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Abstract - The selection of the interleaver has a
major influence on the performance of turbo
codes with short frames. In this paper, block
interleavers are considered. The best block
interleaver matched to a given turbo code is
obtained by determining the number of
columns of the interleaver that will provide the
largest effective free distance. It will be shown
that at high signal-to-noise ratios a block
interleaver with the appropriate number of
columns outperformsarandom interleaver and
even some good interleavers such as the
dithered golden interleaver. By combining the
search for the code and interleaver, good
component codes have been obtained.

l. INTRODUCTION

Berrou et al. [1], [2] have shown that with iterative
decoding, parallel concatenated codes or turbo
codes can achieve an error performance very close
to the Shannon limit. Iterative decoding of turbo
codes can be realized using either the Bahl et al.
Maximum A Posteriori (MAP) agorithm [3] or
the Soft Output Viterbi Algorithm (SOVA) [4].
Berrou's 16-state code can achieve a bit error rate
of 10” at a signal-to-noise ratio (SNR) of Eb/NO
= 0.7 dB provided a MAP decoder with 18
iterations and a large interleaver of 65536 bits are
used [1]. However, the error performance of turbo
codes depends on the size of the interleaver and
the error probability is larger when a smaller
interleaver is used [5].

Furthermore, an "error floor" is observed a a
probability of error of 10° - 10° approximately
depending on the size of the interleaver [5], [6].
Perez et a. [5] have shown that the error floor
observed with turbo codes is caused by the
relatively low free distance of the code. The error

performance can be improved by increasing the
interleaver size or the free distance of the code.

Increasing the interleaver size leads to longer
delays and larger memory requirements, which
may not be desirable for some applications.
Furthermore, when the frame is short, such as in
mobile radio systems where block sizes are
typically under 300 bits, increasing the interleaver
sizeis not possible. Increasing the free distance of
the code can be done in two ways, either by using
a code with a longer constraint length or by using
a better interleaver. A code with a longer
constraint length and a larger free distance could
compensate for the reduced frame length or
interleaver size and improve the error floor.
Simulations results show that a code with a larger
number of states provides a better error
performance than a code with a smaller number of
states when the signal-to-noise ratio is high [9].
Hence, for short frames, increasing the memory of
the code may be a better aternative than
increasing the number of iterations[9].

The second way to increase the free distance is
to use a better interleaver. The interleaver plays a
key role in the performance of a turbo code
system. When an input sequence generates a low
weight sequence at the output of the first encoder,
the interleaver must permute the input sequence so
that alow weight sequence is not generated by the
second encoder. For long frames, the choice of
which particular interleaver should be used is not
too critical and a pseudo-random interleaver can
provide a very good performance. However, for
short frames, the performance obtained with the
pseudo-random interleaver can be improved using
different interleavers. Block interleavers will be
considered in this paper since they can provide a
better error performance than random interleavers
for short frames [7].



1. BLOCK INTERLEAVERS

The weight of the information sequence of a
recursive systematic code must be larger than 2 in
order to yield an output sequence of finite weight
[6]. Hence, al eror events are caused by
information sequences of weight 2 or greater. The
minimum weight d, of the output sequence for an
input sequence of weight 2 is often used to
determine the performance of a turbo code [7],
[8]. We will compare the minimum weights
obtained with block interleavers having from 1 to
192 columns. Therefore, depending on the number
of columns, the block may not be a square or a
rectangle.

First, a block interleaver with i columns, where i
varies from 1 to 192, is considered. An input
sequence of weight 2 is then generated. This
sequence is interleaved and encoded and the
weight of the output sequence is determined. This
processis repeated for al possible input sequences
of weight 2 and the frequency of al output
sequence weights is recorded. The number of
columns i isincremented and the whole process is
repeated.

The distance spectrum of the 16-state code with
generators 23, 35 is determined using al possible
block interleavers. For a frame with 192
information bits, an interleaver with 28 colums
yields an effective free distance of 20 for a rate
1/3 code. The effective free distance is defined as
the minimum weight of code sequences generated
by input sequences of weight 2 [8]. By looking
a the distance spectrum of al possble
interleavers, it has been observed that the effective
free distance can vary from 4 to 25 for arate - 1/3
code with a frame of 192 bits. Hence, it is
important to determine the appropriate number of
columns for the block interleaver.

Table | presents the distance spectrum of some
of the best interleavers. Simulations have been
performed to compare the error probability of the
16-state code with different block interleavers and
adithered golden interleaver [13]. This interleaver
is known to have excellent spreading properties
[13]. The max-log-APP (APosteriori Probability)
decoder from the Communications Research
Centre (CRC) for the (23, 35) code has been used
to compare the performance of different
interleavers [11]. It can be seen from Fig. 1 that

the golden interleaver is dightly better at medium
bit error rates. However, for small bit error rates,
the 28-column block interleaver outperforms the
golden interleaver. At a BER = 10°® the block
interleaver  with 28  columns  provides
approximately a gain of 1 dB over the golden
interleaver. The block interleaver with 28 columns
a so outperforms a random interleaver.

It can aso be seen the 28-column block
interleaver is superior to the 51-column interleaver
athough the latter has a larger d,. However, ds,
the weight of the output sequence sequence for an
input sequence of weight 3 is smaller for the 51-
column interleaver.

[11. SEARCH FOR GOOD CODES

Benedetto, Garello and Montorsi [8] have
presented good component codes for turbo codes.
Their codes have been found by using a uniform
interleaver.

Better codes have been found by performing a
search over all possible generators for each block
interleaver. Hence, the code and interleaver design
is combined. This is quite similar to the work of
Yuan et a. [10] except that they have performed
the search for the component codes using a
uniform interleaver and then, they have
determined an interleaver matched to that code.
Here, the code search uses the actual interleaver
and not auniform interleaver.

As an example, Table || compares the distance
spectrum of some of the codes found using this
technique with the BGM (Benedetto, Garello and
Montorsi) codes. It can be seen that BGM codes
can yield a large effective free distance if the
appropriate block interleaver is used. However, it
is possible to achieve a larger distance by using a
different code. Fig. 2 compares the performance of
the (23, 35) code with the BGM code. It can be
seen that the (23, 35) code is dightly better at a
small BER.

V. CONCLUSION

The best block interleavers for turbo codes have
been determined by examining the distances
obtained with all possible block interleavers. The
best interleavers outperform some known



interleavers such as the dithered golden
interleaver. Good component codes have also been
presented. These codes have been found by
combining the search for the codes and
interleavers.
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TABLEI
DISTANCE SPECTRUM OF SOME OF THE BEST
BLOCK INTERLEAVERS

Number of | dy, ny ds, N3

columns

25 17,1 24,1

28 20,1 23,4

51 25,1 15, 3
TABLE 11

DISTANCE SPECTRUM OF SOME GOOD
COMPONENT CODES

Number | G1 | G2 N. of dx 1 | dg, g
of states columns

4* 7 5 28 20,6 | 12,1
4 7 6 14 20,1 | 13,1
16 23 35 28 20,1 | 23,4
16* 23 37 28 19,1 | 20,4

* denotes a
Montorsi) code.

BGM (Benedetto Guido
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Fig. 1. Comparison of the BER performance for different block interleavers with 51, 25 and 28 columns and a
dithered golden interleaver (101).
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Fig. 2. Comparison of the BER performance for the BGM code and the (23, 35) code — N = 192, block interleaver
with 128 columns, 2 iterations.
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