.1. The evaluation ~!K

A Viterbi decoder chooses the path with the highest
metric. Therefore an incorrect path is chosen if this path
has a higher metric than the correct path. The metric of a
path sent over an AWGN channel is

m n
L L xjl< r w.

j=l k=1
(l 0)

where Xj", is the kth code symbol of the jth branch (X=+l) ,
rjl( is the corresponding received symbol and m is the
length of the path. Consider the case of an all-zero
sequence being sent, the correct path consists of x =-1
symbols and an incorrect path consists of code symbols
x=+1. An incorect path is chosen if:

14



m n m n

I I xIlI,rjll. ~ \' I xjl(rjl(.
j=l k=l j~l k=l

m n
I I (x.' - Xjl() r.lK. > 0

j=l k=l JK.

m n

I I 2 rjl( L 0
j=l k=l

m n
I I rJl( L 0

j=l k=l
(11 )

The probability PK is the probability that an incorrect
path is chosen which has a distance k from the correct
path.

k
P = Pre I r m L 0 )

m=l
(12 )

However the received signal r is an analog signal, but
will be quantized with an AID converter using equally
spaced thresholds (fig.8).

0 1 2 3 I 4 5 6 7 y

I I I I I I
-3T -2T -T 0 T 2T 3T r

fig. 8 Quantization scheme (Q=8).

This changes the calculation of the probability P~. The
zero-level of the signal r correspond to y=(Q-1)/2. So the
probability PK for a soft decision decoder is:

k (Q-1 ) k
PK= Pre I y > -------- )

m=l 2

( Q-1 ) k k (Q-1)k+n
I Pre I y = ---------- )

n=O m=l 2

(Q-1 ) k 1
= I q(n) + - q(O)

n=l 2
(13 )

with:
k

q(n) = Pre I y
m=l

(Q-1)k + n
------------ )

2

15

(14 )



The probability of the inequality (see eq. 13) is the sum
of the probabilities of all the events which satisfy the
inequality and therefore the index n is introduced. If the
metrics of the correct and incorrect path are the same
(this is the case for n=O), a decision has to be made
about which path is chosen. An arbitrary choice is made
and there is the probability 1/2 that the incorrect path
is chosen. Therefore the term q(O) has a coefficient 1/2.
The terms q(n) can be calculated by eq. 5 where the inte­
gers Li are the number of symbols Ym =i (i=O, 1, ••• Q-l) and
P(i) is the probability that Ym =i is received when x=1 was
transmitted. The set {Ll }, i.e. the permutations of Li
which satisfy the equations 16 and 17, corresponds with
all the possible paths of distance k from the correct
path.

q(n) "" L
{Lj }

k!
Q-l

IT
i=O

P( Q-l-i {i

L ' ,
L •

(15)

where {L } satisfies:

Q-l
L Li = k

i=O

Q-l (Q-l)k + n
L i*L l = ------------

i=O 2

3.3.2. The evaluation of £K

(16 )

(17)

The number of errors in the output symbols of a path with
distance k is bounded by cK. The generating function
T(D,L,N) contains all the information over the used
convolutional code. The number of branches of the path
with distance k is not of interest for derivation of c •
Therefore we use the generating function T(D,N).

T(D,N) = T(D,L,N)j
L=1

D5 N
= ---------

1 - 2DN

= 1 2d-s Dd Nd- 4 (18)
d:rS

The coefficient cK is the number of path with distance k
multiplied by the number of "1" in the received data
sequence. This can be expressed in terms of the generating
function T(D,N) as follows:
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8T(D,N) 00

--------- = I
ON d=s

00

= I
d=s

(19 )

3.4. The analysis ~ the soft-decision channel

In the previous sections we derived a numerical algorithm
for the computation of the upper bound of the bit error
probability. The bit error probability is bounded by an
infinite weighted summation of PM' It is impossible to
compute an infinite summation and therefore we have to
truncate at k=M. We choose M=32, this is the number of
code symbols corresponding to the memory path length used
in the decoder

PI<

M 32
< I CK PK = I (k-4) 2K-S PI(.

k=s k=s

(Q-l) k 1
= I q(n) + - q(O)

n=O 2

(20)

(14 )

q (n) =
Q-l

I k! II
{Li } i = 0

II
P(Q-l-i)

L" ,
l •

(15 )

where {Ltl satisfies:

Q-l
I L l = k

i"O
(16)

Q-l
I i *Ll

i=O

(Q-l)k + n

2
(17)

The bound on the bit error probability is computed
(programs in appendix A) to gain insight into the
influences of fading on the channel and the threshold
spacing on the soft decision Viterbi decoding process [8].
Two theoretical cases are analized. The first case (a),
the noise power is kept constant and the threshold spacing
is normalized to the noise power density No. This case
correspond to a receiver with a high noise temperature and
without an AGC. The second case (b), the signal power is
kept constant and the threshold spacin is normalized to
the signal energy per code symbol. This case correspond to
a receiver with an ideal AGC. Both cases are computed for
Q=4 and Q=8.

17



a) with parameters Eb INo and
a: the threshold spacing normalized to the noise

power density
for Q=4 T = 2a IN;72
for Q=8 T = alN;Ti

b) with parameters Eb/No and
B: the threshold spacing normalized to the signal

energL per code symbol
T = BVEs

3.4.1. Optimu~ threshold spacing

The optimum threshold spacing of a and 8 is determined by
the computation of the bit error probability curves as
function of a and B. The optimum values of the threshold
spacing normalized to the noise power density is a=0.5 for
both Q=4 (fig. 9) and Q=8 (fig. 12). The optimum value of
the threshold spacing normalized to the signal energy per
code symbol is 8=0.5 for Q=4 (fig. 10) and8 =0.25 for Q=8
(fig. 13). In all cases, the variations of the threshold
spacing from the optimum values give no significant degra­
dation of the bit error probability performance. The
theoretical code gain of the decoder is 3.2 dB for Q=4
(fig. 11) and 3.6 dB for Q=8 (fig. 14). Therefore a soft
decision Viterbi decoder with 8 quantization levels is
chosen.

18
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4. THE DESIGN OF THE VITERBI CODEC

The Viterbi codec consists of a convolutional encoder and
a maximum-likelihood decoder using the Viterbi algorithm.
In contrast to the encoder, the decoder is a complex
circuit. Because of the desired transmission rate, both
the decoder and the encoder are implemented in low-power
Schottky TTL (LSTTL). The codec system uses a
convolutional code with constraint length K=3 and rate
R=I/2 (see fig. 1).

4.1. The encoder

The encoder uses the convolutional code with constraint
length K=3 and rate R=I/2 which has a maximum free
distance ~ =5 [2]. The free distance determines the error­
correcting properties of the code. The encoder consists of
a shift register (74LSI64) and two exclusive-or gates
(74LS86). The data is shifted one bit at a time and two
code bits are formed (fig. 15).

clock

data in

1

1

1

1

1

1

fig.IS Convolutional encoder

4.2. The decoder

The decoder is a soft-decision Viterbi decoder with 8
quantization levels. It is a complex circuit and therefore
the decoder is divided into 6 functional blocks (fig. 16).

1) input section
2) branch metric computation section
3) state metric computation section
4) path memory
5) output select section
6) control section

Each of the functional blocks are discussed in the
following sections. Because of the desired transmission
rate, a parallel realisation of the decoder is chosen. All
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branch and state metrics have their own computational
sections. Furthermore parallel processing is applied to
increase the decoder rate: At clock cycle tt the inp~t

signals are converted and stored. The next clock cycle
t+l t the branch and state metrics are computed and stored
and the data associated with the selected branches are
stored in the path memory. At the clock cycle t+2, the
most likely survivor is chosen from the state metrics bf
the clockcycle t+l. A schematic diagram of the decoder is
given in appendix Bl.

