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SUMMARY

This report describes the implementation of a soft-
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 is derived and computed as
function of the threshold spacing and E¢ /Ng 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 (B). The degradation of the
bit error probability performance is not significant even
if the the threshold spacing differ considerably from the
optimum values. Therefore a soft decision Viterb:i 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 baseband 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 Telecommunication Division of the Eindhoven University
of Technology 1s 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. The
system offers four services on a time-shared basis, namely

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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The proposed digital satellite 1link is composed of a
standard-B INTELSAT earth station [l1], 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 1075is 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
15 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.



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. This
class of codes is called "convolutional" codes because the
output sequence v can be expressed as the convolution of
the input data sgquence u and a generator sequence -4 {31.
The convolutional encoder is a linear finite state
machine, composed of a K-stage shift register and n
modulo~2 adders, 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

v

fig. 2 a convolutional encoder
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n

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, 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 (cycp).



a=00

b=01

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

2.2. Viterbi algorithm

The Viterbl 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
1n T p(y [x" ) =
i=1 i

1n p(y, |XT ) (1)
1

Il >~

with B : the message length.
Y. a received symbol.

xm: the code symbol of the mth 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 Viterbl 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.

fig.4 Merging paths in trellis diagram

When two paths merge in the ith node (fig. 4), the most
likely path 1is chosen and the other is discarded. The
Viterbi algorithm makes, for every received code symbol



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 SM; is the log likelihood
function of path ending at state S (i=a,b,c,d) and the
branch metric BM,, is the log likelihood function of a code
branch v; ,where n,m are the corresponding code bits of
branch v; .The new state metrics are computed as the sum
of the previous state metrics and the branch metrics '
(table 1).

SMg, = max[ SMp, + BMy, , SMg + BM, ]
SMg, = max[ SM,, + BM,, , SM,, + BMy |
SM|0 = max[ SMoo + BM;, ’ SMm + BMw ]
SM = max[ SM;O + BMOI N SM“ + BM") ]

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 of 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 welght of all the code vectors.
The weight of the linear codes corresponds to the set of
Hamming distances from any one 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].

d=11

fig. 5 Trellis diagram labelled with distances
from all~zero path



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 D°, D and D?, where the exponent corres-
ponds with the distance of the branch and D {s a formal
parameter. The state diagram is split open at node a=00

because this is the close loop which corresponds to the
all-zero path.

5200 ¢=10 1 77 =01 a=00

fig. 6 State diagraﬁ 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].

I L I (2)

This expression indicates that there are 2% 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).

10
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fig. 7 State diagram labelled with D, L and 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) = =mmm-mm———————
1 - DL(I+L)N
BN + D' I* (1+L) MY+ ...

+ DKFSL (l+)K ke L. (3)

11



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. Hard
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-decisjion 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 /2 (N: the
noise power and No the one-sided noise power density).
The demodulated signal is quantized into a Q-level digital
word y; (i=0,1,..,Q-1), using a A/D converter with equally
spaced thresholds. This digital word is the input of the
Viterbil 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).

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=1 is
transmitted, can be calculated by using. 5 if S/N and the
soft-decision thresholds {b } are given.

12



P(1)

Pr(y=y, |x=1)
= Pr(y=y,.,_; |x=0)

1 biu
= —==-- [ exp{ -(r-Vvs )/N } dr - (5)
JNT b,

with 1=0,1,...,Q-1,Q
b = -0
b =
b = (1-Q/2)T
T

tthe threshold spacing

3.2. The metric for an AWGN channel

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 Xjy is the kth code symbol of
the jth branch and rjy is the corresponding received
signal. Each binary symbol xjx , which we take here for
convience to be +1, is sent with signal power S . Thus the
conditional probability density (or likelihood) function
of r, given Xy is

exp{ -(ri -Js ﬁu)/N }
p(rjklxj;() kb i it (6)

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

n
pr, |x,) = kill Py | %) (7

since each symbol is assumed to be affected independently
by the band-l1imited 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(r; |x") = 7§ ln[p(qu|xﬂ)
k=1
1 n 1
= - -- 7 [gx-/g x, "= - In7N
N k=1 2

13
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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 rjx and the transmitted
symbol x;,. Similarly, the metric for any path is the sum
of the metrics of each of its branches.

3.3. The upper bound of the bit-error probability

The bit error probability Py, 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:

o0
Pa< ) ¢ By
k=d
where k : the distance from the correct path (see fig. 5)

q : the minimum or free distance of the code

¢ ! the number of errors caused by paths with
distance k from the correct path

Po: the probability that such a path is chosen

3.3.1. The evaluation 2£ Py

A Viterbi decoder chooses the path with the highest
metric. Therefore an incorrect path is chosen I1f this path
has a higher metric than the correct path. The metric of a
path sent over an AWGN channel {is

m n
Z ik Tiw (10)
j=1 k=1

where xj, 1s the kth code symbol of the jth branch (x=+1),
r,x 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=+1l. An incorect path is chosen if:

14



m n m n
le k; X iy jzl ;1 X1kTik
m n
le kzl (xﬁ< X )0 2 O
m n
z1 kzl ? e O
J= =
l'}l:l n
Y r, >0 (11)
j=1 k=1 X

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

k
P =Pr( ) r, >20) (12)

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

fig. 8 Quantization scheme (Q=8).

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

k (Q-1)k
P¢= Pr( ] y > ===----- )
m=1 2
(Q-1)k k (Q-1)k+n
= Pr( Z y E eemememe—m———— )
n=0 m=1 2
(Q-1)k 1
= ) q(n) + = q(0) (13)
n=1
k (Q-1)k + n
with: q(n) = Pr( | y = =======-m—--- ) (14)
m=1] 2

15



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=0), a decision has to be made
about which path 1is chosen. An arbitrary choice 1s made
and there is the probability 1/2 that the incorrect path
is chosen. Therefore the term q(0) has a coefficlent 1/2.
The terms q(n) can be calculated by eq. 5 where the inte-
gers L; are the number of symbols y,=i (i=0,1,...Q-1) and
P(1) is the probability that y,=1i is received when x=1 was
transmitted. The set {L_}, i1.e. the permutations of L;
which satisfy the equations 16 and 17, corresponds with
all the possible paths of distance k from the correct
path.

