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1. Introduction

   PN Turbo interleavers using M-sequence have been preferred and widely used, since it ensures average performance with low complexity. Among them, it appears that a Turbo code employing 2-dimensional interleavers outperforms a Turbo code using 1-dimensional interleavers.

This document proposes a type of 2-dimensional PN interleaver for Turbo codes, called OCPNI (Offset Controlled PN Interleaver) that gives high performance and requires low implementation complexity regardless of data rate.

2. OCPNI Description

   Basic idea of OCPNI is that a frame to be encoded is segmented into groups of size 2m such that for each group a PN shift register (PNSR) with a primitive polynomial of order m is used to generate 2m – 1 random addresses from 0 to 2m – 2 for the group. The last address in each group, 2m –1, is augmented to access entire addresses of the frame. If a frame is not in the form of NG * 2m, where NG is the number of groups and 2m the group size (Gs), the frame length L is extended so as to be the size, NG *2m. 

Figure 2.1. shows frame segmentation, conceptual OCPNI structure and a PNSR of order 6 with primitive polynomial p(x)=1+x+x6 generating addresses in the group. Shift register state value becomes read/write address of Turbo interleaver/deinterleaver, respectively.
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Figure 2.1. OCPNI general concept

OCPNI Example

   To illustrate OCPNI algorithm, suppose that we have frame length L = 48, NG = 6, and Gs = 8. Then, there are 6 PN shift registers (PNSR0 to PNSR5) with a common primitive polynomial of order 3. However, each PNSR is initialized with different seed, generating cyclic shifted versions of random addresses sequence. OCPNI operates as follows. At each data clock, a PNSR corresponding to a certain group, say 0 in this example is selected and generates a random address in the group. At the next clock, PNSR1, for example, generates another address corresponding to the group 1. This procedure continues to generate entire L addresses. 

Group selection can be arbitrary. Simplest one would be to select group in increasing order, 0, 1, 2,​ .., NG-1. However, to improve distance property, it is usually desirable to multiplex groups.  Figure 2.2. is the address generation pattern assuming sequential group multiplexing, each row of which contains addresses from its corresponding PNSR.
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Figure 2.2. Example of address generation pattern of OCPNI: Top – original address in 2-dimensional array, Bottom – interleaved address per row in 2-dimensional array 

Final addresses generated with OCPNI in the example will be :

{7, 15, 23, 31, 39, 47, 3, 9, 20, 30, 37, 43, 5, 14, 19, 28, 34, 45, 2, 12, 21, 27, 32, 42, 0, 11, 18, 29, 33, 40, 1, 13, 16, 26, 38, 41, 6, 10, 17, 24, 36, 46, 4, 8, 22, 25, 35, 44}.

Note that the first addresses of the groups in the second column of the bottom figure in the above example, {7, 15, 23, 31, 39, 47 }, are not obtained from PNSRs but come directly from original addresses.

Offset Value Control (OSV Control)

   Considering L not in the form of NG *2m, we define L’ = L + OSV = NG *2m with the smallest integer NG, given m. In the above example, if L = 43, then OSV = 5 satisfies L’ = 48 = 6 * 23. 5 addresses in the last row in Figure 2 are greater than 42, hence they will be deleted. Final interleaved addresses are:

{7, 15, 23, 31, 39, 3, 9, 20, 30, 37, 5, 14, 19, 28, 34, 2, 12, 21, 27, 32, 42, 0, 11, 18, 29, 33, 40, 1, 13, 16, 26, 38, 41, 6, 10, 17, 24, 36, 4, 8, 22, 25, 35, }.    

Deletion or puncturing of unnecessary addresses with OCPNI does not require any faster clock speed than that of data clock. In fact, OCPNI can detect OSV addresses so efficient that the required clock speed is just the same as that of data clock. Detail of OSV detector is described in the following section 4.

 Group Multiplexing Rule

Up to now, only sequential group selection was considered. Obviously, one can select groups in different order to improve distance property among adjacent addresses. There can be many different ways for group multiplexing. However, We consider two different methods: multiple-of-k and bit reversal group multiplexing. 

Let us define multiple-of-k group multiplexing first as follows.

· Step 1 - Choose multiples of k; (0, k, 2k, 3k, …)

· Step 2- Add 1 to the selected group indices in step 1; (0+1, 2k+1, 3k+1, …)

· Step 3 - Add 2 to the selected group indices in step 1; (0+2, 2k+2, 3k+2, …)

· Continue the process

· Step k - Add k -1 to the selected group indices in step 1; (0+k-1, 2k+k-1, 3k+k-1, …)

Following the multiple-of-3 group multiplexing rule, sequential group selection {0, 1, 2, 3, 4, 5} in the Figure 2.2. is now changed as follows. 

· Step 1 - choose multiples of 3 (0, 3).

· Step 2- Add 1 to the previously selected group indices (0+1, 3+1)=(1,4).

· Step 3 -Add 1 to the previously selected group indices (1+1, 4+1)=(2,5).

Therefore, new group selection order is {0, 3, 1, 4, 2, 5}. Combining group multiplexing and PNSR address generation in the Figure 2.2., new interleaved addresses are:

{7, 31, 15, 39, 23, 47, 3, 30, 9, 37, 20, 43, 5, 28, 14, 34, 19, 45, 2, 27, 12, 32, 21, 42, 0, 29, 11, 33, 18, 40, 1, 26, 13, 38, 16, 41, 6, 24, 10, 36, 17, 46, 4, 25, 8, 35, 22, 44}.

Next, Considering bit reversal type group multiplexing, suppose that we have NG = 6 (0, 1, 2, 3, 4, 5) as in the above example. Then, the smallest integer of multiple of two greater than or equal to 6 is 23 = (100)b = 8. Writing down 0 to 7 in binary format and reversing the binary bits in order, we have:

Table 2.1. Bit reversal group multiplexing

Original 

bits
Original 

Group index
Reversed 

Bits
Bit reversed 

Group index
Final Multiplexed

Group index 

000
0
000
0
0

001
1
100
4
3

010
2
010
2
2

011
3
110
6
5

100
4
001
1
1

101
5
101
5
4

110
6 (ignore)
011
3 (ignore)
(ignore)

111
7 (ignore)
111
7 (ignore)
(ignore)

Therefore, new group selection order is {0, 3, 2, 5, 1, 4}. Combining group multiplexing and PNSR address generation in the Figure 2.2., new interleaved addresses are:

{3, 30, 20, 43, 9, 37, 5, 28, 19, 45, 14, 34, 2, 27, 21, 42, 12, 32, 0, 29, 18, 40, 11, 33, 1, 26, 16, 41, 13, 38, 6, 24, 17, 46, 10, 36, 4, 25, 22, 44, 8, 35, 7, 31, 23, 47, 15, 39}.

OCPNI Algorithm

   Here, we provide pseudo-C algorithm of OCPNI. There are five components used in the algorithm and are described in the following Table 2.2.

Table 2.2. Algorithm description

Variable and function
Description

Address_count
Data Counter sequentially increasing from 0 to L-NG

Group_count
Group counter from 0 to NG-1

Group_mux( )
Group multiplexing rule function

Read_Address
Interleaving address

PN( )
PN sequence generator function

OCPNI Algorithm 1
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Address_count = 0;

2 Group_count = Group_mux (Address_count % NG);

3 Read_Address = PN(Group_count) – 1 + Group_count * Gs;

4 If (Read_Address < L-NG)  Output_address(Read_Address);

5 Address_count = Address_count + 1;

6 If (address_count < L-NG)  go to step 2;

7 If (OSV == 0) NG = NG + 1; 

8 Group_count = 1;

9 Read_Address = Gs * Group_count –1;

10 Group_count = Group_count +1;

11 If (Group_count < NG) go to 9;

12 Stop;
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OCPNI Parameters

   Basically, OCPNI can generate any size of interleaver. Given an interleaver size L, there are many different possibilities of the permutation sequences. For example, L = 640 = 5 * 27 = 10 * 26 = 20 * 25 gives the same interleaver size with totally different permutation rules. Choice of optimal NG, M, and corresponding p(x) are extremely difficult problem. In many experiments, it appears that NG should be at least 10 for reasonable performance for interleaver size greater than 320. In the following table we provide NG and m for 47 representative interleaver sizes between 320 to 8192 with OSV = 0 in Table 2.3. 

