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Abstract: It is well known that the Turbo codes performance is considerably affected by its Interleaver design,
which often has random permutation properties. In this paper we propose deterministic three types of 1-D
Chaotic Interleavers based on chaotic dynamics that have a random like behavior to give the Interleaver the
required degree of dispersion and correlation factors. Furthermore 2-D and 3-D Chaotic Interleavers are designed
to have good separation parameters that have a major impact on the turbo codes performance especially over
fading channels. Then, the designed chaotic Interleavers are compared with random one in terms of BER
performance for random data and measuring the quality of the received image in terms of their PSNRs. The
results show that, the Multi-dimensional Chaotic Interleavers outperform the random one, in terms of both: BER
and the quality of the received image.
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1. Introduction

In1993 C. Berrou, et.al. proposed a new class of convolutional codes called Turbo Codes
whose performance in terms of Bit Error Rate (BER) performance are close to the Shannon
limit”. For selected sub optimized parameters, Turbo Codes can operate within just 0.7dB
away from the Shannon limit[1]. The potential performance offered by turbo codes has
excited both academic and industrial researchers. This Turbo Code is not just a single code. It
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IS, in fact, a combination of (at least) two codes that work together to achieve a synergy that
would not be possible by merely using one code. In particular, a turbo code is formed by
parallel concatenation of two constituent codes separated by an Interleaver. Each constituent
code may be any type of FEC code used for conventional data communications. Although the
two constituent encoders may be different, in practice they are nominally identical[2]. A
generic structure for generating turbo codes is shown in Fig. 1, as can be seen that the turbo
code consists of two constituent encoders, denoted as ENC-1 and ENC-2. The input data
stream appears at the output as systematic bits 'x’, ENC-1 deals with this frame of data in its
original sequence to generate its own parity y,’, while ENC-2 generates its parity bits 'y,’
according to the Interleaved version of the data frame. Then parity outputs of the two parallel
encoders are punctured to get the required total code rate. Finally they serialized into a single
turbo coded data by a multiplexer[3].

Frame of data to be encode X

£
ENC-1 i > T
NC Vi %D > é Coded
Inter] i = Té.‘ Output
nterleaver ‘g L:';
= p=
[a M

Y

|—, ENC-2 Ve

\ 2

Figure 1. Turbo Codes Encoder

2. Turbo Decoders

Since of convolutional codes have flexible code rate conversion as well as they have many
efficient decoding algorithms like Soft Output Viterbi Decoding SOVA and Maximum A
Posteriori '"MAP' decoding algorithm that can provide soft decision which is very important in
suboptimal decoding. Referring to the encoder, which has two component codes, Turbo
decoder must have two constituent decoders namely DEC-1 and DEC-2. Starting with DEC-1
it receives (xy, y1x)and performs decoding in any algorithm ( SOVA, MAP,...) and produce
its soft decision in terms of log likelihood ratio llr; (dj).Then it sends its extrinsic
information  lir,° (d,) to DEC-2 as an aprior information after interleaving, and the
interleaved version of the systematic symbols x; together with y,, DEC-2 produces its
decision llr,(dy). But the key idea in the Turbo codes is the iterative decoding, where that the
extrinsic information gained from the 2" decoder llr£(d,)is used by the 1% decoder as an
aprior information by means of a feedback loop after deinterleaving, and again DEC-1
recalculates the Ilr; (d,) and sendslir?(d,,) to the DEC-2 and again DEC-2 recalculates the
llr,(d,) and sendslirs?(d,) to DEC-1. This exchanging of the information between the
decoders is repeated until a satisfactory number of decoding iterations are done. At each
iteration the estimated recovered binary data is taken as the sign of 1% (d,)[3], as shown
in Fig. 2.
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Figure 2. Iterative Decoder of Turbo Codes

3. The Interleaver in Turbo Codes

An Interleaver block normally takes set "y" of symbols at the I/P and produces an
identical set of symbols at the output but in a different order (indexes) from that in the input,
typically it is denoted by : y — y . Where  is the operation (Action) of the Interleaver[4],
which represent the mapping every index ‘i’ into (i) as shown in Fig. 3 below.