Q-1  P(Q-1-1)"
a(n) = L k! T =-mm—meooo (15)
{L; } i=0 L; !

where {L } satisfies:

Q-1

L = k (16)
i=0
Q-1 (Q-1)k + n
z 1*L; = ~—coccmcnne- (17)
1= 2

3.3.2. The evaluation of cg

The number of errors In the output symbols of a path with
distance k Iis bounded by cgx. 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 ¢ .
Therefore we use the generating function T(D,N).

T(D,N) = T(D,L,N)
L=1
D° N
) 1 - 2DN
[+
= 7 95 pd ydy (18)
d=5

The coefficient cy 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:

16



ST(D,N) o
-------- = 1 - £
SN d=5
v d
= Z Ck Dd N "3 (19)
d=5

J.4. The analysis of 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 Px. 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

M 32
Pp < T e B = §  (k=4)2¢°p, (20)
k=5 k=5
(Q-1)k 1
Pk = ] q(n) + - q(0) (14)
n=0 2
Ly
Q-1 P(Q-1-1)
q(n) = L k! I =---omm-ceo (15)
{Li } i=0 Li!
where {L;} satisfies:
Q-1
] Li =k (16)
1=0
Q-1 (Q-1)k + n
) 1*L| T mmemeemmee-- (17)
1=0 2

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 Nyg. 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 FE, /No and
o the threshold spacing normalized to the noise
power density
for Q=4 T = 2aWe/2
for Q=8 T = oW, /2

b) with parameters E,/N, and
R: the threshold spacing normalized to the signal
energy per code symbol

T =8VEg

3.4.1. Optimum threshold spacing

The optimum threshold spacing of g and B is determined by
the computation of the bit error probability curves as
function of o 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 B=0.5 for Q=4 (fig. 10) andg =0.25 for Q=8
(fig. 13). In all cases, the varilations 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=1/2 (see fig. 1).

4.1. The encoder

The encoder uses the convolutional code with constraint
length K=3 and rate R=1/2 which has a maximum free
distance d;=5 [2]. The free distance determines the error-
correcting properties of the code. The encoder consists of
a shift register (74LS164) and two exclusive-or gates
(74LS886). The data is shifted one bit at a time and two
code bits are formed (fig. 15).

1
clock -_____t:

data in I

m >

fig.15 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 Iis divided into 6 functional blocks (fig. 16).

1) input section

2) branch metric computation section
J) 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 t, the input
signals are converted and stored. The next clock cycle
t+l,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 of
the clockcycle t+l. A schematic diagram of the decoder is
given in appendix Bl.

—= INPUT BRANCH STATE
SECTION METRIC METRIC
COMPUTATION COMPUTATION

L]

PATH OUTPUT
1 MEMORY SELECT |
SECTTON

HEE

CONTROL
SECTION

fig. 16 Block diagram of the Viterbi decoder

4.,2.1. 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 A/D converters with equally spaced
thresholds. The A/D converters consist of a set of
comparators. The input sigral 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
A/D 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 111 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=0 1s 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
ambigulty could occur, since the carrler recovery circult
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=1, 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 iu appendix B3.
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fig. 18 Schematic diagram 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 "1", we normalize the metrics by
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 Bl.
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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).

"6 \____.__1' _4'—\

— Ae ]
S O |

L "—_J -——- T l—

ZIECT 01

SELECT 10

SELECT 11

fig. 20 Path memory

The branches ending in the states a=00 and b=01 correspond
with the data symbol "0". This data symbol is shifted into
the part of the path memory associated with these states.
Likewise, a data symbol "1" is shifted into the part of
the path memory associated with the states c=10 and d=11
(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 Iinput data has to be
adjusted (see table 2)
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fitst second third
stage stage stage

0 ¢] 1
b=01 0 ¢] 1 1 0 ?
0 1 1
c=10 1 1 ¢] 0 ¢] ?
1 0 1
d=11 1 1 1 1 0 ?
1 1 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 Iis 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¢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
[10]. 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 c3. The link
for code symbols ¢4 1is transparant for phase inversion.
The inversion of the code symbol cy3is the same as the
inversion of the data (see table 3).

30



0 00 0 0 1 11 1 0
0 01 1 1 1l 10 0 1
0 10 1 0 1 01 0 O
0 11 0 1 1 00 1 1

table 3

The phase ambiguity of the link for code symbols ¢4 means
that the data could be inverted. Differential coding and
decoding is used to resolve this problem [11]. However,
differentfial coding increases the bit error rate with a
factor 2 (fig. 21).

(1]
<

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 IC given in the TTL data book [1l2].

proces . propagation delay
typ. max.

branch metric computation +

state metric computation .... 141 204 ns

normalization +

state metric computation .... 163 239 ns

state metric comparison +

output select seccesencseasese 157 239 ns

Path MEMOTLY ceevcecscnsosnscss 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].

STATE METRIC
— 1 COMPUTATION
SECTION

INPUT CLOCK

1 1 1 B TP PATH MEMORY .

INPUT,OUTEUT,
— 1 CONTROL SECTION

TITCTK

fig. 22 clock circuit
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5. MEASUREMENTS

In chapter 3, 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, the computed and the measured
results can be compared.