Table 2.3. 47 Representative Turbo interleaver parameters

No.
Representative Interleaver size
M
NG
Gs
OSV

1
320
5
10 
32
0

2
352
5
11
32
0

3
384
5
12
32
0

4
416
5
13
32
0

5
448
5
14
32
0

6
480
5
15
32
0

7
512
5
16
32
0

8
544
5
17
32
0

9
576
5
18
32
0

10
608
5
19
32
0

11
640
6
10
64
0

12
704
6
11
64
0

13
768
6
12
64
0

14
832
6
13
64
0

15
896
6
14
64
0

16
960
6
15
64
0

17
1024
6
16
64
0

18
1088
6
17
64
0

19
1152
6
18
64
0

20
1216
6
19
64
0

21
1280
6
20
64
0

22
1408
7
11
128
0

23 
1536
7
12
128
0

24
1664
7
13
128
0

25 
1792
7
14
128
0

26
1920
7
15
128
0

27
2048
7
16
128
0

28
2176
7
17
128
0

29
2304
7
18
128
0

30
2432
7
19
128
0

31
2560
7
20
128
0

32
2816
8
11
256
0

33
3072
8
12
256
0

34
3328
8
13
256
0

35
3584
8
14
256
0

36
3840
8
15
256
0

37
4096
8
16
256
0

38
4532
8
17
256
0

39
4608
8
18
256
0

40
4864
8
19
256
0

41
5120
8
20
256
0

42
5632
9
11
512
0

43
6144
9
12
512
0

44
6656
9
13
512
0

45
7168
9
14
512
0

46
7680
9
15
512
0

47
8192
9
16
512
0

Interleaver size with OSV not equal to zero uses NG and m value of next larger representative interleaver size. Given M, maximum OSV is 2m-1. For example, interleaver size of 577 is extended to 608 with NG = 19, m = 5, and OSV = 608 – 577 = 31 = 26-1. Therefore, 31 addresses will be deleted, when generating L = 577 Turbo interleaver.

Following the same philosophy, generation of Turbo interleaver greater than 8192 in size are straightforward, as one only needs to determine NG, m, and OSV.

3. Search for Good Interleaver

   It is well known fact that a code with minimum distance dfree can correct all error patterns of weight less than or equal to [(dfree -1)/2], where [ a ] denotes the smallest integer less than or equal to a. For a linear code, dfree is the lowest non-zero code word weight. Turbo code is a linear code and performance of a Turbo code depends on how effectively Turbo interleaver permutes information sequence, which results in a low code weight in one component encoder, to generate relatively high code weight in another that a Turbo code maintains relatively high dfree. 

Component encoder of Turbo encoder is a recursive convolutional encoder, generating periodic IIR sequence, as opposed to non-recursive convolutional encoder which generate a low weight code for low weight information sequence. In such a code, there are particular information patterns that result in a low weight code. Due to the recursive structure of Turbo code, It has been shown that weight 2 error pattern should receive most important consideration to design a Turbo interleaver, since performance of a Turbo code at high SNR is dominated by the output error events associated input weight 2. In addition, the weight 2 input short in distance typically causes the minimum distance error events. Therefore, one of the design criteria would be maximizing code weight of weight 2 input sequences. In fact, typical error floor witnessed in a Turbo code is largely due to those error patterns. 

As there are too many parameters to search for an optimal Turbo interleaver, computer search usually gives an infeasible solution. OCPNI has an inherit feature that allows for a systematic optimization procedure to obtain our desired dfree. For the brevity of explanation, let us first define some notations in Table 3.1. 

Table 3.1. Definitions for optimization 

Definition       
Description

D11(e)
Distance between two 1’s of weight 2 error pattern e 

W(e)
Output weight of error pattern e

D(W(e) )
Decision function of W(e)

D(W(e)) = 1 if W is satisfactory

D(W(e)) = 0 if W is not

H(a, b)
Hamming distance of binary vector a and b

OCPNI optimization procedure is described in the following. The goal of optimization is to maximize W(e) with d11(e) = 7k for k = 1, 2, …Max, since constraint length of component encoder is 4. Max value of 2 or 3 is considered to be enough. 

Optimization Procedure
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To save the search time, it is desirable first to select primitive polynomial p(x), then apply the above procedure. It usually takes several trials to obtain our desired dfree. 

4. Complexity of VLSI and DSP Implementation

VLSI Implementation

   This section describes the hardware implementation complexity of the proposed turbo code interleavers. In order to make a fair comparison among the interleavers, it is assumed that the proposed interleaver supports all possible turbo code block length from 320 up to 10240 bits in length. Figure 4.1 shows the implementation architecture of OCPNI turbo code interleaver. 
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Figure 4.1. Implementation architecture of OCPNI turbo code interleaver.

In Figure 4.1. it is clearly shown that this circuit is divided into two parts such as PN generator blocks and control blocks. PN generators for all groups are composed of m cells. In the bottom figure, detail of PN generator is given. So, this circuit requires mxNG flip-flops. The up-counter at the right most is composed of m cells flip-flops. The OSV detection and next group number generator are composed of simple combinational logic. Remainders are composed of simple combinational logic and connections. In Figure 4.2 detail of the OSV detection & next group generation module is described through a simple example of NG=4, GL(=Gs)=16, N=64, and OSV=4. 
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Figure 4.2. Example of OSV detection and next group generation (NG=4, GL=16, N=64, OSV=4).

Note that OCPNI interleaver circuit has no latency such that it does not require puncturing for all possible turbo code block length. In order to make a fair comparison among the interleavers, the gate count is obtained from actual synthesis on SYNPOSYS and the results are summarized in Table 4.1 where gate counts are rewritten from a REPORT file of SYNOPSYS.

· Assumption for synthesis 

· HDL language: Verilog RTL code

· Synthesis tool: SYNOPSYS 

· Library: SAMSUNG STD90

TABLE 4.1. GATE COUNTS OF OCPNI TURBO CODE INTERLEAVER.

Blocks
Gate count
Comment

Combinational logics
2784
OSV detection block, Address latch, comparator, etc

Non cominational logics
1317
. PN generators & control logics, counters

Net interconnection
80
Connection, leads

Total area
4181
Any block size from 320 bits up to 10240 bits

with only one architecture

Note that this circuit requires no look-up table (LUT) and can support any block size from 320 bits up to 10240 bits using a simple HOST control through registers which contain the rate information. Furthermore this implementation can support constant time interval of output address (exactly the same as input clock interval) which is very important property considering implementation of a practical turbo decoder. For the mobile station modem chip, in order to reduce power consumption, turbo decoder would require only single clock such that one step of interleaving and decoding dose perform in a clock. The use of same clock frequency for interleaving and decoding would simplify the implementation and further reduce power consumption. This implementation can operate under very low clock speed for normal operation, even though a turbo code interleaver size becomes large. If a larger block size is required, this is could be easily be modified by adding a cell for all PN generators. So, there is only small increase in total gate count for interleaver size greater than 10240. 

This turbo code interleaver is very flexible and easily modified for changing interleaver size. If one require to handle an arbitrary size, this could be implemented by modifying OSV detection block and PN generator cell sizes. 

This circuit has very a systematic structure for hardware implementation. Next, it will be shown that this circuit can be easily implemented on VLSI. 

Verilog Synthesis of OCPNI interleaver

   The pin description of synthesized OCPNI turbo code interleaver is shown below in the Table 4.2

TABLE 4.2. In/Out pin description of OCPNI turbo code interleaver.

Pin_name
Bits
I/O
Description


GL_1
9
I
Group Length (=2m)


Ng_1
5
I
Number of Group (=NG)


Clk
1
I
Input clock


Dec_mode
4
I
Interleaver Size selection control according to the source rate


ENABLE_RD
1
I
Interleaver active for READ operaton


ENABLE_WR
1
I
Interleaver active for WRITE operation


Init_pn
1
I
Load initial seeds for PN generators


Order_pn
4
I
Order of PN generator polynomial


Poly_pn
10
I
PN generator polynomial 


Rst_n
1
I
Reset singal


Seed_pn0
9
I
PN generator 0: initial seed


Seed_pn1
9
I
PN generator 1: initial seed


Seed_pn2
9
I
PN generator 2: initial seed


Seed_pn3
9
I
PN generator 3: initial seed


Seed_pn4
9
I
PN generator 4: initial seed


Seed_pn5
9
I
PN generator 5: initial seed


Seed_pn6
9
I
PN generator 6: initial seed


Seed_pn7
9
I
PN generator 7: initial seed


Seed_pn8
9
I
PN generator 8: initial seed


Seed_pn9
9
I
PN generator 9: initial seed


Seed_pn10
9
I
PN generator 10: initial seed


Seed_pn11
9
I
PN generator 11: initial seed


Seed_pn12
9
I
PN generator 12: initial seed


Seed_pn13
9
I
PN generator 13: initial seed


Seed_pn14
9
I
PN generator 14: initial seed


Seed_pn15
9
I
PN generator 15: initial seed


Seed_pn16
9
I
PN generator 16: initial seed


Seed_pn17
9
I
PN generator 17: initial seed


Seed_pn18
9
I
PN generator 18: initial seed


Seed_pn19
9
I
PN generator 19: initial seed


Int_a
1
O
Read/Write Address


Int_clk
1
O
Read/Write Clock


Int_wz
1
O
Read/Write Enable


In/Out block diagram of OCPNI interleaver
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   Top view of OCPNI turbo code interleaver is shown below in the Figure 4.3. Note that initial seeds of PN generators of all groups are down-loadable at any time. 

Figure 4.3 Top view of OCPNI turbo code interleaver.
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Schematic Diagram of OCPNI turbo code interleaver

   The schematic of OCPNI turbo code interleaver is shown in Figure 4.4. Note that there are two parts where the first part is a PN generator groups block and the second part is a control logics. Block

Figure 4.4 Schematic view of OCPNI turbo code interleaver.
In/Out pin description of PN generator sub module 

   The pin description PN generator module of OCPNI turbo code interleaver is shown below in the Table 4.3. Note that a generator polynomial of PN generator is down loadable at any time. So it is easy to change PN generator polynomial of any group for the optimized parameter .