INPUT
SECTION

BRANCH
METRIC

COMPUTATION

STATE
HETRIC

COMPUTATION

PATH OUTPUT
MEMORY SELECT

r---...., SEC TI ON

CONTROL
SECTION

4.2.1.

fig. 16 Block diagram of the Viterbi decoder

The input section

-
The input section is the interface between the analog
output signal of the demodulator and the digital Viterbi
decoder. The analog signal of the demodulator is processed
by an integrate-and dump-filter or by a low pass filter
and delivered to the input section. This section (fig. 17)
consists of two AID converters with equally spaced
thresholds. The AID converters consist of a set of
comparators. The input signal is compared to 7 thresholds
generated by a reference network. The reference network
consists of a 150 ohm resistor network. The threshold
spacing can be varied between 0.2 and 0.5 volt. The output
of the comparators is fed into a code converter which
forms a 3 bits digital word. The digital words of both the
AID converters are stored in a latch. A detailed diagram
is found in appendix B2.
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fig. 17 Schematic diagram of the input section

4.2.2. The branch metric computation section

This section computes the log likelihood of the branches.
We adopt the convention that the binary word 000 corres­
ponds to a highly reliable received "0" and the binary
word III corresponds to a highly reliable received "1".The
branch metric is the sum of the metrics of the individual
code symbols. The metric of a code symbol is the received
word when the a code symbol x=1 is sent and the inversion
of the word when a code symbol x=O is sent. The branch
metric is a 4 bit word an can vary from 0 to 14 (fig. 18).
As a coherent demodulator might be applied, phase
ambiguity could occur, since the carrier recovery circuit
of the demodulator can only recover the carrier frequency
and not the reference phase. For a coherent QPSK
demodulator, a phase error of n*n/2 (n=l, 2, 3)could
occur. Thus both output signals could be inverted. There­
fore controllable inverters are inserted in the input
lines. The control section determines the correct phases
and the corresponding control signals. A detailed diagram
is given i~ appendix B3.
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fig. 18 Schematic diagr~m of the branch
metric computaion section

4.2.3. The state metric computation section

The state metric computation section consists of four
identical units, one for each state. A unit consists of 2
adders, a comparator and a selector, and therefore this
unit is called an add-compare-select (ACS) section (fig.
19) new state metrics is computed with the branch metrics
of the branches ending in that particular state and the
old state metrics of the states at the beginning of the
branches (see table 1). The maximum of the two additions
is chosen. Because the state metrics will grow
continuously, normalization is needed.Only the difference
of the values of the state metrics are important and
therefore the state metrics can be normalized by
subtracting the same value from all the metrics. It is
known that the difference between the maximum and minimum
value of the state metrics is bounded by 2(K-1)(Q-1) [9],
in this case 28. Thus the state metric words are at least
5 bits wide. Although the ACS sections are 8 bit wide, a
state metric words of 6 bits wide is chosen, since a
simple normalization circuit can be used. If one of the
state metrics is greater than 63, bit 7 of the state
metric word is "l", we normalize the metrics b'y
subtracting 32 from the metrics. Before normalization, the
values of the state metrics are between 32 and 95 and
therefore subtracting 32 is the same as inverting bit 6 of
the state metric words. A detailed diagram is found in
appendix B4, and the relations between the ACS sections
are given in appendix B1.
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fig. 19 an ACS section

4.2.4. The path memory

The ACS section computes the new state metrics and chooses
a new branch for survivor paths. Every branch has a data
symbol associated with it. The data symbols associated
with the chosen branches are stored in the path memory.
The data is shifted in the memory according to the
transition of the chosen branch (fig. 20).

s~:..::::c~ ~)C ---'--_-++_-----...1_-++-__
S:::I.2C:' 01 ----,---H------,--++---

SE:r:C~ 10 ----1---+-+-----1.---1-+-­
SELECT 11 ----,---++----,---Hc---

fig. 20 Path memory

The branches ending in the states a=OO and b=OI correspond
with the data symbol "a". This data symbol is shifted into
the part of the path memory associated with these states.
Likewise, a data symbol "I" is shifted into the part of
the path memory associated with the states c=IO and d=II
(see fig. 20). Because the output of the first two stages
of the memory is independent of the selected branches,
those stages can be omitted and the input data has to be
adjusted (see table 2)
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fitst second third
stage stage stage
------- ------- -------
in out in out in out

a=OO

b=OI

000 0
o 0

-------1-------
001 1
o 1

o ?
1

o ?
1

c=IO

d= 11

1
1

1
1

1

1

o
o

1
1

o

1

o
1

o
1

?

?

table 2

4.2.5. The output select section

The survivor paths are stored in the path memory. The
state with the highest metric is the most likely state.
The corresponding data sequence, stored in the path
memorY,is the most likely sequence. The last bit of this
sequence is the output of the decoder. The output select
section compares the state metrics and determines the
state with the highest metric. The comparison is done in
two stages. First, the metrics of states a and b and the
metrics of states c and d are compared and the highest
metrics are selected. Then both selected metrics are
compared (see appendix B6~. The most likely output of the
path memory is selected and stored.

4.2.6. The control section

This section counts the number of non-unanimous decisions
in the output of the path memory. If the decoder is in a
correct state, most of the decisions will be unanimous
[IO). Therefore a phase ambiguity of the demodulator can
be detected by the decoder. When the number of non­
unanimous decisions exceeds a threshold, an incorrect
phase is assumed and the control signals sent to the
branch metric computation section are adjusted (see
appendix B7). This control mechanism can only resolve the
phase ambigiuty of the link for code symbols c2. The link
for code symbols C1 is transparant for phase inversion.
The inversion of the code symbol clis the same as the
inversion of the data (see table 3).
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o 00 0 0 1 11 1 0
o 01 1 1 1 10 0 1

I ~ ~~ ~ ~ ~ g~ ~ ~
1------------------1-------------------1

table 3

The phase ambiguity of the link for code symbols c~ means
that the data could be inverted. Differential coding and
decoding is used to resolve this problem [11]. However.
differential coding increases the bit error rate with a
factor 2 (fig. 21).

-+-------IC

,.... D

c

,....

fig. 21 a) differential encoder
b) differential decoder

4.2.7. The decoder timing

Several processes of the decoder work in parallel and
therefore the process with the largest propagation delay
determines the decoding rate.The following processes occur
simultaneously (see table 4). The propagation delay of the
sections are calculated with the propagation times of the
separate Ie given in the TTL data book [12].

proces propagation delay
typo max.

branch metric computation +
state metric computation 1'41 204 ns
normalization +
state metric computation 163 239 ns
state metric comparison +
output select ............... 157 239 ns
path memory ................. 36 47 ns

table 4 proagation delay

The theoritical minimum decodig rate will be at least 4
Mbit/s. In the design of the decoder. there is assumed
that the input signal will be stable at the leading edge
of the clock signal. The clock circuit (fig. 22) is used
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to compensate the propagation delay of the input section
and to increase the fan-out of the clock for the rest of
the circuit [13].

STA'TE METRIC
COMPUTATION
SECTION

FA TH I'1EMORY

INPUT, OUTPUT,
CONTROL SECTION

fig. 22 clock circuit
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5. MEASUREMENTS

In chapter 3 t we derived the bit error probability bound
for the adopted code and computed several bit-error
probability curves (see fig. 9-14).The performance of the
decoder is measured and compared to the analytical
results. The performance criterion is the bit error rate
(BER). This is the number of errors in a sequence
normalized to the total number of bits in the sequence.
Since bit error probability and bit error rate are similar
for long random sequences t the computed and the measured
results can be compared.

~ The test setup

The bit error rate of the decoder is measured in a test
setup. This test setup consist of a data generator t a
channel and a bit-error-rate measurement equipment (fig.
23). The convolutional encoder is inserted between the
data generator and the channel. The Viterbi decoder is
inserted between the channel and the BER measurement
equipment. All the equipment is synchronized to the same
clock.

DATA -GENERATOR ENCODER
I

0

~
CLOCK 2:

GENERATOR 2:
~
t-l

ERROR DECODER I
DETECTOR I--

fig. 23 Schematic diagram of the test setup

The two code symbols Ct and C2 will be modulated on the
same carrier by a QPSK modulator. A polar baseband channel
is realized to test the decoder. A test channel using a
QPSK-modem is not realized t since the available modem had
to be adjusted for these measurements and the time was
missing for the realization of this channel and the
measurements. But as a baseband link is used t there have
to be two identical channels (fig. 24). A RS-232 driver
(75188) is used to convert the TTL output of the encoder
into a bipolar signal.The measurement setup works with a
50 ohm impedance and therefore a amplifier is used to
adjust the output impedance of the converter. In the test
setuPt the codec system works at a rate of 250 kbit/s
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~
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NOISE [> qJGENERATOR r-- -

fig. 24 Schematic diagram of the bipolar channel

The noise sourve delivers gaussian noise spectrum flat
over 500 kHz. This noise source has a output impedance of
600 ohm, and therefore a amplifier is used to convert the
output impedance. The channel filter is a 5th order
Butterworth lowpass filter with cutoff frequency f =270
kHz. The power combiner is a resistor network and has a
loss of 6 dB. Therefore a amplifier is inserted after the
channel filter to provide the proper input level for the
decoder. The noise power density is measured at the output
of the channel with a spectrum analyzer. The noise power
measured with an attenuation of 0 dB is 4.8 dBm. Likewise,
the signal power measured at the output is 13.8 dBm.