5.1. The test setup

The bit error rate of the decoder is measured in a test
setup. This test setup consist of a data generator, 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
S ENBRATOR ENCODER
%
CLOCK =
GENERATOR =
ERROR
DETECTOR DECODER

fig. 23 Schematic diagram of the test setup

The two code symbols ¢y and cz 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 i1s not realized, 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, there have
to be two identical channels (fig. 24). A RS$S-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

ad just the output impedance of the converter. In the test
setup, the codec system works at a rate of 250 kbit/s
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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 (B) and for the threshold normalized to the
noise power (o) are measured with Ep /N, =4, 5 and 6 dB.
This is the same as E;/No=1, 2 and 3 dB, because one
information bit consist of two code bits and therefore the
energy per informationbit E, is twice the signal energy
per code symbol Es . The BER curves are measured as
function of Ep /Ny 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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(dB)

Ep /No

Table 5 BER results as function of the

normalized threshold spacingg

(db)

/N

Table 6 BER results as function of the

normalized threshold spacingaq
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Ep /Ny | 8=0.28 a=0.6
(dB)

3.0 | 4.3 102 ] 3.3 1073
3.5 | 2.1 1072 | 1.4 1072
4.0 | 8.7 107 | 8.1 107"
4.5 4.3 10% ] 2.9 107"
5.0 | 1.0 107} 1.3 10™
5.5 | 5.2 1075 ] 6.3 107°
6.0 | 1.5 1o‘f 2.5 1073
6.5 5.2 10” 1.2 10‘?
7.0 | 2.0 105 5.2 10
7.5 | 5.8 1077 | =—--=-
8.0 | 7.8 103 ] —-ee-

Table 7 BER results as function of Ey/N,

Although the decoder i1s 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
(fig. 19):

-T 0 T
| ! ! | | | |
! I I I T

i 1
000 010 100 110

fig. 19 Modified quantization scheme

The BER curves as function of the threshold normailzed to
the noise power (fig.25) and the threshold nermalized to
the signal energy per code symbol (fig. 26) are also
measured for Q=4. The BER curve as function of E, /Ny is
measured (fig. 27) and the results are represented in the
following tables.
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(cllB)

Eb /No

7.0 1075

1.3 1074
2.5 1074

- — - — - wn e wr n em e —

0.73
0.82
0.91

Table 8 BER results as function of the

normlized threshold spacingg
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Table 9 BER results as function of the

normalized threshold spacinga
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E /N | g=0.5 0=0.54
(dB)

3.0 5.7 103 | 1.8 1072
3.5 2.9 10| 7.5 1073
4.0 1.4 1073 | 3.6 1072
4.5 5.3 104 ] 2.0 1073
5.0 2.1 107% | 8.3 107
5.5 6.8 100> | 3.7 107%
6.0 2.9 100 | 1.5 107%
6.5 8.1 104 1| 6.8 10°°
7.0 3.8 107 | 2.1 107
7.5 8.3 1077 | ====-
8.0 2.6 107 | -—---

Table 10 BER results as fuction of Ep /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 A/D converter of the decoder
as hard decision device. The results are presented in the
following table

E /N without
(dB) coding

6.0 | 2.4 107>
6.5 1.4 1072
7.0 7.8 107
7.5 4.0 1074
8.0 2.0 1074
8.5 8.6 1073
9.0 3.7 10°°
9.5 1.2 10°°
10.0 | 3.7 10°

Table 11 BER result as function of E /N,

The computed and measured BER curves are drawn in the same
diagrams. We note that the measured results for the low
levels of Ep/N, agree well with the computed results. For
igher levels of Ep/N, 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,
power constant at its highest level (N
signal energy was varied. As the noise
to-rms voltage ratio, the amplifier is
subjected to saturation. The code gain
comparing the bit error rate curves of

the noise was kept
=4.8 dBm) and the
has a higher peak-
probably more

is determined by
the decoder with

the bit error rate curve measured without coding. A recei-
ver with an AGC 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. 25 The BER curves as function of the threshold
spacing normalized to the noise power density (o)
with Ep /N, as parameter (Q=4)

MEASURED COMPUTED

Eb/N°= 6 dB -~ A
Ep, /No= 5 dB . o
Ep/No= 4 dB x =
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fig.27 The BER curves as function of E¢/No with
parameters the threshold spacing normalized to the
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MEASURED COMPUTED
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MEASURED COMPUTED
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MEASURED COMPUTED
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The BER curves as function of Eg /Ny with
parameters the threshold spacing normalized to the
noise power density (a) and the threshold spacing
normalized to the signal energy per symbol (g).

MEASURED COMPUTED
a= 0.6 . a= 0.5 o
B= 0.28 + B= 0.25 g
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6. CONCLUSION

A soft decision Viterbl decoder has been designed and
built on a 22.5 x 28 cm wire-wrapped board. The theoreti-
cal performance of the Viterbi codec is investigated. The
bound on the bit error rate (BER) of the code was derived
and computed. 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 o, the threshold normalized to the
noise power density and as a function of R, the thres=-
hold normaflzed 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 ofqQ
is 0.5 for Q=4 as well as for Q=8, while the optimum
value of B is 0.5 for Q=4 and 0.25 for Q=8
(at Ep/No=6 dB).

-~ The BER upper bound curves as function of
Ey/Nodiffer hardly at their optimum values of g and B.
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 4is
taken as the difference between the bit error
probability for coherent detection of QPSK-modulated
signals without and with coding at BER OF 1072

- TFor transmission over a Gaussian channel using QPSK-
modulation and coherent QPSK~demodulation, a phase
error of n*7/2 (n=1,2,3) 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 3is 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 « and R agree well. The BER
measurements as function of B degrade less than 0.4 dB,
and the BER measurements as function of 0 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 8. The
code gain for the optimum value of the threshold
normalized to the noise power density (o) is 2.5 dB for
Q=4 and 3.0 dB for Q=8. The measured code gain is the
difference in Ey/N, between the BER of the decoder and
the BER without coding determined for a polar baseband
channel realized an the laboratry. ! '

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 i1s recommended to repeat the
measurements with a QPSK-modem and a simulated IF-
channel.