TABLE 4.3. Pin description of PN generator module.

Pin Name
Bit Size
I/O
Description


Clk
1
I
Clock


Enable_pn
1
I



Init_pn
1
I
PN generator initial seed Load Enable


Order_pn
4
I
Order of PN generator polynomial


Poly_pn
10
I
PN Generator polynomial


Rst_n
9
I
Reset signal


Seed_pn
9
I
Seed of PN Generator


Out_pn
9
O
Output of PN generator


Figure 4.5. Top view of PN generator module (PNGEN) of OCPNI.[image: image10.wmf]1.0E-07
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Schematic diagram of PNGEN module

   Gate counts and schematic view of PN generator module are shown Table 4.4 and Figure 4.6, respectively.

TABLE 4.4 GATE COUNTS OF OCPNI TURBO CODE INTERLEAVER.

Blocks
Gate counts
Comment

Combinational logics
113
Control logic

Non cominational logics
57
. PN generators flip-flop

Net interconnection
3
Connection, leads





Total area
173
Support any PN sequence generator with length from 23-1 up to 29-1.
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Figure 4.6. Schematic view of PN generator module of OCPNI.

Complexity of a Fixed Size Interleaver

   If an interleaver with fixed size is used, gate counts for implementation is reduced very smaller than the previous gate counts because the previous gate count considers both additional control logic and combinational logic which can provide very flexible interleaver size from 320 up to 10240. So, if one implement a single interleaver, it requires very small number of gates for implementation. In the Table 4.5 an example of size of 640 is given. Note that total gate count is reduced. 

TABLE 4.5. GATE COUNTS OF OCPNI TURBO CODE INTERLEAVER SIZE of 640.
Blocks
Gate counts
Comment

Combinational logics
150
OSV detection block, Address latch, 

comparator, etc 

Non cominational logics
650
. PN generators flip-flop

(20 PN generators (30gates/PN generator)

Counters, etc.

Net interconnection
53
Connection, leads





Total area
853
Support PN sequence generator size of 640.

DSP Implementation

    The following C function can be implemented to build an OCPNI interleaver of arbitrary size NG(GL. Its rough translation to DSP instruction is listed on the Table 5.1. To implement OCPNI on a DSP, it requires RAM buffer where all state values of PN sequence generator are stored and initial PN sequence offset values of each groups are stored. So, total RAM buffer size will be less than (GL+NG)(unit size of RAM buffer for any interleaver of size (NG(GL.-OSV).

C-program for DSP implementation

GL=Group length of 2m;

NG=Number of group for a frame;

OFFSET[g]= PN generator State Offset value for each group;

PN_TABLE: PN State Look Up Table with size of GL-1;
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DSP Operations

for (g=1; g<=NG; g++)




dec & test

 { Interleaver_address=g*GL-1;}



mult & sub

for (g=0; g<= NG-2; g++)       



dec & test

 For (pointer=1; pointer<=GL-1; pointer++)


dec & test

{ADDR_PN=(pointer+OFFSET[g]) % (GL-1);

add, sub & test

 Interleaver_address=PN_TABLE(ADDR_PN)+g*GL;
mov & mult

}

for (pointer=1; pointer<=GL-1; pointer++)


dec & test

{ADDR_PN=(pointer+OFFSET[NG-1]) % (GL-1);

add, sub & test

 if (ADDR_PN < Threshold_PN_STATE)


cmp & test

   {Interleaver_address=PN_TABLE(ADDR_PN)+g*GL;}
mov & mult

}

TABLE 5.1. Estimation of DSP Operations of OCPNI Interleaver.

Function Description
Required Operations

dec & test
Decrease & Test
NG(GL

Add
Addition
(NG-1)(GL

sub & test
Subtraction & Test
(NG-1)(GL

cmp & test
Comparison & Test
GL

mov & mult
Move & Multiplication
(NG-1)(GL

Mult & sub
Multiplication & subtraction
NG

Total

(NG( GL)+3(NG-1)(GL+NG+GL

So, total (NG( GL)+3(NG-1)(GL+NG+GL operations are required for implementation of OCPNI interleaver of size L=(NG(GL-OSV). For example, if L=640 (NG=10, GL=64) then total DSP operations are approximately equal to (NG(GL)+3(NG-1)(GL+NG+GL = (10(64)+3(10-1)(64+10+64) =3082. 

Using figures and assumptions given in [1], the DSP implementation complexity of interleaver size close to 640 bits is shown in the Table 5.2.

TABLE 5.2. DSP Operation Weights Comparison of Turbo Code Interleaver.

Interleaver
OCPNI
AL-C
AL-N
MIL
GF

Total operation weights


3082
2540
4576
14919
36000

· SMG2 UMTS L1 Toc 051/99, Low complexity algebraic interleaver for UTRA Turbo codes: Nortel Networks.

   In Figure 5.1, a RAM buffer of OCPNI with size size (NG(GL.-OSV)and an example of group segmentation are shown, respectively. Each buffer cell of RAM buffer stores PN sequence state value which is aligned according to PN sequence generator’s shift such that an increment of RAM address means an shift of PN sequence generator. PN(s+0) means initial PN state value of a given generator polynomial such that this means a case of OFFSET[g]=0. Note that all groups can have arbitrary PN offset value. So all groups have a different or equal OFFSET[g] for g=0..Ng-1. However, possible PN state values are less than GL because all PN generators of groups use the same generator polynomial for a given interleaver size. Also, note that a frame is divided into NG groups evenly and all groups have NG elements.
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Figure 5.1. RAM Buffer Structure and Group Segmentation .
5. Interleaver Selection

   This section describes the random selection procedure of turbo interleaver which is based on the agreement of Ad Hoc 5. Also, approximate minimum free distances of turbo code are given whose interleaver sizes have been finally determined by the selection procedure on April 10, 1999.

Random selection procedure of turbo code interleaver

   The final 3GPP Turbo-interleaver and the selection procedure are described in the "Work Plan" section of TSGR1#3(99)319, which were agreed on WG1 #3 meeting in Sweden. According to this agreement on turbo code interleaver, Ad Hoc 5 announced that interleaver proponents are supposed to generate files containing the interleaving address arrays for each of the 25 and post on the reflector. Also, interleaver proponents are supposed to provide simple estimation of dfree analysis for other interested parties to cross-check results. The interleaver sizes resulting from the random selection are 6 in the range 320-1024, 4 in the range 1024-2048, and 15 in the range 2048-8192. The first two in the lower range, first one in the middle range, and first two in the upper range are to be simulated on the AWGN channel. Estimates of dfree are required for all 25. The selected interleaver sizes are given as 

933  ( Simulation

720  ( Simulation

1013

478

806

445

1158 ( Simulation

1269

1829

1278

7087 ( Simulation

7686 ( Simulation

4463

3813

7496

5185

2881

5286

3964

5334

2072

4737

4828

4044

2698

Based on these interleaver sizes, Samsung produced 25 OCPNI interleaver address arrays using a procedure given in the previous section. In Table 6.1, 25 OCPNI turbo code interleaver are given with some design parameters. All design parameter have not been optimized yet and we put effort to find the best design parameters. In this Table 

TABLE 6.1.  25 OCPNI TURBO CODE INTERLEAVERS and DESIGN PARAMETERS  (April 10, 1999 Released Version by SEC).
No.
Interleaver size
Design parameters of

OCPNI



m
NG
OSV
Generator
Initial seeds for PN generators

1
445
5
14
3
0xb
See appendix A.2

2
478
5
15
2
0xb
See appendix A.2

3 
720
6
12
48
0x16
See appendix A.2

4
806
6
13
26
0x19
See appendix A.2

5 
933
6
15
27
0x19
See appendix A.2

6
1013
6
16
11
0x19
See appendix A.2

7 
1158
6
19
58
0x19
See appendix A.2

8
1269
6
20
11
0x19
See appendix A.2

9
1278
6
20
2
0x19
See appendix A.2

10
1829
7
15
91
0x1c
See appendix A.2

11
2072
7
17
104
0x1c
See appendix A.2

12
2698
8
11
118
0x31
See appendix A.2

13
2881
8
12
191
0x67
See appendix A.2

14
3813
8
15
27
0x31
See appendix A.2

15
3964
8
16
132
0x67
See appendix A.1

16
4044
8
16
52
0x67
See appendix A.1

17
4463
8
18
145
0x67
See appendix A.1

18
4737
8
19
127
0x67
See appendix A.1

19
4828
8
19
36
0x67
See appendix A.1

20
5185
9
11
447
0x6d
See appendix A.1

21
5286
9
11
346
0x6d
See appendix A.1

22
5334
9
11
298
0x6d
See appendix A.1

23 
7087
9
14
81
0x6d
See appendix A.1

24
7496
9
15
184
0xd
See appendix A.2

25 
7686
9
16
506
0xd
See appendix A.2

· This Table is obtained from 25 interleaver files released by SEC on April 10, 1999.