5.2. The results

All the computed bit error probability curves are also
compared with the measured results. These measurements are
carried out without differential coding because a baseband
channel has no phase ambiguity. Thus the computed and
measured results can be compared. The BER curves (fig.28­
29) for the threshold normalized to the signal energy per
code symbol (6) and for the threshold normalized to the
noise power (a) are measured with Eb/No =4, 5 and 6 dB.
This is the same as Es /No=1, 2 and 3 dB, because one
information bit consist of two code bits and therefore the
energy per informationbit ED is twice the signal energy
per code symbol ES. The BER curves are measured as
function of Eb/No with the near optimum values of both the
normalized thresholds (fig. 30). The results of the
measurements of all these curves are represented in the
following tables.
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1------1-----------------------------
B Eb I No (d B)

6 I 5 I 4
------ --------- --------- ---------

0.16 !I 3.6 10-5 2.1 10-1t 1.3 10-~
0.20 12.710-5 1.410-1t 1.110-3

0.25' 2.110-5 1.2 l(j!t 8.910-lj
o. 30 1. 8 10-5 1. 0 10-1t 8.9 10-4

O. 35 2 • 2 10-5 1 • 4 10-4 9 • 3 1 0-1+
0.40 2.6 10-5 1. 6 10-4 1 .0 10-3

o•4 5 3 • 6 10-5 1 • 9 1 0-4 1 • 1 10-3

o•50 4 • 8 1 0-5" 2 • 2 10-1f 1 • 2 1 O-?
o. 7 5 1 • 1 10-1t I 3. 8 1a-It 1 .6 10-3

1------1---------1---------1---------1
Table 5 HER results as function of the

normalized threshold spacings

1------1-----------------------------1
E IN (db)

---~-- ----~---- ----~----I----:----
O. 27 1 • 6 10-4 4. 2 10- 4 1 .4 10-3

0.34 1.110-4 2.810-'1 1.110-3

0.43 6.3 10-5 2.2 10-'-1 8.3 10-':'
O. 51 4. 9 10-s 1 • 9 10-'1 8.2 10-4
O. 60 4. 9 10-5 1. 7 10-'-1 7. 5 10-4

0.68 4.710-5 1.910-4 8.210-'-1
0.77 5.4 10-5 2.0 10-'1 8. 7 10-1,
0.86 6.610-5 2.410-1.j 1.010-3

1. 07 8.2 10-5 3. 4 10- 1i 1. 3 10-3

-::::-l-:::-:~~-\-:::-:~~~ -::~-:~~-
Table 6 BER results as function of the

normalized threshold spacing a
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1------1---------1---------
Eb INa 8=0.28 0.=0.6
(dB)

------ --------- ---------
3.0 4.3 10-3 3.3 10-3

3.5 2.1 10-3 1.4 10-3

4.0 8.7 10-4 8. 1 10-4

4.5 4.3 10-4 2.9 10-4

5.0 1.0 10-4 1.3 10-4
5.5 5.2 10-5 6.3 10-5"
6.0 1.5 10-5 2.5 10-5

6.5 5.2 10-b 1.2 10-5

7.0 2.0 10-6 5.2 10-6

7.5 5.8 10-7 -----
8.0 7.8 10-3 -----

------ --------- ---------

Table 7 BER results as function of Eb/No

Although the decoder is a 8-level soft decision decoder,
the BER curves for Q=4 are also measured. The least
significant bit of the digital input words is then made a
"0". Therefore the quantization scheme will change into
(f ig. 19):

-T 0 T
--+1--1--+-1--1--1---1=:1==---1--

000 010 100 110

fig. 19 ~odified quantization scheme

The BER curves as function of the threshold normailzed to
the noise power (fig.25) and the threshold normalized to
the signal energy per code symbol (fig. 26) are also
measured for Q=4. The BER curve as function of Eb INo is
measured (fig. 27) and the results are represented in the
following tables.
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-------1-----------------------------1
i3 Eb/No (dB)

6 I 5 I 4
------ -----------------------------

0.30 3.7 10- 5 4.6 10-4 1.7 1o-~

0.36 2.9 10- so 3.4 10-l.f 1.5 10- 3

0.45 2.2 10- 5 2.8 10-4 1.3 10-3

0.55 2.3 10-S" 2.0 10- 11 1.2 10- 3

0.64 3. 7 10-s 2. 7 10-Lt 1.5 10-3

0.73 7.0 10-5 3.9 10- 1t 1.8 10-1 I0.82 1.310-1t 5.410- 4 2.510-3

0.91 _:::_:~~~--~:~_:~~~-_:::_:~~-I------

Table 8 BER results as function of the
normlized threshold spacing B

\------ ----------;~/;:---(~;)-------

---~-- ----~----I----:---- ----:----
O. 27 2 .8 10-4 I 1.4 10-3 5.2 10-3
0.32 2.410-4 1.210- 3 4.610-3

0.38 2.010-Lt 1.110-3 3.910-3

o•4 3 1 • 7 1O-Lt 1 • 0 10- 3 3 • 3 1O· 3

0.49 1.6 10- 4 9.3 10-4 \ 3.3 10-1

o•54 1 • 5 10-4 9 • 3 10- 4 3 • 5 10-3

O. 59 1 .8 10-4 1 .0 10-3 4. 1 10-3

0.65 1.910-lj 1.210-3 4.710-3

O. 70 2. 3 10-4 1 .3 10-3 5. 7 10-1

O. 76 2.4 10-1t 1 • 3 10- 3 6. 7 10-3

------1---------1---------1---------1
Table 9 BER results as function of the

normalized threshold spacinga
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-~-/~-I-;:~~;---I-~:~~;~--
(dB)

------ --------- ---------
3.0 5.7 Uj3 1.8 10-2

3.5 2.9 10-'3 7.5 10-3

4.0 1.4 10- 3 3.6 1o-~
4.5 5.3 10-4 2.0 10-3

5.0 2. 1 10-lj 8.3 10-4

5.5 6.8 10-5" 3.7 1O-~

6.0 2.9 10-5" 1.5 10-4

6.5 8 • 1 10- 6 6.8 1O-s

7.0 3.8 10-6 2. 1 10-5

7.5 8.3 10-7 -----
8.0 2.6 10-1 -----

------ --------- ---------

Table 10 BER results as fuction of 'Eb I No

For comparison, the bit error rate is measured for data
sent over the polar baseband channel witout coding. As
receiver the a hard decision device is used. We use the
most significant bit of the AID converter of the decoder
as hard decision device. The results are presented in the
following table

)------
E IN
(dB)

6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5

10.0

without
coding

2.4 10-3

1.4 10-';
7.8 10-4

4.0 10-~

2.0 1O-~
8 • 6 10-5

3. 7 10-5

1 .2 10-5

_::~_:~~6_1

Table 11 BER result as function of Eh/No

The computed and measured BER curves are drawn in the same
diagrams. We note that the measured results for the low
levels of Eb/~ agree well with the computed results. For
higher levels of Eb/~ the measured results differ 0.8 dB
for the measurements as function of the threshold
normalized to the noise power and 0.2 dB for the
measurements as function of the threshold normalized to
the signal energy. The degradation is caused by a
deviation of the equally spaced thresholds. We observe
that the degradation of the measurements as function of
the threshold normalized to the noise power is greater as
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well for Q=4 as for Q=8. In this case, the noise was kept
power constant at its highest level (N =4.8 dBm) and the
signal energy was varied. As the noise has a higher peak­
to-rms voltage ratio, the amplifier is probably more
subjected to saturation. The code gain is determined by
comparing the bit error rate curves of the decoder with
the bit error rate curve measured without coding. A recei­
ver with an AGe will have a code gain of 3.1 dB for Q~4

and a code gain of 3.4 for Q=8 at a bit error rate of 10 •
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fig. 29 The BER curves as function of the threshold
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6. CONCLUSION

A soft decision Viterbi decoder has been designed and
built on a 22.5 x 28 em wire-wrapped board. The theoreti­
cal performance of the Viterbi codec is investigated. The
bound on the bit error rate (HER) of the code was derived
and co~puted. The BER performance was measure and the
theoratical and measured results are compared.

