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Abstract: This paper investigates some aspects of
turbo encoder and decoder parameters design effects
on the overall system performances. A new interleaver
structure is presented, which, combining the biock and
hibrid  strategies, achieves very good BER
performances using low complexity structure. Based
on an interactive Matlab simulation program that can
accommodate several encoder structures, interleaver
types and decoding algorithms, extended simulations
has been developed and important results are
highlighted with respect to different parameter
influence on the system performances (evaluated in
terms of Bit-Error-Rat) and complexity.
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[. INTRODUCTION

In a digital transmission system, the error control
function is achieved by using a channel encoder
used at the transmitter and a corresponding decoder
at the receiver. A well known result from
[nformation Theory states that, for any value of the
Bit Error Rate (BER) larger then the Shannon limit
{1]. there exists a coding scheme that can ensure that
imposed BER. whatever the channel bandwidth is.
The Shannon Theorem, however, does not give any
indications regarding the type or complexity of code
that has to be used, being, more or less, a theoretical
lower hound in the bit error rate

In the last five decades many code structures have
been developed in order to achieve a BER as close
as possible to the Shannon limit. However. the
optimal decoding complexity, whereas the codes
used are block, convolutional or hybrid, increases
exponentially with BER decrease, up to a point
where decoding becomes physically unrealizable.

Recently, a new class of error correcting block
codes called Turbo codes was introduced [2}. Due to
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concatenation the bloc encoding principles with the
convolutional ones and to the use of a well designed
interleaver, these codes posses the quality of being
able to achieve a BER close to the Shannon limit with
an acceptable structural complexity. Due to their good
behavior in severe distorting and fading channels,
those type of codes are widely used in 3rd generation
mobile communtications systems like
UMTS/IMT2000, as well as in modern DVB-S
satellite links.

This  paper  investigates  different  encoder
configurations, interleaver structures and decoder
algorithms, and their influence on the overall system
perfonmances, evaluated in terms of BER and system
complexity. Moreover, a new interleaver structure is
proposed. that takes advantage of both the block and
random interleaver properties, by combining them in
order better BER properties with simpler encoder /
decoder structures. The results obtained using those
types of interleaver are compared with the ones
obtained using classical block / random interleaver,
both for SOVA and MAP decoding algorithms, with
different frame lengths. different number of iterations
and different length encoder polynomials.

II. ENCODER STRUCTURE

The Turbo Encoder structure consists of two recursive
Systematic Codes (RSC) that operates on the same
input bits, as shown in figure 1. The first encoder
(RSC1) operates with the systematic encoder
polynomial g (D)while the second encoder (RSC2)

uses a nonsystematic polynomial g,(D)- For the

second encoder the input bits order is changed by
placing an interleaver in front of it, in order to protect
the overall generated codeword against burst errors,
that often appears in mobile communication systems.
Since the most common types of interleavers works
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with blocks of bits, the overall code can be

considered as a block code too
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Fig.1. Encoder architecture
algorithm, which  considerably affects both

. Let us denote

x =[x, . x, ] (D
the information codeword. Considering that both
codes are of rate 1/2, the first encoder output is

v= v‘°’,v“’]= [v((,o’,v,w), eV 0 ,vf,"]‘
(2)

where v represents the information bits and v'" the
parity check bits, generated separately since the
code is systematic. Similarly, for the second
encoder. the input is the interleaved data, denoted
with
x=[%,.%,.. %] 3)
and the output is
WO, WO |= [ i)l ] )
where only the parity check bits are transmitted over
the channel. The generator matrix of the turbo code

can be written as
G{l g (D)J (5)
go(D)

where g((D) and gy(D) are the positive and negative
reaction polynomaials of the two encoders, havingthe
same degree.

Since the overall code has a much higher rate then
the comesponding classical convolutional “code,
generated with a polynomial of the same degree, the
rate can be reduced by using a puncturing operation.
The idea is to transmit all the systematic bits from
the first encoder and half of the parity bits from each
encoder alternately. For a 1/2 rate code, as the one
described above, this operation can be described by
the puncturing matrix
11
P={10
01
and, therefore, the corresponding code sequence,
results by combining (2) and (4) in accordance with
the puncturing matrix, resulting the overall
codeword

(6)

C=[vé°).v((,'),v,(°’,w‘“), ] )]

{I1. INTERLEAVER DESIGN

One of the key elements in designing a
turbo-code is the interleaver size, structure and
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performances and complexity of the code. For low
Signal-to-Noise Ratios (SNR’s) the performances are
determined mainly by the size of the interleaver,
while for large SNR’s the structure design becomes
the key factor.