X1 X2 - XN 2l T [ Xn1) Xn@) Xr(N)

Figure 3. Action of the Interleaver

Deterministic Interleavers often described by some deterministic equations that specify its
output sequence in terms of input sequence, or any Interleaver may be represented by a
lookup table for the input and the output indexes. Whatever the Interleaver type,
mathematically it can be substituted by a Py, matrix with single one in each i**row lays in
the " column. With the set input X, the output (Interleaved) set sequence Y;,yis [5]:

Ynx1 = Pnxn * Xnx1 (1)

For every Interleaver, the Decoder must have its corresponding inverse operation named the
"Deinterleaver” or =~ where the interleaved (permuted) sequence recovers its original order
and its permutation matrix simply got from PTor P~1, so the deinterleaved to its original
sequence may be written as[5]:

Xixn = PNTxN * Yy (2)
3.1 Main Objective of Turbo Codes Interleaver

3.1.1Correlation of the Interleaver:

If the input binary data sequence to the Interleaver is X = St = {S}, S} ....Sk}, and Yis the
output sequence from the Interleaver i.e.Y = S° = {§7,S5 ....Sy}, then, the correlation of the

Interleaver R;is defined as [6]:
N

1 ,
R == (25, - )57 D 3)

k=1
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As the Interleaver correlation approaches to zero, then, output data sequence approaches to be
independent with the input sequence. An interleaver with low correlation is expected to have a
good performance in concatenated codes where the extrinsic information exchange is optimal
when the sequence of the processed data is fully independent. Since the data is normally a
random variable with equal probability for both 0&1, so for different positions for data, R; is
almost zero except, only when data symbols that take the same indexes after Interleaving they
give "+1" whateverS:. Therefore the average correlation may be estimated by only the
indexes that don't change (Immoveable points) after interleaving as follows [4],[6]:

_ Number of Immoveable points of the Interleaver
=

(4)

Interleaver size N

3.1.2 Dispersion of the Interleaver

Simply, dispersion is a set of distinct displacement vectors. It is used as a measure to the
randomness of an Interleaver and it is defined by[4]:

I = ||Ax, Ay (5)

Where Ax =j—iandAy =n(j) —n(iJV1<i<j<N |||A B|here represents the
cardinality, which is the number of non-repeated vectors in the set. But as the size of the
Interleaver is increased, then I'is increased, so that always Interleavers are compared in terms
of normalizeddispersion factor y where 0 < y < 1 and given by [7]:

|| Ax, Ayl|

V=N -D/2) ©)

A low dispersion value of an Interleaver indicates that the Interleaver is very regular. For
example for identity Interleaver then y = 2/N. For classical block Interleaver y =
4/N(N + 1)while for random Interleaver y =~ 0.81 [4].

3.1.3 S-parameter of the Interleaver (Depth of the Interleaver):

The depth of an Interleaver is defined as the minimum separation (in symbols)between any
pair of symbols at the output of the Interleaver where these two symbols were adjacent or
separated with distance less than t-symbols at the input of the interleaver. Then at the output
of the Interleaver, there must be at leastS symbols between these symbols. Let iandj be the
two indexes for these symbols then at the output, this definition can be formulated as follows

[4], [8]:
li—jl<t—=|n@)—n()l =S (7)

The depth of an Interleaver has a significant importance for a burst of errors entering a
deinterleaver at the receiver. If a burst of errors has duration less than the depth, then two
symbols affected by the burst cannot be adjacent after de-interleaving, thereby can be
corrected by a simple isolated error correcting codes[9].

147



Journal of Engineering and Development Vol. 19, No. 06, November, 2015 www.jead.org (ISSN 1999-8716)

4. Proposed-1: 'Sorting’ Chaotic Interleaver

By making use of chaotic signals which is a random like one. We can design a Chaotic
Interleaver accomplishing job of random Interleaver in turbo codes as done with BICM-1D|[6].
This design method assumes there is a known chaotic map with its initial condition and
parameters unanimous between the Encoder and the Decoder, we will explain the design
procedure steps as follows:-

Step 0: Prepare a Chaotic map with its control parameter(s) and negotiate it between the
encoder and the decoder.

Stepl: Using the defined chaotic map, generates a Chaotic Sequence with length equals to
Frame length N.

Step 2: Sort this chaotic vector in ascending order according to the samples magnitude.

Step3: After sorting the chaotic vector according to ascending order, the indexes for the
elements will change. Take these indexes as the interleaving look up table for both
transmitter's encoder and the receiver's decoder. Fig.4 shows the scatter plot of the interleaved
positions by suing this algorithm for two Interleaver sizes 256, 512 bits and how does it looks
a random like permutation.
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Figure 4.Scatter plot of interleaved indexes of Chaotic sorting Interleaver

The advantages of this design is the simplicity in its algorithm, in the same time it provides
a high dispersion and low correlation Interleaver. But it does not ensure any S-parameter and
the sorting process may be time consuming especially for large frames, since it requires
N(N —1)/2 of comparison to sort N elements. By testing a 100 frame of random data the
calculation of this Interleaver parameters gives correlation R; ~ 1/Nand dispersiony =
0.82 but without any guaranteed S-parameter for this algorithm.