· m: Size of LFSR for PN generator of any group

· NG: Number of groups 

· OSV: Offset value for making a given interleaver size from representative size.

· Generator polynomial is represented by HEX format omitting the lowest degree and highest degree coefficients of PN sequence generator since those two coefficients are always one. Eg. 0Xb=[110111] 

Interleaver Comparison in terms of minimum free distance

   Minimum free distances of turbo code interleaver are analyzed by a software which can provide weight spectrum of output code symbols of PCCC (K=4) for information sequence with Hamming weight of 2. In comparison, information sequence with Hamming weight of 2 are only considered while it is assumed that the zero runs between two ones have a multiple of P=7 such as d11(e)=7k for k=1,2,3 (refer Section 3 for detial). In Table 6.2 minimum free distance of the randomly selected turbo code interleaver are given for each proponents such as SEC, NTTDoCoMo, HNS, and Motorola. Other company’s interleaver were not available. 

TABLE 6.2. Interleaver Comparison in terms of Minimum Free Distance.              (April 10, 1999 Released Version by SEC)
No.
Interleaver size
Minimum free distance



SEC
NTT DoCoMo
HNS
Motorola

1
445
26
22
18
18

2
478
30
30
22
18

3 
720
34
28
18
N/A

4
806
34
28
22
N/A

5 
933
38
26
18
N/A

6
1013
34
28
22
38

7 
1158
42
28
18
26

8
1269
30
30
22
26

9
1278
30
30
22
26

10
1829
38
26
34
22

11
2072
38
26
24
38

12
2698
26
30
18
26

13
2881
42
30
26
34

14
3813
38
48
26
30

15
3964
34
42
26
30

16
4044
34
34
38
46

17
4463
30
34
42
30

18
4737
34
30
26
38

19
4828
42
38
34
38

20
5185
26
34

26

21
5286
30
42
N/A
26

22
5334
30
42
N/A
26

23 
7087
34
40
N/A


24
7496
30
34
N/A


25 
7686
46
42
N/A









· This Table is obtained from 25 interleaver files released by SEC on April 10, 1999.

· 16 Interleavers with size from 445 to 3813 and from 7496 to 7686 used group muxing. 9 Interleavers with size from 3964 to 7087 did not use group muxing.

· See Appendix 1 and 2.

All design parameter have not been optimized yet and we put effort to find the best design parameters. In the next Table, we show the intermediate results of optimization of minimum free distance. In computing minimum free distance, d11=7 and 14 (i.e. Max = 2; See section 3) information sequences are used. Therefore, those minimum free distance may not be actual dfree . However, the results may give a good insight on true minimum free distance. 

In terms of minimum free distance, some interleaver sizes are superior to other interleavers. Note that minimum free distance of turbo codes is not unique performance criterion of turbo codes using Log-MAP decoder where two component decoders work sequentially. However, if signal to noise ratio is not low, most of error events would be determined by error events with minimum free distance. Simulation results of bit and frame error performance show good consistency compared with minimum free distance performance. 

TABLE 6.3 . Comparison of interleavers designated for simulation in terms of Minimum Free Distance. (April 12, 1999 Not released Version by SEC)
No.
Interleaver size
Minimum free distance



SEC
NTT DoCoMo
HNS
Motorola

1
320
26
30
N/A
N/A

2
640
26
40
N/A
N/A

3
5120
46
32
N/A
N/A

4 
720
34
28
18
N/A

5 
933
38
26
18
N/A

6 
1158
50
28
18
26

7 
7087
38
40
N/A
N/A

8 
7686
46
46
N/A
N/A

· Interleavers No. 1 to 6 use bit reversal group multiplexing in section 2 

· Interleaver No. 7 uses sequential group multiplexing.

· Interleaver No. 8 uses multiple-of-4 group multiplexing.

· See Appendix 2.

Conclusion

· Samsung OCPNI interleaver shows better performance in terms of minimum free distance. 

· Performance of OCPNI interleaver could be improved if optimization is allowed. 

SIMULATION RESULTS AND ANALYSIS

Simulator version description


Interleaver size
Group muxing



Released version (April 10)
No. 15-22, 23
Sequentially
See Appendix 1



No. 1-14, 24-25
Multiple-of-4
See Appendix 2


New version

(April 18)
320,640,5120

720,933,1158
Partial bit reversal




7087,7686
Multiple-of-4



· N=320, 640: number of groups (NG) =20 is used.

PHASE 1 Evaluation 

   Several companies have proposed several schemes for turbo code interleaver and the need to align all companies' simulation results to be able to compare objectively the different schemes proposed. Tdoc 385 describes the assumptions to be taken for Phase 1 evaluation. Samsung presents the results of BER and FER for the Phase 1 simulations, covering AWGN and independent (uncorrelated) Rayleigh fading with encoders 8-states (PCCC), interleaver provided by Nortel, NTT DoCoMo and HNS.
Simulations Hypothesis
   As set in Tdoc 385, the hypotheses for simulation are the following:
· Simulations are carried out with AWGN and an independent (uncorrelated) Rayleigh fading channel.
· The interleaver size is 640 bit. Besides 640 bit, Samsung provides the results of 320 and 5120 bit as well.

· Other Interleavers

· MIL2 (released on Mar. 15. 1999) of size 320, 640 and 5120 provided by NTT DoCoMo. 
· Algebraic (released on Dec. 28, 1998) of size 320, 640 and 5120 provided by Nortel

· GF (released on Nov. 23, 1998) of size 320, 640 and 5120 provided by HNS

· OCPNI4 of size 320, 640 and 5120 provided by Samsung

· No channel interleaver is to be used.
· Ideal channel state information is assumed.
· For decoding a LOG MAP algorithm with floating point implementation is used with 8 iterations.
· Simulations are carried out at r=1/3 with (13,15) polynomials. 
· Simulation results show the interval between 10E–3 BER and 10E–6 BER.
· For all three sizes, at least 50 frame errors are counted.
PHASE 1 Simulation Results
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Figure 7.1. BER and FER performance of turbo interleaver over AWGN with frame length of 320, K=4, and R=1/3.
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Figure 7.2. BER and FER performance of turbo interleaver over AWGN with frame length of 640, K=4, and R=1/3.
Figure 7.3. BER and FER performance of turbo interleaver over AWGN with frame length of 5120, K=4, and R=1/3.[image: image16.wmf]1.0E-06
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Figure 7.4. BER and FER performance of turbo interleaver over uncorrelated flat fading channel with frame length of 320, K=4, and R=1/3 .
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Figure 7.5. BER and FER performance of turbo interleaver over uncorrelated flat fading channel with frame length of 640, K=4, and R=1.3.
Figure 7.6. BER and FER performance of turbo interleaver over uncorrelated flat fading channel with frame length of 5120, K=4, and R=1/3.[image: image19.wmf]1.0E-07
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PHASE 2 Evaluation 
   Several companies have proposed several schemes and need to align all companies' simulation results to be able to compare objectively the different schemes proposed. Tdoc 493 describes the assumptions to be taken for Phase 2.Samsung presents simulation results for Turbo-code phase 2 evaluation over a pedestrian B channel model at 30 km/h, with encoders 8-states (PCCC), and standard termination as described in Tdoc 493. The BER and FER performances under multipath Rayleigh fading environment were simulated for different Turbo interleavers, which were provided by Nortel, NTT DoCoMo and HNS. The simulation parameters that are compliant with Tdoc 493/98 were used.

The C code for phase 2 simulation was provided grantly by Lucent. Decoding routine is based on LOG-MAP algorithm, and the phase 2 channel is implemented with channel interleaver and basic demodulation routine provided by HNS for the receiver and routine provided by Nokia for the multi-path Rayleigh channel. Because of long simulation times, only the results at 30 km/h are presented. However we will provide more simulation results of Phase 2 and post it over reflectors of 3GPP.
Simulations hypothesis
· 7 tap Pedestrian B channel model at speeds of 30 km/h
· Encoder : 8-states (PCCC) with (13,15) polynomials, rate 1/3 encoder
· Other Interleavers
· MIL2 (released on Mar. 15. 1999) of size 320,640 and 5120 provided by NTT DoCoMo. 
· Algebraic (released on Dec. 28, 1998) of size 320,640 and 5120 provided by Nortel

· GF (released on Nov. 23, 1998) of size 320, 640 and 5120 provided by HNS

· OCPNI4 of size 320, 640 and 5120 provided by Samsung

· Termination : trellis is terminated by standard method as described in Tdoc 385
· Decoder : bit by bit, LOG MAP with floating point implementation, 10 iterations
· Simulation results show the interval between 10E–3 and 10E–6 BER
· With interleavers of size 320, 200 frame errors are counted.
· At BER of 10E-6, due to simulation time, less than 200 frame errors are counted for interleavers of size 320
· With interleavers of size 640, 50 frame errors are counted.
· At BER of 10E-6, due to simulation time, less than 50 frame errors are counted for interleavers of size 640.
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PHASE 2 Simulation Results
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Figure 7.7. BER and FER performance of turbo interleaver over uncorrelated flat fading channel with frame length of 320 (Speed=30km/h, K=4, and R=1/3).
Figure 7.8. BER and FER performance of turbo interleaver over uncorrelated flat fading channel with frame length of 640 (Speed=30km/h, K=4, and R=1/3).

