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Abstract - Turbo code can achieve good error performance by
iterative decoding, but more iterations result in additional
computational complexity and delay. CRC-turbo concatenated code
is known to be the most efficient method to reduce the number of
iterations. However the performance may be degraded by the edge
effect in this scheme like the conventional turbo code without CRC.
A method to diminate the edge effect is proposed by adopting D-
parameter to the conventional swap interleaver in this paper. As
results of simulations, the edge effect is shown to be successfully
eliminated by using the new interleaver designed with D-parameter.

|. INTRODUCTION

URBO code can achieve good error performance by

iterative decoding, but more iterations result in
additional computational complexity and delay [1,2]. Thus,
various methods to reduce the number of iterations have
been proposed. CRC-turbo concatenated code is known to
be the most efficient method among them [3].

They incorporate CRC code before turbo code and
frame error is detected by CRC code at each iteration step.
If no error is detected, iteration is stopped. Otherwise, it is
continued.

However the error performance may be degraded by the
edge effect [4] in this scheme. If the bits located near the
end of an information frame are also mapped near the end
of a frame after interleaving, these might result in high bit
error rate (BER). This is because the weight-1 input
sequences where a bit '1' is located near the end of aframe
generate relatively small free distance in turbo code [5].
This is one major reason that the constituent encoder is
forced to return to all-zero state by appending tail bits. But
this method cannot eliminate edge effect completely.

A swap interleaver [6,7] has been proposed recently
which shows better performance than srandom
interleaver [8] for turbo code.
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D-parameter is adopted in a conventional swap
interleaver to remove the possible edge effect of CRC-
turbo concatenated code in this paper. The error
performance and average number of iterations are
analyzed by computer simulations.

[l. INTERLEAVER DESIGN
A.  D-parameter

The error performance of turbo code using iterative
decoding depends largely on the structure of the
interleaver used because the interleaver affects the
distance properties of the codewords. That is, the
performance of a turbo code depends on how effectively
the input data sequences that produce low encoded
weights at the output of first constituent encoder are
matched with the permutations of the same data sequences
that yield higher encoded weights at the other constituent
encoder. Therefore considerable efforts have been made to
obtain such a good interleaver, and some successful
results have been obtained [6-8].

Generally the non-self-terminating sequences have little
effect on the performance of turbo code because they
accumulate high encoded weights until trellisis artificialy
terminated at the end of frame [8]. However the non-self-
terminating sequences near the end of frame may generate
codeword with low weight after turbo encoding like self-
terminating sequences. That is, a bit '1' near the end of an
information frame may accumulate relatively low weights
at the first constituent encoder. The position of the bit '1'
may be also near the end of frame after interleaving in this
case. Then the resulting overall coded sequence still has
low weight.

Thus not only self-terminating input sequences but also
non-self-terminating input sequences close to the end of
interleaver affect the error performance of turbo code
significantly. Therefore D-parameter is adopted in this
paper to avoid this bad situation, which is called the edge
effect.

D-parameter is simply defined as the number of bit '0's



after a bit '1' to obtain the predetermined minimum free
distance. Following is an example of non-self-terminating
weight-1 input sequence. At the rate 1/2 recursive
systematic convolutional (RSC) encoder with the
generator polynomia (7,5)s, if input sequence is
(00---00100(000)°) then the resulting output parity
sequence is (00---00111(011)°). That is, the output
codeword of weight 4+25 (one for input sequence and
3+25 for parity sequence) is generated by the weight-1
input sequence with a bit '1' and 2+38 consecutive 'O's.
Here the weights of tail bits and the parity bits generated
by the tail are not counted for ssimple calculation.

D-parameter should be larger than 17 to obtain the
weight of codeword larger than 14 in this case, where 8 is
5. Also the weight of codewords in the case of other non-
self-terminating input sequences with weight-2 or more
increasesin the ratio nearly the same as weight-1 non-self-
terminating input sequences.

B.  Design procedure of interleaver with D-parameter

The design procedure of swap interleaver with the
proposed D-parameter is depicted in Fig. 1, where n; and
ny represent the positions of data in the interleaver, n(n;)
and nt(ny) are datain positions n; and n,, respectively. N is
the size of interleaver and i represents the number of
swapping.

Design procedure can be described as follows. First, a
block interleaver with equal or similar size of span and
depth is generated [6]. Then two arbitrarily and randomly
chosen values in the block interleaver are swapped. S
parameter is checked after swapping as in the
conventional s-random interleaver [8]. That is, bits located
within the distance of the predetermined s-parameter S
from nth input bit before interleaving should be separated
at the distance of at least S from () after interleaving.