An upperbound on the bit error probability is computed
as a function of a, the threshold normalized to the
noise power density and as a function of 6, the thres­
hold normailzed to the signal energy per code symbol.
Both for Q=8 an Q=4 qantization levels, the degration
of the BER performance appears insignificant even if
the threshold considerably differs from the optimum
values of and • We can see that the optimum value ofa
is 0.5 for Q=4 as well as for Q=8, while the optimum
value of 6 is 0.5 for Q=4 and 0.25 for Q=8
( a t Eb / No = 6 dB).

The BER upper bound curves as function of
Eb/Nodiffer hardly at their optimum values of a and 6.
Judging from these theoretical curves, any
configuration with or without an AGC can be chosen.

The theoretical code gain of the decoder is 3.6 dB for
Q=8 and 3.2 db for Q=4. The theoretical code gain is
taken as the difference between the bit error
probability for coherent detection of QPSK-modulated
signals without and with coding at BER OF 10-~

For transmission over a Gaussian channel using QPSK­
modulation and coherent QPSK-demodulation, a phase
error of n*TI/2 (n=I,2,3) might occur.Thus the the in­
phase and the quadrature-phase code symbols could be
inverted independent of eachother. The decoder
can only resolve the phase ambiguity of one of the code
symbols. Therefore differential coding is applied to
resolve the phase ambiguity of the other code symbol.
However, the differential coding causes a loss of code
gain of about 0.4 dB.

The theoretical and measured BER curves as function of
the normalized threshols a and 6 agree well. The BER
measurements as function of 6 degrade less than 0.4 dB,
and the BER measurements as function of a differ less
than 0.8 dB, below the theoretical curves
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The decoder has a code gain of 3.1 dB for Q=4 and 3.4 dB
for Q=8, as measured with the optimum value of S. The
code gain for the optimum value of the threshold
normalized to the noise power density (a) is 2.5 dB for
Q=4 and 3.0 dB for Q=8. The measured code gain is the
difference in Eb/No between the BER of the decoder and
the BER without coding determined for a polar baseband
channel realized an the laboratry. I

All measurements are carried out over this polar
baseband channel. More realistic results could be
attained by using QPSK-modulation in an AWGN IF­
channel. Then the influences of the QPSK-demodulator
degradation on the decoding process would be measured,
too. Therefore it is recommended to repeat the
measurements with a QPSK-modem and a simulated IF­
channel.

Altough the theoretical BER curves as function of Eb/NO
hardly differ, the difference of the two BER
performances measured with the threshold normalized to
the signal energy per code symbol and with the the
threshold normalized to the noise power density,
respecticaly, is about 0.4 dB. Thus a receiver with an
AGe is recommende in pratice.
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APPENDIX A: PROGAMS FOR BIT ERROR PRABABILITY
COMPUTAT'IO-N-

A.l. VITERBIBOUND!Q4!E

1
tlECIN U:n:r.El{ A;

FILE n:PL'T( KH.:D=l\EAlJER) , OUT( U;,\U=PRUiTI,i{) :
Ri:i\D( l:-JPUT,! •A) ;

bEGr", RUT. ARR:\': t'[(): 3,1: '\], FO; 32] .I:'K[ 1:1\] ,t{K[ 11 ::\], p')[ 1 :,\]:.

REr\L ARP,AY ES[ 1 :A]. T[] ::\]:
It\TEr.r~R r~,:J,H'

PROCU1L:I-U: LPlJATi:

.,
IeTEIS PROCEDLRJ:: COI'IPCTLS 1H> TUU'l::, q( :J) F(J[( ,\ C;I i':l:::

eC);-I::; INATIn~"\ UF L[ I]

BEGI~ I~TEGE~ I,J:
FU: ..\L Q:

fOR J:=1 ST~P U\IIL A DO b~GL~

\~:=F[K] ;
FOR 1:=0 STEP 1 [\T1L 3 DO Q:=Q!FlL[I]]*(P[I]**L[l]);
QK[J] :=~K[J]+0 L~D

E:m;
PROCEDLP.E SURT:

THIS PROGRAIJ (O~,PUTr:S ThE BIT ERROR. PROl'>t\f)lLITY hOC::;])
FJR A SOFT-lJEi:ISlmJ VITERRI DECODE]'. \HTH !.+ '~UA\TT/",\TI(»:

LE\'~LS A~~D USEG A CC:-iVOLlTlO:~AL CODE ;,; ITi! C0:1ST1:"'\L\T
LE:\CTH K=3, K,Ul:: l\=1!2 Ai\D FREE [)1ST,\~:CE U=5.

\\ IlH PAR/\YETERS E~!t\O M;J) TTl''': n::.zESLOUJ J'<OiZt-lALIZEIJ
10 lrti: S IG:\t\T. 1·.::r~RGY PER CODE SY:'lBOL r:S.

./

0/
t,

%

%

":-/
/0

'·~I
.t.:

,/
Is.

7/.,

her;

7 CJij
(:;(10

9'j()

150('

3(,0
40(;

32CC
330U
3400
35 () lJ
3bOO

17uC
1(,,)u

] 'olC)U
2C)(;u
21 :)0
n(ll)

2,00

IL',
12uU

1Jel'

24()(\

2 SOL,
2h(H)

270t:
2~('IU

290r

37!i( j

3(~uu

2************~**************~********************:~:~***************~%

%*****************~***~;*******************************************~%

THIS Pl\OCr.Dr:~L C()~lPUTES ALL Tiit.: POSSIBU P:.;ji.HUTAnm;S
OF L[ I] \~HICl-! S,\TISFY THE FULLCJ\VUiC EQL"ATlU;;S:

3~r)(}

'-4lJ () 0
41 1J[}

4L:DO
4300
4-'100
It SOC)
4bUCI

"

10

SU?U"!,\TIo:, L[l]} = K

Scril'l'\TIO:~ L[I]"I} (Ji'K+};)!2
([ Fi:<m·l 0 1U 3 )
(I FRl.J\l 0 TO 3 )

°1
/r;-,

X.
%
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470Ci
~i-'(1n

4YOQ
S( Iii)

SlUG
5.WC!
5300
5400
55ul;
SoCii
57\.)1.)

BECI:\ L[(I] :=K+l;
WPILE L[3] ~~Q K DO BECI~

I~ L[3] ~EQ 0 THE~ L[3] :=0
ELSE BFr,U\

IF t[2] :~EQ 0 T1:iF'~ BFGI;; L[2]:=L.[2]-1;
L [ 3 ] : = r< - L [ 0] - L f 1 ] - L [ :2] r:: :~D

ELSl: hEGH.
IF L[l] NEQ 0 THE:~ bEGIN L[I]:=L[l}-I;

L[2]:=K-L[0]-L[1] E~D

[LSI:: BEr,I;,

IF L[C] '~EQ G ':'hE:~ HEGD; L[(;]:=L[0]-1,
L[ 1 1 : = K- L[ Ci] i~::; f) :

"lCO

5<)(\C'
6CUu

f,,:.?OO
h3C\(;
("!t(if)

h"inO
(61)('

tJ 7 ' K,
r>:ou
i) ~ (j('1

7COU
71 (IU

721il)

7300
7400
75('(1
7bUU
77un
76(;0
790u
t' (Ji!(I

,-, ] [\(J

r:20U
K3UO
b~l;l)

(, 5(H)

i-Jj(llJ

nOD
r;tiL(J

l..'/
10

%

'I
Ie

'I
"I

"I
/0

"/
10

fND
EXD:

H' (L [ I ] + 2", L[ 2 ] +3* t [ 3 ] ) = ( 3'" K+:: ) / 2 TH Lf~

UPDATE
l:~lJ

E@;

PROCEDURE TRA\SP:

THIS Pl\OCEDURE C();[PUTES TW~ nu,,:;SITTm: PF.Cj[;,~rnLlTIES P[ L]
rTI[( ;\ GI VD~ ES/:\O A:\D WE?'-!AU7..ED THr'.ESHOLD TR..

