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Abstract: This paper presents a new algorithm of obtaining a pseudo-random code-matched interleaver leading both to very good
interleaver parameters and performance. The difference between the proposed permutation and other code matching techniquesis
that not only the distance spectrum is improved but also the parameters of the interleaver. The design procedure is described in
depth, and the benchmarking is done against the High Spread-Random and the deterministic Long Term Evolution (LTE) standard

interleavers.
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I. INTRODUCTION
The advent of turbo codes represents one of the most
important breakthroughs in coding theory over the recent
years, closing the gap on the Shannon limit in terms of error
correcting performance. The low error rate of the turbo coding
scheme is achieved by combining two convolutional encoders
using an interleaver, which is basically equivalent to
multiplying the input sequence with a permutation matrix.
Turbo codes have a sparse distance spectrum, which provides
leads to very good performances at a low signal to noise ratio
(SNR). This is mainly caused by the spreading randomness
effects introduced by the interleaver, which translates into a
low multiplicity of low-weight codewords. The main
drawback of turbo codes resides in their low minimum
distance, which produces an error-floor limitation [1].
The solution to this problem is to either increase the size of
the interleaver, or to use a code —matched interleaver design.
There are several deterministic code—matching techniques,
which can provide a high minimum distance [2-4]. Because
these designs are highly structured, the randomness of the
generated permutations is very poor. A different pseudo-
random code-matching technique is presented in [5].
However, in this case the obtained spreading factors are
average.

II. TYPICAL INTERLEAVER PARAMETERS
Supposing that i and j are two indexes in the permutation 7(x)
of length K, then the following parameters are relevant when
designing a good interleaver:

a. The spreading factor S
The spreading factor S is the maximum number for which:

li—jlkS =>ln(i)—=n(j)= S (1)

The larger the S parameter is, the better the burst errors can
be corrected [6].

b. The dispersion I" and normalized dispersion y

The dispersion I is the number of distinct pairs:
(4.4, }={j—in(j)-m(i)};i< j 2)

The larger the I' parameter is the better the statistical
independence between the two inputs of the encoders is [6].
This parameter is a reflection of the degree of randomness of
the turbo encoder.

The normalized dispersion y can be obtained by dividing the
dispersion to a factor of K¥*(K-1).

c. The S,,,, and the D spreading factors

The new spreading factor S, is defined as [7]:
S (b J)=min(lz(i)—n(j) | +1i—jl);i# j (3)
ij

The D-spreading factor is defined in [8]. It is similar to the
Shew spread, but instead of the Manhattan metric, the Lee
metric is used.

D= min(\n(i)- n(j)le +1i- jlg)ia j @
ij
Where

| x- yl.=min(mod(x - y,K)mod(y - x,K)); (5
Xqy
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d. The free distance dj.,

The free distance dge. is the minimum Hammning distance
between different code words. For an Additive White
Gaussian Noise (AWGN) channel at high and moderate
SNRs, the bit error rate (BER) and the frame error rate (FER)
can be expressed through the following bounds:

E
* R % b (6)
free C N0

BERzo.s*%*erfc df,ee*Rc*ﬂ 7
K \ N,

Where K is the length of the interleaver; RC is the coding

FER=0.5%N, *erfc| |d

free

rate; erfc is the error function complement; Ny is the one sided
noise power spectral density; E,, is the bit energy; dge. is the
free distance; Ny is the multiplicity of the code words with
the Hamming weight equal to dgee and g is the sum of the
Nfee information words that produce code words with the
Hamming weight equal to dg... The interleaver has to increase
dgee and decrease Nye. and oy in order to lower the error
floor at moderate to high SNRs.

In case of a Rayleigh Multiplicative Fading (RMF) channel,
the bounds expressed in equations (6) and (7) become:
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The coding rate depends on the type of trellis termination of
the turbo encoder. In the considered simulation scenarios, the
LTE- standard termination was adopted, with both component
trellises terminated using a post- interleaver termination
method. Additionally, the tail bits of the second encoder are
not transmitted. In this situation, for an interleaver of size K,
the coding rate can be expressed as:

K

P —— (10)
© 3%K+4%m
Where m represents the memory of the constituent encoders.
The LTE configuration has constituent encoders of memory 3,
so the coding rate has the following value:

K

R =—— 11
€ 3xK+12 (n

ITI. THE HSR AND LTE INTERLEAVERS
The High-Spread Random (HSR) interleaver is randomly
generated and its elements respect an user imposed Sjew
spreading factor. The generation time is reasonable and the
spreading factor obtained is close to the maximum value of

/2K .The overall performance of this interleaver is greater
than the one of a simple S-Random interleaver [7].

The LTE (Long Term Evolution) standard is a 4G
communication standard that is due to replace the current 3G
UMTS (Universal Mobile Telecommunication Standard). The
LTE interleaver is derived from the QPP (Quadratic
Permutation Polynomial) interleaver and is among the best
one known for turbo codes [9].