5. Proposed-2: "Multiplying' Chaotic Interleaver

Another way of thinking, as in [10], we can design another chaotic Interleaver by direct
multiplying the resulted chaotic value by a certain large number L, where L must be greater
than the frame size/max(x), and it must be defined for both encoder and decoder in addition to
the chaotic map with its initial condition, Then take the modulo with respect to the frame size
to the nearest integer resulting from this multiplication. This procedure can be summarized as
follows:
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Step 0: Setup the chaotic map with its initial conditions, its control parameters and "L" .
Step 1: Multiply x, by Z, then take the module to the integer part, this results n(1).

Step 2: For the every element index(k=2 to N) iterate the chaotic map to generate new chaotic
value.

Step 3: Multiply the last generated chaotic value i.e. x;, by L and take the module to the integer
part this yields:

Z(i) = Round{x, * Lmod N} + 1 (8)

Step 4: Verifying: If the temporary variable Z(i) equals to any one of previously generated
interleaved positions then go to step 2 otherwise assign this Z(i) to be current interleaved
position m (k).

Step 5: The resulted interleaved positions m(1),7(2),....m(N) forming the Interleaver
permutation lookup table to be used at both transmitter and receiver.

Note 1: The multiplicand large number "L" for some chaotic maps have domains of ‘U’
interval extend from negative to positive axis, this L must be greater the or equal to frame

size N/U. For example for with Lozi map given in eq(9) with a=1.7 and b = 0.5 that has U

domain interval of [1.4<1.4] and any frame size N, then L > {N/(1.4—(—1.4))} or
L>N/28.

Vi1 = bx; , X1 =1—alx;| +y(i) )

Note 2: There is no need for the multiplication by L and modulus operations for some integer
defined chaotic maps, like Arnold cat map, discrete time baker map whose domain can be
adjusted to match the Interleaver size.Fig. 5 shows the scatter plot for the input and the
interleaved indexes for this algorithm accomplished using Lozi map for Interleaver size 256
and 512 symbols.
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Figure 5. Scatter plot of interleaved indexes of multiplying Chaotic Interleaver
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5. Proposed-3: 'Slicing" Chaotic Interleaver

Actually this approach was suggested by [11] to interleave few symbols for the purpose of
PAPR reduction in OFDM systems, Here we propose to extend this algorithm for large
number of symbols to be used as an Interleaver for Turbo codes. This design is mainly based
on dividing the domain of the negotiated chaotic map into N sub domain (slices) and label the
1,2....N, then run the chaotic map. At every time instance the interleaved index is the index of
the slice in which the chaotic value lays in. and if that position has already taken by previously
interleaved positions leave it and iterate the chaotic map to try with next chaotic sample, and
carry on by this procedure until all entries of Interleaver permutation table are filled. This can
be simplified in the following steps:

Step 0: With the defined map which has a known domain(dynamic range), divide this domain
into N slices, each one with Chaotic domain interval/N width.

Step 1: The first interleaved position (1) is the index of the slice in which x; lays. For the
remaining indexes w(k)where k = 2,3 ....N.

Step 2: Iterate the chaotic map to provide a new chaotic value and define Z(i) to be the index of
the slice in which x;, lays.

Step 3: Compare Z(i) with all previously generated indexes m(1)..m(k —1). If it equals to
any of them go back to step 2 to get new x and Z, i.e. x;,,&Z(i+1) otherwise (k) = Z(i).

Step 4: Finally the interleaver lookup table is the indexes (1), (2) .....7m (N).

Fig.6 shows the scatter plots for the input vs. interleaved indexes for this algorithm
accomplished using logistic map for arbitrary Interleaver sizes 256 and 512 symbols.
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Figure 6. Scatter plot of interleaved indexes of Sliding Chaotic Interleaver
6. Proposed-4: Two Dimensional '2-D* Chaotic Interleaver

Since the chaotic system can't predict their long term results, thus all of previous (1-D)
designs do not guarantee any separation (S-parameter) between symbols after Interleaving, so
we have to design an other chaotic Interleaver that ensures that there will be at least "S "
symbol separation after interleaving between any two elements that were adjacent or separated
by less than or "t" symbols. Below we describe the design procedure of the "Two Dimensional
Chaotic Interleaver".
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Stepl Write the frame of N date symbols inside a two dimensional array with R-rows, C-
columns (where R X C = N) in row by row fashion.