                                                                                         AWGN Simulation of Randomly Selected Interleavers 

According to the agreement on turbo code interleaver described in the “Work Plan” section of TSGR1#3(99)319, Ad Hoc 5 announced that interleaver proponents are supposed to generate files containing the interleaving address arrays for each of the 25. The interleaver sizes resulting from the random selection are 6 in the range 320-1024, 4 in the range 1024-2048, and 15 in the range 2048-8192. The first two in the lower range, first one in the middle range, and first two in the upper range are to be simulated on the AWGN channel. Several companies have proposed several schemes for turbo code interleaver and the need to align all companies' simulation results to be able to compare objectively the different schemes proposed. Tdoc 385 describes the assumptions to be taken for AWGN channel evaluation. Samsung presents the results of BER and FER for the AWGN channel simulations for  randomly selected turbo code interleavers with encoders 8-states (PCCC). The turbo code interleavers provided by NTT DoCoMo, HNS, and Motorola are considered.

Simulations Hypothesis
   As set in Tdoc 385, the hypotheses for simulation are the following:
· Simulations are carried out with AWGN channel.
· The interleaver size is 720, 933, 1158, 7087, and 7686 bits (released on April. 10, 1999). Samsung provides the results of all interleaver sizes.

· Other Interleavers

· “Prime-Interleaver” (released on April. 9. 1999) of size is 720, 933, 1158, 7087, and 7686 bits provided by NTT DoCoMo. 
· “GF Interleaver” (released on April. 9, 1999) of size is 720, 933, and 1158 bits provided by HNS

· “S-random” interleaver (released on April. 9, 1999) of size is 1158 bits provided by Motorola

· No channel interleaver is to be used.
· Ideal channel state information is assumed.
· For decoding a LOG MAP algorithm with floating point implementation is used with 8 iterations.
· Simulations are carried out at r=1/3 with (13,15) polynomials. 
· Simulation results show the interval between 10E–3 BER and 10E–6 BER.
· For all sizes, at least 50 frame errors are counted.
AWGN Channel Simulation Results of Randomly Selected Interleavers (April 10, 1999 Version)
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Figure 7.9. BER and FER performance of turbo interleaver over AWGN channel with frame length of 720, K=4, and R=1/3.
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Figure 7.10. BER and FER performance of turbo interleaver over AWGN channel with frame length of 933, K=4, and R=1/3.
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Figure 7.11. BER and FER performance of turbo interleaver over AWGN channel with frame length of 1158, K=4, and R=1/3.[image: image25.wmf]1.0E-07
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Figure 7.12. BER and FER performance of turbo interleaver over AWGN channel with frame length of 7087, K=4, and R=1/3.
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Figure 7.13. BER and FER performance of turbo interleaver over AWGN channel with frame length of 7686, K=4, and R=1/3.
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Figure 7.14. BER and FER performance of turbo interleaver over AWGN channel with frame length of 720, 933, 1158, 7087, and 7686 (K=4, and R=1/3).
Uncorrelated Flat Fading Channel Simulation Results of Randomly Selected Interleavers (April 10, 1999 version)
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Figure 7.15. BER and FER performance of turbo interleaver over uncorrelated flat fading channel with frame length of 933, K=4, and R=1/3.
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Figure 7.16. BER and FER performance of turbo interleaver over uncorrelated flat fading channel with frame length of 7087, K=4, and R=1/3.
AWGN Channel Simulation Results of Randomly Selected Interleavers (April 16, 1999  New version)
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Figure 7.17. BER and FER performance of turbo interleaver over AWGN channel with frame length of 720, K=4, and R=1/3.
Figure 7.18. BER and FER performance of turbo interleaver over AWGN channel with frame length of 933, K=4, and R=1/3.
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Figure 7.19. BER and FER performance of turbo interleaver over AWGN channel with frame length of 1158, K=4, and R=1/3.
Figure 7.20. BER and FER performance of turbo interleaver over AWGN channel with frame length of 7087, K=4, and R=1/3.
[image: image34.wmf]PN generator 0

PN generator  1

PN generator  N

G

-1

PN generator  N

G

-2

0

1

:

N

G

-2

N

G

-1

:

Initial seed 

group 0

Initial seed 

group 1

Initial seed 

group N

G

-2

Initial seed 

group N

G

-1

[0..N

G

-1] random

Counter

2

m

-1

[0..2

m 

-1]

Up

 counter

High address

Low address: 

m 

bits

0        1

if a=b

then '1'

a

b

symbol_CLK

INTERLEAVED_ADDRESS

m

m

m

m

m

m

m

m

LSB

MSB

LSBp

p[m]

MSBp

p[1]

LSBp

p[m]

MSBp

p[1]

OCPNI_ADDR

-1

OSV Detection

&

Next group generation

a

b

Load_next group 

number

SEL_MUX

CLK

2

m

-1

if c= first

group number

then '0'

c

:

Example of k'th group PN generator with p(x)=[1100001]

p[1]

MSBp

p[2]

p[3]

p[4]

p[m-1]

p[m]

LSBp

m

Initial seed

group k


Figure 7.21. BER and FER performance of turbo interleaver over AWGN channel with frame length of 7686, K=4, and R=1/3.
Conclusion

· Samsung OCPNI interleaver requires no look-up table (LUT) and no puncturing. 

· Samsung OCPNI interleaver can support any block size from 320 bits up to 10240 bits using a simple OSV control through registers.

· Samsung OCPNI interleaver can support constant time interval of output address (exactly is same as input clock interval).

· The use of same clock frequency for interleaving and decoding would simplify the implementation and further reduce power consumption. 

· This implementation can operate under very low clock speed for normal operation even though a turbo code interleaver size becomes large.

· Samsung OCPNI interleaver has very flexible H/W structure and can be easily modified for the arbitrary interleaver size. It only requires small changes of OSV and PN generator cell sizes.

· This circuit has very a systematic structure for hardware implementation. 

· Samsung OCPNI interleaver requires very low complexity for DSP implementation.
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Appendix 1. OCPNI3 C Source (without group muxing)

Released at April 7, 1999 (C program only released)

This is used for generation of 8 interelavers of size from 3964 to 7087 among 25 randomly selected interleavers. (Released at April 10, 1999) 

/*****************************************************************/

/* OCPN Interleaver Generator (OCPNI3)                           */

/* originally written by B.J. Kim and Y.H. Lee                   */

/* modified by S.H. Kim                                          */

/* All Right Reserved by Samsung Electronics Co., Ltd.           */

/*****************************************************************/

#include <stdio.h>

#include <stdlib.h>

#define ON

1

#define OFF
0

#define MAX_GROUP
20

void make_ocpni(FILE *fp, int *POLY, int **P, int size, int M, int NG, int n);

int PN(int *p, int *poly, int m, int no);

int main(int argc, char *argv[])

{

   FILE *file_cfg, *file_out;

   char file_name[80];

   int i, j, size, index;

   int M, a, b, c, NG, n, nn;

   int f_find=0;

   int p, m[20];

   int type=0;

   int *POLY;
/* Primitive Polynomial */

   int **P;
/* PN Generator, 2-D Array */

   if(argc>1)

   {

      /* Memory Allocation */

      POLY = (int *) calloc(sizeof(int), 9);

      P = (int **) calloc(sizeof(int *), 20);

      for(i=0; i<20; i++)

         P[i]=(int *) calloc(sizeof(int), 9);

      size = atoi(argv[1]);

      sprintf(file_name, "OCPNI%d.txt", size);

      /********************************************/

      /* Get parameters from the interleaver size */

      /* start of the block                       */

      if (size == 320)        M = 5;

      else if(size <= 608)    M = 5;

      else if(size <  640)  { M = 5; type=1; }

      else if(size == 640)    M = 6;

      else if(size <= 1216)   M = 6;

      else if(size <  1280) { M = 6; type=1; }

      else if(size == 1280)   M = 7;

      else if(size <= 2560)   M = 7;

      else if(size <= 5120)   M = 8;

      else if(size <= 10240)  M = 9;

      else {

         printf("Not a valid frame size\n");

         printf("320 <= frame size <= 10240\n");

         printf("Exit program\n");

         exit(0);

      }

      a  = 1 << M; 

      if(size==320 || size == 640 || size==1280)

         NG=10;

      else {


b  = size - MAX_GROUP * (1 << (M-1));


c  = (b%a == 0) ? 10:11;


NG = b/a + c;

      }

      /* From here, the same */

      if(NG > MAX_GROUP) 

         NG = MAX_GROUP;

      n = NG * a;

      /* Get parameters from the interleaver size */

      /* end of the block                         */

      /********************************************/

      if((file_cfg = fopen("OCPNI.cfg", "rt")) == NULL)
/* Primitive polynomial & seed */

      {

         printf("File open error. Can't Find OCPNI.cfg\n");

         printf("Exit program\n");

         exit(0);