IV. THE PROPOSED INTERLEAVER DESIGN
The proposed interleaver design contains three distinct stages.
In the first stage, a start-up interleaver structure is obtained. In
order to reduce the generation time and enhance the
performance, the start-up permutation has to have a good Sy
spreading factor. The second stage, the start-up interleaver is
randomly enhanced, so that its parameters (S, S;ew, D and y)
are increased. This is done through a swap technique. The
final stage of the interleaver design has the role of code-
matching the interleaver to the particular turbo code used.
During this stage, the last spectral line of the code is
improved, while the parameters obtained in stage two (except
the dispersion y) are preserved.

a. The first stage

The first stage generates a starting interleaver, that will be
enhanced further on. Because of the flexibility of the
considered design method, any kind of interleaver can be
chosen as the starting interleaver. However, provided a proper
type of interleaver is chosen during this stage, not only the
overall generation time, but also the performance of the final
interleaver can be increased. The most suitable interleavers
that can be involved in this stage, have to provide a balance
between both the spreading parameters (S, S, and D) and
the dispersion (y). One can use either a S-Random, HS-
Random or swap interleaver [10].

b. The second stage

The second stage refers to the improvement of all the start-up
interleaver spreading parameters. The algorithm related to this
stage is a pseudo-random one, and the parameters that can be
increased depend on the type of the interleaver chosen in the
first stage. In case of a S-Random interleaver, both the S,
and D spreading factors can be increased, whereas in case of a
HS-Random interleaver, the S and D spreading factors can be
increased. The modified swap interleaver can be enhanced in
terms of the D spreading factor. The drawback of this kind of
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starting interleaver is given by the high values that are
obtained for all the spreading factors (D, S and S,.y). This
means that step three (which is the most important one,
because it ensures the code-matching feature of the
interleaver) is offered less swaping opportunities. In order to
solve this problem and increase the final performance of the
interleaver by improving the distance spectrum, one of the
three spreading parameters has to be sacrificed. The best
option is to have a lower S-spreading factor, by selecting the
High-Spread Random interleaver as the starting interleaver.
This kind of interleaver has a moderate S-spreading factor, a
very high S,.,, spreading factor, but a rather low D-spreading
factor. Thus, for this type of interleaver, the only spreading
factor that has to be increased is the D-spreading factor.

The algorithm used for increasing one of the spreading factors
(for example the D-spreading factor), while preserving the
other two spreading factors (for example S and S,,) is
described below:

1) Compute the S,S,. and D spreading factors

2) Initialize the number of total tries per spreading value to
25*the interleaver’s length and the maximum number of
accepted elements that violate the spreading nmax=10

3) For d_current=D to the desired spreading value do:

4) Compute the number of terms from the interleaver that
violate the current spreading value and store these terms in a
vector v

6) Compute and the normalized dispersion y

7) For i=1 to the desired number of tries do:

8) Generate two distinct random positions, one from the whole
interleaver and one from the vector v of the interleaver’s
elements that violate the spread and swap them

9) The swap is kept provided that the following conditions are
met:

a) The initial S and S,.,, spreading parameters are preserved
or increased

b) The number of terms from the interleaver that violate the
current spreading value d_current has diminished or remained
unchanged, but the normalized dispersion y has increased
10) Exit the loop if the number of elements that violate
d_current is zero

11) If after performing the number of tries, the number of
elements that violate d_current is not zero, but is smaller then
nmax, than the following thorough swap is performed: 12)
Take each element from the interleaver and perform a swap
with each element from the vector v that violates the d_current
spreading value

13) The swap is kept using the same conditions as the one
from step 9

14) If after performing a complete scan of the interleaver the
interleaver, there are still elements that violate d_current, than
the spreading value cannot be larger than d_current-1, and the
algorithm ends, and all the swaps made in search of a
d_current spread are discarded.

c. The third stage

In the third stage is a code-matching stage, which tries to
improve the last three spectral lines of the interleaver and
increase the dispersion y. In order to generate a high

performance code-matched permutation, a method of
computing the distance spectrum of the specific code is
necessary. Furthermore, because in the simulations, the post-
interleaver trellis termination is considered, the distance
spectrum calculation algorithm has to take this aspect into
account as well. The most reliable distance spectrum
computation method is the true distance measurement method,
which is able to reliably compute the first three terms of the
distance spectrum. The disadvantage of this approach is that
the complexity increases severely with the free distance
(which in its turn is dependent on the interleaver’s length)
[11].