Step2 Using any one of previous one dimensional chaotic Interleaving generate R-sized
Interleaver to permute element inside every column. This step is equivalent to rows
permutation.

Step3 Using the last generated chaotic value from step 2 as initial condition for the 1-D
chaotic Interleaving to generate an Interleaver size equal to [C/2]to permute the odd
numbered columns again with the last generated chaotic sample evaluate another Interleaver
size of |C/2|to permute even numbered columns then combine these two Interleavers to
permute columns. But if the firsts or the lasts elements form the odd and even indexes became
neighbors then reject this chaotic value and try with next value and redo this step.

Step4 Finally read the data from this matrix in a column by column manner.

Fig. 7 shows this interleaving strategy for Frame size N=30 symbols we factorized the 30 into
5x6 where we write just the indexes of the symbols.

Note: Step 2 and Step 3 are interchangeable, and step 3 gives a good separation between
interleaved columns with semi random permutation, it can be replaced by designing a block
Interleaver of size C with suitable choice for its dimensions. This guarantees neighbors
columns no longer be so, but this may degrade the randomness degree of the total Interleaver,
so that it may be compensated by assigning different interleaving permutation for each
column element, by the same idea of using last chaotic value as initial condition for the
successive columns Interleavers.
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Figure 7. Example of '2-D' Chaotic Interleaver with N = 30,R=5,C =6

Fig.8 shows scatter plots for the input and the interleaved indexes for two dimensional chaotic
Interleaver with cubic map for reordering rows and columns for different Interleaver sizes:
casel N =256,R=16,C =16. Case2 N =512 withR =16,C = 32. These figures

151



Journal of Engineering and Development Vol. 19, No. 06, November, 2015 www.jead.org (ISSN 1999-8716)

indicate to existing degree of randomness provided by this technique for the Interleaved
symbols, From these scatter plots we can see how the scattering area became more
homogenous but it is evident that 2-D Chaotic interleaver has a limited degree of randomness
since the scatter plots have some almost repeated patterns.
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Figure 8. Scatter plot of interleaved positions of sliding Chaotic Interleaver for N= 256, 512

From Fig. 9 we can see that, there is no separation less than R — 1 between the Interleaved
symbols. Thereby, the 2-D chaotic Interleavers are expected to have a very good performance
in burst error diffusion and awards a higher error correction capability to turbo code especially
in Rayleigh Fading channels.
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Figure 9.Minimum Separation between interleaved symbols in '2-D'Chaotic Interleaver.

7. Proposed-5: Three Dimensional '3-D* Chaotic Interleaver

2-D Chaotic Interleaver has a good S-parameter but it has many short periodic behavior in
interleaving symbols appeared in its scatter plot which decreases its dispersion parameter
thereby it mayn't achieve an excellent performance in Turbo Codes since its randomness is
limited. In 3-D Chaotic Interleaver we aim to increase the randomness in the same time we
attain S-parameter as larger as possible. Below we describe design procedure of the "Three
Dimensional 3-D Chaotic Interleaver":

Step 0 Setup the chaotic map with its initial conditions

Stepl Write the frame of N symbols to be interleaved inside a three dimensional array having
R-rows, C-columns, A-aisles in row by row for every aisle then aisle by aisle for the third
dimension. Where: (R x C x A=N).
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Stepl Inside every aisle which is a(2-D) RxC array, using the known chaotic map, chaotically
reorder every column entry in same procedure performed in 2-D Chaotic Interleaver, but for
every aisle the last chaotic value used as an initial condition for the next aisle to obtain
different configuration 2-D arrays.

Step2 As in 2-D Chaotic Interleaver: sequentially, inside every aisle using the latest generated
chaotic sample from step 2 as an initial condition to generate an Interleaver of size equals to
[C/2 ]to permute the odd numbered columns, again with the last generated chaotic evaluate
another Interleaver size equals to |C/2] to permute even numbered columns. Then combine
these two Interleavers to permute columns but firsts or lasts elements mustn't be neighbor in
the total Interleaver.