THIS IS THE PROBABILITY THAT Y=l 1S RF.Cr::n:t;U \JHF:t.;
X=!) \,;\S SE;\T.

BEGr:< :ZEAL X;X:=SQE.T(lO''''''(ESrll]/lC)),

P ( 3 , h] : = 1-3FC( ( 1+T [ H] )" X) / 2 ;
P[2,H] :=(t:iZFC((-l-T[H] ):"X)-EE1~'C(-PX»/2:

l' [ ] , H] : = ( ERFC ( -] *X) - ERFC ( (T ( H]- 1F Y.) ) /2 ;
P[0, H1:=El(FC( (T [H] -1 )*X) /2;

E~D:

FACTORIAL COMPUTATIOK

F:=():

FOR h:=l STEP 1 UNTIL 32 DO F[H]:=F[H-l]'~H;

%

~\900 %
l;(JUO

ulno
n()o

{"OR E:=l STEP 1 lj(-;TIL A. DO HEG1;\
READ(INPUT, / , T[ 1-1] ,ES [H] ) ;TRA::SP: PH [H] : =U i:ND;
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%*****************************~*******************i:** **********~:~~*****%

%***********~******:~*********************************:~~*************~:~%

TIll.: BODY OF TilE PROGRAH CO!-lPL'TES:

%
'=;
10

10
"1
/0

( K FKOM 5 TO 32 )

FOR !-I:=l STEP 1 UNTIL ,\ DO \>,lRTTE(OUTPUT,<3El('),T[h],ES[H],Pb[lij)

OUTPCT

PB := (Sml1'LATIO:J CK;"PK )

fOR K:=5 ST~P 1 G~TIL 32 DO BEGI\
FOR H:=1 STTEP 1 l.ii\TlL A DO BEGI;:
PK[H] :=O:QKfH] :=C f~\[):~';:=();

IF (~<+l() NOD 2=0 THE!\ SOLT:
FOR H:=1 sn:p I l'c:TIL A DO PKK[H] :=PK[H]+.5"'ljK[H]:
l;CH{ H: = 1 STFP 1 L':':IIL Ji'K DO (;;E(;Hi
IF Ui+K) H(IT) 2=0 HiE:: SORT:
FOR Il: =] STEP minL :\ DO QK [L ] : =():
FOR H:=1 STEP U~:TIL A DO PK[HJ :=PK[II]+QK[l:];
;~:JD :
fOR H:=l STEP 1 UNTIL A DO PB[h] :=PB[h]+(K-4)*(2**(K-5))*PK[H]:
E:, i) :

END.
DiD

°1
to
'-'I
10

%
%

",
h

93UU
94C(1
9500
':l600
97CU
9;:>00
99(J(J

]UCnU
1Uif)l)

102C,(~
lu3uu
l04uO
1i)50()

1UC)OO
lG7UC
i.if) tiC'
1(;9'10
] 1U()U
III ~) ()
112 ill,

113()rJ
11400
liSCO
lllJClfj
l17V)
] 11-',(1(J

-1191)0
12 000
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A.I. VITERBIBOUNO/Q4/N

IJ() ~**********************************~********:;***~:*** ***~~*:~***,;*:~~~****~X

21:C ;(.
we)
4 (Jl;

5()O
t) I.' I
7\)(1

Of

IrIS PlWGHM' ClYlPrn:s THf: bIT ER::~!JP, PRn~ABIUTY r..C)U~:D

fOR A SOFT-DECISIO~ VITER81 U~COUE~ WITH 4 QCA\1 lZATIO~

LEIJELS A:':D USEe, ,\ Cllt"VOU'TI O1':AL l:ODF. 1'ill i { co:sm,H1\T
LE~GTl-i K=3, rZi\'{E R=1/2 A~D f)q:.;~ DISTA:<Ct. 1J=5. .,

/0

E(iO
c', uo

1C1CJel
1 1fI(:

12CO

"f
/0

\vITti PARA::ETERS J:S/~(I f\:'j) T TliE T~P,tS[1()LI) :\OR:1ALIZED
Tn THE ~;OI:C;i~ PO\JEI~ il',::<SITY 1'0.

f,

t3C;( bEGIN nn:GEr: A'
14 f;\l FI LE [\ P liT (KI:;U= Rr:An[[~) , Ol;T (Kl:<D= P i{1:--:Ti-: R.) :
15CO READ(I\PUT,/,A);
lL,i:(; iJEGL'\ RL\L AE]<;\Y t'rfi:J,l:AJ,F':J2],j-'K[]:.\j,LJt:[l1:,~],Pl~[1:A]·

! 7'lU REAL M~I,-AY t:S[ 1 :A], 1'( 1 :A]:
I~Gu I\IEGEK K,~,H:

l~Gn PRUC~DURi UPDATE;

~/
/-.

,"

/ ..

(I F ,{ON n TU 3 )
([ Em] (I TU 3 )

sm-::·[,\TIW< L[I]} = l\.

S lJ;V~"1 An ()::; L[ I J,': I } (3'~ K+~ ) / 2

HEGI~ I~TEGEK I,J:
REAL (1:
fOk J:=I STEP lJhl1L A DU B~G[X

Q:=:F[K] ;
FOR [:=(j sn:p I UNTIL 3 DO Q:=l~/F[C[IJ]"'(1:'(1]"""L[ L]);
qK [J] : =~h.r J] -rq El:D
E[\/J :

PR,OCEDUHr: svn;

THIS PROCJ.::UlmE ClWPUTES HiE TU~~S ~(:<) F()i~ ,\ C1\'I::0:
CONBL\ATIO:': ')E L[l]

nilS Pl:OCEDURE CQt-1PUTES ALL ThE POSSlf'.Li~ PI.::l\.L,UL-\TlU:<S
(iF L[I] \oJ'ttICH SATISFY THE FOLLu\H:,G [QUTl():~S:%

"/
/"

%

%
"j
I,39C{;

4ijOO
4 1,Hi
42Cf;
4WO
4L1nCI

3lJIJ
321)lJ

331 'l

3 f1CC;

35uO
36 (ill
37()()
]80C

2Cl!li
2l :l(J

22(,:)

23CC
2L('U

2500
2().lu

2. 7i ii)

2pno

450(; %***********************~:*****************~~**********~*************%

4600 %
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4(~',,\O

!+ ':'(JCI
SI)(JCi

SILt)
SLon
5JOu
5'+UU
S5UG

Hn;n; L[ C1: = K+ ! ;
liJH IL c: L[ 3 J :\ Eq K 10 13 EGI (:
IF L[3J ~EQ 0 THE~ L[3J :=G

t:LSE bEer:.
IF L[2J :iEQ 0 TllE:< M~GH: l[2] :=L[2J-1;

l[3] :=K-l[O]-L[ 1]-L[2] E:\D
as!:: BEGl:,

IF L[]J ~EQ 0 TrlEX B~GI~ L[l] :=L[I]-l;
L[ 2 J : = K- L l u J- L[ I J Ei\LJ

%

7c

'-I
;,

DEGl~ rzr:Ar. X,TR;X:=Sf?RT(lC1,n"(r:S[ll]/1,i));Tl\:=T[HPSL!I<,1(2):
P[3,il] :=l:.r(FC(T[~+X)/2:

P[2,h] :=(ERfC(-I*(T::+X))-ERFC(-!·"X))/2:
P[l,h] ;=(EhFC(-1*X)-ERfC(TK-X))/2:
P[O,ll] :=EKFC(TR-X)!L;

I? 1.[0] ::EQ C: 71n~~; BEGI:\' L[O] :=L[ij]-l;
L[l] :=t(-L[0] F:;;');

em
[;\D;

IF (L[IJ+2*L[2]+3*l[3J)=(3*K+~)/2THE~

UPDATE

FACTORIAL COm)liTATIUl~

FOR h:=! ST~P 1 l~TIL A DO BEGI:\
READ(Ir~PUT, / , T [H] , r.S [H J) ;TR.-i\S?; PH [H J:=() l':::O;

PIWCETJl:RE TRA:iSP:

F:=U:
FOR E:=l SUP 1 li!\;TIL 32 DO F[ll] :=F[H-l]*H'