The design algorithm for the code matched interleaver can be
synthesized as follows:

1) Initialize the number of tries with 150*the interleaver’s
length

2) Calculate the S, D and S,.y-spread of the interleaver and
the first term of the distance spectrum dgee, Nfee aNd Weee,
taking into consideration the post-interleaver flushing
termination. Furthermore, the normalized dispersion vy is
computed. A cost function I is defined, where I=(S+S,,c4+D)*
Y

3) For the desired number of iterations perform the following
operations:

4) Generate two random interleaver positions and perform a
swap

5) The swap is kept only if a series of conditions in the
following order are met:

a). If the new interleaver doesn’t have a spreading factor at
least equal to the initial S, D and S,.., spread values, the swap
is discarded and the algorithm returns to step 4, otherwise
jump to 5.b

b) The first term of the distance spectrum is computed. If there
is an improvement in the sequence d-n-w (if FER optimization
is desired) or in the sequence d-w-n (if BER optimization is
desired) the swap is kept and the algorithm returns to step 4.
In case there is no change in the distance spectrum, the
algorithm jumps to step 5.c

¢) The cost function I=(S+S,ew+D)* v are computed. The
swap is kept if the cost function is improved, otherwise the
algorithm jumps to step 4.

The algorithm has several advantages over other code
matched interleavers. First of all, the design offers flexibility,
not only in terms of the number of iterations that are user
definable in steps IV.b and IV.c, but also from the point of
view of FER or BER optimization. The values chosen for
these variables are chosen empirically in order to provide a
reasonable compromise between performance and time
consumption for the studied frame lengths (under 300). In
case of larger interleaver sizes, these values should be
lowered.

Secondly, a real distance spectrum calculation algorithm is
used, instead of a distance spectrum estimation using various
error patterns. Thirdly, unlike other deterministic code-
matched schemes [12], not only the degree of randomness is
improved, but also the spreading factors are increased, during
the second design stage. Furthermore, the third design step is
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not deterministic, but rather pseudo-random, which drastically
reduces the overall generation time.

The selected cost function I from step IV.c, was selected so
that there is a balance between all the spreading parameters
and the normalized dispersion factor.

V. SIMULATIONS AND RESULTS

The simulations were run for two code matched interleavers,
deriving from the high-spread random interleavers of lengths
equal to 152 and 256, in case of both Additive White
Gaussian Noise (AWGN) and Rayleigh Multiplicative Fading
(RMF). The number of decoder iterations was set to 12, the
modulation used was Binary Phase Shift Keying (BPSK) with
Bit Interleaved Coded Modulation (BICM). The constituent
convolutional encoders chosen were identical and equal to
(15/13) in octal with post interleaver trellis termination and
the decoding algorithm was log-MAP. The the BER and FER
curves are shown in figures 1, 2, 3 and 4 for L1=152 and in
figures 5, 6, 7 and 8 for L2=256. Additionally, tables 1, 2, 3,
4, 5 and 6 illustrate the first terms of the distance spectrum
computed for post-interleaver trellis termination and the most
important parameters as computed for the high-spread
random, matched high-spread random and LTE interleavers
for the simulated lengths. The results of the simulations yield
to a clear improvement of the performance, due to the better
distance spectrum and the proper choice of the cost function I,
which maximizes both the S- spread and the dispersion .

VI. CONCLUSIONS AND FUTURE WORK

This paper presents a new three-stage code matched
interleaver design technique. It’s performances are evaluated
against both the HS random and the deterministic LTE
standard interleaver. The results of the simulations show a
clear improvement in each of the considered scenario.
Furthermore, through the design that involves not only code —
matching but also a careful increase of some of the
interleaver’s key parameters, this structure can be used in
some practical settings where the turbo code is fixed and the
frame length is short. Future work should address to the study
of this code matched interleaver for longer frame sizes. In this
case, a faster distance spectrum computation method should
be used, such as that described in [13].

Table 1. Parameters of the LTE interleaver for L1=152

Table 4. Parameters of the LTE interleaver for L2=256

Parameter | S | Sie | D | v dirce | Diree | Ofree

Value 8|16 16 | 0.0413 |16 |1 2

Table 5. Parameters of the HSR interleaver for L2=256

Parameter | S | S.ew | D | ¥ diree | Diree | Ofree

Value 9| 18 9 |10.7891 | 17 1 1

Table 6. Parameters of the matched- HSR interleaver for

L2=256
Parameter S Snew D Y dfree Nfree free
Value 9|18 18 | 0.8126 | 20 | 1 2

Parameter | S | Spew | D Y dree | Diree | Ofree

Value 6| 12 |12 10.0381 | 15 1 1

Table 2. Parameters of the HSR interleaver for LI=152

Parameter | S | Spew | D Y diree | Diree | Ofree

Value 71 14 |7 107565 | 18 4 8

Table 3. Parameters of the matched-HSR interleaver for
LI=152

Parameter | S | Sieo | D | v dirce | Dree | Ofree

Value 7114 13108247 | 18 |1 2
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