Step3 For every row index and column index chaotically reorder elements in the 3™ dimension
(within different aisles), in a variable manner, where the final chaotic element obtained is used
as an initial condition for the new r, ¢ indexes and so on. Thereby we get a different ordering
Sequence for all row and columns. This continuous different reordering elements in side aisles
gives the 3-D chaotic Interleaver a strong randomness property especially these elements
originally separatedby(R X C) elements.

Step4 : Now read element from this matrix aisle by aisle then column by column for all rows.

Fig. 10 shows an example for 3-D Chaotic interleaving for frame size=120 symbols, where
just the index for the symbols are written inside the 3-D matrix, and here we must adjust the
dimension of the matrix to be equal to frame size. These factors of the 120 selected to
be: 4,5, 6, so that the three dimensional array will has: 4 Rows * 5 Columns * 6 Aisles. Fig.
11 shows the scatter plot for the interleaved positions by using '3-D' chaotic Interleaver to
N=256,1000, where it is clear from these two plots that the 3-D Interleaver has a good
randomness property in the same time it has a more homogenous diffusion in interleaved
symbols in comparison with all previous 1-D chaotic Interleavers.

Interleaved Index

i i i

+ ! 5 L
T R L % il L R
A A % e e

200 400

0 00 800 100
Input Index Input Index

Figure 12. Minimum Separation between interleaved symbols in '3-D'Chaotic Interleaver
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Figure.10 Example of '3-D' Chaotic Interleaver where N=120 with R=4, C=5, A=6

8. Simulation Results

To prove whether the designed chaotic Interleavers are capable of competing others
Interleavers design for Turbo, below we relayed on the simulation results accomplished using
Matlab platform with parameters set for the Turbo Codes are chosen as close as possible for
that used in Long Term Evolution "LTE" systems over different wireless channels chosen
from ITU standard channels for the purpose of testing systems in simulations[12].

8.1:Chaotic Interleavers Performance in Turbo code over Rayleigh Flat Fading Channel

Although Turbo codes performance is considerably enhanced as the Interleaver size is
increased. It was proven in many previous studies that the Interleaver type has a major
influence on its performance, particularly at the higher SNRs[4]. Fading channel normally
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results in bursts of errors[13], so it may be regarded as a real test for the performance of
multidimensional Interleavers that have the capability of diffusion the bursts. So to study the
effect of the Interleaver type, all parameters of Turbo Code are fixed as follows: six decoding
iterations with MAP algorithm, 1/3 global code rate, generating polynomials were G =
(1,15/13),¢ for both convolutional codes, the Interleaver sizeis 4096 bits, it is a medium size
and divisible into two factors (for Block, Helical and 2-D Chaotic) and into three factors for 3-D
chaotic Interleaver. Figure-13 shows the BER performance comparison among BlocKgaxea,
Helicalgaxss Unity slope, Randomiyaogs, (SOrtingixaoes, Multiplyingixaoss, Slidingixaoes) Chaotic
Interleavers, 2-D Chaoticgsxss Interleaver, and 3-D Chaoticiexiexis INterleaver.

| —— Helical 64264
| e Random Lre0%
| —4— Sortin g Chastic 16409 |-
: Multply Chaotic1x4096 |:
| &t Shing Chaoiw 124096 |-
107} | —5— 2-D Chaotic 64x64

| —&— 3-D Chaotic1 6216116
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=
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Figure 13. Chaotic Interleavers BER Performance over Rayleigh flat fading channel.

Fig.13 shows the performance of the chaotic Interleavers in comparison with previously
mentioned Interleavers. The channel is chosen from UMTS standard (ITU-A) for indoor
communications (f;=30 Hz, Ty=1usec), the channel state information 'CSI' is estimated by
Pilot Symbol Assisted Modulation PSAM technique [14]with cyclic prefix of 1bit sent every
32-bits. From this figure, we can conclude that all 1-D Chaotic Interleavers are equivalent in
performance to the Random Interleaver, but the 2-D Chaotic one has gain of about 0.75 dB
over the random Interleaver measures at BER = 1076 and the 3-D Chaotic Interleaver has a
gain of about 1dB over the Random one. This superiority of the last two Interleavers is due to
that, they have a good degree of randomness and guaranteed separation between interleaved
symbols (S-Parameter) to diffuse burst errors caused by time varying fading channel and
make bursts as isolated errors that can be corrected in between the two RSC decoders.