THIS FRfJCEDURE COJ~lPCJLS nil'. TK:\:~SITlO:\ PROBAJHLITlES P[ I j
FOR A GI\/D: £s/:\(, A\D i\U}{~lALlZEl) Tl1RESHOLlJ TIL
THIS IS THE PROHAJ.HLlTY lliAT 1'=1 IS Kt:CiIVED \Hi~~:\

X=IJ \:AS StSL

INPUT

/0

%
"I
10

"I
10

St,OU
57i:u
Si-H)(':
5~I)C!

heOl
61 (il,'

h2lW
h 3tjt)

;;400

b5UO
h () (jl',

(, leli

iJ ,AJ{J

(,jUO

IU'U
711'(i
7200
73()C
74U('
75()u
7b{}li

noo
78Cl')
7 ':Jon
b lJt'U
t 101)
i;2UO
83U('
S4lJO
b 51)()
KhOO
,; 7CO
~)i'C:O

890C
gn()o
tilOU
~ 2 C'11
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~~ OCTrUI
~

P\{OGPu\~i BODY

'/
IQ

?
.::/
I

( K FRO>l 5 TO 32 )

C:-;TIL 1~ uO PS[H] :=PB[H]+(K-·!,)"«2''o'(y'-S))i'PK[fi];

FOR ][:=1 STEP 1 Ui;TIL A DO 1.,'i\.ITE(OUTPlJT,<-3EI0>,T[H],l::S[H],PB[h])

f·:;;[) :

FUl\. il:=1 sn:p

PB : = (SCi1;'lATlO;; CK>'<PK )

THE BODY OF THE PROGL-\:-l CO~!PlJTE:S:

FOR K:=S STEP 1 G:;-TIL 32 DO BEeD.
iOR H:=I STTEr 1 VNTIL A DO ~EGI~

PK[H] :=U:(~K[H] :==0 E;~D;:\:=(J:

12 (~+K) MO~ 2=0 THEN SORT:
~"Ol<' H:==l STEP I uNTIL A DO P,'{K[Hl :=PK[ll]-t-.Si'({K[H]:
FOR H: = I STEP 1 l;~~TlL 3x K ;)0 Bl~GIl\

IF (\+K) i·rOD 2=0 Thb:N SURT;
b'OR H:=l STEP 1 UXTIL A DO QK[H] :=C:
FOR H:=l STLP 1 U~~TIL ,\ lJr) l-'K[H];=Pl<..[l'J+QK[rt]:

Eim
E:m.

%

%

%
%

"I
10

9300
94(0
9SI)(;
96C)O
\)700

"bOO
gYCe

100uO
lC100
I'J2UU
I ('3ee
l04CO
U)SUC
lU6Lu
1':)70()
lCoCO
1(j9 no
11(1(,1)

ILion
ll2!):
1130(
1 1400
11500
11fJ(jCJ
117L)()
1 I son
1190u
120U()
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A.3. VITERBIROUND!Q8!E

2eu
3U(j

SCC
ollf)
7(:/)

buG
lj()U

i2Cu
1]1::]

i4 i )()

I 5 [)l~

i6nu
]7U()
[·jUt.;

1900
2~()()

2 i ':',1,.,
22()C

~3UI1

2':'0u
25\)0
2()C'CJ

nuu
2HOCJ
l'~~ (J(j

3C(!l,i'

31CU
J2uu
J3uu

BEGn ETEGER K,~;, H, A:
FILE mrT(K1\])=PRI;\ER), E(KE[;=f:LADER);
I, t·: :\D(l;: , / • ,\) ~

BE(JlN 8r:A L ARR,~Y PK [ 1 : /\ ] , qK [ I : A] , Pr; [ 1 ; i\.] , TI I : c\] ,f:S r 1 : A] :
1~TEGEk ARRAY L[0:7]:
R[AL ARRAY P[O:7,1:A],F[n:'32];
PROCEU~~~ CPDATE:

"j
Ie

MEG1~ 1NTEG~R I,J:
REAL Q',
}O!< J:=1 STi~P L[<TIL ,\ U() ijU:lr,

q:=F[K] :
b'OR. 1:==0 STE:P I L:,TLL 7 Uo Q:=Q/FlL[IJPl.P[I,J]";;"L[I]):
QK[J] :==QK[J]+Q E~D

"., I r,
_):.+ (. 1.J

J5)U
E:',D:
PI\OCLj)~Rt~ SUIU':

%***************x**:~***********************~~******~***********~~*******~
0'
la

ThIS PROCF.DURE Cm!;-,un:s ALL THE POSSIBLE I'\·:Rl'lFL\TlO0:S
OF L[I] I:!HICH SATISFY TEi:. FOLLl",H[\G i:.QUf\TIJt\S: '.'/

I.

)FR\X: r, TO q-l
FRIH- f \) TO Q-1

(I
(I

su:r·lATIO:; L[l]} == K
SGl:·iATlm; L[I]"'!} {(Q-])"'KH}/2

%

%
%

"I
10

~,

10

J7eU
Ji)UU
3':1 (H)

4nOn
4 iV)

420[1
430u
4f\UU

4500
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L hi_'CJ
47()O
4 :_~ (1{:

4 f)(IU

SI,;UU
51 ('(,

')3UU

55\:u

57CJO

5';>Oi j

b 30\;
,)4(;C
() SC'l
bnUO
h 7C,f!
11 ;("'U
h '; CH J

71UU
7~C(j

L[ C"] : = r~~ 1 ;
:,;HILE L [7 J XJ.::Q K :)() BFGI::

It L[7] 0iEQ (l Tii::':, L[7]:=U
iLSE Hrc;n;

iF L[6] :'I.:.Q () TIlE\ BLCIN L[bj:=L[h]-l;
L[7J :=K-L[hJ-L[ 5]-L[Lf]-i.[3]-L[2J-Lll J-L[(,) E~L

ELSE j),':CI\
IF L[ 5] :::=Q G 'I[d~:, 3t:(~1:; L[ 5] : =L [ 5] -1 :

L l ,,] : =K- L l 5 j - L [ -'+ ] - L [ .3 J - L [ 2] - L [ 1 ] - L [ .}] b::, LJ
i~LSt: ITCU

H L[~] .\E(~ C: TlT;::\ BEGt:: L[4j :=L[4]-1:
L[5] :=K-L[4]-L[3j-L[2j-L[ L]-L[.( j i\1)

l}LSE HFCI:,

11:" L[3] :.Ir,\~ (; T~:E:~ BE(,L, L[3] :=L[3J-L;
L[4] :=1(-L[3]-1.[ 2]-L[1]-L[iJ] r::.;t
ELS~~ bEel '\

iF 1.[2] :,Eli (j TlU~:; ':';1-:(;1:; 1.[:2] :=L[2]-1;
L[3] :=K-L[l,]-L[1]-L[U] :::';U
:':LSE HEel\

If L[1] f;EQ U THE;'; bC:CI:\ L[l]:=L[lJ-L:
L[2] :=K-L[l]-L[O] E~D

l:.LSE c,-:Cl;'\

IF L[,)] :,EQ 0 'jJiE0i DECr:.; L[O]:=L[i']-l:L[l]:=K-L[CJ] t.:;D:
E~D E~D E~D E\D ~~D E\O;

If (L[1]+2*L[2]+3*L[3J+4*L[4]+5*L[5]~n*L[bJ+7*L[7J)=(7*K+~)/2 THE~

UPDi\n~

730n Ei<iJ
7~00 E~D

75 0 G E~D;

7bG0 PROCEDGR~ IRA~SP;

7 7() () :~~ ,'.. ,,;'....).. ~'~ ,,;', ~'.. ,;', ,<': i~ .'\ ,;'" ../: ";'. ~: ../: ,;', .;, * 'k -:.. ,: 1...': -;l{ ";{ i', il~ *.~ j" .,1.. ), ";', *,,;'; :.~. i'" *' j~ i': ,'; "k :'" ";', .;/; ,/'.. i': ,':,: .;:~" ";':";~ ')'~ ~':. i .. i': "i'" ";'\. .':: ..'>; ";': ";.~ ";'" ,,;': ";', i'~' ,;': i-: :.'~ ..":. :~

liEG1~ ET'::GER I;
REf\I~ X;
X: =sqln (1 U"*( l::S [H] I W») ;
P[7 • H] : =ERFC ( ( Y T r][] +] ) ,', X) 12 ;
fOR 1:=1 STEP! CXTIL 6 DO
p [ 7-I , Ii] : =( ERfC ( ( ( 1-4):1' Tl H] - 1),':\) -EI\FC ( ( ( 1-3) xl lit] -1 )*X) ) I 2;

tJ [ () l H] : =E: KFC( (3 ,': T l H] - 1);< X) /2

7 ~"j! )r·
7\jIJC

r lJUO
;'lllJlJ

h2()o

0300

i'5Go
,~ hf':i;

b7l)O

,",bUG
:";':!CU
%(10
(11)f)

<;J2U(J

';!3UU

THIS Pt~OCEDUl(E CmlPTJTES IlIE TRA:~:;lTlui, PlWl:\.\BTUHES P(I]
FOE ,\ G1 VEt·; [SI ~:() .-\;<U ~;()R;'L\LI/:ED Tl,i\EShOLD T.
THIS IS THE PRCEABILITY 11i:\1 1'=1 1:3 RECLIV~~J) \';Hn
X=(1 \';AS S!:.I\T.