      }

      if(type)

         nn=n-1;

      else 

         nn=n;

      while(!feof(file_cfg))
/* Scan file until EOF */

      {

         fscanf(file_cfg, "%d : %i : %i%i%i%i%i %i%i%i%i%i %i%i%i%i%i %i%i%i%i%i",

                &index, &p, &m[0],&m[1],&m[2],&m[3],&m[4],&m[5],&m[6],&m[7],&m[8],&m[9],

                  &m[10],&m[11],&m[12],&m[13],&m[14],&m[15],&m[16],&m[17],&m[18],&m[19]);

        if(index==nn)

          { f_find=1; break; }

      }

      if(!f_find)

/* Can't find polynomial & seed */

      {

         printf("Can't find the polynomial & seed from OCPNI.cfg\n");

         printf("Exit program\n");

         exit(0);

      }

      if((file_out = fopen(file_name, "wt")) == NULL)

      {

         printf("File open error. Can't write to a file\n");

         printf("Exit program\n");

         exit(0);

      }

      /* Primitive polynomial initialize */

      for(i=0; i<M-1; i++)

         POLY[i] = (p>>i) & 1;

      /* seed initialize */

      for(i=0; i<NG; i++)

         for(j=0; j<M ; j++)

            P[i][j] = (m[i]>>j) & 1;

      /* Generate OCPNI Interleaver & Write to File */

      make_ocpni(file_out, POLY, P, size, M, NG, n);

      printf("\n================================================");

      printf("\n OCPNI Interleaver Generator                    ");

      printf("\n All Right Reserved by Samsung Electronics Co.  \n");

      printf("\n The interleaver file : OCPNI%d.txt ", size);

      printf("\n================================================\n");

      /* Memory free */

      free(POLY);

      for(i=0; i<20; i++)

         free(P[i]);

      free(P);

      /* File close */

      fclose(file_cfg);

      fclose(file_out);

   }

   else

   {

      printf("\n================================================");

      printf("\n OCPNI Interleaver Generator                    ");

      printf("\n All Right Reserved by Samsung Electronics Co. \n");

      printf("\n Usage : ocpni <interleaver size ; 320-10240>   ");

      printf("\n================================================\n");

   }

   return 0;

}

/***************************************************************/

/*             OCPN Interleaver                                */

/***************************************************************/

void make_ocpni(FILE *fp, int *POLY, int **P, int size, int M, int NG, int n)

{

   int k=0, di, gi;

   int OSV, read_address, active;

   OSV = n - size;

   for(di=0; di<n-NG; di++) 

   {

      gi=di%NG;

      /* new feature: group cyclic shift for fatal group size */

      if((NG%7 == 0) || ((NG==15 || NG==16) && OSV != 0) )  

      {

         gi=(gi + k*5)%NG;

         if((di+1)%NG==0) k++;

      }

      read_address = PN(P[gi], POLY, M, di) -1 + gi * (1<<M);

      active=(read_address < size)? ON : OFF;

      if(active==ON) 

         fprintf(fp, "%4d\n",read_address);

   }

   if(OSV==0) 

      NG++;

   for(gi=1; gi<NG; gi++)

      fprintf(fp, "%4d\n", (1<<M)*gi-1);

}

/***************************************************************/

/*           PN shift register                                 */

/***************************************************************/

int PN(int *p, int *poly, int m, int no)

{

   int i, j, feed;

   feed=p[m-1];

   for(i=m-1; i>=1; i--)

      p[i]=p[i-1]^(feed & poly[i-1]);

   p[0]=feed;

   for(i=0, j=0; i<m; i++)

      j+=(p[i] << (m-1-i));

   return j;

}
Contents of “OCPNI.cfg”: Initial seeds of PN sequence generator.

320  : 0xb  : 0x3  0x12 0x3  0x1b 0x3  0x6  0x5  0xc  0x3  0x8  0x0  0x0  0x0  0x0  0x0  0x0  0x0  0x0  0x0  0x0

352  : 0xd  : 0x0d 0x0a 0x1f 0x0d 0x0a 0x0d 0x0f 0x15 0x0a 0x08 0x1a 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00

384  : 0xd  : 0x15 0x0a 0x0f 0x0f 0x0e 0x0e 0x0f 0x15 0x0a 0x0a 0x1f 0x11 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 

416  : 0xd  : 0x1f 0x12 0x0f 0x0f 0x0e 0x1f 0x0f 0x0f 0x0b 0x11 0x12 0x19 0x0b 0x00 0x00 0x00 0x00 0x00 0x00 0x00 

448  : 0xd  : 0x1f 0x0a 0x1f 0x0d 0x0a 0x0d 0x0f 0x15 0x0a 0x0f 0x1a 0x11 0x0b 0x0e 0x00 0x00 0x00 0x00 0x00 0x00 

480  : 0xd  : 0x19 0x1a 0x1e 0x17 0x0e 0x1f 0x05 0x1b 0x1f 0x15 0x1f 0x0a 0x1f 0x0f 0x18 0x00 0x00 0x00 0x00 0x00 

512  : 0xd  : 0x08 0x1b 0x1e 0x17 0x0e 0x1f 0x12 0x1f 0x1a 0x0d 0x1f 0x0a 0x1e 0x0f 0x1e 0x0e 0x00 0x00 0x00 0x00 

544  : 0xd  : 0x08 0x0a 0x1e 0x17 0x0e 0x1f 0x12 0x1f 0x06 0x1f 0x1f 0x0a 0x1e 0x0f 0x1e 0x0e 0x1f 0x00 0x00 0x00 

576  : 0xd  : 0x1f 0x0a 0x1f 0x0d 0x0a 0x0d 0x0f 0x15 0x0a 0x0f 0x1a 0x11 0x0b 0x0e 0x1f 0x05 0x1b 0x1a 0x00 0x00 

608  : 0xd  : 0x1f 0x0a 0x1f 0x0d 0x0a 0x0d 0x0f 0x15 0x0a 0x08 0x1a 0x11 0x0b 0x0e 0x1f 0x05 0x1b 0x1a 0x0b 0x00 

639  : 0xd  : 0x0d 0x0a 0x1f 0x0f 0x0f 0x0f 0x0f 0x05 0x0a 0x08 0x1a 0x11 0x0b 0x0e 0x1f 0x05 0x0a 0x1a 0x0b 0x15

640  : 0x16 : 0x30 0x0a 0x0d 0x0a 0x13 0x22 0x10 0x0d 0x33 0x2f 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00

704  : 0x16 : 0x11 0x30 0x05 0x3f 0x13 0x21 0x1e 0x10 0x11 0x3f 0x26 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00

768  : 0x16 : 0x11 0x0b 0x26 0x0e 0x13 0x25 0x2f 0x1e 0x21 0x29 0x08 0x13 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00

832  : 0x16 : 0x0d 0x25 0x06 0x29 0x07 0x24 0x39 0x3e 0x34 0x39 0x22 0x35 0x09 0x00 0x00 0x00 0x00 0x00 0x00 0x00

896  : 0x16 : 0x0d 0x31 0x13 0x2f 0x13 0x26 0x25 0x02 0x29 0x11 0x29 0x34 0x0b 0x21 0x00 0x00 0x00 0x00 0x00 0x00

960  : 0x16 : 0x0d 0x25 0x04 0x29 0x0a 0x26 0x3e 0x10 0x0d 0x34 0x04 0x05 0x0a 0x29 0x3f 0x00 0x00 0x00 0x00 0x00

1024 : 0x16 : 0x08 0x21 0x02 0x29 0x07 0x39 0x37 0x06 0x25 0x07 0x28 0x32 0x28 0x03 0x1c 0x32 0x00 0x00 0x00 0x00

1088 : 0x16 : 0x0e 0x31 0x07 0x35 0x11 0x04 0x30 0x04 0x0b 0x16 0x2f 0x37 0x29 0x04 0x1f 0x32 0x05 0x00 0x00 0x00

1152 : 0x16 : 0x0d 0x25 0x06 0x39 0x11 0x02 0x29 0x30 0x35 0x14 0x28 0x35 0x1c 0x09 0x17 0x34 0x05 0x24 0x00 0x00

1216 : 0x16 : 0x0f 0x2f 0x06 0x29 0x1f 0x05 0x14 0x10 0x3f 0x14 0x2f 0x37 0x02 0x18 0x3d 0x32 0x05 0x25 0x1f 0x00

1279 : 0x19 : 0x29 0x3a 0x07 0x29 0x1d 0x23 0x34 0x0a 0x32 0x35 0x2c 0x31 0x2b 0x21 0x25 0x32 0x3e 0x14 0x1d 0x35

1280 : 0x29 : 0x61 0x52 0x46 0x38 0x46 0x61 0x45 0x4b 0x61 0x4c 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00

1408 : 0x29 : 0x4B 0x06 0x4B 0x11 0x07 0x5D 0x5D 0x1D 0x0E 0x1C 0x1C 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 

1536 : 0x29 : 0x4B 0x06 0x4B 0x11 0x07 0x5D 0x5D 0x1D 0x0E 0x1C 0x1C 0x78 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 

1664 : 0x29 : 0x4B 0x06 0x4B 0x11 0x07 0x5D 0x5D 0x1D 0x0E 0x1C 0x1C 0x78 0x0C 0x00 0x00 0x00 0x00 0x00 0x00 0x00 