8.2 Performance of Chaotic Interleavers in Turbo Codes over Frequency selective Rayleigh
fading Channel

Such a channel type has inherent ISI because of the many paths signals arrive to the
receiver with delays greater than the symbol duration, and because of continuous time varying
in paths gain in addition to AWGN that makes the estimator infer wrong or not exact CSI that
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yields clusters of errors[13]. And we have hypothesized that both 2-D, 3-D can diffuse such
clusters in addition to their irregular behavior that increasing their dispersion and decreasing
correlation factors, so that they are expected to outperform others Interleavers. Fig. 14 shows
a comparison of Chaotic Interleavers with others Interleavers in Turbo code performance over
frequency selective Rayleigh fading channel chosen from the ITU-A standard for outdoor
mobile simulations[12]. Where this channel assumes the Doppler frequency is 30 Hz, relative
path delays(0,1,2) usec, average path gains of (0,3,9)dB and the symbol duration is assumed
to be 1 usec. And the channel fading is estimated using PSAM with cyclic prefix greater than
the channel ISI and equalized using simple linear equalizer to compensate the channel effects.
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Figure 14. Chaotic Interleavers BER Performance over frequency selective Rayleigh fading channel

From Fig. 14 we can conclude same result concerning 1-D Chaotic Interleavers, they are
equivalent to the Random Interleaver. But the 2-D chaotic one has a gain of about 1dB while
the 3-D chaotic Interleaver has a gain of approximately 2dB measured at BER 10~°

9. Image Transmission

The importance of Image transmission comes from the fact that it is one important type of
digital data forms and the digital videos are basically composed of groups of Images pass
though our eyes in swift manner, so that our eyes imagine and see a continuous motion. Hence
if we succeed in image transmission then we can say our system can convey digital video like
DVB signal with sincerity [15],[16]. It is well-known that, images may be written in raw
manner as in RGB image(.Bmp) or semi compressed like 8-bits colored Indexed images such
as Portable Network Graphic(.PNG Images) or compressed images such as the JPEG image.
But which way or format is the best for transmission over various channels type by using the
Turbo Codes?! Simulation will answer us.

9.1 Turbo code for image transmission over flat Rayleigh fading channel

Table.1shows an example of reconstructed images after transmission the same image "C.
Berrue" image over Rayleigh flat fading Channel in these three formats, but keeping in mind
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that the total number of bits in compressed file is less than these in the uncompressed one.
Then to make a fair comparison among the three formats, the same amount of power must be
given to each file. In this example the JPEG technique compresses this image with a rate of
6:1 then the energy per bit given to the JPEG file is 6 times that given to that of the RGB file
and the Indexed Image about three times that of RGB image. Using the same specifications in
the Turbo codes for the three formats where the generating polynomial g = (1,15/13), and
Random permutation Interleaver with size 4096 bits, code rate 1/3, since the comparisons is
normally performed in the waterfall region of the BER curves, in Table-1 the JPEG image
transmission has done at Eb/No = 6 dB and since the JPEG compression ratio in this Image
is 6:1 then the energy per bit used for the RGB Image is one sixth of that in JPEG image so
that the RGB image transmission carried out at Eb/N,in dB of[ 6 — 10 log,,(6)] =-1.8 dB.
For the Indexed image the energy per bit is approximately three times that of RGB image, so
that its transmission has been performed at Eb/No(dB) of[-1.8 + 10log,,(3)] = 2.9 dB.
After channel decoding and corresponding source decoding it is clear from that table that the
most of JPEG image is clear from the fifth iteration, and the Indexed Image is enhanced very
slowly with iterations, while the raw RGB image has no noticeable improvement with
iterative decoding .

Table 1. Different image formats transmission over Rayleigh flat Fading channel

1%iter 2"iter 3"iter 4%hiter 5titer 6™iter

Table2 shows the reconstructed Images quality in terms of PSNR given by [17]:

PSNR =101 2557 10
= 0910 MSE (10)
Where MSE = ——SM 3N [Pr, (i) — Pr, (i )]? (11)
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With the notations Pr,_(i, j), Pg (i, j)are transmitted and decoded pixel values respectively that
laying in i row, jth column of the image having M rows and Ncolumns.