Altough the theoretical BER curves as function of Ep/Ng
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
AGC is recommende in pratice.
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22010
2300
2400
2500
2600
27006
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290¢
30030
3104
3200
3300
3400
3500
3600
3700
3500
3500
4uDe
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4300
4400
4500
L0

APPENDIX A:

PROGAMS FOR BIT ERROR PRABABILITY

COMPUTATION

VITERBIBOUND/Q4/E

BEGIN

BLGIN

Q

g

&g

o

S A Y
O IN
.

b

‘e wle o ot ale ol wle te i fe als ale
THARNARNRNAIRNTY

BN
iy

TitLs PROGRAL
FOR A SOFT
LEVELS
ENCTH

COMPUTES Thi BIT ERROR PROBABILITY 60
-DECISICN VITERBI DECODER WITH 4 GUANTTZANTION
AND USING A CCNVOLUTIONAL CODE WITH CONSTRAINT

K=3, RATE R=1/2 AND FREE DISTANCE »=3.

WITH PARAMETERS ES/NO
10

AND T TUZ TEXRESHOLD NORMALIZED

Tni SIGNAL rNERGY PER CODE SYMBOL KS.

INTEGER A-

FILE INPUT(KIND=READER),OUT(FIND=PRINTLR):
READ(INPUT,/ ,A);

REAL ARRAY P[0:3,1:4]
REAL ARPAY BES[1:aA], 1]
INTEGER ¥

WL
PROCEDURE UPLATI

,E0:32]. R INERY!

1:A]

PK[1:A],0K

[11:A7,

B e Ly D e R S LR o Tl
TIHARAWRWRIARIN WA RITWREWE AR TUHARAWARWAWHITHAWIHHARNWHR IR A WX TSN

TiIS PROCEDURE
COMBINATION OF

A GIVED

COMPUTES THE.
LIT]

(%) FOR

oty

BEGIN ISTEGER T,J:
REAL Q:
FOR J:=1 STEP 1 UNTIL A
Q:=F[K]:

DO BREGLN

FOR T:=0 STEP 1 UNTIL 3 DO G:=Q/F{L[I]]*(P[L]**L[1]):
QR[J):=QK[J]+0 END
END
PROCEDLRE SURT:
¥ % AR R e S ] e R TP R P St LR R 4 bE ke G

THE PCSSIBLE PERMUTATIONS %
EQUATLONS: A

THLS PROCLEDURLE CCMPUTES ALL
OF LI{Y] WHICH SATISFY THE FOLLOWIKG

K (L FrROM O 10

{ SUMMATION L[I]} =
#T} = (3#K+N)/2 (I FRUM O TO

3) Z
{ SUMMATION L[] 3

B S S L S U B A R O T L R A A S 2
VH TR T R s e e Ve a St sk ot e S e e s e e s S e sk e s e i T el s e e R e S e et

51




6300
A4
" 500
HHGT
0700
00
AYOG
7000
7100
7200
7360
7400
7500
700U
7700
700
7900
Q00
~ 100
2200
8300
5400
AR50
8HOG
&700
5600
$900
090
ainon
5200

<
/o

L T T S A P K O JAL FO B JOPE JOFG M S )
LR RRNW TR TWWRR ww

%

b4
4
o5
-7
%
o
/>

PR
RGN

BEGIN L[G]:=K+1;
WHILE L[3] x2Q K DU BEGIN
IF L[3] NEQ O THEN L[3]:=
ELSE BFGIN
IF L[2] NEQ O THEY BFGIN L[

ELSE BEGIN
IF L[1]) NEQ 00 THEXN BEGIN L[

ELSE BEGIN
IF L[G] NEQ U THEN BEGIN L[G]:=L[0]-
R

FND
END:
IF (L{T]42%L[2]+3*L]3])=(3%K+X)/2 THERN
UPDATE
END
END;
PRCCEDURE TRANSP:

THIS PROCEDURE COMPUTES ThHE TRANSTTITON PRULDABILITIES P|
FOR A GIVEN ES/NO AND NOBMALLZED THRESHOLD TR.

THIS IS THE PROBABILTTY THAT Y=I 1S RECZTIVED WHEN

¥=0 WAS SENT,

),
e
-
C
,
2
bxy
o
%
u
2
&+
o
o
bz
¥-
-
st
S
A
3
bt
b
b
3]
¥
e
o
b

BEGIN REAL X:X:=SQRT(1Q#**(ES[I]/18)).
P2, 0] :=ERFC((1+T[H])*X)/2;
P[2,K]: (FR}C(( I=T{H])*X)~ERFC(=1%X)) /2
Pl H] :=(ERFC(=1#X)~ERFC((T[HI=-1)*¥))/ 2"
[O,H] :=ERFC((T[H]-1)*X)/2;

Il >3

P
END

FACTORIAL COMPUTATION

F:=(}:
FOR k:=1 STEP 1 UNTIL 32 DO F[H]:=F[H~-1]*H

INPUT

DO BEGLN

rOR k:=1 STEP | UNTIL
i] ,ES[H]);TRANSP:PR[H] :=0 END;

READ(INPUT,/,T[H

;'3*
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G300 e e e e e e S Y A SR st Fe R Yo kS b ok s s se T e e e ST S e T e b b e e e e e s e e de st et e e )

84C0 A

9500 A PROGRAM oODY

9600 %

9700 it THL BODY OF THE PROGRAM COMPUTES:

9500 %

9900 A PR := (SUMMATION CK*PK ) ( K FROM 5 TG 32 )
10CGU y
[RURRELY
10260 A
1936 FOR K:=5 STZP 1 UNTIL 32
10400 FOGR H:=1 STTEP 1 UNTLi. A DO BECIX
193500 PR{H] :=0:QKIH] : =G END:N:1=U;

1000 IF (N+K) MOD 2=0 THEN SORT:

15700 FOR F:=1 STEP I UNTIL A DO PKK[H):=PK[H]+.5%QK[H]:
Lasut vOR Hi=1 STEP 1 UNTIL 3#%K DO SEGIN
16990 IF (N+K) MOD 2=0 THEN SORT:

11000 FOR H:=1 STEP | UNTIL A DO GK[L]}:=0:

11100 FOR H:=1 STEP | UNTIL A DO PK[H|:=PE[H]+QK[}];

P120d IND;