%
Z
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C!
/0

( K FKml 5 TU 32 )

FOR H:=l STEP 1 U:\T1L A lJO hRIE(OUT,<3dO.3>,T[H] ,I::S[H] ,P3[H])

FOR h:=l sn~p 1 U:"TlL A DU M:C;I:,
READ(r:,,/ ,T[!:] ,ES(IIJ) ;TRA.\SP;t'S[H] :=c :::::1);

OCTPCT

I >';PC1

THE BODY OF ':'ilE PROGRA:·[ cm'pc rES:

FOR K:=5 STEP 1 U~TIL 32 00 BEGI~

FOR H:=-l STr:P 1 L:,TlL .\ l.JU BECli"
PK[H] :=c:;q(~[h] :=0 E>:D;:<:=O.
IF (?'HK) ;'IOD 2=U 1m.:: ;;0 in .
fOt< h:=1 sn:p 1 li~;TlL A LU PK[ftJ :=?K[H]+.S"'\.{K[H]:
~OR ~:=1 STEP 1 U~TIL 7*K 00 HtGl~

F0 K H: = 1 SIE P 1 U:\n L f\ lJO QK [ H1: = (] ;

1Y (HJ~) >lOll 2=c) TI1U, SURT;
FOR ii:=l STEP m;TlL A fJl) PlZ[HJ :=P't-:[liJ-t-QK[LJ

t::\ D :
FOR H:=\ SEP C1<TIL:\ uu PI)[i,] :=Pl.l[li]+(K-4»·'(2'~;"(K-5»)":PK[liJ;

1';: J ;

FLU] :=1:
FOR. it:=l STEP 1 UJ'\TIL 32 DO F[H] :=F[H-1J'~tl;

fACTORIAL COMPl1ATlu~

Cd)
1::);D.

./
Ie

%
.
u

"I
10

%
:'/

l02t1G

lj4CJII

C) SOU
'3(;01)

97GI)
9/::UO
ljljOlJ

10ll(JU

101JO

] (j3CC'
1u4CH)
1dS0(;
1Ubt:t)

1 ~i 7UU
1(,,': (1(\

1 ~:':!(:)

1 1~jUU

1 1 l Cill

112UO
] 13(;(

11'+00
1 lS0n
116UG
117f1U
i1t,uU
1 l 90l)

12CUU
]2100
12200
1230U
1240U
lLSr:U
1ZhU(J
1270n
12dCG
1290(;
13000
13 WO
1320C
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A.4. VITERBIBOUNO/Q8/N

0/
i,

=;
/0

),

"1
/0

(I Fl','.);·j " TO ({-I

(T FR{)~I li TO (~-l

U~IIL 7 DO Q:=Q/f[L[T]]*(P[I.J]*~L[I]);

DiD
END:
PROCr.iJURE SORT:

{ SL}lHAn00: L[ I]} = K
{ SUl.HATl.)N L[IFT} {(Q-l );'K+L;}/2

BEGIN I\TEGER I,J:
[{EAL Q:
FOR J:='l snr
Q:=f [K] :
FOR 1:=0 STEP
()K [J ] : =QK [ J 1+I~

THIS PROCEDURJ:: CONPUTES TEr: ER>'S Q(;-":) [Ok. :\ CI\'F::
Co;'IKINATTO;\ OF L[I]

THIS PRUCEiJURF: cmiPUTES ALL HIE POSSI})U~ PFi(:IUV.:"IUi\S
OF L[I] \.JH1CH SATISFY ThE FOLLO\';H;G EQUATlU;-':S:

\HTH PARAi'-iETERS ES/ \0 A!,D T Tm: THRf:SHULD ::CW'lALIi.::r:u
TO THE t,OISE PO\·ii:R j)r::~S ITY ;:C1.

-,
:~

"'I
/0

CI
10

THIS PROGRMf COHPUlES Tht, InT ERRUK ?ROBAI3ILITY tiOL'i':u
FOR A SOFT OECISrm: VITERBI DECOfJSR \·:ITli >: Qu.:\.\iTIZAnm,
Lt:IJELS A:'lD USEe; A Cm,VCLUTIO,\,\L COD~ \·JITli CmJSTRAINT

LDGTH K=3, !(ATE R=l/2 A?\l) Fl\Et: DTSTA!\CE U=5.

%******~********~********************************~*~****************~*~;%

%

%
SEGD INHGFK K,;:,H,l\:

fILE OUT(KI.\in=PRI\T~~),I~(KI~D=READER):

iU:AD ( l!' ./ , A) :
BF:Gr:i REAL ARRAY PK[l:A].qK[l:A].PB[l:'\],T[l:L\],ESll:A]:

I~TEGER ARRAY L[U:7]:
REAL Al';Rt\Y P[O:7.1:.-\],Flo:32j:
PROCEj)(jRE UPIJFfE;

%

%**************h*************~************~******~**** **********~;****~*%

J2l)t_j

lUU

200
3011
4UC!
500
600
700
SOC
':!0U

\10(;

11UU
I :2!JO
11(~IO

14U(I
J ~d)O

IbUi)
17 (H;

1 t~( u
1SJ Oll
20:;u
21UU
22UO
23r,u
24U(;

2SC()
LACIC'
L7Cl)
2800
:29i)(.
JOU,
J 1li')

4200
4300
44UO
450(;

33U
J'.OO
j 5C!()
3hlHl
37(0
380C
3lJ 'JG
40CU
!+lOO
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4bC'C

4WJij

6wOU
)
" ,.,(\1 \

lJ' ! \.1

52cn
53()C
5'4l~ I ,

55(:(;
S(,(iC

57UC'
5;3 (; \)
5'1"(;
!)uC: I

h2(:O
h3:~lU

~)4(:(l

h 51{!

b{)t)lj

b 7l!l,

6,jnu
6 t}( i;

7cce
71 [jU
72()(1

731'(
74LU
7snc
70("1«

7::;UU
7e;()()
i'li!(j()

blUC'
~200

f' 3UU

2.S(jU

;.;(JOC)

b7Ue;
!-,,~UU

<,)0(1(':

S (J(JO

9100
~2UO

%

%

L[O]:=K+!'
I,) lLE L[7] :~U) t: [ill RECL":
IF L[7j ~~~Q (i TI:1:::; L[7] :=c-:

ELSE litCI;,
IF L[A] ::EQ rJ THE:; BEer:; l[h]:=L[b]-l:

L[ 7] : = K- L[ G] - L[ 5 ] - L[ 4 ] - L[ .3 ] - L[ 2 ] - L[ I ] - L [ C!] ~:;'. D
t~LSE BECI:\

IF L[Sj ::;=Q tJ TI-'.E:: JEer. L[5] :=L[S]-l:
1,[ ('] ; = K- L [ 5 ] - L [ i. ] - L [ :3 ] ~ L [ 2 ] - L [ I ] - L [ \)] G,. [;
Ei"SE IWGI):

If L[4] ;;~:Q lJ THE\ h~Gn L[Lf]:=qq-l:
~[5] :=K-L[4j-L[3]-L[2]-1.[ 1]-L[C] :=:.J)
FLS1~ BFGIt~