Table 2: received RGB, Indexed and JPEG “Berrue” Image transmitted over flat Rayleigh fading channel

PSNR
Image Type
ge yp 1%iter 2"ter 3"%ter 4™Miter stiter  6Miter
RGB Image 10.25 10.54 10.55 10.59 10.62 10.60
Indexed Image 12.99 13.81 13.85 13.72 13.80 15.49
JPEG Image 6.27 7.18 8.61 8.31 36.75 36.75

From this table we can conclude that, the compression is useful in transmission in flat
fading channel, since at the 5™ and the 6" iteration the JPEG image has been reconstructed
perfectly, while the Indexed image quality is very slowly enhanced with iterations. The RGB
bad quality is almost unchanged with iterations. Thereby we can conclude form this table after
just six decoding iterations that, Indexed image outperforms the RGB image by 4.5 dB, and
the JPEG decoded image outperforms the RGB by about 16 dB. Note that the 36.75 dB in the
PSNR of the intact JPEG is simply due to the fact that the JPEG compression is a lossy
compression technique.

9.2 Interleaver Type Effect in JPEG Image Transmission over Flat Rayleigh Fading
Channel

JPEG Image proved its superiority in transmission over flat fading channel upon other
formats with Turbo codes. Table.3 shows a comparison of the reconstructed the same JPEG
(C. Berue) image with different interleaver designs for Turbo codes, all have the size of 4096
bits over the same (ITU-A) channel with Eb/No = 6dB. From this table we can see that both
Block and Helical Interleavers have too much residual errors, though after the sixth iteration
even though they are optimized in their dimension. And all of '1-D' (sorting, multiplying and
sliding) Chaotic Interleaves are adequate to the Random one since they almost restore the
image after the fifth decoding iteration, on other hand the 2-D chaotic Interleaver shows its
profit upon them, since it restores the JPEG image intact from the forth iteration. while '3-D'
Chaotic Interleaver proves its worthiness to be the best one, since it recovers the JPEG Image
perfectly before them all, from the third iteration. Table.4 lists the MSE and PSNR for the
reconstructed images shown in Table-3 in comparison with the original JPEG image, for the
mid iteration (the third one): all 1-D Chaotic Interleavers roughly have the same quality to the
random one, but there is about 3 dB PSNR enhancement for the 2-D Chaotic Interleaver over
the average of all 1-D Interleavers. While the 3-D Chaotic proves its superiority over the all,
since it recovers the JPEG image exact after this iteration. And for the 6™ iteration, the chaotic
Interleavers the random one recover the image intact and only Block and helical Interleaver
cannot do that, this is simply due to their regular interleaving strategies that lead to low
dispersion and high correlation coefficients, which degrade the Turbo codes performance in
its iterative decoder.
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Table.3 Restored Images using Different Interleavers with Turbo Codes for JPEG Image Transmitted over Rayleigh
Flat Fading Channel

1%titer 2"jter 3"iter 4Miter 5titer 6Miter

Block 64x64
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Table.4 MSE & PSNR of JPEG "C. Berrue" Image transmitted over flat fading channel

3 Iteration 4™ Iteration
Interleaver Type MSE PSNR MSE  PSNR
Blockgaxsa 11323 7.4711 8800 8.68
Helicalgayga 14458 6.5296 17721 5.64
Randomiyggs 4331 11.764 0 oo
Sort Chaotic 39453 8.4207 0 oo
Mult Chaotic 19131 8.9161 0 oo
Sliding Chaotic 14664 7.7316 0 oo
2D Chaoticgayea 3964 12.148 0 oo
3D Chaoticieiexis 0 oo 0 oo

9.3 Image Transmission over Frequency Selective Rayleigh Fading Channel

Using the same principle of energy per bit management between the compressed image and
the raw image the "Monaliza"image is used for testing and transmitting the JPEG image at
Eb/No = 12 dB. Because the JPEG achieves a compression ratio about 7:1 for this image,
we have to transmit the RGB image at E, /N, = 12 — 10log;,(7) = 3.6 dB and the indexed
image transmission at E,/N, = 3.6 + 10log;,(3) = 8.1 dB dB. With N=4096-bits using
random interleaving strategy, Table.5 shows that, the raw RGB image has no improvement
with iterative decoding, while the Indexed image has a wonderful enhancement with
iterations, and the compressed (JPEG) image is still in error though after the 6™ iteration.
Table.6 lists the PSNRs for the six iterative decoded images in their corresponding formats.

Table.5 Different image formats transmission over Frequency selective Rayleigh Fading channel.