11300 FOR H:=1 STEP 1 UNTIL A DO PB{E]:=PB[H]+(¥-4)*(2%x(K=-5))*PK[H]:
11400 i
11560 Ve
11600 A OCTPUT
11760 7
11800 FOR H:=1 STEP 1 UNTIL A DO WRITE({OUTPUT,<3EIGy,T[h],ES[H],PL[H])

11606 END
12000 END.

e e s e e e e T e e e ey e e s s s s e s Y s e e s e e e e e e e e T ey
< WHWHHRWANRAANNHWNHTERFNRAHETNTARANTAN AR RAN TN AR AR T IR AR RSRAR NN NRNNT

¥
b
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A.l. VITERBIBOUND/Q4/N

130 T dede A S e v de S s ok et e sk e sk d Terediaien 5 R N e X R wy
200 7 )
300 % TETIS PROGRAYM COMPUTHS THE BIT ERZOR PROZABILIETY BOUND 7
400 A FOR A SCFT-DECISION VITERET beCOLER WITH 4 QUANTIZATION YA
506 K LEVELS AND USING & CONVOLVTIONAL CODR WITH CONSTHAINT 7
1NN % LEAGTH K=3, RATE R=1/2 AND ¥iiii DISTANCE 1=5. pA

7 %
200 A WITH PARAMETERS ES/NG AYD T Tl THRESHOLD NORMALTZED pa
00 A TOOTHE NOISE POWER DENSITY MO. 4
1000 A 4
1100 G R e e e KT e S u s et e S et e e ol St S e s R e e e s s s e e i s e e e W a7
1260 7

L30e BEGIN INTLGER A-

1460 FILE INPUT(KIND=READER),OUT(KIND=PRINTER):

15¢0 READCINPUT,/,A):
Toist BEGIN REAL ARKAY pP[6i:3,1:A],F0:
1705 REAL AKRAY eS[1:a],7T[1:a]:
ta0u INTEGER K, 0, H:

1680 PROCEDURE UPDATE;
26U
21006
2200

2300

N

U AN
.

PR

THIS PROCEDURE COMPUTES THE TERMS G(x) FOR A GIVEN 7
COMBLNATION 9F L[1] 7
2500 ; 9

L)

~

]
¢

Tyl B L T N T T P R I F T T T e B R T P D o L R A S =y 4
260y P R e e e R R R R R e e i R R T A e L T T O R A R AR 4
97 5
27i1¢) >
LR /o

2800 BEGIN ILTEGER I.J:
290G REAL Q:

36000 FOK
3100 c=F
320t FOR

3300 GK[J
3460 END:
35u0 PROCEDURE SORT:

3600 z

3700 7oFestiodk e dednleode ke ol s Rdueok s s R R D S e e s e s R kR R o e e st de v o
3800 % YA
39006 7 TuTS PROCEDURE COMPUTLS ALL Thi POSSIELE PERMUTATIUXNS 7
4400 4 OF L[I] WHICH SATISFY THE FOLLOWING LQUATLONS: 7
4100 ;
4200
4300
4400
4506
4600

I STEP 1 UNTIL A DO BRCGLIN

ol

G STEP 1 UNTIL 3 DO Q:=Q/FIL{1}]#*(P[L]#*L[L]):
=Qk[J]+0 END

¢

a~d

{ SUMMATION L[I]} = K (I FRON O TU
{ SUMMATLON L[T}#I} = (2*K+N)/2 (L FROM O TU

BNt
L)
N

DR R

(5]
~r

EX
Ny

D L T L A N P S o L T
P T S R R R N P R S e P A AR TS AR

q
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NWENME
4000
Gui
S0400
SICu
5200
530u
5500
55C0
S0
5700
5460
5400
HCOL
6 100
H200
£ 300U
~400
5500
A OGG
e/C0
mo(0)
200
70C00
710G
7250
7300
7400
7500
7640
7700
7600
7500
Huly
=100
20
S300
8400
8500
{AHN0G
G700
8200
890¢C
9000
G100
Y200

Few ek

WHILE L[3] NEQ K Tw BEGLY
IF L{3] NEQ 0 THEX L[3]:=0
FLSE BEGIL
IF L{2] NEQ O TUEN BEGIN L[2]:=L[2]

ELSE BEGIA
IF L[1] NEQ © TAEN BEGIn L[1]:=L[1]-1:

FLSE BFGIN
*L[O) NEQ € THEN BEGIN L[D

~
=

XD
LDy
TF (L{1]+2%L[2]+3%L[3])=(3%K+N)/2 THEM
UPDATE
EAD
END

PROCEDURE TRANSP:

END

THIS PROCEDURE COMPUTwS Thi, TRANSITLON PROBABILITIES P[T]

FCR A GIVEN ES/NO AND NORMALLZED TuRESHOLL TIR.

THIS TS THE PROBABILITY THAT Y=I IS RECEIVED WHEN

X=0 WAS SuXNT.

e wle e ate wla o S ne aa ate afaatate ala ateeds wfe ole ol Llh ale whe wia afe ale nfe ot D Y L T LA U A AP i P
W N YR ST T R AR R S s A R e ek Sk S e e R s e e R S s s St b

3EGIN RIAL

P(3

IR
0] :=i

P[2,1]:
Sk
f:

TR

CRFC(TR+X)/2:

ERFC(=1%{TR+X))~ERFC(=1%X))/2:

fxic( LX) =ERFC(TR-X) )/ 2
RFC(TR-X)/2:

P[l
PLO

(
(

FACTORIAL COMPUTATION

Fi=0:
FOR ¥:=1i STi&P 1 UNTIL 32 DO F[H]:=F[H-1]#K-

INPUT

FOR h:=1 STEP 1 UNTIL A DO BEGIN
READ(IWNPUT,/,T[H].ES[H]); TRANSP:PB[H] :=0 END;
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4300