Also D-parameter is checked as follows after s
parameter is checked. The separation between the nth
input bit and the end of frame is N-n. The separation
between the interleaved position of »th input bit, n(z) and
the end of frame is N-rn(n) after interleaving. Sum of these
should be made larger than the predetermined D-
parameter D to obtain codewords with the required
minimum free distance. This can be represented as
follows;

(N-n)+(N-=z(n))>D
(N—-n,)+(N—-=m(n,))>D

@

If any one of these two conditions is not satisfied, the
swapped two values should be restored to their original
positions. If al of these two conditions are satisfied, we
proceed to the next iteration process. The design
procedure is completed after these swapping processes
have been sufficiently iterated, e.g. 100 times the frame
length.
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Fig. 1 Design procedure of swap interleaver with the
proposed D-parameter

I11. PERFORMANCE ANALYSIS

Simulation was performed for the 4-state rate-1/3 turbo
code with the generator polynomia of (7,5)s. The size of
interleaver is 1296, and additive white Gaussian noise
(AWGN) channel is assumed. The 16-bit CRC code with
generator polynomial, x'*+x*+x%*+1 is concatenated with
the turbo code. The automatic iteration-stopping algorithm
with maximum iteration of 8 is used for the decoding of
CRC-turbo concatenated code. Trellis termination scheme
is applied at the first constituent encoder. The same tail
bits as those used at the first constituent encoder are used
at the second encoder. The MAP (maximum a posteriori)
algorithm is used for decoding [9-11]. The number of
iterations at the conventional turbo code without CRC is
set to 8.

The simulation results of CRC-turbo concatenated code
are depicted in Fig. 2 and 3 where the frame and bit error
rate versus the Ey/Ng at various D are shown. Ej, is bit
energy and Ny is noise density as usual. Here D=0



corresponds to the worst case of edge effect in the
conventional interleaver.

It can be observed that FER decreases rapidly as Ey/Ng
increases when D-parameter is sufficiently large. When D
is 0, worst error performance is observed by the edge
effect. However the edge effect is eliminated amost
completely when D islarger than 15.
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Fig. 2 Frame error rate of CRC-turbo concatenated code.
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Fig. 3 Bit error rate of CRC-turbo concatenated code.

Also BER of CRC-turbo concatenated code is similar to
FER. BER is greatly decreased as D increases. However
BER is not decreased any more like FER if D is larger
than 15.

Error distribution according to various D-parameters is
shown in Table 1, where ¢ represents the ratio of
information bit errorsto total errors and ¢, represents CRC
bit errors to total errors respectively. The smaller D, the
more errors are concentrated at CRC bits. Furthermore
amost all errors appear in CRC bits at high Ey/No.
However the errors in CRC bits are significantly reduced
when D islarge.

TABLEI
ERROR DISTRIBUTION ACCORDING TO D (%)

D 0 6 12 18
E/N, [dB] g e e e |le|e|e | e
1.0 82|18 |9 | 4 [97| 3 |98 | 2
15 28 | 72 | 73|27 | 9% | 4 | 98| 2
2.0 8 (92|58 (42|97 3 |9% | 4
25 4 (9% |41 (59 |93 | 7 |8 12
3.0 1993 |656[91| 9 |100| O

The average number of iterations according to D is
shown in Table 2. The average number of iterations of the
proposed interleaver is reduced dightly compared to that
of the conventional interleaver with the edge effect. If it is
compared to the conventional turbo code without CRC
where the number of iteration is fixed to 8, the average
number of iterationsis significantly reduced.

TABLEII
THE AVERAGE NUMBER OF ITERATIONS

| 0| 8| 2| B |
1.0 3.69 3.64 3.64 3.64 8
15 2.67 2.63 2.63 2.63 8
2.0 215 212 211 211 8
25 1.96 194 194 194 8
3.0 1.62 161 161 161 8

IV. CONCLUSIONS

A method to design a swap interleaver to eliminate the
edge effect in CRC-turbo concatenated code is proposed
and the performance is analyzed by computer simulation
in this paper. Asresults of simulations, frame and bit error
rate can be reduced significantly by adopting D-parameter,
which is determined by the required minimum free
distance of a code. In addition, the average number of
iterations is also reduced dightly.

Furthermore, CRC error detection system coupled with
automatic repeat request (ARQ) can be used with turbo



code [12]. If the proposed interleaver is used in this hybrid
ARQ system the number of retransmissions is expected to
be reduced due to the greatly reduced FER.
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