1%iter 2"iter 3"iter 4Miter 5Miter 6Miter

RGB Image

Indexed Image
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JPEG Image

Table6 PSNR for Received RGB, Indexed and JPEG "Monaliza"lmage transmitted over frequency selective
Rayleigh fading channel

Image Type PSNR

iter  2"iter  3"ite  4"ite  5"iter  6"iter
RGB Image 11.35 11.83 11.91 11.91 12.03 12.05
Indexed Image 13.65 16.23 17.37 17.92 18.00 18.47
JPEG Image 6.27 7.18 8.61 8.31 8.01 13.30

Because of the nature of this channel, it has an inherent ISI, so that it is a risk to send the
JPEG compressed file though such a channel. For this reason we noticed that the JPEG image
after the 6" iteration is not recovered correctly. On other hand, the Indexed image has a
remarkable enhancement in its quality with iteration and it has PSNR gain of 5dB over the
JPEG image and about 6.4 dB over the RGB Image.

9.4 Chaotic Interleavers Gain in JPEG Image transmission over Frequency
Selective Rayleigh Fading Channel

Multi-Dimensional Chaotic Interleavers proved their superiority over all tested Interleavers
in terms of BER. So they may be capable to restore the JPEG image intact since the
compression has many benefits in data storage and bandwidth exploitation. Here we
investigate the advantages of the designed Interleaver in JPEG image transmission. Over
frequency selective (ITU-A) standard channel for outdoor mobile communications.Table-A6
shows the decoded images using different Interleavers. From this table we can see that: the
Block and Helical Interleavers have too much errors such that we can't see even just the image
features, and the 1-D Chaotic Interleavers and the Random one have many residual errors
even though after six decoding iterations and they are almost equipotent, But the 2-D Chaotic
Interleaver recovered completely the JPEG image intact after the 5" iterations. While the 3-D
Chaotic one recovered the image completely at the 4™ iteration.

Table7. Restored Image using Different Interleavers with Turbo Codes for JPEG Image transmissionover
frequency selective Rayleigh fading channel

"Iter 2"ter 3"Iter 4™ 1ter 5% ter 6" Iter

= |

e

Block eaxes
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This fast data recovery in less number of iterations fertiled by the multi dimensional
Chaotic Interleaver has significant importance in real time or short latency communication
since it minimizes the global decoding time of Turbo Codes which may be regarded the main
drawback of this powerful error correcting code. Table-8 shows the MSE & PSNR of decoded
Image using different Interleavers, One can notice that the 2-D and 3-D Chaotic Interleavers
have about 1.5 dB, 22 dB PSNR gain respectively over Random one after the 4™ iteration and
handout the image intact while the traditional Random Interleaver can't do that even though
after the six decoding Iterations.
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Table8 MSE & PSNR for reconstructed JPEG "Monaliza" Image

4" Iteration 6" Iteration

Interleaver Type MSE PSNR MSE PSNR
BlocKesyea 14395 6.54 80032 8.68
Helicalgayea 15787 6.57 17723 5.64
Randomiyao0s 17262 8.76 12093 13.31
Sort Chaotic 21074 4.89 14229 6.59
Multiply Chaotic 197 26.16 157 28.17
Sliding Chaotic 77723 9.22 160 26.08
2-D Chaoticeses 12226 9.32 0 oo

3-D Chaoticigxi6xis 0 oo 0 oo

10. Conclusions

Although Chaotic Interleavers belong to deterministic Interleavers family that make both
the encoder and decoder build them by themselves, that means there is no need to transmit all
Interleaver lookup table entry as in case of random Interleaver. All three types of '1-D'
Chaotic Interleavers (Sorting, Multiplying, Sliding) have the same performance to the
Random one over all channels whether in terms of BER or PSNR of the decoded images. '2-D'
Chaotic Interleaver is better than the random one at higher SNRs since it has less error floor,
and in flat fading channel '2-D' Interleaver outperforms the Random Interleaver with power
gain of about 0.6dB measured at BER = 107, and in Frequency selective channel, the '2-D'
outperforms the Random one with power gain of about 1dB, measured at BER = 10~>. while
the '3-D' Chaotic Interleaver proves it superiority aver tested Interleavers, since in flat fading
Rayleigh channel it outperforms the Random Interleaver with power gain of about 0.75dB
measured at BER = 1076, and in Frequency selective Rayleigh fading channel it has a power
gain of about 2dB measured at BER = 10~°. And with respect to the image transmission the
best candidate to transmission over Rayleigh flat fading channel is the JPEG image format,
and in frequency selective channel the best was the 8-bit indexed image. The advantage of the
chaotic Interleaver was: the 2-D Chaotic Interleaver was able to restore the JPEG image intact
with about one decoding iteration gain, while the 3-D one has a gain of about two decoding
iterations in comparison with random interleaver during transmission over fading channels.
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