A. Block Interleavers

Al. The Row-Column hiuerleaver uses a NxM matrix,
in which the input sequence is written in row-wise
and read out column-wise. The function performed by
this interleaver is described by the function

1A A4,

x(i)={(i-1)mod M} N +|(i -1}/ N [+1
where 7 is the index of the input data, #(i) is the
corresponding index of the output data. |x|

represents the integer part of x and 4 is the set of
integer numbers corresponding to all possible values
of data indexes. The total delay introduced by the
interleaver and de-interleaver blocks is 2MNT..

where T, is the bit period. The Row-Column
interleavers are often used to break short Hamming
weight error patterns, (i.e. with the length smaller then
the row length). If the errors are extending over
several consecutive rows. the structure is no longer
efficient.

A2. The Even-Odd Interleaver maps the odd indexed
bits on even-indexed positions and vice-versa. It is
mathematically described by the function

7:A— A, [7(i)+ilmod2=0 %)
This structure is used to break long error patterns that
are not uniformly distributed within the sequence.

A3. The Helical Interleaver is based on a matrix
structure too. but this time the data is written in row-
wise and read out diagonal-wise. This structure
prevents consecutive input bits to have consecutive
positions in the output sequence.

B. Convolutional - Cyclic Shift Interleavers
implements an interleaver ({3], [4]) by writing the
data into a MXN matrix, column-wise. Then, the M
rows are applied to M N-length shift registers, where
the i-th register cyclically left shifts the /-th matrix
row (i-1)B times, where B is an integer number such
that Bg]_N/M_[, Those shifted sequences are then

introduced into a second matrix. from which are read
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out column-wise. The interleaver has the following
distance property
(V) jed [i-jl2MB-1 & (10)

br(0)-m(j)2 M -1

C Random Type Interleavers introduces an N
bits input block of data into a memory and reads it
out randomly, in accordance to the following N step
algorithm:

Step 1: choose index i, from the set 4 (1.2, ... N},
in accordance to a uniform probability function

P(’.l)=hi

Step 4 choose
A =liedi#i,iy, ...

; the corresponding output index is a(1);

index i from the set
i,,}» in accordance to a

uniform probability function )_ ; the
N - k -1
oufput index is m(k);

Since a pure random interleaver is
generally hard to implement, in practice are often
used pseudo-random interleavers, where the indexes
i) are the outputs of a pseudonoise shifi register,
generated by a primitive polynomial.

D. Hybrid Interleavers

Simulations have shown that bloc / even-odd
interleavers are simple to implement, but their
decorrelation properties are low and, therefore, the
overall BER properties are poor. On the other hand,
the random type (pseudorandom) interleavers have
the best decorrelation capabilities, so the BER
results are very good, especially when the PN codes

used to control the interleaver are long. One idea was
to use a bloc even-odd interleaver structure, for which
the indexes have been pseudorandomly interleaved in
advance. In this way, using 10 times shorter PN
codes, and the results are close to the ones obtained
using purely random interleavers.

1V. DECODER STRUCTURE

The iterative decoder structure consists of two
component decoders, serially concatenated via an
interleaver identical to the onec used in the encoder, as
shown in figure 2. The first decoder uses the received
information bits », and the parity bits generated by the
first encoder r| in order to produce a soft output,
denoted with A, which is interleaved and used to

improve the estimate of the apriori probabilities for
the second decoder. The other two inputs of the
second decoder are also the received information
sequence which are interleaved by the same algorithm
as in the encoder, 7 and the received parity sequence

preduced by the second encoder r,. This decoder
produces also a soft output, denoted with Ay, that is

de-interleaved and used by the first decoder to
improve its apriori probabilities. This iterative
feedback operation increase the performances of the
overall structure, especially in the first decoding steps.
After a number of iterations the soft outputs from the
decoders will no longer affect significantly the
performances, and, therefore, a hard decision is
applied at the end in order to obtain the decoded data
sequence. Both decoders are Soft Input Soft Output
(SISO) type