Q4G

Y500

9660

9700

5500

94C0
1090u0
13100
10200
11360
104G0O
1950C
1360U
14700

GoCU
10960
11000
11100
11206
11300
11406
11500
11600
11700
11806
1150u
12000

SRSl e R A e R vk R e e e e e Y S S r e e e i R T ol i s e
YA
% PROGRAM BODY
%
A THE BODY OF THE PROGRAM COMPUTES:
7 PB = (SUMMATION CK*PFE ) ( K FROM 5 TO 32 )
7
ARk e R R T R TR TR A O o541 ® RERF * <
FOR K:=5 STEP 1 UNTIL 32 DO BEGIN
FOR Hi=1 STTEP 1 UNTLL A DO RBEGIRN
PRIH] t=0:QK[Y] :=0 END;N:=0;
18 (¥+K) MO 2=0 THEN SORT:
FOR Hi=l STEP I OUNTIL A B0 PK[H]:=PX[{lU]+.5%QK[H]:
FOR H:={ STEP I UNTIL 3%K DU BECGIN
IF (N+K) MOD 2=0 THEN SURT;
FOR H:=1 STEP 1 UNTIL A DO QK[H]:=C:
FOR Hi=1 STEP | UNTIL A bO PK[H]:=P{[V]+0K[r]:
ENDs
FOR Hi=1 STEP 1 UNTIL & 0O PBIH]:=PB[H]+(K-4)%(2%%(¥=5))*PK[H];
EN
pA
A OUTPUT

END
EXD.

FOR H:=1

STEP 1 UNTIL

56
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A.3.

4500

VITERBIBOUND/Q8/E

\7 P Wl alewts ale aTa u wte e a whants waa o ate Wl als ate gl lo wta ot
Y T T s T de s s R Yo stk
4

A IhlS PROGRAM COMPUTES

pA LuRGTH X=3, RATE R=1/

FPREROI PROSABILLYY

2 AND FREE DISTANCE D=5.

SO 1‘;()[.73})
K4 FOR A SOFT DECISION ‘[Lr?BL DECODER WITH & QUANTIZATLUN
7 LEVELS AND USING A CONVOLUTIOXNAL CODE WIIH CONSTRATNT

% WITH PARAMETERS ES/0Q AND T ThRE THRESHULD NOKNALIZED

4 TO TrE SIGNAL ENFRGY

PER

CODL SYr30L £5

W

PR S R R R S A R R R S N S R R A s RS R T L SR RV R R e S R - R TR
BEGIN INTEGER K,N,H,A:
FILE OUT(KIND=PRINTER),IN(KTISD=HEADER):
READ(IN,/,A):
BEGIN REAL ARRAY PR[1:A1,QK[1:A],PB[L:A],T|1:A],68]1:A]:
INTEGER ARRAY L[(:7]:
KEAL ARRAY P[0:7,1:A].F[0:32];
PROCERURY UPDATE:
A
Y gede SR s e e e g AR el v e Ve S S i s Ve e R s st T A TR S v v e e e sk Ve ki ki X
% THIS PROCEDUPRE COMPUTES ThE TELMS Q(N) FOR A GLVEXN
% COMBINATION OF L[L]
Fewdt iRk doinhh ke ddodiek ded vl Y de v Ve s oo e T e v e v e e dese e de e e
BEGIN INTEGER I,J:
REAL Q¢
FOR J:=1 STuP 1 UNTLL A DO BEGLN
(j:=F[K]:
FOR L:=0 STEP 1 LXATIL 7 00 Q:=Q/F[LIT]]*(P[1,J}**L[1])
QKIJ] :=QK[J]+0 EAD
EMD
PROCEDURE SORT:
;’ B T Y T e e e Y R T S Y e T R e R U Y R e S Y v Y S LR S T S T N e R S S R R s s e
7

% Tuls PROCEDURE COMPUTES ALL THE POSSIBLE PHERMUT
A OF L[1] WHICH SATISFY Thk FOLLOWING EQUATLOMS:

N8

% { SLNMATION L[1]} =
7 { SUMMATION L[TI]*1} =
ZasR Rtk A At s ek ek
%

{(Q 1)*K+N}/2

(1 FRON
(1 FROM

oo e devle sl ek v Ve e el e o e o e s o)

R

57

S N .
P R I e A S b i L i

(3
)

TO

fATIONS

0-1)
TO G-1 )

Sosla e e e
FomeRrnk T ke

e ol ofo
W

'

le <t e ol

R4

R T AR I N =f
”“u“‘,‘hxh/j

%
;
o
P
/2

R
A

N R

i

ar

s

v

4
I

3

It

oA



I~ o~ I~
e~
c

LN UL LT Lo L b

colAun

H4G0
H50L
a0
67000

(PR
y

oz
D
e

N
(00

tou
G
-

7900
LU0
RV
#2500
5300
=400
8300
3R
5700
#3500
SYQU
SGO0
G1un
G200
Y3006

“

o

o at e nte ol ate wle
ORI SN

N

Sy 3o e

P
8

W

™~

&~
S
s

a

BEGIX

NEQ © THEX

ELSE
iF L[6] NcQ O THEN
L{7]
KLSE

P
Slalhas

IF L{5] %20

o

Lin]:

ELSE
IF L{4] NEQ O THEN
L[5]
CLSE

LE L{3] Neq U TeEN PR

LF L[2] MEQ O THEN

LE L[1] NEQ O THEN

L{2]:

LLSE
IF L[0] NEQ © THEN

:=K-L[4] ;;3]-_

L{

BEGIN L{6]:=L{Aa]-1;

c=K=L[n]=L[5]-L[4]-L[3]=L[2]=-LL1]-L[G] EAL

iGIN
BEGLY L5

BLGLN

BEGLY L[&]:
Tr
Iy

BEGIMN

BEGIN L{1]):=L[1]~1:
=K-L[1]-L[0] ExD

giGIN

BEGLN L[O]:=L{0]-1:L[1

]:=K~L[0] £Nb:
END END END END 23D END:

It (L{LJH+2%L[2]43%L[ 3] +4* L[4 ]+5%L{5]+o* Lo |+7%L[T])=(7*K+¥) /2 THEN

UPDATE

EXD

PROCED

URE IR

THIS PROCEDURE CCMPUTES

% o ; o o e et s o 5
TR % 7 ¥ N ek % A
)
e

THE TRANSLTION PROBABTLIVIES P{I] pA
FOE A GIVEN ES/N0 AND NORM

ALIZED THRESHOLD T. 7

THIS IS ThHi PRCEBABTILITY THAT Y=I 15 RECLIVEZD WHEN %

X=0 WAS SEMNT.

s ate ale e wle e afa ute wie ata ts e ata ale ile e wle afe ata e ate ola nte mte meat c aata wle ate ctefe tlewte ale ita ta w e n sl N S P I I N P
R SR AR S AR T S R R T R 2 £ TR A SRS D N A N PR S ) IR A T AR A T TR

BEGIN INTEGER T
REAL X

A

Il

Lo o, A L ot <k . fo a sle e I Yena
~ = Eia N ny RN w

v AN ¥ 7o

Ne=SORT(TOR*(ES[H]/1()) ;

P{7.H] i =ERFCC(I*T[H]+1)*X)/ 2:

FOR 1:=1 STEP 1 UNTIL 6 DO

Pl 7-1,4]:=(ERFC{((I=-4)*T|H]=1)*RX)~ERFC({(I-3)*T 1 ]-1)*X))/2;
PIO,H] :=ERFCC{3*TIH]-1)*X)/2

XD
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G400 4

$500 % FACTORIAL COMPUTATION
GHUU b4

G700 ¥
QL00 F
5900 p4

GU0OU % INPLT

1C150 %

16200 FOR h:=1 STEP | UNTIL A DU #2GIN

16360 READCIN, /,T{H],ES{RT) (TRANSP PE[H]r=0 EXND:

U400 Z

O]:=1: .
t:=1 STEP | UNTIL 32 DO F[H]:=F[H-1]%*ii:

1500 Aresnadove vl ke ok vt e v s e e st PRt R SN R R R LR TR A Tt E R PR I A
ety %

10700 A PROGRAN LBODY

eeoe A

1outa A THE BODY OF Tiiii PROGRAM COMPUIES:

114300 7

Lo A PE = (SUIMATTIuUN CK*PK ) (K FRMM 5 Tu 32 )

112006 %

113G o Feve e e e e v e vt At e Yo e s v e s e e e e s s b o b e s st e s s s e e e

11400 pA

11500 FOR K:=5 STEP | UNTIL 32 U0 BEGIN
11600 FOR HM:=1 STEP | UnTiL A LO BEGIN
11700 PK[H]:=0:0&[H]:=0 LEND;N:=0.
Llaun IF (N4K) MOD 2=0 THEY SORT-
11500 FOK Hi=1 STEP 1 UNTLL A DO PX[it]:=
12000 FOR A:=1 STEP 1 UNTLL 7%K O BLGIN
12100 FOR Hr=] STEP | UNTIL A LO GK[H]
12200 IF O (N+K) MOD 2=0) THEN SORT;
12300 FOR Hi:=] STEP 1 UNTIL A DO PK[H
124006 ENI
12500 FOR Hi=] STEP 1 UNTIL A DO PB
12600 FLD;

12706 %

1258C0 pA OUTPLT

12900 7

13000 FOR H:=1 STEP 1 UNTIL & DO WRITE(OUT,<3:210.3%,T(H].ES[H],P3[H])
13100 XD

1326GC END.

PRIR]+.5%GK [#]

1=PR [ H]+QK L]

=PRI U]+ (K=4)% (255 (K=3) )*PK[1Li];

59



A‘A‘

1ow

200

3Co

400

500

600

700

g00

90y
1100
1100
1200
13010
1400
1590
160
1700
1HCu

1400
2000
2160
22010
2304
2400,
2500
2600
27006
2800
2900,
3060
31U
3200
EETHE
3400
3500
3600
3700

VITERBIBOUND/Q8/N

P R S P
WHARWARWANRNTY Rl

% THIS PROGRAM COMPUTES Tht BIT ERROR PROBABILITY S0UNL

4 FOR A SOFT DRCISION VITERBT DECODER WITH % QUANTIZATION
7 LEVELS AND USING A CONVCLUTIONAL CODE WITH CONSTRAINT

A LENGTH K=3, RATE R=1/2 AND FREE DISTANCE D=5.

P WITH PARAMETERS ES/NQO AND T TilE THRESHOLD NCRMALIZEU
A TO THE KOISE PGWER DENSITY NC.

i
ar fusla ale o wic sle ot ale o oo L sl ) Qe e el st o Lt et sl s e sl s oS afa ol e e T +
%k wFNSk vt Lvek R e A S R AR T S P A A R R S A R R TR )

BEGIN INTEGER XK,N,H,A:
FILE OUT(KIND=PRINTEZR), IN(KIND=REATGER):
READ(IN ./ ,A):
BEGI RFAL ARRAY PK[1:A]. QK[ :A]PR{L:A),TIL:A)ESLL AT,
INTEGER ARRAY L[ 7
REAL ARKAY P[() 7
PROCEDURE UPDATE:

7R R T R AR NP PR ) At e oty ol ‘. ',y at e v e v ale e de e 1.
AR SR R S AR B A ¢ Yoty * B Kok
<

fo

% THIS PROCEDURE CCMPUTES THE TERMS Q(N) FOK A GIVEXN
4 COMB INATTON OF L[1]

¥
B e e wta ate ot ats ata s ' wle wte ol ole 1o ala ul. e as
&S RRAR AT KhARR Tk TN
7
7o