1792 : 0x29 : 0x4B 0x06 0x4B 0x11 0x07 0x5D 0x5D 0x1D 0x0E 0x1C 0x1C 0x78 0x0C 0x5B 0x00 0x00 0x00 0x00 0x00 0x00 

1920 : 0x29 : 0x4B 0x06 0x4B 0x11 0x07 0x5D 0x5D 0x1D 0x0E 0x1C 0x1C 0x78 0x0C 0x5B 0x11 0x00 0x00 0x00 0x00 0x00 

2048 : 0x29 : 0x4B 0x06 0x4B 0x11 0x07 0x5D 0x5D 0x1D 0x0E 0x1C 0x1C 0x78 0x0C 0x5B 0x11 0x3D 0x00 0x00 0x00 0x00 

2176 : 0x29 : 0x4B 0x06 0x4B 0x11 0x07 0x5D 0x5D 0x1D 0x0E 0x1C 0x1C 0x78 0x0C 0x5B 0x11 0x3D 0x1D 0x00 0x00 0x00 

2304 : 0x29 : 0x4B 0x06 0x4B 0x11 0x07 0x5D 0x5D 0x1D 0x0E 0x1C 0x1C 0x78 0x0C 0x5B 0x11 0x3D 0x1D 0x0D 0x00 0x00 

2432 : 0x29 : 0x4B 0x06 0x4B 0x11 0x07 0x5D 0x5D 0x1D 0x0E 0x1C 0x1C 0x78 0x0C 0x5B 0x11 0x3D 0x1D 0x0D 0x3D 0x00 

2560 : 0x29 : 0x4B 0x06 0x4B 0x11 0x07 0x5D 0x5D 0x1D 0x0E 0x1C 0x1C 0x78 0x0C 0x5B 0x11 0x3D 0x1D 0x0D 0x3D 0x1E

2816 : 0x67 : 0x32 0x0b 0x95 0x4d 0xf4 0x07 0xd4 0x2e 0xc3 0x2a 0xab 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 

3072 : 0x67 : 0x32 0x0b 0x95 0x4d 0xf4 0x03 0xd6 0x2e 0xc3 0x2a 0xab 0x54 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 

3328 : 0x67 : 0x32 0x0b 0x95 0x4d 0xf4 0x03 0xd6 0x2e 0xc3 0x2a 0xab 0x54 0x0b 0x00 0x00 0x00 0x00 0x00 0x00 0x00 

3584 : 0x67 : 0x32 0x0b 0x95 0x4d 0xf4 0x03 0xd6 0x2e 0xc3 0x2a 0xab 0x54 0x1f 0x01 0x00 0x00 0x00 0x00 0x00 0x00 

3840 : 0x67 : 0x32 0x0b 0x95 0x49 0xf4 0x03 0xd6 0x2e 0xc1 0x2a 0xa9 0x54 0x0b 0x01 0xef 0x00 0x00 0x00 0x00 0x00 

4096 : 0x67 : 0x32 0x0b 0x95 0x49 0xf4 0x01 0xd6 0x2e 0xc1 0x2a 0xa9 0x54 0x0b 0x01 0xef 0x92 0x00 0x00 0x00 0x00 

4352 : 0x67 : 0x32 0x0b 0x95 0x49 0xf4 0x01 0xd6 0x2e 0xc3 0x2a 0xa9 0x54 0x0b 0x01 0xef 0x92 0x2c 0x00 0x00 0x00 

4608 : 0x67 : 0x32 0x0b 0x95 0x49 0xf4 0x01 0xd6 0x2e 0xc3 0x2a 0xa9 0x54 0x1c 0x01 0xef 0x92 0x2c 0x93 0x00 0x00 

4864 : 0x67 : 0x32 0x0b 0x94 0xcb 0xf5 0x01 0xd6 0x2e 0xc3 0x2a 0xa9 0x54 0x1c 0x01 0xef 0x92 0x2c 0x93 0x7a 0x00 

5120 : 0x67 : 0x32 0x0b 0x95 0xcb 0xf5 0x01 0xd6 0x2e 0xc3 0xa9 0x21 0x57 0x1c 0x01 0xea 0x92 0x2c 0x93 0x7a 0x17

5632 : 0x6d : 0xf5 0x0b 0x85 0x0d 0xad 0x07 0x84 0x2a 0x86 0x0b 0x8b 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00

6144 : 0x6d : 0xf5 0x0b 0x85 0x0d 0xad 0x07 0x84 0x2a 0x86 0x0b 0x8b 0x03 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00

6656 : 0x6d : 0xf5 0x0b 0x85 0x0c 0xad 0x07 0x85 0x2a 0x86 0x0b 0x8b 0x03 0x0b 0x00 0x00 0x00 0x00 0x00 0x00 0x00

7168 : 0x6d : 0xeb 0x1a 0xd7 0x1d 0xe9 0x16 0xb7 0x3a 0xd6 0x19 0x8b 0x17 0x4a 0x03 0x00 0x00 0x00 0x00 0x00 0x00

7680 : 0x6d : 0xf5 0x0b 0x85 0x0d 0xad 0x07 0x85 0x2a 0x86 0x0b 0x8b 0x03 0x0b 0x03 0x18 0x00 0x00 0x00 0x00 0x00

8192 : 0x6d : 0xf5 0x0b 0x85 0x0d 0xad 0x07 0x85 0x2a 0x86 0x0b 0x8b 0x03 0x0b 0x03 0x18 0x03 0x00 0x00 0x00 0x00
Appendix 2. OCPNI4 C Source (with group muxing)

Used for generation of 16 interelavers of size from 445 to 3813 and from 7496 to 7686 among 25 randomly selected interleavers. (Released at April 10, 1999) 

/*****************************************************************/

/* OCPN Interleaver Generator (OCPNI4)                           */

/* 1999.04.12.                                                   */

/* originally written by B.J. Kim and Y.H. Lee                   */

/* modified by S.H. Kim                                          */

/* All Right Reserved by Samsung Electronics Co., Ltd.           */

/*****************************************************************/

#include <stdio.h>

#include <stdlib.h>

#define ON

1

#define OFF
0

#define MAX_GROUP
20

void make_ocpni(FILE *fp, int *POLY, int **P, int size, int M, int NG, int n);

int PN(int *p, int *poly, int m, int no);

int main(int argc, char *argv[])

{

   FILE *file_cfg, *file_out;

   char file_name[80];

   int i, j, size, index;

   int M, a, b, c, NG, n, nn;

   int f_find=0;

   int p, m[20];

   int type=0;

   int *POLY;
/* Primitive Polynomial */

   int **P;
/* PN Generator, 2-D Array */

   if(argc>1)

   {

      /* Memory Allocation */

      POLY = (int *) calloc(sizeof(int), 9);

      P = (int **) calloc(sizeof(int *), 20);

      for(i=0; i<20; i++)

         P[i]=(int *) calloc(sizeof(int), 9);

      size = atoi(argv[1]);

      sprintf(file_name, "OCPNI%d.txt", size);

      /********************************************/

      /* Get parameters from the interleaver size */

      /* start of the block                       */

      if (size == 320)        M = 5;

      else if(size <= 608)    M = 5;

      else if(size <  640)  { M = 5; type=1; }

      else if(size == 640)    M = 6;

      else if(size <= 1216)   M = 6;

      else if(size <  1280) { M = 6; type=1; }

      else if(size == 1280)   M = 7;

      else if(size <= 2560)   M = 7;

      else if(size <= 5120)   M = 8;

      else if(size <= 10240)  M = 9;

      else {

         printf("Not a valid frame size\n");

         printf("320 <= frame size <= 10240\n");

         printf("Exit program\n");

         exit(0);

      }

      a  = 1 << M; 

      if(size==320 || size == 640 || size==1280)

         NG=10;

      else {


b  = size - MAX_GROUP * (1 << (M-1));


c  = (b%a == 0) ? 10:11;


NG = b/a + c;

      }

      /* From here, the same */

      if(NG > MAX_GROUP) 

         NG = MAX_GROUP;

      n = NG * a;

      /* Get parameters from the interleaver size */

      /* end of the block                         */

      /********************************************/

      if((file_cfg = fopen("OCPNI.cfg", "rt")) == NULL)
/* Primitive polynomial & seed */

      {

         printf("File open error. Can't Find OCPNI.cfg\n");

         printf("Exit program\n");

         exit(0);

      }

      if(type)

         nn=n-1;

      else 

         nn=n;

      while(!feof(file_cfg))
/* Scan file until EOF */

      {

         fscanf(file_cfg, "%d : %i : %i%i%i%i%i %i%i%i%i%i %i%i%i%i%i %i%i%i%i%i",

                &index, &p, &m[0],&m[1],&m[2],&m[3],&m[4],&m[5],&m[6],&m[7],&m[8],&m[9],

                  &m[10],&m[11],&m[12],&m[13],&m[14],&m[15],&m[16],&m[17],&m[18],&m[19]);

        if(/* index==nn */ index==size)

          { f_find=1; break; }

      }

      if(!f_find)