De-Interleaver |«

- Aye
”| Decoder
ro > I Interleaver
ry >
o Decod 1
Interieaver g ecoder 2
, 2 y De-Interleaver |— Threshold |-»
2 2

Fig.2. lterative Decoder Architecture

The first decoder uses thus the received sequences
r=|.. fos Tots oo Tiwrgs ) (1D
obtained from the received information bits and the

parity check bits generated by the first encoder,
while the second decoder uses the sequence

r' _l 107 2 l+|0’ r+12""] (12)

obtained from the interleaved received information
bits and the parity check bits generated by the

second encoder in order to compute the log-likelihood
ratio for the overall code trellis

Ale)= lg{LL_)]

Plc, =0}r'.r")
> L PP )Ple)
Z,_L, -0 P(r'| c)P(r"| c)P(c)

for all the paths in the code trellis, and makes the
decision

(13)

= log]
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C_l;/\c, 20 (14)
7105 Ale,)<0

The log-likelihood ratio from (6) can be determined

using. MAP, log-MAP, Max-Log-MAP and SOVA

algorithms ([5], [6]).

V. SIMULATION RESULTS AND
CONCLUSIONS

In order to analyze the performances obtained by
different turbo-codes structures, an interactive
Matlab program has been developed. User data is
randomly generated and encoded using two
RSC co?~s; ‘he fis* e-c~de- is
terminated with tail bits, while, for the second
encoder the data and tail bits are interleaved and
passed through the second encoder, which is left
open (i.e. no tail bits of itself). The frame size and
generator polynomials are user defined. The
encoded data is transmitted through an AWGN
channel (the signal —to-noise ratio at channel level is
also defined by the user) and demodulated at
receiver level using either MAP’s or SOVA
algorithms. Both punctured (rate 1/2) and un-
punctured versions might be chosen. The user can
also define the number of iterations for each frame
and the number of frame errors the decoder
terminates. The receiver counts and displays the bit
error rate and the frame error rate at each decoding
algorithm iteration. Several interleaver algorithms
have been developed (i.e. block, even-odd, helical,
random, hibrid) and compared one-another from
BER results point of view.

Using this backbone program, several important
aspects have been studied and compared one -
another from the BER point of view. The simulation
of the overall system leaded to a complex and time
consuming program and the simulation process is
still under development in order to cover all the
problems encountered, to compare all the possible
configurations and  obtain  relevant  and
comprehensive results. However, from the resuits
obtained till now, several aspects have to be
emphasize.

o The interleaver type effect: several interleaver
structures have been studied: block (row-column),
even-odd, helical, random and hibrid. The results
are shown in figures 3 and 4. The block interleaver
achieves the worst performances from all; the even-
odd and helical have similar performances, better
then the row-column, with both SOVA and MAP
decoding algorithms (the difference becoming
significant at high SNR’s). The cyclic-shift (helical)
interleaver has better performances then the all
block ones, especially at high SNR’s (about 6dB
improvement at SNR=1dB).
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Fig. 3. Bit Error rate versus Ey/No, different interleaver types,
SOVA decoder, frame length L.=200, punctured, § iterations, 10
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Fig. 4. Bit Ervor rate versus Ey/No, different interleaver types,
SOV A decoder. frame length L =400, punciured, 5 iterations, 10
ertors to terminate de decoding

The random interleaver gives the best performances
from all (about 10dB improvement at SNR=1dB), for
both  SOVA and MAP algorithms, and this
improvement does not depend on the random
interleaver realization. The hybrid interleavers
performances are close to the ones obtained using the
pure hybrid one, especially when the interleaver
length is large (in figure 3, for frame length L=200,
the hybrid interleaver behaves slightly worse then the
random one while in figure 4, for frame length
L =400, the two curves merely overlap).

e The interleaver length effect: the interleaver
length gives us the length of the data block that has to
be processed by the decoder at a certain step in order
to recover the data. As it can be seen form figures 3, 4
and 3, as the interleaver length increases, the system
performances improve also. whatever decoding
algorithm is used.
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Fig. 5. Bit Error rate versus Ey/No, hybnd interteaver, SOVA &
MAP decoders, frame length L=200/ 400, punctured. 5 iterations,
10 errors to tenninate de decoding