BEGIN INTEGER 1,J:
REAL Q:

rOK 1 STEP 1 UNTIL A DO BEGIN

Il‘—‘ll

rOk
QK[J

J:
=F[K
I:=0 STEP } UNTIL 7 DU Q:=Q/F[L{T]]=(P[I.d]*"
]:= [J]+Q END

END:

PROLruURL SU&I-

VY ate e ot J - vl wla o
Jawfidededoietn

% THIS PRUCEDURE COMPUTES ALL Tdb POSSIBLE PERMUTATIONS
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{ATTION L{TI]*T1}

w y

)
)

B, * e ala ola L}. afa ol Jaate als Jt D T R T T e T N T T N R D T SR AL L Y
2R AR N AR AN e R A e T e o Y St et e et s e e Y e Y TS VR e e e e e Yok

60

R R LRI
CRRRAR

i
a,

et e e e e
ey

prd



SY(:
nLGH
RN
(2

Hhily
b7l
b
HR 0
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(

L[0T =K+1"
WHILE L[7] Nk
IF L[7) \=q G

J

IF L[6] NEG O

IF L[S] 0 0T

IF L[4] NEGQ U

IF L[3] NEG U

IF L[2] NEQ O

IF L{L] NEQ C T

LILT+2% [ 2]4+3%L[3]+47

UPDATE
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THIs
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PROCEDUKE
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X=0 WAS SENT.

BEGI

END,

P A A A A T
W RIS

N INTEGER ¢
REAL X,TK;
=8OR (10
P[7,H]:=
FOR I:=1 STEP

ELSE
THEN
L[7]
ELSE

COMPUTLS

PROBALILITY THAT

LY. de ate uts ale sla uta
Witk ke

1 UN

EL(I\
BEGIN
i=K-L[0
) _GIN
SEGT™

;=K—L[3]]

REGLN

BEGIN LL4A] =1

=K-L]4]-L[3

BEGIN

‘.—;i-‘( I

BHG[\

BEGIN L

F=K-L1[2
L‘,(th
sEGIN

:=K—L[l]

BEGIN

BEGIL L[

FaDOEN

e=L{N)-1;L
XD OEND
L A]+SFL S +oF L[ n ] +7FL]

UND END;
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(1] e=R-L[0]

THWIWHRARH

THE TRANSITION PROBABILLTI&S P[1]
A CIVEN ES/NO AND NORMALIZED THRESEOLD T. '

TIL 6

c(BS{HI/LG)) (TR:
ERFC((3%TR)+X)/2:

Lo

v=1 IS

=T

RECETIVED WHEN

H)/SGRT(2)

PIT,H] :=(ERFC(((I-4)*TR)+X)-ERFC(L(1-3)*TR

PO, H]:=ERFC((3*TR)
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END
END.

FACTORIAL COMPUTATION

Fl{0]:=

FOR M:=1 STEP 1 UXNTIL

NPUT

FOK H:=1 STE? 1 UNTILIL

:\l.»\.l,,’( .LA,/ , T [ {] ,LS[“] ) ,IP\.\‘

PROCRAM B0DY

A
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He

=5 STEP | UNTIL

UNTIL
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FOR N:i=1 STEP 1 U1
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IF (N+K) MOD 2=
FOR Hi=l STEP I

THEN
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FOR H:=1 STEP 1 UNTIL

orrTeLT

FOR RH:=1 STeP 1 UNTIL
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A
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A

DO
RT
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END;
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APPENDIX B: THE DESIGN DIAGRAMS

B.l. Schematic diagram
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B.2. Input section

$ 5y 5Y
= H
/] R' J‘ Rl I
C = 100 nF
R = 150 Ohm
R Rv= 1k8 Ohm
- R_= 5k6 Ohm
l- p
]
Vin

~mMo oo

A2 (1] 00—

A 0t 0 ——} Rl
AS 02 02—
03—

Mow ——} R5
D5 05—

]

ECI— >

T D et O

[ T R O R N )

OTHER
A/D
CONVERTER

—
Ry
.
—
Rp
I
—
Ry
T
j:.
CLOCK
Ry FROM
[]j
[ 1
z

64



B.3. Branch metric computation section
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B.9. List of Integrated circuits

[\

16

—— OGN

— = N N

Decoder

Input section
opamp

comparator
priority encoder
hex D-flip flop

Branch metric computation

adder
quad exclusive or gates

ACS section (four times)
adder

comparator

multiplex store reglster
Path memory

multiplex store register
Qutput select section
comparator

multiplexer

multiplexer

dual D-flip flop

Control section

counter

comparator

quad 2-input or gates
dual 4~-input and gates
hex i{nverter

Normalization section

quad 2-input or gates
quad exclusive or gates

Clock section
hex inverter
Differential decoder

dual D-flip flop
quad exclusive or gates
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section

741
LM319
74LS148
74LS174

7415283
74L5886

7418283
74LS85
7418298

7418298

741584
74L8257
74LS151
741874

74L8163
741885
741832
74L820
74LS04

74L832
741586

74LS04

74LS74
741586



ENCODER

shift register
quad exclusive or gates

Differential encoder

dual D-flip flop
quad exclusive or gates
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74LS164
741586

74LS874
74L586



APPENDIX C: LIST OF THE MEASURING EQUIPMENT

PULSE GENERATOR 8015A
HEWLETT PACKARD

DATA GENERATOR 3760A
HEWLETT PACKARD

ERROR DETECTOR 3761A
HEWLETT PACKARD

NOISE GENERATOR 1390-B
GENERAL RADIO COMPANY

POWER COMBINER

OSCILLOSCOPE 547
TEKTRONIC

SPECTRUM ANALYZER 8566A
HEWLETT PACKARD

ELECTRONIC COUNTER 5216A
HEWLETT PACKARD

POWER SUPPLY UNIT D-16
INDAL HOLLAND

POWER SUPPLY UNIT E 18-0.6D
DELTA ELEKTRONIKA

POWER SUPPLY UNIT D 0l15-1.5
DELTA ELEKTRONIKA

ATTENUATORS
HP 355¢C
HP 355D

Amplifier
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