IF L[3] \d{ I.J Tllt::: bFc;r:: L[3]:=L[3]-I;
L[ 4 ] : =i~ - L[ 3 ] - L [ 2 ] -!. [ i ] - L[ C] E:; [)
ElSE BF:CU:

IF L [ 2] ~H~ () TIlU; BF: CI ;,; L [ 2] : = L [ 2 ] - l '
L[ 3] . =K- L [ 2 J- L [ 1J- L [ (, ] E;; U
i~LSE EF:cH:

IF L[ lJ ~;LQ C TltL M=CE L[! J ;=L[ 1]-1,
L[2] :=K-L[ I ]-L[!\j i:::D
ELSE BEeE

IF L[;,J] ~~EQ n 'IhF:·, BEc;I:\ L[I_lJ :=L[r"J]-l.;L[ 1 J :=JZ-L[r-l ~i\D:

F.:d) [:;:} ":;.; J) E:\[) r:\D E::m;
IF (L [ 1 ] +2,', L [ 2 ] +y, L[ '3 ]+4 '10 L! 4 ]+ ') ,', L f 5 j + b" L [ n ] +7" L [ 7 ] ) = (7 " :<+~ ) /2 Th :: < ;

CPDATr:

t.:, D:
P1WCE:)LiZE TR;\~;SP:

THI:; PfWCEDCR,E Cm.:PCTL:S THi~ TKA!\S IT IO~ PROBAJHLlTI LS P [I]
FOR ;\ CIVEi\ b=S/:,:r l ,\:\D MiF.i'IALIZ[[> THRESHULD T.
TllIS IS 'IN: PROBA1JIUTY THAT Y=I IS Rl:,CUVl::D \WE:',
X=1j WAS SENT.

~EGIN H,n:CER I:

REAL X.TR;
X: = SQR'l ( 1D>'d ( 1::S [ H] / 1()) ) : TR: =T [ H] / SQi\T( .2) :
P[7,H] :=El:tFC(3>"TR)+X)/2;
FOR 1:=1 STEP 1 UNTIL G UO
i? [ T , il] : = ([RFC ( ( ( 1-4) '''TR) +X) - EP.fC ( ( ( 1- 3) "'TS.) +:<) ) /2 ;
PIO,H] :=ERFC((3*TR)-X)/2
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0/
/.)

%
%
%
/..

5 TO 32 )

Fi\D:
UNTIL A DU PP,[ii] :=Pf)[L]+(K-~)"'(2'''''U-5));''PK[Ul;

E:\D:
?OR H:=l STEP

PROGRMi BODY

Ol'TPCT

Fat; H:=l STi:Y 1 uNTIL A DO j.JRI1C(OLTT,<3LlU.J>.T[fI],ES[r->] ,PK[rl])

EPUT

frO] :=l:,
FOiz H:=l STEP 1 U::TIL 32 DU F[H] :=F[H-l ]"<!i:

Pb : = (SUl,:;·It\T10i\ CK"'PK )

F.c1,C:TORIAL CO:IPUTc',l 1U:\

FOk it:=l sn~p I U:~T1L t\ Ij() lkCL:~

1-(1; '\ [) ( 1;; .! , T [ H] , E. S [tl] ) ; TK,\' ::S P : PD[ }:] : =" b J:; ;

fOR K:=S STEP 1 uxrIL 32 DO R[GI~

FUR H:=l STEP 1 l~TIL A LO dEG[~

PK[II] :=();l!K(h] :=(J i~:;e;:<:=rl:

1 F (~:+K) :,OD 2=0 TIlE:; SOI;'[':

fOR h:=l sn~p 1 U\TlL ;'\ Dr, PrqIi] :=prZ[H]+.S"QK[H];
FliR. ~:=l STEP 1 LiNnL 7"'K [;() BIICE
fOl~ H:=l STr~P 1 U:<TlL. 1\ DO l{t<[r1] :=U:

IF (Hi<) :101l 2=1.' TiiD, SORT:

FOR H:=1 STEP l':,TH A IJ(: PK[lf] :=Pt',[h]H<tqH]

i,..

.0/
Ie

'I
'0

";
/t)

E:-'D
U<D.

95['(;

'J bel'
97 i;(J

9("CC'
~; ';lUll

1fini Ii)

lClilO
! ,_'2()v
1 :o-,:JI.(;

F-4CIQ
I 'J ')(iC
l,::i)fl(;

1 7(; I,}

[llOOO

1';9U)
I I (I(il.'

I 1 U.'U
1 Lu.. n
1l3iX)
11U';()

1 \ SCI;
I 1hU;

J i 7UI)
] 1[; Col)
11 g(Ilj

120i;(j

12lUn
lnuc,
j 23')(1
J2:.1,)0
usce
i26uU
127U0
12.1-;(,0

12 90l'
13CLi(J

13lCO
132UlJ
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APPENDIX B: THE DESIGN DIAGRAMS

B.I. Schematic diagram

t t CLOCK
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1
BRANCH
METRIC

COMPUTATION

00 01 10 11

I I
I

I II

J ~ ~ J J.
! J I

ACS ACS ACS ACS
SECTION SECTION SECTION SECTION NORi':AII-

00 01 10 11 ZArrON

I

1 ~

PATH
MEMORY

OUTPUT
SELECT

1
CONTROL

OUTPUT
DATA
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B.Z. Input section

C = 100 nF

R = 150 Ohm

R = Ik8 Ohmv
"D- R = 5k6 Ohm

P

Vin 0

1
C C

00

} R1

2 0 0 A2 DO
3 0 N Al 01 L 01E V A

"
E AD 02 T 02R C

5 T D3 H 03

}R2
E

D4 0"6 R

7

fM
05

CI

CLOCK
FROM

OTHER
AID

CONVERTER
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B.3. Branch metric computation section

CONTROI2
r---------CONTROL2
..---- CONTROLI
.------ CONTROLI

u-I ~~n -ql-----------,
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H -I 1- r-H'"""l--+---1 AD ADDER
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-I I------------,H--I I

.-+-+-+-+-+--+---1 BO CO

I
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.1.....-+---1 A2

'---+--1 AI
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-I 1--------,
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SELECT ~
11 0
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STATt: METRIC STATE METRIC
00 01
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B.9. List of

Decoder

Integrated circuits

Input section

1 opamp
14 comparator

2 priority encoder
1 hex O-flip flop

Branch metric computation section

4 adder
3 quad exclusive or gates

ACS section (four times)

4 adder
2 comparator
2 multiplex store register

Path memory

16 multiplex store register

Output select section

4 comparator
6 multiplexer
1 multiplexer
1 dual D-flip flop

Control section

5 counter
2 comparator
1 quad 2-input or gates
1 dual 4-input and gates
1 hex inverter

Normalization section

1 quad 2-input or gates
1 quad exclusive or gates

Clock section

1 hex inverter

Differential decoder

1 dual D-flip flop
1 quad exclusive or gates

71

741
LM319
74LS148
74LS174

74LS283
74LS86

74LS283
74LS85
74LS298

74LS298

74LS84
74LS257
74LS151
74LS74

74LS163
74LS85
74LS32
74LS20
74LS04

74LS32
74LS86

74LS04

74LS74
74LS86



ENCODER

1 shift register
1 quad exclusive or gates

Differential encoder

1 dual D-flip flop
1 quad exclusive or gates

72

74L5164
74L586

74L574
74L586



APPENDIX C: LIST OF THE MEASURING EQUIPMENT

1 PULSE GENERATOR 8015A
HEWLETT PACKARD

1 DATA GENERATOR 3760A
HEWLETT PACKARD

1 ERROR DETECTOR 3761A
HEWLETT PACKARD

2 NOISE GENERATOR 1390-B
GENERAL RADIO COMPANY

2 POWER COMBINER

1 OSCILLOSCOPE 547
TEKTRONIC

1 SPECTRUM ANALYZER 8566A
HEWLETT PACKARD

1 ELECTRONIC COU~TER 5216A
HEWLETT PACKARD

1 POWER SUPPLY UNIT D-16
INDAL HOLLAND

1 POWER SUPPLY UNIT E 18-0.6D
DELTA ELEKTRONIKA

1 POWER SUPPLY UNIT D 015-1.5
DELTA ELEKTRONIKA

ATTENUATORS
HP 355C
HP 3550

6 Amplifier
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