However, the frame length increase determines also
an’increase in structure complexity and decoding
delay: therefore. the solution has to be chosen as a
compromise between a certain threshoid in
performances that needs to be achieved and the
complexity of the system.

o The decoding algoritm effect: MAP, log-MAP,
Max-Log-MAP and SOVA decoding algorithms
have been studied and compared one-another. The
MAP and log-MAP have similar behavior, as well
as the Max-Log-MAP and SOVA, both with respect
to their performances and complexity, so it is
sufficient to compare MAP to SOVA. The
simulation results shown that the MAP algorithm
achieves better performances then SOVA, especially
for low SNRs, the difference increasing as the
interleaver length and BER are larger (see figure 5).
For large SNR’s the difference is nio longer

significant. The main disadvantage of the MAP
algori'm is "a it is about three times more
complex then SOVA, and therefore the

computational effort is correspondingly higher.

e The Number of lierations effect: simulations
have shown that, as the number of iterations in the
decoding algorithm increase, the BER performances
improves up to a certain point (see figure 5). For a
large number of iterations the increase is no longer
significant; this threshold depends on the interleaver
length: for a 200 bits interleaver an increase over 8
iterations is no longer useful, while for a 400 bits
interleaver the threshold in number of iterations is
10.

e  The memory order effect: as the memory order
(le. the degree of the encoder generator
polynomials) increases, the system BER
performances improves, especially for large SNR’s,
while for low SNR’s the low order degree encoders
behaves better. In figure 6 are shown the BER
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Fig 6 Bit Error rate versus Ey/Ny, SOVA decoder, different
number of iterations, hybnd interleaver, frame length L=200,

punctured, 10 errors to tenmnate de decoding

curves for 2, 3 and 4 degree generator polynomials,

namely

deg2.g,(D)=l+D+DZ, g.(D)=1+D?
deg2:g,(D)=1+D+D*+ D’

deg2:g,(D)=1+D+D*+ D'+ D*, g,(D)=1+D"*

g,(D)=1+D+D’

(15)
However, a linear increase of the polynomiais degree
leads to an exponential increase in the encoder and
decoder structures. as well as in the decoder algorithm

length and complexity; this

can cause other

impairments, like important delays in data decoding
and substantially cost increase. Therefore. in the
following. we restricted our study to 2 and 3 degree

encode polynomials.

BER vs. E, N, MAF decoder hibrid irterisaver L=200. different generstor polynommals
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Fig. 7. Bit Error rate versus Ey/N,, MAP decoder. different
generator polynomials. hybrid interleaver, frame length L=200.
punctured, 5 iterations, 10 errors to terminate de deceding

Frome the results above, the following conclusions

may be highlighted:

» the block type interleaver

has the worst

performances with respect to the overall system
BER, while the random ones achieves the best
BER performances; the even-odd and helical
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interleaver are in between, close to one another
from BER point of view;

» the new hybrid interleaver achicves BER
performances close to the random ones,
especially when the frame length is large:

» as the frame length (block size) increases, the
system performances improves also; however,
as the frame length increases, the system
complexity (and costs) and the delay increases
also; therefore a compromise has to be made
between performances and costs;

» the MAP decoding algorithm achieves better
performances then the SOVA one, especially
fol low SNR’s; for large SNR's the difference is
no longer significant; however, the MAP
algorithm complexity is 3 times larger then the
SOVA one, and therefore the decoder structure
(and cost) and the associate delays are also
higher;

» the number of iterations in decoding algorithm
leads to an increase in BER performances, till
to a certain threshold which depends on the
frame length (as the frame length increases, the
number of necessary iterations decreases);

» as the memory encoder / decoder polynomials
degrees increase, the system BER performances
improves, especially for large SNR’s, while for
low SNR’s the low order degree encoders
behaves better.

It has to be mentioned that simulations are
continuing, in order to determine the system
behavior for low (negative) SNR's. Other
interleaver structures are currently under study, as
well as different types of fading effects on BER
performances. Moreover, in order to obtain more
reliable results, the BER results has to be averaged
on several number of simulations
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