/* Can't find polynomial & seed */

      {

         printf("Can't find the polynomial & seed from OCPNI.cfg\n");

         printf("Exit program\n");

         exit(0);

      }

      if((file_out = fopen(file_name, "wt")) == NULL)

      {

         printf("File open error. Can't write to a file\n");

         printf("Exit program\n");

         exit(0);

      }

      /* Primitive polynomial initialize */

      for(i=0; i<M-1; i++)

         POLY[i] = (p>>i) & 1;

      /* seed initialize */

      for(i=0; i<NG; i++)

         for(j=0; j<M ; j++)

            P[i][j] = (m[i]>>j) & 1;

      /* Generate OCPNI Interleaver & Write to File */

      make_ocpni(file_out, POLY, P, size, M, NG, n);

      printf("\n================================================");

      printf("\n OCPNI Interleaver Generator                    ");

      printf("\n All Right Reserved by Samsung Electronics Co.  \n");

      printf("\n The interleaver file : OCPNI%d.txt ", size);

      printf("\n================================================\n");

      /* Memory free */

      free(POLY);

      for(i=0; i<20; i++)

         free(P[i]);

      free(P);

      /* File close */

      fclose(file_cfg);

      fclose(file_out);

   }

   else

   {

      printf("\n================================================");

      printf("\n OCPNI Interleaver Generator                    ");

      printf("\n All Right Reserved by Samsung Electronics Co. \n");

      printf("\n Usage : ocpni <interleaver size ; 320-10240>   ");

      printf("\n================================================\n");

   }

   return 0;

}

/***************************************************************/

/*             OCPN Interleaver                                */

/***************************************************************/

void make_ocpni(FILE *fp, int *POLY, int **P, int size, int M, int NG, int n)

{

   int k=0, di, gi;

   int OSV, read_address, active;

   int j, h;

   int gm[20], temp;

   OSV = n - size;

   /* group multiplexing */

   /* mod 4 group multiplexing */

   for (k = 0, h = 0; k < 20; k++) {

     temp = 4 * (k % 5) + h;

     gm[k] = temp;

     if ((k+1)%5==0) h++;

   }

   /* Puncturing group */

   for (k = 0; k < 20; k++) {  

     if (gm[k] >= NG) {

       for (j = k; j < 19; j++)

 
gm[j] = gm[j+1];

     }

   }

   /* Puncturing group */

   for (k = 0; k < 20; k++) {  

     if (gm[k] >= NG) {

       for (j = k; j < 19; j++)

 
gm[j] = gm[j+1];

     }

   }

   for(di=0, k=0; di<n-NG; di++) 

   {

      gi=di%NG;

      /* new feature: group cyclic shift for fatal group size */

      if(NG%7 == 0  || (NG==15 && OSV != 0) )  

      {

         gi=(gi + k*3)%NG;

         if((di+1)%NG==0) k++;

      }

      /* for group multiplexing */

      gi = gm[gi];

      read_address = PN(P[gi], POLY, M, di) -1 + gi * (1<<M);

      active=(read_address < size)? ON : OFF;

      if(active==ON) 

         fprintf(fp, "%4d\n",read_address);

   }

   /* for group multiplexing */

   gi = gm[gi];

   if(OSV==0) 

      NG++;

   for(gi=1; gi<NG; gi++)

      fprintf(fp, "%4d\n", (1<<M)*gi-1);

}

/***************************************************************/

/*           PN shift register                                 */

/***************************************************************/

int PN(int *p, int *poly, int m, int no)

{

   int i, j, feed;

   feed=p[m-1];

   for(i=m-1; i>=1; i--)

      p[i]=p[i-1]^(feed & poly[i-1]);

   p[0]=feed;

   for(i=0, j=0; i<m; i++)

      j+=(p[i] << (m-1-i));

   return j;
}

Contents of “OCPNI.cfg”: Initial seeds of PN sequence generator

448  : 0xb  : 0x07 0x1d 0x1e 0x1d 0x0f 0x1e 0x01 0x05 0x1b 0x0a 0x1b 0x0a 0x1e 0x17 0x00 0x00 0x00 0x00 0x00 0x00

480  : 0xb  : 0x07 0x1d 0x06 0x1d 0x0f 0x1e 0x01 0x05 0x1a 0x0a 0x19 0x0a 0x1c 0x17 0x17 0x00 0x00 0x00 0x00 0x00

768  : 0x16 : 0x07 0x19 0x0e 0x3d 0x0f 0x3e 0x33 0x07 0x3a 0x0a 0x3d 0x26 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00

832  : 0x19 : 0x2d 0x16 0x2d 0x33 0x11 0x0a 0x15 0x0a 0x3b 0x11 0x31 0x10 0x11 0x00 0x00 0x00 0x00 0x00 0x00 0x00

960  : 0x19 : 0x2e 0x3a 0x2d 0x33 0x11 0x08 0x15 0x0f 0x3b 0x11 0x31 0x31 0x1d 0x3a 0x31 0x00 0x00 0x00 0x00 0x00

1024 : 0x19 : 0x2e 0x3b 0x2b 0x3b 0x11 0x08 0x35 0x0f 0x3b 0x11 0x31 0x31 0x1f 0x3a 0x33 0x11 0x00 0x00 0x00 0x00

1216 : 0x19 : 0x11 0x3a 0x25 0x07 0x33 0x3b 0x11 0x3a 0x32 0x2d 0x1e 0x3f 0x32 0x1f 0x2d 0x28 0x17 0x1a 0x3a 0x00

1279 : 0x19 : 0x11 0x3a 0x2d 0x2e 0x32 0x2b 0x11 0x3a 0x32 0x2d 0x0e 0x3f 0x32 0x17 0x25 0x28 0x17 0x16 0x3a 0x19

1920 : 0x1c : 0x03 0x1c 0x07 0x0d 0x3f 0x04 0x0e 0x19 0x3b 0x18 0x0a 0x09 0x32 0x14 0x2b 0x00 0x00 0x00 0x00 0x00

2176 : 0x1c : 0x03 0x1c 0x07 0x0c 0x3e 0x05 0x0e 0x19 0x3b 0x18 0x0b 0x09 0x32 0x14 0x2b 0x28 0x37 0x00 0x00 0x00

2816 : 0x31 : 0x32 0x4d 0x9c 0x43 0xd2 0xb2 0x13 0x56 0x2e 0xf0 0x2a 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00

3072 : 0x67 : 0x32 0x4d 0x9c 0x4d 0xf6 0xba 0x13 0x56 0x2e 0xf3 0x2a 0x2b 0x00 0x00 0x00 0x00 0x00 0x00 0x00 0x00

3840 : 0x31 : 0x42 0x2c 0x46 0x4c 0x3e 0x46 0x2c 0x18 0x3a 0x10 0x4b 0x09 0x33 0x54 0x6b 0x00 0x00 0x00 0x00 0x00

7680 : 0xd  : 0x33 0x14d 0x9c 0x14d 0xf6 0x1ba 0x13 0x156 0x2e 0x1f3 0x2a 0x12b 0x2b 0x12b 0x2b 0x00 0x00 0x00 0x00 0x00

8192 : 0xd  : 0x33 0x14d 0x9c 0x14d 0xf6 0x1ba 0x13 0x156 0x2e 0x1f3 0x2a 0x12b 0x2b 0x12b 0x2b 0x12b 0x00 0x00 0x00 0x00

6. Appendix 3. Example of OCPNI Interleaver (size=445)

Released at April 10, 1999
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		Eb/No		SEC720BER		SEC720FER		HNS720BER		HNS720FER		DoCo720BER		DoCo720FER

		0.25
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		2.5		2.22E-04		1.66E-02		1.39E-04		1.12E-02		3.41E-04		5.68E-02		9.40E-05		1.16E-02
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_985788391.xls
Chart1

		0.25		0.25		0.25		0.25		0.25		0.25

		0.5		0.5		0.5		0.5		0.5		0.5

		0.75		0.75		0.75		0.75		0.75		0.75

		1		1		1		1		1		1

		1.25		1.25		1.25		1.25		1.25		1.25



SEC_BER

HNS_BER

NTT_BER

SEC_FER

HNS_FER

NTT_FER

Eb/No (dB)

BER/FER

0.00358

0.00453

0.0047

0.0595

0.0786

0.0828

0.000343

0.000329

0.000374

0.00832

0.00777

0.00894

0.0000179

0.0000158

0.000025

0.000726

0.000667

0.000797

0.00000137

0.0000017

0.0000011

0.000109

0.000104

0.0000729



Sheet1

		Eb/No		SEC_BER		SEC_FER		HNS_BER		HNS_FER		NTT_BER		NTT_FER
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		0.5		3.58E-03		5.95E-02		4.53E-03		7.86E-02		4.70E-03		8.28E-02
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		1		1.79E-05		7.26E-04		1.58E-05		6.67E-04		2.50E-05		7.97E-04

		1.25		1.37E-06		1.09E-04		1.70E-06		1.04E-04		1.10E-06		7.29E-05

		1.5

				old version

		0.5		4.86E-03		9.36E-02

		0.75		3.54E-04		8.30E-03

		1		2.71E-05		8.69E-04

		1.25		1.54E-06		1.49E-04
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